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SOTSS ON THE ORGANIZATION OF NDRC 

The duties of the National Defense Research Committee were 
(1) to recommend to the Director of 08R1) suitable project* 
and research program* on the instrumentslitie* of warfare, 
together with contract facilities for carrying out the* project* 
and orograms, and (2) to administer the technical and scien- 
tific work of the contracts. More specifically, NDRC' func- 
tioned by initiating research projects on requests from the 
Army or the Navy, or on requests from an allied government 
transmitted through the Liaison Office of OBRD, or on it* own 
considered initiative as a result of the experience of its mem- 
bers. Proposals prepared by the Division, Panel, or Committee 
for research contracts for performance of the work involved in 
such projects were first reviewed by XDRC, and if approved, 
recommended to the Director of OSRD. Upon approval of a 
proposal by the Director, a contract permitting maximum 
flexibility of scientific effort a as arranged The business aspects 
of the contract, including such matters as materials, clearances, 
voueheis, patents, priorities, legal matters, and administration 
of patent matters were handled by the Executive Secretary 
ofOBRD. 

Originally NDRC administered its work through five divi- 
•otis, each headed by one of the NDRC members. These were: 

Division A—Armor and Ordnance 
Division B—Bombs, Fuels, Gases, a Chemical Problem. 
Division C—Caatavauratiaa and Tracaportation 
Division D—Detection, Controls, and Instruments 
Division E—Patents and Inventions 

In a reorganization in the fall of VM2, twenty-three admin- 
istrative divisions, panels, or committees were created, each 
with a chief "elected on the basis of hu out*tanding work in 
the particular field. The NDRC member* then became a re- 
viewing and advisory group to the Director of OSRD. The 
final organisation was as follows: 

Division 
Division 
Division 
Division 
Division 
Division 
Division 
Division 
Division 

I—Ballistic Reicarch 
2—Effect* of Impact and Explosion 
3—Rocket Ordnance 
4—Ordnance Accessories 
5—New Missiles 
n—Huh-8urface Warfare 
7—Fire Control 
8—Explosives 
tt—Chemistry 

Division 10—Absorbents and Aerwwb. 
Division 11—Chemical Engineering 
Division It-Transportation 
Division 13—Electrical Communication 
Division U—Radar 
Division 1&—Radio Coordination 
Division 16—Optics and Camouflage 
Division 17—Physics 
Division 18—War Metallurgy 
Division IB—MisnUaneous 
Applied Mathematics Panel 
Applied Psychology Panel 
Committee on Propagation 
Tropical Deterioration Administrative Committee 
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NDRC FOREWORD 

As EVENTS of the yean preceding 1940 revealed 
i more and more clearly the seriousness of the 

world situation, many scientist* in this country came 
to realise the need of organising scientific research 
for service in a national emergency. Recommenda- 
tions which they made to the White House were 
given careful and sympathetic attention, and a* a 
result the National Defense Research Committee 
[NDRCj was formed by Executive Order of the 
President in the summer of 1940. The members of 
NDRC, appointed by the President, were instructed 
to supplement the work of the Army and the Navy in 
the development of the instrumentalities of war. A 
year later, upon the establishment of the Office of 
Scientific Research and Development [OSRD], 
NDRC became one of its unite. 

The Summary Technical Report of NDRC is a 
conscientious effort on the part of NDRC to sum- 
marise and evaluate its worn and to present it in a 
useful and permanent form. It comprises some 
seventy volumes broken into groups corresponding to 
the NDRC Divisions, Panels, and Committees. 

The Summary Technical Report of each Division, 
Panel, or Committee is an integral survey of the work 
of Uiat group. The first volume of each group's report 
contains a summary of the report, stating the prob- 
lems presented and the philosophy of attacking them 
and summarising the result., of the research, develop- 
ment, and training activities undertaken. Some vol- 
umes may be "stivte of the art" treatises covering 
subjects to which various research groups have con- 
tributed information. Others may contain descrip- 
tions of devices developed in the laboratories. A 
master index of all these divisional, panel, and com- 
mittee reports which together constitute the Sum- 
mary Technical Report of NDRC is contained in a 
separate volume, which also includes the index of a 
microfilm record of pertinent technical laboratory 
reports and reference material. 

Some of the NDRC-aponsored researches which 
. had been declassified by the end of 1945 were of 

sufficient popular interest that it was found desirable 
to report them in the form of monographs, such as 
the series on radar by Division 14 and the monograph 
on sampling inspection by the Applied Mathematics 
Panel. Since the material treated in them is not dupli- 
cated in the Summary Technical Report of NDRC, 

the monographs are an important part of the story of 
these aspects of NDRC research. 

In contrast to the information on radar, wh'ch is 
of widespread interest and much of which is released 
to the public, the research on subsurface warfare is 
largely classified and is of general interest to a more 
restricted group. As a consequence, the report of 
Division G is found almost entirely in its Summary 
Technical Report, which runs to over twenty vol- 
umes. The extent of the work of a Division cannot 
therefore be judged solely by the number of volumes 
devoted to it in the Summary Technical Report of 
NDRC: account must be taken of the monographs 
and available reports published elsewhere. 

Any great cooperative endeavor must stand or fall 
with the will and integrity of the men engaged in it. 
This fact held true for NDRC from its inception, and 
for Division 6 under the leadership of Dr. John T. 
Tate. To Dr. Tate and the men who worked with 
him—some as members of Division 6, some as repre- 
sentatives of the Division's contractors—belongs the 
sincere gratitude of the Natiot. for a difficult and 
often dangerous job well done. Their efforts con- 
tributed significantly to the outcome of our naval 
operations during the war and richly deserved the 
warm response they received from the Navy. In 
addition, their contributions to the knowledge of 
the ocean and to the art of oceanographic research 
will assuredly speed peacetime investigations in 
this field and bring rich benefits to all mankind. 

The Summary Technical Report of Division 6, pre- 
pared under the direction of the Division Chief and 
authorised by him for publication, not only presents 
the methods and results of widely varied research 
and development programs but is essentially a record 
of the unstinted loyal cooperation of able men linked 
in a common effort to contribute to the defense of 
their Nation. To them all we extend our deep 
appreciation. 

VANNEVXR BUSH, Director 
Office of Scientific Re$earck and Development 

i. B. COKANT, Chairman 
Xational Defense Research Committee 
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FOREWORD 

SHORTLY AFTER Section 0-4, later Division 6, was 
organised, the development of certain projectiles 

was undertaken. It soon became clear that additional 
data were required about bow certain features of pro- 
jectile design, auch as shape, weight distribution, 
etc., affect projectile travel in the air, behavior dur- 
ing the water-entry period and subsequent travel in 
the water toward the target. It is generally true that 
a projectile should be designed to serare both accurate 
travel to the target and efficient utilisation of the 
applied propulsive forces. Whether these objective* 
are met in s particular design depends in part upon 
performance determined b" *he resultant effect of the 
aerodynamic and hydrodynsmic, or, to emplov one 
term, /ui'rf dynamic force to which it i« subjected in 
its travel. This report describes laboratory facilities 
developed and nefchods employed to eetaMish defi- 
nite relationships between performance and design 
features, and the fluid dynamic forces to which the 
projectile is subjected. AUo, the report records the 
results of investigations on many projectile models, 
and, in addition, discusses quit e fully certain cavita- 
tion phenomena observed. 

Following early studies, the Division in 1941 con- 
tracted with the California Institute of Technology 
to provide additional facilities in that Institution's 
Hydrodynamics Laboratory and to conduct tests 

pertinent to the above objective. The facilities of the 
Hydrodynamics Laboratory were gradually expanded 
and methods for studying the dynamic behavior of 
projectiles were further developed. In adlition to 
studies and tests upon projectiles being developed by 
Division 6, the laboratory was also able to undertake 
tests and supply data to other agencies also carrying 
on the development of projectiles. 

The general project reported upon was under the 
direction of Dr. Robert T. Knapp to whom, together 
with his associate, Mr. Dailey, the Division in obli- 
gated for the preparation of this very complete re- 
port. The Division in also very appreciative of the 
fact that the Navy permitted the authors to complete 
thin report after transfer of the project from Division 
to Xavy support and direction. 

The Division feels that while this report describe* 
the work undertaken primarily for the use of the 
Armed Services, it also contains material of interest 
and value to civilian science and technology and it w 
hoped that steps can be taken to declassify substan- 
tial portions of the information presented. 

JOHN T. TATI: 

Chief, Division 6 

UNCLASSIFIED 



PREFACE 

THIS VOLUME preset.t» the result*of the work of the 
Hydrodynamics Laboratory of the California Insti- 

tute of Technology as part of the War Research Pro- 
gram from the fall of 1941 to the fall of 1945. The 
initial object of this work was to study the broad 
hydrodynamic aspects of the antisubmarine program. 
Later it was generalised to include the observation 
and analysis of the hydrodynamic forccsof bodies mov- 
ing through fluids and the development of satisfac- 
tory shapes for such bodies. These objectives and the 
development of the project are described in the first 
chapter. 

The bulk of the work during this war period neces- 
sarily and properly pertained to specific projectile*. 
Little time was available for research along basic 
lines. When feasible more generalised data were ob- 
tained and presented. In spite of concentration upon 
specific projects, by the end of the contract their 
number and diversity had provided an immense 
amount of data suitable for much additional general- 
isation. In preparing this volume, an attempt was 
made to organise and analyse this, mass of data with 
the objective of ascertaining the basic factors in- 
volved. This was a lengthy process which required 
more time than was available during the closing 
weeks of the NDRC contract under which this proj- 
ect operated. Fortunately, however, the work of the 

project was continued under the auspices of the Navy 
Bureau of Ordnance, which organisation generously 
permitted the laboratory to complete the preparation 
of tht report. Thus it was possible to present the data 
in a much more general fashion than could have keen 
done otherwise. This general information is basic to 
the design of nearly all projectiles and allied bodies 
and contributes to the understanding of the hydro- 
dynamic phenomena involved. Such information is of 
lasting value, not only to the problem of national 
defense, but to nvsny oilier problems of industry and 
civilian technology. 

In closing these remarks, the aut'ior wishes to take 
this opportunity to express his appreciation to the 
stall of the Hydrodynamics Laboratory without whose 
loyalty and sincere effort this report could not have 
been possible. In thinking of the staff of a research 
laboratory, one is apt to include only the highlv 
trained technical personnel and to omit others who 
contribute very important and vital skills and efforts. 
This is not the writer's intention since he feels that all 
personnel made significant contributions which are 
hereby acknowledged. 

ROBERT T. KNAPP 

Editor 

is 
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Chapter 1 

DEVELOPMENT OF THE LABORATORY 

»•»     PURPOSE AND HISTORY OF THE 
LABORATORY 

1' * Laboratory Objectives 

DURING THE FOIB-YEAR period from UM> fall of 
1941 to the fall of 1945, the HydroJynamic* 

Laboratory of the California Institute ot Technology 
|1/IT| devoted ita entire resources to the prosecution 
of a war research program for the Office of Scientific 
Research and Development |<)KRD) under the direc- 
tion of Division 6 of the National Defense Research 
Committee i-\" DRC|. The general assignment was to 
observe and analyse the hydrodynamic forces acting 
on bodies moving through fluid media, and to de- 
velop shape* for these bodies that would result in the 
specific performance characteristics desired. With 
very few exceptions, the bodies studied were pro- 
jectiles. The larger part of the time and energy avail- 
able was used in studying the behavior of project ilex 
whose trajectories were either partly or wholly un- 
der water. However, a very significant part of the 
laboratory activities was given over to work on air- 
flight projectiles operating at velocities enough lower 
than th« velocity of sound so that the air could lie 
considered incompressiolc. Much consideration was 
also given to the water entry problems associated 
with air-launched underwater projectiles such ax 
aircraft torpedoes and antisubmarine rockets. 

ltt       Historical Development of the 
Project 

The need for this project developed in the New- 
London Laboratory of the Columbia University 
Division of War Research [CUDWR-NLLj. The ini- 
tial task of this laboratory was to study the broad 
aspects of the antisubmarine program. In June 1941, 
Robert T. Knapp, a member of the CIT Mechanical 
Engineeiing Department, was requested to act as a 
consultant of the New London Laboratory on various 
hydrodynanuc aspects of their research program. 

Later in the summer the New London Laboratory 
became interested in the development of a stream- 
lined depth charge which would have a much higher 
fall velocity in sea water than that of the Ashcan, the 
surface ship depth chai g* in use at that time. One of 

the several disadvantages of the Ashcan was that it* 
fall velocity was so low and its trajectory so erratic 
thai, the probability of securing a hit on a moving 
submarine operating at or uelow medium depth wu* 
very Ion-. It was felt that a harr-itf' of smaller, fast- 
sinking charges would have a much higher probability 
of securing a hit. Soon after the development of the 
high-velocity streamlined charge was lirgun. it be- 
came evident that serious problems concern inn it* 
stability and the prediction of its trajectory must be 
overcome if a satisfactory weapon was to lie obtained. 
This meant that it would be necessary to determine 
tl»e hydrodynamic characteristics of the various 
shapes proposed for the new charge. 

Consideration was first given to use of a wind tun- 
nel for such a study. However, it was soon found that 
existing wind tunnels were all heavily loaded with 
aerodynamic problems for the Army, Navy, and 
various manufacturers, and that it would lie impossi- 
ble to obtain results for as Ion* a period and as 
rapidly as would be required. Furthermore, it was 
felt that there were some important phenomena such 
as cavitation that were peculiar to water and liquids 
in general and that would undoubtedly affect the 
performance of the projectile. This class of phenom- 
ena could not be studied directly in a wind tunnel. 
Therefore in August 1941, the construction of a 
small water tunnel for the purpose of studying the 
underwater behavior of projectiles was proposed ami 
approved. The project was undertaken by the Hy- 
draulic Machinery Laboratory (CIT-HML) because 
much of the basic equipment of that laboratory could 
be adapted to the use of the water tunnel, and thus a 
working tool could be obtained more economically 
and in a much shorter time than if the project had <o 
be built from the ground up. 

A staff wag immediately organised, which included 
a group to design the special apparatus and instru- 
ments needed, and the tunnel was put into operation 
early in the spring of 1942. It remain -1 in continuous 
operation from that time to the termination of the 
contract in September 1945. 

The same need for information that resulted in the 
sponsorship of the water tunnel was also responsible 
for the initiation of another small project—the de- 
sign and construction of a polarised light flume. The 
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2 DEVELOPMENT OP THE LABOBATOEY 

purpose of this development was to furnish a tool for 
uae in studying the flow pattern around underwater 
projectile*. Recent work in the Chemical Engineering 
Laboratory of the Massachusetts Institute of Tech- 
nology had demonstrated that dilute suspensions of 
certain varieties of bentonite exhibited the property 
of streaming double refraction to Mich a marked de- 
gree that they could be used to make flow visible. 
Permission was therefore requested and obtained 
from Davis R. Dewey II for the use of thin develop- 
ment for the study of flow patterns. 

Since the tunnel, and especially its associated 
equipment, had to be constructed with very little 
precedent, it underwent a continuous development 
during the < ntire time. For example, in the beginning 
the order of a«.«urac> of the force measurements wax 
relatively low but it was adequate to give the infor- 
mation required for the problems that presented 
themselves. The accuracy of the laboratory improved 
rapidly with experience and was able to keep pace 
with the needs of the program. 

The first projectile that was studied in the tunnel 
was the streamlined depth charge that was respoasi- 
ble for it* initiation. Before the work on this projectile 
was completed, a demand arose for the development 
of an instrument ease to house some delicate equip- 
ment to be towed by a cable from an airplane. To 
secure satisfactory operation <rf these instruments it 
was necessary that this case should have a low drag, 
should be very stable, and should have slow responses 
to disturbing gusts in the air. 

Early in the life of the laboratory a dose liaison 
was set up and continuously maintained with the 
racket program being carried out for NDRC Division 
3 by CIT under Contract OEMar-418. 

The first group of rockets lo be studied were of the 
Mousetrap type of depth charge which were in the 
same general class as the small streamlined depth 
charges being developed by CUDWR-NLL. Later 
many other types of rockets were tested for Division 
3, some of which were designed to have the final part 
of their trajectory under water, but most of which 
were regular air-fnght rockets for general use against 
land or surface targets. 

In the winter of 1942-1943 the laboratory assign- 
ment WHS expanded to include the first of a aeries of 
projectiles from Army Ordnance through requests 
originating at the Ballistic Research Laboratory at 
Aberdeen Proving Ground, Maryland. Included in 
this series was the baaooka. In the initial models this 
rocket had shown evidence of having insufficient sta- 

bility in flight. A rather extensive program of test* 
resulted in the development of a series of xtabilis- 
ing surfaces, generally of the ring-tail type, which 
improved the accuracy and reliability of the de- 
vice. 

Another rocket *tudieii was the 4.5-in. which wax 
equipped with folding fin*. Investigations were also 
carried out for the same organisation with a view to 
improving the stability of small mortar projectiles. 

I hiring 1042 the laboratory also made an investi- 
gation on the first of a long series of torpedue* of all 
type*. The torpedo wa* the first projectile to be 
studied which had movable fin* controlled by a steer- 
ing mechanism. Thi* required a much more elaborate 
aerie* of tests and demanded higher accuracy than 
the rest of the program. In the latter half of 1943 the 
aircraft torpedo became a major part of the labora- 
tory's activities. 

The rtr*t problem to lie presented concerned the 
stability of the Mark 13 torpedo and its behavior dur- 
ing water entry. The ensuing study resulted in the 
suggestion that the "ring tail" be added to the exist- 
ing stabilising fin structure. After a rapid but thor- 
ough series of full-scale laboratory and field tests, 
this suggestion was adopted. Torpedoes so equipped 
saw much field service before the dose of the 
war. 

The problem* involved in the performance of the 
aircraft torpedo included not only its performance 
characteristics in the steady running state, but alto 
its behavior in air, the phenomenon of water entry, 
and the behavior while operating within the cavity 
formed when it eaten- th« water. These phases of the 
operation before the torpedo reached its steady run- 
ning state involved phenomena which could not he 
studied adequately by the use of the water tunnel 
alone. Furthermore, by this time the original staff 
had increased tenfold, and the lack of suitable work- 
ing space was so acute that the effeetiveneHH of the 
organisation was severely unpaired. 

The Office of .Scientific Research and Develop- 
ment, therefore, authorised CIT to construct a new 
building and two additional pieces of major equip- 
ment for use of the project. The first item of new 
equipment was a variable-pressure launching tank 
designed for the purpose of studying the entry phase 
of the aircraft torpedo trajectory. The second item 
was a free-surface water tunnel for use in inveotigat- 
ing shallow-water running operation within the 
cavity and the problems involved in underwater jet 
propulsion. The building wax designed as a wing ad- 



LAMMUTMMT CAPABILITIES AND UMiTVTIOX* 

joiainc the Hydraulic Machinery Laboratory, which 
made it possible to unify the laboratory and office 
work. Construction of the building wan commenced 
in July 1944, and it waa occupied in December of thr 
name year. Design and construction of the equipment 
was started sunultaneouMly with that of the building 
The launching tank was completed and preuminary 
measurements were made in thr spring uf 1945. Thin 
development was continued up to the clone of the 
contract. The construction uf the free surface water 
tunnel proceeded more slowly dot- to the fact that tup 
priority had been assigned to thr launching tank. The 
major parts of the equipment were completed and 
assembly was started in the laboratory during the 
final month of the contract. 

" LABORATORY CAPABILITIES 
AND LIMITATIONS 

One method of analysing the capabilities and 
limitation* of the laboratory consists in comparing 
the facilities with the details of the field of study 
assigned to it. This requires a specific statement of 
the problem. It may be outlined as follows: The main 
field of investigation of the laboratory hat been thr 
st"d> of the interactions between air- or water- 
launched underwater projectiles and the media 
through which they travel, as these interactions af- 
fect the trajectory and the other external performance 
characteristics of the projectile. This study has been 
limited to the use of small-scale projectiles in the 
laboratory. Confirmation checks on full-scale pro- 
jectiles have been carried out by other agencies. No 
studies have been undertaken in this laboratory con- 
cerning the mechanical strength of the projectiles, 
their internal construction, power plants, or explosive 
charges. In other words, the studies have been 
purely aero- and hydrodynamie in character. 

u.t Hydrodynamie Problems of 
Underwater Projectile* 

In order to anatym the subdivisions of the work 
mote closely it will be profitable to examine the 
trajectory of a typical projectile to see what problems 
present themselves along the path. The moat versa- 
tile projectile studied by the laboratory has been the 
aircraft torpedo. It also presents the greatest number 
of problems. Therefore, thr examination of the parts 
«M* its trajectory from the time it leaves the aircraft 
until it hits the selected target will serve to bring 

out the general problems encountered by the labora- 
tory. 

The trajectory of the aircraft torpedo may be 
subdivided into four parts: 

1. The air flight ftan the plane to the water 
surface. 

2. Passage through the air-water interface anil 
subsequent motion within the cavity formed during 
thin passage. 

3. The underwater run after the torpedo leaves tin- 
cavity. 

4 The period uf terminal ballistics beginning alien 
the projectile hit* the target. 
A diagram of the trajectory showing the*- xtiUlivi- 
sions will be seen in Figure 1. 

The hydrodynamie problems involved in parts I. 
2, and 3 nearly all center around thr external forces 
acting on the projectile and its resulting motion. 
Parts I and 3 have much in common since they are 
both concerned with the motion of the projectile in a 
homogeneous fluid. The differences that do exist con 
be traced to the great differences in density of the 
fluids involved, that is, air in part 1 and sea water in 
part 3. Matisfactoo' stability and damping character- 
istics are necessary for both parts of the trajectory. 
However, these characteristics differ widely fur the 
two parts because, while the mass of the projectile 
remains constant, the external forces differ greatly in 
magnitude, although not in kind, due to this dif- 
ference in fluid density. The problems peculiar to 
part 2 involve transient force system* rather than 
steady ones. Furthermore, the farces differ widely in 
magnitude, direction, and point of application from 
thusr coastingeither in parts 1 or 3. During part 2 the 
projectile no longer moves through a homogeneous 
fluid, but is acted on by both the air and the water. 
This results from the fact that a cavity is farmed in 
the water during the paaaage of the projectile through 
the interface. This cavity is filled with air and ptroota 
for a considerable distance along the underwater 
trajectory. During part 3 the drag or resistance to 
forward motion becomes of more importance than in 
the preceding parts of the trajectory, because here it 
is the determining factor of the underwater speed and 
range of the projectile. Another problem arises in 
connection with part 3. ('oostderable noise may he 
produced by the projectile as it moves through the 
water. Although this noise dam not affect the hydro- 
dynamic operation of the torpedo, it may be unde- 
sirable for other reasons and hence presents a problem 
for study and elimination. In part 4 the hydrody- 

UNCLASSIFIED 



DEVELOPMENT OF THE LABORATORY 

Fifuie I.    Typical nirrraft U.rpnto trajectory. 

namic problems no longer involve the forces and 
motion* of the projectile, but are concerned with the 
force* resulting from underwater explosions. 

i4.t Methods of Study 
Available in the Laboratory 

The general method of attack used by the labora- 
tory in studying projectile characteristics) U the isola- 
tion and measurement of the individual properties 
one by one under controlled conditions with a view to 
obtaining the information necessary to understand 
the overall performance. The alternate method of 
attack is to observe the overall trajectory in order to 
determine the resultant forces by analysing the cor- 
responding motions at different instants along the 
path. When adequate facilities are available, the two 
methods can be worked together to R.KKI advantage, 
the one contributing to the other. 

All of the work in this laboratory was carried on by 
the use of models, most of which were constructed to 
the standard diameter of 2 in. The main reason for 
using small models instead of full-scale projectiles is 
that the models require much less time to construct 
and test and, therefore, are peculiarly adapted to the 
pressure of a wartime research program. In addition, 
research with models is much less expensive, not only 
because the models themselves are much cheaper to 
construct, but also because the basic testing equip- 
ment costs only a small fraction of what it would for 
full-site tests. Another very appreciable advantage 
which is especially important in wartime is that the 
small-scale work requires a much smaller staff of 
trained personnel to achieve the same results. It 
should be noted that the word "model" by no means 
implies that the studies are restricted to empirical 

investigation of specific projectiles. They can, of 
course, be used for all type* of basic investigations as 
well. In fart, when basic investigations are consid- 
ered, the terms "model" and "model scale" lose their 
significance. 

The laboratory has available four majw pieces of 
equipment. They will be described in some detail in 
the following chapter. However, a comparison of the 
general type of work for which they are suitable with 
the problems involved in the four sulidiviKions of the 
typical trajectory described in the preceding section 
will serve to show the capabilities and limitations 
of the laboratory in handling the problems as- 
signed. 

Figure 2 shows the typical trajectory of an air- 
launched underwater projectile. On it are superim- 
posed symbols representing the four major pieces of 
equipment of the laboratory together with arrow* 
indicating the fields of study for which each ia 
adaptable. 

HIOH-SPKICD WATER TIWNEI. 

This is the most versatile piece of equipment in the 
laboratory and the one that has been in operation for 
the duration of the project. It was designed primarily 
for the measurement of the forces and moments act- 
ing on projectile shapes. A* a result of various modi- 
fications and developments, it has been found suit- 
able for the following types of measurement*: 

1. Steady-state forces and moments. 
2. Damping forces. 
3. Inception and development of cavitation. 
•I  Forces acting on cavitating bodiex. 
5. Naur produc, 1 by cavitation. 
ft. Powered model studies. 
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7. The effect of exhaust gases on force and cavita- 
tion characteristic*. 

POLABUED LIGHT FLUME 

This is an auxiliary pi«ce of equipment used 
principally to supplement the work of the hich-opoed 
water tunnel. Its chief characteristic is that it gives 
the visual picture of the flow around immersed bodies. 
These results ate qualitative rather than quanti- 
tative. It has been employed chiefly for the following 
purposes: 

1. The determination of hydrodynamirally unde- 
siral'e features of existing or proponed projectiles as 
evidei ced by the formation of bad eddies, sonc* of 
aeparat>on> «**• 

2. The design of stabilising surfaces, especially 
ring tails, to net the flow pattern HO as to reduce the 
resultant drag to a minimum. 

3. The study of the action of various components 
of projectiles as evidenced by their effect on the 
flow. 

C'-ONTROI.LKD-ATMCftPHEIlt: LAUNCHING TANK 

This was especially designed to study the problems 
associated with the entry of the projectile into the 
water from the air and those of the phase immediately 

following, in which the projectile is surrounded by 
the bubble that is formed during the entry. These 
problems differ in one important respect from those 
of the air flight and the steady-state underwater run in 
that in the two latter phases only one fluid is involved 
at a time; whereas in the entry and cavity phases, 
both the gas and the liquid are involved. It is for this 
reason that the launching tank is so arranged that the 
pressure can be varied at will. The use of this feature 
will be discussed more fully in Chapter 12. It is 
interesting to note that the final portion of the 
trajectory, i.e., the terminal ballistics, also involves 
phenomena in which the interaction • of the gas and 
liquid phases are important. The underwater explo- 
sion produces a large volume of gas. The damage 
produced by underwater explosions is largely eon- 
trolled by the behavior of this gas and its interaction 
with the hydrodynamic forces. The facilities em- 
bodied in the launching tank are adapted with little 
or no modification to a small-scale study of under- 
water explosions. 

FREE-SURFACE WATER Tl'XNEL 

This is the fourth and latest major piece of equip- 
ment of the laboratory. Its basic features are very 
similar to those of the high-speed water tunnel since 
it often* a working section in which bodies may be 

Floras 2.    ApptKatioa of laboratory tquipsMBt to study of torpedo behavior. 
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supported in a stream of flowing water so that meas- 
urements can be made of the force and other hydro- 
dynamic characteristics. It has the unique feature, 
however, that the upper surface of the working sec- 
tion is not a solid boundary, but is a free surface, i.e., 
an ait-water interface. The pressure at this interface 
may be maintained at any desired value from at- 
mospheric down to about '/u of an atmosphere. This 
makes it passible to study problem* which cannot be 
dealt with effectively in the high-speed water tunnel. 
For example, if torpedoes of a certain design ap- 
proach too close to the surface, they will broach and 
then run on the surface since the controls are inade- 
quate to make them submerge again. These controls, 
however, appear quite adequate for the normal 
underwater run. This shows that the hydrodynamic 
forces acting on the body when it in near the Hurfaoe 
are different from those acting during deep running. 
These forces and their variation with distance to the 
surface can he studied effectively in the free-surface 
water tunnel. 

One of the unanswered questions involved in the 
use of jet propulsion in underwater projectiles is the 
effect ttf the jet on the resistance and the control 
characteristics of the projectile. The experimental 

study of this effect requires the introduction of 
relatively large amounts of air or other gas into the 
working section in order to form a jet with the desired 
characteristics. Such a study cannot be undertaken 
in the high-speed water tunnel because it is not equip- 
ped to remove this large amount of gas after it leaves 
the working section. If it is not removed, it circulates 
with the water and in a very few seconds is bark to 
the working section again. This is not permissible be- 
cause it. affects all the hydrodvnamic forces and in- 
validates the measurements. The free-surface water 
tunnel, therefore, was designed with a high-capacity 
air-removal system to make it adaptable U> detailed 
study of the effects of underwater jets. 

The controlled-atmosphere launching tank was de- 
signed to give information concerning the overall be- 
havior of the projectile during its passage through the 
interface and its run in the bubble. However, it was 
felt that it would be very helpful to be able to make 
force measurements and to observe cavity character- 
istics under steady-state conditions. This will be 
possible with the free-surface water tunnel since pro- 
jectiles can IK* mounted on a balance above the water 
surface and the forces on them can be measured for 
any degree of submersion. 
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Chapter 2 

LABORATORY FACILITIES 

" PHYSICAL ARRANGEMENT 
OF LABORATORY 

THE LABORATORY FAt-iuTiEs of the project are 
housed in the new Hydrodynamics Laboratory 

building and in the adjoining Hydraulic Machinery 
laboratory. The Hydrodynamics Laboratory, which 
is shown in Figure I, •iccupiet) three floors. Labora- 
tory equipment i* located on the basement and sub- 
basement floors, with offices on 1 he ground floor. The 
Hydraulic Machiiiery laboratory occupies four sto- 
ries in the left-hand wing of the Guggenheim Aero- 
nautics Laboratory building which appears in the 
background in Figure I. The buildings are intercon- 
necting on all three floors of the Hydrodynamics 
Laboratory. 

FICCMC 1.    Hydrodynamics Laboratory building. 

Figures 2A, B, and C show the three floor plans 
and arrangement of major equipment and auxiliary 
facilities in both buildings. The total floor space 
available is approximately 19,000 sq ft. The high- 
speed water tunnel equipment occupies all four sto- 
ries of the Hydraulic Machinery Laboratory area 
shown on the left in Figure 2. The working section 
and main operating level is on the first floor with 
circulating pump, water storage, and miscellaneous 
auxiliary equipment on the floors below. There is no 
floor at the second-floor level; the space is used for 
additional head room over the water tunnel. The con- 
troiled-atmosphere launching tank and the free-sur- 
face water tunnel, together with their storage tanks 
and auxiliaries, occupy two floor leveis (basement and 
sjbbasement) in the adjoining new building. The 
polarised light flume is on the basement level. 

It will l)o noted that in addition to the primary 
apparatus, space is provided for all the activities of 
the project auxiliary to the main experimental work. 
The first floor of the new Hydrodynamics laboratory 
provides for administrative offices, design offices, and 
drafting rooms, computing rooms for reduction of 
experimental data, and quarters for analysis of re- 
sults and preparation of technical reports. The base- 
ment flour contains photographic laboratories. The 
subhasement houses a machine shop for construction 
of test models. The electronics laboratory and shop 
are located adjacent to the water tunnel on the base- 
ment level. 

"        IIICII SPKrD WATER TUNNEL 

'•*•' Purpose and Specifications 

The high-speed water tunnel was designed and 
constructed to permit the determination of the hy- 
drodynamic force* on projectiles when in the airborne 
or waterlx>me phases of the trajectory. The design 
of the apparatus is based on the relative-flow principle 
employed in wind tunnels wherein the flow pattern 
peculiar to the prototype moving through a station- 
ary fluid is simulated by the flow pattern about a 
model immersed in a moving fluid. The essential 
components of the tunnel axe: 

1. A working section in which the model may be 
mounted and observed. 

2. A circulating system consisting basically of a 
pump and piping by which the flow of water may be 
maintained through the working section. 

3. A measuring system or balance by means of 
which the hydrodynamic forces on the model may be 
measured. 

A general view of the high-speed water tunnel is 
seen in Figure 3. The essential features mentioned 
above will be seen and identification of most of the 
other components can be made by reference to the 
isometric drawing, Figure 4, and to the elevation 
drawing, Figure 5. The relationship of the high-speed 
water tunnel to the other main pieces of apparatus 
in the Hydrodynamics Laboratory can be seen on the 
floor plan, Figure 2. 

CONFIDENTIAL 



LABORATORY FACILITIES 

mEt w- 
i-ir^on 

Fiui'BE 2A.   Hydrodynamics Laboratory, ground floor level. 

The construction of the tunnel centered around the 
existing equipment in the Hydraulic Machinery Lab- 
orat- y. In addition to the general basic laboratory 
layout available for use, the following important 
components were available: 

1. The electric dynamometer. 
2. The dynamometer speed control system. 
3. Special weighing-type pressure gauges. 
4. The pressure control system. 
5. The temperature control system. 
6. The 60-in. diameter tank used as part of the 

main water tunnel circuit and for air-removal pur- 
poses. 

The existence of this equipment was very impor- 
tant as a time-saving factor in getting the laboratory 
into productive work. 

The specifications for the water tunnel were de- 
veloped around the capabilities of the above-men- 
tioned existing equipment and the needs of the Na- 
tional Defense Research Committee [NDRC]. An 

enumeration of the main specifications of the water 
tunnel follows. 

VELOCITY 

The lower limit of the acceptable maximum ve- 
locity was set at 50 fps since it was felt that existing 
developments showed a definite trend toward higher 
and higher velocities for Service applications. The 
available horsepower in the electric dynamometer 
has permitted maximum speeds of 75 fps. 

DIMENSIONS OF WORKING SECTION 

A closed-type working section was decided upon 
because such a design reduces the energy loss, gives 
more stable flow, and results in a more definite 
and calculable boundary correction to the measure- 
ments as compared with other types of working 
sections. 
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The acceptable model sues and scales determine 
the aiae of the tunnel. It is axiomatic that models 
should be kept as small as compatible with desired 
accuracy and reliability of the test results, since 
smalhtaH makes for economy, speed, and flexibility, 
and therefore increases the productivity of the labo- 
ratory. It was estimated that the prototype diameters 
of the bodies to be studied would vary from 2 to 24 in. 
Since the measurements were to be made in water, 
which is a fluid of high density and low viscosity, it 
was felt that a model diameter of 2 in. would result in 
forces of reasonable magnitude and at the same time 
the flow conditions would be comparable to service 
conditions. In other words, a 2-in. model tested 
in the high-speed tunnel gives sufficiently large 
Reynolds numbers to be comparable with prototype 
conditions. 

On this basis it was decided that the working sec- 
tion should be 14 in. in diameter. This is in accord- 
ance with current wind-tunnel practice for dirigibles 
and similar symmetrical bodies, i.e., to have a model 

diameter of about 15 per cent of that of the measur- 
ing section. 

Aerodynamic practice has shown that the test 
chamber should be considerably longer than the 
model if accurate drag measurements are to be ob- 
tained. The maximum prototype length was esti- 
mated to be 8 to 10 diameters, with average length 4 
to 6 diameters. This would make the average model 
length 8 to 12 in. with extremes to 20 in. For the 
NDRC work it was felt that a large working section 
would also permit more extensive observations of the 
wake. Therefore, a 72-in. working section was chosen. 

BALANCE EQUIPMENT FOR FORCE MEASUREMENTS 

The choice of the type of balance is one of the moat 
difficult problems in connection with the tunnel. The 
balance is a necessary evil. The forces on the body 
under study must be measured, but any connection 
to the body to provide means of measuring these 
forces changes the forces themselves and thus a cor- 

°ot 
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FIOVBC 2B.   Hydrodynamics Laboratory, basement level. 
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Fuicwt 2C.    Hydrodynamics Laboratory, subbaMement levrl. 

ruction must be made. An analysis of tiie measure- 
ment desired shows that the balance system can be 
relatively simple, since the bodies to be studied have 
axial symmetry. A three-component balance, there- 
fore, is capable of furnishing all the necessary infor- 
mation, since the possible forces acting on the body 
can be reduced to a drag force in the direction of flow, 
a cross force or lateral force, and a moment about an 
axis normal to the direction of flow. One additional 
factor entered into the selection of balance type. It 

was anticipated that it would be necessary to study 
the characteristics of propelled bodies, whether the 
force of propulsion came from a propeller or a jet of 
fluid. This precluded the use of a balance which at- 
taches axially to the rear of the body. The >virc typt 
of balance attachment* was also eliminated because 
it provided no possibility for introducing a supply of 
fluid for the driving jet. Therefore, a single spindle- 
type balance was decided upon with the model axis 
normal to that of the spindle. 
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REQUIREMENTS FOR CAVITATION STUDIES 

If submerged bodies are required to travel at high 
weeds near the water surface, cavitation may result 
and produce serious deviations from the expected 
performance. In order to study the effects of cavita- 
tion in the model performance two additional re- 
quirements were introduced: M) that the absolute 
pressure in the measuring section be variable without 
affecting the velocity of the flow, and (2) that pro- 
vision be made for visual observation of the location 
and the action of the cavitation when it was produced. 

,JJ Main Water Tunnel Circuit 

FLOW CIRCUIT 

The flow circuit can be traced in either Figure 4 or 
5 by starting with the circulating pump. This is 
driven by a dynamometer through a multiple V-belt 

drive having a speed reduction of 2 to 1. The pump 
discharges horisontally to the right through a diff user 
section into the 5-f I diameter vertical tank. At this 
point, the flow is turned upward by vanes inside the 
tank and, at the working-section level, it is turned 
horison tally to the left by vanes into a short length of 
34%-in. pipe. From there the flow passes through a 
honeycomb and a reducing nosile to the 14-in. dia- 
meter working section. From the working section, the 
flow enters another horizontal diffuaer which reduces 
its velocity considerably before entering the elbow. 
From the elbow the flow enters the diverging down- 
comer, which completes the deceleration liefore the 
flow reaches the inlet of the circulating pump. 

CIRCULATING IVIIP AND DRIVE 

Figure 6 is a view of the circulating pump taken 
from the discharge end. Figure 7 shows the pump 
from the driving end and Figure 8 is a view into the 

Fionas S.   High-speed water Uanti Hydrodyasmies Laboratory, California Institute of Technology. 
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u-a^ 
Fiouaa   4.   Iaometric   drawing.    High-apeed   water 

Fiaunt 8. 
tunnel. 

Elevation   drawing.     High-apeed   water 

pump inlet showing the straightening vanes. The 
source of power for the circulating pump is the dyna- 
mometer shown in Figure 9. This is a direct-current 
machine with a rated continuous capacity of 275 hp 
and a speed range of 100 to 5,000 rpm. It is cradle 
mounted so that the horsepower for operating the 
tunnel may be measured readily. The dynamometer 
is coupled to the circulating pump through the V- 
bett drive shown in Figure 7. Twenty belts are used 

in multiple for this drive, which has a rated capacity 
of 250 hp. 

SPEED CONTROL 

It is essential that constant water velocity be 
maintained in the working section. This means that 

FIOUBS 0.   Circulating pump for highspeed water 
tunnel. View from djacharge end. 

the circulating-pump speed and, hence, the dyna- 
mometer speed must be controlled very closely. The 
speed-control system employed is shown by the block 
diagram, Figure 10. 

The system is built around two synchronous mo- 
tors, one operated by the quarts-crystal controlled, 
standard-frequency system and the other by the 
alternator on the dynamometer sh*f t. These drive 
two shafts of a small bevel-gear differential. The third 

FIOCBB 7.   Circulating pump for high-apeed water 
tunnel.  View from driving end. 
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abaft, therefore, turns at a speed proportional to the 
difference of the other two. Thia abaft actuates a 
phase ahifter (in this ease a sehryn motor driven 
through a friction clutch and limited in motion by 

Flora* 8. Ctouktiat pump for high-speed water 
tunnel. Visw into pump islet, showing; the straighten- 
iag Tanas. 

stops) which controls the output of a battery of 
. thyimtron rectifiers. These furnish the excitation 
field for the shunt-wound dynamometer, and thus 
control its speed. It will be seen that any difference) in 
speed between the dynamometer and the speed 
standard acts immediately to correct itself. The only 
position of equilibrium is absolute synchronism of the 

two systems. The speed-control gear box is shown in 
Figure 11. This control system permits a speed range 
for the dynamometer of from 100 to 5,000 rpm. 
For any fpVen setting, the average speed is as ac- 

FIOCBC 0.   Ejnunometor for aireulatinc pump for 
high apeed water tunnd. View from ahove. 

curate as the quarts crystal controlling the standard- 
frequency source; about 1 part in 50,000. The in- 
stantaneous speed fluctuations are of the order of 
1 rpm. 

HI 

Flouts: 10.   Block diagram of speed-control system for dynamometer, high-speed water tunnel. 
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Am REMOVAL AND FLOW STRAIGHTENING 

The 5-ft diameter tank, beside* furnishing part of 
the primary flow circuit, provides a high point in the 
system for removal of accumulated air, as shown in 
Figure 12. The honeycomb is shown in detail in 

duces the flow cross section from 34 ^-in. diameter 
to the 14-in. diameter of the working section in a 
length of 47 in. The contour is designed to give a uni- 

FIOLU 11.   Spaed control gear box lor i 
biga-epeed water tonne)   View (no above. 

Figure 13 and its location in the circuit is shown in 
Figure 5. The honeycomb consists of a nest of axial 
channels 10H in. long and of triangular cross section, 
1 in. on a side. This design is very easy to build out of 
light galvanised iron sheet and it has been a satis- 
factory means of removing the lateral-velocity com- 
ponents at the entrance to the nossle. 

NOCILE 

The nossle is shown before assembly in the circuit 
in Figure 14 and after assembly in Figure 15. It re- 

FiorjKK 13.   Five-foot dt tank, high-speed water 

form velocity distribution across the flow at the en- 
trance to the working section with no lateral-velocity 
components. This rather elaborate design was found 
necessary in order to eliminate local cavitation in the 
nossle when the tunnel was being operated with low 
pressure and high velocity in the working section. 
The nossle is fabricated steel plate machined to the 
specified contour, cadmium plated, and polished on 
the inside surface. Figure 15 shows the piesometer 
rings used to measure the pressure drop across the 
nossle from which the velocity of flow in the working 
section is computed. Between the nossle and the 
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working section is seen the 2^-in. thick dummy pi tot 
tube block. Thia can be removed and replaced with 
an identical block drilled for the direction-finding 
pitot tube when a velocity traverse of the flow is to be 
taken. 

which, in turn, its bolted to the notile Locating 
dowels are used to insure proper alignment. Unsup- 
ported-area type neoprene gaskets are used to permit 
metal-to-metal contact of the flanges and to eliminate 
any possibility of gasket material projecting into the 
flow. The downstream end of the working section is 
connected to the diffuser by a Victaulic coupling. 

Fiorex 
tunnel. 

IS.   Honeycomb baffle.   High-speed water 

WORKING SECTION 

The working section used during the latter part of 
the project is shown before assembly in Figure 16 and 
after assembly in Figure 17. The bulkheads and re- 
inforcing permit the use of the large Lucite windows 
for photographic purposes. The upstream end of the 
working section is bolted to the pitot tube block 

••Wt* 
Fionas 15. 
tunnel 

Nossle after i 

11 

nbly. High-speed water 

This eliminates any mechanical stress on the working 
section and provides for small misalignments and 
thermal expansion. 

"•* Auxi'iary Circuits 

PRESSURE REGULATING CIRCUITS 

Several auxiliary circuits are used in connection 
with the main circuit to obtain the desired operating 
flexibility. The water tunnel operates on a closed cir- 
cuit in a completely filled sytem; therefore, it is 
possible to impose other minor flow circuits on this 
system without disturbing the main flow. This princi- 
ple is used to obtain prewcre control of the system. 

Fionas   14. 
water tunnel 

Hoade   before   aatemhlr.    fisgh-epeed Fiou» 14.   Working leetioa before >—iniiily. 
High-speed water tunnel. 

Bear 
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The pressure-regulating circuit pump is submerged 
in an open storage tank. The discharge goes to the 
6-ft diameter tank through the boriaontal pipe in 
Figure 5. Since the system is full, this same amount of 
water must leave the tank through the by-pasa valve. 
The by-pass valve is motor-operated and U controlled 
from the working floor. The pressure in the 5-ft dia- 
meter tank varies with the amount of opening of 
this by-pass valve. When it is newly closed, the 
tank pressure reached the maximum head which 
the pressure-regulating pump can develop, i.e., 
about 150 ft. Opening the by-pass valve reduces the 
head until atmospheric prewure is reached at that 
point. Since the working section is about 15 ft 
above the valve and since a large additional pressure 
drop is caused by the acceleration of the flow in the 
nonle ahead of the working section, subatmospheric 
pressures can be obtained at the test station. How- 
ever, if still lower pressures are desired, a booster 
pump located in the by-pass line, but not shown 
in this drawing, may be operated to pump water 
out of the system. The result is that cavitating con- 
ditions can be maintained in the working section 
for any desired tent velocity. There is an air bleed line 
at the top of the 5-ft diameter tank, as shown in 
Figure 12. This ut opened, upon filling the system, 
when the air in the tank is being displaced by water. 
For low-pressure operation a Nash Hytor vacuum 
pump is used in the bleed line to remove any accumu- 
lations of air that may gather in the system. 

COOLING CIRCUIT 

In the operation of the tunnel, up to 250 hp is 
continuously put into the system through the circu- 

lating pump. This energy is all dissipated into heat; 
thus, unless the system is cooled, the temperature will 
rts to undesirable vahies. To maintain a constant 
temperature and therefore constant viscosity at the 
Reynolds number for testing, this heat must be re- 
moved. The method for doing this is also shown in 
Figure 5. A part of the return flow from the by-pass 
valve of the pressure-regulating system goes to the 
cooling water pump, which circulates it through a 
forced-draft cooling tower on the roof and returns it 
to the storage tanks. Thus cooling is obtained by con- 
tinuously bleeding off heated water from the system 
and returning an equal amount of cooled water. 

ti.« Balance 

PRINCIPLE AND GENERAL ARRANGEMENT 

As previously outlined, the balance is designed to 
measure three components of the hydrodynamic 
forces operating on the model. These are the drag 
force parallel to the flow, the cross force normal to the 
flow, and the moment about the axis of support. Note 
that these components are with reference to Jlsw 
direction and not to the model orientation. Figure 18 
is a diagram of the balance system. Basically, it con- 
sists of a vertical spindle supported near the center 
with a universal pivot that permits rotation through 
any axis about this point but allows no translation, 
The model is attached rigidly to the top of the spin- 
dle. This assembly is prevented from rotating under 
the action of the hydrodynamic forces by applying 
restraining moments about three mutually pernen- 
dicahv axes intersecting at the pivot. These moments 
are applied by hydraulic pressure through the three 

FKHJSS 17.   Wotfciaf after ——My.  Froatvinr.  High sp—d water 
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•eta of pistons, cylinders, and yoke wins as shown in 
Figure 19. The three retraining momenta correspond 
to the hydrodynamk forces acting on the model. In 
order to measure the forces acting on the model when 
it it inclined to the How, the vertical spindle was made 
in two pieces. The model is attached to the upper 

piece while the supporting pivot and pressure cylin- 
der* are attached to the lower piece. By rotating the 
upper spindle section with respect to the lower one 
and clamping it securely in place, the angle of yaw of 
the model is changed with respect to the flow but the 
direction of the balance restraining forces remains 
unchanged. 

In order to keep the model position accurately 
fixed in the flow while the measurements are made, 
the limits of motion of the hydraulic pistons are 

restricted to ±0.003 in. This is equivalent to less 
than 2 minutes of angle. These small deflections re- 
quire great structural rigidity, both of the spindle 
and of the supporting frame. Figure 15 shows how 
this rigidity hss been built into the structure. The 
whole assembly is mounted on a hydraulic lift for 
ease in handling and adjusting. It is completely sup- 
ported by this lift in the working section even when 
in position for measurement*. 

SPINDLE 

The spindle which support* the model is seen pro- 
jecting vertically upward from the top of the balance 
in Figure 30. This spindle is removable so that dif- 
ferent types can be installed U> meet the varying 

Fun i> 19. View of halssrr chowinc appbWion of 
• inli by hydnuikc praaaire to balacee ajnrtem. 
Hi«b *:*«d water teasel. 

needs of the different tests. The spindle pivot point 
Bes at the center of the bronse ring seen at the top of 
the structure. The pivot is made up of two aet» of 
three pairs of piano sire. Each set forms three equally 
spaced element* on the surface of a cone. The two 
vertices meet in a point on the ccnterline of the spin- 
dle. This means that for small deflections this point is 
the center of rotation for all three moments that are 
measured, and the resistance offered by the deflection 
of the support wires for slight angular movements of 
the spindle is small. Two pairs of wines can he Kern in 
Figure 30. 

SEAL 

A watertight seal is provided between the balance 
spindle and the working section in the form of a soft 
rubber cylinder which is reinforced with concentric 
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steel rings vulcanised into it. This construction per- 
mits extreme flexibility and, at the same time, gives a 
structure which will resist both internal and external 
pressure. It operates satisfactorily from gauge pres- 
sures of SO psi down to the vapor pressure of cold 
water. This Beat is illustrated in Figure 21, which 
shows the deflection of the cylinder under the com- 
pression of a (' clamp. 

YAW ANGLE ADJUSTMENT 

The angle of yaw of the model i« changed by the 
rotation of the upper spindle with respect to the 

Fionas 20. 
mL 

Balance spindle. High-»pred water ttm- 

The angular position of the model is indicated to 
the nearest 0.1 degree by a dial gauge attached to the 
lower spindle and having its deflection rod connected 
to the upper spindle by means of a flexible ribbon 
wound around the upper spindle. This dial gauge is 
the larger one shown in Figure 22. 

FORCE- AND MOMENT-TRANHMITTIXG SYSTEM 

The hydrodynamic moments on the upper xpindlr 
are Imlanced by the restraining wires at the bottom of 
the lower spindle as shown in Figure 19. The wires 
and yokes shown here transmit the force* to the hy- 
draulic pistons. The length of the wires is great com- 
pared to the range of movement i»f the end of the 
xpindlc so that no error is introduced into the 
data. 

At the extreme right of Figure 19 is seen a pre- 
loader. This device applies a spring preload of 50 u»i 

lower spindle, over a range of alxsit —20 degrees to 
+20 degrees. The two spindles are held together by 
a spring-loaded brake which has a resisting torque 
greater than any hydrodynamic moment within the 
design capacity of the balance. 

The process of angle changing then requires that a 
torque be applied between the upper and lower spin- 
dles which will slip the friction brake. This torque is 
supplied by an electric motor mounted on the lower 
spindle. The motor operates a wo-rn which engages a 
sector integral with the upper spindle, thereby slip- 
ping the brake and turning the upper spindle with 
respect to the lower spindle. The control buttons for 
angle changing are clearly shown in Figure 22, as 
well as the angle-changing motor. 

KIIIIBK 21.    Watertight nnil between balance »pifMttr 
ami working aeelion.   Highspeed water tunact. 

to the oil in the cylinder and, at the same time, com- 
pensates for the small but undesircd elastic resisting 
moment exerted by the apindle pivot wires on the 
spindle during the small angular deflections incident 
to the balancing operation. The preload is needed so 
that positive and negative forces may be measured 
by one piston. The cross force preloader is partially 
seen in Figure 19. 

The pistons and cylinders are shown also in Figure 
19. The piston and cylinder arc lapped to a clearance 
of about 0.00004 in. To eliminate static friction the 
cylinders are rotaUd at constant speed by individual 
motors. 
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*** Pleasure Gauges 

PRINCIPLE Or OPERATION 

The pressure in the cylinder* on the balance are 
measured by weighing-type pressure gauges. A clone- 
up view of one of these gauges is shown in Figure 23. 
The gaug* consists essentially of a beam supported 
on a Cardan hinge pivot. The pressure to be meas- 
ured in applied thi High a piston attached to thin 
beam. Thin pinion, like the balance pistons, in fitted 
in a cylinder which rotate* to avoid static friction. 
The force exerted by the oil pressure on the piston is 

Ifce&mmi**'' 

Fiuri Virw  <4 wiirkia* MRctiua  and   balance 
Hi«a«|Med water lisinrt. 

balanced by pan weights applied to the end of the 
beam and also by a rider weight running on the beam. 
I'nbalance of this beam results in unbalance of the 
optical electrical control system which, in turn, 
starta a small electric motor and moves the rider 
weight until equilibrium is obtained. 

PHOTOCELL CONTROL 

The optical-electrical control of the equilibrium of 
the beam is obtained through use of a photocell system 
which is shown schematically in Figure 24. The pur- 

pose of the photocell system is to obtain control of the 
beam by f rtetiooless and nonfouling means and at the 
same time to obtain a response of the rider weight 
motor in proportion to the unbalance or deflection of 

Knit«»:   23.    VYnctunc <rpr   1>m*urr   vwr     Hi«h- 
Kperd wntcr tunnel. 

FWBK 24.   Hrasnyrtic dJaarai at pawtnmil nmtnA, 
lugR-spred water tunnel. 

the gause to avoid hunting. As can be seen by the 
schematic diagram, unbalance of the gauge causes a 
beam of light to move either to right or left and thus 
to give unequal illumination on the symmetrical 
halves of the phototube. This results in a voltage 
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which actuates a motor which moves the rider toward 
a balanced condition. At the balanced position, the 
two halves of the phototube are illuminated equally 
by the beam of light and thus there is no voltage to 
cause a movement of the rider. The position of the 
rider is indicated by a Veeder counter, and a scale is 
chosen such that the counter indicates the applied 
pressure directly in pounds per square inch to the 
nearest 0.01 psi. 

SENSITIVITY AND RANGK or SYSTEM 

The length of the balance lever arms and the area* 
of the pistons in the system have been chosen so that 
the readings of the drag and cross force gauges in 
pounds per square inch are numerically equal to twice 
the hydrodynamir drag and croon force in pounds 

FK.< at 26.   Control panel.    Hign-epeed water tun- 
nel 

and the reading of the moment gauge in pounds per 
square inch is numerically equal to the hydrody- 
namk moment expressed in inch-pounds. Pan weights 
are available in 50 psi units to a maximum of 500 DM. 
and the range of travel of the rider weight corresponds 
to 50 psi. 

CONTROL PANEL 

Figure 25 shows the instrument panel with the 
cross force, drag, and moment gauges just described 
and the differential pressure gauge, to be described 
later. In the center of the instrument group is a panel 
with lights indicating the state of balance of the 
gauges and other essential operating data. When all 
panel lights are out, a condition of gauge balance and 
general instrument readiness is indicated. Thereupon 

a button is pushed which stops the gauge rider motors 
so that the pressure readings may be recorded. 

HYDRAULIC TRANSMISSION SYSTEM 

This hydraulic system composed of the balance 
pistons and cylinders, gauge piston* and cylinders, 

FluraE 36.    Compensator.    Assembled  view.    High- 
speed water tunnel. 

and the connecting oil line is subject to slight leakage 
of the working fluid (light turbine oil) past the 
pistons. The leakage of the system is made up by 
compensators shown in Figures 26 and 27, so that the 
system is essentially a constant-volume one. The 

Florae 27    Compensator. Diini—mbled view. High- 
speed water tunnel. 

compensator is a small screw-operated piston which 
supplies oil to the system in a definite minute amount 
upon receiving an electric signal from the balance 
indicating that the amount of oil in the system has 
reached the minimum permissible. The indication of 
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the state of the oil system is made also by light** on 
the instrument panel. 

*•*•* Balance Sensitivities 

In discussing the sensitivity of the balance system, 
two characteristics must be noted. The first is sensi- 
tivity defined as a change in the reading on the 
pressure gauge per unit change in force on the model. 
<)n this basis for the cross force and drag measure- 
ments, one dial division corresponds to 0.005 lb force 
on the model. For the corresponding moment read- 
ings, one dial division corresponds to 0.01 in.-lb 
torque on the model. The second characteristic is 

ySaul ?=y 

TO MUM 

Florae  28.   Schematic diagram of  the  differential 
preajure gauge. Ugh-apeed water tunnel. 

responsiveness, which is defined as the magnitude of 
the minimum impressed force on the model necessary 
to cause a change in the gauge readings. This re- 
sponsiveness is approximately 0.01 lb for cross force 
and drag measurements on the model and 0.02 in.-lb 
for moment. 

M.T Differential Pressure Gauge 

PRINCIPLE OP OPERATION 

A differential pressure gauge is employed which is 
very similar in appearance and design to the pres- 
sure gauges described above. The only difference 
is that the force applied to the beam is the result 
of the difference of two pressures applied to the 

opposite ends of a piston. Figure 28 is a schematic 
diagram of this differential pressure unit. The two 
pressures are applied, one at the top and one at the 
bottom of a piston and the resulting force on the 
piston depends on the difference between the two 
pressures. This resulting force is transmitted to the 
beam and is measured in the same way as in the 
pressure gauges described above. The cylinders, like 
those used in the force measuring system, are rotated 
to avoid static friction. The gauge is actuated by oil 
connections from two bodies of oil floating on water 
surfaces in cylindrical separating pots beneath the 
gauge itself. The pressure leads from the water tunnel 
are connected into these separating pots. The pots 
are horisnntal to permit a large change in volume 
with a relatively small change in elevation of the oil- 
water interface. This is necessary since, due to the 
different densities of oil and water, the reaction of the 

Bar •'•       ~~ 
Florae 29.   Three-hole direction-finding pitot tube. 

gauge will be affected by changes in the height of the 
oil columns. A cross connection between the two 
reservoirs permits initial leveling of the system. 

APPLICATIONS 

The principal application of this differential pres- 
sure gauge is in the measurement of velocity of flow 
in the working section by means of the pressure dif- 
ferences across the nossle. Other applications are in 
the measurement of the pressure distribution on pro* 
jectile models and in the measurement of the pressure 
and velocity distribution across the working section, 
which is obtained with the three-hole direction-find- 
ing pitot tube shown in Figures 29 and 30. Since this 
is essentially a aero volume-change device, the re- 
sponse of the gauge to pressure changes is very rapid. 

IJJ Pressure Distribution 
Measuring Equipment 

Since measurements are made on the model with a 
fluid flow having a pressure gradient along the work- 
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ing section and since the riie and position of the 
model affects this pleasure gradient, it is necessary to 
me&bure the pressure in the working section at closely 
spaced points along the wall. For this purpose the 
multiple differential manometer, seen in Figure 31, ia 
employed. This is an air-water type with all columns 
having common air connections, and in general the 
pressure at the beginning of the working section i* 

"• Shields 

In order to avoid corrections for hydrodynamic 
forces on the exposed spindle within the working 
section it is necessary to install streamlined shields 

FIOVBS 30.   Tkree-hofc pitot tube mounted (or use 
witA hign-epMa water tunneL 

used for the reference pressure. Figure 31 also 
shows that the multiple differential manometer is 
well suited for photographic recording. Since the 
total pressure drop in the working section is of the 
order of 0.1 or 0.2 of a velocity head, great care has 
to be exercised in the construction of the piesometer 
openings to insure that the static pressure alone is 
measured, without measuring any of the velocity 
pressure. 

FIUI'BX 31.   Multiple differential manometer. 

around the spindle, firmly attached to the working 
section. This shield must be as small as possible in 
order to minimise disturbances in the flow, yet there 
must be sufficient clearance between the spindle and 
the shield so that there is no chance of the shield 
touching the spindle and absorbing a portion of the 
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hydradynamk forces applied on the model. The shield 
in present use for force testa is shown in Figure 32. 
This photograph shows the shield, spindle, and model 
installed, and Figure 33 shows a dummy shield, 

Fiouu 32.   Shield, spindle, and model installed in 

termed an image shield, mounted above the model, 
and used in the tests to determine interference 
corrections. The shield is made in two sections, 
the section next to the model being much smaller 

Fionas 84.   Shield uaed in connection with 
observation of cavitation. 

visual 

than the section mounted on the tunnel wall. Both 
sections are Joukowski streamlined shapes. A splitter 
plate between the two sections acts to prevent cross 
flows. The purpose of the design, termed a duplex 
shield, is to secure a minimum flow disturbance 
near the model by use of the smell upper shield, 
yet to allow use of a spindle sise large enough to 
prevent undue deflection. The radial clearance be- 

tween the spindle and the inside bore of the shield is 
about 0.015 in. Figure 34 is a photograph of a shield 
used for visual observation of cavitation. Since no 
forces are measured during visual cavitation twin, 

,*l>7\""v 

FiovmE33. Shield, spindle, and model group with added 
image shield (above model) installed within the tunnel. 

the model is mounted rigidly to the shield and the 
large-diameter spindle is unnecessary. Therefore, this 
shield can be considerably more slender than the 
force shields. Note that the model is mounted di- 

PIOUBJE 35A, B.   Typical two-dimensional models, dif- 
ferent lengths of an NACA 4412 airfoil. 

rectly on the top of the shield and thus in effect the 
model is fastened rigidly to the working section. This 
shield is a streamlined, cavitation-resistant shape de- 
veloped by the David Taylor Model Basin. In addi- 
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tioo to the two types of shields described above, 
* shield has been developed (or the simultaneous 
measurement of cavitation and force data. This 
shield also is a cavitation-resist&nt David Taylor 
Model Basin shape, and the spindle employed is 
elliptical in cross section so that for small angles of 
yaw the required rigidity is combined with the nec- 
eiwarv slenderness. 

tened securely to the spindle in the following manner: 
A 2-in. diameter model section is silver-soldered to 
the end of the spindle and the remaining parts of the 
model are fastened to this center section by means of 
a through bolt. 

Figure 36 shown a typical model and Figure 37 
shows the individual components including the spin- 
dle and integral center section. A complete set of 

t.i.M ^ajer Tunnel Operating Techni<|uen 

MODEM 

The models used are exact geometric repli< as of the 
prototypes within the tolerances of the precision 
machine shops employed. Most of the models have 
been three-dimensional but some two-dimensional 
testing has been done. Figure 35 shows two typical 

Flora* 36.   Typical 2-iau diameter node! i 
about support eeclioa. 

abled 

two-dimensional models, different lengths of a N'ACA 
4412 airfoil. In this application, flat plates were in- 
stalled in the bottom and top of the working section 
for the full length and the two-dimensional model 
spanned the distance between these two plates. This 
special setup was necessary in order to avoid end 
effects and thus secure pure sectional or two-dimen- 
sional data. The three-dimensional models are fas- 

FIUUKE 37. Same as Figure 36 but with model parts 
separated. The central cylindrical section is fastened 
i«> the spindie. 

cylindrical body sections from 0.10 in. to 0.20 in. long 
in 0.01-in. steps and from 0.20 in. to 4.00 in. in longer 
steps is available BO that any cylindrical length may 
be readily made up. The necessary nose, afterbody, 
and tail members are fastened to the cylindrical part 
by means of a bolt through the whole assembly. The 
individual components have tongue and shoulder 
joints to secure precise alignment. A concentricity of 
about ±0.0(102 in. has been secured. When a design 
of a new body is submitted for test, a quick survey of 
the model part* EIIOWS what elements are available 
and what new parU must be made. In general the 
model parts are made of stainless steel to eliminate 
corrosion and to secure a reasonable hardness to pre- 
vent damage from handling. Special sections may be 
made of brass. Figures 38 and 39 show a typical 
powered model with an exhaust stack in which a flow 
of compressed air simulates the turbine exhaust. The 
motors used for the powered models are of a high- 
cycle induction type. 
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OPERATING VARIABLES 

The following quantities concerned with modtl 
performance may be varied conveniently with the 
existing equipment in the water tunnel: speed, pres- 
sure (submergence), pitch angle, yaw angle, rudder 
angle, and geometry of the model. Most of the tents 
conducted in the laboratory involve a systematic in- 
vestigation of the effect of ane of these variables while 
all the others remain constant. 

FIGURE 38.    Typical powered model with exhnuM. stack 
for compressed air nimulminj turbine exhaust. 

sure gauges at the instrument panel. Instead of the 
yaw angle being the variable, the pitch angle may \ye 
made the variable by simply rotating the model 
about its longitudinal axis until the pitching plane of 
the model is horizontal. This test is then conducted in 
the same way as the yawing test. In addition, the 

KK.I «E 3D.   View of tail showing propeller and ex- 
haunt pipe. 

FORCE TESTS 

The fundamental test in the laboratory, termed a 
force test, involves a study of the hydrodynamic 
forces acting when speed, pressure, pitch angle, rud- 
der angle, and geometry are constant, and yaw a..gle 
is the variable. In this test the yaw angle of the 
model is varied from about —15 degrees to +15 de- 
grees in 2-degree increments and the forces (drag, 
cross force, and moment about the support point) 
are read simultaneously with the velocity on the pres- 
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Fiui'RK 40.    Typical plot of a force test. 

rudder angles may be successively varied from up to 
down or from port to starboard to obtain this effect 
superimposed upon the effect of yaw or pitch angle. 
Studies may be made of models with successive 
changes in components such as nose shape or fin site 
in order to obtain the effect of the mode! geometry. 
The results of the tests are plotted as they are ol>- 
tained. Figure 40 is a typical plot of force test. 
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SPEED TESTS 

Tests are also made in which the principal variable 
is speed. In this ease the hydrodynamic forces on the 
model are obtained for a speed range of from 10 to 70 
fps, usually in 5-fpn increments. Here again different 
model components may be tested in order to obtain 
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Fiui'KE 41.   Typical plot from a upeed run. 

the effect of the model geometry upon the speed per- 
formance. Figure 41 shows a typical result of one of 
these tests. 

CAVITATION TESTS 

The effect of pressure (prototype submergence) 
may also be determined in the laboratory by the 
cavitation test. Usually this test is made with the 
model securely fastened to the working section and 
no forces are measured. The speed is held constant 
and the pressure in the working section is varied by 
means of the motor-controlled by-pass valve as ex- 
plained in the description of the pressure-regulating 
circuit. The absolute pressure in the working section, 
at which various cavitation phenomena occur, is re- 
corded both photographically and visually. Figure 42 
iil'istrates typical photographs obtained in the cavi- 
tation tests. A series of such pictures clearly shows 
the nature of the cavitation on the projectile at the 
speed and depth indicated by the cavitation para- 
meter K. In this way the cavitation performance of 
various model components may be studied or the 
occurrence of cavitation may be determined for 
various model parts as a function of yaw or pitch 
angle. Figure 43 is a plot showing cavitation para- 
meter K at which cavitation occurs on the tail of a 
torpedo, as a function of the yaw angle of the pro- 
jectile. In recent months a shield and spindle has been 
designed which permits the measurement of the 
hydrodynamic forces under cavitation conditions. In 

such a test, in addition to the photographic records of 
cavitation obtained, the hydrodynamic forces are 
measured at the same time. Thus it is possible to test 
models where yaw or pitch angle and pressure are 
both variables. 

FKIIRE 42A, B, C.   Typical photograph* obtained in 
cavitation testa. 

Fiauas43 Mot showing the cavitation parameter, K, 
at which caviution occur* on the tail of a torpedo, aa a 
function of yaw. 

PRESSURE DISTRIBUTION TESTS 

Tests are also made to determine the pressure dis- 
tribution about the surface of models. In this ease 
the model is securely fastened to the working section 
through the shield as in the cavitation test. The sur- 
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face of the model ha* numerous pressure tape drilled 
normal to it and the pressure is transmitted from the 
model by means of small-diameter copper and rubber 
tubing through the shield to a manifold. From the 
manifold, copper tubing leads to the differential pres- 
sure gauge and, by means of appropriate valving, the 
pressure difference between the surface at any point 
and the pressure in the undisturbed stream may be 
obtained. The complete pressure distribution about 
the model is determined this way. A complete pres- 
sure distribution is usually made for successive yaw 
or pitch angles. 

POWERED MODEL AND EXHAUST TESTS 

Powered tests and exhaust tests have been con- 
ducted in the water tunnel in an effort to determine 
the interaction between exhaust jets and propellers. 
In this test the speed, pressure, yaw angle, and pro- 
peller revolutions per minute are held constant and 
photographic evidence of the interaction of jet and 
propeller is obtained for various air flows through the 
jet and various arrangements and dimensions of 
exhaust stack. 

»•'       THE POLARIZED LIGHT FLUME 

*•••* Comparison of the Polarised 
Light Flume with the High-Speed Water 

Tunnel and the Free-Surface Water Tunnel 

The polarised light flume is essentially similar to 
the two large tunnels in that it furnishes a working 
section in which observations can be made on bodies 
immersed in a flowing liquid. It is so arranged that 
the upper surface of the working section can either be 
closed with a solid boundary like the high-speed 
water tunnel, or left free to the atmosphere as in the 
free-surface water tunnel. It is, however, a very much 
smaller piece of equipment as can be seen by the 
comparisons shown in Table 1. 

TABLB 1. Comparison of flume and tunnel characteristics. 

Working section                  Max 
Crass                  Max     rate of Max- 

section Length velocity     flow imum 
in sq ft   in ft     in fps      in ef» hp 

High-speed water       1 6 
tunnel 

Free-surface S 8 
water tunnel 

Polarised light flume Mi 4 

75 

25 

6 

75 

75 

3 

250 

75 

2 

1.1.1 Principle of Operation 

The distinctive feature of this flume is that instead 
of pure water, the circulating fluid is a dilute sus- 
pension of bentonite. This is for the purpose of mak- 
ing the flow visible. Certain grades of bentonite have 
correlated physical and optical asymmetries. The 
physical asymmetries are such that if the particles 
are suspended in a stream of water, any relative shear 
between two adjacent filaments of water will tend to 
align the particles in a given orientation. The optical 
properties of the particles are such that if light is 
passed through the stream, the light waves will be 
rotated an amount proportional to the thickness of 
the fluid layer and to the degree of uniformity of the 
orientation of the particles. If the light used is 
polarised, the results will be a pattern of bands which 
is characteristic of the shear pattern existing in the 
fluid, and since this shear pattern is directly associ- 
ated with the velocity distribution, the optical pat- 
tern gives a good approximation of the velocity field. 
Figure 44 is a diagrammatic sketch of the scheme of 
observation. It will be noted that Polaroid screens 
are placed on either side of the working section. 
These may be used either with or without one- 
quarter wave plates since very similar results can be 
obtained with either plane or circularly polarised 
light. The polaroid screens can be so oriented with 
respect to each other that the pattern will be shown 
either in black and white or in color. 

M.I Construction of the Flume 

Although only a very small amount of bentonite is 
required to produce a suspension having the desired 
characteristics, it introduces some very undesirable 
complications. The suspension reacts with a large 
number of metals. This results in corrosion, but an 
even more serious effect is that it causes the bentonite 
suspension to thicken and coagulate and thus de- 
stroys its use for the study. Unfortunately iron and 
nearly all its alloys, including stainless steel, react 
with the bentonite. Lead and tin mixtures also react, 
which eliminates the use of soldered joints. The polar- 
ised light flume, therefore, was constructed entirely 
of brass with silver-soldered joints, with glass walls in 
the working section. Figure 45 shows a photograph of 
the flume and Figure 46 is a line drawing of it. The 
suspension is circulated by a small propeller pump. 
This pump is a standard commercial design but made 
of brass instead of the cast iron usually employed. It 
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FIUCBC 44.   Cram section of poUriwd light flume. 

is driven by a standard induction motor with an 
integral variable-speed V-belt drive which gives a 
speed range of 17? to 1,300 rpm. The velocity, of 
course, varies in the same ratio. Lower velocities are 

obtained by adjusting a four-leaf pyramid type of 
valve which is installed on the inlet side of the 
propeller. Two views of this valve arc shown in Fig- 
ure 47. The pump discharges into a diffuser section 

FIOUIK 48.   The potaxued licfat flume. 
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Plot me 46.   Elevation of pnUiiaed light flume. 

which reduces the velocity to a very low value with a 
corresponding increase in cross section. The flow is 
brought to the working section at this low velocity by 
means of two vane elbows. The flow is accelerated to 
the velocity of the working section by a nossle having 
a rectangular crow section. The contraction ratio of 
this noule is 4^j to 1. 

The working section is followed by a diffuser sec- 
tion which is operated with a free surface. An at- 
tempt is made to regain as much energy as possible in 
this section. This is done not so much to save the 
small amount of energy involved, but rather to elimi- 
nate all possible sources of disturbance which may 
carry around through the pump and passages to the 
working section. From' the diffuser section the flow 
goes through the valve to the inlet to the propeller 
pump which has already been described. 

•4.4 Working Section 

The working section employs glass platen for the 
two sides and the bottom. A Lucite cover has been 
constructed which can be installed as a prolongation 
of the upper surface of the nossle when it is desired to 
operate the flume as a closed channel. It has been 
found more convenient for most studies to operate 
with the free surface to permit the easy insertion of 
auxiliary equipment for studying the details of the 
velocity distribution. A horizontal spindle has been 
mounted on the rear side wall to support the models. 
This is equipped with a streamlined shield of the 
same cross section as the one used in the high-speed 
water tunnel. The spindle can be rotated by a worm 

and wheel on the front of the working section, thus 
permitting the observation of the flow pattern as it is 
affected by pitch or yaw. The degree of rotation is 
measured on a protractor which is an integral part of 
the rotating mechanism. This equipment can be seen 
in Figure 48, and also in Figure 49 which shows a 
close-up of the working section. The spindle is con- 
structed so that the models used in the high-speed 
water tunnel may be installed in the polarised light 
flume without alteration. Although these models are 
made of stainless steel, it has been found that they 
can be used in the bentonite suspension without 
harm, either to themselves or to the suspension, if 
care is taken to leave them in for short periods only 
and if they are washed and dried thoroughly after 
each use. The two polaroid screens are supported, one 
on each side of the working section, by a carriage 
which roils along guide rails mounted on the top of 
the flume. These screens are 12 in. high and 30 in. 
long, and thus provide a working area that is suffi- 
ciently large for most observations without the need 
of readjusting their position. Provision is also made 
for carrying the light source on the same carriage. A 
rear view of this light source is seen in Figure 50. 
For normal observations a battery of incandescent 
lights is used, but for special purposes high-intensity 
lights or high-voltage flash lamps may be employed. 

*•*•* Applications 
of the Polarized Light Flume 

The majority of results of the studies made in this 
flume are reported in the form of sketches of the flow. 
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In order to unt in the preparation of these sketches, 
the guide rulings of Figure 51 are mounted on the 
side windows of the working section. A miniature 
drafting machine of the steel-tape type m attached to 
the carriage aa shown in Figure 52. It is used largely 

Fionas 47. A, B.   Foar-laaf pjmaaid-type valve used 
with polarisad light How. (A) Cfaaad (B.) Ops*. 

for determining the angles of flow in the various parts 
of the field. For detailed studies of the flow the indi- 
cations of the polariaed light patterns have been 
supplemented by other methods of delineating the 
flow. One of these is a mechanism for moving a small 
probe to any desired point in the working section. 
This probe earries a short section of light thread 
which streams out parallel with the flow and gives a 

clear indication of the local flow angle. The mecha- 
nism, removed from the flume, is seen in Figure 53. 
Another technique that ha* been found useful is the 
introduction of minute air hubbies into the flow by 
the use of a very fine tube. At the velocities used for 
the studies the path of thew air bubble* is very easily 
followed. (Ireat care mm*! he exerted to keep these 
bubbles small, however, wince if their wise beromew 
appreciable, their velocity of rise will become siKniti- 
cant in comparison with the velocity of flow and thus 
dixtort their indicationi*. Figure 54 shows the same 
typical bul>l>le paths. 

Fuwas 48.   Pitch 
poawisad hght 

angle control and protractor for 

I.U Principles of Operation 

STREAMING DOUBLE REFRACTION 

It is a well known fact that certain crystals possecw 
the optical property of producing double refraction 
when a light beam is passed through them. The 
magnitude of the effect depends upon the length of 
the light path. A given length of light path could be 
obtained by the use of a single crystal of the proper 
dimensions or a series of crystals which, when added 
together, made up the required length. The total 
effect would be the same provided that in the case of 
the multiple crystals their optical axes were oriented 
in the same direction. If, however, their axes were 
oriented at random, no double- refraction would be 
observed because the effects of the different crystals 
would cancel each other. If such a system of crystal* 
were suspended in the fluid, double refraction would 
still take place. The magnitude of the effect observed 
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would depend upon the uniformity of the alignment 
of the ana of the eryatak along the given optical 
path. It ia apparent that if the optical alignment of 
the eryatak were dependent upon some property of 
the flow of the fluid, a valuable tool would become 
available for the study of fluid flow. A brief considera- 
tion will show, however, that if a crystalline material 
ia to fulfill the requirement*, it must pomcon some 
unique charactrrisUcs. In the firrt place, the crystals 
must possess the property of double refraction. 
Second, the individual particle* munt be single crys- 
tals or masses of crystals so oriented that they be- 
have optically as a single crystal, i.e., their optical 
axes must he parallel. Next, they must be insoluble in 
the fluid in which they are to he used. If the flow of 
the fluid is to have any effect on their alignment, they 
obviow4y must be physically asymmetrical. Further- 
more, if this physical asymmetry is to be effective, it 
must have a uniform correlation with the optical 
asymmetry. If this phenomenon is to be used as a 
tool for the study of flow, it is necessary that the 
presence of the crystals should have little or no effect 
upon the flow. This means that the individual parti- 
cles must be small, i.e., their dimensions should be of 
the same order or smaller than the feast dimension 
required to measure the characteristic* of the flow, 

and their path must conform to that of the flow. This 
means either that the density of the crystalline ma- 
terial must be the same as that of the fluid or else that 
the individual particle* must be so small that their 
fall velocity will be negligible as compared to the 
velocity of the fluid. The ideal case would be to have 
the particles so small that they would fall in the range 
of the Brownian movements and thus form a perma- 
nent mixpetiMion. 

Assuming that such material were available, how 
could it be lined? It would he very dcHirable if it could 
be made to indicate the velocity of flow. However, a 
brief consideration of the flowing suspension indicates 
that this is not possible. Consider a stream of this 
suspension flowing at a uniform velocity without 
turbulence. In this case all of the elements will be 
flowing at exactly the same velocity in parallel 
paths, and therefore will have no tendency to alter 
the orientation of the individual particles suspended 
in the fluid. This still holds true if the velocity of the 
entire flow in raised or lowered to any desired value. 
It is only when two adjacent layers of the fluid are 
considered to flow at different velocities that any 
force rises which can alter the orientation of the sus- 
pended particles. If the suspended particles are asym- 
metrical, say needle-like or plate-like in form, it is 

Fiona* «•.   Ctae-np of mating asetioa of poUrind ugkt flu 
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obvious that the difference in velocity between the 
two fluid layers will tend to produce uniform align- 
ment of the particles lying in this boundary. It is 
reasonable to suppose that the number affected and 
degree of uniformity of alignment will be related to 
the magnitude of the difference in velocity of the two 

FturRK so. 
light flume. 

Rear view of light wiurce for polurixed 

layers. It will be seen from these considerations that 
the information which can be obtained by the use of 
this tool will concern the velocity differences or shear 
in the flow rather than the velocity itself. In general, 
the average velocity of the flow will be known or, at 
least, the velocity in some given location. If this is the 
case, then the knowledge of the velocity differences 
can be used to determine the velocity field over the 
entire flow. There are many limitations to the use of 
this method of flow study. The instrument used to 
obtain information from the flowing suspension is a 
beam of light which traverses the flow from one 
boundary of the channel to the other. The optical 
effect on the beam must be the summation of all the 
effects along the entire path. If these effects are uni- 
form, the overall results will be measurable. If they 
are completely at random, the overall results will be 
nil. This indicates that the simplest use of streaming 
double refraction is for the study of two-dimensional 
flow. Furthermore, if the flow is turbulent, the turbu- 
lent components will introduce a random disturbance 
which will affect the observation. Experiment has 
shown that it is possible to use this method for 
quantitative measurements in two-dimensional lami- 
nar flow. To do this it is necessary to measure the 
relationship between the rate of shear and the double 
refraction obtained along a given length of path. 

Qualitative measurements are possible in two-dimen- 
sional turbulent flow, although quantitative meas- 
urements are not yet feasible. At first glance it would 
appear that measurements of any kind would not be 
possible in three-dimensional flow, although experi- 
ence has shown that good qualitative measurements 
can IK> made. In this connection it is interesting to 
observe that single photographs of three-dimensional 
flow are usually quite disappointing as compared 
with the results obtained from direct visual olwerva- 
tion. There are apparently two reasons for this. One 
is that binocular vision makes it possible to differenti- 
ate between the flow characteristics at different 
distances in spite of the fact that each individual light 
ray gives only the integrated effect. The other is that 
persistence of vision gives quite a strong differentia- 

KK.UK fit.   Guide rulings for polarised light flume. 

tion between the steady flow pattern around the 
body and the random-motion characteristic of a 
turbulent motion which overlays the picture. Of 
course, the presence of turbulence is not a necessary 
accompaniment of three-dimensional flow. However, 
in all of the uses made of this method of study by the 
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laboratory, it hax been felt desirable to use turbulent 
flow since the indication)* obtained from purely 
laminar flow would have been of little practical value. 
As stated in the introduction to thin motion, the flow 
is actually observed through the use of circularly 
polarised light. The reason foi this is that the phenom- 
enon of streaming double refraction is essentially one 
of polariiation. Therefore, if the flow is observed 
through a beam of light having a fixed image by 
polaritation which can he produced by placing polar- 
ising plates on each Hide of the flume, then any 
change in the degree of polarisation produced by the 
suspension in the flume will lie readily visible. Figure 
55 shows the general appearance of the working sec- 
tion as observed by polarised light. Figure 5tt stums 
the same model the instant after the motor wax 

Floras S3, 
carriage of 

started, but 
bad time to 

Miniature drafting 
pobriaed light flume. 

attached U) 

before the general turbulence level had 
form. 

been developed which possess the required properties 
to such a degree that they become convenient for use 
in flow studies. One of these materials is bentonite. 
This is a clay-like mineral which has several in- 
dustrial uses. Its properties were studied rather in- 
tensively in the Chemical Engineering laboratory of 

Mt Development of the UM of Bentonite 

DEVELOPMENT OF THE UBK OF BENTONITE FOE 

STWAMINU DOUBLE REFRACTION 

There are undoubtedly many materials which 
possess the property of double refraction and which 
can be found or produced in suitable states to permit 
the necessary correlation between the physical and 
optical properties so that they can be used for 
streaming double refraction studies. Thus, for ex- 
ample, sesame seed oil has this property to a limited 
extent. However, very few materials have as yet 

Kim R». S3.    Pi»lx> nwchnnirtm, removed from polarited 
h'gnt flume. 

the Massachusetts Institute of Technology |MIT|. 
One of the results of these studies was thai certain 
samples of the mineral showed strong properties of 
streaming double refraction. 

The MIT studies had indicated that different 
samples of bentonite showed widely varying ami Mints 
of streaming double refraction. At the beginning of 
the laboratory's use of the material it was believed 
that all bentonite found in the California mines pos- 
sessed the property to a usable degree. This was soon 
found to be false. In fact, most of the samples tested 
from all sources showed too small an effect to be 
satisfactory. Because of a seriesof changeaof distribu- 
tors, the source of the material which had given such 
successful results was lost. However, it was finally 
traced and proved to be material marketed under the 
trade name of M. S. Eyrite. The reason for the wide 
variation of the properties of materials from different 

FIOI'BB 84.   Typical bubble path* observed ia polar 
ised light flume. 

sources is not known. It is suspected, however, that it 
is connected with its method of formation or with its 
subsequent history as it has affected the correlation 
between the physical and optical asymmetries. Thus, 
for example, if the very fine individual particles have 
been formed by some grinding or disintegrating pro- 
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MM that largely destroyed the correlation between the 
physical and optical asymmetry, the material would 
show little streaming double refraction. The concen- 
trations of the M. S. Eyrite required for use in the 
6-in. wide laboratory flume have been quite low. The 
suspensions used for most of the work have contained 
approximately 0.1 to 0.2 per cent of the bentonite. In 
all cases the liquid used has been pure water. This 
amount of bentonite has the effect of increasing the 
viscosity slightly. During the useful life of the sus- 
pension it appears that the viscosity is about doubled. 
This increase, of course, is not enough to be detected 
by qualitative means. Experiments showed that the 
suspension was somewhat sensitive to the mineral 
content of the water used. Suspensions made with tap 
water in the laboratory had a very short life, jiiic 
after a few days' use in the flume, when exposed to 

in suspension. After purification the material is di- 
luted to the proper concentration and is then ready 
for use. 

Ml Tobacco Mosaic Virus 

The laboratory has been enabled to compare the 
properties of this bentonite with those of another 
material suitable for this use.* The second material is 
tobacco mosaic virus. Semiquantitative tests lhowed 
that the virus has much greater properties of stream- 
ing double refraction than does the best of the ben- 
tonites. For example, 0.3 mg per cc of the virus gives 
approximately the same results as 3 mg per cc of the 
M. S. Eyrite. No quantitative measure of the increase 
in viscosity was obtained but the indications were that 
the virus produced little, if any, increase. One in- 

ef 
''**»• V 

FIHI'KE 55. General appearance of working section 
of polarised light flume as observed by polarised 
light. 

FIOITBE 56. Same model as in Figure 55 but at inttant 
after motor started and before formation of general 
turbulence. 

the air, they commenced to flocculate. This was ac- 
companied by a rapid increase in the viscosity and 
decrease in the streaming double refraction. The use 
of distilled water eliminated this difficulty and ex- 
tended the life of the suspension to a couple of 
mouths. The deterioration of the suspension seems to 
be considerably accelerated by contact with air, since 
samples have been kept for long periods in closed 
glass bottles with no sign of deterioration. 

The bentonite is obtained either in the form of a 
coarse powder or in lumps. However, it is readily dis- 
persed in water by the use of a mixer of the Waring 
type. The individual particles of the bentonite are 
very fine, remaining in suspension indefinitely. How- 
ever, the material contains a considerable percentage 
of impurities. These are removed by passing the 
concentrated suspension through a continuous su- 
per-centrifuge at a moderate rate of flow. The im- 
purities separate out while the bentonite remains 

teresting observation was that an increase in the 
concentration above 0.3 mg per cc produced no ob- 
servable increase in the effect. This limited series of 
tests indicates that the virus is superior in several 
other characteristics to the bentonite. For equivalent 
suspensions the virus seems to be less cloudy and 
therefore transmits the light more effectively. Fur- 
thermore, the virus appears to be more stable, in that 
it did not show any signs of flocculation or change in 
properties with age, and its reaction to metals ap- 
peared quite neutral. On the whole, it was felt that 
the tobacco mosaic virus would be considerably su- 
perior to the bentonite for use on flow studies. Un- 
fortunately there is no commercial source of the 
material and it has not been possible to obtain a 
sufficient amount of it for a filling of the polarised 
light flume. 

• Through the courtesy of W. M. Stanley of the Itnrkeleller 
Institute for Medical Research. 
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*-*-* Technique of Operation 

STANDARD STUDIES 

Most of the bodies studied in the polariied light 
flume were projectiles or projectile components. 
Standard studies consisted in delineating flow pattern* 
for the projectile in two positions, i.e., with the axis 
parallel to and at an angle of 10 degrees with the flow. 
For determining the flow characteristics experience 
showed that the best visible indications were ob- 
tained when the velocity was about 1 fps. This low 
velocity, therefore, was used in the initial observa- 
tions to establish the general flow pattern. After 
this had been established by the operator, the ve- 
locities were increased to 4 or 5 fps to observe the 
effect of the change in velocity on the flow pattern, 
and especially on wake angles and similar details. 
During the delineation of these flow patterns auxili- 
ary methods of study were employed whenever 
necessary to clarify any details of the flow. 

TROUDLE-SHOOTINO STUDIKS 

In several coses the polarised light flume proved of 
value in locating the origin of disturbances, points of 
instability, etc., on projectiles which were giving un- 
satisfactory performance in the field. Thete studies 
followed the general pattern of the standard studies 
outlined, but detailed investigations were made on all 
points of possible trouble. Instead of making meas- 
urements for the two set angles only, it was often 
valuable to watch the flow as the angle of the axis 
with the stream vis varied very slowly. 

DESIGN OF STABILIZING SURFACES 

The polarised fight flume proved to be of assistance 
in aiding the designer to determine the optimum 
arrangement of certain types of stabilising surfaces 
such as ring tails. In order to get the required stabili- 
sation with the permissible amount of drag, it is 
necessary to align the surfaces with the direction of 
How at the place where it is desired to install them. 
Information was obtained in different regions by use 
of bubble streaks and thread probes. The angle of 
flow was measured by means of the small parallel- 
motion protractor installed on the permanent screen. 
Subsequent checks on models in the water tunnel 
showed that the angles determined in this manner 
were very reliable and that stabilising surfaces in- 
stalled to conform with the How as measured in the 

polarised light flume offered the minimum amount of 
drag, even when tested at velocities ten or more 
times higher than thow at which the angles were 
determined. 

FLOW DIAGRAMS 

Owing to the difficulties outlined previously in ob- 
taining good photographs of the flow pattern, the 
results of the studies have been presented in the form 
of line diagrams of the flow. These diagrams are al- 
ways based on the actual observations and an effort 
was made to keep the flow directions correct. Figure 
57 shows a typical flow diagram. 

»« CONTROLLED-ATMOSPIIKRK 
LAUNCHING TANK 

*" Purpose 

The primary purpose behind the design and con- 
struction (if the controlled-atmosphere launching 
tank is the securing of equipment that will permit the 
study of the hydrodynamic problems involved as a 
projectile enters the water from the air. All the speci- 
fications established at the beginning of the design 
were baaed on this objective. However, the equip- 
ment as it was finally constructed is useful for the 
investigation of other types of phenomena as well, in 
so far as they require the same facilities. The princi- 
pal auxiliary use that is evident is the investigation of 
underwater explosions. Such a study is obviously 
limited to the use of small-scale explosions to insure 
that the equipment will not be damaged. 

J" Analysis of Experimental 
Requirements 

Before the design of the equipment was initiated, 
careful study was given to the type of measurements 
that would have to be made in order to carry out such 
a series of investigations in the laboratory. Because of 
obvious limitations of space, it is necessary to use 
only projectiles of small dimenskms for the study. 
However, if the results are to be useful, they must be 
applicable to projectiles of any desired sise. It is a 
well-known fact that the various factors affecting the 
forces and motion of a free body do not all necessarily 
vary at the same rate as the sise of the body is 
changed. However, it is often possible, if care is taken 
in establishing the conditions of the experiment, to 
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obtain similar conditions for ail the significant forces 
for two systems that differ widely in their geometrical 
sise. Previous to the construction of the controlled- 
atmosphere launching tank most of the laboratory 
studies of water entry of an air-flight projectile had 
been made with small-scale projectiles launched into 
an open tank at atmospheric pressure. A considera- 
tion of the force systems shows that this does not 
produce conditions similar to those acting on larger 
projectiles when similarly launched. The primary 
reason for this is that in the period immediately after 
the projectile enters the water it is not operating in a 

Kicime 67.   Typical flow diairram. 

homogeneous fluid, but is acted upon by two fluids, 
that is, the water which touches it at the nose and 
possibly again at the tail, and the air bubble which 
purrounds the major part of the projectile surface. 
Now the shape and sise of this air bubble is a function 
of the speed of the projectile which tends to keep the 
bubble open, and of the pressure in the surrounding 
water which tends to collapse it. This collapsing pres- 
sure is made up, not only of the hydrostatic pressure 
of the water at that point, but also of the superim- 
posed pressure of the atmosphere acting on the in- 
terface. In the case of a small-scale projectile 
launched into a tank at atmospheric pressure, the 
effect of this atmospheric pressure will be relatively 
greater than it will be for a larger projectile. This 
can be seen readily from a consideration of a simple 
numerical case. Assuming that the atmospheric pres- 
sure is equivalent to a column of sea water 33 ft high, 
consider a projectile that is one-half this length, i.e., 
16H ft, and imagine that this projectile enters the 
water from the air and dives to a depth of 33 ft. It is 
now 2 projectile lengths beneath the surface. The 
absolute pressure in the surrounding water will be 2 
atmospheres, one due to iu submergence and one due 
to the atmospheric pressure on top of the interface. 

Next consider a projectile similar in every respect to 
the first one except that it is I6V2 in. in length instead 
of 16J^ ft, i.e., every dimension has been reduced to 
one-twelfth of the original. Assume that it is launched 
into a water tank at atmospheric pressure and dives 
to a similar depth. If the depth is similar, the geo- 
metric relation must appear the same. This means 
that the Hmall projectile should be two projectile 
lengths under the surface, i.e., 33 in. However, the 
pressure in the surrounding water will no longer be 
equal to that of a column of water twice aw high as the 
submergence, but to a pressure equal to the sub- 
mergence plug 33 ft, i.e., to a column of water 13 
times as high as the submergence. Thus it is obvious 
that if the pressures are to be similar, the atmospheric 
pressure must be scaled down in the same ratio as the 
geometric dimensions were reduced. If this is not 
done, then there is no reason to suppose that the 
bubble which forms at the surface and surrounds this 
small projectile will be similar in sise and in its effect 
on the forces acting on the projectile as the one sur- 
rounding the large-scale projectile. This is the funda- 
mental reasoning at the bottom of the decision to 
construct a launching tank in which the atmospheric 
pressure can be controlled to conform to the geo- 
metric scale of the projectiles being studied. Unfortu- 
nately the atmospheric pressure is not the only 
variable that may affect the behavior of a projectile 
at water entry. The density of the air is also a factor. 
Since the density of the water is constant, the density 
of the small projectile must be the same as that for 
the large one. This would indicate that the density of 
the gas forming the atmosphere should likewise re- 
main constant. This requirement is in direct contra- 
diction to that governing the change in pressure. The 
two can only be met by using a gas of great enough 
density so that when the pressure is reduced to cor- 
respond to the geometric scale, the density of the gas 
will be the same as that of air at atmospheric pres- 
sure. The conditions which make it possible to control 
the atmospheric pressure in the launching tank also 
make it possible to utilise gases other than air for the 
atmosphere over the interface. Another variable that 
may affect the characteristics at launching is the sur- 
face tension. Other factors may become evident upon 
further study of the problem. However, the initial 
considerations seem to indicate that of the various 
factors involved, the pressure is the one that is the 
most important and the density is next. It is antici- 
pated that the other factors will be of relatively little 
importance. 
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*•*••    Summary of Design Specifications 

In setting up specifications for this major piece of 
equipment it is convenient to subdivide it into four 
main components as follows: 

1. The tank. 
2. The launcher. 
3. The trajectory recording system. 
4. The data analysing system. 

These components of course, are related; for example 
nne of the principal dimensions of the tank were 
determined by the decision to use photographic 
means for recording the trajectory. Again several 
types of launchers were eliminated because they were 
inherently too large and required too much space and 
adjustment to build them inside of a pressure vessel. 

TANK 

The basic specifications for the main tank were 
that it should permit a trajectory of approxi- 
mately 25 ft with a water depth of approximately 10 
ft. A distance of 12 ft was required from the launch- 
ing plane to the camera windows, with this distance 
kept as clear as possible of all obstructions that would 
interfere with the clear view of the cameras. As indi- 
cated in the previous section, the physical require- 
ments of the study called for sealing the atmospheric 
pressure down with the same ratio as the linear di- 
mensions of the projectile study. Since projectile 
scales of 12 or 15 to 1 were contemplated, this estab- 
lished the requirement that the tank should stand an 
external pressure of a full atmosphere. The installa- 
tion and operation of the launcher required that a 
large opening, which could be opened and closed 
rapidly, be provided in the top of the tank above the 
water line. 

LAUNCHES 

The requirements for the launcher were largely 
dictated by the specific needs of the study. It. was 
deckled to adopt for the launching tank the standard 
2-in. model sue used in the water tunnels. The maxi- 
mum velocity of entry was set at 250 fps. It was con- 
sidered desirable to make provisions for any tra- 
jectory angle from vertically downward to horizontal. 
Provisions were also required for launching the pro- 
jectile at any desired angle of pitch between 10 de- 
grees up and 10 degrees down from the trajectory 
angle. The desired accuracy of both the pitch and 

trajectory angles was established as one-fourth of a 
degree or less. It was decided that no adjustment for 
yaw and no provision for the introduction of angular 
velocity and pitch should be incorporated in the 
original launcher design, but that if possible, the de- 
sign should be laid out so that these adjustments 
could be incorporated later as they proved to be 
nccensary. 

TRAJECTORY RECORDING SYSTEM 

It was realised that the models required for these 
launching studies would be more difficult and ex- 
pensive to construct than the projectiles for the water 
tunnel because they would demand not only all the 
high accuracy required for the water tunnel studies, 
but also high dynamic accuracy, i.e., they would also 
have to have the correct weight, specific gravity, and 
moment* of inertia. Furthermore, each launching 
would carry considerable dancer of damage to the 
projectile as a result of striking the tank at the end of 
the trajectory. All these factors pointed to the neces- 
sity of developing a trajectory recording system that 
would secure all the data potwible with each launch- 
ing, even in the case of erratic trajectories. Therefore, 
the specification was established that the recording 
systeir. should cover the entire underwater volume of 
the tank, as well as the abov<-water portion contain- 
ing the trajectory from the launcher to the water 
surface, it was decided to make an attempt to de- 
termine five components of motion, i.e., horisontal, 
vertical, and lateral movement, and rotation in the 
pitch and yaw planes. Since high angular and linear 
accelerations are to be expected during parts of the 
trajectory, it was established that recorder readings 
should be taken at the rate of about 3,000 per second. 

DATA ANALYZING SYSTEM 

If detailed information is to be obtained from 
launching studies, it is unavoidable that each run 
will yield a large mass of data which must be ana- 
lysed. It was apparent that the analysis of the data 
would require either a large staff of computers or 
special mechanical devices. The decision was made to 
follow the latter course. The requirements for the 
mechanical analyser were that it should transform 
the readings of the raw data into increments of mo- 
tion along the path, analysed into the five components 
outlined in the preceding paragraph, and, if possible, 
that this data should be plotted in the form of curves. 
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Lit Details of Construction 

A general view of the equipment designed to meet 
the specifications for the first three components is 
seen in Figure 58. This is a rendition of the tank with 
the launcher and recording system in place. 

MAIM TAXK 

As will be Keen from Figure 58, the main tank con- 
sists of a large horiiontal cylinder along one side of 
which is fastened a section of a small cylinder. The 
purpose of the smaller cylinder is to provide the nec- 
essary distance from the cameras to the launching 
plane to permit the photographic recording of the 
trajectory. The larger cylinder is 13 ft in diameter and 
29 ft in length. It is made of Vw-in. steel plate with 
%-in. dished and flanged heads on each end. It has a 
6-ft by 20-ft opening along one side over which is 
welded the section of the 6-ft diameter cylinder. 
Special provisions are required to carry the hoop 
stress across the opening formed by the intersection 
of the two cylinders. This is done through the use of 
longitudinal T beams 20 in. high and running the 

entire 25 ft of the intersection. These beams transfer 
the loading into 2- by 12-in. vertical columns spaced 
at 54-in. intervals along the tank. The exact position 
of these columns was determined by careful study so 
as to place them to carry the load without eccentricity, 
but to keep them out of the field of view of the re- 
cording cameras. Four-inch H-beam ring stiffeners 
were welded around the circumference of the two 
cylinders in the plane of each column. To distribute 
the loading evenly over the floor of the laboratory, 
saddle feet were provided at each ring stiffener. 
Computation showed that with this method of 
support, no additional four lation would be required 
under the 6-in. reinforced concrete slab. The weight 
of the tank empty is approximately 40 tons, and when 
filled with water to the working der h of 10 ft, the 
weight is approximately 140 tons. Figure 59 is a 
sectional drawing of the tank. 

It will be seen in Figure 58 that there is a large 
rectangular hatch opening on top of the tank near the 
left end. This opening is 48 by 55 in. and is designed 
to permit mounting the entire launcher mechanism 
on the hatch cover. This opening is off center to in- 
crease the distance from the launching plane to the 

Fiouar 88.   Controlfed-ctaMtpheie launching tank, Hydrodyumk* Laboratory, California Institute of TechnoloKy. 
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Fiui «• S9.   Sectional view of c<introlled-atn»sphere launching tank. 

camera. Very heavy reinforcing was required to carry 
the stress around this opening BO as to prevent dis- 
tortion when the tank is used with pressure or 
vacuum. The hatch cover ir hinged to the left-hand 
edge of this opening. Provision for opening and clos- 
ing it through a 90-degree arc is provided by a 12-in. 
hydraulic cylinder. When this cover is closed, a round 
rubber sealing ring recessed in the face of the cover 
prevents air leakage. This ring operates on the un- 
supported area principle. Heavy hydraulically oper- 
ated C-clamp frames are provided on the two longi- 
tudinal edges of the opening. They serve to hold the 
cover rigidly in place under either pressure or vacuum 
cooditious during testing. Figure 60 shows the cover 
and clamps. Six 8-in. nossles are welded to each edge 
of the 6-ft cylinder to permit the installation of Lu- 
eite tubes running from end to end of the tank. 
These are required to house the underwater lighting 
system. The tank is fitted with ten 12-in. openings for 
the addition of the recorder cameras. Five of these 
are located on a horizontal line on the side of the 6-ft 
cylinder midway between the stiffening rings. Three 
of the openings are placed above the water line near 
the hatch opening to cover the air flight, and one is 
placed at the centerline of each of the main cylinders. 
Four 16-in. access openings are provided along the 

upper portion of the main tank. Since the design of 
this tank was so unconventional, it was subjected 
after completion to a hydrostatic test of 60 psi. No 
signs of yielding were found at any point on the 

Florae 60.   Hatch cover and clamp*   ControUed-at- 
mosphere launching tank. 

structure, using the standard brittle whitewash 
test as the indicator. Figure 61 shows the completed 
tank suspended from the crane as it is being lowered 
in the building excavation at the time of construc- 
tion. 
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Since the tank is to be used with a photographic 
recording process, it is necessary to take special pre- 
cautions to maintain the water in excellent condition, 
eliminating anything that might decrease the light 

Finute 61.   Cootrolled-atmncphere  launching tank 
being lowered into excavation lor installation. 

transmission. To assist in this matter, two corrugated 
galvanised steel storage tanks were provided for the 
dean water. Each is 14 ft in diameter by 19 ft high. 
These tanks arc covered and air Alters are installed 

Floras 02. CeatioUed-atiiKwphere launching tank. 
Filter with one of (totage tanks in background. Vacu- 
um pump at left 

on all openings to prevent contamination. A com- 
mercial sand filtering system is provided for use in the 
initial purifying and subsequent reconditioning of the 
pure water to be used in the tank. Figure 62 shows 
the filter with one of the storage tanks in the back- 
ground. On the left will be seen the large vacuum 

pump used for maintaining the subatmospheric pres- 
sures required for the study. 

THE LAUNCHER 

After an extensive consideration of the possible 
launcher types, it was decided to use a centrifugal 
launcher because of the compactness possible with 
this design and also because of the advantages it 
offered in obtaining accurate control of the launching 
velocity, the trajectory, and the pitch angle. It con- 
sists basically of a rotating wheel which carries a 
model chuck near its periphery. The model is pre- 
vented from spinning about the chuck axis by a 

FIQVBE 63.   Launcher mounted on open hatch cover 
with model in chock. 

planetary system of gears mounted on the wheel and 
connected to the hub. These gears are also used for 
setting the angle of the model with respect to the 
horiaontal. Figure 63 shows the launcher mounted on 
the open hatch cover with a model in place in the 
chuck. Figure 64 gives a plan view of this installation 
with the chuck empty. Figure 65 shows the opposite 
side of the launcher wheel from that seen in Figure 63. 
This view shows one of the launcher controls. The 
component parts may be readily identified by com- 
paring with the diagram of Figure 66. The launcher 
wheel is a steel plate, cadmium plated for protection 
against corrosion. It is 2\i in. thick and, therefore, is 
heavy enough to provide sufficient fly wheel effect to 
insure very uniform velocities. The wheel is supported 
on a 4-in. stainless steel shaft which is mounted on 
four preloaded precision ball bearings running in an 
oil bath and is assembled in a quill to form an accu- 
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rately aligned unit. The launcher is driven by a 10-hp 
d-c motor whose speed is controlled electronically. 
The control is activated by means of a selsyn motor 
driven by chain from the launcher shaft. The plan- 
etary gear system which prevents the rotation of the 
chuck around its own axis is composed of specially 
cut fine-pitch precision gears. To insure maximum 
smoothness of operation and to eliminate any back- 
lash, the center gear of this train is made in three 
parts, the outer two being spring loaded against the 

Fioums M.   Flan view d launcher with chuck empty. 

central section by small tangential coil springs in the 
rim. The central gear and one outer one mate with 
the hub gear, whereas the central gear and the remain- 
ing outer one mate with the chuck gear. Of course the 
hub and the chuck gear have the same diameter. The 
hub gear is mounted rigidly to the pitch-angle arm. 
This, in turn, is mounted on and rotates with the 
trajectory-angle arm which is integral with the re- 
lease arm. The trajectory-angle arm elamps to the 
trajectory scale and has a 90-degree adjustment. The 
pitch-angle arm can be adjusted to ± 10 degrees with 
respect to the trajectory-angle arm. Thus rotation of 
the trajectory-angle arm rotates both the hub gear 
and the release arm. The model chuck carries a trip 
lever which projects from its axis on the control side. 
The release arm carries a solenoid-operated release. 
In the normal position the striker finger of this re- 
lease clears the trip lever of the chuck. When the 
solenoid is energised, the striker finger moves radi- 
ally inward to a position which allows it to strike the 

trip lever on the next revolution. This releases the 
model. The working of these controls may be seen 
from consideration of the Wowing example. Assume 
that it is desired to launch the model at a trajectory 
angle of 15 degrees to the horisontal with th< model 
having a 2-degree down pitch. Assume that both 
the pitch-angle arm and the trajectory-angle arm are 
set to sero on their respective scales, and that the 
model is clamped in the chuck. It will be seen that 
under these conditions the model will be horisontal 
for any position of the launcher wheel. First, the 
trajectory-angle arm is undamped and rotated until 
its index is at 15 degrees. This rotates the hub gear 
15 degrees which causes the chuck and model to ro- 
tate the same amount. The direction of rotation is 
such that the model is now tilted with the nose down- 
ward 15 degrees from the horisontal. Careful obser- 

Pio vac 4S.   Launcher wheel tton aide opposite to that 
shown in Figure 43. Caatrolled-ataMephere launching 

vatioo will show that the release arm is now in such a 
position that the striker finger will trip the chuck so 
that the gear will release and free the model at the 
exact instant the chuck centerline is 15 degrees from 
its bottom position. Next the pitch-angle indicator is 
set at 2 degrees down. This rotates the hub gear, and 
consequently the chuck and model, 2 degrees more, 
but does not move the release arm. It will now be seen 
that when the release is operated, the model will leave 
the launcher at a downward angle of 15 degrees to the 
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LAUNCHER 
CONTROLS 

KKU'RE 06.   Launcher controls. ControUed-stmnphae launching tank. 

horiiontal and the model axis will have a 2-degree 
down pitch with respect to this trajectory. 

The model chuck was designed with great care to 
insure accurate launchings. The detail of this con- 
struction may be seen in Figure 67. It consists 
basically of a support conforming exactly to the di- 
ameter of the model and covering the 135 degrees on 
the inside of the wheel or the upper side of the tra- 
jectory. It will be seen that at the instant of release 
the chuck seat and the model have exactly the same 
motion and subsequently the chuck lifts slowly away 
from the model without disturbing it. This seat is 
made as rigid and stiff as possible in order to store the 
minimum amount of energy which might affect the 
motion of the model at the instant of tripping. The 
model is held iu the chuck by means of a finger. This 
finger falls away from the model at the instant of 
tripping, under the acceleration of a very stil spring. 
The design is such that the finger always moves faster 
than the model and thus never interferes with it after 
the instant of release. The model is placed in the 
chuck with its center of gravity at the center of the 
seat,. All the rotating parts of the launcher are dy- 

namically balanced to insure vibration-free opera- 
tion. The model itself is counterbalanced by mean* of 
an adjustable weight located in the plane of rotation 
of the model. No provision has been made to change 
the balance of the launcher after the release of the 
model because it has been determined experimentally 
that the entire structure is so massive and rigid that 
this unbalance causes no trouble for the short periods 
that the launcher remains rotating after the model 
has been tripped. Figure 68 shows a view of the chuck 
mechanism with the model clamped in position. 

To determine the launching point or trajectory 
angle a photocell is used. A small polished stainless 
steel mirror is mounted on the launcher wheel and 
the photocell carried on the arm of the launcher 
tripper. A condenser discharging into a solenoid lifts 
the tripper into position to operate the launcher, 
the entire action taking under 4 msec. 

TRAJECTORY RECORDING SYSTEM 

The trajectory recording system is computed of a 
battery of synchronised high-speed motion picture 
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cameras using standard 35-mm film. These cameras 
may be divided into two groups. The main battery in 
for the purpose of recording the underwater trajec- 
tory. It is made up of five cameras installed in a hori- 
sontal line along the 6-ft cylindrical tank. Two 
auxiliary cameras are used for recording the air-flight 
trajectory from the launcher to the water surface. 
These are installed in the proper two of the three 
camera windows provided above the water level in 
the main tank. A choice of location is provided for 

Flams   67.   Model   chuck.    Controlied-atmosphere 

jacent fields of view in seen by two or more cameras. 
The purpose of this multiple coverage is to make it 
possible to use stereoscopic technique for the analysis 
of the recorded data. Difficulty was experienced in 
designing the system so as to get the desired covcige 
without the use of a prohibitive number of can- .-as. 
This difficulty was solved in part by the provision of 
the 6-ft diameter cylinder which increased the dis- 
tance from the camera to the plane of launching, and 
hence increased the width of the field. However, even 
this was insufficient to permit the coverage of the en- 
tire underwater spare with one line of cameras when 
equipped with the widest-angle lenses Available. The 
reason for this was that the angular width of the field 
of view was substantially reduced by the refraction 
experienced by the light in passing from the air to the 
water. This reduction in field was finally eliminated 
by the use of spherical windows in front of each 
camera. The installation was carefully designed so as 
to put the front nodal point of the lens at the radius 

these air-flight cameras because their field of view is 
limited by the fact that they are of necessity so much 
closer to the plane of launching. If low-angle launch- 
ing* are to be studied, the cameras are placed at the 
center and the right-hand windows. If high-angle or 
vertical launchings are to be investigated, the cam- 
eras are placed at the center and the left-hand 
windows. Figure 58 shows the installation of these 
two batteries with the air-trajectory cameras in- 
stalled for a low-angle launching. The cameras them- 
selves are not visible in this picture because they are 
obstructed by the large vertical film magaanes that 
are attached to the back of each camera. 

The optical coverage of the underwater bank of 
cameras is shown in Figure 69. It will be seen that at 
the plane of launching the adjacent camera fields 
have a 00 per cent overlap. In the vertical direction 
the field of view covers the entire water depth. This 
coverage means that every point in the entire under- 
water space in front of the intersection of the ad- 

PlOUBB 
chuck 

«. Controlled-ataMKphere   launching   tank 
with model clamped in position. 

of curvature of the window. The effect of such a 
system is to permit each light ray to pass through the 
interface at an angle of 00 degrees and thus suffer no 
refraction. These spherical windows are in effect addi- 
tional lenses. They were, therefore, made of optical 
glass, ground and polished to optical standards. Care 
was taken to insure that the inner and outer surfaces 
were concentric. The auxiliary effect of this spherical 
window in contact with the water is that the ap- 
parent distance from the camera lens to the pro- 
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Fioi'BK 09.   Recorder, plan view. Controlfed-atmosphere launching tank. 

iectile 18 greatly reduced, thus making necessary a 
very different focal setting of the lens from that 
which would have been used with a plane window. 
Careful computations were made to determine the 
optical distortions that might result from such an 
unconventional system using the design character- 
istics of the lens itself, which is a/ 2.3 one-inch focal 
length Bauseh and Lomb Baltar. These computations 
•how that the optical characteristics for the under- 
water use would be at least as good as those of the 
less alone in air, and in one or two characteristics, 
even better performance could be anticipated. 

The design requirement of a maximum speed of 
3,000 exposures per second imposed some very severe 
conditions on the photographic recording system. 
Such speed requires a continuous motion of the film 
as it is obviously impossible to stop the film 3,000 
times per second. Two techniques have been de- 
veloped for taking satisfactory motion pictures with 
a continuously moving film. The first one, which has 
severs! variations, is the introduction of some optical 
device to cause the image to move at the speed of the 
film during the exposure. The second one discards the 
conventional continuous illumination and substitutes 
in its place high-intensity flashing lights which act 
both as a source of illumination and as a camera 

shutter. It will be recognised immediately that the 
success of the second system depends upon the pro- 
curement of a high-intensity light source whose 
flashes are of such short duration that the amount of 
movement of the image on the film during exposure 
is negligible. The only variation of the first method 
that could be applied to this recording tystem would 
require the insertion of a rotating prism or a rotating 
bank of mirrors in the light path between the lens and 
the film. The necessity for the use of short-focus, 
wide-angle lenses makes it impossible to apply this 
meth«v' simply because there is not space available 
between the Iras and the film for the rotating system. 
Therefore, it was decided to adopt the high-speed 
flash illumination technique with the resulting sim- 
plified camera design. Figure 70 shows a simplified 
drawing of the camera and rnagasine mounted on the 
tank window flange with the spherical window in 
place. Due to the high speed required, it was decided 
to eliminate all sliding contact between the film and 
the camera, using only rollers for guides. This made 
it necessary to design a special roller-type gate to 
insure that the film would travel exactly in the focal 
plane during the exposure. Calculations showed that 
a final speed of 30 fps would be required, even after 
due allowance had been made for a very appreciable 
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overlap of successive exposures. The requirements 
for the analysis of the film record indicated that it 
would be very desirable for the film to have a con- 
stant velocity during the recording. To obtain this 
with a conventional ""g"""- using a supply and a 
take-up spool would be very difficult and also waste- 
ful of film since such speeds would require a con- 
siderable acceleration time before the film would be 
up to speed. It was therefore decided to employ a 
special mags sine so constructed that the required 
length of film could be spliced into an endless belt 
and laced over a series of rollers. This system would 
permit bringing the film up slowly to the exact speed 
required for the recording without danger of damag- 
ing the film during either the accelerating or decel- 
erating periods. Figure 71 shows the rear elevation of 
one of these magasinee with the cover removed ao 
that the method of lacing of the endless belt of film 
in seen. Figure 72 in ft similar view from the front 

showing the camera in place on the i.iagaaine. Figure 
73 shows the assembly with the cover in place. 

The cameras are all driven by a single motor by 
means of a continuous line shaft which is directly 
connected to each drive sprocket. Figure 74 shows 
the underwater battery in place on the side of the 
tank with the drive motor at the left and the drive 
shaft running inside of its guard just below the o-b 
serration window. Figure 75 shows a close-up of the 
camera drive motor. This motor drive is a very 
special installation designed to meet the peculiar 
needs of this camera system. In the first place, it is 
desired to synchronise the speed of the film with the 
speed of the light flashes to allow for projection and 
observation of the records as motion pictures. A 
synchronous motor is therefore used. An inverter 
unit has been designed to drive the motor. The in- 
verter will operate at 62.5 cycles per second, and will 
be controlled by the laboratory constant-frequency 

Fiouu 70.   Drawing of highspeed camera and 
place.   CootroUed-atnwapbere launching lank. 

mounted on tank window Haass with spherical window in 
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set which will also control the flash rate of the lamp 
battery. With this combined operation, flash rates of 
3,000, 1,500, 1,000, and 500 per second will corre- 
spond respectively to 6, 3, 2, and 1 exposures per 
standard 5i-in. frame on the film. The inverter will 

Fiutat 71. Rear d high-speed camera anguine with 
nrnr removed. OmtroUed-atmoephere launching 
tank. 

deliver 1 lew of three-phase power. The motor is of 
the stotUd rotor type and will deliver 1 hp at syn- 
chronous speed. To avoid damage to the film it is 
necessary to liave smooth acceleration and decelera- 
tion over the entire speed range. To accomplish this 
with the synchronous motor, the motor frame is 
mounted on ball bearings so that it can rotate freely. 
The power is carried to it through a net of three slip 

rings mounted on the outside of the frame. Two 
magnetic brakes are installed, one on each end of the 
motor. The brake drum of one is mounted on tlio 
motor shaft and that of the other on the motor 
frame. Before the motor is wtarted the shaft brake is 
clamped and the frame brake is loosened. The power 
is then applied and the motor starts by revolving the 
frame, with the armature and consequently the shaft 

KURSK 72. Front view tif high-speed camera and 
msgwrine with cover removed. GuntroUed-atmoanhen 
launching tank. 

and film drive standing still. The motor is brought up 
to speed and synchronised in this condition. When 
this is accomplished, the shaft brake is released. The 
frame brake is then applied gradually, thus deeelerat- 
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ing the frame and accelerating the film drive. When 
the frame is brought to a complete stop, the film 
drive ia, of course, operating at a synchronous speed. 
The reversal of this procedure permits controlled de- 
celeration as well. The torque applied to the frame 
brake can be varied at will to produce any rate of 
acceleration and deceleration for the film mechanism. 

In order to permit the daylight loading of the 
magazines, a foot or two of the film on each side of 

with cover in place. Kiuras 7S. 
Controttad-atamufcere 

the splice must be exposed to the light. It would ob- 
viously be undesirable to have thin portion of the 
film pass through the camera during the actual re- 
cording period. Therefore, provisions have been in- 
corporated in the drive to synchronise the film travel 
with the instant of launching. To do this for all of the 
cameras simultaneously required that each endless 
film belt should be exactly the same length, i.e., have 
the same number of sprocket h<4e». This i» made 

possible by the use of a magazine loader which con- 
fists of a film supply spool, a take-up spool, a splicer, 
and a precision footage counter. This is shown in 
Figure 76 as it appears mounted on the magasine in 
readiness for the reloading cycle. This cycle consists 
in breaking the film belt at the original splice, splic- 

Kitiins 74.    (.'..Jtrwater camera baMcy and motor. 
ContruUed-atmoophefe launching tank. 

ing one end of this break to the Kim going to the take- 
up spun! and the other end to that of the unexposed 
film coming from the supply spool. The light-tight 
lid is then closed and a measured amount of un- 
exposed film is fed into the magasine while the t-x- 
posed film is wound on the take-up spool. When the 
footage indicator shows the right amount, the .1oor 
is opened and the film is spliced at the indicated 
sprocket holes after cutting the connections to the 
supply and take-up spools. The mags sine is then 

Plot at 75.   Ckae-up view of camera drive motor. 
(VntroHed-atOMMphere launching tank. 

ready for loading the camera. The cameras are all 
loaded with the film splice in the same position within 
a few sprocket holes. This insures that all of the 
splices pass through the camera at the same time. A 
counting mechanism is incorporated in the camera 
motor drive. This is used to give a signal .it the time 
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that the film splices and the exposed film pass through 
the focal plane of the camera. This signal is electric- 
ally interlocked with the circuit which energises the 
launcher release mechanism in such a way that the 
release mechanism can be operated only immediately 
after the splice in the exposed portion of the film has 
passed into the camera, thus insuring that the entire 
length of usable film is available for recording the 
launching. It is possible that at certain launching 
speeds the launcher and the film drive would be so 
synchronised that the model would never be in the 
correct position for launching during the short period 

FIUUKE 76.    Maguiiw loader for high <p>«) nunen». 
ControUed-atmoi<pheie launching tank. 

that the film splice position indicator permits launch- 
ing to take place. To take care of these cases a small 
worm gear is provided on the film drive motor by 
means of which the motor frame can be rotated, thus 
changing the phase relationship between the film and 
the launcher. This mechanism can be seen at the 
extreme right of the motor shown in Figure 75. 

It will be seen that about 250 ft of film are exposed 
by the camera battery of the recording system far 
each launching. An organised test program could be 
expected to produce several thousand feet of film per 
day. The necessity for rapid means of processing this 
film under conditions to produce the maximum den- 
sity with the minimum grain sine was the determin- 
ing factor in the decision to install the continuous 
film processing equipment described in Section 
2.6. This machine was designed to process from 400 
to 1,000 ft of film per hour, depending upon the de- 
tails of the developing cycle required. 

Light Source. As previously indicated, the success- 
ful operation of this recording system is dependent 
upon the use of high-intensity flashing light sources 
of extremely short flash duration. A simple computa- 

tion of the speed of the film and the projection ratio 
required for analysis showed that the maximum ap- 
plicable effective flash duration would be between 1 
and 2 paec if sufficiently sharp film images to give 
the required accuracy of measurement were to be ob- 
tained. This means that extremely high light inten- 
sity and quantity would be required to illuminate the 
test space sufficiently to obtain satisfactory records. 
This condition is aggravated by the fact that for 
these extremely short exposures, the photographic 
law of reciprocity seems to break down. For all 
normal ranges of photographic work satisfactory film 
exposures can be obtained if the product of the light 
intensity times the time of exposure is kept constant. 
This in itself is a severe requirement which can easily 
be seen from the consideration of an example. The 
normal high-speed motion picture camera takes 
pictures at the rate of about 64 frames per second for 
"alow motion" shots. With a good shutter this results 

Fracas 77.   Special rettetor for light source lamp. 
OatraUed-atnioaphan launching tank. 

in the exposure time of approximately 0.01 sec. If in- 
stead of 0.01 sec, exposure flash illumination is used 
for a flash duration of 2 psec, the reciprocity law 
would require an illumination of 5,000 times the in- 
tensity to secure a film image of the same density. 
However, experiment has shown that an increase in 
the light intensity by a factor of 5,000 does not give 
satisfactory exposures. The intensity must be in- 
creased to several times this amount for good work. 

A consideration of these requirements, together 
with the characteristics of existing flash lamps, indi- 
cated that a multiple battery of synchronised lamps 
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would be required since there was little or no possi- 
bility of obtaining a single light source of sufficient, 
intensity having such a short flash duration. Th; 
assistance of Harold Edgerton and his group of co- 

workers at the Massachusetts Institute of Tech- 
nology was enlisted because of his wide experience in 
the development and use of flash lamps. The system, 
consists of a battery of from 30 to 42 flash lamps, all 
operated in synchronism during the recording period. 
Measurements indicate that the individual lamps are 
synchronised with each other within less than \i usec. 

Each lamp consists of a straight quarts tube about 
8 in. long mounted at the focal point of a special 
cylindrical reflector. The cross section of this reflector 
is approximately ellipsoidal. The exact contours were 
calculated to provide the best illumination possible 
over the test area. The shape of this reflector was de- 
signed by I. 8. Bowen, a member of the Physics De- 

Fiauac 78. Four-unit 
light battery, rear vie*. 
Controlled -atmosphere 
launching tank. 

Fiotiaa 79. Four-unit 
battery, front and ride 
views. ControUed-atroos- 
phere launching tank. 

Fionas 80.    Batteries of lights inntalled.   View from 
inside table. ControUed-atmoaphere launching tank. 

pan merit of the California Institute of Technology. 
Figure 77 is a photograph of one of these reflectors. 
It is constructed of Lucite. The reflecting surface is 
aluminised by the standard sputtering technique. 
These lamps are assembled in batteries of four or 
more, as can be seen in Figures 78 and 79. Figure 78 
shows the rear view of a battery. The ends of the 
quarts tubes and the electrical connections may be 
seen inside of the Lucite guards which house them. 
These guards are necessary because the glass-to- 
metal seals of the tubes are very fragile. The lamps 
are installed in the longitudinal Lucite tubes travers- 
ing the launching tank. Figure 80 shows thirty lamps 
installed in batteries of six in five of the tubes. This 
photograph was taken inside of the launching tank 
and also shows the heavy 2xl2-in. vertical columns 
that carry the hoop stress across the opening at the 
intersection of the two longitudinal cylinders making 
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up the tank. Three of tha spherical camera windows 
are seen along the horisontal centerline of the picture. 

The power for the operation of each light is carried 
through an individual coaxial cable running from the 
light to the control panel. Each light is operated 
through an individual surge circuit which receives 
power from a large d-c power source. The power source 
operates at from 3 to 5,000 volts and the lights 
operate at twice this value through a voltage doubler 
incorporated in the circuit. The power consumption 
of each light is approximately 0.8 joules per flash. 
Thus, at 3,000 flashes per second, the battery of 
thirty lamps requires a continuous input of approxi- 
mately 80 lew. It must be remembered that at this 
speed the lights are lit only about '/»• of the time. 
This means that the power input during the period of 
illumination is at the rate of better than 16,000 kw. 
The heat generated in the tubes themselves limits the 
length of operation since the tubes get quite hot and will 
collapse if they are operated too long. At flash rates of 
1,000 per second and above, theonlj -""-tficant heat 

dissipation is through radiation. Experiments have 
shown that 3,600 flashes per run are the maximum 
that can tie employed for successful high-speed 
operation. At flash speeds of a few hundred, however, 
the average energy input becomes low enough so that 
conduction contributes a significant amount to the 
total energy dissipation. For such speeds the number 
of flashes per run can be increased and at flash speeds 
of 100 or 200 per second, the energy is dissipated 
rapidly enough to permit of continuous operation. 

Spectroscopic analysis of the light shows it to be 
composed of discrete lines. Most of the energy lies 
between 4,000 and 4,600, which coincides with the 
wavelength at which the transparency of water is the 
greatest. 

Figure 81 shows a final bketch of the tank with 
portions cut away to make it possible to see the inter- 
relationship of the launcher, the air camera, the 
underwater camera bank, and the flash lamps. The 
central control station for the launching tank is lo- 
cated oa thf brsement floor south of Pin tank. From 

Fionas 81.   Cut-away drawing thawing interrelation of parts.   ContraUed-atnoiphne launching tank. 
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KIUVBB 82.   line diagram J! analyser system.  Ccntrolksd-atmaiphera launching tank. 

this point the launcher may be started or stopped 
and its speed set. The camera drive motor may be 
controlled, and the high-voltage power supply turned 
off and on. Also the vacuum pump and valve controls 
for adjusting the pressure within the tank are located 
here. An automatic interlock sequence prevents a 
launching from being made until all the accessories 
necessary to record the trajectory are in operating 
condition. When everything is in order, an indicating 
lamp shows that a launching can be made. When the 
launching control is actuated, the operation of all the 
equipment is fully automatic. 

ANALYZER SYSTEM 

Details of the analyser system are not available 
because it is only in the initial stages of design and 
construction. However, the general lines of the de- 
velopment have been established and will he dis- 
cussed. The basic principle of the analyser essentially 
duplicates that of the recording system. Projector* 
will take the place of the cameras and a movable 
screen will replace the tank and the model. All of the 
films from one run of the recorder will be placed in the 
corresponding projectors with the film strips synchro- 
nised so that the corresponding frames taken at the 

same time will be projected at the same time. The 
film drive of the projectors will be a continuous shaft 
so that once the film strips are synchronised, they 
will remain so during the projection of the entire run. 
Figure 82 shows a line diagram of the analyser sys- 
tem. It represents a point on the trajectory in which 
the projectile was in the field of view of cameras No. 2 
and 3 so that projectors No. 2 and 3 are projecting the 
two images into the analyser space. It is obvious that 
there is only one position in this space in which the 
two images will coincide. The exploring screen of the 
analyser is then maneuvered into such a position that 
the two images both show on it. Additional maneu- 
vering will bring the screen into such a position that 
the images fuse into one. This will require move- 
ments in three linear directions and also in pitch and 
yaw. These movements will be transferred to a bat- 
tery of counters. When the screen is finally in the 
exact position required for the precise fusing of the 
images, then the counters will record the position of 
the projectile in space. It is planned to build the 
analyser to a scale of one-half that of the recording 
equipment. 

The projectors for this analyser will have to be 
precision instruments. As a first step in their con- 
struction, lenses were procured in matched pairs at 
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the time the cameras were constructed. One lens of 
the matched pair is to be used in the camera and the 
other lens in the corresponding projector. The gate 
mechanism will be designed to hold the film in the 
exact focal plane corresponding to that used in the 
camera. The light source will be kept at as low an 
intensity as is consistent with the required accuracy of 
the readings in order to reduce heat which might 
affect both the dimensions of the film and of the 
optical system. The temperature will be controlled 
further by the employment of water cells and individ- 
ual air cooling. In order to check the location of each 
frame, it is planned to install a series of reference 
marks on the rear wall of the launching tank. These 
marks will be reproduced on a background screen at 
the rear of the analyser, and before making a meas- 
urement, a check will be made to see that the image 
of the marks from the films in the projector fall on the 
corresponding marks on this screen. The exploring 
screen is designed to be mounted on a carriage sus- 
pended from longitudinal rails. This longitudinal 
carriage will, in turn, provide a set of transverse rails 
upon which will run the screen mount. The trans- 
verse carriage will carry at: inverted pedestal which 
will provide the required vertical movement. The 
screen will be mounted on the lower end of the 
pedestal stem through a system which will provide 
the final pitch and yaw motions. 3elsyn repeaters will 
be used as position indicators to transmit the re- 
quired information to the operator's desk. 

"      FREE-SURFACE WATER TUNNEL 

The purpose behind the construction of the free- 
surface water tunnel was explained in Chapter 1. In 
general plan and in contemplated operation it is very 
similar to the main high-speed water tunnel. That is, 
it has a closed-circuit circulation system which is 
driven by a propeller pump powered by a variable- 
speed d-c motor. The circuit is arranged in a vertical 
plane with the working section in the upper hori- 
zontal run. The design specifications differ consider- 
ably from those of the high-speed water tunnel in that 
a much larger working section is to be provided. The 
cross section of the water jet is 20 in. square, which 
gives a cross section that is just under 3 sq ft as com- 
pared to the 1 sq ft of the high-speed water tunnel. 
It will be noted that the flow is square instead of 
circular in cross section. This is necessary to provide 
for the free surface of the jet in the working section 
which is the main distinguishing feature of this piece 

of apparatus. The tunnel is designed to operate at 
velocities up to 25 fps. The exact maximum velocity 
will depend upon the equilibrium reached between 
the power available in the motor drive and the fric- 
tion losses in the circuit. The tunnel is designed to 
permit the operation of the working section at con- 
trolled pressures. Since the jet has a free surface in 
this area, it is not possible to control the pressure by 
the simple means used in the high-speed water tun- 
nel. Instead, it is necessary to control the pressure in 
the free gas space above the jet. This is done by 
connecting the tunnel to the same vacuum control 
system provided for use with the controlled-atmos- 
phere launching tank. No operation is contemplated 
at pressures above atmospheric in the working sec- 
tion. The vacuum system will provide variations in 
pressure from 1 atmosphere down to \<t to '/u of an 
atmosphere. 

Figure 83 shows a perspective sketch of the entire 
tunnel. The observer is shown watching the operation 
of a model mounted on the balance in the working 
section. The flow is from right to left as indicated by 
the arrow. From the working section the jet passes 
into a closed section which leads directly to a series of 
vane diffusers which increase the cross section and 
decrease the velocity in a series of four steps, each of 
which has a ratio of about 2 to 1. The flow leaves the 
last stage with a very low velocity and enters an 
especially designed air separator, the horisontal trays 
of which can be seen through the cut-away opening in 
the upper left-hand corner of the sketch. At the 
downstream end of the air separator the flow goes 
through a vane elbow which directs it vertically 
downward, and on leaving the lower level, goes 
through another vane elbow from which it enters the 
inlet of the main circulating pump. The discharge 
from the pump goes into a circular diffuser section 
which decreases the velocity. At the point of the max- 
imum diameter of the diffuser, a transition section is 
entered which gradually changes the cross section 
from round to square. This leads to a third vane el- 
bow which deflects the flow vertically upward. The 
acceleration of the flow to the working velocity be- 
gins in the vertical section above this third elbow. 
The channel section contracts in one dimension only. 
This contraction is completed by the fourth vane el- 
bow which is so designed as to produce a considerable 
acceleration. The flow leaves this vane elbow in a 
horisontal direction. It now has a rectangular cross 
section 20 in. high, which is the depth required in the 
working section, but with a full width of the main 
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diffuser. The final acceleration is carried out in a 
two-dimensional noiate designed in the same careful 
manner aa the one used in the high-speed water tun- 
nel to avoid any local areas of low pressure. At the 
nosak exit the flow cross section has been reduced to 
the 20-in. square dimension of the j"t in the working 
section. 

The working section is provided vith Lucite win- 
dows on all faces. These are held in n comparatively 
light steel framework designed to take the stresses 
involved in the low-pressure operation. The windows 
are divided into two sections, each about 4 ft long, by 
steel columns, thus giving a total working section of 
about 8 ft. A 10-in. air space is provided over the free 
surface of the jet. The side windows are, therefore, 30 
in. high, whereas the top and bottom windows are 
only 20 in. wide. In order to eliminate deflections 
these large windows are made of very thick Lucite 
procured to laboratory specifications. The side walla 
are 4 in. in thickness and the top and bottom win- 
dows are 3 in. thick. Provisions are to be made for 
mounting balances either in the bottom pane's or the 
top panels of the working section. An adjustable lip 
will be required at the end of the noule to provide a 
clean interface from the closed channel to the free 
surface. Likewise it is planned to install an adjust- 
able entrance vane at the downstream end of the 

working section to provide a smooth transition from 
the free-surface operation back to the closed channel. 
Many of the investigations contemplated will result 
in disturbances of the free surface which may pro- 
duce splash and spray. Provisions are made to collect 
the water thus involved which does not re-enter the 
closed channel -i the lower end of the working section 
and to return it by means of a pump into the main 
circulation system. It is romt«-n. plated that the 
standard three-component balance used in the high- 
speed water tunnel will be usable in this tunnel as 
well. However, special balances will also bo required 
which will permit of a vertical adjustment of the 
model so an to allow testing at various distances be- 
low the free surface. A balance with a similar vertical 
adjustment mounted in the tup window will permit 
of supporting the body under test above the free sur- 
face and of adjusting its degree oi immersion to any 
desired amount. It is felt that a four-component 
balance will give sufficient flexibility for the re- 
quired measurements. Separate adjustments will be 
necessary for pitch and yaw since the effect of one 
cannot be simulated by a simple rotation of the 
model of 90 degrees from the plane in which the other 
was measured. 

Figure 84 shows a drawing of the battery of de- 
celeration vanes. It will be noted that the entry and 

Fioumc 88.   Free-rarfaee water tunnel.  Hydrodynamics Laboratory, California Institute of Technology. 
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exit cross section* are fixed, which means that the 
overall velocity reduction ratio is set independent of 
the velocity of operation of the tunnel. 
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FMII'M 84.   Battery of deceleration vanes.  Free-mir- 
fare water tunnel. 

Design of an air separator for a system of this kind 
has presented a great many difficulties. It is contem- 
plated that a rather large amount of air will he intro- 
duced into the working section from time to time and 
this air may appear in the form of rather fine bubbles, 

many of which may be in the lower levels of the 
working section. The rate of rise of such bubbles 
is rather nmall. This means that either a long time or 
a short distance to a free surface is required if ade- 
quate separation is to be obtained. Although the 
velocity at which the flow leaves the battery of de- 
celeration vanes will probably be under 2 fps, the 
depth will be very great, too great to permit of the 
rise of a small bubble to the surface before the flow 
reaches the vane elbow and is directed down away 
from the free surface towards the circulating pump. 
It was, therefore, decided to divide the air separator 
section into a series of shallow channels and to pro- 
vide access along the upper surface of each channel to 
the free surface. This i« accomplished by the use of a 
series of double wall trays at the upper surface of 
which is a flat plate. The lower surface is made up of 
expanding metal, thus permitting free access of any 
bubble to the space within the tray. This space con- 
nects directly with channels leading to the free sur- 
face that is continuous throughout the air separator 
section. These trays are approximately V£ in. thick 
and are spaced with a 2-in. vertical separation which 
makes the net thickness of the flowing stream 1J^ in. 
The average time of passage for the flow through the 
tray section for the maximum velocity of operation 
will be approximately 5 sec. This means that bubbles 
with an effective rate of rise of \4 ips or greater will he 
separated from the flow. In order to assist this separa- 
tion, arrangements have been made to provide a 
slight pressure drop which will cause a small flow 
from the main stream up through the trays and out 
through the channels to the free surface. This flow- 
will be collected in a system similar to the one used 
for taking care of the spray from the working section. 
It will then be returned to the main flow through 
another pump which injects it upstieam from the air 
separator. 

It proved advantageous in the construction of the 
air separator to give a slight inclination downward in 
the direction of flow to the cylindrical case. The re- 
sult of this is that the vane elbow following the air 
spacer is slightly elliptical in cross section. Special re- 
inforcing rings were designed to take care of the 
asymmetric stresses caused by this shape when the 
tunnel is being operated at subatmospheric pressures. 
The lower vane elbow is likewise elliptical and re- 
quires the same treatment. The section is transformed 
into a circular one, however, by the time that the 
flow reaches the pump. The pump is a standard Peer- 
less 42-in. propeller pump of the same type as that 
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used in the high-speed water tunnel. The mechanical 
design of the bearings and shaft seal were i,.edified, 
however, for use in the closed circuit of this typ^, with 
horisontal drive and with a possibility of negative 
pressures tending to cause air leaks in the seal. Al- 
though the pump is physically much larger than the 
one used for the high-speed water tunnel, and al- 
though it circulates approximately the same quantity 
of water, the head requirements of this tunnel are so 
much lower due to the low velocity in the working 
section that the power requirements are greatly re- 
duced. Therefore, the pump is driven by a 75-kw 

the details of the contours. These contours were ma- 
chined very accurately using a carefully constructed 

Frauu 85.   Upstream view of pump bowl, propeller in 
place.  Fine surface water tunnel. 

rectifier set which has both armature and field con- 
trols for precise speed adjustment. Figures 85 and 
86 show upstream and downstream views of the 
pump bowl with propeller in place. Figure 87 is a 
photograph of the 75-kw rectifier set. Figure 88 shows 
a photograph of the transition and third vane elbow. 
Figure 89 shows the accelerating vane elbow to 
which is bolted the two-dimensional nosale. Special 
care was taken with the alignment of the vanes in 
both of these elbows in order to insure the proper 
direction of flow, since disturbances introduced in 
these points by improper alignment would be difficult 
to remove before the working section was reached. 
Figure 90 is a photograph of the two-dimensional 
nosale, and Figure 01 is the working drawing showing 

FIGURE 86.   Downstream view of pump bowl, propel- 
ler in place. Free-surface water tunnel. 

FIOVKE 87.   Seventy-five-kilowatt rectifier art for free- 
surface water tunnel. 

wooden template. Both the top and bottom plane 
surfaces and the side contours were worked until 
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they were smooth and then all of the component 
part* were cadmium plated and polished. These pre- 
cautions were taken because the noule is the most 
critical part of the circuit as it is the determining 

Pioura 88.   Transition and third vine elbow, 
surface water tunnel, 

Free- 

Fiotrax 80.    Aeeabratinf; vane dhow.    Fres-aurfaee 

yet to be solved Furthermore, it in anticipated that 
some minor operating difficulties will be encountered 
at the time the tunnel is put into service because 
there is little precedent available concerning the be- 
havior of the free-surface jet. With a depth of 20 in., 
the velocity of a wave on the free surface is about 
7]4 fp«- Mont of the operations contemplated will be 

factor of the quality of the flow in the working beet ion 
itself. 

The preceding description represents the present 
state of the design and construction of this tunnel. 
It will be seen that there are several design problems 

florae   90.   Two-dimenxional   noulr. 
water tunnel. 

Free-Mirfarp 

at velocities well above this figure. For example, at 
25 fps, there will be enough energy in the jet to pro- 
duce a hydraulic jump of appalling magnitude as 
compared to the air space in the working section. For 
this and similar reasons it is anticipated that great 
care will be necessary during the initial period while 
the laboratory staff is learning the operating char- 
acteristics of this new tool. 

»•• PHOTOGRAPHIC KQUIPMKNT 

*-*' Photographic Equipment 
and Processing Facilities 

In any research laboratory, photographic equip- 
ment is probably the most important and most used 
facility outside of the basic apparatus of the labora- 
tory itself. The specialised requirements of a hydro- 
dynamic research program call for equipment to 
record high-speed phenomena under a wide latitude 
of lighting conditions. Such equipment must include, 
in addition to specific purpose cameras like those used 
with the controUed-atmosphere launching tank, a 
variety of plate and roll film camera* and movie cam- 
eras of both normal-motion and high-speed type*-. 
Suitable darkroom and processing facilities are nec- 
essary to handle film and produce final prints and 
enlargements. The following paragraphs contain a 
brief description of the facilities and more important 
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PiavuOa. Typ*K-17-Bureralteanien,"A"inpadtiaato Uke pieturae through aide window of wnrtang esetioo 
"B." A view onm, "C," k OMuatod above th» working atotion to record the view from the tap. The intervals 
meter, "D," it noting upon the power eupprjr, "E," for the three spark Uape, "F," uetd in thie artup. 
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items of portable equipment available to the Hydro- 
dynamics Laboratory. 

*-'-' Portable Camera Equipment 

The laboratory i. equipped with still camera 
equipment which will meet all the demands from the 
routine copying of drawings, photographs, and printed 

Fimiu OS.   Aircraft earner* in stored pomtioa. 

matter to stopping the motion of speeding objects, 
and from photographing buildings, laboratories, and 
apparatus to recording minute imperfections in deli- 
cate instruments. In addition to a group of standard 
cameras, including all siies and types from 35-mm 
for roll film to 8xl0-in. view type for cut film and 
plates, the laboratory has two Fairchild K-17B 
aerial cameras using 9-in. roll film. These cameras 
may be used for single pictures or, in conjunction 
with an intervalometer, to make a series of exposures 

automatically at time intervals ranging from 3 to 
120 sec. 

The lighting used with the still equipment in- 
cludes continuous illumination from photoflood, 
tungsten arc, or high-intensity mercury vapor lamps, 
or flash illumination from a General Radio Strobotux 
or from Edgerton-type short-duration flash lamps. 
(See Section 2.4.4.) 

An arrangement for making spark photographs of 
high-speed phenomena in the water tunnel is shown 
in Figure 92. For this use the aircraft camera is 
operated with the usual electric drive on the shutter 
and film wind, although this type may be operated 
manually. The camera illustrated has been modified 
so that it will discharge a group of spark lamps when 
its shutter is opened to full aperture and so that it 
will advance the film 3, 4^6, or 0 in. per frame. Note 
that it is kept near the working section of the water 

Fiuuuc M.    Block diagram showing electrical hookup 
for aircraft camera and spark lamp. 

tunnel and ready far immediate use. It has been 
mounted in a lightweight tubular steel framework 
which is hinged to fold upward against the wall for 
storage as shown in Figure 93. 

Frequently it is advantageous to photograph the 
same action simultaneously from two angles. This is 
being done in Figure 92, in which it will be noticed 
that a view camera has been placed above the work- 
ing section of the tunnel. The photographer holds 
the shutter of the view camera open by pulling a 
cord, then presses a switch to operate the aircraft 
camera, the shutter of which discharges the lamps. 
The block diagram, Figure 94, shows that a trigger 
switch also may be used to test the lights or to take 
pictures with the view camera when the aircraft 
camera is not in use. 

The available motion picture equipment permits 
recording a wide range of the \ery high-speed hydro- 
dynamic phenomena under investigation, as well as 
all the normal-speed motions encountered. The 
former is accomplished with a General Radio high- 
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Florae W. Half-frame, high-apeed motion pictures made with the General Radio camera. Sequence of expoaune ii 
fraat top to bottom and from left to right. TV picture* cover a period of approximately 1 /JO aeeond; individual expo- 
earn were let* than 6 amjnaeBoadV. 

CONFIDENTIAL 



60 LABORATORY FACILITIES 

uisiowql 

P=I 

Kiiii ay. 9H.    Photographic laboratory and studio (acilitir*. 

speed 35-mm camera. Thin camera is lined in con- 
junrlion with the Kdgerton-type lamps which can Is- 
flashed at rut on up to 3,000 times per second while 
the duration of a single spark is somewhat less than 
5 limec. In this* camera the Kim moves continuously 
pant a shutterlcss lens and over * large sprocket on 
the side of which a series of electric cont.icts are so 
spared thut a circuit will be completed each time the 
film has advanced one frame. The extremely bright 
spark is of such short duration that it is unnecessary 
to stop the film for each exposure and no shutter is 
needed. At 1 ,<i00 standard frames per second the film 
moves 100 fps or approximately '/»• in. during the 
flash. This is almost negligible in the majority of 
cases, but not when fine detail is desirable. By mak- 
ing pictures of the usual width but only half the 
standard frame height, the laboratory has been able 
to secure high-speed motion pictures of remarkable 

sharpness. The pictures reproduced in Figure 95 were 
obtained in this manner. 

M.1 Darkrooms, Processing, 
and Printing Equipment 

Five darkrooms, fully equipped, are provided for 
processing film, making prints, enlargements, and 
lantern slides. A studio, a chemical mixing room, 
drying and mounting rooms, and refrigerated storage 
space for unused film complete the photographic de- 
partment. Figure 90 is a plan showing the arrange- 
ment of the rooms and the location of major items of 
equipment. 

Cut and roll films are loaded and processed in the 
developing room which is equipped with trays, six 
water-jacketed tanks, film hangers, viewing light, 
drying cabinet, and storage space for film holders and 
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film. Cut film is developed in hangers which are pro- 
vided for the various risen including 8x10 in., and roll 
film is processed on adjustable reels. The equipment 
permits aircraft film to be handled in lengths up to 
150 ft. 

In the two darkrooms labeled "35 mm" and "16 
mm," motion picture film is processed by machines 
which perform the entire operation, including drying. 
These rooms also contain equipment for loading and 
editing film and tanks for the storage of rlnveloping 
and fixing solutions. The laboratory does not have 
machines for printing motion picture positives. In 
the printing room are four printers on which contact 
prints of any sise up to 11x14 in. can be made. One 
printer is designed especially for use with roll* of 
negatives from the aircraft cameras. All four are 
supplied with power at a constant voltage and with 
automatic timing devices. Prints are washed in a 
machine of the rocker type. 

The enlarging room is equipped with an autofocus 
and a precision enlarger. Negatives from 9x12 cm to 
5x7 in. can be enlarged to slightly more than four 
diameters, smaller negatives to fifteen diameters. 
Adjoining the printing and enlarging rooms is the 
drying rootn which houses a drum-type dryer for 
prints and the machine in which aircraft film is dried. 
This room also contains a print straightener and 
equipment used in treating prints before they are 
dried. 

In the office and mounting room there is a densito- 
meter, a safe in which negatives are stored, cabinets 
for prints and photographic notes, tables with trans- 
parent illuminated panels, and suction plates for use 
in preparing prints for the dry-mounting press. In 
addition to the usual trimming boards there is a 
paper-cutting knife for trimming prints in batches of 
100 or less. 

Provision is made in the studio for the photography 
of instruments and models. A camera stand and 
easel facilitate making copies, or photographing line 
drawings and printed material. Miscellaneous equip- 
ment includes fluorescent, spot and flood lights, 
lightstands, background*, tripods, and unipods. 
The microphotographic camera is housed in the 
studio. 

A room adjoining the developing and film process- 
ing rooms is set apart for the storage of chemicals and 
the mixing of all solutions. There are scales for weigh- 
ing chemicals, graduates and pipettes for measuring 
liquids, a metering device for water, and both large 
and small mixing vessels equipped with mechanical 

stirrers. This room and all darkrooms are equipped 
with stainless steel sinks and supplied with hot, cold, 
and iced water. 

».t ELECTRICAL ACCESSORIES 

Most of the electrical and electronic equipment of 
the laboratory form an integral part of the main 
pieces of apparatus, and have been described in 
connection with them. However, there an- a few 
general facilities that are descrilied in the following 
paragraphs. 

The laboratory is equipped with a source of con- 
stant frequency of the quart (-crystal type. It consists 
of a 100-kilocycle (iT-cut low thermal drift crystal in 
a stabilised oscillator circuit. Means are provided for 
adjusting the frequency of the oscillator to sero lieat 
with WWV. the standard-frequency station of the 
National Bureau of Standards. Following the oscil- 
lator is a tripler to produce 300 kilocycles and multi- 
vibrator-type frequency dividers which provide 
3,000-cycle per second output. The 3,000-cycle per 
second signal is distributed about the laboratory. 

At the water tunnel the 3,000-cycle per second 
signal is put into a frequency dividing unit which 
puts out 100- and 120-cycle per second positive 
pulses. ThL> pul e output is used to drive a parallel 
inverter of the thyratron type at either 50 or 00 cycles 
per second. The inverter can feed a 500-watt load, 
and is used to power the synchronous motor that 
provides the standard for control of dynamometer 
speed. The inverter may be used to drive any small 
timer of the synchronous motor type anywhere in the 
laboratory whenever greater precision of tinvng 
than is available from the power lines is desired. 

At the launching tank the 3,000-cycle per second 
signal from the constant-frequency set is run into a 
set of frequency divider and pulse generators which 
provide positive pulses at 3,000,1,500,1,000, and 500 
cycles per second for operation of the stroboscopic 
lights. The inverter which supplies power to the 
synchronous motor driving the cameras is also driven 
from the same 3,000-cycle per second constant-fre- 
quency source. 

The laboratory has available a frequency changer 
capable of supplying "high-cycle" power. The fre- 
quency range of the machine is 0 to 300 cycles per 
second at 1.22 volts per cycle. A maximum of 7.5 kw 
may he delivered to a suitable load. One use of this 
machine is to power the motors driving the propciiers 
of water tunnel models. 
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For the operation of special equipment requiring a 
+-c power source, 24 volts direct current is provided 
tiroughout the laboratory. This makes it possible to 
use a 14-channei recording oscillograph (Consoli- 
dated 5-101) anywhere in the building. 

As indicated in the description of the free-surface 
water tunnel, the laboratory has a high-voltage 
power supply for the operation of the high-speed, 
high-intensity flash lamps. This power supply in o.' 
the rectifier type, and operate* over a range of from 
4 to 12 kw. Its maximum output is 100 kw. Arrange- 
ments are being made to provide utility and control 
facilities together with the necessary power lines, to 
make it possible to utilise this power at each of the 
major pieces of equipment to operate banks of flash 
lamps and to take high-speed motion pictures. 

A small shop is available for the maintenance of the 
electrical and electronic equipment, and for the con- 
struction of the special apparatus required for the 
project. This shop is provided with the necessary 
tools and instruments for carrying on this work. 

M SOUND-MEASURING EQUIPMENT 

ance to the flow and accompanying extraneous noise 
which a submerged hydrophone housing would cause. 
In the other, a receiver is mounted inside the 2-in. 
diameter projectile model itself. 

HYDROPHONES 

Brush Development Company type CIl-AI and 
AX00 crystal hydrophones are used. These sensitive 
unit* are of very small site and can be adapted with 

The development of acoustically operated hom- 
ing projectiles has required a knowledge of the 
various self-induced supersonic noises. Cavitation 
is one of the important causes of such high-fre- 
quency noise, and the laboratory is equipped to 
measure the intensity and frequency distribution of 
soundsfromthissource.1'' Design details of the equip- 
ment described in the following paragraphs will be 
found in the reports. Submerged bodies are subjected 
to cavitating conditions and the resultant noise in 
various bands from 1 to 160 kilocycles can he meas- 
ured by hydrophone units located either inside or 
outside the bodies. Such measurements are possible, 
because, although the water tunnel itself produces 
high noise levels, it is relatively "quiet' in the range 
above 6 kilocycles. Background levels in the high- 
frequency range are so low as to introduce errors of 
only a few per cent. 

**•' Receiving Equipment 

Two arrangements are used for receiving the noise 
emitted by cavitating projectiles. In one a crystal 
hydrophone receiver is mounted external to the water 
tunnel and is focused through a window toward the 
cavitating *one by means of a suitable reflector or 
"mirror." This system eliminate* possible disturb- 

FICUM 07. KUipaoidal reflector and Cll-A hydro- 
phooe immUtd in water tank at working section 
window. Noise coming through Lurite a-indow in 
brought to font* in the hydrophone rryxtal. 

few changes to installation inside the small models 
and to use with the focusing reflectors described 
below. 

METHOD or AKHKMBLV 

In the arrangement with the receiving system ex- 
ternal to the tunnel, the hydrophone is placed at the 
focal point of spherical or ellipsoidal reflectors and 
the assembly submerged in a water-filled tank 
attached to the side of the working nee t inn. Figures 
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97 and 96 show the installation with an ellipsoidal 
reflector focused to pick up noise from a model 
(whose tip can be seen projecting past the reflector 
in Figure 96). The noise originating from cavitation 
on or near the projectile surface is transmitted 
through a water medium continuous, except for the 
Lucite window, to the reflecting surface and back to 
the hydrophone. The setup is spaced so that the 
hydrophone is at one focal point of an imaginary 
ellipsoid of revolution and the cavitation is at the 
other. Provisions are made for focusing from any 

FI'JVBX 98. Hydrophone-reflector •membly focused 
to receive nowe from cavitation on projectile surface. 
Note that assembly can be positioned at any point 
within the external water tank. 

position inside the exterior tank. The focusing helps 
isolate the source of noise and concentrates more of 
the total sound energy at the hydrophone. 

SOUND REFLECTORS 

Three sites of ellipsoidal mirrors are available. 
Each has a focus-to-focus distance of 16.2 in. The 
aperture diameters are 10, 5, and 3 in., respectively. 
These are shown in Figures 99A, B, and C. A single 
spherical mirror with a 10-in. aperture is also avail- 
able. This is shown in Figure 100. 

The mirror construction is based on the fact that 
the reflection of sound takes place when the waves 
strike a discontinuity in the transmitting medium. 
The per cent of the incident sound pressure which is 
reflected is the ratio 

/>|gl   ~  PlCt 
PlC|   +   PlCt' 

where p\ and a? are the densities of mediums 1 and 2, 

and Ci and ej are the velocities of sound in mediums 
1 and 2. 

The greater the difference between the products 
pc, the greater will be the reflection. Consequently, 
to obtain good reflection of sound traveling at high 
velocity in a dense medium, the reflector should be a 

Fiuuac 90A, B, C.   Ellipsoidal reflectors with aper- 
tures of 10, 5, and 3 in. 

surface which forms a boundary with a low density 
substance in which sound travels slowly. The re- 
flectors just described use air as the medium at the 
reflecting surface. In the ellipsoidal construction two 
concentric copper shells are separated by an air 
pocket. The face of the aluminum spherical reflector 
is covered with a H-in. thick layer of sponge rubber 
with nonintercommunicating air pockets. 
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INTERNAL RECEIVERS 

For mounting within the model, the AX90 hydro- 
phone is used. This unit is without integral pre- 
amplifier and requires less space than the Cll-Al 
unit. For this installation, the models are made up of 
0.020-in. wall aluminum sheUs. 

In addition to commercial hydrophones, one spe- 
cial receiver was constructed with ammonium di- 

Fwtmrn 100. Faee view of spherical surface reflector. 
Note surface covering of sponge rubber with noninter- 
communicating air eels. 

hydrogen phosphate crystals cemented directly on to 
the inside surface of a 0.020-in. wall aluminum nose.b 

The X-ray photograph of Figure 101 shows the cry- 
stal locations. Four crystals are mounted on the inner 
surface of the nose at J^-in. intervals in a line parallel 
to the projectile axis. Another crystal is cemented in 
place at 90 degrees around the circumference of the 
shell. This unit is designed for an investigation of the 
location of the source of noise for various stages of 
cavitation on the hemisphere noee. 

b The crystal* in this model were cut and mounted at the 
Underwater Sound Laboratory of the University of California, 
Division of War Research, at San Diego. 

FREE-FIELD CALIBRATIONS 

Equipment is available for determining free-field 
directivity patterns and frequency-response calibra- 
tion curves of the hydrophones and hydrophone- 
mirror assemblies. For these calibrations, the AX90 
hydrophone is used as a projector. It acts as an ap- 
proximate point source, because of its small physical 
site. The geometrical arrangement between source 
and receiver used in the actual water tunnel measure- 
ments are duplicated. Thus, for the ellipsoidal re- 
flectors, the two crystal units are separated by the 
distance between the conjugate foci of the ellipsoid 
shape. For these tests a rig consisting of holders for 

Fiauaa 101.    X-ray photograph of crystal pickup* ce- 
mented to inside surface of aluminum nose. 

the projecting and receiving units with provision for 
rotating the projector in a circle whose center is at 

. the receiving crystal is submerged to a 20-ft depth in 
a large reservoir (Morris Dam). 

Figure 102 shows the rig arranged for calibration in 
a plane normal to the receiving hydrophone stem. By 
rotating the hydrophone and mirror with respect to 
its support, calibrations can be obtained in other 
planes, for example, at 90 degrees, as shown in 
Figure 103. Examples of the directivity patterns and 
calibrations obtained with this equipment are shown 
in Chapter 7. 

AMPLIFYING AND FILTERING EQUIPMENT 

Two amplifying systems are in use. One is a unit 
specially constructed in the laboratory. The other is a 
modified Naval Ordnance Laboratory Mark 3 Acous- 
tical Unit. 
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The laboratory-built equipment is designed to 
amplify the output of a detecting hydrophone in 
selected frequency ranges between 1 and 100 kc and 
to indicate the amplified voltage on a meter. With 
this unit a voltage gain of 90 db can be obtained with 
no variation over the range of 20 to 100 kc. The gain 
is adjusted with attenuator pads, having a total of 
100 db in steps of 1 db. Two sets of filters are in- 
cluded to analyse the noiae spectrum. One is a high- 

FiauRE 102. View in aperture of 10-in. ellipsoidal 
reflector as amerabled for field calibration. The AX-90 
hydrophone in foreground is used ax a source and 
rotated in a plane normal to the receiving hydrophone 
stem. 

pass type with optional cutoff frequencies of 1, 5,10, 
20, 30,40,60, 80, and 100 kc. The other is a low-pass 
type with the same optional cutoff frequencies. With 
this arrangement channels of different widths and 
boundary frequencies can be chosen. The actual sound 
pressure in dynes per square centimeter is propor- 
tional to the voltage recorded. The block diagram of 
the equipment is shown in Figure 104. Photographs 
of the racked units are shown in Figure 105. 

The Mark 3 equipment includes a hydrophone pre- 
amplifier and four other amplifiers to analyse the 
spectrum of the input signal over the range of 10 to 

160 kc. Each amplifier is equipped with an attenuator 
with a range of SO db in 10-db steps. All the amplifiers 
have flat response from 10 to 160 kc. The filters in 
this equipment separate the input into four octaves: 
10 to 20 kc, 20 to 40 kc, 40 to 80 kc, and 80 to 160 kc. 
Each amplifier drives an Esterline Angus graphical 

FIUURB 103. Same an Figure 102 but assembled at 90 
degrees for calibration in a plane containing the receiv- 
ing hydrophone stem. 

recorder, so a continuous record of all four octaves 
can be kept. The gain of each amplifier is about 80 
db. Front- and rear-view photographs of this <-quip- 
ment are shown in Figure 106. 

FIGURE 104.    Block diagram of laboratory noiw meas- 
uring Kystem. 

For calibration of either amplifier system a known 
voltage is inserted in the circuit at the connection to 
the hydrophone crystals. The output produced by 
this calibrating voltage is measured and the readings 
are converted to equivalent sound pressure from a 
hydrophone calibration chart supplied by the manu- 
facturer. 
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i.* SHOP FACILITIES 

The construction of the apparatus, instruments, 
and experimental test models used by a research 
laboratory requires the services of a variety of shop 
and erection facilities. While all types of work are 
involved, the most important and the most difficult 

to obtain in volume is precision machine work. In- 
struments and models particularly require the use of 
specialised equipment and skills not readily available 
in most general shops. Ordinary construction and 

Figure 105.    Front and rear views of laboratory ampli- 
fying and filtering equipment for 1- to 100-kr range. 

A. Preamplifier E. Voltmeter 
B. 40-db amplifier F. Hewlett Packard oscillator. 
C. Attenuator G. Low-paw filter 
l> 50-dh amplifier H. High-pass filter 

I.  Hydrophone. 

Ficuaa 108.   Front and rear views of Naval Ordnance 
laboratory Mk 3 acoustical unit. 

machine work can be done in most general shops, but 
the special handling associated with single jobs 
causes difficulty in maintaining a continuous flow of 
work. Therefore, some shop equipment directly un- 
der the laboratory supervision becomes a necessity. 

1,1 Model Shop 

The shop facilities of the Hydrodynamics Labora- 
tory were designed to handle the specialised needs of 
a research program. In addition to the normal facili- 
ties for handling the general maintenance and rough 
work, a model and instrument shop is available which 
is equipped to do all types of lathe and mill work, 
pantograph reproductions, and precision drilling, and 
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to take advantage of casting and other metal forming 
procedures. A general view of this shop is shown in 
Figure 107. Among it* special features are the three- 
dimensional Gorton pantograph machine for con- 
struction of apparatus and models requiring scaled 
duplications of curved and warped surfaces, surface 
grinders and grinding attachment* for holding sur- 
face finishes to desired tolerances, and electric and 
induction furnace equipment for specialised casting 
and heat-treating operations. 

To control the accuracy of the work the shop is 
equipped with a toolmaker's microscope for precise 
measurements and a binocular microscope for use 
while working on small precision parts. Johannson 
gauge blocks are used for miscellaneous precision set- 
ups as well as for standardising micrometer equipment. 

SPECIAL TECHNIQUES 

Special adaptations and attachments for the ma- 
chine tools have been developed to meet the particu- 
lar acquirements of model construction. As an ex- 

ample, the technique used in forming model bodies 
will be described in more detail. A primary spline jig 
four times model site is produced on the Gorton 
pantograph machine from data giving the two co- 
ordinates of the body shapes and the angle of the 
normals to the curve. In this operation, as shown in 
Figure 108, the milling table is set to the coordinates 
and the drill-guide jig on the tracer table is set to the 
angle of the normal. By this method a double line of 
dowel holes is accurately drilled and reamed in one 
operation along the shape curve. Steel dowel pins 
prehced into these holes securely hold a spring steel 
spline in the proper curve. From this primary spline 
jig a model-sise cam plate is produced on the same 
machine, as shown in Figure 109. 

In turning the model part the cam plate is mounted 
on a jig attached to one of the lathes and guides the 
cross feed by means of an air-operated piston, while 
the carriage is moved along by the power feed. Two 
viewg of this setup are shown in Figure 110. 

The advantage of this technique is that the personal 
element in smoothing in curves from coordinate data 

FN.TBE 107.   General view of model xhop. 
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is reduced to a minimum and any number of accurate 
duplicate model shapes may be produced quickly. 

MAINTENANCE AND REPAIR 

The general repair and maintenance of the heavier 
and rougher apparatus is handled by a maintenance 

OUTSIDE SHOPS 

During the course of the XDRC sponsored proj- 
ects, it has been necessary to rely on the services of 
many outside shops to supplement the volume of 

Fioou 110.   Two viewn showing cam plate in MM. 

Fiona* 109.   Production of model-sue cam plate. 

shop using different equipment. I-a the and drill press 
equipment, in addition to portable power tools and 
hand tools, are available here. 

General carpentry and cabinet work is carried on 
in a shop operated jointly with the Soil Conservation 
Service Laboratory on the CIT campus. Miscel- 
laneous power took are available there. 

work handled in the Hydrodynamics Laboratory 
shop itself. The additional organisations which con- 
tributed most effectively in the program include the 
Mount Wilson Observatory shop in Pasadena, whose 
facilities were made available on a cost basis through 
the courtesy of the Carnegie Institution of Washing- 
ton; the Fred C. Henson Company, a maker of 
scientific instruments in Pasadena; and the Astro- 
physics Machine Shop and Optical Shop, both 
located on the CIT campus. 
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Chapter $ 

EFFECT OF PROJECTILE COMPONENTS ON THE FLOW DIAGRAM 

1.1 INTRODUCTION 

THE HYDRODYNAMIC BCHAVIOR of submerged mov- 
ing bodies is dependent upon the pattern of 

relative motion of the fluid with respect to the body. 
All the forces arising from such a system of motion 
are caused by the interaction between the body and 
the fluid. The changes in momentum in various di- 
rections caused by the reactions between body and 
fluid are measures of the forces. With each body 
shape there results a particular field of fluid velocities 
and therefore a particular set of forces. Thus there 
are two ways to obtain hydrodynamic forces for the 
analysis of a body's behavior in motion. First, by 
direct measurement; second, by observing what hap- 
pens to the fluid whose motion the body affects. In 
many respects the latter method, while much the 
more difficult, is the more important. In general, 
direct measurements give overall results. Special 
measurements may indicate but do not explain the 
role played by the various components of a body 
shape. However, a realisation of the ways by which 
various shapes affect the flow leads not only to an 
evaluation of the forces but to the ability to predict 
the force changes obtained by shape modification. 

The laboratory has found in the flow line diagrams 
produced in the polarised light flume the means of 
visualising, qualitatively at least, the relation be- 
tween body geometry and the resulting flow.' Thus 
even though the picture is too incomplete to permit 
actual evaluation of forces and moments, it repre- 
sents an extremely important design aid. For these 
reasons the assemblage of flow line diagrams for 
various projectiles and projectile components which 
grew up in the course of this project is included in 
this chapter, prefacing several general discussions of 
submerged body behavior. It can be used as a refer- 
ence chapter in which the reader's picture of fluid 
motion about various shapes can be refreshed from 
time to time. 

The diagrams are constructed from actual experi- 
mental determinations of the flow. The (ones of local 
separation and turbulence generation are drawn from 
visual observation of the bentonite suspension. Shear 
patterns are made visible by transmitted polarised 
light,   and  local   flow  directions   are  determined 

through explorations with needle probes and thread 
streamers. The diagrams are intended to represent 
flow directions only. Furthermore, they are, in gen- 
eral, limited to the flow in the plane containing the 
axis of symmetry of the body shape. While this 
representation does not give the entire picture of the 
flow around yawed three-dimensional bodies, it does 
provide an essentially accurate picture of the sense 
and relative magnitudes of tb* velocity changes in- 
troduced by yawing different shapes. In cases for 
bodies with stabilising and control surfaces, the flow 
over these surfaces is indicated for planes away from 
the axis. 

The scheme of presentation of diagrams in this 
chapter is based on separation of the projectile into 
its components, the nose, body, afterbody, and tail 
structure, for individual and systematic study. While 
the exact final diagram for any complete body is the 
result of a complex interaction between the effects of 
each component, examples will show how it is still 
possible, with judicious interpretation, to assemble a 
qualitative picture for the whole. For each com* 
ponent several series of diagrams for certain basic 
families are given, followed by diagrams for specific 
designs that were devised by modifying the basic 
profiles. For all bodies the flow is shown around the 
unyawed shape and around the body yawed to 10 

NOSE SHAPES 

i.i.1 Basic Design Shapes 

Selection of the projectile nose shape depends upon 
the requirements of load-carrying capacity (volume), 
length for a given diameter, fluid friction resistance, 
and cavitation limits. The effects of each of these 
requirements are very conveniently studied by sys- 
tematically investigating families of shapes. While 
the families possible are numberless, the ones in- 
cluded here stem from the most familiar and com- 
monly used shapes; ellipsoids, ogives and sphero- 
gives, hemispheres, cones, and various truncated 
shapes including the rquare-end cylinder. Within 
each of these families will be found a wide range of 
all the variables just listed so that a series of flow 
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line diagrams will yield basic design information 
suitable to aid the selection of basic shapes for given 
projectiles. 

A sensible method for investigating the effects of 
modifications is not so apparent because special pur- 
poses call for special treatment yielding compromise 
shapes. Such modification* are not easily systema- 
tiwd. Instead, as already mentioned, special flow line 
diagrams are presented for typical groups of modified 
basic shapes. 

o.t»;i 

Fionas IB.   Key to noMo in Figure 1 A. 

Figure 1 shows a typical selection of ellipsoids, 
ogives, and spberogives. The basic geometric dif- 
ferences are given in the following paragraphs. Note 
here, however, that an extreme range of geometric 
proportions is illustrated for each family group, with 
variations in the profile and hence the kind of flow 
depending on the group. Thus each family includes a 
continuous series from elongated to blunt shapes. It 
is interesting to note that the hemisphere is a mem- 
ber of each of these three families and that by ex- 
tending the normal geometric definitions,f he square- 
end cylinder can also be included. 

ELLIPSOIDS 

Ellipsoids are convenient shapes around which to 
base a nose design for two reasons. First, all propor- 
tions from very blunt to very fine can be conveniently 
described merely by changing the ratio of major to 

Mi: i 

Fiui KB 2.   EUipootdf). 

minor axes, with fractional ratios for blunt and large 
ratios for fine noses; second, the equations of motion 
for flow around the complete ellipsoid in the ideal 
case are known, so that for the finer noses at least, the 
pressure distribution can be calculated with fair 
accuracy over most of the nose surface. The devia- 
tions from the pressures obtained for real fluids are 
due primarily to the fact that these noses are aemi- 
ellipaoidg, with a circular cylinder body section re- 
placing the aft half of the true ellipsoid. The ratio of 
major to minor axes as used to descrita the noses in 
Figure 2 is for the complete ellipsoid. Thus in prac- 
tice a 2V&-to-l ellipsoid makes a nose \% calibers 
long. 
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Figure 2 shows the flow line diagrams for a group 
of these ellipsoid noses. In this series note that for all 
shapes finer than the hemisphere, smooth flow with- 
out separation is obtained. With the hemisphere and 
blunter noses separation occurs near or ahead of the 
maximum diameter. 

OGIVES 

The ogive as commonly defined is pointed. Blunt 
ogives can be obtained if the geometrical definition is 
modified slightly by assuming that for radii less than 
0.5 caliber (the hemisphere) the nose face is a flat 
disk drawn tangent to the ogive arc. The limiting 
case is then the square-end cylinder where the ogive 
radius is aero. Figure 3 shows the pointed serifs, 
and Figure 4 the blunt or small-radius series. Pointed 
ogives result in smooth flow patterns without visible 

L7T CMJKH 

FIUVHE 3.   Ogives. 

Fiutma 4.   Small radius ogive*. 

separation even when yawed at 10 degrees. The hem- 
isphere and the small-radius series, however, show 
increasing separation to the maximum obtained with 
the square-end cylinder. 

Beginning with the largest radio* ogives, the drag 
should l)c high because of extra skin friction. As the 
radius is reduced, however, a minimum should be 
reached, lieyond which for shorter radii the drag 
should grow again as a result of separation and conse- 
quent increase in form drag. For the square-end 
cylinder, the drag is all form drag and no skin f riciion. 
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SPHEROGIVES 

The punted ogive is the shape normally used for 
noses on artillery shells and small arms ammunition. 
For those cases where the velocity is above sonic, the 
sharp point is important in reducing the drag result- 
ing from shock waves. For velocities below the critical 
sonic values, however, ogives often may be shortened, 
while still maintaining the basic advantages of the 
slender nose, by replacing a portion of the point with 
curves forming blunt tips. If the spherical segment is 
used there results the spherogive. For any given ogive 
a series of noses can be formed by drawing in spheri- 
cal segments with larger and larger radii. Each will 
include a greater and greater "half angle" measured 
between the axis and the point of tangency of the 
sphere and the ogive. Such a family is shown in Fig- 
ure 5. If the sphere half angle is maintained constant, 
the nose assumes different proportions as the ogive 

»   CMJBt*  •  W 

FIGVBB 5.    Spherogives with constant caliber ogive". 

• CMJKH •   It 

Fiurna 6.   Spherogives with constant sphere half angle. 

radius is varied. Figure 6 illustrates this family. In 
both Figures 5 and 6 the hemisphere appears as the 
limiting case. 

Several things are apparent on examination of Fig- 
ures 5 and 6. First, for the 5-caliber series, separation 
of the flow around the yawed projectile occurs for 
sphere half angles larger than 72 degrees. (Note bot- 
tom diagram in Figure 6 as well aa Figure 5.) Second, 
for the constant 72-degree half-angle series, separa- 
tion becomes successively worse as the ogive radius is 
decreased. Note also that all the spherogives shown 
permit smooth flow at sero yaw without separation so 
that for bodies which will operate with small yaws 
the spherogive offers a possible way of obtaining 
lower length in calibers or a larger volume for given 
overall length. 

On bodies with sharp curvatures separation occurs 
where the curvature requires too rapid a deceleration 
for the flow to follow the body. Separation from this 
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jectiles. Simple cones are not regarded as satisfactory 
because of the flow separation at the juncture with 
the cylindrical section, even for very small included 
angles. Figure 7 shows examples of this shape with 
the square-end cylinder as the terminal condition. 
These same shapes with examples of truncated ogives 
arc shown in Figure 8. 

TRUNCATED OOIVES 

Flat-faced noses formed l>y truncating ogives have 

•ft*   *Tff.WTHft MNLf MUMS fan etUMOQ 

Fiuuaa 7.   Conical tapers. 

cause is also *n indication of the probable tendency 
to cavitate since low pressures will be obtained in the 
tones of maximum flow curvature usually occurring 
just ahead of the separation tone. Thus the examples 
in Figures 5 and 6 indicate that within limits the 
length of nose can be shortened by using spherical 
tips without affecting the cavitation behavior. 

CONICAL TAPERS 

Tapers in modified forms are used on many pro- 

FICURC 8.   Conical U|»ra and truncated ogive*. 

KH;I Ht !•. Truncated iiKives. Tiie*e inwc* »«• deM-rila-d 
l>v the radiii* nf I lie circular <i|(ival arc and the diantcU-r 
of the flat face, both Ittear'ired in calihent. 
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proved important in permitting satisfactory water 
entry for air-launched projectiles. On striking the 

surface the flat face with its relatively sharp ndge aids 
in creating a cavity of proper diameter to envelop the 
projectile and to avoir! interference between the tail 
and water. In addition, a> a now* of this type yaws 
the flat fare deflects fluid in the direction of yawing, 
giving a reaction in the opposite direction. This ef- 
fect, which occurs whether the mine is completely 
submerged or is wetted only on the disk, gives a 
stabilising moment that tends to keep the projectile 

FIOUHE 10.    Modified hemisphere*. 

FIUUKE 11.    Modified hemispherex. 

«W   NOK   OWE 

K'..t'HB 13.    Modified ogive 
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M>0 extreme example of the "pickle barrel," a cylindrical 
shell extending the full length uf the normal none. 
Reading down in Figure II, the third and fourth 
diagram* are noses with fuse projerti«»ns, the fifth 
shows a version of a Kopf ring. 

The piekle barrel is designed to stabilize an air- 
launched torpedo during its air flight. It has some of 
the charaoteristics of the truncated ogives and the 
w|uaiv-end cylinder in that on yawing a stabilizing 
moment results from the pressures arising on the nose 
as the air is deflected laterally in the direction of 

t cause* i •efwrm «i* 

FNIUKE 14.    Modified xpherogivex. 

on course. This effect of the nose on the flow is shown 
clearly in Figure 9 for completely submerged 
conditions. 

Figure ft also illustrates the effect of truncating an 
ogive to form successively larger disks. Note that for 
the submerged case if the velocity and pressure con- 
ditions are such that cavitation does not occur, 
relati"ely large disk areas can l>e used without exces- 
sive flow separation at the edges and consequent 
relative increase in form drag. 

These nones provide a very low l/d ratio (relatively 
large volume) when drag and cavitation arc unim- 
portant. 

MODIFIED HEMISPHERES 

The hemisphere in modified form is one of the most 
widely used shapes for all types of projectiles. In 
Figures 10 and 11 are shown several, including the KH.IK i 15.    Modified tapers. 

CONFIDENTIAL 



76 EFFECT OF PROJECTILE COMPONENTS ON THE PLOW DIAGRAM 

MctDlriKD <>GIVKK AND SPHKROGIVKS 

F.xample* of modified ogiv j and spherogives arc 
shown in Figure 12, with flow diagrams in Figures 13 
and 14. Included with these nones are two modifica- 
tion* designed to improve water entry, the spado nuee 
in Figure 13 and the Kopf stabilising ring in Figure 
14. The flow line diagrams show that both devices 
introduee extra turbulence and drag. Photographs of 

FliitiRC 16.    Modified tapers. 

FuiURE 18.    Modification of a truncated ogive. 

FIGURE 19.   Compound-taper ogive*. 

Floras 17.   Modified Mqitarc-cnd cylinders. 

yawing. This barrel is destroyed on entry and hence 
does not influence the underwater run. The Kopf 
ring is designed to improve the air-water entry of an 
air-launched projectile. It does so by creating a clean 
cavity of the proper diameter to contain the pro- 
jectile and avoid undue interference and by t> tend- 
ency to produce a stabilising moment for small yaws 
in much the same manner as the square-end cylinder. 
It is clear from the flow line diagrams that on becom- 
ing submerged the extra turbulence created by this 
ring will increase the drag of the projectile. FIGURE 20.    Kama with common length. 
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full cavitation bubbles are shown for both. As is 
diacusued in Chapter 4, cavitation cavities so pro- 
duced are similar to the air cavities obtained on 
entry. Note that the cavity actually formo on the 
Kopf ring and tends to envelop the projectile. On the 
other hand, note that each spade forma an individual 
cavity but that the projectile as a whole ia not en- 
veloped so that considerable interference and result- 
ant side force can be expected during entry. 

MODIFIED TAPERS 

V> hile simple conical tapers are not used normally 
for projectiles, tapers modified mainly by eliminating 
the sharp discontinuity at the base if the cone are 
used. The examples in Figures 15 and 16 are for a 
series of low-velocity rockets. Note that with 
moderate radii at the juncture of cone and cyl- 

FIGUU21.   Notes with the same l/d back to the 
maximum diameter. 

• cum 

Fioi-Ri 22.    Ogives. 

inder,  smooth   flow  without  separation   can   be 
obtained. 

MODIFIED SQUARE-END CYLINDERS 

Eliminating the sharp corner reduced the degree 
of separation and hence the drag. Noses with 
moderate drag coefficients, but still providing for 
good water entry and also having the desirable 
stabilising moment for small yaw angles when sub- 
merged, can be obtained this way. These noses, 
illustrated in Figure 17, are all for air-launched 
depth charges. 

MODIFIED TRUNCATED OGIVE 

Compared with Figure 9 the diagrams in Figure 18 
show little influence of the small irregularities of the 
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nose profile. The edge of the blunt face provides 
sufficient separation (even though small in magni- 
tude) and hence disturbance in the boundary layer so 
that there are no extra contributions from the down- 
stream projections. 

opposite direction so that cross forces and destabi- 
lising moments in the direction of yaw can be ex- 
pected. Projectiles with such noses must be stabilised, 
at least during this accelerating period, with fins or 
by spinning. 

COMPOUND-TAPER OGIVES 

These noses are used for high-velocity projectiles. 
Consequently their flow line diagrams are of interest 

 Hi 
at on—i 

FIGURE 23.   Smmll-radiua ogives. 

only for the short period of acceleration when the 
velocity is below the velocity of sound. The flow dia- 
grams of Figure 19 which are for such noses merely 
show that when yawed the fluid is deflected in the 

» OMJSW • w» 

FNSI ME 24.    Spherogivex with ronittant caliber ogivex. 

NOSES WITH COMMON LENGTH 

A simple example of application of the flow line 
diagram is shown in Figure 21 for the noses pictured 
in Figure 20. The four noses are selected to give the 
same length in calibers, l/d, from the tip back to the 
maximum diameter. The prismatic coefficient, the 
ratio of the nose volume to the volume of a circular 
cylinder of length I and diameter d, is listed for each 
as follows: 

Half body 0.74 
2'i-to-l eUiprokl 0.67 
1.75-caliber ogive 0.56 
3.5-caliber by 74-degree spbcragive 079 

The only significant difference in the diagrams occurs 
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for the yawed condition. Note that separation occurs 
for the two bodies having the maximum and mini- 
mum volumes. The ogive radius is so sharp that 
separation occurs on the ogive itself. The spherogive 
tip is so large that it causes separation. This example 
makes it clear that "fineness" alone is not a sufficient 
criterion for selecting a low drag, ant ica vita ting now. 

OGIVEH 

In this and succeeding series the effect of blunt- 
netw on the wake formed by separation is empha- 
sised. Xote that even for the 5-caliber ogive shown in 
Figure 22 the flow leaves the body surface before the 
tip is reached. The extreme condition, of course, is 
for the square-end cylinder in the small-radius scries 
shown in Figure 23. 

Comparison with Figures 3 and 4 emphasises that 
a shape suitable for application as a nose may not tie 
Hati.sfaetory as an afterlnxly. For example, the 1.77- 
caliber ogive when ut<ed as a nose causes no serious 
disturbance but, when used as an afterbody causes an 
undesirable eddying wake. Thus it is necessary that 
the afterbody be finer than the nose to produce a 

vtmmma. 

as etuioii TI* 

Floras 25.   8pherogivM with constant sphere half angle. 

as 
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AFTERBODIES 

Basic Design Shapes 
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Afterbodies, like nose shapes, are in general modi- 
fications of elemental)' geometric shapes. The follow- 
ing series of families parallel the nose families already 
presented. Each of these diagrams was obtained with 
the afterbody attached to a long cylindrical Ixidy 
section so that uniform conditions upstream from the 
afterbody existed. KiutJHE 28.   Truncated ugives. 
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balanced design with equally satisfactory flow over 
both ends of the projectile. 

SPHKROGIVES 

The diagrams in Figures 24 and 25 show some 
similarity to those for the ogives in Figure 22. Note 
particularly that rounding off the 5-caliber ogive tip 
(Figure 22) to form the 5-caliber by 70-degree sphero- 
give (Figure 24) produced very little effect on the 
flow diagram, particularly at scro yaw. 

TRUNCATED OGIVES 

The top two diagrams in Figure 2C show that some 
large portion of the ogive tip can be removed with- 
out affecting the flow appreciably. This is similar 
to the effect already observed in forming the spher- 
ogives. 

('omparison of Figure 2t> with Figure 22 indicates 
that truncating the 1.05-ealiber ogive to a face as 
large as 0.75 caliber produces a disturbance whose 
magnitude is alxmt equal to that for a 0.62-calil>cr 
ogive. 

CONICAL TAPERS 

Tapers with small included cone angles show 
marked improvement over blunt afterbodies. Figure 
27 serves to emphasize, however, that severe dis- 

turittince and consequent undesirable hydrodynamic 
effects are still obtained unless precautions are taken 
to eliminate the sharp discontinuity at the base of the 

«tf Monaco MMU 

KKJIKE 27.    (>sii<-»> taper*. 

KHJUKB 28.   Spiral flow produced by 

FKIC*E 29.    Aiterbodiea followed by boontt. 

RECEMHI:D AKTEHBODIEH 

Recesses in blunt afterbodies produce an asym- 
metrical condition that results in a definite spiral to 
the flow in the wake. This effect, which is in contrast 
to the normal wake obtained with the square-end 
cylinder, has been observed for a variety of shapes 
with large recesses at the (railing end, as shown in 
Figure 28. 

**•* Specific-Purpose Afterbodies 

AFTEKIIODIE* Foi.l/OWKl) MY ItOOMH 

Various projectiles, particularly rockets, employ 
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flow separation in each case occur* along the surface 
of the afterbody proper BO that irregularities at the 
boom connection contribute little additional dis- 
turbance. 

Fiotnuc 30.   Modified ogive afterbodien followed  by 
boom. 

Florae 31. 
boom. 

Modified taper afterbodies followed by 

booms between the main body and the tail surfaces. 
Figure 29 shows a series of afterbodies designed for 
use with booms. Some of these are modified ogives 
mod some are nio.-e properly classed as tapers. The 
flow diagnuiiB were all obtained with the booms in 
place. As the diagnurs in Figures 10 and 31 show, the FIGURE 33.   Fine afterbodini. 
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shown in Figure 35 produces a stabilizing moment 
when the projectile is yawed. Consequently for cer- 
tain low-velocity projectile., where drag is relatively 
unimportant, this effect may be a desirable contri- 
bution. 

The diagrams in Figure 37 illustrate examples with 
various degrees of streamlining. The effects of the 
tail surfaces (fins and ring) such as shown in Figures 
35, 36, and 37 will l»e discussed later. 

FKii'HE 34.    Modified conical aflcrlnxlic*. 

FINE AFTERBODIES 

Several torpedo afterbodies whose shapes are ap- 
proximately ogival, or ogival with conical tips, are 
shown in Figure 32, with their flow diagrams in Fig- 
ure 33. The importance of using the longer, finer 
shapes for afterbodies is emphasised here. A relatively 
fine body is necessary before flow is obtained with- 
out appreciable disturbance ahead of the trailing 
tip. 

Figure 34 shows two depth bomb afterbodies of 
modified cones. The relative magnitudes of the dis- 
turbances and the resulting wakes are indicative of 
the degree to which discontinuities in the surface 
profile have been suppressed. 

The influence of tail structures such us shown in 
these figures will be discussed in a later section in this 
chapter. 

ROCKET NOZZLES 

Rocket nozzle* are located either at the end of a 
boom, and hence are of a smaller diameter than the 
main body, or are incorporated as part of the after- 
body proper. Nozzles on booms are shown in Figures 
35 and 36. Nozzles io afterbodies are shown in Figure 
37. 

Elimination of disturlwuices by streamlining can be 
readily accomplished in various degrees up to the 
point where the noule area equals the boom diameter 
(compare last diagram in Figure 35 with Figure 36). 
It should be noted, however, that such streamlining 
of the flow is not a desirable feature for all cases. As 
will be discussed in more detail with respect to tail 
structures, the drag from th» disturbances such as 

FIUI'HE 35.    Ilorket noirlc*. 

EFFECT OF COMPONENTS OF A NOZZLE ASSEMBLY 

Figure 38 illustrates a typical example of varying 
one of the components of a tail noule assembly. 

Figure 30 shows the effects of step-by-step addi- 
tions to a complete assembly. As stated in the intro- 
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duction, the flow diagram f..r the complete projectile 
is not necessarily the summation of the diagram* for 
the individual component*. In thin example each 
component, introduces a radical change in the dia- 
gram. 

1.4 

1.4.1 

FKIUKE 36.    Riirkct nimlfw. 

TAILS 

Purpose of Tails 

Generally speaking it is the purpose of tail surfaces 
to provide an otherwise unstable projectile with a 
desired degree of static and dynamic stability. In the 
case of certain missiles, such as torpedoes, adjustable 
tail surface* permit control <>i' the projectile trajectory 
as well. 

»«• How Tail* Work 

Tail surfaces are effective in producing static 
stability because, when a projectile yaws, the tail 
deflects some fluid and as a result in pubjected to a 
force proportional to and in the opposite direction to 
that at the change in the fluid momentum. This force 
will have a lateral or cross force component and a 
drag component. The resultant of this force and the 
skin friction drag on the tail will cause a moment 
about the projectile's center of gravity. The fact that 
ljoth drag and cross force components can be nude to 
produce stabilizing moments leads to two methods of 
creating a required moment. It can be obtained either 
by a high-drag (and usually low-lift) shape or by a 

1     ^^ 

1 fe^ gygS; 

KiiiiiRK 37.    ltix-ket IMIMHW. 

high-lift (and usually low-drag) shape. Vector dia- 
grams illustrating these two combinations are shown 
in Figure 40. It is clearly seen that for the- same 
resultant force the moment is much larger if a high 
cross force rather than a high drag is obtained. Nev- 
ertheless, some designs do make use of high drag as a 
means of getting additional stabilising moment. The 
normal designs of fin tails, ring tails, and square box 
tails arc structures intended primarily to produce 
large cross for.-c* with yaw. 

In addition to producing moments as described, 
when a projectile yaws, stabilising surfaces also 
provide additional damping forces, and hence damp- 
ing moments, to contribute to the dynamic as well as 
static stability. This effect cannot be studied by the 
flow line diagrams which are for the static, or steady- 
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Fi ui!MC 38.    Mfect of tail disks on terminal disturbance. 

slate, condition* only A more thorough discussion of 
stabilising surfaces an<l static and dynamic stability, 
together with quantitative text data, in given in 
Chapters 9 and II. 

<4I Main Fin Tail* 

FlXKD AND ('OU.APHIHI.K FlNS WJK ROCKRTS 

Kigurc*4l ami 42 illustrate fiHir very different types 
of fin tails for rocket*. Finn on the first three an- 
fixed, fins on the last (bottom diagram) arc <' signed 
to fold forward for insertion into a launching tube 
of the diameter of the main body of the projectile. 
On launching, the fins fly open as shown for air 
travel. 

At lcro yaw, tail fins are. ineffective. When yawed, 
the diagrams illustrate how the fluid is given a change 
in direction producing a lateral force on the fin sur- 
face. Within certain limits a given force can lie ol>- 
tained by a long fin with a short span, or by a very 
narrow fin with a wide span. The collapsible fins are 
of the latter type. Figures 43 and 44 show three de- 

of  collapsible  fins  for  the  baiooka  rocket 

suggested to replace the original tail shown second 
from the top in Figure 44. Itoth radial and raked fins 
are illustrated. Actually the radial fins in these fig- 
ures produce much more cross force than the original 
tail. The only essential difference in the flow picture 
is caused by the Hanged tin tips in the top two 
diagrams.   With  (he  radial  fins the  flunice  is  in- 

Kea'HR 31*.    Kffcct   <4  component* of   nickel   tiojule 
aftprhmly. 

PKIUHK 40. Diagram xhowinK the effect "f clianar of 
moment arm /' as proas force anil <lrac chanR* even 
though resultant force on tail remains unchanReil. 
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dined to the flow resulting in some disturbance at 
aero yaw. The raked fin» are tilted back until the 
flange is in line with the flow and hence causes no 
disturbance. 

The long narrow vanes used on collapsible lin tails 
are subjected to severe bending forces during the 
initial launching period before the fins unfold. Figure 
45 shows the flow over a typical folded tail, a typical 
diagram of the forces produced with yaw, and a 
photograph of a fin which was bent from the folded 
position during tests in the water tunnel. An the 
vector diagram indicates, a large normal force is 
easily obtainable on the fin at some distance forward 
of the hinge. The resulting bending moment can 
easily damage an unreinforced fin. Note that two of 
the tails in Figures 43 are constructed with fins rein- 
forced with longitudinal flutes. 

FIN TAILS WITH ADJUSTABLE RUDDERS 

Torpedoes require adjustable tail surfaces to rreate 
the variations in cross forces and moments necessary 
for the control of the projectile motion. Figure 46 
shows three different designs with fixed fins followed 

FIGURE 41.    Plain fin tails. 

by movable rudders. Zero- and 10-degree yaw dia- 
grams for rudders neutral and rudders down are 
shown. The added effect of the very small rudder area 
is small for these cases. In addition to showing how 
the fins an J rudders act to produce a lateral force, the 
diagrams emphasise the desirability of maintaining 
close clearance between the rudder and fin. In the 
bottom diagram considerable flow through the wide 
gap and hence loss in cross force results on yawing. 

Ml Ring Tails and Square Tails 

RINGS WITH OOIVAL AFTERBODIES 

The cross force developed on a ring tail as a pro- 
jectile is yawed occurs when the . ing surface is at an 

zr~j:z~ss-r.  — • 

n 
,§bj^ i 
•-/ :~~^*~- 

KICI'KE 42.   Fiwr types uf fin tails on rockets. 
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Fiiii'HE 43.   ('ollapeililr fin tails. 

"angle of attack" with respect to the- flow past it. At 
lero yaw, on the other hand, additional undesirable 
drag IK obtained unless the ring surface matcher* the 
flow lines around the ringlcs* afterbody. ThilH, de- 
pending on the shape of the afterttody, Mio ring may 
1)0 rut from either a right cylinder or a cone. For the 
various ogival and tapered afterlmdiptt, the cone 
angle can lie adjusted to meet the flow conditions. 
The eone angle is defined as the included angle l)e- 
tween the inner chords of the ring on an axial rains 
section; thus it is twice the angle of the flow measured 
from the projectile axis. 

KiiiUBB 44.    CnHapxilile fin tails—radial ami raked fins. 
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An example of the matching of ring tail* to flow 
lines is shown in Figure 47. The flow pant the ringless 
afteriKjdy shows an angle of 4 degrees at the tin tip 
where the ring is to he placed, railing for an 8-degree 
conical ring. The bent fit to the flow lines was actually 
obtained with this cone angle as may he seen by com- 
paring the flow lines for the cylindrical ring and the 
8-degree and lf>-degree rings shown in Figure 47. 
Photographs of the same three rings are shown in 
Figure 48. Additional examples are shown in Figure 
49 of rings fitted to afterbodies finer and also blunter 
than thoae in Figure 47. The cylindrical ring on the 
hlunt afterbody causes a disturbance of the How lines 
which is avoided with the correctly matching 12-de- 
gree ring. Note that all the rings shown were ob- 
structed with true cylindrical or conical inside sur- 
faces. The outside surface was machined to make the 

cross scctii u of the ring, tu!»>->n through tin1 cone axis, 
a streamlined shape. 

Fiui-ME 4S.    Large bending force* rxut on folded fins 
KIM HE 46.   Kin Uil» with adjustable rudders—each 
pair shows ntddent neutral and rudder* down. 
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3*CCMCM.I 

Fratms 49. Matching ring Uib to flow lines. Ring eee- 
tioo is streamlined with conical inside surface and curved 
outside surface an shown. 

W'COMCM. MM 

Fiocic 47.    Matching ring tails to flow lines. 

Floras 10.   Ring Uib. 

FMOU4S.   Matduag ring uib to flow Been. Frame 51.   Ring Uib. 
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RINGS ON ROCKET BOOMS 

The effectiveness of a ring (as well as the simple 
fin) depends on it being located so as to extend be- 
yond the sone of fluid decelerated by th» body into 
the high-velocity fluid. The location as well as the 
design of the ring therefore will depend on the body 
shape. Typical rings for rockets with cylindrical 
booms, tapered afterbodies, and irregular noules on 
booms are shown in Figures SO and 51, and with flow 
diagrams in Figures 52, *3, 54, and 55. 

In Figure 52 the effect of ring diameter (width), 

FIUUM S3.   Three apphcatioiu of ring tails to rocket- 
propelled bother. 

Fiona* S3.    Rmr tails on cylindrical rocket boom. 

CONFIDENTIAL 

Fu.imt 54.  Kinfttaila on rocket IKMHW. 

length, and ring location are illustrated for cylindrical 
booms. The top two diagrams show about the same 
effect on the flow pattern. This is a qualitative indi- 
cation that for a given diameter the effectiveness of 
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FIUUMC 55. 
to body. 

Fracn 56.   Ring bub oo extended interior Has. 

the tail is not improved if * certain optimum length is 
exceeded. This fact is borne out by actual measure- 
ments (see discussions in Chapters9and 14). The re- 
sistance to flow through the narrow passage left in- 
side the small diameter ring shown in the fourth 
diagram causes some of the fluid to by-pass the ring 
and Lenco reduces the cross force. The small arrow at 
the top of the yawed ring marks a disturbance result- 
ing from the flow "spilling out." The tail with the 

ring moved forward as shown in the bottom diagram 
is less effective than for the same ring at the end of 
the boom, also because there is greater resistance to 
flow through the annular space inside the ring. In 
Figure 54, the effects of different attachments to 
rocket noamles are shown. These show the advantage 
of providing large passage and good access to en- 
courage as much fluid as possible to pass through the 
ring. The effectiveness of the increased supporting fin 
area in deflecting the fluid is shown by comparing the 
top three diagrams with the lower three in Figure 55. 

RING MOUNTED ON EXTENDED FINS 

Ring effectiveness can be increased if the ring can 
he supported aft of the projectile proper. Xot only 

Kffeet of nipportinit fin arm and anugnea* — 

Fiai'u 57.   Ring tails on extended interior fins. 
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is the distance to the center of gravity of the pro- 
jectile increased, but on yawing the ring extends out- 
side the wake of the projectile body into high-velocity 
fluid. Figures 56 and 57 are examples where the fins, 

FIOUBB SO.    Ring tail* dwsgned '<* •"«* dr*K- 

-- — 1 

—J '-'. 
- — ""  „ • 

Fiovaa 80.    King Uib deagaed fur high drag' 

which are primarily supporting strut*, and the 
rings are .estricted to the diameter of the projectile 
body. Note that in the first three cases the fins 
must be arranged to provide for expanding exhaust 

FIOUBB 58.   King Uib on extended exterior Ant. 

Where an extra large cross force and restoring 
moment is required, large fins can be used which ex- 
tend from the ring radially or longitudinally. Ex- 
amples are shown in Figure £8. Some of these tails are 
poorly designed for their purpose. The second design 
with the two separated rings b less effective than if a 
•angle ring of twice the length were 'jsed at the end of 
the Imam. This construction, however, does add to 
the mechanical strength. Similarly if there are no 
clearance limitations a much more effective design 
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Fiocan SI.   Square (box) talk (oEowias; eufeal itur- 

can be obtained than shown in the lower diagrams, 
by increasing the ring diameter as well as the fin 

However, it probably represents the best method of 
maintaining a low terminal velocity. High drag due 
to any other component of the projectile reduces the 
stabilising moment under yaw. This is particularly 
important if the sonic velocity range is approached. 
The formation of shock waves on the nose should 
result in increased sensitivity to yaw. 

Figure 59 shows two designs, one of which can be 
oriented in either direction, as shown in flow line 
diagrams of Figure 60. The drag of the cone with the 
small-diameter end forward greatly exceeds the drag 
of the other two examples. 

RINO TAIL* FOE HIGH DEAO 

As already discussed, a high-drag tail is not an 
efficient means of providing a stabilising moment. 

Fionas A3.   Square tails. 

SQUARE TAILS 

The principles for design of square tails parallel 
those for ring tails. Examples of these box tails oo the 
conical afterbodies of several Service bombs are given 
in Figure 01. Models of two of the versions are 
illustrated in Figure 62. 

*" Special Application 

RINO TAIL WITH EXHAUST STACK 

Torpedo exhaust* carried through the propeller 
hub complicate the mechanical design. Figure 63 
shows the diagram for a design using the ring tail and 
its supporting fin as an exhaust duct. For this arrange- 
ment the diagram makes it dear that a tail pipe is 
necessary to extend the exhaust aft of the propeller 
disk so as to avoid interference with the propeller and 
consequent toss of thrust. 
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Frauma OS.   Ring tail with exhtiut stark. 

"       THE USE OF FLOW DIAGRAMS 
IN DESICN 

"-1 Effects of Subassemblies 
on Assembled Units 

As .discussed in the introduction to this chapter, 
the flow diagram for a complete projectile represents 
all the interdependent effects of the components. To 
be sure, certain details can often be examined sepa- 
rately, resulting in conclusions independent of the 
shape of the whole. Care must be taken, however, to 
assve that this is true. For example, Figure 64 shows 

local flow listjrbances arouad rivets and rjsptisiaa 
fittings as examined separately. Figure 65 shows the 
flow diagram for similar suspension fittings on a com- 
plete torpedo. There is no essential tiifierence in the 
conclusions reached air.' the effects of these fittings 
on the flow and drag. Figure 66, on the other hand, 
shown such fittings on a depth bomb. A discontinuity 
at the junction between the nose and the full di- 
ameter body results in flow separation and a wake 
which completely envelops the suspension fittings. 
As a result, extra drag should not be expected from 
these protrusions in the latter case. This conclusion 
was verified by water-tunnel measurements. 

The cases where complete diagrams can be assem- 
bled from those of the components are numerous, 
however. An example u shown in Figure 67. 

£T: 
i ||Q 1 

Fionas M.   Local disturbance* by met* and n»- 

FIOOBB <tt.   Suspension fitting* on streamlined projectile. 
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Fiocut M.   Smpenaoii fittinp in wake of blunt none. 
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Florae (17.   An example of the use of flow diagrams in combining projectile flow component*. 
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Chapter 4 

CAVITATION AND ENTRANCE BUBBLES 

••• INTRODUCTION 

AN AIR-WATER PROJECTILE, SUctl ag an aircraft tOT- 
•ra pedo, in the course of its trajectory from the air- 
plane to the unuerwater target, pauses through at 
leant one, and possibly two, transient condition* in 
which it* entire performance may be affected signifi- 
cantly by phenomena involving both a gas and a 
liquid. The first of these begins at the instant of water 
impact, and continues as long as the air that has been 
carried down into the water by the projectile stay* 
with it as a bubble that covers at least ft portion of 
the projectile surface. The second condition occurs if, 
during the subsequent underwater run, the reduction 
of pressure resulting from the velocity of the body be- 
comes, at some points on the projectile, equal to the 
vapor pressure of the water at the existing tempera- 
ture. If this happens, evaporation will occur at these 
points, forming small vapor-filled bubbles. These 
small bubbles, under certain condition*, may be 
formed in increasingly higher numbers covering an 
increasingly larger surface. If conditions become 
more favorable to their formation, they combine to 
produce a large cavity or bubble which normally 
appears as a band encircling the projectile. If condi- 
tions become still more favorable, the cavity may- 
grow until it envelops the entire downstream portion 
of the body. This phenomenon is called caviCation 
and its different stages are known t» incipient, partly- 
developed, and fully developed cavitation. Any of 
these stages may be the equilibrium stage and thus 
prevail for any length of time, and, therefore, be 
subject to study. Unlike this, the different stages of 
the air bubble formed at the water entrance of the 
projectile are continually changing, thus making the 
phenomenon transient in the strictest sew*. The di- 
rect investigation of this transient phenomenon is far 
more difficult. Furthermore, cavitation ctr. 'w stud- 
ied on a stationary body surrounded by a moving 
fluid, but, even in the laborat.wy, entrance bubbles 
must be studied on moving brdies. 

On the other hand, the similarity of the air enve- 
lope formed after the entrance of the projectile into 
water, and the vapor envelope of fully developed 
raviUtion suggests tbnt they are, in many respects, 
manifestations of the same basic phenomenon, even 

though in the past they were considered as wholly 
unrelated. 

In view of the similar characteristicM of the two 
manifestation! and the relative difficulty of making 
quantitative studies on moving bodies, the main 
basic investigations were carried out in the cavita- 
'ion field. However, to form a basis for discussing the 
application of the cavitation results to the water- 
entry problem, the main features of the entrance 
bubbles will lie reviewed first, so that during the pre- 
sentation of tin? results of the cavitation study, it 
will be passible to point out the similarities and 
differences of the entrance and cavitation bubbles. 

4.1 ENTRANCF BUBBLKS 

As a projectile, having a moderate or high speed, 
first touches the surface of the water, the latter is 
forced away from the point of contact. This action is 
so violent that it gives rue lo the common description 
that the projectile "Mows a hole for itself in the wa- 
ter." This cavity may be considerably larger in di- 
ameter than the projectile, and many times its 
length. During its formation it is open to the atmos- 
phere and, therefore, is filled with air at or slightly 
below atmospheric pressure. As the projectile pene- 
trates farther into the water, the cavity continues to 
lengthec until a point is finally reached whe.< the 
water closes in, severing the connection between the 
cavity and the atmosphere, and changing the cavity 
from an open tube into a closed bubble. This bubble 
continues to travel forward with the projectile. How- 
ever, from the instant of closure, the amount of air 
•vithin the bubble diminishes because it is entrained 
by the water through which it is moving until it 
finally disappears completely. Figure I* shows such a 
eyele. This cavity, from the instant of its inception as 
the tip of the projectile first touches the water until 
its final disappearance as the last particle of air is 
swept away from the surface of the projectile, is com- 
monly referred to as the entrance bubble. 

As the projectile touches the water the drag goes 
up tremendously, primarily because of the great in- 
crease in density of the watei over the air, and 

• Thane pietum wen taken in the model tank at the Naval 
Oninanoe Laboratory, Washington. 
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secondarily because, as far as the water is concerned, 
the flhape of the projectile is that of the entrance 
bubble, and this in general is less streamlined than 
the projectile, and th>is has a higher form drag, as well 
a~ a larger cross section. Furthermore, the entir? 
force distribution on the body is radically altered. 
During the air flight, the aerodynamic forces are the 
result of the skin friction and the pressure distribu- 
tion over the entire body, whereas in the entrance 
bubbfe the only existing forces of significant magni- 
tude are applied in the very small areas of contact 
between the projectile and the water. In the initial 

Ftunas I.   Entmwe bubble ejrele from andd tank. 

phenomenon. Its superficial similarity with cavitation 
may be recognised by comparing the cavitation 
pictures, shown in Figure 2, with the entrance 
IMIM4O< of Figure !. 

Fiovat 2.   CsviUtion bubble*. 

*•» CAVITATION 

*•••* Definition of Cavitation 

In thia discussion cavitation will be taken to mean 
the generation of a gas space, or bubble, in a liquid, 
this space being filled primarily with the gas phase of 
the liquid, at the same temperature as the liquid, vid 
at the equilibrium pressure for that temperature. So 
far all of these requirements could be filled by gas 

i of the bubble formation, the nose is the only 
point of contact. Hence the point of application is 
ahead of the center of gravity, and for any normal 
note shape the condition is unstable. The lateral 
component of this force act* to produce a rotation 
about a transverse axis through the center of gravity, 
and this rotation continues until a restraining force is 
developed when the afterbody or tail structure comes 
in contact with the wall of the bubble. Since all of 
these forces are large, they greatly affect both the 
velocity and the direction of the motion of the 
projectile. 

We note the entrance cavity is an air bubble, and 
although there may be traces of water vapor or other 

present, they play no significant part in the 

Fiauas 3.   Flow diagram. Mk 13 Torpedo mw. 

bubbles formed in a boiling liquid. This is not sur- 
prising, since the cavitation voids are filled with gas 
by evaporating a portion of the surrounding fluid, 
i.e., by boiling However, in most processes where a 
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liquid eomea to a boil the liquid in either stationary 
with respect to the container or moving at a velocity 
so low that it has no appreciable effect on the pres- 
Mire. ThuK, the pressure is sensibly the same through- 
out the liquid, varing only with the depth. In cavita- 
tion, however, the velocities in the cavitating lone 
must be high, because they are the cause of the drop 
in pressure from the static pressure, which is well 
above vapor pressure, down in vapor pressure itself 
at the pain; where the cavity is formed. This drop in 
pressure which accompanies an increase in velocity 
is in accordance with the principle of the conserva- 
tion of energy, as expressed in the Bernoulli equation. 
(Vsvider a > r^am tube in tiie flow pattern in Figure 

Kiuriuc 4. 
pump. 

('•vital**! to runner <4 rrn» • \tugal 

3. If the Bernoulli equation is written between points 
I and 2, which lie in a horiaontal plane, it becomes 

» + > 

Pi - Px + y W + **) 

where p is the density of the fluid, and pi and p% are 
the pressures, and r, and •>> the veJoeities, at points I 
and 2, respectively. Another striking difference be- 
tween the cavitation phenomenon and usual boiling 
is seen when the possibility of collapse of a vapor 
bubble is examined. In the boiling liquid a gas bub- 
ble, once formed, tends to rise due to its buoyancy, 
and as it rises, the pressure on it decreases due to the 
decreasing hydrostatic head. Thus, even though no 
more vapor pa— into the bubble, it will expand un- 
til it reaches the surface. N'ow, a vapor bubble formed 
by caviutioa will also tend to rise due to buoyancy. 
However, in most cases, the upward velocity due to 

the buoyancy is negligibly small compared to the 
velocity of flow of the surrounding liquid. Therefore, 
the path of the bubble is determined by the flow of 
the liquid. If the liquid carries the bubble to a region 
where the pressure is higher, the l«jM>le will collapse 
because the vapor is no loeger in equilibrium with the 
liquid, i.e., it condenses. Sinre in this condensation 
the vapor disappears entirely into the liquid phase, 
there is no gas to cushion the collapse. Therefore, 
when the liquid surfaces meet or when a liquid sur- 
face collapses against a solid surface forming a part 
of the bubble boundary, the "water hammer pres- 
sure" which results can be extremely high. These 
high forces are probably responsible for the pitting 
of metal surfaces that is commonly associated with 
continued cavitation. An extreme case of cavitation 
damage on the runner of a centrifugal pump is shown 
in Figure 4. However, the principal objective of this 
discussion is to investigate the phenomenon of cavi- 
tation itself and not the damage resulting from it. 
Therefore, cavitation damage will lie given no further 
consideration. 

"' location of Point of 
Cavitation Inception 

From the preceding description of the nature of 
cavitation, it is obvious that if the pressure distribu- 
tion is known, then the point of cavitation inception 
can be determined immediately. ('A vital ion obviously 
will occur first at the point of minimum pressure on 
the body. It will commence when this pressure reaches 
the vapor pressure of the fluid. If the surface of the 
submerged body be thought of as a deflecting or guid- 
ing surface for the Bowing fluid, a rough estimate can 
be made of the critical points on the body where low 
pressures might be expected. Thus, parts of the sur- 
face which deflect the flow away from the body will 
be regions of high pressure and, therefore, will not be 
susceptible to cavitation. Conversely, those parts of 
the surface which fall away from the flow and thus 
deflect it so that the flow lines are concave toward 
the body are low-pressure regions, and hence aonea in 
which cavitation may be expected to appear. Con- 
sider a typical projectile, such as the torpedo shape 
which is shown, together with its pressure distribu- 
tion, in Figure A. The tip of the nose is always the 
high-pressure region because it is deflecting the flow 
away from the body. However, considerably before 
the cylindrical portion is reached, the nose surface is 
falling away from the lines of flow, and hence, a low- 
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prw«ure legion can be anticipated. If cavitation 
occur* in this region, an drawn in Figure 0, it t* usu- 
ally referred to as now cavitation. The amount of 
lowering <rf the pressure below that of the ncighiioc- 
ing undisturbed liquid in, fur a given velocity, dc- 

/fm—jmmJm, Wm 

Ki<< a* 5.   Mk 24 torpedo «haf». PTPWIIIT iliKtrilMittmi 
along longitudinal xntiiai. Yaw anate 0 il*a,m. 

terniincd by the shape of the now. It ii« to lie expected 
that the rylindrieal part of the hody will he a tone of 
rather uniform pressure since it haw no mean* for 
faulting arty radical change in the flow direction. 
Hi wever, an xoon an the body start* to deereaw in 
diameter toward* the tail, another low-presxure rc- 

FHit-aa S.    Xoar- rantatkm. 

gkm will be formed. If thin han a lower pmwure than 
the corresponding region on the now, cavitation will 
fin* occur here, as in Figure 7. Finally, a high- 
preMojie ion* can be expected toward the aft end 
where the flow line* that follow the tapering after- 

body come together and are forced to low their radial 
component of velocity. 

If the body has fixed or movable linn, the leading 
edge* will he high-prewure region*.  However, by 

%>'   •"  * r-~**fe.-— 
FI<.IHB7.    Afterimdy raviutkin. 

analogy* to the flow artntnd the now, thew edge* will 
be followed immediately by low-pressure regiomi, and 
hence, ax in Figure 8, will he another possible source 
of cavitation. If the projectile in a torpedo, the pro- 
peller* will offer another possible location for cavita- 
tion, an wen in Figure 9; a very tflely one in fact, be- 
cause they are nothing moic than moving linx, and 

Florae 8.   Fin raviUtian. 

their rotation means that they have a higher velocity 
with respect to the water than do the finn. This higher 
velocity may result in correspondingly lower pres- 
sures, aud hence, additional cavitation regions. It is 
possible to conceive of a body HO designed that each 
of thew four annex would have the name prewure and 

Florae tt.    PniurHrr ravitatkm. 

hence, when the prewure field was lowered they 
would all reach vapor pressure at the name instant, 
and four independent tones of cavitation would he 
formed. Figure 10 shows a body upon which cavita- 
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tion starts in several different tones at nearly the 
same time. In practice, however, this is rarely the 
case. One tone usually has a lower pressure than the 
other and cavitation becomes evident there first. 
If the pressure field continues to drop, the sone of 
next lowest pressure will start to cavitate, arid so on. 
Often, however, the growth of the cavitation bubble 
at the first xone is so rapid that it envelops the other 
•ones before they would have reached cavitation 
conditions if the flow had remained undisturbed. 
This growth of the bubble will be discussed in more 
detail later. 

Fieuu 10. 
cavitation. 

Body with several point* nf MmulUneou* 

It may have been inferred from the previous re- 
marks that visible cavitation always occurs at the 
point of minimum pressure on the body. This is not 
strictly true. When the minimum p ..ssure point co- 
incides with a geometric discontinuity, the visible 
cavitation usually appears at the same location. 
However, if the discontinuity is sharp enough, the 
cavitation may even appear first in the fluid at some 
distance from the bot1-. For shapes with reasonably 
large <*adii of curvature, the visible cavitation usually 
appears somewhat aft of the point of minimum 
pleasure. 

«J.» Cavitation Parameter 

ID order to describe quantitatively the conditions 
under which cavitation occurs, the cavitation para- 
meter K has been defined as follows: 

(1) 

in which PL = absolute pressure in the undisturbed 
liquid, 

PB - absolute pressure in the bubble or 
cavity, 

i<    — velocity of the projectile with respect 
to the undisturbed liquid, 

o    « density of liquid. 

Note that any homogeneous not of unit* can be used 
in the computation of this parameter. It is often 
convenient to express this parameter in term* of the 
head, i.e., 

K (la) 

20 

where h the submergence plus the barometric 
head, in feet of liquid; 

*B » absolute pressure in the bubble, in feet 
of liquid; 

g   = acceleration of gravity, in feet per sec- 
cond per second; 

t*/2g   = thi- velocity head, in feet of liquid. 

Any unit of length can lie used in equation (la) in- 
stead of feet. It will IK- seen that the numerator of 
Ixith expressions is simply the net pressure or ht ad 
acting to collapse the cavity or bubble. The denomi- 
nator is the velorty pressure or head. Since the pres- 
sure reduction at any point on the body is propor- 
tional to the velocity pressure this may be considered 
as a measure of the pressure available to open up a 
cavity. From this point of view, the cavitation pa- 
rameter measures the ratio of the pressure available 
to collapse the bubble to the pressure available to 
open it. If the K for incipient cavitation is considered, 
it can be interpreted to mean the maximum reduction 
in pressure on the surface of the body, measured in 
terms of the velocity pressure. From this it follows 
that, if a body starts to cavitate at A' — 1, the lowest 
pressure at any point on the body is 1 velocity pres- 
sure below that of the undisturbed fluid. Figure 5 
presents a concrete example of this relationship. It 
shows the measured pressure distribution on the sur- 
face of a torpedo, expressed in terms of the velocity 
pressure. The lowest pressure occurs at the junction 
between the spherical nose and the conical section. 
The pressure at this point is 0.72 of a velocity head 
below that in the undisturbed fluid. Under cavitation 
tests in the water tunnel, this same shape cavitatcs 
first at this location, and the measured K for incipient 
cavitation is 0.67. 

It will be seen that the A" for incipient cavitation is 
a measure of the resistance of the body to cavitation, 
or hi other words, an indication of the excellence of 
the shape. Thus, the lower the AT for incipient cavita- 
tion, the greater the cavitation resistance, and the 
better the shape from this viewpoint. 

It should be borne in mind that the cavitation 
characteristics of a given body are not defined by a 
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tingle -.'»lue of AT. For example, a specific torpedo 
shape might show signs of incipient cavitation on the 
nose at a particular value of AY With a slightly 
lower value A't, cavitation might commence on the 
fixed tins. Careful examination of the propellent 
might demonstrate that cavitation had commenced 
on them at a value A'j, which wan even greater than 
K\. A value A'4 might be recorded at the start of 
cavitation on the afterbody. At A'», the length of the 
cavitation Isjbble on the nose might be ulxierved to 
be equal to 2 body diameters. 

The preceding paragraphH illustrate the fact that 
the cavitation parameter A', ha* many use*. Two of 
these should be noted explicitly. The first one in that 
for a given projectile, each specific bubble configura- 
tion from the point of inception to the development of a 
bubble of "infinite" length correspond* 1o a specific 
value of A'. It thus seres to define, for one given 
shape, the degree of cavitation. The second use is 
that in comparing different projectiles or different 
part* of the same projectile, it serves as a yardstick 
for the evaluation of their relative performances. 
This use has been demonstrated in the two preceding 
paragraphs. 

It may have been noted that in defining the cavita- 
tion parameter there has been no discussion concern- 
ing what determines the pressure within the bubble. 
This was done deliberately because the pressure in 
the bubble may be determined by a number of dif- 
ferent factors which have no effect on the interpreta- 
tion of the parameter. Thus, it is quite immaterial 
whether the bubble contains air under pressure, 
products of combustion, or water vapor in equilibrium 
with the surrounding water. However, if the cavita- 
tion void is filled only with water vapor in equilib- 
rium, then the phenomenon is that of "true cavita- 
tion" as normally defined. In this case, /'» becomes 
the pressure of the vapor, which can be determined 
from tables of the vapor pressure of sea water or fresh 
water, as the case may be. Figure 11 has been con- 
structed to assist in the determination of A' for such 
cases. This diagram clearly shows the effect of depth, 
or submergence, and velocity. (Also see Appendix.) 

It should be noted that although, under service 
conditions, the pressure on the water surface can 
vary only by the normal barometric fluctuations, 
very different conditions can be established in the 
laboratory, where, for example, the "atmospheric" 
pressure is completely under control. Thus, in the 
high-speed water tunnel, shapes can be made to cavi- 
tale at much lower velocities than would be possible 

in the free ocean, simply by reducing the system pres- 
sure until the A' is reached at which the desired de- 
gree of cavitation is obtained. For example, take the 
case of a projectile which run* in the ocean at 5-ft 
submergence and has a A' for incipient cavitation of 
0.45. The velocity at which cavitation commenrcs is 
given by equation (laI. 

l/2»(*t - **)        |,'«U.4(33.2 + 5 - 0.4) 
' -  \ £ | 0^5 

- 73.8 fps* 

If a model cf this projectile is tested in the water 
tunnel, and if the tunnel pressure, A t is reduced,say, 
to 15 ft abs, the velocity for incipient cavitation re- 
duces to 

|/ft».4(15 - 
r" r     o.4T 

- 0.4) - 45.7 fps. 

A further reduction of A r. to 5 ft abs, would cause the 
cavitation to start at 25.0 fps. If with k,, equal to 5 
ft abs the velocity were maintained at 45.7 fps, K 
would lie reduced to 0.14 and extremely heavy cavi- 
tation would be caused, resulting in a bubble several 
times as long as the projectile. 

41.4 Degrees of Cavitation 

One of the most significant cavitation character- 
istics of a body is its A' for incipient cavitation. How- 
ever, this by no means describes its entire cavitation 
performance even if consideration is given only to the 
single aooe in which cavitation first commences. For 
example, Figures 12A to G represent the develop- 
ment of cavitation on a typical body with a hemi- 
spherical nose. It will be observed that as the cavita- 
tion parameter decreases, the cavitation sane 
lengthens. It has been found in the laboratory that 
for a given shape of body and constant yaw angle, 
the relationshir .tetween the length of the tone and 
the value of A is a fixed function of that shape, thus, 
as suggested earlier in this section, A' can be used to 
describe the degree of cavitation as well as the begin- 
ning of it. 

Since, for a given value of A', the cavitation bubble 
has a freed sine and location with respect to the body, 
from the point of view of the liquid, the shape of the 
body has l>een altered by it. Thus, as far as the liquid 
is concerned, it is flowing around an object which has 
the overall shape of the original Isidy plus the eavi- 

<• 33.2 ft »f sea water n.»F' 
IU vapor prewuic is 0.4 ft. 

I aim. At this temperature 
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Fiorar II.   Chart nhowin* relation between velocity, MibowrRrnce, and nvitatkm parameter. 
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tatkm void. Therefore each change in shape of the 
bubble produces corresponding changes both in the 
velocity and the pressure fields surrounding the body. 
Another way of saying this would be that each value 
of K corresponds to a given effective body shape. 
However, there is one unique characteristic of the 

KIOCBE 12. Development of eavitation bubble. Hemi- 
spherical nose. This is an example of finegrained eavHa- 
tion. 

part of the effective body that is formed by the bub- 
ble. The original solid body wu unaffected by a 
variation in pressure on it, i.e., the variation in pres- 
sure produced no change in the body shape. On the 
other hand, the bubble is incapable of resisting any 
appreciable difference in pressure over its surface. In 
other words, the pressure on the entire surface of 
the bubble must be uniform since in case it is not, the 

bubble will deform until it is. Thu* the interface lie- 
tween the bubble and the liquid is an isopiestir wir- 
face.° From this it might seem that if the pressure 
distribution arounU the body were measured or com- 
puted, the isopiestic surfaces would define the shape 
and course of growth of the eavitation bubble. This in 
not true because of the changes in the pressure fields 
produced by changes in the bubble shape. However, 
it is reasonable to suppose that for a given state of 
development of the eavitation bubble, the adjacent 
isopiestic surface in the flow will be a good indication 
of the direction of growth of the bubble as the 
pressure is lowered. 

Cavitation is often thought of as a very localised 
phenomenon which occurs in narrow cones such as 
those shown in Figures 12A and B. However, at, seen 
in Figures 12C to G, if the pressure is reduced suffi- 
ciently, the cavitation grows to enormous propor- 
tions and may become many times the volume of the 
original body. This complete envelopment of a pro- 
jectile by a vapor or a gas bubble is easily possible i! 
the velocity is high enough or if the pressure in the 
bubble is sufficiently great. Thus, in Figure 120 it is 
seen that only a portion of the hemispherical nose of 
the body is in contact with the water. The flow breaks 
away from the body before the full diameter of the 
projectile is reached. This is, of course, a typical 
bubble condition which occurs when the projectile 
enters the water from the air. 

444 Typea of Cavitation 

If a shape that has a relatively poor cavitation 
resistance such as a hemispherical nose, is studied, it 
will be observed that when cavitation commences it 
occurs in a sharply defined aone. It appears as a white 
band, which, upon closer examination, seems to be 
made up of a series of very small bubbles. As the 
pressure is lowered and the cavitation tone spreads, 
the aone remains quite sharply defined, especially at 
the leading edge, and the character of the surface 
stays approximately the same. This might bt called 
"fine-grained cavitatiui." A typical case of this type 
is seen in Figure 12. In contrast to this, if a shape hav- 
ing more cavitation resistance is subject to a similar 
scrutiny, as, for example, a long elliptical or more 
pointed nose, cavitation will appear first as p series of 
individual and comparatively large droplike bubbles. 

•This statement ignores the minute pressure gradient that 
may exist due to (as circulation in the bubble This fartoi is 
discussed in Section 4.3.7. 
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As the pressure is reduced, these bubbles grow more 
numerous until they cover the entire surface, but 
they retain their individual character over a wide 
range of cavitation conditions. This we will term 
"coarse-grained cavitation." A characteristic ex- 
ample of rhi < class is seen in Figures 13A to C which 
show cavitation development on an ogive having a 
radius of curvature equal to 2.0 body diameters. 

Fionas 13. Development of cavitation bubble. Two- 
caliber tjgive nose. This ia an example of coane-graiued 
cavitation. 

One possible explanation of the reason for the dif- 
ference in the appearance of these two variants of the 
cavitation phenomenon may be found in an exami- 
nation of the pressure distribution occuring on the 
two shapes. In the case of the hemispherical nose the 
pressure gradient is relatively steep, and therefore, 
the tone in which the pressure becomes equal to the 
vapor pressure is quite sharply denned. Consider two 
elements of liquid moving abreast in parallel paths 
along the body. Both enter the cavitation tone at the 
same instant so that there is no time available for the 

change in flow produced by the presence of the gas 
bubble for.ned in one element to affect the pressure, 
and hence the evolution of gas in the adjacent ele- 
ment. Therefore, cavitation occurs simultaneously in 
the two elements, and consequently around the en- 
tire circumference of the nose. On the other hand, on 
the long ogive nose, the pressure gradient is much 
smaller. Therefore, the exact point on the path of the 
liquid element at which the pressure reaches the 
vapor pressure is much less sharply defined. Thus, it 
is possible to imagine that, owing»«localised fluctua- 
tions in velocity that are always present in turbulent 
flow, or possibly in some instances due to a minor 
surface imperfection, such as a scratch on the body, 
one element of the fluid would reach the vapor pres- 
sure slightly before the corresponding one on the 
neighboring parallel path. The resulting gas bubble 
would cause the liquid to be deflected around it, 
which might result in a slight increase in pressure on 
the liquid in the adjacent element and thus delay 
vaporisation from it until it has moved a short dis- 
tance further downstream. This explanation is very 
tentative and is offered without any background of 
quantitative experimental confirmation. 

*•*•• Effect of Cavitation 
on Underwater Performance 

Comparatively little quantitative information is 
available about the effect of cavitation on the per- 
formance of underwater projectiles. The exceptions 
to this statement include (1) the case of propeller 
cavitation, since much study and analysis has gone 
into the investigation of the effect of cavitation on 
propeller performance, and (2) measurements of the 
forces on a group of cavitating projectiles. (See 
Chapter 5.) For further details reference should be 
made to the publications of the David Taylor Model 
Basin, the Department of Naval Architecture at the 
Massachusetts Institute of Technology, etc. 

The presence of the cavitation bubble on the main 
body of the projectile would be expected to modify 
the normal hydrodynamic forces of drag, cross force, 
and moment. The nature and magnitude of these 
effects are discussed together with those of the en- 
trance bubble in Section 4.5. However, there is one 
effect, probably peculiar to the inception of true 
cavitation, that will be mentioned here. There is 
some evidence to indicate, on certain body shapes, 
that there is a very small reduction in drag just be- 
fore or during the inception of cavitation. This n> 
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duction seems to be followed by a quite rapid in- 
crease in drag as the cavitation zone develops to an 
appreciable magnitude. If the normal division of the 
total drag into skin friction and form drag is con- 
sidered, it is not very difficult to find an explanation 
for this anomalous behavior. It would be expected 
that the presence of the cavitation bubble would 
affect the two components of the drag in opposite 
manners. The skin friction should be reduced, nine* 
the total area of the projectile exposed to the flow of 
the liquid is decreased. Furthermore, the first traces 
of cavitation may possibly inhibit the growth of the 
boundary layer. One would expert the form drag to 

fiotnts 14. 
meter. 
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Drag coefficient versus cavitation para- 

increase, since it would be a rare case indeed in which 
the presence of the bubble could be expected to im- 
prove the hydrodynamic form of the body enough to 
overbalance the increase in drag which would result 
from the larger effective diameter due to the presence 
of the bubble. Through the interplay of these two 
opposing effects, it is possible that at the inception of 
cavitation, the akin friction is reduced more than the 
form drag is increased; whereas, as the cavitation 
develops, the increase in form drag overtakes and 
then completely masks the reduction of skin friction. 
Figure 14 gives the results of a drag test which shows 
this effect. 

*At Gas Cycles in Cavitation 

In general, little attention has been paid to the be- 
havior of the vapor which fills a cavitation bubble. 
For many purposes it has been adequate to consider 
the space as if it were a complete vacuum. Actually 
it is gas filled. That part of the surface which is 

bounded by the liquid is moving rapidly with re- 
spect to the gas. The gas is produced by vaporization 
of the liquid through this interface. Since the heat 
for this vaporization comes from the sensible heat of 
the liquid itself, the process must result in a decrease 
in temperature of the liquid. As the percentage of 
liquid that is vaporised must be extremely small, this 
decrease in temperature is probably negligible for any 
of the present considerations. It might be asbiuned 
that the downstream boundary of the cavitation 
zone is a region of condensation where the vapor 
collapses back to the liquid state. However, observa- 
tion of actual cavitation quickly shows that, although 
this may be partially true, it does not describe the 
phenomenon completely. The downstream end of the 
cavitation sone can be seen to he a region of very 
rapid entrainment of elements of the gas by the 
rapidly moving liquid. Thr is especially evident in 
photographs taken with very short-duration flash 
illumination. In such pictures it is possible to see not 
only clouds of minute bubbles being swept far down- 
stream from the end of the cavitation sone, but large 
individual bubbles can be observed in the process of 
entrainment and transportation downstream. All the 
cavitation photographs presented here are taken with 
such flashes which give a resulting exposure time be- 
tween 1 and 25 psec. Figure 15 shows this entrain- 
ment quite clearly. Furthermore, within the main 
cavitation bubble there must be a rather intense 
circulation of the gas, since a large part of the surface 
is formed by the moving liquid, which must induce a 
corresponding flow in the gas. Since all of this gas 
cannot be entrained at the downstream end, there 
must be a resulting forward counter flow along the 
surface of the projectile to complete the circulation, 
as shown on the sketch in Figure 16. It is probable 
that one result of this circulation pattern is that there 
is a minute pressure difference which exists between 
the upstream and downstream end of the bubble, the 
higher pressure being at the upstream end. 

The appearance of some of the well-advanced 
cavitation bubbles points to the existence of this gas 
circulation and pressure difference. Thus Fif-es 17A 
to D show the various stages in the deveIop*nent of 
cavitation on a projectile having a nose of low cavita- 
tion resistance. In the beginning the entire surface of 
the bubble appears milky or frothy and seems to be 
made up of a scries of minute bubbles. It might be 
assumed that the entire space was filled with this 
froth. However, it must be remembered that rapid 
evaporation is taking place from the liquid through 
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Florae 15.   Kntninment from eavHatian babbie. Flow velocity 60 feet per second. Interval between picture* rppnixi- 
•lately 1 /7S0 eerond. Note arrows showinf beficnirjf of aeoood and third bmlcB. 
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the interface into the gas space. The observer in 
looking from the liquid ride and very probably sees 
only the breaking bubbles at the surface. Since the 
rate of entrainment at the downstream end of e 
cavitation tone is obviously high, the rate of vapori- 
sation is equally high in order to supply the required 

KKH'HE hi.    Ga* rirrulation within IMIIIMIV 

amount of gas. However, as the surrounding pressure 
decrease* and the size of the bubble increase*., the 
amount of the surface through which vaporisation 
can occur appears to increase more rapidly than the 
entrainment. This is shown by the fact that the for- 
ward part of the bubble begins to have glassy zones 
through which the projectile can be seen. As the 
bubble size increases further, this mnoothing of the 
surface, i.e., the decrease in vaporization through it, 
spreads downstream until the entire length of the 
projectile is visible, as in the case of Figure I7D. Now, 
if the pressure within the bubble we.T uniform, it 
would be expected that the rate of vaporisation 
would be decreased uniformly over the whole inter- 
face. However, the photographs show that this is not 
the case and that the vaporisation disappears first at 
the forward end of the bubble. The earnest explana- 
tion is the one previously offered, i.e., that the gar, 
circulation has produced a slight pressure gradient 
with a higher pressure at the upstream end. 

«•»        ENTRANCE AND CAVITATION 
BUBBLES 

<>>'1 Similarities and Differences 

The discussion of entrance and cavitation bubble* 
at the beginning of this chapter and occasional refer- 
ences later on have indicated that the two phenomena 
belong to the name family. However, it is con- 
structive to examine the specific points of similarity 
and difference between them. 

If the two bubbles are compared on the basis of the 
cavitation parameter A', it will be found that for the 
same value of K on a given projectile, the cavitation 

bubble and the entrance bubble will be of the same 
site and shape within reasonably close limits, i.e., 
they are geometrically alike. It must be remembered 
that in computing the value of K for the entrance 
bubble, the pressure of the air inside the bubble must 
\ie used for Pa, in place of the vapor pressure of the 
water. As the air pressure is much higher than the 
vapor pressure, a given value of K is obtained at 

K>C44 
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Fiotma 17.   DevelopaMnt of cavitVJoi' 
noae, ahowinf tnnaition to dear bubble. 

blunt 

much lower velocity for an air-filled bubble than for a 
true cavitation bubble. Since the bubbles ere similar, 
their effect on the drag coefficient and on the coeffi- 
cients of the other hydrodynamic forces should bt the 
same. It should be noted that force coefficients are 
specified rather than the forces themselves because 
the velocities involved for the same values of K are 
quite different in the two cases. 
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The gas supplies for the two cases are quite dif- 
ferent. The cavitation bubble has an unlimited gas 
supply through the vaporisation of the surrounding 
water, whereas the entrance bubble has » very limited 
supply. When a projectile enters the water from the 
air, the supply of air to the bubble is cut off when the 
air tube to the surface closes. Henceforth, as. the gas 
is pumped away through entrainment at the down- 
stream end, either the bubble must get smaller or the 
pressure within it must drop. T'lis process must con- 
tinue until the bubble is completely consumed. How- 
ever, for corresponding A'V the gas circulation and 
the entrainment should be comparable to that of the 
cavitation bubble. For the air bubble the interface 
will always be clear and transparent since no vapori- 
sation takes place across it. 

I'nder some conditions the cavitation bubble can 
be considered a steady-state phenomenon. For ex- 
ample, a projectile running at a constant depth and a 
constant velocity could maintain continuously a 
cavitation bubble corresponding to the existing value 
of K. The entrance bubble, on the other hand, is in- 
herently transient because it has no continuous sup- 
ply of gas. It is, of course, possible to imagine condi- 
tions on a torpedo in which the exhaust gases from 
the power plant could act as the source of supply. 
Likewise, the products of combustion from a jet- 
propelled torpedo might furnish sufficient gas to 
maintain an entrance bubble. However, it appears 
that for the normal projectile shapes and arrange- 
ments, these points of discharge are not very favor- 
able for the maintenance of the bubble. This is very 
fortunate, since it would be impossible to secure 
acceptable performance if a bubble large enough to 
envelop the body were maintained during the entire 

4.4.1 Entrance-Bubble Formation 

An examination of the cavitation parameter shows 
that at the point of passing through the interface, 
every projectile entering the water from the air is 
operating with a A' of aero, since at that point P*.« 
PB. Therefore, every projectile shape, no matter how 
excellent, must produce a bubble at water entrance. 
However, K rapidly assumes a finite value as the 
depth of submergence increases, even though an open 
nassage is maintained from the projectile to the sur- 
face through which the air can continue to enter. This 
is because PL always increases directly with the 
submergence. 

The entrance phenomenon starts when the pro- 
jectile first touches the water. From this point on and 
continuing during the first diameter or two of travel 
the change in the phenomenon is so rap.d that it has 
no sign'tioant effect during the rest of the life of the 
bubble. The initial accelerations imparted to the 
water are very high, and in the case of oblique entry 
the forces on the projectile are asymmetrical. There- 
fore, during thi • beginning part of the phenomenon, 
there is probably little similarity between the be- 
havior of the entrance bubble and the bubble ob- 
served under steady-state conditions. However, the 
flow pattern rapidly becomes established and the 
rates of change of the conditions deeieasc so that 
soon the differences between the transient and 
steady-state conditions are not of majoi importance. 
Since this discussion is largely based on the results of 
experiments and analysis of steady-state conditions, 
the conclusions arc inherently limited to this second 
phase of the entrance phenomenon. It would seem 
that as a rough approximation this second phase 
might be thought of as beginning at about the time 
the projectile has traveled three or four diameters 
from the point of contact. 

The entrance bubble is apparently formed for the 
same dynar .c reasons that the cavitation bubble is 
formed. The water is forced out of the path of the 
moving projectile by the nose, thus giving the water a 
radial component of velocity. If the flow is to conform 
to the shape of the body » point is soon reached when 
an acceleration must be produced towards the body. 
If the pressure difference between the fluid and the 
surface of the body is uot sufficient to produce this 
acceleration, then the flow will not follow the body 
surface. If there is a supply of gas available, the 
intervening space will be filled by it. This is, of 
course, what happens when the projectile enters the 
water. The water is forced away from the projectile 
and at the surface there is no restoring force; hence, 
only the forward part of the projectile is in contact 
with the water and the bubble forms aft of this point. 
As the nose penetrates below the surface, the hydro- 
static pressure builds up and acts to restrict the siae 
of the bubble. It should he noted that the only force 
acting outward away from the projectile is supplied 
by the wetted portion of the nose. From this none aft, 
all the forces act to produce an acceleration toward 
the body, thus tending to decrease and later to re- 
verse the outward radial velocity component. If the 
velocity of entrance is low, it is possible for the hydro- 
static forces to close the bubble either on the mid- or 
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after-section of the projectile. However, if the en- 
trance velocity is increased, the hydrostatic forces 
will require a longer time to close the bubble. In thin 
«we the length of the bubble will be increased due to 
two factor*, (1) the bubble is open longer and (2* the 
projectile \t> Ruin* faster, thus creating greater length 
per unit time. Since the forces at the surface tending 
to cause closure are very low, closure will normally 
take place at some point below the surface. Then a 
residual tube of air from the point of closure to the 
surface will be expelled, causing considerable surface 
disturbance. 

From the point of view of the above analysis, it 
will be seen that the maximum diameter of the en- 
trance bubble for a given trajectory angle will depend 
upon two factors, (1) the shape of the nose and (2) 
the speed of the projectile. These control the magni- 
tude of the outward acceleration and hence the siie 
of the bubble, since the restoring force, i.e., the sub- 
mergence, is constant. 

«" Bubble Decay 

The mass of air present in the entrance bubble 
reaches a maximum at the instant of its closure. From 
that point on, the bubble steadily loses air to the 
surrounding liquid. In discussing the gas cycle within 
the cavitation bubble, it was pointed out that the 
downstream end of the bubble is a region of very 
rapid entrainment of the gas. This is equally true of 
the entrance bubble. The surrounding water acts as 
an ejector to pump the air out of the bubble by 
breaking off or entraining its elements. Thus, the 
mass of gas continues to decrease. The volume of the 
bubble, however, is determined not only by the mass 
of the gas within it, but also by the pressure at which 
this mass is at equilibrium with its motion relative to 
the liquid. This pressure, in turn, is a function both 
of the velocity of the projectile and the submergence, 
and, in addition, is affected by the shape of the nose. 
In short, it is governed by the value of K, just as was 
the case when the bubble was filled with water vapor. 
It will be seen that, if a projectile is submerged and 
running with constant velocity at constant depth 
within an entrance bubble, as the air is pumped out of 
the bubble P» will decrease and hence the value o&K 
will increase until the bubble disappears. This state- 
ment assumes further that, at the time that the last 
trace of air is entrained, the value of K" is greater than 
the K for incipient cavitation. If this is not the case, 
the water will vaporise and the bubble will gradually 

turn into a pure cavitation bubble in which the void 
is filled entirely by water vapor. In the case of high- 
speed entry, it is very probable that this actually 
occurs, i.e., that the air-filled entrance bubble merges 
gradually into the vapor-filled cavitation bubble be- 
fore the velocity is reduced sufficiently to eliminate 
the cavitation. Such a condition would be more apt 
to occur on a shallow-diving than on a deep-diving 
projectile, since, for similar velocity conditions, the 
latter projectile has a higher A'. 

If it is assumed that the projectile under considera- 
tion either is without power or is driven by propellers, 
the entrance bubble phase of the trajectory will he 
one of continually decreasing axial velocity. This de- 
crease, in effect, acts us a compressing force on the 
air-filled bubble since it is tending to raise the value 
of K, and hence, to decrease the siae of the bubble. 
If the submergence is increasing at the same time, 
this effect is accelerated. This compression alone 
probably tonds to increase the mass rate at which the 
gas is pumped out of the bubble, simply because there 
is more mass carried away in a given volume of gas. 

«•* PROJECTILE DYNAMICS 
WITHIN CAVITATION 

AND ENTRANCE BUBBLES 

A certain superficial similarity exists between the 
forces acting on underwater projectiles when en- 
veloped in a bubble and the air flight of a similar 
projectile traveling at supersonic velocities. In both 
cases, assuming aero yaw, the principal force acts on 
the nose alone, and in general its point of application 
is well ahead of the center of gravity. Furthermore, in 
both cases the nose shape is cf prime importance in 
determining the magnitude of the force for a given 
velocity. However, there is little point in pursuing 
this similarity \ ery far since the mechanics of the two 
phenomena ere quite different. 

The forces on the projectile within the bubble are, 
as in the case for any other portion of the path, the 
result of the reaction from the change in momentum 
produced in tlie surrounding fluid by the presence of 
the projectile. Thus, if the movement of the water 
surrounding the projectile and its bubble were known, 
the projectile forces could be calculated. Since the 
surface of the bubble defines the path of the adjacent 
layer of water, the bubble shape can be used as an 
indication of the character of the flow. Since a change 
in the force on the projectile is the result of a change 
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in the momentum imparted to the water by the pro- 
jectile, such a change must lie accompanied by a 
change in the bubble shape, i.e., in the path of the 
water adjacent to the bubble. Investigation*4 of the 
performance of a certain special type of underwater 
projectile for Division 3 have led to the hypothec 
that the bubble diameter at a given distance back of 
the head in an effective measure of the drag on the 
projectile, the force varying roughly as the diameter 
to the fourth power. Thin hypothesis assumes that the 
skin friction in negligible, since the wetted surface 
area is negligible, and that the drag force is directly 

Kim HK IS.    I'rujrrtilr with yaw in rntnuirr U-litsV. 

proportional to the radial force imparted to the water 
to get it out of the way of the projectile. Thin latter 
statement implies a constant "efficiency" of the none 
as a deflector, or in other words, all nose* producing 
the same diameter of fallible are acted upon by the 
same force. This is probably true only within reason- 
able limits. For example, it would seem that in the 
case of a square nose, part of the axial force might he 
used to impart an appreciable axial component of 
velocity to the water; whereas a long ogive, or fine 
ellipse, might produce the same diameter bubble, but 
would impart practically no axial velocity to the 
liquid. For detailed measurement of the drag and 
other forces acting on a few specific body shapes, see 
Chapter 5. 

Ml Cross Force in Bubble 

In the preceding paragraph, the shape of the bub- 
ble was used as a basis for some of the condusioiis 
regarding the drag. Bubble shape is equally helpful in 
the investigation of the cross force. Thus, if the bub- 

ble is symmetrical, it is reasonable to nuppum- tint I 
the resultant force acts along the axis of symmetry of 
the bubble. If the axis of symmetry of the bubble 
coincides with the trajectory there should lie no re- 
sultant cross force on the projectile. If the axis of the 
bubble makes an angle with the trajectory, then a 
cross force should be expected and its magnitude 
should be about equal to the drag force multiplied by 
the sine of the angle between the axes. In most cases, 
however, it will lie observed that when the axis of the 
bubble does not coincide with the trajectory, the 
bubble is asymmetrical. For this case the bubble axis 
is not significant, so the resultant force must he used. 
Its line of action is determined by the condition that 
in any plane containing this line, the amount of mo- 
mentum change in this plane must he equal ami 
opposite on each side of the line of action. 

"-' Equilibrium Yaw Angles 
within Enveloping Bubbles 

Figure 18 is a diagrammatic sketch of the condi- 
tions which exist when a projectile is surrounded with 
a bubble, and is traveling with a pitch or yaw with 
respect to its trajectory. In the preceding paragraph 
it was pointed out that the cross force on a projectile 
is a function both of the force resisting the motion 
and the angle that the force makes with the trajec- 
tory. It ''.ill be seen from Figure ISA that this angle 
can be denned by two others: (1) the pitch or yaw 
angle of the projectile with the trajectory, and (2) the 
inclination of the bubble axis or line of action with the 
projectile axis. It should he remembered in comput- 
ing the cross force that the accepted definition is that 
the cross force is normal and the drag force is parallel 
to the trajectory, regardless of the angle between the 
projectile axis and the trajectory. 

Some further simple deductions can be made con- 
cerning the forces acting on the projectile while it is 
surrounded by the bubble. 

I. The forces can act only on those portions of the 
projectile that are in contact with the water. There- 
fore, it is obvious that the moment produced by the 
hydrodynamic forces on the nose is usually a de- 
stabilising one, since its point of application is al- 
ways ahead of the center of gravity. Thus, unless the 
line of action of the nose force makes a greater angle 
with the trajectory than does the axis of the pro- 
jectile, the resulting moment will be in a direction to 
increase the yaw. 
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2. If continuous rotation of the projectile in to be 
prevented, a moment of equal and opposite magni- 
tude must be applied. The force* which can produce 
such a moment first come into play when other point* 
of the projectile touch the bubble interface. In pro- 
jectiles of normal shapes the afterbody and the tail 
structure will he the points that will touch first. 
Since such points of contact lie well aft of the center 
of gravity, as shown in Figure 18B, the momentti re- 
sulting from the forces applied at these point* arc 
stabilising. 

3. If the stabilising moment from these forces in- 
creases faster with increasing yaw than docs the de- 
stabilising one from the nose force, an equilibrium 
yaw angle can be reached at which these two mo- 
ments will he balanced. Since under these condition*! 
the cross forces will not balance, the projectile will lie 
forced into a curved path. If this condition persists 
long entsigh to obtain equilibrium, the radius of 
curvature of the path will be such that the cen- 
trifugal force just balances the hydrodyiutmic cross 
force. 

*•*•'      Relation between Sise of Bubble 
and Equilibrium Yaw Angle 

Home qualitative conclusions can be drawn con- 
cerning the interaction between the various parts of 
the projectile. 

1. Other things being equal, the curvature of the 
path will depend upon the magnitude of the cross 
force. 

2. For a given nose and location of center of 
gravity, the cross force will depend on the equilibrium 
angle of yaw and the distance aft from the center of 
gravity to the points at which the forces that furnish 
the stabilising moment are applied. 

3. From this it follows that the longer the after- 
body and the larger the diameter of the tail structure, 
the greater will be the radius of curvature, or, in 
other words, the less will be the deviation of the 
projectile from a straight path. The reasoni g is as 
follows: The bubble sise and shape is a function of 
the nose shape alone. Therefore, for a yawing pro- 
jectile, the farther aft the afterbody and tail struc- 
ture extends from the center of gravity, the sooner 
they will come in contact with the wall of the bubble. 
Thus, the longer the afterbody and tail, the smaller 
will be the equilibrium angle and the leas will be the 
cross force on the nose. Furthermore, the amount of 

tail cross force required to produce the necessary 
stabilising moment will decrease as the points of con- 
tact of the afterbody and tail move aft. 

4. The same line of reasoning leads to the statc- 
ment that the radius of curvature of the path of a 
projectile of given construction ran he changed 
simply by changing the shape of the nose. Two far- 
ton* enter into this: the sise of the bubble produced 
ami the amount of cross force for a given yaw. Thus, 
if a rhange in the nose in made which results in a 
larger bubble but leaves the relationship between 
cross force and yaw unchanged, the effective cross 
force at equilibrium will, nevertheless, increase. This 
is liecause the projectile will have to rotate to a larger 
yaw angle liefore the afterbody and tail come in 
contact with the bubble surface and are forced into 
it far enimgh to develop the moment required to 
l>alancc the destabilising moment of the nose. This 
larger yaw angle means a greater cross force on the 
nose as well as a greater cross force on the tail, and 
hence, a shorter radius of curvature to produce the 
centrifugal force required to balance this larger cross 
force. The result would Is- the same if the nose were 
changed in such a manner that the sise and shape of 
the bubble would he unaffected, but that the result- 
ing cross force would be larger for a given yaw angle. 
In general, it is very difficult to modify the bubble 
shape without affecting the cross force and vice versa, 
since, as previously pointed out, the bubble shape 
and the nose forces are intimately related. 

5. It will be seen from the interrelation of these 
factors that any change in the design of a given pro- 
jectile that affects the shape of the nose, the shape of 
the afterbody and tail surfaces, or the position of the 
center of gravity,'will result in a change in the per- 
formance of the projectile while it is in the bubble, 
('•inversely, when the relative behaviors of these 
various factors are known and understood, it may be 
possible to design a projectile with any desired be- 
havior in the bubble phase. 

" CIIARACTKRISTICS 
OF SFKCIFIC NOSK SIIAPKS 

Chapter 5 contains a discussion of the detailed 
characteristics of a group of specific nose shapes, and 
Chapter 6 presents measurements of the forces act- 
ing on projectile bodies when operating under various 
stages of cavitation. The present discussion will be 
limited to a few general comments on the significance 
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of nose cavitation with respect to the behavior of the    is tero and the moment indirectly proportional to the 
projectile. yaw. 

*'•' Hemispherical Now« 

If the bubble produced by a hemispherical now is 
observed from its inception until it develops to a 
length of many times that of the projectile, it will be 
seen that when it first appears it in k ated nearly at 
the junction between the hemisphere and the cylin- 
der. An it grows longer and longer, the point at which 
it springs clear from *he nose slowly moves forward 
until, when the bubble is fully developed, it leaves the 
hemisphere considerably forward of the point of 
tangency of the sphere with the cylinder. This is 

clearly shown in Figure 12. If, when the bubble is 
fully developed, the projectile within it is yawed a 
few degrees, the shape of the surface in contact with 
the water is unaltered since it always remains a seg- 
ment of a sphere. Figures IDA to C show this be- 
havior. Note especially that the line of contact of the 
bubble with the projectile nose always remains per- 
pendicular to the direction of flow, that is, to the tra- 
jectory. This property of preserving the same con- 
tact surface, independent of the pitch or yaw angle, 
is unique to the sphere. The result is that the bubble 
is unaffected in shape or alignment with the tra- 
jectory by moderate pitches or yaws, and conse- 
quently, the resultant force on the projectile is un- 
changed in magnitude and direction with respect to 
the trajectory. Hence, for small angles the cross force 

"' Ellipsoidal Noses 

If the development of the bubble on a projectile 
with an ellipsoidal nose is observed in the manner 
just described, it will IN? seen that the superficial be- 
havior is similar, i.e.. as the bubble grows, itx point 
of contact moves forward on the nose. However, in 

Fiona 30. 
•oidalnor. 
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the case of the ellipsoid, the amount of forward move- 
ment is considerably greater than that on the hemi- 
sphere. This movement can be observed in Figure 20. 
If, while the bubble is fully developed, the projectile 
is again yawed slightly, it will be seen that the wetted 
surface becomes asymmetrical and causes the bubble 
to alter its shape and alignment. This change ap- 
pears to be in the direction to increase the cross force 
and the moment, largely as the result of swinging the 
axis of the bubble. Figure 21 shows top views of fully 
developed ravitation on the nose shape shown in 
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Figure 30. comparing the bubble shape* with and 
without yaw. Note particularly that with the ellipti- 
cal nose, the line of contact of the bubble with the 
projectile awing* from perpendicular to the flow at 

FHIITBB 21.   Full earitsuos with yaw, 2-to-l eUipnidsl 
none. Top view. 

aero yaw, to a deviation from perpendicular of from 
two to three times the yaw at C degrees, and that this 
rotation is in the opposite direction to that of the 
yaw. 

MJ Ogives 

The behavior uf simpie ogives, i.e., nose shapes 
generated by the rotation of an arc * a circle which 
is tangent to the cylinder, is about the same as that 
of the family of ellipsoids. Other nrce shapes which 
are finer than the hemiapht*e have a similar type of 
behavior, i.e., finite cross forces exist even at small 
yaws and both cross force and moment increase 
more rapidly with yaw than they do with the 
hemisphere. 

*•*•' Resistance of Noses 
to Inception of Cavitation 

The resistance of many aose designs to the incep- 
tion of cavitation appears to depend upon the radius 
of curvature of the nose at the point of tangenry with 
the cylindrical portion of the body. Apparent y. cavi- 

tation follows the laws of geometrical similarity. 
This means that the radius of curvature must be 
measured in relative rather than in absolute units, 
i.e., in calibers or diameters of the body. For simple 
shapes, such as ogives and ellipsoids, the greater the 
radius of curvature at the point of tangency, the 
higher will be the cavitation resistance, i.e., the lower 
will be the parameter K at the inception of cavita- 
tion. Figure 22 shown the results of the experimental 
determination of K for inception on various ellipsoids 
and ogives. It should be noted that although these 
two series of shapes look quite different, the K'* are 
about the same for equal curvature* at the point of 
tangency. 
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***     Entrance Bubble and Cavitation 
Performance Characteristics 
for Successful Overall Flight 

In much of the previous discussion very little at- 
tempt has been made to distinguish between the 
characteristics of the entrance and the cavitation 
bubbles. The primary reason for this lack of distinc- 
tion is, of course, that they are felt to be two aspects 
of the game phenomenon. However, in considering 
the overall trajectory, it must be remembered that 
generally speaking, if both manifestations occur, 
they are not concurrent, but appear one after the 
other. Therefore, it is necessary to examine the pro- 
jectile shape from two separate viewpoints, i.e., to 
see if it will give satisfactory performance (I) in the 
entrance bubble and (2) in the subsequent under- 
water run. 
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At tint Might it might appear that the bent en- 
trance hul>blr would be now at alt. However, the 
previous discussion has sliown that At the water sur- 
face every none shape will form an entrance bubble; 
that it is very difficult t<» design the none so that at a 
given speed this bubble will lie exactly the idle of the 
projectile; and that even if thin were achieved for one 
xpeed, the bubble would lie longer and largrr as the 
••peed wai« increaHed. Furthermore, the entrants 
liublile mav nerve the very useful purpose of increas- 
irift the cun'ature of the path in the vertical plane NO 
ax to reduce the maximum depth of dive and xhorteu 
the distance from the point of entrance t«» the begin- 
ning of the normal part of the run. Satisfactory per- 
formance in the hulthle pliaw> must include the 
following items: 

1. The dcccleratinK force, and hence, the drag in 
the bubble, must be kept helow the point at which 
structural damage occurs. 

2. Tiie projectile must remain on course in the 
horiiontal plane. 

:{. The combination of the mm fcmf and the pitch 
in the bubble must result in a cun'ature which pre- 
vents deep <lives, litit does not permit the projectile 
to "broach." 

The most desiralile ravitation characteristic for a 
torpedo or similar projectile is that ravitation does 
not occur on any part of it during its normal steady- 
state run. If this is impossible to achieve, then for 
satisfactory performance to he obtained, the cavita- 
t ion effects must stay within the following limitations: 

1. The drag must not he increased appreciably. 
2. The change in the cross force ind moment must 

not affect the stability adversely. 
3. The ravitation nr.st not blanket or reduce 

appreciably the effect of the control surfaces. 

4. The propulsive efficiency must not lie reduced. 
These limitations mean essentially that if cavita- 

tion does occur, it must be extremely limited, especi- 
ally in the regions of the control surfaces and pro- 
pellers. 

*•*•• Selection of None Shape 
for Satisfactory Overall Performance 

A review of the discussion of the effect of nose 
shape on the performance within the entrance bubble 

Kiuvas 24.    Family <s? A-ramW spnnuatvna. Carna- 
tion parameter, K„ versus angle of nphere. 

indicates that, in general, the fine nost*. such as long 
ellipsoids and ogives, produce such high cross forces 
that the projectile is very hard to control while in the 
bubble, is liable to broach badly, and on the other 
hand, may make deep dives if at the water-entry 
point there is an appreciable down pitch. These un- 
desirable characteristics may be alleviated by in- 
creasing the effective length of the projectile, either 

Fionas 25.    Family uf .Vcaliber Hnhrmaivex. 
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by actually lengthening the body or hy applying a 
shroud ring to the tail. However, hemispherical or 

0 
..«9Brw*!r'*-; «ts! 

Fracas 26.    Family of 5-oalil>er *pher >*i\»~ ravitatkxi 
photograph*. 

"near"  hemispherical noses show  more desirable 
entry characteristics, particularly for small entry 

angles. Further improvement appears possible by 
using even blunter shapes. On the cavitation side of 
the picture conditions are exactly the reverse. The 
finer the none, the better the cavitation resistance. 
It will be seen from Figure 23 that cavitation begins 
to appear on the hemispherical nose at 59 knots and 
40-ft submergence, and increases rapidly if either the 
speed is increased or the submergence decreased. 
Blunter noses show even poorer performance. It is 
obvious that the hemispherical nose is not satis- 
factory for a modern high-speed torpedo, and it can 
be anticipated that future requirements will call for 
even higher speeds ami lower minimum submergences. 

'It thus appears that the nose shape requirements 
for satisfactory performance within the entrance 
bubble and satisfactory- cavitation performance 
during the normal run are diametrically opposed. 

'•' Spherogive Now* 

One promising approach to the problem of satisfy- 
ing simultaneously these conflicting requirements has 
been made. This is in the development of the so- 
called spherogive nose, a nose shape which consists 
of a tip formed by a segment of a sphere and a transi- 
tion section which consists of a single-radius ogive 
tangent to the sphere and to the cylindrical section of 
the projectile. This shape was investigated first to aee 
if it offered a simple substitute for an ellipsoid. How- 
ever, a series of measurements showed that it pos- 
sessed some unique cavitation characteristics. For 
example, Figure 24 shows the performance of a 
family of spherogives constructed in accordance with 
the outline drawing of Figure 25. It will be seen that 
in the entire family the transition ogive has a con- 
stant radius. The only difference occurs in the radius 
and angle of the spherical segment which forms the 
tip. It will be observed that from the viewpoint of 
cavitation resistance as measured by the A for in- 
cipient cavitation, there is no significant difference 
between performance of the simple pointed ogive and 
all of the spherogives in this particular family in 
which the spherical tip has a half angle of 72 degrees 
or less. However, when the half angle of the spherical 
tip exceeds 72 degrees, the cavitation resistance con- 
tinues to decrease, reaching the value of the hemi- 
sphere when the central angle is 00 degrees. Figure 26 
shows the appearance of these various noses while 
cavitating. For all of the series with tips smaller than 
72 degrees, cavitation starts at the point of tangency 
with the ogive of the cylinder. For all the members 
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hiving spherical tips larger than 72 degrees, capta- 
tion starts on the sphere, whereas, for the member 
having the spherical tip of 72 degrees, cavitatioo 
appears simultaneously on the sphere and at the 
point of tangeney with the cylinder. One further item 
should be noted. All of the members of the aeries had 
better cavitatioo resistances than the hemisphere, and 
all of those having tips of 77 degrees or tews had very 
good cavitation resistance. For example, they could 
all operate without cavitating under such severe con- 
ditions as a speed of SO knots and 10-ft submergence. 

Reference to the discussion concerning the charac- 
teristics of the hemispherical noee in the cavitation 
bubble shows that its good performance is attributed 
to the fact that the line of action of the force with 
respect to the flow was unaffected by small angles of 
pitch or yaw, because the shape of the nose in contact 
with the water, and hence, the shape of the bubble 
was unaltered by the change in angle. Thus it would 
appear possible for a properly designed sphered ve to 
have good performance both within the entrance 
bubble and also during the subsequent steady-state 
running conditions. In the series under discussion, 
spherogives having tip angles between 72 degrees and 
77 degrees would seem to offer good possibilities, 
since the cavitation bubble, and hence, the entrance 
bubble, always leaves the nose from a point on the 
spherical tip. Under these conditions the projectile 
should be insensitive to pitch and yaw; whereas for 
steady-state running conditions there should be no 
cavitation on the nose for any speed below 50 knots 
at submergence greater than 10 ft. 

One further physical factor must be considered. If 
the projectile is to be insensitive to yaw or pitch while 
in the entrance bubble, the bubble must be large 
enough so that it does not touch the body of the pro- 
jectile at any point, after leaving the spherical tip, 
until it reaches the afterbody or the tail. This means 
that the bubble produced by the spherical tip must 
have a diameter larger than that of the projectile. 
A spherogtre tip can be so designed that cavitation 
starts on the sphere, but that the sphere is so small 
that the bubble produced by it will not be so large as 
the diameter of the projectile. Hence, the bubble will 
touch on the ogive part of the nose and thus be 
opened out to an adequate diameter. If this happen*, 
the insensitivity to yaw is forfeited. 

It is, of course, realised that the spherogive is 
probably not the best shape that can be constructed 
to satisfy the conflicting requirements of the en- 
trance-bubble and the cavitation characteristics. The 
ogive section can be improved, for example, by sub- 
stituting a curve of continuously changing curvature 
which has infinite curvature at the point of tangeney 
with the cylinder. Improved characteristics may also 
be obtained by modifying the spherical tip to produce 
even less change in moment with pitch or yaw. How- 
ever, the ba«!.: principle involved, that of securing a 
good cavitation resistance by making the overall 
shape of the nose effectively fine, while designing the 
forepart so that the wetted surface at the head of the 
bubble his the correct shape for satisfactory bubble 
performance, seems to hold much promise for future 
developments. 
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Chapter 5 

NOSE CAVITATION- OGIVES AND SPHEROGIVES 

»» INTRODUCTION 

THIS CHAPTER covers the progress of an investiga- 
tion of cavitation on various projectile none 

shapes. It is apparent that a very extensive series of 
teats will have to be made in order to cover the 
ground in a satisfactory manner. Only the tests of 
ogive and spherogive noses will be described. A total 
of about fifty models of these two types of nose 
shape have been tested. However, all data in this 
chapter must be considered as preliminary only and 
subject to corrections based on future tests. The 
work go far done has furnished a fairly comprehensive 
overall picture of the performance of these two 
types of nose, even though the test data are rather 
meager. 

In order to obtain consistent results, it has been 
found necessary to make the models to very close tol- 
erances. All linear dimensions are held within ±0.001 
in. Especial care is exercised to be certain that the 
curves forming the nose are truly tangent and match 
within 0.001 in. or less. The angle of the spherical seg- 
ment forming the tip of a spherogive nose must be 
held to within a quarter of a degree as, in some cases, 
a variation of 1 degree will cause a change of 15 per 
cent in the value of the cavitation parameter. 

*J METHOD OF TEST 

One of the primary objects of the investigation was 
to determine the point of incipient cavitation for the 
various nose shapes. This was done by mounting the 
model in the high-speed water tunnel and observing 
the first evidence of cavitation as the pressure in the 
tunnel was lowered. The water velocity during these 
tests was, in general, held at a constant value of ap- 
proximately 60 fps. The cavitation parameter A', for 
the point of incipient cavitation, is calculated from 
the velocity and pressure in the tunnel as described in 
Chapter 4. This value of K for incipient cavitation 
will, hereafter, have the symbol A\. 

After the point of incipient cavitation had been de- 
termined, the pressure in the tunnel was lowered, cor- 
responding to decreasing values of the cavitation par- 
ameter, and high-speed photographs were taken of 

the development of the cavitation bubble. These pho- 
tographs, which furnish valuable data regarding the 
nature, location, and extent of the cavitation effects 
for each nose shape, appear throughout this chapter 
and are discussed in the test. 

••' OGIVE NOSES 

Sixteen ogive nose shapes of different pro|>ortions 
have been investigated. The ogive nose profile is 
formed by two equal arcs tangent to the cylindrical 
portion of the projectile and meeting at a point. Fig- 
ure 1 is a drawing of the family of Id ogive noses that 
were tested. The radii of these ogives varied from 0.5 
to 8.12 calibers, a caliber being the maximum diam- 
meter of the projectile. 

In Table 1 are given the observed values of K for 
incipient cavitation for the ogive noses, and these 
values are plotted in Figure 2. From the smooth 
curve in Figure 2, the value of A,- for each ogive has 
been determined and is shown hi Table 1. These lat- 
ter values will be referred to throughout this chapter 
as the A"s for incipient cavitation for ogive noses. 
The values of A. can also be plotted against the 
curvature (1/radius) of the ogive. Figure 3 shows 
this curve in which the values of A; have been taken 
from the smooth curve of Figure 2. 

TABLE 1. 
DOMR. 

Incipient cavitation parameter Ki (or ogive 

Ogive radius r   Curvature - 
in calibers       1/r in calibers  Observed Kt Ki from Fig 2 

0.5 2.0 0.75 0.75 
0.625 1.60 0.61 0.60 
0.75 1.33 0.53 032 
0.875 1.14 0.46 0.46 
1.0 1.00 0.40 0.43 
1.125 0.80 0.40 0.41 
1.25 0.80 0.39 039 
1.50 0.67 037 0.37 
1.75 0.57 037 035 
2.0 0.50 034 033 
2.5 0.40 031 030 
3.0 0.33 0.27 0.28 
3.875 0.26 0.26 0.25 
4.5 0.22 0.21 0.24 
5.0 0.20 0.21 0.22 
8.12 0.12 0.17 0.17 
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The curve in Figure 2 indicates that there is a rapid 
decrease in K for incipient cavitation, as the ogive 
radius increases from 0.5 caliber (the hemisphere) to 
about 1.0 caliber, and from this point the value of A\ 
is much less affected by an increase in the radius. 

««   OGIVE CAVITATION PHOTOGRAPHS 

The series of photographs in Figure 4 shows how 
the sise of the cavitation bubble varies with different 
ogive shapes. These were selected to have practically 
the saute value of K so the change in bubble site is 
due almost entirely to the nose shape. As would be 
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Fiotms 2.   Ogive radius versus cavitation parameter. 

expected, the more blunt the nose, the greater the 
cavitation effect. 

Figure 5 shows a series of cavitation photographs 
similar to Figure 4 but for a lower valu« of K and 
longer radius ogives. In this series also is seen the de- 
crease in cavitation effect due to decreasing blunt new 
oi the nose. 

Figure 6 shows the development of the cavitation 
bubble on a 2.0-caliber ogive as the value of K is re- 
duced from 0.31 to 0.18. As the K for incipient cavi- 

tation for this nose is 0.33, the first picture shows 
about the least amount of cavitation bubble that can 
be photographed. In the last picture the bubble is 
quite well developed, although it has not by any 
means reached the proportions of a "full bubble." 
These pictures illustrate what has been termed 
"coarse-grained cavitation," in which the cavitatiou 
bubble as a whole is made up of a multiplicity of fairly 
large individual bubbles. It is seen in this series that 
this formation persists throughout the vanous degrees 
of cavitation. 

IIWIHIII -:::;:==:::::4::g 
MMMUBS OF oswc • jaSGl'**-'*** 

Fionas 3.   Cavitation   parameter  versus  curvature. 
Ogive nose*. 

" BUBBLE LOCATION 

Photographs of the various ogive noses were meas- 
ured in order to determine the location of the well- 
developed cavitation bubble. Measurements were 
mad* from tha tip of ths-nos. to Use forward edgs «f 
the bubble, and the results are plotted in Figure 7. 
With very few exceptions these measurements show a 
steady increase in the distance from the point of 
tangency of the ogive curve and the cylinder, to the 
forward edge of the bubble as the ogive radius in- 
creases. Measurements of the angle between the axis 
of the nose and the radius drawn to the forward edge 
of the bubble showed that this remained practically 
constant at 86 degrees. The measured values of this 
angle are plotted in Figure 8. 
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120 NOSE CAVITATION —OGIVES AND SPHEROCIVES 

••* HEMISPHERICAL NOSE 

The hemispherical nose is the limiting case of an 
ogive nose with minimum radius. It is interesting to 
compare the development of the bubble on this nose 
with that of the 2.0-caliber ogive just discussed. Fig- 
ure 12 of Chapter 4 shows the development of eavi- 
tation on a hemispherical nose with values of K rang- 
ing from 0.71 to 0.21, incipient cavitation on this nose 
occurring at a value of A'.—0.75. In this series of 
pictures it is seen that the cavitation bubble is of a 

different type, termed "fine-grained cavitation." The 
cavit tion effect begins as a band of very fine bubbles 
hav: j? a homogeneous appearance, a form which per- 
sists throughout the development of the bubble 
proper 

M TRANSITION ZONE 

It has already been pointed out that the curve of A' 
for incipient cavitation plotted against ogive radius 
shows a rather abrupt change in slope in the region of 

F 
UTS CM. 
K-OIT 

KK.UK* 4.    Variation iu ravitatim developed on various ogive* at K, - approximately 0.2S. (Note that longer ogive* ex- 
tenoVd to the right outaVie the camera range and appear cut off in them and subsequent, photograph*.) 
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FiaiiRB Jl.    Variation in ravitation devek>peil on various olive* at A' — approximately (I. 111. 

1.0-caliher radius. It. in intemtting and probably sig- 
nificant to note that the type of cavitation bubble 
also undergo?* a change in this region. Noses of lew 
than 1.0-caliber radius show a distinct fine-grained 
cavitation bubble, and those of greater radii than 1.0 
caliber have a coarse-grained bubble. 

Fiona 6.   Development of bubble; 20-caliber ogive. 
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FIOUBB 8.    Angle to forward edge of well-developed 
caviUtian bubble, ogive note*. 

mxmrt or oewc, r,, cauafHB 

KIOVIIB 7.    Distance of cavitation from tip of none for 
well-developed bubble on ogive nose* 
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Figure 9 sh.rvs pictures of three ogive noses having 
radii of 0.875, 1.00, and 1.125 caliber* at three stages 
of cavitation, roughly for A"s of 0.40,0.33, and 0.20. 
In the 0.875 series (A, B, and ('), it is seen that the 
cavitation is of the fine-grained nature throughout, 
although some of the coarse-grained hubbies are 

appenring at the lowest value of A'. The 1.0-ejilil>er 
series, (D, K, and F), shows the typical fine-grained 
cavitation band at the highest value of K (I)), and 
somewhat of a mixture of fine and coarse grain in K 
and F. The 1.125-ealiber series, «!, H, and I), shows 
the typical c<tarse grain throughout. 

0.CT4 0M. 0«VC 1.00   CAL O0IVE 

1.129 CAL 0«VE 

FIOIIBE 9.   Influenre of nose shape on formation of fine-grained and coarse-grained ravitation at different K values. 
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*•» EFFECT OF YAW 

It is intended to investigate the effect of yaw on 
the cavitation bubble for the full range of nose* in- 
cluded in this aeries. To date, however, results can Is? 
reported for the hemispherical nose only. Observa- 
tions of the value of A' for incipient cavitation were 
made at yaws of 0, 3, and G degrees, and these result* 
are shown in Figure 10. It is seen that there is a rapid 
increase in Kt with increasing yaw angle. The signifi- 
cance of this is made more apparent by the scali on 
the right of the diagram, which gives the submer- 
gence necessary to avoid cavitation with this hemi- 
spherical nose at a speed of 40 knots. With zero yaw, 
at 40 knots, cavitation will lie avoided with a sub- 
mergence of 20 ft, but the submergence will have to 
be increased to 25 ft should the yaw be 3 degrees, and 
with a yaw of fi degrees, cavitation could not In- 
avoided at any submergence less than 37 ft. Of 
course, as the speed is increased or decreased, the 
submergence would have to be increased or decreased 
accordingly. 

Figure 11 shows photographs of the hemispherical 
nose at yaws of 0, 3, and 6 degrees, each for two dif- 

ferent values of K. These pictures show clearly the 
effect of yaw on the shape and position of the cavita- 

FIUURE 10.    Cavitation parameter vermin yaw. Hcmie- 
pherical none. 

tion bubble. They also show quite conclusively that 
the plane of the forward edge of the cavitation bubble 

Floras 11.    Effect of yaw on bubble. Hemispherical none. 

CONFIDENTIAL 



124 NOSE CAVITATION—OGIVES AND SPHBBOCIVKS 

FAMLV    Wt X \     \ 
goMnrurr  owvt  mm erf 

NUM.V   TT*t   X 
OOMTMT     HALT   «rw 
ANMJ   ttJ     ewvt 
VMM    MHUt    VARY. 

•OMTAMT   BAMW OF OTBMtrj. 
0«Vt   MMI     «W 

AWLC   VMTV 

Fioi'uc 12.    Method of construction. Familim of xnhcrogivcf. 
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Fiacw 11. Spberogivc profile* imaged u Type 1 families. 
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remain* prartirally at right angles to the direction of 
travel regardless of the yaw, at leant for yaw angles 
up to 6 degrees. This is considered one of the inherent 
properties of the spherical nose tip. 

" SPHEROC1VE NOSES 

Thirty-five spherogive noses of various proportions 
have been tested thus far. The test* on this number 
of noses have furnished interesting and instructive 
data but are not by any means sufficient to predict 
definitely the performance of any given sphrrogive 
nose. It is believed that enough information is non- 
available to permit some general conclusions regard- 
ing the properties of the epherogive family of noses, 
but much yet remains to be done. 

A spherogi ve nose shape is made by termin ating an 
ogive in a segment of a sphere, the curves of the 
sphere and ogive, of course, being tangent at their 
junction. Figure 12 shows that a family of sphcro- 
gives can be constructed in three ways: (1) by main- 
taining the radius of the ogive rx constant, which 
gives a series of spheres of varying radii rt and also 
varying half-sphere angle *; (2) by maintaining the 
half-sphere angle • constant, resulting in varying 
values for the radii of both the sphere and ogive; (3) 
by maintaining the radius of the sphere r, constant, 
resulting in varying values for the radius of the ogive 
and the half-sphere angle. Some interesting tests of 
families of noses constructed in this manner will be 
discussed. 

The program contemplated test* on five families of 
spherogives based on ogives having radii of 5.i>, 3.5, 
2.3, 1.5, and 1.0 calibers. Only a few models were 
made for the 3..V and 1.5-calit>er series and the test 
result* m these were not very consistent so emphasis 
will be placed mainly on the 5.0-. 2.3-, and 1.0-ralihrr 
series. Figun 13 shows profiles of these three families 
of SftherogiveM drawn to scale so their relative shapes 
can be easily observed. Table 2 gives the observed 
values of A' for incipient ravitation for the spherogive 
nose shapes tested. 

These values of K. ha. e been plotted against the 
half-sphere angle 9 for earh nose and faired curves 
drawn through the points as shown in Figure 14, 
from which some interesting observations can be 
made. The horisontal portions of the curves represent 
the incipient ravitation parameter for the ogive 
Alone, corresponding to those given»by the curve in 
Figure 2. This shows that the sphere can be increased 
in sjse without affecting the incipient capitation 
parameter until some critical value of the half-sphere 
angle is reached. This region is represented by the 
shaded sone *t the break in the curve*. This shaded 
region represents a transition from cavitation on the 
ogive to cavitation on the sphere. In other words, all 
nose shapes represented by the curves in the region 
Jxtvt the shaded sone will cavitate first on the sphere 
and all below this sone will cavitate first on the ogive. 
The line of demarcation is not definite, for, as might 
be expected, cavitation can occur on the ogive and on 
the sphere simultaneously. 
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TASUC 2. Incipient c:»vitatHm |<or;im<,tcr K, for 
«php*igivr IHM*. 

Ogive retliu» Half-sphere 
r. angk-f Observed Ki for 

in rulihera in liccrcFx K, (HDVW mily 

5.0 70 0.22 0.22 
re 0.22 
73 0.2« 
74 0.27 
76 0.3:. 
7H 0.44 
HI 0.54 
K4 0..VI 
No O.li.''. 

3.5 74 (..3;) 0.20 
77 0.4.', 
m 0.54 

2.3 m 0.33 0.32 
71 0.U 
72 (IK 
74 (1411 
70 0.4.1 
7ti 0.50 
HOj 0.5H 

1.3 n 0.4H 0.37 
74 0.47 
76 0JB 
78 0.54 

1.0 63 0.40 0.43 
55 0.51 
»7 0.40 
70 0.52 
72 0.53 
74 0 56 
7o o.«o 
7H 0.«3 

tho hphi'rr. It also shows that the longer the ogive 
radius, the larger the half-sphere angle can l>o with- 
out increasing tlH< incipient cavitatioti parameter. 
The shaded aoiio, representing tho region ot transi- 
tion from cavitation on tho ogive to ruvitution on tho 
sphere, appears to intoroopt tho horizontal nxis ut 
atxnii an 8()-degroc half-sphere angle, indicating that 
cavitation will always U* IJ:I tho sphere for angles 
alstvo 80 di'grco* regardless of tho ogive radius. 

HI IIKII: DIMENSIONS 
FROM PHOTOGRAPHS 

Figure 14 CMI l»c used for tho detugn of spherogivc 
wise* to fit varying requirement f for bliintness ami 
incipient cavitation. 

The data given in Figure 14 make possible the 
plotting of another chart showing the relation be- 
tween the radii of the upbore and ogive, the half angle 
of the sphere and the cavitation parameter. This 
chart appears as Figure IS and covers the whole field 
of possible spherogivea, although available data per- 
mit the plotting of only a portion of the curve* in- 
volved. As will be seen, this chart gives the radius of 
the sphere corresponding to any half-sphere angle 
and several values of ogive radius. In addition, there 
appear dotted lines of constant A* values for incipient 
cavitation. The shaded aone is similar t<> that in 
Figure 14 in that it represents the region of transition 
from cavitation on the ogive to cavitation on tho 
sphere. 

An inspection of Figure 15 shows a surprisingly 
small region in which the cavitation is governed by 

i.tt.i Hemispherical Now 

Tho water tunnel is <i|iiipi>cd for making photo- 
graph*, of a model during the various stages of cavi- 
tation. Those can lie taken from the side, ax in Fig- 
ures lit and 18, or from tho top, as in Figure 17, when 
tlie effect of yaw is to lie shown. As can l>e soon, these 
phoiographs give very clear and distinct details of 
the cavitation bubbles so they can bo measured for 
the determination of bubble dimensions. A few illus- 
trations of tho utilisation of the measurements of 
photographs will be given for a model equipped with 
a hemispherical nose. 

In Figure 16 is shown one of a series of photographs 
of the bubble, produced by a hemispherical nose, for 
various values of the cavitation parameter A'. These 
photographs were measured to determine the length 
of the bubble from the point of the beginning of cavi- 
tation to the end of the bubble proper (miscellaneous 
small bubbles in the wake of the msin bubble are 
neglected). The results of these measurements are 
plotted in Figure 19 as A* against bubble length in 
calibers. Considering the many inaccuracies involved 
in determining the actual bubble sue, it is believed 
the results are satisfactory. This figure shows that 
there is little change in bubble lengtl at the higher 
values of K but the increase is very pronounced as 
the lower values of A' are approached. 

The variation in bubble length with yaw is shown 
in Figure 20. In this case the length of the bubble was 
measured on the starboard side and the yaw angle 
was positive, in other words, the nose was deflected to 
the starboard side. The points are not as consistent as 
could tie desired but they do show that the bubble 
length increases about 20 per cent when the yaw is 
increased from 0 to 6 degrees. 

Figure 17 is a top view of the model at 6-c'.egree 
yaw and with A' »0.27, and Figure 18 is a side view 
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128 NOSE CAPTATION— OGIVES AND SPHEROCIVES 

FKII'KX 15.    IteUtion between radius of sr/nere, radii:? of ogive, half angle of aphere and incipient ravitation parameter 
for ogive* and sphertigive*. 

taken simultaneously. A aeries of these "op and side 
view photographs was measured to determine the 
length of the bubble on thr- starboard side as well ax 

taken from the side views of which Figure 18 is a 
sample. The maximum bubble diameter and its 
distance E from the nose tip were measured as shown 
in Figure 17. One-half the maximum diameter of the 
bubble was t ;en as the distance from the centerline 
of the spherical nose to the edge of the bubble, figure 
21 sliows the variation of the distance E with the 
cavitation parameter K, for yaws of 0, 3, and 6 de- 

KIUVKS 16.   Hemispherical nnee; 0 degree, yaw. 
0.24. Side view. 

Fiuuu 17.    Hemispherical none; 6 degrees yaw. /»' - 
0.27. Top view. 

the maximum diameter of the bubble and the dis- 
tance from the nose tip to the point at which the 
maximum diameter occurred. The bubble length was 

Floras 18.    Hemhpheriral nose; B degrees yaw. K — 
0.27, Hide view. 

Krees. It is seen that the point of maximum bubble 
diameter recedes rapidly from the nose tip with de- 
creasing values of K. Hie yaw angle seems to have 
little effect on E, at least tor values less than 6 

Figure 22 shows the value of the maximum diam- 
eter of bubble for yaws of 0, 3, and 6 degrees. Here 
again the maximum diameter of bubble increases 
with decreasing K and the yaw angle has little effect. 

CONFIDENTIAL 



BUBBLE DIMENSIONS FBOM PHOTOGRAPHS 129 

Referring to Figure 17, it is seen that when the 
projectile is yawed, the bubble tends to follow the 
direction of the line of travel and in doing so the edge 
of the bubble on the top of the projectile forma a 
definite angle a with the line of travel. Many of thew 

diameter, in calibers, obtained. In the entire group of 
noses measured the sphere radius varied from a 
minimum of 0.211 caliber* to 0.500 calibers, the 
maximum for the hemixpherr 
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t'lmwc IU.   Cavitation parameter, A', vermm length of 
bubble, (0 degree yaw). Hemispheric*] none. 

angles were measured for various values of K and 
yaw and the results are plotted in Figure 23. No 
attempt has been made to investigate this phenome- 
non further or to determine its significance. 
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FIOUSB 20.   Cavitation parameter, K, versus length <A 
bubble, (0, 3. ami 6 degree* y*w).  Hemispherical none. 

Spherogive Noses 

An attempt was made to determine the effect of 
the radius of the sphere on the maximum diameter 
of the full cavitation bubble. Photographs of the 
1.0-, 2.3-, and 5.0-caliber spherogive noses under full 
cavitation were carefully measured and the bubble 
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Kh-riuc 21. Cavitation parameter, A", VCIMIH none tip to 
maximum diameter of bubble. Heminpherkal now. 

In Figure 24 the maximum bubble diameter has 
tteen plotted against the radius of the sphere, both in 
calibers. It is remarkable to note that there appears 
to be » linear relationship between these two quanti- 
ties, although it must be remembered that the mess- 
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FiuukJt 22.   Cavitation  parameter, K, venoiH maxi- 
mum diameter of bubble. Hemispherical nose. 

urement of these small photographs is subject to 
many errors. 

The 5.0-caliber series is the only one in which it 
was possible to make measurements of the bubb'e 
diameter for values of the sphere radius in the region 
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130 NOSE CAVITATION—OGIVES AND SPHEROCIVES 

where cavitation occurred on the ogive only. There 
are two noses with sphere radii of 0.211 and 0.368 
calibers which have the same bubble diameter. This 
is not unexpected as this is the bubble diameter for 
the ogive, the sphere having no effect. The dotted 
horiiontal lines indicating the bubble diameters for 
2.3- and I 0-caliber ogives are assumptions, although 
•hey are believed to be fairly accurate as they are 
drawn to correspond approximately to the bubble 
diameters for noses close to the transition point. No 
photographs have been taken of the full bubble pro- 
duced by ogive noses, so the diameters of these could 
not be determined by measurement. 
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FIUURB 23.   Cavitation parameter, A', versus uncle a, 
of bubble with flow. Hemispherical none. 

Figure 24 furnishes good evidence to support the 
theory that the full bubble diameter is determined by 
the sphere radius. (See Chapter 4.) 

* "       EFFECT OF THE SPHERE SIZE 

It has been shown that the full bubble diameter is 
determined by the radius of the sphere. The curves in 
Figure 14 show that incipient cavitatioo is governed 
by the half angle of the sphere 9 for a given ogive. It 
is also true that the half angle of the sphere deter- 
mines the extent and nature of the cavitation bubble 
during iU development after the point of incipient 
cavitation has been passed. In Figure 25 have been 
assembled photographs of cavitation effects on spher- 
ogive noses having ogive radii of 1.0, 2.3, and 5.0 
calibers and half-sphere angles of 72 and 76 degrees. 

Comparing photographs A and F of Figure 25, of 
the 1.0-caliber series for a K of 0.21, it is seen that in- 
creasing the half-sphere angle 0 from 72 to 76 degrees 
greatly increases the sice of the cavitation bubble. 

The 72-degrec sphere produces a bubble only slightly 
longer than the projectile, whereas the 76-degree 
sphere produces practically a full cavitation bubble. 
A comparison of B and G for a higher value of K 
shows a decided increase in the extent of the bubble 
for the larger sphere angle. A like comparison can be 
made with the photographs of the 2.3-caliber and 
5.0-caliber series; in every case there is a pronounced 
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FIODIUB 24.   Radius of sphere versus diameter of fully 
developed bubble on spberogive noses at sero yaw. 

increase in the cavitation effect due to increasing the 
half-sphere angle with the cavitation parameter 
remaining constant. 

In connection with Figure 25, it is interesting to 
note that photographs B, H, I, and J show cavitation 
on both the sphere and the ogive. 

Figure 26 shows how the cavitation bubble is 
affected by variations in the ogive and sphere radii, 
the half-sphere angle remaining constant. Photo- 
graphs A, It, C, and D show the bubble for four 
spherigive noses with a half-sphere angle of 72 de- 
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COMPARISON OF OGIVE AND 9PHEKOGIV E BUBBLES 131 

grees and K remaining constant at 0.21. It is seen 
that there is an increase in the sise of the cavitation 
bubble as the nose becomes more and more blunt. 
The four pictures on the right, E, F, G, and H were 
selected to show approximately the same degree of 
cavitation, and it should be observed that the value 
of K, for this condition, increases as the bluntness of 
the nose increases. 

The effect of varying the half-sphere angle is 
shown in Figure 26 of Chapter 4, which is a series of 
photographs of a family of 5.0-caliber spherogives. In 
this case the 74-degree sphere appears to be at the 
transition point as cavitation is occurring on both the 
ogive and the sphere. The noses with spherical angles 
leas than 74 degrees cavitate on the ogive and for 
angles of greater than 74 degrees the cavitation is on 
the sphere only. The last five photographs have been 
selected to show approximately the same degree of 

cavitation and it is seen that as the noses increase in 
bluntness, i.e., from 76 to 86 degrees for the half- 
sphere angle, the value of K increases from 0.25 to 
0.57. Stating this in terms of submergence and speed, 
the 76- and 86-degree noses would have the same 
degree of cavitation at a speed of 60 knots with a 
submergence of 57 ft for the 86-degree r we and only 
7 ft for the 7G-degree nose. 

«u COMPARISON OF OGIVE 
AND SPHEROGIVE BUBBLES 

Comparisons have already been made between the 
cavitation parameters for ogives and gpherogive 
noses at the point of incipient cavitation. It would be 
instructive to observe the development of the cavita- 
tion bubble on the two types of nose for values of K 
lower than that for incipient cavitation. 

• •ft* UNLMNM ••*•* 

Fiona 25,    Effect of rite of sphere on cavitation parameter. Hpherogive now*. 
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Fiiii'm 26.   Cavitation bubbles; 72-degn» spherofivf*. 

The first series of photographs in Figure 27A to C, 
shows the cavitation bubbles at a AC of approximately 
0.25 for the following nose shapes: 1.0-caliber ogive, 
and 1.0-calibe by 6.5-degree, 2.3-«aliberby 76-degree, 
3.5-ealiber hy 77-degree,aud 5.0-caliber by 78-degree 
spherogives. All these shapes, excepting the 1.0-cali- 
ber by 65-degree spherogive, have approximately the 
same K for recipient cavitation (0.43 to 0.45). The 
1.0-caliber by Co-degree spherogive has a somewhat 
higher Kit and it has been included as it was the beat 
available photograph showing a spherogive cavitat- 
iog on the ogive only. It will be seen that the bubbles 
for the throe spherogive* C, D, and E are of about the 
same sise, and that cavitation is taking place on both 
the sphere and the ogive. The 10-cahber by 65-degree 
spherogive (B) is eavitating on the ogive only as the 
spherical segment is so small that it has no effect. It 
is of interest to note that the bubbles in photographs 
A and B are of the same sise, which should be the case 
as both are for t.O-caiiber ogives at a AT of 0.26. 

The second series of photographs in Figure 27 (F 
to I). shows the cavitation bubbles at a K of approxi- 

mately 0.19 for the following noses: 1.5-caliber ogive, 
and 2.3-caliber by 72-degree, 3 5-caliber by 74-de- 
gree, and 5.0-caliber by 76-degree spherogives. All of 
these coses have nearly the same K > (0.34 to 0.37). In 
this series also it is observed that the bubbles for the 
spherogives are of practically the same siie, while 
that on the ogive b of much smaller sise. 

From these preliminary data it seems reasonable to 
draw four conclusions subject to revision after more 
complete test results are available: 

1. Spherogive noses with spherical segments larger 
than the critical angle and having the same A', will 
have practically the same sise and type of bubble at 
lower values of K. 

2. If an ogive and a spherogive with a spherical 
segment larger than the critical angle have the same 
Ki, the bubble formed at lower values of K will be 
shorter for the ogive than for the spherogive. 

3. If an ogive and a spherogive have the same 
radius for the ogive, the values of A\and the sise of the 
cavitation bubbles will be the same for both noses if 
the spherical segment is smaller than the critical angle. 
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4. The cavitation bubble originating on a spherical 
tip develops faster as AT is reduced than one starting 
at the same A, which originates on a surface of 
larger radius of curvature such as an ogive. 

«•* MEASUREMENTS OF PHOTOGRAPHS 

All models have been made 2.00 in. in diameter so 
this can be used as the unit of length for measure- 
ments made on photographs. Owing to the unequal 
horisontal and vertical distortion caused by the Lu- 
cite window in the tunnel, the diameter of the model 
will represent 2 in. in the vertical direction and 1.83 
in. in the horisontal direction. 

»M CONCLUSIONS 

Although based on incomplete data, the following 
conclusions seem to be justified: 

1. The incipient cavitation parameter A', for ogive 
noses drops rapidly as the ogive radius is increased 
from 0.5 to 1.0 caliber, the decrease being much less 
pronounced for radii between 1.0 and 8.0 calibers. 

2. The ogive radius drawn to this forward edge of 
a well-developed cavitation bubble makes an angle 
of about 86 degrees with the axis of the nose. This 
angle seems to be constant for all noses investigated. 

3. The incipient cavitation parameter Hi increases 
rapidly with an increase in yaw angle. For a hemi- 
spherical nose A'i increases from 0.75 for aero yaw to 

1.01 for 6 degrees yaw. 
1. Photographs of well-developed bubbles on a 

hemispherical nose indicate that the plane of the for- 
ward edge of the bubble remains practically at right 
angles to the direction of travel for yaw angles up to 
at least 6 degrees. 

5. When the sphere segment on npherogive noses 
is large compared to the ogive, cavitation occurs first 
on the sphere so that the inception and subsequent 
growth of the cavitation bubble depend only on the 
sphere sise. When the sphere segment is small com- 
pared to the ogive, cavitation occurs first on the 
ogive, and the inception and subsequent bubble 
growth depend on the ogive and are independent of 
the sphere sise. The critical sphere site dividing the 
two behaviors is different for different spherogive 
families. For the 5.0-caliber family of spherogives, 
this critical sphere sise corresponds to a half-sphere 
angle 0 of about 72 degrees, and for the 1.0-caliher 
family, this angle is about 00 degrees. 

fi. Based on measurements of photographs, it ap- 
pears that the maximum diameter of the full cavita- 
tion bubble on spherogive noses varies directly with 
the radius of the sphere regardless of the ogive radius. 

7. For a given family of spherogives, based on a 
constant ogive radius, the value of A for incipient 
cavitation, A',-, will be determined by the half-sphere 
angle. The blunter the nose, the higher the A,-value. 
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Flume 37.   Comparison of ogive and spherogive bubbles. 
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Chapter 6 

HYDRODYNAMtC FORCES RESULTING FROM CAVITATION ON 
UNDERWATER BODIES 

PURPOSE AND SCOPE 
OF INVESTIGATION 

WITH THE INCKPTIOX and growth of cavitation, the 
distribution of velocities and pressures around a 

moving body are changed, and the hydrodynamic 
force* are different from those existing under cavita- 
tion-free conditions. In the case of underwater pro- 
jectiles, most interest is in the two extreme condi- 
tions— the initial stages immediately after the onset 
of cavitation and the fully developed stage when a 
large portion of the cavitating body is enclosed in a 
vapor cavity. For the initial stages, it is important to 
know how far cavitation can develop before affecting 
the forces and moments appreciably, as well as the 
magnitude of the resulting forces. This phase applies 
to the steady underwater run of all high-velocity tor- 
pedoes. For the fully developed condition, a, knowl- 
edge of the forces and moments and the physical con- 
ditions of flow affecting these forces arc important. 
This phase also applies to the air-water entry prob- 
lems arising for various projectiles where the air 
cavity which is obtained at entry is similar, if not 
identical, to the vapor cavity which is obtained 
with cavitation. 

In order to investigate these different aspects, 
measurements of forces and moments were made for a 
variety of bodies subjected to cavitating conditions 
in the high-speed water tunnel. Complete projectiles 
with different noses and tail structures were tested to 
determine the total performance for the incipient and 
more developed stages of cavitation. Short bullet- 
shaped models with different noses were tested to 
obtain the effect of the nose shape alone, primarily 
for fully developed cavitation. 

In addition to the measurements on three-dimen- 
sional bodies, that is, bodies of revolution, tests were 
made for cavitating and noncavitating flow of the 
drag of a cylinder with its axis normal to the direction 
of motion. Hie drag of this two-dimensional case and 
of two of the three-dimensional shapes are compared 
with values calculated from measured pressure dis- 
tributions on the body surface. 

•» THE EFFECT OF CAVITATION 
ON DRAG 

••»•> Physical Growth Necessary 
to Change the Drag 

The amount of cavitation necessary to cause a 
measurable change in drag is dependent somewhat on 
the shape of the body, the kind of cavitation that is 
formed, and the relative magnitude of the drag with- 
out cavitation. The results of measurements on 
several different bodies, and photographs of the cavi- 
tation at various stages of development arc shown in 
Figures 1 to 11. The pictures were obtained with ex- 
posures of the order of 20 jisec so that the flow was 
effectively "stopped." The drag measurements are 
presented as curves of the drag coefficient C7> plotted 
against the cavitation parameter K. Decreasing val- 
ues of K represent conditions for increased cavita- 
tion. The methods of evaluating and correcting the 
test data and a list of symbols and definitions are 
given in the Appendix. 

HEMISPHERE NOSE 

The first two sets of data were obtained with a 
cylindrical body having an ogival tail or afterbody 
with a hemisphere nose in one case, and with a 
square-end nose in the second. With this simple form 
a good comparison of the effect of nose shape should 
be obtained. Flash photographs of cavitation on the 
hemisphere are shown in Figure 1. The outline of the 
projectile can be seen in the first photograph, while in 
the second photograph, a small band of fine-grained 
cavitation is seen just aft of the junction between the 
hemisphere and the cylinder. In the bottom two 
photographs, the entire body is enveloped in a cavi- 
tation cavity. The drag coefficient of this body is 
shown in Figure 2 as a function of the cavitation pa- 
rameter A'. On this figure the dashed curve represents 
Co values calculated from measured pressure distri- 
butions and will be discussed in detail later. The 
curve of measured Co values shows that there is no 
sudden increase in drag with the onset of cavitation. 
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Instead, with increasing cavitation (decreasing K) 
the resistance increases very slowly until a K of about 
0.5 vs reached, when the cavitation tone on the nose 
is about H caliber long, as can be visualized by inter- 
polation between photographs. With further develop- 
ment of cavitation, however, Co rises rapidly to 

Fiooac 1.   Cavitation on cylinder with hemUphericnl 
nose and ogival tail. V»w - 0 degree. 

several times its initial value. A peak value is reached 
after which Co tends to decrease an the trend of the 
calculated dashed curve would predict. 

develops, but increases very slowly until the wispy 
formation coalesces to form the white plume. This 
increase is at about the same rate as observed for the 
hemisphere, but is a much smaller percentage of the 
total drag. Hero, in order to increase the drag ma- 
terially above its already high value, it is necessary 
that enough cavitation be formed to displace the flow 
away from the body further than for noncavitating 
flow separation and to increase the turbulent wake 
downstream. 

VARIOUS NOSES ON A TORPEDO 

Measurements for a ring-tailed torpedo with ex- 
haust stacks in the ring are shown in Figure 5. No 
photographs were obtained with the test, but the 
development of cavitation at various points on the 
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Fionas 2. Effect of cavitation on drag of cylinder 
with hemispherical nose and ojival tail. Yaw - 0 
degree. 

SOOAHK-END CYLINDER 

In Figures 3 and 4, data are shown for the cylinder 
with the square end. This "nose" produces the wispy 
type of cavitation at inception which develops into a 
fine-grained white plume and ultimately to a clear- 
walled cavity extending back from the separation 
point in the sharp edge as cavitation increases. 

The drag without cavitation is initially nearly ten 
times the value for the hemisphere. It is almost com- 
pletely form drag caused by separation of the non- 
cavitating flow from the body at the sharp corner of 
the nose. As in the case of the hemisphere, the drag 
does not change suddenly as cavitation forms and 

projectile is described by notes on the curves. Two 
noses were used with this projectile. One, the so- 
called Mark 13 nose, is composed of a 214-degree in- 
cluded angle cone, tapering down from full diameter 
to 0.92 degree of the maximum diameter, with a spher- 
ics! segment tip having an 88^-degree half angle. 
The other, a 2.3-caliber by 78-degree spherogive, is 
formed by replacing the pointed tip of a 2.3-caliber 
ogive with a spherical segment which becomes tan- 
gent to the ogive surface at a half angle of 78 degrees. 

The Mark 13 nose is very little different from a 
hemisphere and produces the same type of cavitation 
just aft of the tangent point with the conical surface. 
Inception is obtained at a K of about 0.66 instead of 
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136 FORCES RESULTING FROM CAVITATION 

0.75, however. The tail structure and the nose begin 
to cavitate at about ihe name time. There is no 
meagureable change in (Iran on this projectile immed- 
iately after the onset of ravitation. Co increase* ma- 
terially only after a moderate hand is> developed on 
the nose (less than for the hemisphere on the cylin- 
drical body, however) and pronounced ravitation 
develops on parts of the tail structure. 

The spherogive nose has much letter character- 
istics than either the hemisphere or the Mark 13 and, 
consequently, does not cavitate until K is reduced to 

FIOURE 3.   Invitation on  square-end cylinder with 
ogival tail. Yaw - 0 degree. 

approximately 0.5. As a result, tail cavitation is well 
developed before nose cavitation appears and causes 
the drag to increase while the nose cavitation is still 
in its early stages. 

BLUNT XOSE ON A DEPTH BOMB 

A depth boinh with a ring tail and a blunt nose wax 
tested and the results arc shown in Figures 6 and 7. 
The nose is a 1-caliber ogive truncated so'the di- 
ameter of the face is % caliber. The edge of the flat 
face is rounded slightly. The initial cavitation on this 
projectile forms on the ogival surface at the junction 

with the flat face and is very fine-grai.Tvl in character. 
The tail surfaces begin to cavitate soon after incep- 
tion on the nose. The cavitiition-free draq of the pro- 
jectile is about three times the value <•, the drag of 
the simple body with hemisphere none shown in Fig- 
ure 2. With the onset of cavitation, tnerr is, if any- 
thing, a slight tendency for the drag to drop otf. An 
increase is obtained, however, with a relativelv small 
amount of cavitation on the nose and the tail. In 
fact, the rapid increase in drag of this particular pro- 
jectile occurs with less visible cavitation than on any 
of the other models discussed thus far. 

Fiui'mc 4.    Kffa'l of cavitation on dreg on square-end 
rylindcr with ogival tail. Yaw - 0 dvgnv. 

KFTECT or YAW 

A set of data showing the effect of cavitation with 
yaw is shown in Figure 8 for the Mark 13-2 torpedo 
with a hemisphere nose, the Mark 13 nose, and a 5- 
caliber by 70-degree spherogive nose. Photographs of 
the cavitation are shown for each nose in Figures 9, 
10, and 11. The curves of Figure 8 show results similar 
to those already observed at aero yaw. With the hem- 
isphere and Mark 13 nose very little change in drag 
occurs until cavitation is fairly well developed on 
both the nose and the tail surface. Actually cavitation 
appears first on the tail ring at about K — (M» and 
later on the lee side of the hemisphere at K » 0.83. 
The drag with the hemisphere nose is only 10 per 
cent greater at K - 0.62 when the cavitation band 
on the nose has grown to a length of about J4 caliber. 
With the Mark 13 nose, nose cavitation appears at 
lower A' as does the sharp increase in drag. Here the 
influence of the tail cavitation becomes more im- 
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portent. With the 5-caliber by 76-degree spherogive, 
nose cavitation does not appear at all until after 
cavitation on the tail and, in this case, on the after- 
body also, has caused the drag to rise. The principal 
effect of the yaw seems to he that all stage* of cavita- 
tion occur earlier, that is,at higher values of K than 

amount of cavitation formed at 
appreciable physical volume. 
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Fiui'KB 5.   Effect of ravitation on drag of ring tail 
torpedo with 4 exhaust stacks. Yaw - 0 decree. 

do the corresponding stages on the body with aero 
yaw. The result is that for any constant value of A' 
less than Kt, the drag increases more rapidly with 
yaw than it does for the noneavitatimj condition. 

•4.1 Summary 

To summarise, these examples show the common 
effects that the onset of cavitation as observed visu- 
ally does not result in an immediate sharp increase in 
drag. Instead, the drag increases slowly, and in one 
case actually tends to drop oiT slightly, until sufficient 
ravitation is formed to change the basic flow pattern 
a;ound the object.  For all cases except one, the 

••*•'       Effect on Boundary leaver and 
Skin Friction 

fn general, the drag of bodies is the sum of skin 
friction and form drag. As cavitation develops, the 
relative proportions of the two components are 
changed. Finally for fully developed cavitation where 

PKU'RE 6. Cavitation on Wunt-nuaed depth bomb (1- 
caliher ogive truncated to ',-caliber flat face a-ith edge 
rounded). Yaw • 0 <l**rw. 

the projectile is completely enclosed in a cavity, and 
contacts the fluid only over a small area at the nose 
tip, the drag becomes almost 100 per cent form drag. 
The kind of effect cavitation produces will depend on 
the body shape which determines the ratio of form 
drag to skin friction for noncavitating conditions. 
The influence of cavitation in affecting the form drag 
can be visualised rather clearly, since the effective 
shape of a body is, of course, changed by the bubble 
formation. The physical mechanism of its effect on 
skin friction can he explained qualitatively by com- 
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138 FORCES RESULTING PROM CAVITATION 

parison with local separation and its effects on the 
boundary layer development.M•,•• 

For cases where the drag is due primarily to skin 
friction, it will be highest when the boundary layer is 
turbulent. At a given Reynolds number (based on the 
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Fiacu 7. Effect of cavitation on drag of hluM-MMed 
depth bomb (1 -caliber ogive truncated to '^-ralibcr flat 
face witb edge rounded). Yaw — 0 degree. 

length of the projectile in direction of motion), if an 
appreciable portion of the boundary layer is laminar, 
Cp will be much lower. Any influence which causes an 
early transition to a turbulent layer will tend to 

Fmctti 8.   Effect of cavitation on drag of Mk 18-2 
torpedo with three different now. Yaw » 3 < 

increase Co. In noncavitating flow, this can be 
accomplished by increasing Reynolds number and/or 
increasing the turbulence in the surrounding fluid. It 
can also be accomplished artificially by providing 
roughness or obstructions on the surface of the body, 

or discontinuities in the curvature at the surface that 
will cause local separation of the flow, and hence in- 
troduce turbulence. 

For the types of cavitation alieady discussed, a 
definite similarity exists between the cavitation and 
separation. Reference to Figure 1 shows that fine- 
grained cavitation forms a ring just aft of the junc- 
tion between the hemisphere tip and the cylinder 
Figure 3 shows thin wisps forming in eddies well 

Fiuuaz 0.    Hemiapbere  none on  Mk  13-2 torpedo. 
Yaw - 3 degree*. Top and side view*. 

away from the projectile surface. Figure 6 shows fine- 
grained cavitation appearing at the discontinuity be- 
tween the flat-face and the ogive surface of the nose. 
Each of these has the common characteristic that 
cavitation appears first at or near a discontinuity in 
surface curvature. 

In Figure 12, in the left column, are flow line dia- 
grams for these same noses on which the tone of 
separation is shown. These diagrams were drawn from 
actual observations in the polarised light flume" at 

CONFIDENTIAL 



THE EFFECT OF CAVITATION ON DRAG 139 

very low Reynolds numbers, so the separation effects 
are exaggerated. However, it is clear that for these 

both separation and cavitation occur in the 
! general vicinity. In the initial stages, therefore, 

cavitatioa must be similar to separation in its effect 
on the drag. This idea is in agreement with the cases 
discussed thus far. 

With more streamlined noses, separation does not 
occur under normal conditions and the boundary 
layer remains laminar over a longer distance from the 
tip of the nose. The minimum pressure on the body 
surface usually occurs at some point ahead of the 
maximum diameter so that it is possible that, on 
small projectiles at least, cavitation occurs in the 
normally laminar tone. The bottom diagram in Fig- 
ure 12 for the semiellipge illustrates this possibility. 

X'0.40 

rwuaa 10.   Standard Mk 18 rat <m Mk 1S-2 torpedo. 
Yaw - S decrees. Top and «4dn views. 

With the blunt-nosed bodies, the form drag is 
initially high due to severe separation. Incipient cavi- 
Ution occurs in the same tone as the separation and 
has practically no effect on the drag. With bodies 
having sharp discontinuities in surface curvature such 
as that between the hemisphere and the c.vliuder, the 
boundary layer probably starts as predominantly 
turbulent, so that eavitation alters the conditions 
only slightly. Co increases materially only with the 
development of enough cavitation to establish a new 
effective shape for the body, and hence alter both 
skin friction and form drag. 

Futraitll.   Fnre-e*Utoby74-daaTeeapa*roaiv«nmeori 
Mk 1S-3 torpedo. Y*w - S degrees. Top sad side view*. 

Cavitation under these conditions should result in a 
transition to a turbulent boundary layer with a 
change in drag. For large projectiles the boundary 
layers for most velocities are slmoet completely tur- 
bulent so that this condition is of secondary im- 
portance. Also, with increased body fineness, the 
type of cavitation changes to coarse-grained so that, 
while turbulence is introduced, it is somewhat dif- 
ferent from that formed by local separation and the 
analogy may not hold so closely. 
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140 FORCES RESULT1NC FROM CAVITATION 

Aii cavitation grows, it effectively changes the shape 
of the body and thereby alters the form drag. Simul- 
taneously, the skin friction should decrease because 
there is less high-velocity fluid in contact with the 
surface. Ultimately, if the cavitation envelops the 
body completely, there remains only form drag din- 
to the difference between the pressure force* on the 

CAWTr 

OMfrn mm.-, 

> 

depth bomb with a truncated ogive nose indicates a 
slight decrease in Co with initial growth of cavitation. 
Knapp has suggested1* that with growth of cavitation 
in the early stages after inception the interplay be- 
tween the increase in form drag and posttihle decrease 
in «kin friction might result initially in such a de- 
crease. A similar phenomenon hax hern meswured in 
the case of some centrifugal pumps where measurable 
increases in head and efficiency have lieen observed 
when the pump impeller begun to cavitate." ls 

,A1 Drag in the Cavity 

With a completely enveloping bubble such that 
contact with the water is made only over a sr mil area 
at the forward portion of the body, skin friction car. 
be neglected and all of the drag can lie assumed to lie 
form drag. This assumption will certainly hold for 
Reynold** numbers (based on diameter) greater than 
10* on spheres, cylinders, und blunter bodies. For 
more streamlined shapes skin friction will cause a 
small correction. With enveloping bubbles the magni- 
tude of CD i» nut a single value but depends on the 
stage of bubble development. The total pressure 
(static plus dynamic) acting over the wetted portion 
<»f the Iwdy will depend on the velocity ami on the 
static pressure in the undisturbed fluid while the 
"back pressure" acting over the after portion of the 
l>ody will be independent of the velocity or pressure 
in the undisturtx-d Hukl. This back pressure will be 
conrtant and equal to the vapor pressure for pure 
ca'-:'ition. An expression for Co in the cavity stage 
showing its variation with bubble growth (and hence 
K) can lie obtained by neglecting the skin friction 
and integrating the normal forces acting over the 
entire body mirfucc as follows. 

Writing the pressure or form drag as a summation 
of all components of the pressure form: taken paral- 
lel to the direction of motion gives 

Kiut UK 12.    Flow line diagram* ami ravity Mlhowtfot. 

small wetted area of the nose and the gas pressure 
in the bubble. The pressure distribution along the 
surface of the solid body is altered completely, while 
the effective body is enlarged by the extent of the 
cavitation bubble. The right-hand diagrams in Fig- 
ure 12 show the full cavity conditions for the noses 
already discussed. These were obtained by scaling 
the cavity silhouettes from photographs. 

The drag coefficient curve shown in Figure 7 for a 

where /) 
<>-/ 

/' con Mn <U 

da 

the pressure force acting in the direction 
of motion. 
the unit normal pressure at any point on 
the body, alno 
the static pressure in the undisturbed 
How plus the pressure resulting from 
dynamic effects, 
an element of area on the body surface, 
the angle between an area element dn 
and the direction of motion. 
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This expression must be integrated over the wetted 
area of the body and the area enclosed by the bubble 
so that 

Z> - I P ros 9d4i + I POOH WO. (la) 

Simplifying the expression by writing cos Wo = rf.4, 
an element of area projected on to a ]>lane normal to 
the direction of motion. giv>s 

I) - JPdA + \pdA. (2) 
w*tt«il am     MvelofMri are» 

In this normal projection, the net projected area of 
the wetted surface and the bubb'te-enclosed surface 
are equal and can be denoted by Aw. Assuming now 
that P — PB • constant inside the bubble and 
adding and subtracting P«. the static pressure un- 
disturbed flow, from the total pressure P. one obtains 
nfter simplifying. 

i) = UP - P,)dA + (P. - Pull.    (2a) 

Dividing by (prM)/2 gives the drag coefficient 

(„ , _v,_ =  v I   _—dA + A    . (3) 
Pj-1 

where A thearei of the maximutu section of the 
body projected normal to the direction 
of motion, 

K - (P. - P.) (*! 2). 

The first term in txpation (2) is the integral of the 
pressure intensity caused by dynamic effects. The 
second is merely the difference between the hydro- 
static pressure in the undisturbed fluid and the bub- 
ble pressure. When converted into a coefficient as in 
equation (3) the first term becomes a function of the 
dimensionless dynamic pressure distribution and the 
second a function of the cavitation parameter K. 
When K — 0 the limiting Co equals the first term of 
equation (3). As the cavity decreases from the full 
bubble stage . ilh increasing K. CD will increase pri- 
marily because of the increase in P» — P». Usually 
the variation in wetted area and pressure distribution 
on the body will have a secondary effect .This trend per- 
sists until the cavity no longer envelops the body and 
hydrodynamic force* begin to act on the after portion 
as well as the nose or leading edge. Depending on the 

body shape and attitude with respect to the flow, the 
drag may increase somewhat farther. Finally, how- 
ever, us the bubble becomes smaller and smaller, CD 

must approach the normal cavitat ion-free value. For 
streamlined objects, like moei projectiles, this will be 
less than for the cavity stage. For nonstreamlined ob- 
jects, like a cylinder normal to the flow, tiic ravita- 
tion-free drag may exceed the cavity drag. 

Actual numerical evaluation of CD from equation 
(3) requires that the pressure distribution denoted 
!»y the function P be known. An evaluation based 
on actual measurements of the pressures on the sur- 
faces of cavitating l>odipx will lie discussed in a later 
paragraph. 

,JJ Effect of Body Shape on Cavity Drag 

To investigate the effect of body shape on drag in 
the cavity, a series of measurements was made using 
models short enough to insure that the entire body 
could be completely enveloped by the cavitation 
pocket at the lowest value of K obtainable in the 
water tunnel. Six different noses were tested on short 
cylinders with cither a blunt afterbody or with an 
ogi val afterbody. The three basic types of nose shapes 
tested were: 

1. Noses tipped with spherical segments, including 
the hemisphere, the Mark I.?, the 2.3-caliber by 78- 
degree spherogive, and the 5-?aliber by 76-degree 
spherogive. 

2. Blunt noses, including the square-end cylinder 
and the truncated ogive. 

3. "Streamlined" noses typified by a 2^4-to-l 
Mem (ellipsoid. 

DESCRIPTION OP CAVITIES 

Typical top and side view pictures of the ewities 
formed by these shapes are shown in Figures 13 and 
14. These photographs are not all for the same value 
of K nor for the same degree of bubble development. 
However, the essential features of the u.?<teoce of 
nose shape car be seen, since fi rther reductions ii> K 
do not change appreciably the forward portion of the 
cavity. In Figure 13 it will be noticed that for these 
models the cavity separates on the spherical tip so 
that the water is in contact with only a portion of the 
tip. For the blunt noses shown in Figurv 14 the cavity 
separates from the body at the sharp edge so that 
water is in contact with only the flat face of the body. 
For the semieHipsoki. also shown in Figure 14, the 
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HEMISPHERE 

K«0.29 

MX 13 
K * 0.30 

1.3    CAL   X   78 
SPHCROGIVE 

K«0.2T 

5    GAL   X   76 
SPHER06IVE 

K> 0.21 

Fioi'KE 13.    CtviUtkxi bubblea on spherical-tipped nones. Yaw - 0 ttegirc. 
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cavitatioa is of the coarse-grained type and clean 
separation is not obtained even though most of the 
body is enveloped so that only the nose proper is in 
contact with the water. The pictures also show the 
expected result that the cavity diameter increase* 
with bluntness of the nose. Thus the square-end cyl- 
inder produces the largest cavity, and the 5-caliber by 
76-degree sphirogive or the 2V£-to-1 semiellipHoid, 

( ?t,i 

the smallest. It is interesting to note that the trun- 
cated ogive produces a bubble which at a given dis- 
tance from the separation point has about the same 
diameter as that produced by the hemisphere nose in 
spite of its bluntness. Thin is no larger because the 
diameter of the face is only % caliber and because, 
further, the edge of the flat face is rounded off to a 
small radius. 

MUAME END 
CYLINDER 

K 4 0.59 

r4 

'•     TRUNCATED OCIVE 
ieo.it 

t-4/£:1   ELLIPSOIO 
K«0.f4 m**r%' ? 

Fimms 14.    CavitatiiHi bub'4e« on flat-farad and ellip-uidal 

CONFIDENTIAL 

Yaw 



144 FORCES RESULTING FROM CAVITATION 

DRAO VERSUS A' 

The measured values of Co for these shapes are 
shown in Figure 15 plotted against the cavitation 
parameter A. Interest is centered mainly on the 
low-A' end of each curve which is shown by a heavier 
line to indicate that the Wly is completely enveloped 
in the cavitation bubble. ()n this same diagram are 
plotted the same calciil:iti>:l values for the square-end 

*• t        o 
OMTf ATlOII HMMMETfR, K 

•» CMVkTIOM   MM 

Fiouu 15.   Elert of now shape ou drag in the cavitv. 
Yaw - 0 degree. 

cylinder and the hemisphere as were shown in Fig- 
ures 2 and 4. These were calculated using equation 
i3) above, and the measured pressure distributions 
on the surface of these noses.1* The calculated co- 
efficients are extrapolated from the point* indicated 
by crosses down to aero A. 

For a given value of A' the measured magnitudes of 
CD reflect the difference in bubble sise already ob- 
served, the square-end cylinder showing the largest 
and the 5-caliber by 76-degree spherogive and the 
2L$-to-l ellipsoid the smallest. This is a necessary 
relationship since the cavity diameter is a measure of 
the momentum change imparted to the water as the 

nose pushes it aside and hence is proportional to the 
drag. Thus Co also is measured by the cavity di- 
ameter relative to the projectile diameter. This de- 
pendence of Co on the bubble diameter dees not hold, 
however, if one comparer cavity sixes produced by 
the seme projectile at different values of A. As A is 
reduced, it is easier for a body to make a cavity be- 
cause the momentum required is reduced in propor- 
tion to the pressure forces, represented by Po — Pt, 
which must be overcome. Consequently, Co becomes 
smaller with reductions in A even though the bubble 
grows larger. 

The truncated ogive has a lower drug than would 
be calculated normally for the equivalent-siaed 
square-end cylinder because of the slight rounding of 
the corner. Its drag coefficient is calculated to be 
about 50 per cent greater with a sharp edge. In all 
cases, as equation (3) states, a reduction in drag co- 
efficient with reduction in A is discerned soon after 
the body is completely enveloped. The measurements 
for the hemisphere and the square-end cylinder with 
the enveloping cavity are both slightly lower than 
the calculated values. It is interesting to note that 
the calculated values extrapolated to A - 0 give 
Cn « 0.70 for the cylinder and 0.27 for the hemi- 
sphere. 

The formation of an enveloping cavity has a 
particularly effective stabilising influence on blunt- 
nosed bodies. In the case of both the square-end cyl- 
inder and the truncated ogive, the "bullets" tested 
were dynamically unstable in the water aa long as 
cavitation was suppressed. The resultant oscillations 
about the support point loaded the model support 
system excessively. With the growth of cavitation, 
however, both bodies quieted down and with the for- 
mation of the full clear cavity shown in Figure 14, no 
oscillations existed and the hydrodynamic forces were 
uniformly steady. 

•*•     Drag of a Cylinder in the Cavity 

The two-dimensional case of a circular cylinder 
aligned with its axis normal to the flow was investi- 
gated also. A %-in. diameter rod spanning the 14-in. 
diameter working section of the water tunnel was 
tested at velocities of 47.5,50, and 55 fps for a range 
of the cavitation parameter that assured a well-de- 
veloped cavity. A line made by inlaying a 0.010-in. 
wide copper strip extended along the length of the 
rod so that with the aid of the balance mechanism for 
yawing models, the rod could lie turned about its 
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Fictms 18.   Three-qawter-ineh diameter rirruUr cylinder in cavity. 
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146 FORCES RESULTING FROM CAVITATION 

axis and the angular position of the separation point 
observed. 

Photographs showing the end view of the spindle 
and the cavity outline as seen through the top trans- 
parent window of the working section, and simultan- 
eous side views showing the length of the spindle are 
presented in Figure 16. 

separation point apparently makes a small rearward 
shift as the cavity wall clears and then moves for- 
ward again. This behavior agrees qualitatively with 
the observed decrease in cavity width. The angle of 
separation measured back from the stagnation point 
falls between approximately 76 degrees and 80 de- 
grees for the range of K from 0.45 to 0.80. 

DESCRIPTION OF CAVITY 

It is seen that for the early stages of cavitation the 
bubble surface is opaque and milky, and is composed 
of the so-called fine-grained cavitation. At a critical 
K of about 0.50, however, the cavity wall suddenly 
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Fiovu 17.   Drag coefficient for %-in. diameter circu- 
lar cylinder. 

becomes clear and transparent. This is indicated by 
the glossy texture of the cavity shown in the bottom 
photograph. At the same time the width of the cavity 
is reduced somewhat, as can be seen by comparison of 
the end views of the spindle for K - 0.50(4-) and 
0.50( —). Note also that the cavity boundary extend- 
ing back from the point of separation at the cylinder 
is sharply defined by a clear-cut line after the transi- 
tion occurs. Iu the side view photographs, the separa- 
tion of the flow at the cylinder surface is indicated by 
the irregular line in the center of the highlight. Ahead 
of this highlight the forward portion of the cylinder 
is shown in dark relief, while downstream from the 
highlight the cylinder is enveloped by the cavity and 
cannot be seen until the cavity wall becomes trans- 
parent as in the bottom photograph- The point at 
which the flow separates from the cylinder surface 
was observed to shift forward slightly towards the 
stagnation point as K is reduced. At the critical K the 

DRAG VERSUS K 

Figure 17 shows musu-ed drag coefficients and 
theoretical coefficients calculated from wind-tunnel 
measurements of pressure on the cylinder surface.14 

As predicted by the theoretical values, the measured 
Co decreases with increasing cavitation. The varia- 
tion is approximately linear down to the critical A' 
when the trend of the measurements changes sharply. 
The lower C? value after the transition to the clear- 
walled c u'i'y is also consistent with the observed de- 
crease in cavity width. The measurements show Co 
to fall below the theoretical c; rve a* A' is reduced 
further and the cavity elo* - ' However, tiic ac- 
curacy of the measuremet .••••-•-' ••< question- 
able because of the diffic a . accumulation 
of air in the tunnel workin* section. 

COMPARISON WITH CALCULATED CO 

Above the critical A' the curve of measured drag 
coefficients parallels the theoretical curve but shows 
higher values. The theoretical coefficients were cal- 
culated using equation (3). The limits of integration 
of the measure intensity term were determined from 
assumed points of separation from the cylinder sur- 
face. For the limiting condition of A' — C, separation 
was assumed to occur where the diinensionleas pres- 
sure term (P — P»)/(pr,/2)becameieroforthewind- 
tunnel determinations. For higher K'a (less cavita- 
tion) separation was taken to occur where the reduc- 
tion in pressure below P0 gave values of (P — P»)/ 
(P»*/2) equal to assumed values of K. This method 
indicated separation points much farther forward 
than actually measured, which causes the lower the- 
oretical drag coefficient curve shown in Figure 17. 
Such a discrepancy in the point of separation is not 
unexpected because the flow with a cavity is actually 
quite different than the noncavitating flow in the 
wind tunnel. With the cavity some change in the 
pressure distribution on the part of the body must be 
necessary to provide the extra forces required to 
open up the cavity. 
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WALL EFFECTS 

Some deviations from the truly two-dimensional 
case exist. There is a small wall effect because the cy'- 
inder occupies 7.3 per cent of the tunnel cross section. 
Also, the ratio of channel width to the cylinder di- 
ameter is 19 to 1 at the maximum section, but is re- 
duced towards each end of the cylinder. The change 
is alow, however, so that all of the cylinder except the 
extreme end is at a good distance from the wall. 
Probably the boundary layer caused by the tunnel 
wall, wbioh is of the order of Yt in. thick, will have a 
predominant influence in this tone. Thorn" reports 
that the presence of channel walls parallel to the axis 
of a cylinder causes a correction to the velocity oi the 
order of 1 per cent for a ratio of channel width to cyl- 
inder diameter of 20 to 1 and less than 2 per cent for % 
ratio of 10 to 1. It is unlikely that a ratio of 10 to 1 
for the circulai tunnel cross section will cause a cor- 
rection greater than the 2 per cent for the 10-to-1 
ratio with parallel walls. 

ALTERNATING FORCES 

The measurements shown in Figure 17 were con- 
fined to cavitating conditions because, without the 
cavity, excessive lateral vibration of the cylinder pro- 
hibited operation at these high velocities. This was 
due to the alternating cross force resulting from the 
shedding of vortices of the von Karman trail. But 
with the cavity completely stable conditions were 
obtained, permitting operation at even the maximum 
velocity of the water tunnel. To get to the high ve- 
locity without vibrations severe enough to damage 
the balance equipment, it was necessary to cause the 
cylinder to cavitate at low velocities and then to raise 
the speed while maintaining the cavitation bubble. 
An indication of the alternating forces of the vortices 
generated for noncavitating flow is given by the ob- 
served lateral deflections of approximately ££ in. at 
25-fps velocity. A uniform static load of about 8 psi, 
or a total of about 110 lb, is necessary to cause this. 
With cavitation at 58 fps, as shown in the top picture 
of Figure 16, a deflection was observed only in the 
direction of motion. A maximum deflection cf the 
order of Vi in. (\i of the cylinder diameter) for a 
measured total drag of 150 lb was obtained. The de- 
flection in the direction of motion can be seen in the 
top views of the cylinder by comparing the position 
of its axis with the neutral position indicated by a line 
drawn between the two arrow points. Note that the 

maximum deflection is obtained in the top photo- 
graph for the highest K. This deflection also accounts 
for the inclination of the cylinder observed in the side 
views. 

NONCAVITATING DRAG 

Measurements were obtained for noncavitating 
conditions in a velocity range of 10 to 25 fps, or a 
Reynolds-number range of 55,000 to 160,000. Co was 
constant and equal to 1.13 ±0.03. This agrees with 
published data on the drag of a cylinder of infinite- 
aspect ratio. 

THE CROSS FORCE AND MOMENT 
IN THfc CAVITY 

Ml Effect of Body Shape on Cavity 
Cross Force and Moment 

CAVITY SYMMETRY VERSUS NOSE SHAPE 

The spherical-tipped noses shown in Figure 13 have 
the common characteristic that the cavitation bubble 
is formed by separation of the flow well forward on 
the tip so that water is in contact with only a portion 
of the spherical segment. The bubble shape should 
therefore be independent of yaw as long as the alter 
part of the body does not reach over and touch the 
cavity walls. Top views of these same noses in fully 
developed cavitation bubbles are shown in Figure 18 
yawed at 3 degrees. Note that in each case separation 
occurs along a sharp line normal to the direction of 
motion, and the resulting cavity, while displaced 
laterally as viewed from above, is symmetrical about 
a line parallel to the flow. In the case of the 5-caliber 
by 76-degree spherogive the cavitj does not com- 
pletely envelop the body, yet it retains its symmetry 
back to a point where it intersects the body sur- 
face. 

In contrast, the shapes shown in Figure 14 all pre- 
sent an asymmetrical obstruction to the flow when 
yawed. Consequently, separation of the flow cannot 
occur symmetrically and the resulting cavity must be 
asymmetric. Views of cavitation bubbles in Figure 19 
formed by these noses in yawed positions show this 
effect clearly. The cavities for the two blunt noses 
have trailing bubbles displaced slightly in the direc- 
tion of yaw, while the ellipsoid has a trail of bubbles 
displaced slightly opposite to the direction of 
yaw. 
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FORCES VERSUS CAVITY SYHMETRV 

The characteristics which determine whether or not 
the bubble is symmetrical are important in deter- 
mining the hydrodynamic forces that will act on the 
body under yaw. Since the resultant force must be 
equal and opposite to the momentum change of the 
water deflected by the body, the symmetry or asym- 
metry of the ca\ itation cavities determines the exist- 
ence and sense of moment and crass force. Thus, for 

»«iy fHtwotivt «••.» 

PlGCU   18. 
ooeee. Yaw 

CaviUtion bubbles on   apbericsl-tippeil 
- 3 degreeH. 

the spherical-tipped noses used in these experiments, 
the cross force should become sero and the moment 
should be due only to the drag acting through the 
center of curvature of the spherical segment forming 
the nose tip. On the other hand, a finite cross force 
should exist on the other noses, causing a definite up- 
setting or destabilising moment in the case of the 
ellipsoid, with ft stabilising moment tending to 
counteract the destabilising effect of the drag in the 
case of the blunt noses. 

MEASURED COEFFICIENTS 

The trots* force and moment coefficients CV and CM 

measured for these noses are shown in Figure 21), 
plotted as function* of the cavitation parameter A' 
The moment coefficients are calculated for direct 
comparison with the coefficients for a reference pro- 
jectile 7.18 caUters long with the center ot gravity at 
42 per cent of the length back from the nose tip. 
The data are not corrected for support interference 
effect* because it was found that the effect, if any, on 
the cross force C and moment M wen very wr.al! 
once the full cavity was developed. On the other 
hand, as the curves indicate, both C and M are 
much larger just before the cavity in formed than 

tt/in tULIPMW 

FIGUUE 19.   CaviUtion bubble* on flat-faued and euip- 
aoidal nons. Yaw - 3 de.re» 

after. Since the values for other than the cavity 
stage are of significance only for indicating trends, 
no corrections were made. 

In general, the trends shown by the curves as A' is 
reduced and the test conditions approach a full cav- 
ity verify the qualitative deductions just stated. The 
hemisphere nose on which a big cavity was developed 
at the K'» of the test shows sero cross force and a 
moment for normal cavitation-f ree operation of about 
)/% that of the reference projectile without fins, or 
about H of that of the reference projectile with fins. 
This measured moment can be approximated with 
fair accuracy from the drag measurement. For the 
2.3-caliber by 78-degree spherogive, the cross force is 
finite but very small, and the moment is also reduced 
from the cavitation-free value of the reference pro- 
jectile. Both Cr and C.v are decreasing rapidly with 
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increasing bubble site so that in the light of the ob- 
served bubble symmetry in Figure 18, it is probable 
that Cc will eventually become wro. 

For the other two spherical-tipped noses, the Marie 
13 and the 5-caliber by 76-degree spherogive, both 
show relatively high cross force and moment. This is 
attributed to the extra lengvh of these noses and the 
difficulty of getting a cavity large enough to assure 
no interference at points aft of the -reparation tone. 
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Fioums 30.   Kffert of now shape on moment and crow 
force in the cavity. 

This is especially severe in case of the spherogive be- 
cause of ite high resistance to the inception of cavi ta- 
ttoo. A similar result was obtained with the hemi- 
sphere nose when the bullet was elongated to the 
point that there was some question as to whether the 
cylindrical portion interfered with the cavity wall. 
By shortening the bullet, however, this was elimi- 
nated. It iB not possible to assemble these two noses 
in shorter unite so the results from these tests are in- 
eluded with this reservation. The trend shown is con- 
sistent, however, with the symmetry of the cavita- 
tion bubble, and Cc should eventually fall to sero for 
both unite. 

The 2V$-to-l semiellipsoid nose also results in high 
Cc and C* but for different reasons. While the cavi- 
tation pictured in Figure 19 is well developed, the 
cavity is not formed by clean-cut separation as on the 
spherical-tipped models. Instead, the coarse-grained 
cavitation bubt'es appear intermittently over a 
broad tone on the nose surface, and form a close-fit- 
ting sheet over the surface of the body. In a sense, 
therefore, a cavity is not really formed on this shape. 
As a result, the trailing bubble is inclined to the di- 
rection of flow, and in light of *his asymmetry, it is 
not expected that Cc will vanish or that Cm will be 
reduced to the low value shown for the hemi- 
sphere. 

The square-end cylinder produces both a cross 
force and moment that is stabilising in effect. This is 
because the pressure on the flat face acts normal to 
the face and, hence, has a lateral component tending 
to reduce the angle of yaw. But for asymmetry in the 
pressure distribution across this face, the resultant 
vector would coincide with the axis of the cylinder 
and sero moment would result. The existence of a 
small moment is an indication of a slight shift in the 
stagnation point in a direction opposite to the sense 
of the yawing. 

••*•*       The Cross Force and Moment 
on a Complete Projectile 

during Cavitation 

DESCRIPTION Of CAVITIES 

It will be recalled that the projectiles pictured in 
Figures 9, 10, and 11 are equipped with three of the 
spherical-tipped noses just discussed. Figures 21, 22, 
and 23 show additional pictures of these same pro- 
jectiles for more advanced stages of cavitation. The 
same characteristics observed in the photographs of 
the short bullets are observed when these shapes are 
used with a full body. Separation occurs on the spher- 
ical segment along a clear line which is normal to the 
flow. Consequently, the bubble is formed with an 
initial symmetry. This symmetry is maintained back 
to the point where the body and tail slice through the 
bubble interface. For the 5-calioer by 70,-dfgree 
spherogive the higher resistance to inception of cavi- 
tation results in less bubble growth at the same value 
of K than for the hemisphere or the standard Mark 
13, so that at K - 0.25, the nose bubble is scarcely 
more developed than at AT - 0.35 on the hemisphere. 
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Even for the partially developed conditions shown, 
howevv:, Reparation occurs along a line normal to the 
flow on the spherical tip of the nose. 

MEASURED COEFFICIENTS 

Measurements of the cross force and moment co- 
efficients for these three models are shown in Figure 

the very small destabilizing effect of the none. The 
latter, according to the measurements on the whort 
bullets, is reduced once most of the nose is enclosed in 
cavitation, thus contributing also towards a stabilis- 
ing trend. The curves also show a tendency towards a 
reduced cross force when the bubble is well developed. 
It will be noted by comparing the photographs in 

K«9.tC 

FIUIKB 21.    Hemisphere no* on  Mk 13-2 torpedo. 
Yaw — 3 ilearreK. Top and aide viewn. 

FIUVKB 23.   Standard Mk 13 now on Mk 13-2 torpedo. 
Yaw - 3 degrees. Top and side view*. 

24. Because these measurements include primarily 
the intermediate range between no cavitation and 
complete cavitatinn, corrections for support inter- 
ference are necessary, if the results are to be com- 
pared with the corresponding values without capta- 
tion. The results show that for the advanced stages 
obtained on the hemisphere and Mark 13 nuees, a 
lero or stabilising moment is obtained. There is also a 
tendency for the cross force to be reduced. In these 
cases the stabilising effect is caused by the tail and 
afterbody "biting" into the water and overcoming 

Figures 21 and 22 that a huger cavity is obtained on 
the hemisphere than on the Mark 13 at the same 
values of A'. Thus the hemisphere results in a more 
pronounced effect on the cross force and moment a* 
shown. These curves extend to a high enough K to 
include also the noncavitating performance and the 
effect of the initial stages of cavitation on the per- 
formance. In the case of the hemisphere and the 
Mark 13, both the cross force and the moment drop 
off with the onset of cavitation on the nose and on the 
tail structure. Ax cavitation develops the cross force 
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increase* again to slightly above its noncavitating 
value. Apparently there is a differential effect so that 
the increase is greater at the nose, because the mo- 
ment begins to increase slightly at the name time. 
With continued growth the distorted flow pattern 
causes a complicated additional fluctuation of both 
C and M until the oavitation envelops most of the 
body. At this stage the reduced moments and cross 

.., f.-Mi','      • •O.t* 

Fiocu 28.   Five caliber by-76-degree spherogive nore 
on Mk 13-2 torpedo. Yaw - S degree*. Top and Hide 

forces already mentioned are obtained. The curves 
for the 5-caliber by 76-degree spherogive nose begin 
at K « 0.72 when cavitation is already present on 
the tail structure. The nose does not begin to cavitate 
until K is approximately 0.42. At the lowest K of the 
tests, and the maximum bubble development, Figure 
23 shows that nose cavitation is still confined to the 
lee side of the body although there is strong cavita- 
tion on the afterbody and the tail. For these conditions 
both moment and cross force show a tendency to 
drop off. This is more pronounced in the case of the 

moment which is caused primarily by the high drag 
of the tail. 

•-• SUMMARY OF OBSKRVATIONS 
AND CONCLUSIONS 

The main findings of the investigation of the forces 
and moments acting during cavitation are summar- 
ized as follows: 

1. There is no sudden rise in the drag coefficient 
with the inception of cavitation. 
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FIOI RE 24. Effect of cavitation on moment and prom 
force of ring tail projectile with three different no**. 
Yaw - 3 degrees. 

2. Enough cavitation must develop to alter ap- 
preciably the normal flow pattern before the drag is 
affected materially. When this occurs the amount of 
cavitation as observed visually occupies an appreci- 
able physical volume. 

3. Between inception and the marked increase in 
drag the coefficient may increase slowly, may remain 
unchanged, and in some cases has been observed to 
decrease slightly. 

4. A qualitative comparison between cavitation 
und separation indicates: 

a. For blunt bodies with severe separation under 
noncavitating conditions the appearance of 
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cavitation does not immediately alter the flow 
pattern around the body, and hence intro- 
duces no immediate effect on Co. 

b. For other bodies with a normal boundary 
layer, cavitation and local separation both 
have the same basic effect on the flow in the 
boundary layer, and hence on the akin friction 
components of C». 

5. A» cavitation develops beyond the inception 
point, the skin friction component is profcably re- 
duced because there is less high-velocity fluid in con- 
tact with the surface. 

6. Draft, in proportional to the change in mo- 
mentum imparted to the water so that at a given 
value of K, drag in the cavity is proportional to the 
bubble Fise relative to the diameter of the body. For 
a given body, as K is reduced the cavity drag coeffi- 
cient decreases, although the cavity site grows, be- 
cause the momentum required to form the cavity is 
reduced in proportion to the pressure forces, repre- 
sented by (Pt — PB) which must be overcome. 

7. For the square-end cylinder and hemisphere, 
Co ii> the cavity agrees within a few per cent with 
values calculated from the measured pressure dis- 
tribution. 

8. The effect of rounding the comers on noses with 
sharp edges, such as obtained with a flat face, results 
in a smaller cavity and less drag. For the case of the 
truncated ogive with rounded edge, Co in the cavity 
ig reduced to about % the value calculated for a 
sharp edge. 

9. Cross force and moment depend upon the cavity 
shape and hence upon the shape of the wetted portion 
of the body. 

10. With spherical-tipped noses proportioned so 
that the cavity always separates on the spherical 
segment, not only at aero but at the maximum yaw, 
the cross force is aero and independent of yaw, and 
the moment is caused by the drag only. 

11. With bodies which do not have spherical-tipped 
noses, the cavity produced is asymmetric and a 
definite cross force exists. 

The sense of this cross force depends on the sign 
of the lateral momentum imparted to the water, and 
hence on the direction of the cavity asymmetry. 

12. With a complete projectile a reduced cross 
force and a »ero or stabilising moment are obtained 
when most of the body is enveloped in a cavity, 
but the tail projects through the cavity wall into 
the water. 

13. For intermediate stages between full and no 

cavitation the growth of cavitation alters both the 
cross force and the drag contributions from various 
parts of the projectile body. 

The shift in magnitude, direction, and point of 
application of the resultant hydrodynamic force 
causes simultaneous variations in C«. 

••       REMARKS ON APPLICATION OF 
OBSERVATIONS AND CONCLUSIONS 

The basic problems around which this research has 
centered have been connected with underwater pro- 
jectiles and consequently applications of the results 
to this field are most direct. Consider flirt the normal 
underwater operation of high-speed torpedoes. 

HIGH-SPEED TORPEDOES 

Cavitation is known to be detrimental and in the 
absence of definite information regarding the limits 
of its effect, every effort is normally made to keep the 
operating velocities below those for incipient cavita- 
tion. However, the present results show that appreci- 
able cavitation can be tolerated on typical torpedo 
shapes before the drag increases as much as 10 per 
cent. In the examples shown in Figures 5 and 8 an 
increase of about 10 fps or 10 to 15 per cent above the 
cavitating velocity was allowable. Thus it may easily 
be worth some sacrifice in power to increase the speed 
by such an amount. Admittedly, the simultaneous 
effect of cavitation on the cross force and moments 
can not be ignored. For example, normal operation 
with a negative buoyancy calls for an angle of attack 
to support the load. Since the torpedo shape with the 
hemisphere nose in Figure 8 showed about a 10 per 
cent loss in cross force at 3 degrees yaw for the same 
K at which the drag increased 10 per cent, cavitation 
could cause difficulty in maintaining the proper 
depth. With the decrease in crust, force (lift in the 
vertical plane), the depth mechanism would operate 
the rudders to give the body the increased angle of 
attack necessary to carry the load. This trend would 
persist until a new set of equilibrium conditions was 
obtained. Under these conditions higher drag would 
result. Variations in the moment and cross force will 
result in other variations in maneuverability. For ex- 
ample, the turning radius will be rather unpredict- 
able if excessive cavitation exists, so that behavior 
on angle shots will not be consistent. The selection of 
shapes for the projectile components such that cavi- 
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tation occurs as uniformly as .losrible on the L* and 
windward sides will tend to reduce the unbalanced 
effect on the hydrodynamic forces. 

All these effects are particularly serious when the 
projectile operates without much submergence and K 
is correspondingly reduced. In fact, for very low sub- 
mergence, cavitation will occur first on the top side 
of the projectiie even with no angle of attack. A tor- 
pedo seeking depth can easily be subjected to inter- 
mittent cavitation as it rises and falls along it* course 
and the resultant unbalance in hydrodynamic effect 
should certainly contribute to delay in reaching 
equilibrium conditions. It is possible also that eavita- 
tion of this type could increase the oscillations of the 
projectile and make it break surface. 

AIR-WATER ENTRY 

Reference has already been made to the similarity 
of cavitation bubbles to the cavities obtained at air- 
water entry. A basic difficulty in translating these re- 
sults to entry problems is the unsteady character of 
the latter. However, qualitative conclusions can still 
be used to obtain gome useful concepts regarding the 
effect of shape and consequent cavitation develop- 
ment on the behavior at entry. The most obvious 
application is the effect of nose shape in the cavity on 
cross force and moment, and hence on the tendency of 
the projectile to yaw and drift. The spherical-tipped 
noses, of which the Bpherogive series is typical, have 
the special properties of giving sero cross force, if 
proportioned to assure separation of the cavity on 
the spherical segment. In this case the only moment 
is that due to drag. Blunter noses, it was observed, 
actually produced a large stabilising cross force and a 
resulting moment that overcomes the effect of the 
drag and thus results in a net stabilising moment. It 
should be possible to design a nose shape slightly 
blunter than a hemisphere which would produce a 
similar effect and make Cu stabilising or equal to 
aero within a desired yaw range. Cavitation charac- 
teristics which are better than those of the hemi- 
sphere at inception and during the early stages of 
development have been obtained for a shape differing 
only slightly in sise or volume from a hemisphere, by 
making the slope and curvature of the surface profile 
continuous over the nose proper and at the junction 
between the nose and the cylindrical body. With 
judicious treatment of the profile up to the lone of 
separation at least, good results should also be ob- 
tainable tor the cavity stage. The insenaitivity of 

moment and cross force to yaw will contribute to- 
ward less sensitivity to yaw or pitch at entry, and 
tend to reduce deflections from the set trajectory 
during the cavity stage. 

Any nose shape should be investigated for its be- 
havior on impact at entry, since the projectile breaks 
the surface with one side of its nose, resulting in a 
nonsymmetrical cavity and nonsymmetrical forces in 
this stage. However, qualitative conclusions for this 
condition can be obtained also from steady-state 
cavitation data since, neglecting the additional ap- 
parent mass effects, the sense and point of application 
of the resultant forces immediately after impact must 
be the same as the corresponding forces measured 
with a large cavitating bubble. If the launching con- 
ditions are such that the whip or pitching velocity 
induced on impact is serious, the shape of the initial 
cavity formation, and hence the forces acting on the 
projectile, can be modified by changing the nose 
shape. This procedure has been tried to some extent 
on full-site torpedoes.1' 

The existence of moment and cross force in the 
cavity results in two well-known effects. First, the 
moment causes the projectile tail to go to one side of 
the cavity where it sticks through the bubble until 
enough stabilising moment is built up to offset the 
destabilising moment from the nose. Second, the 
cross force produces a lateral motion of the center of 
gravity and causes a curved trajectory. It has been 
reported17 that even for long projectiles the resultant 
curve is dependent primarily on the nose shape. 
Hemispherical noses cause little cross force and the 
curvature is practically infinite. Noses with sharper 
ogives than 2.0 calibers result in large cross forces and 
short radii of trajectory curvature. The beneficial ef- 
fect on drag in the cavity of reducing the area con- 
tacted by the water is well known. This idea has been 
applied to blunt-nosed projectiles particularly where 
the reduction in drag is appreciable. Spherogives and 
other combination forms can be used to p rex luce the 
same effect with basically low-drag shapes. 

LIFTINU SURFACES 

The loss of lift and increase in drag associated with 
the onset of cavitation is a serious problem in appli- 
cations to lifting surfaces of various types. The fixed 
and adjustable guide surfaces on projectiles, sub- 
marines, and surface ships are vulnerable to cavita- 
tion, particularly for conditions of yaw such as ob- 
tained during a maneuver. The shroud ring tail on 
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the typical torpedo already discussed is one example. 
Movable ruddns of course are the moat likely tocavi- 
tate. aud in some eases can be rendered quite in- 
effective by large ravitation zones. In general, it is 
probable that there will be less loss in lift if the cavi- 
tation is of the coarse-grained type and the develop- 
ment of a full cavity on the low-pressure side of the 
surface can be avoided. 

HYDRAULIC MACHINERY 

Pumps, turbines, and propellers are basically lift- 
ing surfaces that are also subjected to caviuting con- 
ditions. In general, ravitation causes a loss of head 
or thrust and torque. However, an actual increase in 
head, torque, and efficiency has been observed with 
the onset of cavitation in some radial-flow type 
pumps " It has been suggested that this effect is 
caused by a slight reduction in skin friction as cavi- 
tation grows. The effect of vane shape controls his 
behavior, just as in the case of the three-dimensional 

bodies investigated. Shaping th< vanes to give coarse- 
grained cavitation should prove beneficial on two 
counts. First, inception should be delayed, since it 
was the more highly resistant forms that gave this 
type of bubble formation. Second, with the more ad- 
vanced cavitation there probably will be less loss in 
lift on the blades. 

In the case of pumps and turbines, the "lattice"' 
effect of the vanes will modify the cavitation be- 
havior over <hat obtained with a single blade. The 
modifications are similar to "wall effects" obtained in 
the water-tunnel tests, but of great magnitude. The 
main deviations will be in the advanced stages of 
cavitation where the vapor occupies an appreciable 
fraction of the total volume between blades, and 
hence seriously restricts the water passage. For the 
initial stages the concepts presented here of the 
similarity between the effects of cavitation and sep- 
aration on the boundary layer and, hence, on the gen- 
eral flow around the bkde should apply with good 
accuracy. 
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Chapter 7 

CAVITATION NOISE FROM UNDERWATER PROJECTILES 

«•> PURPOSE AND SCOPE OF 
NOISE MEASUREMENTS 

TH>: HONIC AND KfPERsONic noise emitted during 
the onset and development of cavitation on 

various parts of underwater bodies has become im- 
portant for several reasons. For example, the noise 
produced by a cavitating propeller on a ship is easily 
detected and the ship's position ascertained by under- 
water sound locating devices. On the other hand, if 
the vessel carrying the sound gear has a cavitating 
propeller, the noise produced interferes with the 
operation of the listening equipment. The importance 
of this cavitation noise in connection with other 
acoustical applications can be visualised readily. It 
was the purpose of the investigations in the water 
tunnel to measure the noise produced in the 30- to 
!00-kilocycle frequency range by certain body shapes 
and to determine the variation of Bound emitted with 
the beginning and growth of cavitation. A further aim 
was to determine, if possible, the distribution of the 
noise in the various frequency bands. In addition an 
investigation was made to identify the exact location 
of the source of the sound during cavitation.1'* 

High-frequency noise measurements were possible 
in the water tunnel working section because, al- 
though the circulating pump and other associated 
equipment produced a high noise level in the range of 
donic frequencies, they produced but few high-fre- 
quency components. Consequently, the tunnel cir- 
cuit wax "quiet" in the range above 6 kilocycles. 

».t THE APPARATUS 

The noise measurements were made in the working 
section of the water tunnel using the regular 2-in di- 
ameter models mounted on a streamlined strut. The 
hydrophone and recording equipment used is the 
same as that described in Section 2.8. Two tya- 
tetns of mounting the receiving hydrophone were used. 
In one cane the hydrophone was placed in a water- 
filled plastic blister clamped to the Lucite window of 
the working section as shown in Figure 1. The second 
method made use of focusing reflectors or "mirrors" 
in connection with the hydrophone, with both the 
mirror and hydrophone submerged in a water-filled 

tank attached to the Hide of the working section. 
Photographs of this arrangement with spherical and 
ellipsoidal reflectors are shown in Figures 2 and 3. 
Provisions were made for directing and focusing the 
hydrophone mirror assembly from any position with- 
in the side tank. Except for the Lucite window both 
arrangements provide a continuous water path from 
the noise source to the hydrophone, or to the re- 
flecting surface and back to the hydrophone. 

The focusing system has the advantages of increas- 
ing the gain at the hydrophone, and limiting the re- 
ception from other than the focused direction, thus 
tending to reduce possible interference from other 
sound sources and from sound reflected from the 
tunnel walls. Typical directional characteristics of 
the reflector system" are shown by the directivity 
patterns of Figures 4 and 5 which are for the hydro- 
phone alone and the hydrophone with an ellipsoidal 
reflector.* The directivity pattern is a polar diagram 
showing the sound pressure, in decibels relative to 
that on the axis of symmetry of the mirror, measured 
for different angles between the noise source and the 
axis of symmetry. While the hydrophone alone shows 
but slight directional characteristics, the addition of 
the ellipsoidal reflector gives a directivity index of 
-28 db atSOkilocyclesand -31.4 dbat70kilocycles. 
The directivity index, which can be calculated from 
the three-cMraensional directivity patterns of the 
hydrophone system, is the ratio in db of the acoustic 
pressure averaged over all directions to the pressure 
measured on the axis of symmetry. These calibra- 
tions, made with a fixed distance between the noise 
source and the focal points of the reflector?, dupli- 
cated the geometrical arrangement used for the 
water tunnel tests except that the Lucite window 
between the source and the receiving hydrophone was 
not included. This window has a flat outside surface 
and concave cylindrical inside surface. A comparison 
of the free-field directivity patterns obtained from 
measurements with and without the Lucite w-Tidow 
is shown in Figure 6. Very little distortion is caused 
by the Lucite in the plane normal to the curved in- 
side surface of the window. During the calibrations 
the effect of changing the distance between the noise 

•The«e ealitratioos were made by the Calibration Group of 
the ITnivcMit) of California, Division of War Reaaareh. 
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source and the focal point of the ellipsoidal mirror 
was investigated also. It was shown that the focus- 
ing obtained when the noise source moved along 
the axis of symmetry of the mirrors was only % to M 

Fioi'RE 1.   Hydrophone mounted in water-filled Winter 
on side of working aection. 

as good an when the source moved normal to thin axis 
and that the best focusing along the axis of symmetry 
was obtained when the sound source was slightly 
short of the conjugate focus of the ellipsoid. 

FIOORB 2.   Spherical reflector and hydrophone awem- 
hly foctiMd on projectile inxidt working section. 

'•' BACKGROUND NOISK 

The measurements of sound from cavitating pro- 
jectiles in the tunnel working section include a certain 
amount of background noise generated by the tunnel 
flow circuit and its mechanical drive. To be sure that, 
over the frequency range of interest, the magnitude 

of this noise was small relative to the cavitation noise, 
a series of measurements was made without the model 
or its supporting strut in the working section. With 
the hydrophobe first mounted in the Lucite blister on 
the working section window and later used with the 
mirrors and focused on a fixed point on the tunnel 
axis, noise was measured over a wide frequency range 
for a series of different constant velocities. Examples 
of measurements with the refW.orn are given in the 
following paragraphs. Aside from effects on gain due 
to the focusing features of the mirrors, these measure- 
ments are typical for both types of installations. 

Fnim 3.   Ellipsoidal reflector and hydrophone ixnem- 
bied in water tank at working section Hide window. 

EFFECT OF VELOCITY AND PRESSURE 

The typical curves shown in Figure 7 illustrate the 
magnitude of the background noise and the effect of 
velocity and pressure on the noise. In this figure 
measurements for velocities of 40 to 70 fps are plotted 
as a family of curves of sound pressure in dynes per 
square centimeter (with linear decibel scale) vs the 
cavitation parameter AT. The data were obtained 
from tests taken with the spherii al mirror focused on 
the centerline of the working section and with the 
sound filters set to include the entire 20- to 100-kilo- 
cycle band. These curves show the same character- 
istic trends as were obtained by the earlier measure- 
ments1'1 without a reflector. For each velocity, as the 
pressure is reduced from an initially high value, the 
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increased cavitatioo and flow separation in variouo 
parts of the flow circuit caused an increase in noise 
until at a low K a peak it* reached and the level drops 
off. The sudden reduction in noise level shown in thin 
figure coincides with cavvation in the contracting 
nozile at the entrance to the working section, and an 
accumulation of vapor and air bubbles which clouded 
the working section and probably acted as sound 
screen between the hydrophone and the noise. 

Krrtxrr OP TUNNEL CIKITIT VARIABLES 

The data plotted in Figure 7 could be duplicated 
as long as tunnel condition* remained the same. How- 
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FIGURE 4.   Directivity |»ltrrti» for C-l IA hydrophone 
in plane normal to hydrophfttie xpuMlle. 

ever, changes in the condition of the circulating 
pump, in the relative netting* of the valves in the 
pressure control circuits auxiliary to the tunnel, or in 
the flow- circuit itself, (turned some variation in the 
magnitude of the background noise. Differences of as 
much as 1U db have l>een observed for different com- 
binations of these variables. 

Figure 8 shows the background noise level curves 
obtained with tlto name spherical mirror assembly 
after an improved contracting noule was installed at 
the inlet to the working section. These curves are 
similar to those in Figure 7 but show from 2 db to 5 

db lower noise levels at the same K. The peaks are 
higher, however, because lower Af's are reached be- 
fore the noise drops. With the original nozile the 
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Fiovax 5. Directivity pattern* for C-l 1A hydrophone 
with 10-in. aperture ellipmidal reflector in plane normal 
to hydrophone xpindle. 

term   MLO» vane* • nn-oa. 

Fionas 8. Effect of I-uri»* windom- on directivity pat- 
terns with 6-in. aperture eUipmidal reflector. Pattern* 
are for plane normal to hydrophone Hoindle and con- 
taining axis of cylindrical mirfare of window. 

noise was interrupted when ravitation, acconpanied 
by an almost simultaneous accumulation of air bub- 
bles, appeared at the noule throat. With the new 
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noule, cavitation in the noule proper does not occur 
within the experimental range. However, with the 
sustained operation at the low absolute pressure* 
corresponding to the lowest A' values obtainable, air 
does accumulate in the tunnel and the noise level 
drops. 

BACKGROUND XOIHE COMPARED WITH CAVITATION 
NOISE 

The highest sound pressure measured in the clear 
tunnel was about 420 dynes per sq cm. This was ob- 
tained at 70 (pa, which is the maximum velocity at 
which noise from projectiles was recorded. As will be 
discussed later, pressures of 1,000 to 2,000 dynes per 

FIUIKE 7. Background noise level. No model or utrut 
in tunnel. Spherical minor focused on • point on the 
renter line of the working mrtion 21 inches from inlet. 
Old noule at inlet to working flection. 

sq cm were measured with the spherical mirror as 
cavitation developed on the projectile shapes. Since 
the recorded level is approximately the root-mean- 
square value of all the sound contributions, the back- 
ground noise has no significant effect on these pres- 
sures. It is possible also, for the same reason, to ignore 
the relatively small effect of background noise varia- 
tions caused by different tunnel setups as illustrated 
by Figures 7 and 8 

Similar background noise measurements made us- 
ing the ellipsoidal mirror showed 5 db to 8 db higher 
levels than with the spherical mirror. However, peak 
noise pressures of 5,000 dynes per sq cm or greater 
were measured from cavitating projectiles with this 
reflector, thus making the background noise even less 
significant. It is interesting to note that for the par- 

ticular test conditions of Figures 7 and 8. and for A* 
values above those at which the peaks occur, the 
background sound pressure is approximately propor- 
tional to the fourth power of the water velocity and 
inversely proportional to the hydraulic pressure. For 
low A' values notile cavitation or air accumulation 
changes this relationship. 

Kiui'BC 8. Background noise level. No nx»iel or strut 
in tunnel. Same as Figure 7 except that new noule 
installed at inlet to working section. 
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Fionas 9. Background noise level at different posi- 
tions along center line of tunnel. No model nr strut in 
tunnel. 

UNIFORMITY OF BACKGROUND XOISK 

A comparison of the background noise obtained at 
different positions along the centerline of the tunnel 
is shown in Figure 9. These measurements were made 
with the velocity and pressure fixed (A* - constant) 
by moving the hydrophone and mirror parallel to the 
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tunnel axis. They show the same noise level through- 
out the length of the working section normally 
occupied by the model. 

BACKGROUND NOISE WITH PROJECTILE IN TUNNEL 

In order to verify that these "clear-tunnel" meas- 
urements gave the same background noise that would 
be obtained with actual test installations, a survey 
was made for noneavitating flow with a projectile in- 
stalled in the working section. All the other test con- 
ditions used to obtain the data in Figure 7 were dupli- 
cated as nearly as possible and measurements made 
of noise vs distance along the tunnel axis at v « 40fpx 
and K — 3.74. With such a high value of A' no cavita- 
tion existed at any place on the model. These meas- 
urements, shown in Figure 10, gave an average noise 
level within 2 db of the clear-tunnel noise shown for 
the same K in Figure 7. 

M MEASUREMENTS OF NOISE 
PRODUCED BY CAVITATING 

PROJECTILES 

*•*•'       Correlation with the Beginning 
and Growth of Cavitation 

CAVITATION TYPES AND INFLUENCE or 
PROFILE SHAPE 

During observations of various projectiles in the 
water tunnel, it was noticed that as cavitation first 
appeared, the formation and collapse of the cavita- 
tion babbles were different for varying degrees of 
abruptness of the body at the cavitation lone. When 
the profile was not too abrupt, the tone of cavitation 
bubbles appeared to form, grow, and collapse right 
on the surface of the body. For more abrupt bodie* 
the bubbles seemed to form at the surface of the body, 
but to spring clear of it before collapsing and disap- 
pearing. For some very abrupt shapes the cavitation 
vapor pocket originated and collapsed in the stream 
away from the disturbing surface, with no visible 
connection to the body itself. Consequently, in 
studying the correlation of sound generated with the 
beginning and growth of cavitation, the several dif- 
ferent forms of cavitation were investigated by using 
several body shapes. The four bodies for which 
measurements are reported here and the type of 
incipient cavitation obtained are: 

1. Hemisphere now Cavitation forms and collapses 
on the surface of the projectile. 

2. Hemiellipsoid nose Similar to hemisphere nose. 
3. Truncated hemisphere   Cavitation vapor bubbles origi- 

nose nate at the sharp edge but col- 
lapse in the stream away from 
the projectile surface. 

4. Tail rudder tilted No visible connection between 
into stream cavitation bubbles, which form 

and collapse in water, ami the 
rudder surface. 

A comparison of the shapes of the four bodies and 
the types of flow about each for noneavitating con- 
ditions are shown by the scale drawings in Figure 11. 
The three noses and the upturned rudder present to 
the flow successive change* from smooth to blunt and 

1 1     1 1      1      1 
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i      1* 1 | 
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Flail ME 10.    Background noise with model in tunnel. 
Semiellipsoid no*e. No cavitation. 

abrupt profiles. The flow line diagrams were drawn 
from detailed observations of the actual flow in the 
polarised light flume.' They are useful for determi- 
ning qualitatively the velocity field around the pro- 
jectile and, hence, locating the tones of low pretwun- 
where cavitation is most likely to occur. Wherever 
the flow, which has been pushed aside by the pro- 
jectile surface, begins to curve back around the body 
(concave towards the body), local reductions in pres- 
sure are affected. The greater this curvature, the 
lower the pressure and the greater the possibility of 
developing cavitation. The flow lines show the maxi- 
mum curvature near the junction between nose and 
cylinder for the hemisphere and semiellipwoid nose*, 
at the sharp edge on the truncated hemisphere, and 
at the tip of the rudder on the finned afterbody. In 
addition, the diagrams show varying sharpness in 
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maximum curvature, indicating earliest cavitation 
for the truncated hemisphere nose or upturned rud- 
der, and later cavitation for the semiellipsoid and 
hemisphere nose*. 

SOUND PRBSKVRK VKRMUM CAVITATION (JHOWTH 

With the hydrophone and spherical mirror fucui**l 
on the lone of incipient cavitation and varying the 
pressure while maintaining the velocity constant, 
measurement* showing the variation in sound prex- 

HCttltfM*  W£L 

SEMiElLIPSQID >4S£ 

TRu"C«TC0 »-C«' i*l *< 

umiMO fmi "toot" <• 

Florae 11.   Projectile profiles with flow diagram*. 

sure with the stage of cavitation were obtained for 
each projectile. A corresponding aeries of photographs 
showing the successive stages of cavitation develop- 
ment were also made. All tests were made with lero 
yaw and iero pitch. The results are shown in Figures 
12,13, 14, and 15 where the sound pressure it) plotted 
against the cavitation parameter. A scale for the 
sound level in decibels is also shown. The photo- 
graphs included in the same figures are arranged 
in the order of decreasing values of K and each is 
marked with the corresponding measured sound 
level. Note that in all cases the total sound pres- 

sure in the 20- to 100-kilocycle band is shown, but 
that the data for each nose were obtained at a 
different constant velocity. 

Each set of curves and photographs in Figures 12 
to 15 show the following common characteristics: 

1. With reduction in the cavitation parameter K, 
the sound pressure rises sharply to several times the 
magnitude of the background noise in the tunnel as 
soon as the slightest trace of visible cavitation is 
observed. 

2. The rise in sound begins with the appearance of 
minute cavitation bubbles and reaches a peak value 
while the ring of bubbles is still very narrow. 

3. The sound pressure decreases with continued 
development of cavitation until, for fully developed 
conditions, the noise is but a fraction of the peak 
magnitude. In some cases it drops to approximately 
the same level as the tunnel background noise. 

These characteristics are shown clearly by ex- 
amining Figure 12 for the hemisphere nose. For high 
values of K at which no cavitation occurs on the pro- 
jectile, the measured noise in ily that due to back- 
ground disturbances. Howevei, wKis reduced by 
reducing the hydraulic pressure or increasing the 
velocity, and cavitation begins, the noise rises 
sharply to a high value. In this instance the increase 
is from 95 to 1,700 dynes per sq cm, a gain of about 
25 db. With continued growth of cavitation the noise 
peaks and then falls orf until, with very large bubbles 
enveloping the body, the measured level equals the 
background noise level. During tests at the K cor- 
responding to Figure 12A, only small intermittent 
bubbles of cavitation could be discerned by careful 
visual examination. They were too small to be de- 
tected photographically. Figure I2B shows a small 
amount of cavitation along the top half of the body 
at the junction between the hemisphere and the cyl- 
inder. Note that it is a very narrow band, yet as the 
noise curve shows, it is between this condition and 
the slightly more developed one shown in the next 
photograph that the maximum noise is measured. 

Exam- iation of Figure 13 shows the semiellipsoid 
nose to cavitate at a higher K, but otherwise to ex- 
hibit the same characteristics. Because the back- 
ground noise was very low for this 40-fps test, the 
noise gain at the inception of cavitation is nearly 37 
db. Again, as indicated in Figures 13B and C, the 
maximum noise is measured when only a thin ring of 
cavitation appears near the junction between the 
cylindrical body and the nose contour. A second 
small noise peak of undetermined cause is evident at 
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the advanced stage of cavitation shown when K « 
1.03 in Figure 13F. 

Figures 12 and 13 both show." similar types of 
incipient cavitation where the bubbles lay close to 
the body surface. Figure 14 for the truncated hemi- 
sphere nose, shows the second type of cavitation 
where the bubbles collapse in the water away from 
the body. Figures 14A and B illustrate this clearly. 
The trailing ends of the small cavitation wisps which 
originate at the sharp edge on the nose are separated 
from the body by a definite space. With continued 
growth of cavitation, the bubble sone becomes more 
dense and this characteristic is less discernible. The 
same trends in measured sound were obtained as for 
the other two noses with about a 23-db increase in 
level as cavitation began. 

Figure 15 shows sound measurements and photo- 
, %phs for a tail rudder tilted up into the stream. As 
t first photographs of the series show, the initial 
cavitation occurs at the rudder post as well as at the 
tip and finally, at very low K values, the entire wake 
behind the tilted rudder becomes filled with vapor. 
The noise curve shows the characteristic increase to a 
peak value and then reduction with cavitation 
growth. Note that, as Figure 15D shows, the peak 
noise, a 40-db gain over the background, is obtained 
with very little visible cavitation. 

It might be noted that surface condition is very 
critical in making the cavitation measurements. The 
noise measurements and cavitation photographs of 
the four noses were made after carefully polishing 
the assembled models and wiping the surface and 
joints between body sections with a waxed cloth. 
These precautions caused the onset of cavitation 
to be more uniform by eliminating early cavitation 
at isolated points around the periphery of the pro- 
jectile. 

the damping properties of the bubbles themselves 
reduce the intensity of the noise radiated. 

COMPARISON OF THE FOUR BODIES AT SAME VELOCITY 

It should be noted again that each set of data in 
Figures 12 to 15 is for a different velocity and, fur- 
thermore, the inception of cavitation occur* at a dif- 
ferent pressure for each body. Consequently, there is 
no satisfactory basis for comparison of the magni- 
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KIUUHB 16.    Suing canned by cavitation on four differ- 
ent bodies. 

{SOUND PRESSURE AND BUBBLE COLLAPSE 

The fact that for all three types of cavitation the 
maximum sound was measured when the visible 
cavitation was small, and that the magnitude was 
reduced with the growth of the bubbles, might be tied 
in with the concept that the noise originates primarily 
at the bubble collapse. With small cavitation bubbles 
which form and collapse cleanly and sharply within a 
small physical sone, the energy release and, hence, 
the noise is of high intensity. As the sone of cavita- 
tion grows, the bubbles collapse throughout a larger 
space, and mutual interference and absorption due to 

tudes of the sound levels measured. Measurements of 
the noise produced by each of the projectiles at the 
same velocity of 47 fps were obtained using the ellip- 
soidal reflector instead of the spherical mirror. These 
results are shown in Figure 16. The increased effec- 
tiveness of this reflector over the spherical mirror is 
apparent. For example, the hemisphere nose curve 
shows a maximum sound pressure of 4,800 dynes per 
sq cm for this 47-fps test, as against about 1,100 
shown in Figure 12 for a 60-fps test with the spherical 
mirror. Similarly higher peaks are obtained for the 
others. These curves show some difference in the mag- 
nitudes of the noise peaks for the different bodies. 
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There is also some difference in the shapes of the 
curves, the peak occurring at a A' somewhat lower 
than the inception value for the two most abrupt 
shapes, the truncated hemisphere and the upturned 
rudder. Fur the hemisphere and the semiellipsoid the 
peak occurs soon after the inception point. For both 
the truncated hemisphere and the upturned rudder, 
the determination of the beginning of cavitation was 
very critical so that sound measurements in that re- 
gion were difficult to obtain. With the other two 
noses, however, the increase, although sudden, could 
be traced, and with extreme care, measurements could 
he made at levels intermediate between the back- 
ground and highest pressures. 

NOISE VERSUS VELOCITY 

Figure 17 shows the change in noise with velocity 
for the hemisphere nose. For the velocity range of 40 

M so so 
vnocirv,   FT/MC 

TO 

FIOUBB 17.    Noise versus velocity. Hemisphere nose. 

to 70 fps the increase in maximum noise for each 
speed k approximately linear. This holds for both the 
20- to 100-kilocycle and 80- to 100-kilocycle fre- 
quency bands. Note also that the ratio of increase 
with velocity is the same, both bands indicating that 
probably the composition of the total noise produced 
at the maximum may be the same at all velocities. 
This maximum noise is not obtained at the same pres- 
sure (submergence) for all speeds, but rather at a 
nearly fixed value of the cavitation parameter A'. If a 
projectile travels under water at a con*tant depth, 
the maximum noise represented by the straight lines 
in Figure 17 will be generated only at one velocity 
where K assumes the above fixed value. For all other 

velocities the noise will be less than the maximum. 
The other curves in Figure 17 show the variation in 
noise in the 20- to 100-kc band for this uose sub- 
merged to 10 ft and 15 ft. It will be noted that the 
noise level is low up to the critical velocity for the 
inception ol cavitation. Then it increases several fold 
until it reaches the maximum level curve. Beyond 
this peak the noise level drops. Cavitation is post- 
poned to higher velocities as submergence increases, 
but when cavitation does occur, the peak noise is 
higher also. It might be noted that the data from 

FIOCRC 18. Movement of noise souree with growth o( 
cavitation on the hemisphere none. Compare with Figure 
12C, F. G. 

which these curves were drawn were obtained with A 
different arrangement in the water tunnel setup, so 
the magnitudes of the maximum noise are not 
directly comparable to those illustrated in Figure 
10. 

NOTE ON MAGNITUDE OF MEAMURKD NOISE 

It should be emphasised that the absolute magni- 
tudes of the sound levels measured in the water tun- 
nel bear no particular relation to what might be ob- 
tained in the field. In any event, in either laboratory 
or field measurements the hydrophone receives only 
such a portion of the total sound emitted as the 
geometry of the setup permits. The magnitudes 
reported here are good for comparative purposes 
only. 
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'•* * Location of Noise Source 
during Cavitation 

VISIBLE CAVITATION AND THE NOISE SOURCE 

It is generally believed that at the point of collapse 
of a cavitation bubble the energy concentration is 
appreciable, resulting in a local pressure intensity 
that is very high. In a collapsing tone the pressure 
waves produced at a very high rate are the cause of 
the mechanical damage commonly knovn as cavita- 
tion corrosion and of noise, both acoustic and suner- 
Bonic." That the source of noise measured is concen- 
trated at the sone where cavitation is visible is clearlv 

Fionas 19. Movement of noise sourre with growth of 
cavitation on the truncated hemisphere noae. Compare 
Figure 14A, F. 

shown by traverses giving the sound pressure as the 
hydrophone is moved parallel to the water tunnel 
axis. As the examples for the hemisphere nose in 
Figure 18 show, the maximum noise level is obtained 
when the hydrophone is positioned to focus on the 
cavitation cone as shown in the photographs of Fig- 
ures 12C, F, and G. At 1 in. on either side of this po- 
sition the sound is reduced 3 to f db. The ring source 
shown in the photographs appears as a line to the 
hydrophone receiver so that, as might be expected, 
focusing of the hydrophone in a position 1 in. above 
or below the centerline of the working section gives 
less than 1-db reduction in the level. Because the 
sharpest focusing was obtained at the higher fre- 
quencies the measurement!) in Figure 18 are for the 
80- to 100-kilocycle band. 

MOVEMENT OF SOURCE WITH SHIFTING ZONE OF 
COLLATE 

If it is assumed that the bulk of the total noise 
measured from a cavitating object is obtained from 
the collapse of the bubbles, the physical observation 
that the collapsing (one moves downstream with the 
growth of cavitation should indicate the downstream 
movement of the noise source. The curves in Figure 
18 also indicate this trend. The peak obtained for a 
cavitation parameter A' of 0.56 is approximately ^£ 
in. farther back than the pea!: for K - 0.73, whereas 

Fionas 30. Movement of noise sourre with growth of 
cavitation on upturned rudder of fin tail. Compare 
Figure I5H, K, L. 

photographs of Figures 12C and G indicate about 0.0- 
iii. downstream elongation of the cavitating lone. 

It has been suggested that growth of the sounri 
source could indicate an apparent shift in its location, 
or that some combination of the effects of the screen- 
ing and reflections peculiar to the projectile and 
tunnel configuration could explain the measured 
shift. It is felt, however, that the agreement between 
length of cavitation bubble and movement of the 
sound peak measured in this and other cases is good 
evidence that the noise source is moving with the 
•one of the collapsing bubbles. 

Measurements for the truncated hemisphere noae 
in Figure 19 show the same typical trends observed 
with the hemisphere nose. Figure 20 shows the results 
obtained with cavitation on the upturned rudder. 
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These curves do not indicate a consistent shift in 
peak, even though cavitation at the lowest K is much 
more severe than at the highest. Reference to Figure* 
15H and L shows, however, that the visible cone of 
vapor on the lee of the rudder was changed very little 
as K was reduced. With more severe conditions, 
more and more vapor was entrained by the water and 
swept downstream to collapse outside the range of 
the hydrophone system, but the main cavity shown 
watt almost uninfluenced. 

In mounting the hydrophone-reflector assembly 
precise angular adjustment in the horiiontal plane 
was very difficult. However, as shown in Figures 2 

Fionas 21.   Frequency distribution of cavitation noise 
from truncated hemisphere none. 

and 3, the whole assembly was attached to a carriage 
which, after focusing adjustment, was moved parallel 
to the tunnel axis on machined rails. As a result, while 
the relative portions of- the noise peaks were deter* 
mined accurately, the absolute locations were apt to 
be in error by the amount of any angular misalign- 
ment multiplied by the distance between the noise 
source and the hydrophone. For the earliest stages of 
cavitation the location of the peak can be accurately 
checked because the noise undoubtedly originates 
from the very narrow visible band. If all the tra- 
verses are taken without further adjustment this 
correction will apply to all measurements. This pro- 
cedure was followed for determining the absolute 
location of the peaks in Figures 18, 19, and 20. 

The effect of the movement of the sound ;>cak with 
the growth of cavitation has a secondary effect on the 

i»       ia        E>      u       lA 
400 —i—i—i 

1O-40 KC 
. •-«, 

••   

mtsoaos! 
"••; \ \ 

/ \ 
* f • .^ — 

au 
/ 

—' 

f *— 
^ y 

s T ' — 

•. 1 
e • X 14 (4 IS to M 1* 

a"" 
8 

1- 
!. 

i i 
40-SO KC 1 1 

NgMjl £"**" rs-w 

- •?' 
1 

j. °i A 1 1 1. 4 la U to      u M 

'li» O fi» 9 

1 
|-  I     ! 
o-ioo as 

1/^-'^- 
...-f&ve 

1   -*.  R*^ C'/Zr 1 

°io- u          »          I* 1*         to        It        ti 

1 

FIGURE 22. Effect of relative position of hydrophone 
and how muree on mraxured frequency diKtrilMitiun. 
V — 41 feet per second. 

CONFIDENTIAL 



MBASUKBMENTS OF NOISE 169 

accuracy of the sound versus K curves shown in Fig- 
ures 12 to 16, which were obtained with the hydro- 
phone in a fixed position. With the growth of the 
cavitation tone beyond the stage giving the maximum 
noise, the level measured by the fixed hydrophone ie 
slightly lov. This effect is small, however, being lew 
than 2 db for the hemisphere nose at K « 0.56 or the 
truncated hemisphere at K « 1.51. Consequently, it 
does not alter the peculiar characteristics of the 
measurements shown, nor change the conclusions 
already presented. 

It is interesting to note that in Figures 18 to 20 the 
sound-pressure location curves for the hemisphere 
nose and tail rudder show more gradual reductions in 
noise on the aide of the maximum which was toward 
the body -jf the model. This asymmetry became more 
pronounced at lower K values, while at high K'a, as 
obtained with the cut hemisphere nose in Figure 19, 
no definite asymmetry is observed. Examination of 
the photographs in each figure shows that at the 
lowest K'a, cavitation is occurring at the junction 
between the streamlined strut which supports the 
projectile i*nd the cylindrical projectile body. It is 
thought that this secondary cavitation is contribut- 
ing to the measured sound and is responsible for the 
asymmetry observed. 

'•*J Frequency Distribution 
of Cavitation Noise 

One of the objectives of this investigation was to 
measure the distribution of the high-frequency noise 
when cavitation occurs. Obtaining significant meas- 
urements of this type is very difficult, since the hy- 
drophone is separated from the sound source by 
water and the Lucite tunnel window, and since the 
geometry of the installation may cause reflection 
patterns that will bias the determinations. Even the 
use of focusing reflectors does not eliminate this 
possibility because even though the directivity may 
be good, standing waves may still bias the results. 
In addition, field calibrations have shown that the 
response of the reflectors themselves is not uniform 
over the frequency range of interest. As a result the 
relative position of the hydrophone and the sound 
source has an important influence, and a single set of 
measurements for one installation cannot be relied 
upon to indicate accurately either the magnitude or 
the distribution of the actual noise generated in the 
working section. This handicap was not present for 
the measurements that have been discussed in the 

previous sections because the main interest lay in the 
relative amount of noise obtained over a wide fre- 
quency band with and without cavitation. Neither 
the absolute magnitudes of the measured intensities 
nor the distribution within the band covered was of 
particular significance there. 

Because of the above considerations a series of 
experiment* were made in which the relative position 
of a cavi latins; nose and the hydrophone was varied 
using the simple arrangement of the hydrophone in- 
serted in a Lucite blister clamped to the face of the 
working-section window. The noise level was recorded 
in each of several bands within the 20- to 100-kilo- 
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cycle range as well as for the entire range. The results 
of these measurement* are shown in Figures 21, 22, 
and 23. Figure 21 gives the distribution measured on 
the truncated hemisphere nose at a velocity of 80 fps 
with the hydrophone located It.2 in. downstream 
from the cavitating nose of a projectile (2-in. diam- 
eter model in 14-in. diameter working section). The 
measured levels in the various frequency bands are 
not uniform, the most predominant sound pressures 
being obtained in the 30- to 40-kilocyde band. Figure 
22 shows comparisons of the noise measured at 41 fps 
in each band and for the hydrophone at 11.2,8.1, and 
7.6 in. aft of the model nose. For any band of fre- 
quencies although the location of the peak pressure 
and the shapes of the curves are similar for all hydro- 
phone positions, there are changes in the magnitude 
of the sound in some bands. This is definite indication 
of existence of some complex standing wave pattern 
caused by reflections from the tunnel walls. As cavi- 
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tation grows and the falling noise level approaches An interesting comparison is shown it. Kigu>v23liy 
the background level, the curves tend to converge, the two curves for the noise in the entire TO- to \M\- 
gjving a more nearly uniform response over the en- kilocycle range. One was obtained by plo'ting the 
tire frequency range independent of hydrophone po- observed points, the other by plotting the square 
sition. Such differences as do occur are most notice- root of the sum of the squares of the sound pressures 
able in the 30- to 40-kilocycle band. Note that all of observed in individual bands. Aside from diffcreii'-es 
these measurements were made at velocities and of about 10 per cent at the higher K range, which c:.n 
hydraulic pressures corresponding to A' values at be accounted for by filter cutoff characteristics, the 
which there was no liberation of air from the main agreement is very good, 
flow to cause attenuation of the noise. 

CONFIDENTIAL 



Chapter 8 

FORCES ON FINLESS BODY SHAPES 

••« INTRODUCTION 

THB HYDRODYNAMIO FORCES acting on the finU'KM 
bodies of fin-stabilised projectiles are of interest 

to the designer because a knowledge of the magnitude 
and distribution of these forces forms a basis for 
understanding the overall forces acting on the com- 
plete projectile and, as is shown in Chapter II, aids 
in clarifying the relationship between the lift, mo- 
ment, damping force, and damping moment. The 
effect of the body shape on the drag is discussed in 
Chapter 10. This chapter will be devoted to a discus- 
sion of the lift and moment and the relationship 
between them. 

in the wind tunnel or water tunnel. However, a l>et- 
ter understanding of the liehavior of the resultant 
forces may be gained by studying their origin in the 
distributed forces. 

The distributed forces acting on a body moving 
through a fluid medium may be divided into two 
groups: normal pressures acting at right angles to 
the surface and shear forces acting parallel to the 
surface. The shear forces contribute mainlv to the 
drag, while the normal forces may contribute to the 
drag but are more important in determining the mo- 
ment and lift or cross force. In the following discus- 
sion we will, therefore, deal mainly with the normal 
pressures. 

« DISTRIBUTED FORCES 
AND RESULTANT FORCES 

The structural designer of the shell of a projectile 
or an airship needs information on the dislribution of 
forces over the surface of the body. On the other 
hand, in dealing with the external ballistics of the 
body shape it is usually sufficient to know the 
resultant of these distributed forces. For example, in 
the case of a well-streamlined body of revolution the 
dynamic pressure acting on the nose (parallel to the 
direction of motion) is nearly balanced by the dy- 
namic pressure on the afterbody, and the two taken 
together contribute but little to the total drag of the 
body. To determine the overall drag, which consists 
of the pressure drag (or form drag) plus skin friction 
drag, it is not necessary, therefore, to know the mag- 
nitude of the nose pressure or the afterbody pres- 
sure. However, to the structural designer these pres- 
sures may be important since the body structure 
must transmit them from one end of the body to the 
other. 

In the design of frail structures such as airship 
hulls, the distributed forces are of major importance. 
In the case of projectiles such as bombs, rockets, and 
torpedoes, the shells are usually made strong enough, 
because of other considerations, to withstand the 
hydrodynamic pressures encountered in a normal 
run. Therefore, we are usually interested only in the 
resultant forces and moments such as are measured 

••» STREAMLINED SHAPE 
IN A FRICTIONLESS FLUID 

For the purpose of this discussion it is convenient 
to start with the forces acting on a streamlined shape 
moving through an ideal frictionless fluid. Such a 
fluid doc3 not exist since all real fluids are viscous to 
some extent. The force distribution with a friction- 
less fluid, therefore, cannot be measured but may be 
calculated from potential flow theory. The actual 
forces acting on the forepart of a well-streamlined 
shape moving at high Reynolds numbers through a 
real fluid are almost identical with those calculated 
for the ideal fluid. 

In Figure 1 is shown a streamlined body of revolu- 
tion moving rectilinearly with velocity i> and angle of 
attack a. The solid line curve shows the transverse 
force distribution calculated for such motion through 
a frictionless fluid." The ordinate at each point along 
the axis gives the resultant force obtained by inte- 
grating the vertical component of the pressures act- 
ing on the surface of the body per unit of axial length 
at that station. It is seen that the forces on the fore- 
body are directed upward and on the afterbody 
downward, giving rise to a large upsetting moment, 
i.e., a moment which tends to increase the <r^gle of 
attack a. Since the areas enclosed by the curve above 
and below the axis are equal, it is evident that this 
force distribution results in sero transverse force < r 
lift but produces a pure couple only. 
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172 FORCES ON FINLESS BODY SHAPES 

•• STREAMLINED SHAPE 
IN A REAL FLUID 

In Figure 1 is also shown the force distribution 
calculated from pressure-distribution measurement* 
made on the same body, which is a model of the air- 
ship RI01. These data" are shown by the circled 
points and dotted curve. It is seen that, on the fore- 
body, the measured forces are in very good agreement 
with the calculated values. On the afterbody the 
values measured with a real fluid are less than those 
<*»!ca!<ited for the ideal fluid. It is known that this 
difference is due to the fact that, with a real viscous 
fluid, separation and vortex formation which occur 

the resultant lift. That is, tbn moment is due to real 
forces acting directly on the body which are con- 
siderably larger than the resultant lift. 

••» RESOLUTION OF FORCES 

In dealing with the external ballistics of projectiles 
we are usually interested only in the resultant forces 
and moments, since the motion of the body as a 
whole is determined by them. These resultants are 
easily determined by direct measurement in water or 

KIUVKK I.   Calculated and meamired tnuwverw- Torre 
distribution. 

near the tail alter the force distribution on the 
afterbody.*1 

This force distribution, unlike that of the ideal 
fluid, does give rise to a resultant lift, since in this 
case the downward force on the afterbody is not as 
large as the upward force on the forebody. The result- 
ant lift is equal to the difference between the areas 
enclosed by the experimental curve above and below 
the axis; or, equal to the area enclosed between the 
solid and dotted curves on the afterbody. 

In addition to the lift, the body is also subject to 
an upsetting moment. However, in the case of the 
real fluid this upsetting moment is cot as large as 
with the ideal fluid because the force on the afterbody 
is smaller. Nevertheless, a comparison of the areas 
under the curves of Figure 1 shows that the magni- 
tude of the moment is still large in comparison with 

FIOUMC 2.   Retulutkm of fore**. 

wind tunnel or towing tank. The determination of 
the force distribution, on the other hand, requires 
laborious processes involving integration from pres- 
sure-distribution measurements and evaluation of the 
skin friction drag. 

Direct force measurements give the magnitudes of 
the moment and of the lift, but not the force distribu- 
tion. To establish a relationship between the moment 
and the lift, it is usually assumed that the moment is 
a direct result of the lift force acting at some point 
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called the center of pressure CP. To determine the 
location of CP with reference to the center of gravity 
CO, we divide the moment M about CO by the lift 
force L, this ratio giving the lever arm Icr, i.e., 

M U) 

This conventional method of resolution leads to some 
incongruities. For instance, in the case shown in Fig- 
ure 1, the moment tends to turn the body clockwise 
nd the lift acts upward. If the moment is attributed 

to the lift, then the lift must be acting at some point 
ahead of CO. Also, since in this case the lift is small 
and the moment is large, Icr comes out HO large that 
the lift appears to act 0.8-body-length ahead of the 
note. Obviously, a transverse force cannot be trans- 
mitted to the body through the water from a point 
ahead of the body. Furthermore, if we were to modify 
the body shape so as to increase the lift, for instance 
by making the tail more blunt or by adding fins, we 
would thereby decrease the moment. Again we arrive 
at an incongruity, i.e., the moment, which supposedly 
is due to the lift, diminishes as the lift grows. With 
the oversimplified relationship embodied in equa- 
tion (1), this is explained by saying that Icr becomes 
smaller or even changes sign, i.e., the center of pres- 
sure is moving aft along the body axis. 

The forces may be resolved in a different manner 
which gives a clearer and more consistent picture of 
the true conditions. Instead of taking, for the case of 
the real fluid, the force distribution shown by the ex- 
perimental curve in Figure 1, we may say that there 
are two sets of forces acting on the body, as shown in 
Figu.e 2. One (shown at A) is the same as the calcu- 
lated force distribution of Figure 1, which results in a 
pure couple and aero lift. The other distributed force 
is as shown in Figure 2B, equal to the difference be- 
tween the calculated and experimental curves of Fig- 
ure 1. The area under this curve represents the lift 
force. It is seen that the moment about CO of this lift 
is of opposite sense to, and partially balances, the 
moment due to the force distribution shown at A 
The resultant moment acting on the body in a real 
fluid is then equal to the difference between the up- 
setting moment of the ideal fluid and the righting 
moment of the actual lift force. 

The several inconsistencies which were seen to arise 
from the conventional force resolution are now elimi- 
nated. All forces now act directly on the body. The 
lift force is seen to act on that part of the body where 
the physical phenomena (separation and vortex for- 

mation) which give rise to it actually occur/The fact 
that as the lift force grows the resultant moment 
tends toward greater stability is also consistent. Any 
tail surfaces that may be added would contribute an 
additional lift increment acting approximately at the 
Name location and in the same direction a th< hull 
lift. 

" EVALUATION OF THE 
THEORETICAL MOMKNT 

To determine the line of action of the lift force by 
the method outlined alxive, it is not necessary to 
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Kiuuwe 3.   Inertia coefficients of an ellipsoid moving in 
a fluid. A',, axial; A'i, t.ranaverae; K', rotation. 

know the theoretical >uid actual force distributions 
over the entire body. Only the resultant magnitudes 
of the theoretical moment and the actual moment 
and lift are required. The righting moment of the lift 
is equal to the difference between the theoretical and 
actual moments. The ratio of thu. righting moment to 
the lift force gives the distance from CO to the line of 
action of the lift. 

The resultant theoretical moment for a stream- 
lined body of revolution without linn may be de- 
termined with sufficient accuracy for most practical 
need° by a simple calculation sometimes used in air- 
ship work. This is based on the assumption that the 
theoretical moment for a well-streamlined shape is 
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equal to that of an ellipsoid of revolution having the verse motion, respectively, as calculated by I jimb,** 
same volume and length. For an ellipsoid, the the- and V is the volume of the projectile. The only possi- 
oretical hull moment H is given by7* ble source of inaccuracy involved is in the selection of 

„      ,,    ...        , ...  .   „ .„, the equivalent ellipsoid. This error, however, is very 
small for projectiles of slwidcrness ratio U/d) of 7 or 

where ki and fcj are the coefficients of apparent mass more, since, as may be seen in Figure 3, the values of 
of ellipsoids of revolution for longitudinal and trans- kt and kt change but slightly in this range. 
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Chapter 9 

STABILIZING SURFACES ON NONROTATING PROJECTILES 

»» PURPOSE OF STABILIZING SURFACES 

ASYMMETRICAL PROJECTILK, supported at it* center 
of gravity and situated in a completely uniform 

flow, should be in a position of equilibrium and the 
moment coefficient C« should be lero. If this pro- 
jectile position be altered slightly and the projectile 
itself be free to move under the new distribution of 
forces, it is said to be statically stable when it tends to 
return to tht equilibrium position; statically un- 
stable, when it tends to move farther away; neutral 
when it remains in the new position. In the first case, 
the resultant of all the pressures will act as though it 
were being applied aft of the center of gravity; in the 
second, as though it were ahead. It is possible for this 
resultant to act as though it were being applied at 
such a distance forward of the center of gravity as to 
be in front of the nose. 

The purpose of a stabilising surface is to provide a 
desired degree of static stability in a projectile which 
would be inherently unstable without it. It does this 
by creating a cross force some distance ait of the 
center of gravity which produces the righting mo- 
ment. The cross force arises because the stabilising 
surfaces will deflect some of the surrounding fluid 
when the projectile yaws or pitches. Stabilising sur- 
faces also provide additional damping forces and, 
hence, damping moments to give dynamic as well as 
static stability. 

•» FORM AND ACTION 
OF STABILIZING SURFACES 

Stabilising surfaces are usually fins, rings, or box 
tails. Fins are essentially flat surfaces set in planes 
which contain the longitudinal axis of the projectile. 
Ring or box tails are made with all surface elements 
parallel either to the projectile axis or to the normal 
local flow direction. The stabilising surfaces may be 
attached directly to the body or afterbody or to 
booms extending back from the body proper. The fin 
span, the ring diameter, or the diagonal length of box 
fins must not exceed the body diameter of any pro- 
jectile launched from tubes or gun barrels but may be 
greater when launched by other means. A special 
case is the collapsible fin tail for which the fins are 

folded initially to permit tul>e launching, unfolding 
thereafter to give a much larger span with greater 
effectiveness. Must stabilizing .surfaces are immova- 
ble. However, certain projectiles, such as torpedoes, 
are equipped with movable rudders in addition to 
fixed fins and rings and hence, through the action of 
suitable control engines, can be steered in any desired 
direction. 

Fundamentally, the magnitude of the CHINS force 
developed by a stabilising surface depends upon the 
lateral momentum imparted to the fluid. The force is 
proportional to the amount of fluid deflected and the 
magnitude of the deflection as measured by the simul- 
taneous change in the velocity vector. Thus, a given 
force can be obtained by deflecting a sr» ill amount of 
fluid through a large angle or by d< ting a greater 
amount: through a smaller angle. T. •* effects, which 
have been discussed qualitatively, with the aid of 
flow diagrams, in Chapter 3, ait the basis for geo- 
metric differences in tail designs. Actually, the drag 
of stabilising surf aces also contributes to the stabilising 
moment. However, in general, the drag coefficient is 
held to a low value since a large drag coefficient is 
undesirable in all but very low-velocity projectiles. 

••»      EFFECT OF DESIGN VARIABLES 

Standard types of tails—fin, ring, and box—have 
been mentioned above. Additional design variables 
are the fin span which is the dimension equivalent to 
ring diameter and box diagonal; the fin, ring, or box 
length which is measured in a direction parallel to the 
projectile longitudinal axis; boom locations for stabi- 
lising surfaces as opposed to location on the body or 
afterbody; and the overall length of the projectile it- 
self. Specific projectiles will be discussed later in some 
detail, but the main conclusions as to the effects of 
these design variables are presented now. 

•J.I Conclusions 

1. The ring tail is far more effective in producing 
stability than the fin type when physical dimensions 
only are considered. 

2. An increase in the outside diameter (or span) of 
either the ring or tin tail causes a very marked in- 
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crease in the stabilising moment because of the larger 
quantity of fluid affected and the lessening relative 
effect of bodv interference and tip losses. 

3. An increase in the (axial) length of ting beyond 
about two-thirds of the tin (diametrical) span pro- 
duces very little, if any, increase in stability. 

4. The critical length of a ring, beyond which little 
increase in stability occurs, lies between one-half and 
two-thirds of the ring diameter. 

5. Stabilising surfaces separated from the main 
bodv bv a boom cause increased moments because of 
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Fionas 1.    Moment coefficient versus fin length and 
diameter. Fin tails. 

the increased lever arm to the center of gravity and 
because body influence of tlte flow at the tail surfaces 
is reduced. 

6. Varying the overall length of a given projectile 
from 7 to 14 calibers (by adding to the cylindrical 
body section and keeping the percentage distance of 
the center of gravity from the nose a constant) gave, 
for the same fin or ring tail, a restoring moment di- 
rectly proportional to the overall length. In other 
words, the moment coefficient was constant. This 
means that the contribution of the tail surfaces to the 
restoring moment is also proportional to the pro- 
jectile length or that the actual forces on the tail 
surfaces are independent of the length. 

,JJ Fixed Fin Tails 

The manner in which the moment coefficient C« 
is affected by changes in fin proportions is well il- 
lustrated by tests on the 5-inch HVAR rocket." Fig- 
ure 1 shows how the moment coefficient changes with 
varying length and span of the fin. This curve pheet 
covers fins with spans up to 4 calibers and leitfths 
increasing (from the after end forward) up to 3.2 
calibers. It may be seen that an '.ricrea^r in fin length 
produces relatively little increase in the momt'nt co- 
efficient after a length of about two-thirds of the span 
dimension has been reached. Additional length does 
not increase the effectiveness of the fin in deflecting 
the fluid but results in nearly the same angular de- 
flection and, hence, the same cross force. The center 
of pressure on the fins moves forward as the tail is 
lengthened. This decreases the lever arm of the 
stabilising cross force and tends to reduce the mo- 
ment coefficient Cm. For fin lengths l>clow two-thirds 

KiauitE 2.    Sixty-millimeter mortar projectile. 

the span, this decrease in lever arm is, relatively, 
much smaller than the increase in cross force due to 
the lengthening. For excessively long fins, the reverse 
is true. 

It may also be seen from these curves that as the 
span of a given length fin tail is increased, the gain 
in moment coefficient is greater than the change in 
fin area. Furthermore, the gain is more pronounced 
for a unit increase when the span is short. Apparently 
a unit fin area near the body surface is affected by 
body interference and the tip losses are relatively 
higher. 

The influence of body interference on the effective- 
ness of fin tails is shown by the performance of a tail 
having the same outside diameter as the projectile 
body. The example chosen is the 60-mm mortar pro- 
jectile*" with a tail of eight fins attached directly to 
the tapering afterbody as shown in Figure 2. In order 
to increase the stability, tents were made with the tail 
mounted on booms of different lengths. The increase* 
obtained are shown by the force coefficient curves in 
Figure 3. A curve is also included showing the per 
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10 

cent increase in stabilising moment coefficient plotted 
against boom length in calibers for a yaw angle of 4 
degrees. Note that CM increases at first at a rate 
greater than the linear change that would be due to 
increasing the boom length alone. The extra effect 
is due to the fact that better flow conditions are ob- 
tained over the fins because of the increasing distance 
from the afterbody. The very large magnitude of the 
percentage increase in Cm with increasing boom 
length is doe, in this case, to the fact that the boom 
makes up a relatively large percentage of the overall 
length. 

•J • Ring Tails 

Typical effects from varying the length and di- 
ameter of ring tails are shown by the performance of 

a group of tails having a diameter larger than the 
body of the projectile. Figure 4 shows the moment 
coefficient for the 5-in. H VAR projectile with a aeries 
of ring tails having diameters of 1.5 to 2.5 calibers, 
and lengths varying from 0.25 to 2.5 calibers. These 
curves show only a slight change in moment for any 
increase in ring length beyond one-half to two-thirds 
of the ring diameter. 

The data in these curves also illustrate a rapid in- 
crease in moment coefficient with ring diameter simi- 
lar to that shown for increasing the span of plain fin 
tails. 

The performance of ring tails having the same di- 
ameter as the projectile body is similar to that of fin 
tails no larger than the body diameter. Because 
changes in ring length show relatively small effects, 
the most satisfactory way to increase stability in this 

CONFIDENTIAL 



178 STABILIZING SURFACES ON NONROTATING PROJECTILES 

case is by means of a boom, an for fin tails. Many testa 
made to determine the suitability of the ring tail for 
the 4.5-in. rocket"-" illustrate this point. Figure 5 
is a photograph of the model of the 4.5-in. rocket with 
a ring tail and boom. Figure 6 shows the correspond- 
ing performance curves and curves giving the per 
cent increase in moment coefficient due to the boom. 
As was observed for the fin tail on the fiO-mm mortar 
projectile, the increase is greater than can lie ac- 
counted for by the increase in lever arm due to the 
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added length, indicating that the tail id more effective 
in producing cross force with the longer boom. The 
increase in C» with boom length is very much less 
than was the case with the CO-mm mortar projectile, 
this, of course, being due to the fact that the 4.5-in. 
rocket is a long projectile and the boom length in 
relatively small in comparison. 

The 7.2-in. chemical rocket," shown ir. Figure 7, is, 
in effect, a projectile with a ring tail of the same di- 
ameter an the body mounted on a boom 0.43 caliber 
in diame'.er and 3.87 calibers long. This will serve to 
illustrate the effect on stability of a boom of great 
length. The moTient coefficient for the rocket with 

the standard ring tail (Xo. 01 in Figure 7) in approxi- 
mately 0.056 at 3 degrees yaw. This is a much 
greater moment coefficient than is usually found 
when the ring diameter does not exceed that of the 
body. The addition of fins to this projectile resulted 
in a considerable increase in the stabilizing moment. 
The fins were 1.39 caliljers in diameter and 1.18 cali- 
bers in length, shown as tail Xo. <»2 in Figure 7. Inas- 
much as these fins project beyond the ring, the in- 
crease in moment coefficient is not unexpected. The 
curves in Figure 8 indicate how the stability is 
affected by the addition of fins, and it is seen that the 
moment coefficient is increased approximately 50 per 
cent. 

An illustration of the effect of body shape on fin 
effectiveness is given by tests to determine the 
feasibility of applying a ring tail to the Mark 13 
torpedo." These rings were of the same diameter as 
the torpedo body and were mounted on fins attached 
to the tapered afterbody. Figure 9 gives the moment 
coefficient for the torpedo with three types of ring 

Fi'.iHt 5.    Four and one-half-inch rocket with ring 
tail and t-oum 

tails; a cylindrical ring, a ring with a 10-degree in- 
cluded cone angle, and one with an 8-degree included 
cone angle. The 8-degree ring conforms to the angle 
of flow as determined by studies in the polarised light 
flume. The resulting flow line drawing is shown in 
Figure 10." The lfi-degree cone angle causes a con- 
verging flow through the ring, and the cylindrical 
section causes a diverging flow through the ring as 
compared to the normal flow without the ring. 

In the diagrams of Figure 9, the positive moment 
coefficients denote a destabilising static moment, «nd 
the negative coefficients stable moments. An exami- 
nation of the curves discloses that with one exception 
the addition of the ring gives an additional righting 
force. With the Mi-degree conical ring the effective- 
ness of the tail surfaces is actually reduced if the 
ring width is large. In general, the stabilising effect 
of the ring increases with decreasing cone angle, so 
that the greatest stabilising effect is obtained with 
the cylindrical ring. This is due t<> both largo cross 

• A complete dencription of the determination of ftim- angle** 
over thin aftertjody i« given in Chapter 3. 

CONFIDENTIAL 



EFFECT OF DESIGN VARIABLES 179 

as 
'U25 

1 ai woom L LM1I 1   M 
a MJM nw "NO MM 1 

on 

0 

*> 

r 
L 

/MO tOOM 

OM 

1 4 • • 10 
TAW    ANOLC, DEOftttS 

I     0 
VAW 

2 
ANGLE, 

4 
DCBW.ES 

•          1 1 10 

£» BOOM 

-aoz ^S ;  
•DOM LCNSTH \. \ 

-Q.03 N us 

•0 

40 

as       i        ks        t        u 
•OOM   LEMOTH   IN  CALICOS 

-4 BOOM Lars J 
LOWTH 

FKIITHK 6.   Moment and force coefficient*; 4.5-in. rocket with ring tail and boom. 

nt. NO. « 

TM.MK 

0 2 
YAW   AMOLE,    1 

4              • 
>c«tees 

Tl 
5 j* M& •   RMS  TAl 

WITHOUT   amen nta. 

r--ojt 

-ON) 

TAIL Ma •2 

-oto 

-*» r ML 

1 
MTM 

I 
AM 

1 
DtO 
| FIN » 

Kuumr. 7.   Chemical rocket (7.2-in.) with and without 
filM. 

Fiatiue N.    Million! i-oeffirktitx. Chemical rieket (7.2- 
in.). 

CONFIDENTIAL 



180 STABILIZING SURFACES ON NONROTATING PROJECTILES 

QM 

*nm-> t f 
J*" / 

I*04 

TA 't 
y^ttm M 

t f 
jt 

t „ f 
-aw 

0      I      4     «      •     »    « 

l«   OMNCAL  MM* •*  2CMCM. l 
IM mwuiLioruNi 

OrlMMfcVU.  MM** 

ICOI.WW FLOW 

NOTI:   TOR ON ORVIS   *T I 

KHJIRK !).    Moment rorffirients. Mk 13 torpedo with rinR tails 

Fiona* 10.    flow line drawing. Kight-degree rim tail 
on the Mk 13 torpedo. r K.t'Ric 11.     iligi>-<lrag ring tailx. 

 \  
 I  

CONFIDKNTIAL 



EFFECT UF DESIGN VARIABLES 181 

form and high drag. AH shown in (Chapter 3, when the 
projectile is yawed, the -vindward ring surface of thin 
tail will act at a larger angle of attack and will cause 
more lateral deflection of the fluid it contact* than 
does the leeward mirface. However, even at aero yaw 
the ring does not match the flow and the drag in high; 
consequently, thin is not the normal me I hod of ob- 
taining a large crow force and moment. The effect of 
the cylindrical ring increases with length. Apparently 
it was not carried to the point of diminishing returns 
obtained in the test* with the 6-in. HVAR rocket. It 
should he noted that the stability of the cylindrical 
ring as shown is not typical of actual torpedoes since 
with adjustable rudders complete static stability is 
not necessarily desirable. 

"' High-Drag Ring Tails 

A special adaption of the ring tail to produce high 
drag is of interest. Here the tail was intended to limit 
the terminal velocity of a bomb to prevent deep 
penetration on impact, and at the same time supply 
sufficient moment for good stability. Figure 11 shows 
a straight ring tail, a conical ring set approximately 
to the flow lines, and two conical rings expanding ir. 
the aft direction. As shown by the coefficient curves 
of Figure 12, the cylindrical and normally Upered 
rings have about the same drag, the value being 
approximately what would be expected for this type 
of tail. However, when the' taper of the ring is re- 
versed, as in models C and E, the drag is increased 
about 2H times. Tail E is the same as tail (• except 
that it is installed on a short boom. As in the case of 
the results obtained with the Mark 13 torpedo, the 
greyest cross forco is given by the designs that cause 
the mintt deflection cf the fluid, tails A, C, and E. Of 
these, tail L in most effective liecausc interference 
from the body is reduced. It is Itetter than tail A 
wh:"h is also on a boom, because it is more effective 
in deflecting the surrounding fluid. Tail H, with the 
cone angle aligned approximately to the normal flow, 
presents the least obstruction and, with yaw, causes 
the least lateral deflection. The resultant moment 
coefficients are roughly in agreement with the cross 
force trends. 

•" Effect of Body Length 

One remarkable effect noticed in connection with 
the investigation of ring tails is that the moment 
coefficient for a given tail is practically constant for 
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overall projectile length* lietween 7 and 14 caliber* 
Thin refers to bullet-shaped projectiles, with the di- 
ameter of the ring tail greater thn.ii the body diam- 
eter, and fur which the center of gravity is ami,mod 
at a fixed per cent of the overall length from the now 
tip. 

Figure 13 gives the moment coefficient versus ovci- 
all length of projectile for ten ring tails of various 

shortest projectile i.s not less than 4 calilicrs long. 
Train it can he concluded that the forces on the 
tail surfaces in Figure 13 remained sensibly un- 
changed throughout. This conclusion is logical since 
the body shape ahead of the tail remains fixed as the 

FIUUMK 14.    Four nnil ooe-liall-iiwli rorket with ori*. 
iiuil mllaiMlitp fin tail. 

length is increased so that the flow into the tail prob- 
ably is also unaffected. As already seen in the case 
of the 4.,Vin. rocket, this result is not obtained if the 
length is changed by boom additions so that Ixxiy 
interference is reduced. 

Fin tails on this same projectile also show a tend- 
ency toward a constant value of coefficient with 

Fiuimr.   13.    Moment   coefficient*   vermin   projectile 
length; ,Vin. II VAlt ring tail*. 

!engths and diameters. It is seen that all but two 
of the curves show a practically constant value for 
the moment coefficient. The abnormal performance 
of the two tails for body lengths between 7 and 10 
caiibers has not been investigated. 

Tests of hnles* body shapes (<we Chapter 81 have 
shown, in the few instances where only the length was 
varied, that the moment coefficient for the body alone 
increases very slightly for yaw angl"s of 3 degrees or 
less   even  with  large increases in  Icnjtth,  if the 

FKII'KE 15. 
tail. 

Rocket (2.36-in.) »ith original fixed fin 

varying body length, but the effect is not so pro- 
nounced as with ring tails. For a given yaw angle and 
a given tail the moment coefficient is qui:o constant 
for body lengths between 10 an-! 14 calibers. AH the 
length changes from 111 to 7 caliber*, the moment 

*•£-» 

Finnic 16.    Itorket (2.36-in.) with No. 2 collajvihle fin FIUUKB 17.    Rocket  2.36-in.) wilh No. 5 coUapsihie fin 
tail. tail. 
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coefficient will decreare between S and 20 per cent 
depending on the yaw angle and tail design. 

•44 Collapsible Fins 

Many designs of collapsible fin tails for rockets 
have been made as these have some advantages over 
other types. The collapsible design allows the use 
of as great a fin span as desired and still permits the 
launching of the rocket through a tube of the same 
diameter as the body. However, owing to the many 
moving parts of this type of tail, it is not, mechanic- 
ally, as desirable as a simple fin or ring form. 

Figure 14 is a photograph of the original collapsi- 
ble fin tail ot the 4.5-it. rocket.** This tail gave a 
stabilising moment considerably greater than other 
types of fin and ring tails that were designed for this 
projectile. The efficacy of this type of tail is in agree- 
ment with the general discussion on fin tails in that 
it tikes advantage of a rather large span for the fins, 
which is very effective in producing both a cross 
force and a drag at the tail and, hence, a stabilising 
moment. 

The most extensive and reliable data on collapsible 
fins are those relating to the 2.36-in. rocket.*'" 
This projectile was originally designed with long, 
parallel fixed fins having an outsid? diameter equal 
to the diameter of the body. Figure 15 ix a photo- 
graph of the original design of this rocket. In order 
to increase the stability, several different tail designs 
were made and tented. Figures Hi and 17 show f wo of 
the designs w' iich were given the laboratory designa- 
tions of tail No. 2 and tail No. 5. it is apparent that 
the span of the extended fins hax been greatly 
increased over the original design and, as a conse- 

quence, a considerable increase in the stabilizing 
moment would be expected. Figure IS shows curves 
of the force coefficients for this rocket equipped with 
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184 STABILIZING SURFACES ON NONROTATING PROJECTILES 

the original fixed fins and also with the two types of 
collapsible fins. The collapsible fins have resulted in 
an increase of several hundred per cent in the stabilis- 
ing moment. The moment for tail No. 5 is much 
greater than that for tail No. 2 because its outside 
diameter is 9.15 in., with only 7.25 in. for tail No. 2. 

It should be noted that a material increase in drag 
results from the use of the collapsible fin tail. Except 
for a very high drag, however, the drag effect on the 
Htabflising moment is usually not important. This 
ran be shown as follows: 

The moment (about the center of gravity) acting 
on a projectile is given by the expression 

Mco - Nel 

in which AT - the sum of the components of the 
drag and cross force acting normal to 
projectile axis, or 

N « drag X sin 4 + cross force X cos +. 
+  — yaw angle, 
I   • length of projectile, 
*   » center-of-pressure eccentricity ex- 

pressed as a percentage of f. 

From the equation for .V it in seen that for low values 
of drag and yaw angle, the term involving drag will 
be small compared to that involving the cross force 
and can, therefore, be omitted with only a small 
error. In other words, only comparatively large 
values of drag can be considered as affecting the 
moment. 

••" Ring versus Fin Tails 

It i» instructive to compare the dimensions of 
various fin and ring tails that have been designed to 
give the same stabilising moment coefficient. 

In Figure 19 are shown the proportions of three 
ring tails and three fin tails all giving a moment 
coefficient of 0.225 when applied to the 5-in. HVAR 
projectile. It is very apparent from Figure 19 how 
much the length of either fins or rings must be in- 
creased to counteract the effect of a decrease in fin 
span or ring diameter. Also the smaller physical 
dimensions of the ring tails in all cases show how 
much more effective the ring is than the fin in pro- 
ducing stability 
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Chapter 10 

EFFECTS OF PROJECTILE COMPONENTS ON DRAG, 
CROSS FORCE, AND LIFT 

».i INTRODUCTION 

THE USE or STABILIZING surfaces on nonrotating 
bodies and forces on finless body shapes were dis- 

cussed in Chapters 8 and 9. This chapter extends 
consideration to the effects of projectile components 
on drag, cross force, and lift. 

M.I DEFINITIONS 

Drag D is the force in pounds exerted on the pro- 
jectile parallel with the direction of motion, that is, 
it is the resistance offered to relative motion between 
the projectile and the surrounding fluid. The drag is 
positive when acting in a direction opposite to the 
direction of motion. 

The crass force C is the force in pounds exerted on 
the projectile normal to the direction of motion and 
in a horisontal plane. A positive cross force acts to 
the right for an observer facing in the direction of 
travel. 

The lift L is the force in pounds exerted on the 
projectile normal to the direction of motion and in a 
vertical plane. It is positive when acting upward. 

It may be seen, by reference to Figure 1, that these 
forces act along the intersections of the horisontal 
and vertical planes through the longitudinal axis of 
the projectile and the plane perpendicular to these 
two through the center of pressure for aero yaw and 
pitch angles. 

FORMULAS 

D - G> 
prMn 

.   2   . 

C - Cc 
pcM© 

L   2   . 

L - CL L   2   J 

«-* 

where D -» drag force, in pounds; 

0) 

(2) 

(3) 

(4) 

1.94 for fresh 

C — cross force, in pounds; 
L = lift force, in pounds; 
p   = mass density of fluid in slugs per cubic 

foot; 
weight per cubic foot 

"   = 32.2 
water and 1.99 for sea water at 60 F; 

v   - mean relative velocity between water 
Mid projectile in feet per second; 

A D =• area in square feet at the maximum cross 
section of projectile taken normal to its 
longitudinal axis; 

R " Reynolds number; 
I   « overall length of projectile, in feet; 
r   - kinematic viscosity of fluid in square 

feet per second (value from tables or 
graphs, about 1.057 X 10~* sfs for fresh 
water at 70 F). 

*«     DISCUSSION OF THE FORMULAS 

It may be seen that the bracket portion of the first 
three formulas is identical. The term (pt?/2) represents 
the kinetic energy of a unit volume of the fluid. Fora 
given projectile in water of a given kind and tem- 
perature, this term will be a constant and the formu- 
las will become 

D - CDKI* (5) 
C - CcKt* (6) 
L - CLKV' (7) 

where A' is the constant (j>Ap/2). 

The terms D, C, L, and r are measured directly in 
the water tunnel and from these values (A* being 
known), the coefficients Co, Cc, and CL may be de- 
termined for Reynolds numbers corresponding to the 
velocities obtainable. The Reynolds number for the 
full-die projectile is generally very much higher than 
for a model. The problem then reduces to a determi- 
nation of the effect of projectile components on the 
coefficients as functions of Reynolds numbers. To 
estimate the effect on full-sise bodies the results from 
tunnel measurements are extrapolated to full-scale 
Reynolds numbers. 
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186 EFFECTS OF PROJECTILE COMPONENTS 

••• DRAG 

The total drag D and the total drag coefficient Co 
are, ordinarily, the only drag values measured or 
calculated. However, this total drag may be thought 
of aa being composed of two parts, called the form 
drag and the skin friction drag. 

H*1 Form Drag 

The form drag arises from the pressures normal to 
a body and may be determined by integrating the 
components of the pressures parallel to the direction 
of motion. It is proportional to the velocity squared 
and to the projected area, for a given Reynolds 
number. The resistance of a fiat plate normal to the 

Flows 1.   Illustration of force term*. 

flew is practically all form drag and is due to the 
difference in pressure on the two sides. 

"•" Skin Friction Drag 

The skin friction drag arises from the shear stresses 
on the body surface . d its value can be determined 
by integrating these stresses over the wetted surface 
of the projectile. This drag is caused by the viscosity 
of the fluid and therefore is a function of the viscosity 
as well as the velocity. It is usually expressed as a 
function of Reynolds number. A flat plate parallel 
to the flow is an example of a body with nearly pure 
skin fricti«* drag. This skin friction drag is influenced 

by the type of flow which may be laminar or turbu- 
lent, or in a transition tone between. With laminar 
flow, the fluid layers slide smoothly over those nearer 
the body with relatively small friction or sliear be- 
tween layers. Turbulence, strictly speaking, is a con- 
dition of irregular fluctuations, which is distinct 
from vortex motion in general, and which results in a 
continuous interchange of fluid between streamlines 
and hence, a relatively high friction between different 
layers of fluid. Therefore, under conditions of turbu- 
lent flow, the drag is higher than when the flow is 
laminar. Flow conditions are turbulent for full-scale 
projectiles and for nearly all models used in tests such 
as are described in this volume. A few highly stream- 
lined models have shown values of the drag coefficient 
which were in the transition sone between laminar 
and turbulent flow conditions. 

*" Skin Friction Coefficient 

The skin friction coefficient of a flat plate, for 
which sensibly all of the drag is due to the skin 
friction, is 

2f 
pe'S Cr - (8) 

where F — the frictional drag force, in pounds, and 
S " the area of the wetted surface, in square 

feet. 

Figure 2 is a logarithmic plot of this skin friction 
coefficient against Reynolds number for smooth 
plates for both laminar and turbulent flow condi- 
tions." Three of the possible types of transition 
curves, between the laminar and turbulent flow, are 
also shown. 

Formula (8), above, cannot be used directly for 
projectile models and the method of calculation 
based on pressure distribution involves special con- 
struction and numerous measurements. Frequently, 
an approximate evaluation of the skin friction drag 
and form drag coefficients is all that is necessary and 
these may be readily calculated if we assume that the 
skin friction coefficient for the model is the same as 
that for a flat plate of the same length and area. I f, to 
distinguish between them, we call the skin friction 
coefficient of the model Cor and that of a flat plate 
Cr (as before), then the former, which is based on the 
cross-sectional area An, is 

2D 
(») 
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KK.UHE 2.    Effect of flow types and Reynolds number on the akin fnotion coefficient of a flat plate parallel to the flow. 

and the latter, baaed on total wetted surface is 

r   .   *r 

F - 

(8) 

(10) 

Substituting this value of F for D, which it is now 
assumed to equal for drag due to the skin friction, 
gives 

Cor  " -T~Cp. (ID 

This provides the simple relation between the two 
objects, which Hays, in words, that the skin friction 
coefficknt of th* models it equal to the skin friction 
coefficient of the flat pt»ic multiplied by the ratio of 
the total wetted area of the modei tc it* maximum 
cross-sectional area (in a plane perpendicular to its 
longitudinal axis). These area* may be calculated 
from the model dimensions and the Cr values taken 
from Figure 2. The values obtained in this manner 
win be somewhat different from those which actually 
exist because the original assumption neglects the 
fact that, without separations, the fluid velocities 
over the greater portion of the surface of a body of 
revolution will be higher than those for a plate in the 
same original velocity flow due to the accelerations 
necessary in passing such an object. If separation 
does occur, the surface velocities are low and may 
even reverse direction so the contribution to skin 

friction is small. It L- Affected, in addition, by dif- 
ferences in the rate of growth of the boundary layer. 
These inaccuracies are usually small, and the formula 
provides a simple way to obtain generally satisfactory 
information on this factor. 

sxi Form Drag Coefficient 

The form drag coefficient can now be evaluated as 
the difference between the total drag coefficient and 
the skin friction drag coefficient at the same Reynolds 
number. Of course, when the skin friction drag oo- 
efficient is obtained in the manner described, the form 
drag coefficient values will be governed by the same 
assumption. 

No instance is at hand when there has been .in in- 
crease in the form drag coefficient with increased 
velocity of water flow. The value could remain con- 
stant with increased Reynolds number only if the 
flow pattern remained the same, so that pressures 
normal to the surface, expressed as fractions of the 
dynamic pressure, remained unchanged. Tnus, the 
normal tendency will be for the form drag coefficient 
to be reduced by higher velocities as any existing 
separations in the flow will be reduced in extent at 
higher Revnotds numbers. 

Drag in Relation to Flow 

Usually a low drag is desired and this is obtained 
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188 EFFECTS OF PROJECTILE COMPONENTS 

through "streamlining,''* that is, by having a shape 
primarily with minimum form drag. The essential 
point is that drag is intimately related to the nature 
of the flow produced and that this flow results from 
the entire body shape, starting with the now-. Thus, 
it would be practically meaningless to say that a 
certain tail had 10 per cent less drag than another 
unless the conditions of flow about the projectile 
ahead of th • tail were known. T. i might be true for 
a certain Reynolds number and a model with a 
streamlined nose, yet it is possible that there would 
be no differences in the measured drag of these tails 
at the same R value if a blunt nose were used. As an 
illustration of the importance of flow character, we 
may consider the AN-Mark 41 bomb (see Chapter 
Ifi). The prototype tested had a very blunt nose and 
several lugs and other protrusions from the cylin- 
drical body. When -til these protrusions were removed 
and the drag was measured, no change was recorded. 
The very blunt nose caused the high-velocity water 
to separate at the junction between the nose and 
cylindrical body and form an envelope of relatively 
stagnant water. Since this enclosed the protrusions, 
they had no measurable influence on the drag under 
these flow conditions. When a less bhitt nose was 
used, the flow clung more closely to the body, high- 
velocity water did strike the protrusions and the 
difference in the drag with this nose for the body with 
and without protrusions was more than 10 per cent 
at the same R value. 

***4 Nose Influence 

Since the flow pattern starts to form at the nose, 
we may begin t«. discuss the nose effect by consider- 
ing a circular plate perpendicular to the flow, since 
such an object is, in a loose sense, all nose. Somewhat 
more accurately, it is an object with a blunt nose and 
blunt afterbody but no body. It has been found to 
have a drag coefficient of 1.12 over a wide range of R 
values.** If now we give this plate a length, convert- 
ing it to a cylindrical body with sharply blunt nose 
and afterbody, the drag coefficient will first diminish 
by about 25 per cent when the length is three times 
the diameter and then gradually increase again with 
further length increments. In general, the original 
decrease is due to reduction of form drag and the 

• K ntrtxrnlim.it body ieone no shaped that the transformation 
at wkxrity head into pre—ire u m gradual that separation 
doe* not occur at all or only on a very 'mall region at the 
ratrf-rw end.3* 

subsequent increase is due to increase in skin friction 
drag resulting from the larger wetted surface. The 
length of a cylinder with blunt ends that will give 
minimum drag is approximately three times the di- 
ameter but this ratio does not remain true with other 
nhapc changes. Other considerations besides the drag 
alone are involved in proportioning a desired volume, 
such as manufacturing simplicity, handling, and re- 
lease or launching limits on dimensions and similar 
matters. Among low-drag projectiles the United 
States Shoe Machinery Hydrobomb, Design No. 8, 
has a length-to-diameter ratio of 4.65; the Westing- 
house Hydrobomb, 7.15; the Mark 13 torpedo, 7.18; 
the Mark 14-1 torpedo, 11.7; and the Mark 15 tor- 
pedo, 13.7. (See Chapter 13.) When a slenderness 
ratio of length divided by diameter ;s being chosen, 
it is sometimes convenient to express the drag co- 
efficient as a function of volume V, rather than of 
crosh-sectional area. In this case 

CW — (12) 

Comparison of this coefficient for different body 
shapes will provide an indication of the optimum 
proportion for a body of a given volume. The ordi- 
nary expression will not reveal this. 

It is possible to have a nose with a higher drag than 
that of a flat plate. A hollow hemisphere with the 
hollow ride upstream has a drag about 19 per cent 
higher.** 

Seemingly small roundings of sharp edges meeting 
the flow head-on result in material drag i-eductions. 
If rounding is carried to the extent of putting a hemi- 
sphere on the upstream end of a cylinder 3 diameters 
long, the drag coefficient will be reduced to approxi- 
mately 0.25 at R about 3X10*, with similar reduc- 
tion for longer cylinders.** Still greater refinement* of 
nose shapes are, of course, possible. Many so-called 
families, such as the spherogives, have been investi- 
gated and numerous noses based on special formulas 
have been designed and tested. The effect of some 
representative noses on the drag coefficient of a 
specific projectile will be described below in connec- 
tion with other components. 

Reduction in drag, as must be apparent, is ob- 
tained by reducing the violence of flow changes. Bet- 
ter noses lessen this violence at the forward end of the 
projectile and better afterbodies will improve condi- 
tions at the rear. Nose improvements, however, are 
relatively  much   more   important   than   rear-^nd 
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changes when both conditions are bad, bu* this state- 
ment is not necessarily true under other condition* 
Thus, as mentioned above, the addition of a heiri- 
upbericd noae to a 3-ealiber cylinder gave a CD of 
0.2S; the aodition of a tapered afterbody while the 
nose remained "square," gave 0.70. The combination 
of a hemispherical none and hemispherical afterbody 
reduced the drag coefficient to 0.135.'* This indicates, 
again, the importance of the type of flow around 
structural portions behind the nose in the possibility 
of percentage improvement. It is repeated that, un- 
less these parts are in high-velocity flow, changes A ill 
have only a minor effect, if any. 

**•' Interrelated Body, 
Afterbody, and Tail Influences 

Low-drag afterbodies are, compared to diameter, 
generally long and tapering*' since small changes in 
curvature are necessary so that the fluid may close 
smoothly about the body. The taper may be a conical 
surface or some curved surface such as an ogive. 
When it is conical, there is customarily a transition 
curve connecting it to the cylindrical body portion. 
There is also, generally, a truncated end of relatively 
small diameter. Some afterbodies have booms, that 
is, small diameter cylindrical extensions, for the usual 
purpose of getting the tail surfaces into a more ad- 
vantageous position. The Mousetrap projectiles have 
rather long booms; the Squid, a shorter one. 

As mentioned in Chapterd, tails may consist of vanes 
alone, vanes with rudders, vanes with shroud rings, 
vanes with rudders and shroud rings, and other de- 
signs such as box tails. Some rockets have collapsible 
fins while, of course, spin-stabilised rockets have no 
tails at all in the sense the word is here used. Tail di- 
ameters are usually the same as the body but there 
are numerous exceptions, particularly some rockets 
which have very large diameter vanes. The primary 
purpose of the tail is to give stability and control. It 
is obvious that the tail should be no larger or more 
complicated than necessary to function adequately 
as anything additional will be only a disadvantage. 
The large wetted area (some 37 per cent in the case of 
the Squid) of the tail surfaces contribute materially 
to the skin friction drag, while the numerous sharp 
edges in the flow produce a form drag which may also 
be a considerable part of the total for the projectile. 

b For a wphn* at K > 3 X I0\ Co has been given by Rouse 
M 0.» and for a l-to-3 rlUpaoid at H > 2 X 10*. CD - 0.06. 

Merely rounding all leading edges in the tail of one 
Squid model reduced the total drag by 20 per cent. 
Shroud rings will add unnecessarily to the drag unless 
th >y art constructed with the optimum angle to the 
flow at their location. This angle is not yet calculable 
from formulas and has generally been determined by 
polarised light flume observations checked, subse- 
quently, by water-tunnel performance tests. (Sec 
Chapter -i.) 

High-\ eloeity flow must pass over or along all tail 
surfaces for the.<e surfaces to have maximum effec- 
tiveness. This means that the afterbody design must 
be such as to direct it there and that the opening be- 
tween tiny shroud ring and the afterbody be large 
enough to permit its free flow through the tail. 

The "body" is generally a cylindrical portion be- 
tween the planes where the noae curvature becomes 
sero and where afterbody curvature begins. These 
sections may be short or long. Increased length of 
body section, other things being equal, increases the 
total drag mainly by the additional skin friction. In 
rare cases there have been projectiles with abrupt 
cltanges of diameter in the body section (unrelated to 
the nose or afterbody). Such changes will, of course, 
have  an effect  on  the  drag. 

As an example of the interrelation and effect of 
various components on the drag coefficient, we may 
consider some investigations of the British Squid 
(depth bomb). 

Figure 3 shows an outline drawing of the proto- 
type, of another model with a special nose, new cone 
afterbody and new tail, and of an earlier type noae 
referred to as the No. 45 nose. There were, actually, 
two new tails; they were alike except that one had • 
0-degree shroud ring (a true cylinder) while the other 
had a conical ring with a 2-degree cone angle. All 
parts were interchangeable except that the new 
tails could be used only with the new afterbody 
and the prototype tail only with the prototype 
afterbody. 

The upper graph of Figure 4 shows the influence of 
nose shape on the drag coefficient with variation of 
Reynolds number for the 0-degree tail models. Meas- 
urements extended to R — 4 X10* and the lines were 
extrapolated therefrom to full-scale values. The top- 
most three lines are, from the top, for progressively 
better noses all with the new afterbody and new 0- 
degree tail. They show progressively lower drags, 
particularly at full-scale R. The lowest curve of this 
group was obtained by the simple substitution of the 
special nose on the original model and gave the best 
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Kuirai 3.   Outline drawing of British Squid and major modifications. 

result* of any combination tried. This none profile i 
baaed on the formula 

(ITV + y' -  1. 

for the Mark 13-1 torpedo. Of course, an improve- 
ment with nose refinement occurred at any R in both 
cases. The difference in the two cases is that the per- 

The lower graph is, similarly, for the same three 
noses and the new afterbody with 2-degree tail. A 
similar reduction in drag was also obtained. It may be 
noted that the 2-degree tail gave, with each nose, a 
lower drag than the 0-degrce tail, the afterbodies be- 
ing the same. 

The cone afterbody with 0-degree tail was inferior 
to and, with the 2-degree tail, no better than the 
original afterbody and tail when all were used with 
the prototype nose. It is believed Uu> is due to in- 
sufficient clearance between the shroud ring and new 
afterbody but it has not yet been checked experi- 
mentally. 

It should not be deduced from these curves that an 
improvement in nose shape will always result in pro- 
portionally leas drag as R is increased. The opposite 
effect »eemed to hold in a similar series of nose tests 
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Fionas 4. Influence of nose shape on Co with varia- 
tion* of Reynold* number for British Squid and modi- 
brationn. Top: Cylindrical taila (0 degree); bottom: 
Cone taut (2 degree"). 
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FIUI'RB 6.   Elert of yaw on Co and CC for British Squid and inodifirationH. 
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centage improvement increased with ft for the Squid 
and decreased for the Mark 13-1. The explanation is 
believed to be as follows. Granted a perfect afterbody 
and tail structure, the form drag coefficient for those 
parts would have an absolute minimum value. Form 
drag improvement, therefore, would be confined to, 
and dependent upon, the nose shape. A blunt nose will 
have a relatively high form drag and, hence, there 
will be a greater opportunity for its reduction at 
higher Reynolds numbers. Finer noises, producing 
less turbulence, have less opportunity to improve at 
higher velocities. The Mark 13-1 afterbody has a low 
form drag compared to that oi" the Squid afterbody, 
hence, the effect* are akin to those produced by the 
perfect afterbody and tail. When a fine nose is used 
with the Squid afterbody and tail, the nose form drag 
is decreased but there is also more turbulence near 
the tail which will be reduced by the more advanta- 
geous flow conditions produced there at high Rey- 
nolds numbers. 

A discussion of drag under conditions of cavitation 
appears in the chapter on cavitation. 

»«      INFLUENCE OF YAW OR PITCH 
ON DRAG AND CROSS FORCE OR LIFT 

Previous discussion has dealt with drag when the 
projectile had a soro pitch and yaw angle. Under 
these conditions, both the cross force and lift force 
will be aero for symmetrical projectiles. However, 
some degree of asymmetry will exist in individual 
projectiles, designed to be symmetrical, because of 
manufacturing tolerances, deformations from han- 
dling, and similar causes. If it be anticipated that such 
unintentional asymmetries will have a materially ad- 
verse effect upon projectile performance, they may be 
avoided by setting the tail vanes at a alight angle, as 
in the case of the British Squid, which produces a 
slow rotation of the projectile, thereby averaging out 
the effects. Rudders may be considered as devices 
intended to produce asymmetry for purposes of 
course control of the projectile and will, by their 
action, also overcome the effect of other unintended 
asymmetry. 

When the projectile yaws or pitches, a different 
aspect of the shape is presented to the flow, almost 
always one which will have a greater resistance. The 
effect of positive yaw angle to 10 degrees on the drag 
coefficient is shown in the lower graph of Figure 5 
and on the cross force coefficient in the upper graph. 
All curves shown are for the Squid. Since the design 
of this projectile is symmetrical, the lift-coefficient 
cuives plotted against pitrh angle would lie the same 
as those for the cross force coefficient. 

Values for negative yaw and pitch angles generally 
are the same as for positive angles except that the 
cross force coefficient will he negative. 

In general, a model with a lower drag at 0-dcgree 
yaw will also have a lower drag ut greater positive or 
negative angles, although this is not invariably the 
case as may be seen even in the illustrative group. 
These drag-coefficient vs yaw-angle curves are, 
essentially, paralMilas. 

»T       EFFECT OF PROJECTILK COM- 
PONENTS ON CROSS FORCE AND LIFT 

Serious study of the effect of projectile components 
on the cross force and lift has been limited mainly to 
a consideration of the effect of horiaontal and vertical 
rudder action and of fins and shroud ring i.t the tail. 
Numerous specific illustrations of their effect are 
given in this volume, particularly in Chapters 8 and 
9. In general, the most important requirements are 
that the fin and rudder surfaces be sufficiently large 
and arranged in the most effective locations and pro- 
portions to achieve necessary stability and control 
without introducing unnecessary drag. The latter 
can be further avoided by rounding all edges, as 
previously mentioned. Properly designed shroud 
rings are often, but not invariably, a material aid in 
course control. These matters are intimately con- 
nected with the moment coefficient about the center 
of gravity and are discussed further under that sub- 
ject. 

A comprehensive study of the effects of all the 
various components on cross force and lift is now 
being made hut the result* are not ready for report. 
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Chapter 11 

EFFECT OF PROJECTILE COMPONENTS ON DAMPING AND 
DYNAMIC STABILITY 

U-l INTRODUCTION 

THE BEHAVIOR of a free-liing, nonspinning pro- 
jectile without rudder control* depend* entirely 

on its dynamic stability and on the motion of the 
fluid through which it is traveling. The behavior of a 
controlled projectile also depends an these factors 
and, in addition, on the characteristics of its controls. 
To evaluate the dynamic stability of a tail-stabilised 
projectile it is necessary first to determine at least 
four of its hydrodynamic coefficient*; namely, the 
coefficients of lift, moment, damping force, and damp- 
ing moment. It can be shown theoretically' that, for 
normal projectile shapes, these four coefficients are 
intimately related, and that the damping coefficients 
may be determined without direct measurement if 
the lift and moment coefficients are known. Abo, the 
dynamic stability is a simple function of the lift 
and moment coefficients. It is obvious that these re- 
lationships, if substantiated by experiment, would 
materially reduce the volume of preliminary tests 
and investigations required in order to design a pro- 
jectile shape to meet given performance specifica- 
tion*. 

It is the purpose of this chapter to indicate the 
relationships among the various hydrodyn»«vc co- 
efficients and their relationship to the dynamic 
stability of tail-stabilised projectiles; also, to show 
which of the various components of the p-ojectile 
shape are the main factors in determining the hydro- 
dynamic cV..-acteri*tie* of the projectile. 

uJ    DAMPING FORCE AND DAMPING 
MOMENT 

ux» Definition 

When a projectile is traveling rectilincarly under 
steady-state conditions, the forces acting on it are 
functions of the velocity and angle of attack alone. 
However, when the projectile in oscillating or turning 
about a transverse axis, the forces acting on it are no 
longer determined by the velocity and instantane-jus 
angle of attack alone, but are modified by reaction. 
whose magnitudes depend on the instantaneous value 

of the angular velocity. For convenience in dealing 
with thin latter case, the forces are resolved into two 
term*, one of which is equal to the forr*< that would 
act if the projectile were traveling on a straight line 
with the same angle of attack at the center of gravity, 
and one which depends on the angular velocity. The 
sense of the second term, called the damping term, is 
always such as to oppose the angular velocity, thus 
changing the force system from a conservative system 
to one having energy dissipation through a "hysteresis 
loop." 

u.» The Mechanics of Damping 

When the projectile deviates from rectilinear mo- 
tion, the angle of attack is no longer constant but 
varies from point to point along the axis. The flow 
about the body is then different from that of straight 
motion and, consequently, the forces are different. 
The method used in estimating the damping forces is 
based on the knowledge that, although the angular 
velocity modifies the fort* dutribution about the en- 
tire liody, the only changes which affect the rrtultanl 
force occur at the tail. 

Figure 1, taken from reference "b, shows the theo- 
retical force distribution about the bare hull of an 
airship in curved flight through a frietionless fluid, 
resolved into three terms. Part. A shows the attitude 
of the ship in relation to its path, with bow turned 
inward and stern outward, and with yaw angle f at 
center of hull. The first term of the force distribution, 
shown At B, is the same as in straight flight with 
angie of attack f. This gives rise to a destabilising 
moment (tending to increase the yaw angle) but has 
no resultant force. The second term C, sometimes 
called the "negative centrifugal force," is due to the 
fact that the ship, traveling with its bow turned into 
the curve, displaces air in an outward direction and is 
subject to a reaction directed inward. This is most 
pronounced at the middle of the hull. The third term 
D, represents forces concentrated near the ends, and 
their sum in magnitude and direction is equal to the 
lateral component of the centrifugal force of the dis- 
placed air. These forces are due to the fact that the 
angle of attack at the bow is smaller than f, while at 
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the stem it is larger than #. The sum of the second 
and third term* give* neither a resultant force nor a 
resultant moment. Thus, the mmltant force* acting 
on the bare hull in curved flight in a frictionlew flukl 
are the same a* those in straight flight. 

The forces acting on a streamlined finless body in 
rectilinear motion were analysed in ("hapter 8 of this 
volume. It WM shown that in an ideal fluid wieh a 
body is mibjert to a (lestahilinni; moment but de- 
velop* no hft, and that in a real fluid I tie (inlow Uxlv 
does develop some lift and that the destabilising mo- 
ment is xmaller than in an ideal fluid. It wax alxo 
shown that the lift developed in a real fluid in due to 
vis-tices forming near the tail and, therefore, the lift 

riiiflTTVfcj 

C K-uiiiiiiiiiig^—* 

PJl>Vw ^tlThs 
Fuirasl.   Aii^^mrorv^ Sight tad fof<rmi<ltv»ln|«d. 

of the nnless body should be considered an acting at 
the tail. When fins or other tail aurfnen are added, 
the additional lift developed by them aim acts at the 
tail. It may be aaid. therefore, that for a streamlined 
body with tail surface* the total lift arts at the tail 
and m determined by the effective angle of attack at 
the tail. 

In the preceding analysis of the curved motion of a 
finises hull in a frictioaleas fluid it was shown that the 
body is subject to a destabilising moment equal to 
thai of rectilinear motion with the name angle of 
attack at the center of the body. The problem of deal- 
ing with the curved motion of a streamlined hull with 
fins in a real fluid may be greatly simplified by re- 
solving the forces into two terns: the theoretical 
moment of the hull, which ia a function of the angle 
of attack at the center of the hull; and a lift force 
acting at the tail, which is a function of the angle of 

attack at the tail. For tlie motion Known in Figure 
IA, the angle of attack at the tail in larger than that 
at the centre. The lift, therefore, uouhi be larger lean 
for rectilinear motion with the same angle of attack 
at the center. Thin iitrrnim- in the lift in, by definition, 
the damping force, and the moment 'if the damping 
force aUxit the center of the hull in the damping 
moment. 

"**    Estimate of Damping tlorfficientx 
from Steady-State Data 

The projectile in Figure 2 is shown moving in the 
direct i<« of it» IICIX with velocity r and, in addition, in 
turning about a transverse axis through the center of 
gravity with a small angular velocity w. The center 
of pressure of the tail force Cl'r then ha» a small 
downward velocity wX.and the angle of attack at the 
tail is tan"' wX r, where X- the distance from Ctl 

W > 

}'!<«'• 

to Cl'r. For small disturbances from the mean path, 
the angle of attack may he taken a* «*X r ra.!:an«. and 
the force due to that may be taken as proportional to 
the angle of attack. The damping force then is 

«X     SC» 
(i) 

wbereCi - (*/*«)Ct, or tinstone, io units per radi- 
an, of the curve representing the eoeflkient of lift, an 
measured ia the water tunnel or wind tuna J, plotted 
against the angle of attack a. The moment of this 
force about Of? ia the damping moment, which may 
be written 

K - n - —Cr^-AX. r      2 (2) 

If we define a damping force eoeflkient CV, «ad a 
damping moment coefficient Cg aa 

|e*~4f 
K 

(3) 

(•) 

where a is the density of the fluid, A the maximum 
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cross sectional IM of the projectile, and Iit* overall 
length, then we Ret 

•ad 
C, - Ct. - Or. 

,(})•- CM («) 

where fr is the eccentricity of the tail force. 
To determine the damping coefficient* it is neces- 

sary , therefore, to know the slope of the lift rune and 
the eccentricity of the tail force. The Utter may tie 
evaluated when both the lift and moment coefficient* 
are known, a* outlined in Chapter 8 of thin volume. 

The oscillating projectile in Future 2 is shown at 
the inntant when the angle of attack at C'»" is aero. 
When the angle of attack at C<1 in not aero, there are 
the normal cross force and normal moment due to the 
angle of attack at CO' and, in addition, the damping 
force and damping moment due to the fort that the 
angle of attack at the tail is different from that at CC 
by ±«#X 'r. Vnr cimputationr involving oscillations 
about aero yaw, the d&.nping coefficients are de- 
termined from the dope of the rrofw force coefficient 
curve and the eccentricity of thin force at irro yaw. 
For oscillations about a definite angle of attack, auch 
an when a torpedo in traveling with dynamic lift or 
when circling, the alope and eccentricity should be 
taken at the mean value of the angle of attack. 

In the preceding analysis, the contribution of the 
drag force to the moment wan neglected. For low- 
drag projectile* and for small angle* of attack, the 
error introduced by this omission is very small. Actu- 
ally the normal component of the hydmdynamic 
force* in (A cos a + D an a), where L is the craw 
force, D is the drag, and a is the angle of attack. For 
small value* of a this may be token as (L + Da) - 
VvrVUC. -»- Cur). Inequations (I), (2), (5), and 
(6), C, then becomes 

C - -C + C 

««J DYNAMIC STABILITY 
OF PROJECTILES 

Any object in motion is mid to be »tabte if it tends 
to continue in it* present mode of motion. In ballistic* 
we are usually interested in directional stability, i.e., 
whether a projectile, fired or launched in a given di- 
rection, continues to travel dose to the original line 
of motion. When any projectile is diiturbed from its 
line of motion it does not actually return to the origi- 

nal line, hut the motion may lie considered stable if 
the deviation in small. With respect to stability re- 
quirements projectiles may lie divided into three 
croups: (I) spin-stabilised; (2) tail-Mtahilisid without 
rudder control; (3) tail-*tabMiaed with rudder con- 
trol. The stability of spinning projectiles is treated in 
Chapter 15 of this volume. In the following para- 
graphs we will discuss the stability of tail-stabilised 
projectiles such as bombs, rockets, and torpedoes. 

Although the tlabililjf rrquirrmrtdit of rudder-con- 
trolled projectiles usually differ from those of rudder- 
less projectiles, the lir^rrr of dynamic stability in 
either ease is determined without reference to rudder 
action. That is, the dynamic stability of a rudder- 
controlled projectile is determined by its hydrody- 
namic properties with ruddc* fixed in neutral 
position. 

IUI Definition 

A projectile is said to be dynamically stable if, 
when disturbed from its linear motion, it will return 
to motion on a straight line without benefit of rudder 
action. The new line of motion is not an extension of 
the original line, but makes some angle with it. The 
magnitude of this change in direction depends on the 
degree of dynamic stability, the greater the stability 
the smaller the course deviation. 

A projectile that is dynamically unstable, when 
disturbed from linear motion, does not (in the ab- 
sence of rudder control) return to motion on a 
straight line. Instead, it travels on a gradually 
tightening spiral and eventually settles down to cir- 
cular motion. The diameter of the circle depends on 
the degree of dynamic instability, the greater the 
instability tlie smaller the diameter of the circle. 

As a corollary of the above definition it may be 
amid that a dynamically stable projectile without 
rudder control cannot run on a circle. With rudder 
control a dynamically stable projectile can be made 
to circle, but can be brought back to linear motion 
merely by returning the rudder to neutral position, 
i.e., without applying opposite rudder. To bring a 
dynamically unstable projectile out of circular mo- 
tion, it is necessary to apply opposite rudder. Return- 
ing the rudder to neutral position would merely in- 
crease the diameter of the circular path. 

Criteria for Dynamic Stability 

A criterion for the dynamic stability of a projectile 
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may be derived very amply from a consideration of 
the conditions required for equilibrium on a circular 
path. This is based on the principle that any devia- 
tion from a straight path may be regarded ax a 
tendency to swing into a circular path."* If the pro- 
jectile (with rudders, where present, kicked in neu- 
iral position) can attain equilibrium on a circular 
path, then it is dynamically unstable. If it cannot 
attain equilibrium on a circular path, it will return to 
linear motion and, therefore, is dynamically stable. 

In Figure 3 is shown a projectile, with rudders 
locked in neutral position, traveling on a circular 
path of radius R, with velocity v and with angle of 
attack a (exaggerated in the figure) at Cfl. The forces 
are resolved into the theoretical moment of the bare 
hull H and a lift force acting at the tail. This tail 

Fiui'KK 3.    Kquilitirium un a rimikr path. 

force includes the normal lift L and the damping 
force F. In addition there is the centrifugal force 
.Wii», H acting at CO. Mt stands for the mass of the 
projectile M plus the apparent mas* for longitudinal 
motion k\pV, where V is the volume of the pro- 
jectile, and ki the coefficient of apparent mass for 
longitudinal motion. The correct value of the ap- 
parent mans in this case is (k\ cos* a + kt sin1 or) pi'," 
but for small angles of attack k&V may be used. 

For equilibrium on the circular path, we have 

We define a mass coefficient m( such that 

Af, - m^Al 

Substituting in equation (7) and dividing by pv'A/2. 
we get 

Co + CfA - «,j - O + (Or - >»,)•£ - 0 

/, + r-u,H =o, 

For 
H - 

small values 
X(/. + F) 

of a. 
COB a — 0. 

L - r- f* A CL~2A - C^-A, 

H - r*Ai. = Cu,?*Al 

(7) 

(8) 

"2 
From equations (3) and (5) 

(w, - (>r) 

" O (9) 

Substituting in equation (8i and dividing by pv'Al/l 
we get 

<\a - f r^'ia - Xfr^i - 0 r 

a _   _ —   . 
t h - fr( i 

Equating (9) und (10) and solving for Or, we have 

c" m iff r • 

(10) 

have 

(10 

It is seen that for equilibrium on a circular path, 
Or I — Cr, from equation (5)] must have a definite 
value. If this requirement is fulfilled, the projectile 
will be indifferent to angle of attack and to circling 
radius as long as the angle of attack is within the 
limits wherein the forces are proportional to it. That 
is, the projectile may travel with aero angle of attack 
in which case R would be infinite, or it may assume 
some small angle of attack and circle on a radius corre- 
sponding to that angle of attack. If Or has a value 
greater than that indicated in equation (II), that is, 
if the moment of the tail force is larger than required 
to balance the hull moment, then the path of the pro- 
jectile will straighten out. If Or is smaller, the 
angle of attack will continue to increase until it ex- 
ceeds the value wherein the forces are proportional to 
it. Since for large angle* of attack C, increases faster 
than linearly, equilibrium will be established eventu- 
ally and the projectile will continue to circle. 

It is apparent, therefore, that the condition repre- 
sented by equation (II) marks the borderline be- 
t tt'.-en dynamic stability and instability, and may lie 
used as a criterion. That is, for dynamic stability 

Or — _r T 
«M'» 

mi + C 
0. (12) 

F - CrfyuAl - r,T!r»Ai 

Taking the ratio of the two sides of equation (11) we 
get another criterion which is somewhat quantitative 
in that it shows the ratio of the actual tail moment 
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(Of) to that required to just barely attain dynamic 
xtability, i.e., for dynamic stability 

Ci*r(m,+ Ci.)      . .._. 
-    m\(\ > '• °3) 

The value of these criteria lien in the fwt that it in 
not necessary to measure the damping force and 
damping moment, but only the so-called static lift 
and moment. Also, the quantity on the right side of 
equation (II) may be evaluated ax won as the shape of 
the projectile body and it* overall weight are selected, 
and before any tests are made. Thin tells u* how large 
the quantity Or » Cr muat he in order to attain 
•lie desired degree of dynamic lability. Since data 
are available on the moment and lift coefficient* of a 
large number of projectile shape* with various tail 
MtrurtureH, it should tie possible to Delect a tail 
structure which, when mounted on the given pro- 
jectile, will produce very nearly the desired degree of 
dynamic stability. 

Another criterion for dynamic stability of ship* 
and projectiles, developed by a different method from 
the one used above, ha* the form" 

CC, mO > 0 114) 

where Ci, C, and C« are a* defined in this chapter, 
and m - m, — Cr- By suhstituting for C. Cr, and 
CK their equivalent* a* indicated in thin chapter, i.e.. 
Cm - C - Or, Cr - Or, and CK - Or*, this 
expression may be reduced to equation (12). 

It MlHjuld lie noted that the dynamic stability of a 
projectile depend* not only on the overall shape of 
t!ie projectile, but also on its ma** and on the density 
of the medium through which it travel*. The stability 
criteria of equation* (13) and (14) contain hydrody- 
namic coefficient* C», C„ Cr, O. and rr, and a mass 
coefficient mi. For projectile* operating at Hgh Reyn- 
old* muni wrx, the hydrodynamic coefiu cut* arc 
function* of the body shape alone. The ma** coeffi- 
cient , however, depend* on the ma** and shape of the 
projectile and also «m the density of the surrounding 
fluid, since 

"'• *"      i  J i 

where SI « ma** of projectile, kt • coefficient of 
apparent mass for longitudinal motion, p - density 
of fluid, .4 - maximum «-ro*» section, / =• overall 
length and I' - volume of projectile. For elongated 
projectiles ix is small (0 01 to 0.05). The value of nt. 
therefore, is nearly proportional to .If, and inversely 
proportional to the tlensity of the surrounding fluid. 

p. Examination of equation (14) show* that the dy- 
namic stability decrease* with increasing mass of 
projectile, and increase* with increasing density of 
the fluid. Thus, for instance, an aircraft torpedo 
which may be dynamically stable during its under- 
water run may not possess sufficient stability for it* 
air flight. This is usually overcome by adding larger 
tail surfaces (air stabiliser) which are «t ripped off the 
torpedo on water impact. 

" •*•* ReLtion between Static 
and Dynamic Stability 

The static stability of a projectile is determined by 
its shape alone, i.e., it is independent of the mass of 
the projectile or the nature of the fluid through 
which it is traveling. A projectile is said to b 
statically stalde if, when restrained from moving 
laterally and given an initial yaw angle, the pro- 
jectile tends to return to lero yaw. The projectile 
is said to be statically unstable if the moment 
resulting from the initial yaw angle i* such as to 
tend to increase the yaw. (In accordance with the 
sign convention used in this volume, a projectile is 
statically stable if O, the derivative of the moment 
coefficient, is negative, and it is statically unstable if 
Cm is positive.) The static stability in itself, there- 
fore, merely describe* the behavior of a projectile if 
it were used as a weathercock but it don not describe 
its behavior in free flight, while the dynamic stability 
does indicate in a general way the behavior of the 
projectile in free flight. Nevertheless, for a projectile 
i«f given shape and weight traveling through a given 
fluid, the dynamic stability and static stalsjlity are 
directly related. 

The relation b»tweei. 'hi Ktatic and dynamic sta- 
bilities of a projectile will he illustrated by using, as 
an example, the Mark 14-1 torpedo without pro- 
pellers. The test data used herein are shown in Figure 
4. and are taken from water tunnel tests made on a 
propellerieM* model of the Mark 14-1 torpedo.** Only 
one of these curves, the one showing the moment co- 
efficient of the finles* body in an ideal fluid, was cal- 
culated. All others are test result*. Taking the slopes 
of these curve* tor small pitch angles • it'), we get 
the values of C* for the hides* hull in an ideal fluid, 
and of Ci and C. for the finles* hull, hull with fins, 
and hull with fins and ring tail, in a real fluid. 

With C*. P„, ami C, known, the eccentricity of the 
tail force, cr, may l>e evaluated for earh case. With 
tr known, the damping coefficient* C; and CK may 
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be determined. Adding the value of the coefficient of 
man m, (for thin torpedo in salt water «i -2.04), 
we can evaluate the criteria of dynamic nubility of 
equation* (13) and (14). Table I *how» all these 
values, as well an C„ the derivative with respect to 
pitch angle of the coefficient of moment about CHI due 
U> the tail force (C, - C» - C), for the finlem body, 
body with fins, and body with fins and ring tail. It in 
seen that for these three conditions, respectively, the 
tail force acU at point* 48,50, and 51 percent of the 
overall length aft of CC. If we take an average value 

T»»u I. Hyiliutynanur propertiap of Mark 14-1 torpedo 
without propeller*. 

Hull with fin 
Co*ftv-w»t Hullalnn* Hull with So. and ring 

(\ 1.40 1.60 1.50 
<'- 1.28 0.78 0.43 
r, 0.24 0.72 1.07 
Ci 0.S0 I.4S 2.09 
*T 0.48 0.50 0.51 
(r 0.24 0.72 1.07 
t'K 0.12 a» 0.54 

Ortmi +1'») 
«H|f\ 

0.24 0.8* 1.24 

CiC« - MC. -2.21 -a»i +0.71 

for fT, in this case 0.50, then all the hydrodynamic 
properties of the projectile listed in Table 1 become 
linear functions of the lift coefficient derivative C 

Figure 5 shows the variation of the different hydro- 
dynamic coefficients of the Mk 14-1 torpedo as 
functions of C>. The condition C,-0M equivalent U, 
the finless hull in a f rictionlesa fluid, which is subject 
to a pure moment C». As Ci grows, the stabilising 
moment due to it grows and the resultant moment, 
Cm - Ci, - CtT, diminishes. Cr, CK, and the dy- 
namic stability criteria of equations (13) and (14) 
increase linearly with C It is seen that dynamic 
stability in water is reached when C, « 1.77 [CICK - 
mCm m 0 or Ctr («i + CO ,'m,C» » 1], and static 
stability is attained when C, - 3.0 (Cm - 0). To 
attain dynamic stability in air this torpedo would 
require a Ci of 3. Coinridentally, in this case, the 
same value of C, gives both static stability and dy- 
namic stability in air. In general, the value of Ct 
required for dynamic stability in air does not differ 
much, for most projectile*, from that required for 
static stability. This forms the basis for the arbitrary 
rule tLat aircraft bombs and rockets mutit be 
statically stable. 
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The values of Ci actually measured in the water 
tunnel for this torpedo are indicated in Figure 5. It 
is seen that neither the hull al^ne nor the hull with 
fins are dynamically stable in water. It is Mieved 
that, with propeller drive, thin torpedo when 
equipped with fins is dynamically stable in watrr. 
Tne hull with fins and ring would IK- dynamically 
stable even without propeller drive. 

Fiiii'ME a llyilmdyraniir pmjirrtirw a.* fuiirtioiift <>f 
lift coefficient derivative. Mk 14-1 torpntn without pni- 
nrilrm. 

tu EFFECT OF VARIOUS COMPONENTS 

From the preceding analysis it in clear that the 
damping and dynamic stability of normal, tail-stahi- 
liaed projectiles arc directly related to the static 
stability. By normal projectiU* v.- meant relatively 
clean bodies of revolution, with fairly s« re&mlined 
nose shapes (hemisphere or finer), with lift-producing 
appendages at the tail only, i.e., without fins, spoilers, 
Kopf rings, or any other prominent appendages 
ahead of the tail. For tliese projectiles it may be said 
that any modification of the body shape which in- 
creases the lift force, or shifts the point of application 
of the lift force aft along the body, also increases tite 
damping coefficients and the dynamic stability. The 
effect of such modifications on the damping and dy- 

namic stability may, therefore, be inferred from their 
effect on the steady-state forces measured in the 
water tunnel or wind tunnel. 

11 *•* Nose Shape 

Measurements made in the water tunnel on a tor- 
pedo model with several different nose shapes rang- 
ing from a hemisphere tua 2^-to-l ellipsoid, aiid in- 
cluding the standard noses of the Mark 13 and Mark 
I 4 torpedoes, showed that the lift and moment co- 
efficients were practically unaffected by the nose 
shape." Similar tests with other projectiles gave the 
i-amc results. It may be concluded, therefore, that the 
(lamping and the dynamic stability of a projectile 
will vary but little with changes in nose shape, as 
long as the nose is a fairly streamlined IMXIV of 
revolution. 

u" Afterbody 

The afterbody shape has a pronounced effect on 
the hydrodynamic properties of the projectile. In 
Chapter 8 of this volume it was shown that the lift 
of a Unless body is due to separation and vortex for- 
mation near the tail. It is evident, therefore, that any 
modification of the afterbody which increases the 
vortex formation will also increase the lift of the fin- 
less hull. It is known that abruptly tapering or trun- 
cated afterbodies produce higher lift than finely 
tapered shapes. When fins are added, the effect of the 
afterbody shape on the total lift depends on the loca- 
tion of the fins with respect to the tone of flow separa- 
tion. If the fins are within that tone, the flow velocity 
over the fins will be low and, consequently, the lift 
developed by them will he low, and this may more 
than offset the increase in the lift of the bare hull. 
This u&ually occurs on a torpedo with a rapidly taper- 
ing site-body, since the fins arc located aft of the 
tone where separation on the afterbody begins. On 
the other hand, with a rocket, where the fins are 
usually attached to the cylindrical portion of the 
body and the tapering or abrupt termination of the 
afterbody occurs abaft the fins, the fin lift is not re- 
duced by the separation while the Ixxiy lift is 
increased thereby. 

U.I.I Tail Structure 

The use of stabilizing surfaces on nor stating pro- 
jectiles was treated in Chapter 9 of this volume, 
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where the effect of the various design factors on the 
Kft and moment coefficients wag shown. Again, any 
modification <•( the tail structure which increases the 
lift or the static stability of the projectile also in- 
creases the dynamic stability. 

1,44 Propellers 

On propeller-driven projectiles, the propellers have 
a pronounced effect on the lift and moment acting on 

the projectile. This is partly due to the fact that the 
nW velocity over the tail structure is increased, but 
mainly because the propeller itself produces a trans- 
verse force or lift when yawed in the stream."' Tests 
made on mich projectiles without running propellers 
do provide valuable information for their design. 
However, any measurements made to tleternine ac- 
curately the hydradynamic properties of the com- 
plete projectile should be made with power-driven 
propellers. 
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Chapter 12 

EFFECT OF EXPERIMENTAL VARIABLES ON AN AIR-LAUNCHED 
PROJECTILE TRAJECTORY 

DURING THE DEVELOPMENT of the plant- fur 
initiating launching studies for the purpose of 

investigating the water entry of projectiles, con- 
siderable thought had been given to the technique 
required for making laboratory studies in order that 
the results would be applicable to field conditions. 
The following section is devoted to the discussion of 
some of the conclusions that have resulted from 
these considerations. Two different points of view 
present themselves in the consideration of such a 
laboratory study: (1) that the study should be 
organised as a "model study" of specific projectile 
shapes and characteristics; (2) that the study should 
be an investigation and a clarification of the physical 
phenomena involved. At first glance it would appear 
that these two viewpoints would be quite widely 
separated. However, further consideration shows 
that, in general, satisfactory model experiments are 
possible only in caw the experimenter has a good 
qualitative or semiquantitative understanding of the 
physical phenomena. The philosophy back of the 
ideal model experiment is that experiments shall be 
carried out under conditions that are similar in all 
respects to those existing in the prototype. This is 
strictly possible only in very rare cases, usually those 
in which only one simple physical process takes place. 
For the average case, however, the study involves the 
simultaneous action of several different physical pro- 
cesses, and analysis generally shows that the condi- 
tions for similarity of the model and the prototype 
are different for the different phenomena involved. 
The result is that practically all model studies have 
to be carried out under conditions in which the simi- 
larity laws and certain of the existing phenomena are 
disregarded completely. Under such conditions suc- 
eessfui results can be obtained only if the experi- 
menter is in a position to evaluate the relative 
impoi-tanee of each phenomenon involved. He must 
also be enabled on this basis to devise an experiment 
in which similarity is obtained for all of the major 
phenomena and is violated only for minor phe- 
nomena. 

In many cases the experimenter is not in this ad- 
vantageous position. He is then forced, if he is to 
carry on a sound program, to carry on his experi- 

ments with both objectives in mind, that is, to study 
the problem so as to delineate and evaluate the phe- 
nomena involved and as this knowledge t<ccomes 
available, to proceed as rapidly as possible to the 
determination of the various specific results desired 
for the given prototype condition. A consideration of 
the knowledge available concerning some lalioratory 
and field studies of the water entry of air-launched 
projectiles indicates that it is in this latter condition 
that there is not enough information available con- 
cerning the relative magnitude of the various factors 
which affect water entry to make it possible to plan a 
laboratory model study with assurance that the re- 
suite will be applicable to prototype conditions. 
Therefore, it seems inevitable that the work must be 
carried on step by step, gaining knowledge as rapidly 
as possible concerning the physical processes involved 
and applying it to the study of known projectiles as 
fast as the knowledge becomes available. 

Certain conditions can be established in the be- 
ginning. The study is basically a dynamic one, i.e., 
the study of the motion of a free body under the ac- 
tion of a system of forces. From this fact it follows 
that as the dynamic characteristics of the body must 
be carefully controlled, i.e., the specific gravity, the 
center of gravity, and the moments of inertia about 
the three axes, these are the properties of the 
body that determine its reaction to the force system. 
The greatest lack of knowledge apparently comes in 
the delineation and evaluation of the different forces 
that operate during entry. Cavitation studies in the 
water tunnel have much in common with the studies 
of the projectile behavior in entrance bubbles. Cav- 
itation studies have shown very clearly the extreme 
importance of precise geometric similarity of the 
body shape. It has been found that small deviations 
from true contours can, under certain conditions, 
have very significant effects on the magnitude and 
direction of the forces acting on the body. This means 
that a very precise workmanship 13 required for the 
construction of the bodies to be tested in the labora- 
tory, accompanied by precise measurements of the 
completed bodies. Tunnel tests have also shown that 
bubble shapes may be affected by small surface 
irregularities or changes in texture. All of the force 
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measurements in the water tunnel have demonstrated 
that the force system on such bodies is very sensitive 
to axial asyiimetries or misalignments, i.e., to nose 
oi tail structures that t»re out of Line with the main 
body axis. An analysis of experimental data from 
various pourees rt-piesenting both laboratory and 
nekl investigations shows that the behavior of a body 
at water entry if greatly affected, both by the angle 
of a trajectory with respect to the water surface and 
by the pitch or yaw of the projectile with respect to 
its trajectory. This means that a laboratory study to 
investigate satisfactorily the entry problem must be 
in position to control accurately these variables and 
to obtain any desired com) in&tion of them at will. 
Sot.)? of the problems of a iafx>ratory model study at 

water entry were pointed out in Chapter 2 in con- 
junction with the description of the controlled-at- 
mnephere launching tank. The most serious uifficul ties 
arise from the fact that water entry is a two-phase 
problem, i.e., it concerns both a gas and a liquid. 
This means that it is extremely difficult to pet up ex- 
perimental conditions which will not be affected by 
the size or scale of the experiment. It is clear that the 
gas density, gas pressure, liquid viscosity, and surface 
tension are all factors that can affect the force system 
acting on the entering body. It is felt that the possi- 
bility of successful model studies depends, to a large 
degree, upon the experimenter's ability to secure 
sufficient knowledge concerning these factors to 
enable him to evaluate their relative importance. 
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Chapter 13 

TORPEDOES 

HI INTRODUCTION 

UNDER THE TERM "torpedoen" are included all 
those underwater projectiles which, throughout 

tlieir underwater run, travel under their own power 
and are continuously guided by devices which main- 
tun or regulate their course and depth. Investiga- 
tions in this laboratory arc confined almost exclu- 
sively to the exterior ballistics, which are not affected 
by the interior construction of the torpedo, the type 
of power plant (turbine, reciprocating engine, electric 
motor, or jet propulsion), or the type of steering 
mechanism control. For these investigations the meet 
convenient classification is by method of launching 
into two groups: aircraft torpedoes and totally 
water-borne torpedoes. 

TOTALLY WATER-BORNE TORPEDOES 

Totally water-borne torpedoes are launched from 
submerged U»Vs or from the decks of surface vessels. 
In the latter case the air trajectory is relatively 
short, the impact velocity low, and the dive shallow. 
Hydrodynamic investigation of these torpedoes is 
limited to those characteristics affecting the under- 
water ran only. 

Figure 1 shows, to the same scale, outline drawings 
of all of the torpedoes investigated. Table 1 shows 
weights and principal dimensions. The various tor- 
pedoes ure briefly described in the following para- 
graphs. For fuller description, detail dimensions, and 
discussion of the test results, reference is made to 
specific reports covering each torpedo.* , *LM,U,S?-U 

AIRCRAFT TORPEDOES 

Aircraft torpedoes are launched from aircraft 
traveling at high speed and relatively high altitudes, 
and as a result, they have a long air trajectory and 
hit the water at a high velocity. The impact opens 
up a cavity in the water which fills with air forming 
an elongated bubble which travels with the torpedo 
to a considerable depth, eventually separating and 
rising to the surface inaseries of smaller bubbles. Upon 
emerging from the entry-bubble cavity, the torpedo 
rudders and propellers become effective, causing the 
torpedo to recover from the dive and finally to level 
off to its normal steady run. 

Hit Aircraft Torpedoes 

MARK 13 SERIES 

All the torpedoes of the Mark 13 series have identi- 
cal body shapes and dimensions. The various modifi- 
cations differ from each other in the weight of the 
explosive charge, the running speed, and in the tail 
structure. The original Mark 13 torpedo had its rud- 
ders mounted aft of the propellers, supported by 
struts extending from the outer edges of the fins 
which were forward of the propellers. This arrange- 
ment was abandoned because of the inherent struc- 

TABLE ). Diinemriom and weights of various torpedoes. 

Overall Maximum Maximum 
length diameter weight Displacement Speed 

in inched ii. inchex in pound* in pounds in knots 

Aircraft torpedo*. 
Mark 13 wries iei 22.42 2127 1703 33.5-40.5 
Mark 25 series i*i 22.42 40.5 
Hydrobomb; Weetinghouse design id0.125 22.42 •>SH0 1770 40 
Hydrobomb; USMC Design No. 30 119.57 28 61 
Hydrobomb; WMC Design . No. 8 150 28 3500 2052 61 

Water-borne torpedoes 
Mark 14 series 246 21 3185 2516 30.5-17.5 
Mark 15 series 288 21 3S47 304ft 27.4-46 
Mark 26 series 245.88 2l 3350 2630 IW-45 
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Fiocms 1.    Outline dimenmons of toqndoen. 

tural weakness and the added drag. It was super- 
seded by the Mark 13-1 in which the rudders are 
forward of the propeller*, and immediately aft of the 
firm. Later modifications increased the speed and 
weight of explosive and strengthened the afterbody, 

without, however, changing the external dimen- 
sions. In other modification!;, shroud-nog tails were 
added to improve the stability and behavior in water 
entry. Figure 2 shows the principal dimensions and 
Figure 3 is a photograph of the 2-in. diameter model. 
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MARK 25 TORPEDO 

This torpedo has thf name overall dimension* and 
body shape aa the Mark 13. It was designed struc- 
turally to withstand drops from aircraft at higher 
speeds and altitudes than wire possible with the 

ings, both with and without shroud rings, to deter- 
mine the arrangement which would cause least inter- 
ference with rudder and propeller action. Figure 4 
shows the model with the exhaust opening in one of 
the fins and Figure 5 shows the tail structure with 
one of the subsequent modifications in which the 

HOMZMTM.   WOMR 

FIGCKE 2.    Principal dimensions of Mark 13-1 torpedo. 

Fini'MB 3.    Two-ia. diam. model of Mark 13-1 torpedo. 

Mark 13-1. It is equipped with a later design of 
power plant in which the exhaust gases, instead of 
discharging through a hollow propeller shaft, are dis- 
charged through two passages in the fins. In addition 
to the usual hydrodynamic tests, tLe investigation 
covered various arrangements of the exhaust open- 

'•.•'-IS!!*-** 

FIGURE 4.   Mark 25 torpedo model with exhauxt open- 
ing in top of fin. 

gases are discharged through a stack attached to the 
shroud ring. 

HTUROBOMB— WESTINOHOVSE DEMON 

This is a jet-propelled torpedo having the same 
overall length and diameter as the Mark 13 and the 
Mark 25. The nose Is somewhat sharper and the 
afterbody has a more abrupt taper than the Mark 13. 
The fins and rudders for both course and depth con- 
trol are considerably larger than on the Mark S3 or 
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Mark 25. The depth control fins are gym metrical and 
have a total span 2 in. greater than the maximum 
body diameter. The course control fiiu> are unsym- 
mctrical, the lower fin projecting 1 in. beyond the 
maximum body radius and I in. more than the upper 

V (r-O-jjj 

KIUUBB 5.   Mark 25 torpedo with ririK tail ami dingle 
cxhaiiKt (»(». 

fin. The fins are of appreciable thickness (2 in. maxi- 
mum) and both fins and rudders have rounded edges 
and are well streamlined. No modifications of thin 
-ihape were tented. Figure 6 shows the outline dimen- 
sions, and Figure 7, a photograph of the model. 

JfYEHOHOMB— I'KITED SHOE MACHINERY CORPORA- 

TION DWICK No. 30 

T! is hydrohomb ia jet propelled And intended to 
travi-i at an underwater speed of 60 knots. It is 119 
in io>ig and 28 in, in maximum diameter; shorter and 
of greater diameter than the Westinghouse design. 
The !>.s are relatively thick (2H in. maximum) and 
are la'*«>r compared to the body site than on the 
Wcsunghouse detiigu. The maximum thickness of the 
fL : is at about 80 per cent of their length from the 
icadinj* edge. The rudders are relatively smaller than 
on Ae We«if iiighouse design, particularly the vertical 
or course rudders. The nose is a long (3.13 to 1) 
ellipsoid and the afterbody tapers rather ahn:plly. 
Figure 8 shown the principal dimensions and Figure 9 
i* a photograph of the model 

HTDROBOMB—UNITED SHOK MACHINERY CORPORA- 

TION DESIGN NO. 8 

This is also a jet-propelled hydrobomb, designed 
for an underwater speed of fiO knots. It is 130 in. 
long, 11 in. longer than the Design 30 and the after- 
body has a more gradual taper. The fins are some- 
what smaller relative to the bodv siie than on the 

-viaiorwoN 
itaits" 

•*««s-«fre»oo»    •• 

74.S" 

W <txm armiarmct 

.»»• Mi 

KlUl'KE <>. 
Immti. 

Oiitlin" <!"»eni«ioniC Wrstinchoiim hydro- 

FllilKE 7, 
drabnmb. 

Two-in. diam. model of W«rtinj{hoiu» liy- 

Design 30 and the rudders, both horizontal and 
vertical, relatively larger. Two fin arrangements 
were tested, differing in that the span of the hori- 
sontal or depth fins wax 28 in. on one and 34 in. on 
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Fincrmi 8.   Outlinr dimemkHM, United Hhor Marhinery Corpocatton nydrobomh, Dmign 30. 

the other; the vertical fin span was 23 in. uu both 
Both models were also tested with shroud lingx 
added  >a the fins. Figure 10 shows the principal 
dimension* and Figure 11 is a photograph of the 
model with the 34-in dep'h fin span and shroud ring;. 

U.U Water-Borne Torpedoes 

MARK 14 AND MARK 15 SERIES 

The torpedoes of these two series are all 21 in. in 
diameter, made up with heads and afterbodies having 
the same external shape and dimension and are all 
equipped with identical fin and rudder assemblies. 
The only differences, externally, are in their overall 
length, due to the different lengths of their cylindrical 
midseetions. Models of only one torpedo in each 
series, the Mark 14, Modification 1 and the Mark 15, 

Finn as 9. Two-m. dam. model uf I niteri Bhoe Machin- 
ery Corporation hydrobunan. Doifpt 91. 

Modification 1, were invcstigr.tad. Relative to the 
aiae of the body, the fin and rudder areas of these 
torpedoes are considerably smaller than on the air- 
craft torpedoes Tests wrre also made on these models 
with shroud rings added to the firm. Figure 12 shows 
the outline dimenMons of the two torpedoes and Fig- 
ure 13 is a photograph of the model of the Mark 14-1 
torpedo. 
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t+mf-m *-U* 

FIGURE 10.   Outline duMMon*, Uniud Shoe Machin- 
ery Corporation hydroboab. Design R 

rudder effect. On the Mark 20-4 the fin* are all 
abort'»than en the other three models and the depth 
fin* r re in the plane of the torpedo axis. The design 
w» , hvuvd on result* of teela of other projectiles which 
indicated that the greater part of the stabilising 
effect is obtained from the aft portion of the f:nn and 

FHURJC II. Two-ia. dism. raodvi uf tinted Hhue Ma- 
chinery Corpontioa bydrobocnb, nwisji 8 with S4-in. 
depth fin inu sad 4iroud rina: 

MAEK 20 TOKPEDO 

This torpi-'o is electrically driven, designed fur 
speeds of 30 and 46 knots. In overall length and di- 
ameter it is the same as the Mark 14. It lias a some- 
what blunter sharx* and the displacement is slightly 
greater than for the Mark 14. The original design a* 
received in the laboratory showed an afterbody with 
eight fins and a shroud ring. The shroud ring had an 
overall diameter 2 in. leas than the torpedo body di- 
ameter in order to clear the latching device in the 
launching tube. The fins were considerably longer 
than on the Mark 14 and 15 and the rudders were 
relatively larger than on the Mark 14 and 15. Three 
successive modifications of the fin structures were 
investigated by water tunnel testa. The original de- 
sign was designated by the laboratory as the Mark 
26-1. On the Mark 28-2, the shroud ring was 
omitted. On the Mark 26-3 the shroud ring and the 
four 48" fins were omitted. On the Mark 30-1,20-2, 
and 26-3 the horisootal or depth fins are inclined to 
the longitudinal axis of the torpedo, the forward 
edges being raised so that the fins are at an angle of 
about 1 Vi* to the torpedo axis, giving a slight down- 

k^an 
Fiuuut 12.   Principal dinxtixionr of Mk H-l ami 15-1 
torprdorx. 

Fim-RE 13.    Model of Mark 14-1 torpedo. 

t imarf »|* nmf *| 

Finuas 14.   Outline dimcoanrw of the Mk 18-2 tor- 
pedo. 

that the gain in stability by exteo-'.i-ig the fins for- 
ward is very slight. The fins on the Mark 26-1 are 
closely comparable to those of the Mark 14. The 
rudders on all four models are the same. Figure 14 
shows the outline dimensions of the Mark 26-2 tor- 
pedo. Figures 15 and 16 show the tail structures of 
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the Marie 26-1 and Mark 36-4, respectively. Figure 
17 is a photograph of the model of the Mark 26-1 and 
Figure* 18 to 21 show photographs of models of the 
four different tail fin designs. 

44MT*. 

Fwiis'ld.    FIIM ami rudderx of the Mk M-l torpedo. 

Mil 

FitiiatlO.   Fin*and rudders of the Mk 2rX torpedo. 

«"        TYPES OF TORPEDO STUDIES 
au Water Entry 

tively, from observation of the cavitation character- 
istics of the projectile in the high-hpeed water tunnel. 
Prewure distribution measurements provide addi- 
tional information that if useful in understanding the 
behavior of the projectile during the entry phase. 

"•" Force Measurements 

The force studies made in the water tunnel on tor- 
pedo shapes include the measurement of drag, cross 

The cuotroUed-atmosphcre launching tank** u as 
designed and built specifically for investigating the 
behavior of air-launched underwater projectiles dur- 
ing the water-entry phase. The methods used are 
described in Chapter 12 o< this volume. Because of 
the similarity of the entrance bubble to the fully 
developed cavitation bubble (see Chapter 4), some 
knowledge of the behavior of the projectile in the 
entrance bubble may be inferred, at leant qualita- 

i>* 

Fiouaa 18.    Model afterbody of Mark 36-1 torpedo. 

FiutTRi 19.    Model afterbody of Mark 26-2 torpedo. 

Fionas 17.   Model of Mark 26-1 torpedo. 

force, lift, and moment as functions of the pitch 
(angle of attack), yaw, and rudder angle. These tests 
are made under steady-state conditions and, there- 
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fore, give directly only the steady-state hydrody- 
aamic fortes and moments, but not the damping 
forces and momenta which arise when the projectile 
is rotating or oscillating about a transverse axis. The 
data thus obtained are sufficient for solving various 
problems not involving angular velocity, e.g., the 
power requirements, the degree of static stability, the 
ability of the torpedo to carry excess weight over 
buoyancy, and the pitch angle anrl rudder netting at 

Kitiimi 20.   Model afterbody of Mark 2H-3 torpedo. 

which the torpedo must travel in order to maintain u 
horisontal path under any given loading condition. 
The steady-state force and moment data form part 
of the information required in dealing with dynamic 

problems involving angular velocities. Reference is 
made to Chapter 1J, in which tnc relationship be- 
tween the static and dynamic coefficients is diwusticd. 

FKIURE 21.    Model afterbody of Mark 20-4 torpedo. 

For well-streamlined shapes, such as torpedoes, the 
cross force, lift, and moment coefficients are practi- 
cally independent of the Reynolds number. The drag 
coefficient, however, does vary materially with the 
scale of the tests and, therefore, the investigations 
usually include a study of the drag coefficient as a 
function of Reynolds number. 

The models for the force tests were complete in all 
details except for the omission of minor surface ir- 
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FIGURE 22.   Comparison of lift coefficients, aircraft torpedoes. 
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regularities and the otruauon of the propellers. The    torpedo behavior, in calculating certain equilibrium 
propellers were omitted because, unleax driven at Uie    condition*, and in comparing the effect of modiftca- 
pvoper speed, they would only obstruct and disturb    tiow in design 
the flow oo the afterbody. The action of th«- propeller* 
undoubtedly modifier to some extent the forces and 
moment* acting on the torpedo.  However, d»ta 
taken on propellerleiw madeb are useful in xtudyinx        The lift, rrraw force, and moment chara.-tcrinticM ax 
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functions of positive pitch and yaw (upward pitch symbols used in these and succeeding figures are 
and starboard yaw), with rudders neutral and set at given in the Appendix. 
10 degrees down or port, are plotted in Figures 22 to The differences in the force and moment charscter- 
25 for aircraft torpedoes, and Figures 26 to 29 for istics and rudder effect of the various torpedoes de- 
water-bome torpedoes. Definitions of the terms and pend not alone on the si»e of the fins and rudders, but 
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also oo the cootour of tbe torpedo, the shape of the    t ween the torpedo body and the linn and rudders, 
fins and rudders, and the interference effects be-   as well as the location of the center of gravity 

-"•* 

0CCTH    CONTROL 

•PKT   OF jO   By ftUBOR  ON 
PffOMM 

Fiovwe 27.    Gunparison of pit* hing monwnt <l»anu*t*rt-tHi*, water-homo, torpedoe*. 

... J 

1  1 K_ 

— 
! 
1 

t 

1 1 ! 

s; 

~1 
// 

~ 

1 
— 

^ 
I   1 

_ M I »-» • 

•i 

1   
2 1 ! 

1 -y 
^+•1   M-4 

_i 

— 
-J- r 

^1 1 i 
I 

GQUBJE  MDKW lOf   PONT 
DTCCT  or n* ran nunut <n 

Fiui'kr 28.    Compwiyun of crams force coefficientis mter-bume torpcxlocx. 

CONFIDENTIAL 



214 TORPEDOES 

COWS   DUOMUt  W    PORT 

.SOI 

i i   I !  !  i 
MK »• i     ! 

-JMC   M-t  
1 1 

  
wirr" 

WtM-4 
1 

-OM 
• 1 

1 1 

-O0J 
1 1 

VfKT    V    K        WCT 

FKIVMC 29.    Comparison of yawing characterigties, water-borne torpedo**. 

6 i 

£ 

s • 
i 1 a 9 

«r 
: 

"6   *" 
e   4 

_ 
"1 
00*1 
w 

1   I 

4- 10 - r 
— 1 

I    "" 1 | ^ 
IIP 

0« 1 t ! 1 > » • r • » a* r i « s •     T 1 » 1 l* 

FKIITRB 30.    Relation between drag coefficient and Reynolds number. Mic 13-1 torpedo. 

of the torpedo. In rompaiiaons of similar body 
shapes having gtabilinnp surfaces of considerably 
different areas, the larger surfaces produce more 
lift and a greater gtabilinng moment. This is illus- 
trated by comparing the lift and pitching moment 
coefficient curves of the Mark 13--1 torpedo and the 
Wegtinghouxe hydroboiab in Figures 22 and 23. The 
depth fins oi the hydrobomb are much wider than on 
the Mark 13 torpedo and result in a greater increase 
of lift with pitch for the hydrobomb and a small de- 
stabilising moment. In comparing the two I rated 

Shoe Machinery Corporation (L'SMC) designs oi 
hydrobomb, the Design No. 8, with it* larger fin area 
tihows a similar difference in lift and moment There 
comparisons, however, are not quantitative; that is, 
there is no direct relation between fin sisc and the lili 
or mon>ent, even on very similar body shapes. The 
rudder effect is a function cot only of the sine of the 
rudders, but of their disposition relative to the fins 
and afterbody and of the shape of the rudders. One 
extreme example is the comparison of the effect of a 
10-degree port rudder on yawing moment between 
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the USMO Design No. 30 and Design No. 8 hydro- 
bombs. On the Design No. 30, the course rudders are 
extremely small and located directly aft of rather 
thick fins, and show a very slight effect on the mo- 
ment at all yaw angles. In the Design No. 3, the fins 
are thinner and the rudders considerably larger, and 
the effect on the yawing moment is several times as 
great. 

VARIATION or DRAG COEFFICIENT WITH REYNOLDS 
NUMBER 

Tests to determine the variation of the drag co- 
efficient as a function of Reynolds number were made 
on J^-in. and 2-in. diameter models in the high- 
speed water tunnel at velocities between 10 and 70 
fps. Figures 30 to 33 show Co as a function of ft 

i       4    i    «   r • t n 

Fionas 31.    Relation between drag coefficient and Reynold* number, Westinghoune hydrnbemh. 

!   S 

FKIUBB 32.    Relation between drag coefficient am' Reynold* number, Mk 14-1 torpedo. 

,!E 

FIGURE 33.   Relation between drag coefficient and Reynolds number, Mk 1S-I torpedo. 
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plotted on logarithmic paper. It is evident that 
straight line extrapolation on these diagrams is all 
that ia justified by the experimental data. As a com- 
parison, the von Kantian curves for turbulent skin 
friction only, for flat plates of the same surface area 
and length as the torpedoes have been plotted in 
Figures 31,32, and 33. If a power law is assumed for 
the variation of the drag coefficient with Reynolds 
number, it may be expressed by the equation: 

CD = mR~ (1) 

If the coefficients inequation (l)arcevalu-itc-dfrom 
the curves drawn on Figures 30 to 33, the resulting 
equations arc the following: 

Mark 14 torpedo CD=3 32ft-018 

Mark 15 torpedo CD=3.94/r0"' 
Mark 26-1 torpedo CD-2.93ft-0'8 

Mark 26-4 torpedo CD =1 .56ft-0,4 

Mark 13 torpedo CD = 2.54ft-0so 

Westinghouse hydrobomb < /> = 1.28ft ° lr' 

The slope of the curves, indicated by the exponent 
of ft, varies from about —'/»to — '/§, with most of the 
experimental data tending toward the negatively 
larger value, i.e., a steeper slope. The Reynolds 
number obtained at 00 to 70 fps with 2-in. diameter 
models is, for most torpedoes, between V« and '/« of 
the Reynolds number corresponding to the prototype 
operating condition. The scatter of the test points 
is such that repeated experiments might easily justify 
a change in the slope exponents and, consequently, 
in the extrapolation to prototype conditions. 

The fincwss ratio of a streamlined shape such as a 
torpedo is commonly expressed as the ratio of length 
to diameter, I'd. 

The drag coefficient Co, usually calculated on the 
basis of the maximum transverse cross-sectional area, 
may also be calculated on the basis of volume V to the 
% power, resulting in the expression: 

r    =   u 

frr 
When calculated on this basis, the coefficient for h 

given Reynolds number shows less variation with the 
fineness ratio l/d. 

In Figure 34, the drag coefficients of most of the 
torpedoes investigated, calculated from the test re- 
sults on the basis of both area and volume, have been 
plotted as ordinates against values of I'd <y< abscissas, 

for a constaul Reynolds number of OX 10s. it will be 
noted that tiie curve of C»,. va i/<i has a long flat 
minimum. Thi:j indicates that, for a given volume, a 
series of torpedoes could be design* d, all having the 
same volume and requiring approximately the same 
horsepower to produce a given speed, but covering a 
wide range of length-to-diameter ratios. 

It must be remembered that these result* are from 
a series of bodies all having good streamlining. 1 heir 
resistance is largely due to skin faction, with a rela- 
tively small contribution of form drag. Changes ia 
nose and afterbody profiles, and in the form of 
appendages such as tail structure, can affect appreci- 
ably the form drag and thus the overall resistance. 
Structural variations of this type account for the 
scatter of the pomt« shown on Figure 34. 

Fionas 34.   Relation of drag coefficient */> length/ 
diameter ratio for constant Reynolds number. 

DRAG AND POWER REQUIREMENTS 

The drag determined by model tests is useful in 
estimating the horsepower requirements of the tull- 
sise torpedo, even though extrapolation of the drag 
coefficient to prototype conditions may not be very 
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exact. For propeller-driven torpedoes, if the propul- 
sion efficiency i& known, it is possible to estimate the 
shaft horsepower required. Conversely, if the shaft 
horsepower of a given torpedo is known, the extra- 
polated drag coefficient curve makes :t possible U> 
estimate the propulsion efficiency. Thub in Figure? 
30, 32, and 33 scales for propulsion efficiency are 
shown based on shaft horaepowtr measurement)* from 
dynamometer tank measurements. This calculation 
assumes that the drag force obtained by extrapolat- 
ing water tunnel measurements is a true indication of 
the propeller thrust required to drive the torpedo. 
This neglects the change in flow over the afterbody 
cavsed by the propeller. 

The following approximate expression may be uwl 
to estimate the shaft horsepowei required by a wc'l- 

tion to the ". to '/: power of the Reynolds number 
(dee figures 7 to 10). For simplicity, the '/» power 
war used, although '/• corresponds more nearly to 
most test results and would result in higher estimated 
power at high speeds. For a torpedo of a given sixe, 
therefore, if the drag coefficient varies as the —0 2 
power of the speed, the drag force is proportional to 
the (.8 power oi the speed and the horsepower to the 
2.8 power of the speed, llso, as shown by Figure 34, 
the drag coefficient, when computed on the basis of 
F1 instead of cross-sectional area, is more nearly in- 
dependent of the shape and length-to-diameter ratio 
and is, therefore, assumed constant in the above for- 
mula. For convergence the displacement was used in- 
stead of the volume because iata on torpedoes 
usual) v are given in terms of 4 •>-.pla<-ement (buoyancy). 

T.VBLI i. Calculated and observed aoraepower of several torpedoe*. 

Shaft horsepower 

brag coefficient 
at rated speed 

Calculated 
for Calculated 

Displacement Speed in from Figures 66% prop. from by test 
Torpedo in lb knot* 30 to 83 efficiency equation '2) (average) 

Mark ,4 2430 31.5 0.107 108 105 102 
46 0 098 300 303 325 

Marie 14-1 2516 31.5 0107 108 107 102 
46 0.058 309 310 325 

Mark ill 3045 27.4 0.122 82 82 80 
34 0.117 149 151 142 
46 0.110 347 352 335 

MarkK-1 2630 39 0.110 212 200 
45 0.106 314 300 

Mark 26-4 26*i 39 0.123 237 200 
45 0.120 355 300 

Mark 13-1 1756 335 0.O71 101 100 96 
Mark 13-2 1765 40 0068 160 165 170 
Westinghou •e liydrobomb 1770 40 0.069 163 (jet propelled) 

streamlined, propeller-driven torpedo at speeds with- 
in present torpedo practice: 

hp - 0.3fl9X10~*(speed)"(displscement)!     (2) 

in which the speed is in knots and tho displacement 
is iu pounds. 

The constant 0.309 X 10"' of equation (2) was 
evaluated from data on the displacement, speed, and 
shaft horsepower from dynamometer tank tests of 
torpedoes of the Mark 13, Mark 14, and Mark 15 
series taken from U. S. Navy Ordnance pamphlets 
629A, 635, and 642. respectively. 

The form of the above, equation was chosen be- 
cause drag tests show that the drag coefficient <« not 
constant but varies approximately in inverse propor- 

Table 2 shows the comparison for several torpedoes 
of the shaft horsepower (1) computed directly from 
the extrapolated drag coefficient assuming a propul- 
sion efficiency of 65 per cent, (2) calculated from 
equation (2), and (3) as determined by dynamometer 
tank tests. 

EQUILIBRIUM RJ.NNINO CONDITIONS 

The weight of a torpedo is normally greater than 
its buoyancy, arid the center of gravity CU is usually 
ahead of the center of buoyancy Cft and slightly be- 
low the axis of symmetry. Therefore, in order to 
travel on a horizontal path, the torpedo must assume 
it pitch angle and a i-udder setting such that the lift 

CONFIDENTIAL 



218 TORPEDOES 

will balance the excess weight over buoyancy and the 
hydrodynamic moment will balance the static mo- 
ment due to the displacement of CO from CB. For 
«u.y given conditions of speed, weight, and CO loca- 
tion, there is only one pitch angle and one rudder 
setting which will satisfy these conditions. The fol- 
lowing paragraphs present one of several methods 
for determining the pitch and rudder angles required 
tor equilibrium. 

is on the axis and a distance a oft of the center of 
gravity. The equilibrium equations may then be 
written: 

Vertical forces:    L + B - W + T sin a = 0. (3) 
Horizontal forces:   D - Tern a = 0. (4) 
Moments about O-   M  —  Ba coe a  — Wy sin 

a - 0. (5) 

From equation (4) 

i. a 

V  » 

VK;I-H\ 35-    Force* acting on turpeoo in airtight run. 

Figure 35 shows the forces acting on a torpedo 
wlier running on a straight iioricontal path with a 
pitch angle a. The hydrodynamic forces are resolved 
into a lift L acting at right angles to the path, a drag 
D feting parallel to the path, and a moment M. The 
lift and drag are taken as acting at the point O. on the 
torpedo axis and above the center of gravity. In 
addition, there is the propeller thrust T assumed to 
be itcting along the axis, the weight W .acting verti- 
cally downward at the center of gravity, which is a 
distance y below the axis, and the buoyancy B acting 
vertically upward at the center of buoyancy, which 

Sultetituting for 7 in (3) and rearranging 

L + D tan a = W - B. (6? 

Since both the distance y and the pitch angle a are 
small, equuticn (5) may be written 

M - Ba. (7) 

Dividing equation (0) by \^t^A and (7) by y^p&Al, 
we get 

W-B 
CL + G> tan a 

and 
2 

CK- 
Ba 

-Al 
Dividing (ft) by (8), we have 

CL + Co tan a     (If - B)l 

(8) 

(») 

(>0) 

OAT 

euo as 

FIQVRB 36.    Mk 15-1 torpedo. Pitch ingle and rudder setting hx- equilibrium. 
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To amplify the solution of the above equations, 
the water tunnel data is plotted in the form of Cti 
against the quantity (Ci. -4- Co tan or) as shown in 
Figure 36 and the constant pitch angle and constant 
rudder angle lines are drawn. Her? CM is the moment 
coefficient, CL the lift coefficient, Cn the drag co- 
efficient, and Co tan a represents the vertical com- 
ponent of the propeller thrust. The data shown in 
Figure 36 is for the Mark 15-1 torpedo and was 
taken from Figure 20 of the report on this torpedo*4 

with the l-dcgree rudder setting intervals drawn in 
by interpolation. From equation (10) it can be seen 
that, for a given set of loading conditions, the locus of 
equilibrium points for all speeds on the diagram in 
Figure 36 is a straight line through the origin with a 
slope equal to Bal(W - B)l. In order to determine 
equilibrium conditions for any speed it is necessary 
only to determine the quantity (CL + CD tan a) by 
means of equation (8) and to locate the correspond- 
ing point on the straight line locus of equilibrium 
conditions. The equilibrium values of pitch angle and 
rudder setting for the speed represented by the point 
so located can then be read directly from the pitch 
angle and rudder setting curves of the diagram. Fig- 
ure 36 shows the solutions for the Mark 15-1 at three 
different running speeds under conditions at the 
start of a run, i.e., fully loaded with fuel and ex- 
plosive. 

For a low-drag torpedo the term (Co tan a) is 
small in comparison to CL (about 5 per cent for the 
Mark 15) and, therefore, the solution for equilibrium 
conditions may be further simplified by neglecting 
the term and plotting CM agains* CJ. instead of against 
(CL + CB tan a). 

Table 3 shows the equilibrium pitch and rudder 
angles for several torpedoes calculated by the above 
method. 

TAMP. 3. Equilibrium pitch angles and rudder settings 
for various torpedoe* in straight horizontal ran. 

• 

Speed Pitch angle, Rudder yetting, 
Torpedo in kuots up, in degrees down , in degree* 

Mark 13-2 40.5 0.7 1.1 
Mark 14-1 43 1.1 3.1 

31 2.2 5.4 
Mark 15 1 46 1.2 3.8 

34 2.0 5.0 
27.4 2.9 7.1 

Mark 28-2 45 0.8 2.0 
39 1.0 3.3 

Mark 26-4 45 0.7 3.2 
a» 1.0 4.2 

a-,J Pressure Distribution 

The forces acting on a projectile traveling through 
any fluid are due to the distributed fluid pressures 
acting normal to the surface, and to the shear stresses 
in the fluid adjacent to the surface (skin friction) 
acting tangentially. The tangential forces make up 
most of the drag, but the moment and cross force are 
practically unaffected by them. Therefore, with the 
pressure distribution al>out a projectile completely 
known, it is possible to calculate the resultant mo- 
ment, cross force, and lift, and also the contribution 
of the normal pressures to the drag (form drag). With 
most torpedoes, however, the pressures acting on the 
tail surfaces cannot be measured Ifcrcause of the thin- 
ness of these sections on the small models. Conse- 
quently, only the forces acting on the bare hull can 
be computed from the pressure distribution. 

L.ABORATORT PROCEDURE 

Two-inch diameter scale models were used for the 
pressure distribution measurements. Piezometer 
holes '/« in. in diameter with the entrance edges 

FIUCRE37. Modeiof Mark 11-1 torpedoawembicil<n 
(streamlined strut with l«He plate and tulie manifold 
ready for installation in the water tunnel. 

rounded to 0.005-in. radius were drilled normal to the 
surface of the torpedo and each connected by a small 
rubber and nickel-silver tube to one side of a differ- 
ential pressure gauge. The other side of the gauge was 
connected to static pressure in the tunnel working 
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aection and the differential pressure read directly on 
a weighing beam-ty « balance reading to 0.01 psi. 
All pieiometer openings were in a single plane through 
the longitudinal ax's of the torpedo. The pretwiire 
distribution wan explored by setting the plane of the 
pieiometer openvigs at a given angle with the vertical 
and measuriug the pressure at each tap for yaw angles 
of 0, ±3, and ± C degrees. In most fc*»e* the a ngles of 
the plane of the taps were varied in 15-degree steps 
from 0 to 90 degrees from the vertical. Because of the 
symmetry of the torpedo, these measurements give 
the pressure distribution about the entire body. Most 
of the tests were made with a velocity of 401'ps and a 
static pressure of 10 psi. Tests at other velocities and 
pressures showed that within the range of the tests 
there was no met^urable change in (lie relative pres- 
sure distribution. Figure 37 is a view of the Mark 
14-1 model mounted ready for test. 

TEST RESULTS 

The test result* are presented in terms of p/q, 
where p   - P — P„, 

p   = normal pressure on the torpedo surface 
in pounds per square foot, 

Pv — static pressure in undisturbed water at 
same   level   as   torpedo  ceiiterline   in 
pounds per square foot, 

q    = pr*/2 = dynamic pressure of water in 
pounds per square foot, 

p    = mass density of water in slugs per cubic 
foot, 

ii     — moan relative water velocity in feet per 
second. 

Figures 38 and 39 show typical pressure distribu- 
tion and location of pressure tap* for torpedo shapes 
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FIOUKE 3!».    Mk 25 torpedo. I'remttre <iistnbiit»>n iiion* l.vnfitu.lmal Mpctiot. at *eni yaw. 

<m a longitudinal section at aero yaw. Figure 40 
shows the effect of pitch or yaw on the pretHure dis- 
tribution in a plane at right angles to the plane of 
pitch or yaw. Figure* 41 and 42 show the effect r>f 
pitch or yaw on the pressure distribution in the pitch- 
ing or yawing plane, for the windward and l<« sides 
of the Mark 14- i torpedo. Figures 43 and 44 show 
the effect of pitch or yaw variation in pressure around 
the torpedo at points on the nose and afterbody. 

These measurements show two interesting common 
characteristics. First, the pressure on thp body sur- 

face is higher than the static pressure in the undis- 
turbed fluid, Pt, only over a small portion of the none 
and a small portion of the afterbody and tail. Every- 
where else the pressure is less than /V Second, over 
the cylindrical liody section the magnitude of the 
relative prwssurp, p,q, is seemingly unaffected by 
body length and is only slightly affected by the kind 
of nose and hence by pressures ahead of the midsec- 
tion. Figure 38 shows that with the same nose and 
afterbody shapes the pressure along the body cylinder 
of the Mark 14-1 and Mark 15-1 torpedoes is exactly 
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the same. Comparison of Figures 38 and 40 show 
that despite the very much greater reduction in 
pressure on the spherical tip of the Mark 25 torpedo, 
p/q along the cylinder is only —0.08 compared to 
-0.05 for the Mark 14-1. 

The minimum value of p/q obtained at the nose is 
a function of the nose profile and the consequent 
curvatures and accelerations of the flow around it. 
Note that if the torpedo operates under a combina- 
tion of velocity and submergence such that the mini- 
mum pressure /' on the nose equals the vapor pres- 
sure P„ then 

P, 
9 

P.-Pi -K 

where K is the cavitation parameter. Increasing 
numerical values indicate an increasing tendency for 
cavitation to occur early. 

In the examples shown p/q increases gradually 
along the afterbody section to slightly positive val- 
ues. The rate of increase and the final magnitude ob- 

tained depends upon the profile and the tendency, if 
any, for the flow to separate from the body surf. ce. 
These measurements are all for well-streamlined 
afterbodies so that there is no discontinuity in the 
curves up to the point where the pressure is in- 
fluenced by the presence of the tail surfaces. Note the 
slight reduction in p/q, for all examples, caused by 
the sudden change in curvature at the transition from 
the cylindrical body to curved afterbody section. 

Pressure distribution data on torpedoes are use- 
ful mainly for determining the bent location and 
arrangement for the pressure intake to the hydro- 
static diaphragm of the depth control mechanism. If 
this mechanism is to keep the torpedo at the set 
depth under all normal operating conditions, it is 
necessary that the pressure impressed upon the dia- 
phragm be at all time* equal to the static pressure of 
the undisturbed water at the actual running depth of 
the torpedo. This is l>est accomplished by locating 
the pressure intake to the hydroatat at a point on the 
body where the pressure at the surface, under all 
conditions of speed, yaw, and pitch, is equal to the 
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static pmwirr of the water. Abo, the intake opening 
should be flush witl the surface, at right angles, to it, 
and with smooth edges. Experience has indicated 
that pieaotneter openings with slightly rounded 
edges (to a radius of about */« the bore diameter) are 
more accurate and reliable than sharp-edged open- 

With the pressure intake located where the pres- 
sure at the surface is not equal to the static pressure, 
the hydrostatic diaphragm would, for a given yaw or 
pitch angle, be actuated by a pressure which differs 
from true static by a fixed fraction of the velocity 
bend. Fw a single-speed torpedo, the pressure im- 
pressed on the diaphragm would then differ from 
static prewure by a constant number of feet, and this 
can be taken into account in the calibration of the 
depth-setting mechanism. In a multispeed torpedo, 
this method of correction cannot be used since it 
would require a different calibration at each speed. 
Another method of correcting for mislocation of the 
pressure intake is to so design the intake that the 

pressure transmitted to the diaphragm differs from 
the normal pressure at the surface by the required 
fraction of the velocity head. This can be done by 
drilling the pressure taps at some angle other than 
normal to the surface or by using scoops or baffles. 
These methods, however, are likely to be highly 
sensitive to changes in yaw or pitch. 

The requirements outlined above in connection with 
the location and design of the pressure intake for the 
depth control mechanism apply also to the pressure 
intake for the hydrostatic diaphragm of the depth and 
roll recorder [DRR], if the instrument is to record true 
running depth. 

Re-examination of the longitudinal pressure dis- 
tribution curves shows that the pressure at the sur- 
face equals the static pressure (p/q — 0) at two sta- 
tions on the body, one on the head and one on the 
afterbody. The transverse pressure distribution curves 
show that on the afterbody, in the region near the 
station where pfq - 0 (e.g., stations 21 and 22, Fig- 
ure 44), the pressure in pr.xctically independent of 
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yaw or pitch. This position, therefore, meets the re- 
quirements for the location of the pressure intake for 
the depth control diaphragm. On the other hand, at 
the station on the forebody where p/q = 0, the pres- 
sure varies greatly with yaw or pitch (see stations 3 
and 4, Figure 43). Therefore, it is not advisable to 
locate the intake to the DRR diaphragm at that 
station. Remote connection of the DRR to the posi- 
tion on the afterbody where p/q = 0 will probably be 
ruled out because of the physical difficulties involved 
It appears, therefore, that the best procedure re- 
mains to determine the error of the DRR, and t/> 
apply a correction to the depth record obtained with 
the instrument in its present location. 

It should be pointed out that unless the pressure 
intakes for both are located where the effect of pitch, 
yaw, and roll are negligible, the depth control mecha- 
nism and the depth and roll recorder should not be 
used as primary instruments to check each other, as 
in this case it is possible to have the torpedo run at 
some depth other than set depth and, at the same 
time, to obtain a depth record which indicates a run 

at or near set depth. As has already been mentioned, 
the pressure over most of the surface of the torpedo is 
lower than static pressure (see Figures 38 to 42). It is 
possible that the pressures impressed on both depth 
control and depth and roll recorder diaphragms are 
lower than static pressure. In this case, the torpedo 
would run below set depth but the DRR would indi- 
cate a depth shallower than the actual running depth; 
thus the error may not be detected. 

!*.»« Cavitation 

The general phenomenon of cavitation on under- 
water projectiles, and the similarity between the fully 
developed cavitation bubble and the entrance cavity 
of air-launched projectiles, were discussed in Chapter 
4 of this volume. The effect of nose shape on the 
inception and development of cavitation is covered 
in Chapter 5. The effect of cavitation on the forces 
acting on the projectile is treated in Chapter li, and 
Chapter 7 deals with the noise generated by cavita- 
tion on the underwater projectiles. For the purposes 
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TkBiM 4. Cavitation parameter K for incipient cavitation on now and tail structure, and speed in knot* at 5-ft submer- 
gence above which further cavitation will develop. 

Mark 13-1 torpedo 
Cavitation on nose 

A' for inception 
Speed in knot* at 6 ft submergence 

Cavitation on tail structure 
A' for inception 
8peed in knot* at 6 ft submergence 

Westingbouse bydrobomb 
Cavitation on nose 

A' for inception 
Speed in knots at 5 ft submergence 

Cavitation on tail structure 
A' for inception 
Speed in knots at S ft submergence 

Mark Ml torpedo 
C-vitation on nose 

K for iiiception 
Hpced in knots at 5 ft submergence 

Cuvitatkm mi tail structure 
A for inception 
Speed in knots at 5 ft submerge''*''' 

Mark 26-4 torpedo 
Cavitation on mwe 

A* for inception 
Speed in knots at 5 ft submergence 

Cavitation on tail structure 
A* for inception 
Speed in knots at 5 ft mibmergence 

0 
Yaw angles in degrees 

3 « 

0.73 
34 

O.HI 
33 

0.8" 
31 

0.H2 
31 

1.40 
24 

2.02 
21 

0.31 
52 

0.37 
48 

0.41 
46 

0.80 
33 

0.86 
32 

1.14 
27 

0.34 
50 

0.36 
48.60 

0.3K 
47 

0.-J2 
43 

0.74 
33.50 

1.14 
27 

0.38 
49 

n.38 
4H 

0.44 
46 

0.60 
38 

l.on 
2!» 

1.80 
22 

of this chapter, it in sufficient, therefore, to indicate 
the specific reasons for studying the cavitation 
characteristic* of torpedoes in particular. 

Cavitation on torpedoes during the normal part of 
the run is objectionable because of the sharp increase 
in drag with the development of cavitation, because 
of the detrimental effect on stability ap d control, and 
because of the noise generated by the formation and 
subsequent collapse of the cavitation bubbles. In 
addition, cavitation originating on the tail structure 
may spread to the propellers and interfere with their 
function. The various components of the torpedo 
should, therefore, lie so designed that cavitation will 
not occur when operating under design speed and 
shallowest submergence normally used. This in- 
volves a study of the conditions leading to the in- 
ception of cavitation, which is normally carried out 
on each torpedo under investigation by this labora- 
tory. A study of the siie and shape of the fully de- 
veloped cavitation bubble and it* behavior when the 
projectile is yawed is ab<o useful in understanding 
the behavior of aircraft torpedoes while in the en- 
trance bubble. 

The noses and forebodics of torpedoes running at 
underwater speeds up to 50 knots and even higher 
offer no difficult problems in design to avoid ol>- 
jcctionable cavitation. The tail structures, particu- 
larly the leading edges of the stabiliiing fins and the 
attachments forming the supports for the rudder 
pivots, usually develop cavitation at lower speeds for 
a given submergence than the nose. At the higher 
speeds, unless set to run at considerable depth, the 
cavitation on parts of the tail structure may be suffi- 
cient to interfere seriously with the action of the 
rudders and propeller. Table 4 shows, for several of 
the torpedoes investigated, the speeds, at 5 ft sub- 
mergence, that are permissible to avoid nose or tail 
cavitation altogether. Considerably higher speeds, at 
the same submergence, are permissible before there is 
serious interference with steering or stability. This is 
illustrated by Figure 45 which shows, at 3° yaw, the 
visual appearance of cavitation on the Westinghouse 
hydrobomb at successively lower K values of 0.34, 
0.29, 0.25, and 0.18 corresponding respectively to 
speeds at 5-ft submergence of 50, 54.5, 58.5, and 09 
knots. At 50 knot*, there would probably be a high 
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level of cavitation noise, but no interference with 
rudder effect. At 54.5 knots the cavitation effects on 
the afterbody might affect the rudders and be suffi- 
cient on the forebody to increase the drag and affect 
the stability. The higher speeds, corresponding to the 
two lowest K values doubtless could not be obtained 
in underwater propulsion because of greatly increased 
drag and the entire change in hydrodynamic char- 
acteristics. 

'i-*-1 Specific Modifications 

Several investigations were made to determine the 
effect on the hydrodynamics of certain torpedoes re- 
sulting from various modifications of their external 

shape. Some of these modifications were suggested by 
this laboratory or by others to overcome some unde- 
sirable characteristic such as high drag or insufficient 
stability, while other modifications were designed to 
meet some requirement apart from hydrodynamic 
considerations as, for example, suspension fittings 
designed to facilitate the installation of torpedoes in 
aircraft, or a modification of the exhaust gas dis- 
charge system. In these latter cases, the studies made 
in this laboratory were concerned with the possible 
effects of such modifications on the hydrodynamics of 
the torpedo. 

The most fruitful in this group of investigation was 
the one which led to the addition of the shroud ring 
to the tail structure of the Mark 13 scries torpedoen. 
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Prior to this modification, these torpedoes ran some- ring. This laboratory then investigated a systematic 
what erratically, in that they often broached and series of shroud rings for these torpedoes and rocom- 
hooked after entering the water, and had a periodic mended one of the designs tested. A model with this 
roll of considerable amplitude and a wavy depth line ring is shown in Figure 46. This ring was installed on 
during the steady run. A preliminary study of the full-scale torpedoes which were fired at the Morris 
hydrodynamic characteristics of these torpedoes indi- Dam Launching Range, and showed less tendency to 
cated that the broaching might be due to excessive broach and roll. Later test drops from aircraft at San 
instability with a consequent short turning radius Diego and at Newport confirmed these findings and 
and could be corrected by the addition of a shroud the shroud-ring tail was finally adopted. 
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FIOLRB 45. Westinghouae hydrobomb. Development 
of cavitation at 3 decrees yaw. (A) K -034, 60 knots at 
5 feet submergence. (B)K ^ 0.29,64.(knots at S feet sub- 
mergence. (C) K -0.26,68.6 knotsat5feetsubmergen<«. 
(Di K -0.18, SU knots at 6 feet submergenre. 

The addition of a shroud ring to the tail fins of a 
torpedo modifies the hydrodynamic characteristics of 
the torpedo in several ways. 

First, by increasing the tail surface area, the cross 
force at any angle of attack is increesed. Since this 
increment of crow force is concentrated at the tail, it 
is evident that the resultant moment increment is a 
stabilising one. Therefore, a torpedo with ring tail 
usually has lew static instability than the same tor- 
pedo without ring. By the same reasoning, it may be 
concluded that the ring tail also increases the dynamic 
stability. 

Second, the ring usually decreases the roll ampli- 
tude and thereby reduces cross steering." This in 
accomplished both by the increased resistance to roll 
due to the additional skin friction of the ring itself, 
hut, mainly, by the increased effectiveness of the fins 
due to the prevention of circulation around their 
outer edges where they are covered by the ring. Witn 
reduced cress steering and increased stability, a 
smoother trajectory with respect to both course and 
depth line is obtained. 

Third, if the ring is BO placed that it overlaps the 
rudders or comes very close to them, it may cause a 
change in the effectiveness of the rudders. This may, 
in some cases, be detrimental to control; in all oases 
this and the increased stability result iu larger turn- 
ing radii. In the case of the Mark 13 series torpedoes, 

the shroud ring reduced the static instability to about 
one-half of its value without ring and the rudder 
effect to about 62 per cent of its former value.• 
This did cause an increase in turning radius* but 
improved the overall performance on straight 
runs. 

Fourth, if the ring is so designed that it (its the 
flow lines about the afterbody of the torpedo, it 
should cause no appreciable increase in the drag. As a 
matter of fact, the ring may even reduce the drug 
somewhat by improving the flow around the after- 
body and by preventing separation. An improperly 
designed ring, however, may cause an appreciable 
increase in drag and a consequent reduction in speed. 

On the Mark 26 torpedo, several modifications of 
the tail structure, as suggested by thin laboratory, 
were investigated by model tents (see Figures 18 to 
21). The original design embodied a shroud ring, but 
the limitation impound, i.e., the reduced diameter, 
and the necessity of locating the ring forward of the 
rudder supports, were such as to place the ring too 
close to the afterbody and to cause it to interfere with 
the rudder effect. No beneficial action could be at- 
tributed to the ring, as was evidenced by the results 

KHJUIUD 46.    Model of Mark 13-1 torpedo with shroud 
ring tail. 

FIGUM 47. Model of Mark 13-1 torpedo with 8 *pad<*. 

of tests on the same model with the ring omitted. 
Also the original design had eight stabilising tins, nil 
considerably longer than on similar torpedoes which 
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were known to operate successfully Models with 
four of the eight fins removed, an-l one with the four 
remaining fins shortened were mt.de and tested with 
the result that the last model, with the four shortened 

FKI'JUE 48.    Model of Mark 13-1 torpedo with hem- 
iophcri< a: not* and nlahiliwr ring. 

tins, showed hydrodynair.ic properties that indicate 
satisfactory running performance together with 
simpler fabrication in the prototype. 

Other specific modifications investigated were var- 
ious modifications of not* shaped on the Mark 13 
torpedo and attachments to the none of various de- 
vices intended to improve the water-entry behavior. 

FIU'JKE 49.    Model of Mark 13-2A torpedo with m*- 
petiHion band Mark 11. 

Two examples* are shown in Figures 47 and 48. The 
effects of various suspension attachments to aid in 
aircraft launching were also investigated for the 
Mark 13. One version tested is shown in Figure 49. 

Numerous* arrangements for discharging exhaust 
gases from the Uul structure of the Mark 25 torpedo 
were .-'v.ainl, especially noting the cavitation per- 
formance ana the combined effects of cavitation and 
^as exhaust on the action of the rudders and pro- 
peller. For the latter tests, a power model was tested 
in which the propeller wa* rotated at speeds corre- 
sponding to the propeller speed of a full-size torpedo. 
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Chapter 14 

ROCKETS AND OTHER NONROTATING PROJECTILES WITH 
STABILIZING SURFACES 

GENERAL FEATURES HI 7.MNCH CHEMICAL ROCKET 

VARIOUS FORMS* of stabilianp surfaces applied to 
nonrotatinit projectiles were discusued in Chapter 

9. The general statement* of principles therein pre- 
sented apply to stabilising surfaces on rockets, al- 
though the selection of the particular form of these 
surfaces is subject to some necessary limitations and 
qualifications on account of the inherent properties 
of rocket projectiles. 

The shape of a fin-stabilized rocket and conse- 
quently its external ballistics vary according to the 
combination of the several components making up a 
rocket, namely, the explosive charge, the rocket 
motor, and the stabilising device. The rocket motor 
shape depends on the size and type of the explosive 
charge and on the velocity required. The best form 
for the stabilising device depends on the proportions 
of the charge and motor and the method of launching. 
For tube-launched projectiles the maximum dimen- 
sion of any component must be limited to the bore of 
the tube. One result of this is the folding-fin type of 
tail. For rack-launched units no such restrictions are 
necessary If the combination of charge weight and 
range is such that a relatively small motor is neces- 
sary, it can be housed in a small diameter boom ex- 
tending aft from the main charge. Tail surfaces 
attached to such a boom were found in Chapter 9 to 
be very effective so that, in general, the maximum 
tail span or diameter can tic held to a small dimen- 
sion. On the other hand, a projectile requiring a 
motor of the same diameter as the main charge intro- 
duces limitations in the stabilising tail proportions. 
Interference from the body reduces the tail effective- 
ness so much that, in general, such units require tail 
spans exceeding the projectile diameter. 

The various fin-stabilised rockets tested in the 
laboratory were for a wide range of application and 
consequently included all types of shapes and ar- 
rangements of components. In the following sections 
will be reviewed briefly the various fin-stabilised 
rockets tested by this laboratory which are fairly 
representative of the varieties of rockets now in use. 
Profile diagrams of these rackets are shown in 
Figure 1. 

The following physi' 
jectile. 
Uody unit rinu tail diameter 
Ring ttt.il length 
Overall length 
Weight without proiieUant 
Explosive charge 
I)i«tanw, nose U> C(l, the center 

of gravity (without pronellantt 
Moment of inertia about CO 

Without prvpeilant 
Radius ol gyration 

Velocity 

data apply to this pro- 

7.2 in. = i caliber 
4.0 in. - 0.55 caliber 

4525 in. 
47.'.) lb 
19.5 lb 

6.3   caliber* 

0.391 X length 

05.7     Ib-ft* 
1.167 ft 

080        rpa 

Thus rocket is a good example of one having a ring 
tail no larger iu diameter than the body of the pro- 
jectile. In effect the ring tail is mounted on a greatly 
extended boom. As discussed in Chapter 0, the 
mounting of the tail on a boom will increase effective- 
ness of the tail surfaces and, hence, the static stability. 

In Figure 1 is shown the outline of the original de- 
sign of this rocket." Many tests were made to de- 
termine whether the addition of fins to the rag tail 
would Increase stability. Three of the iin and ring 
tails, as well as the original design, are shown in the 
photographs in Figure 2. Figure 3 gives the cross 
force, drag, and moment coefficients for these four 
tail designs. 

From the curves it is seen that the addition of fins 
increases the stabilising moment from 20 to 50 per 
cent. The great increase obtained with tail No. 67 is 
due to the additional length as well as to the iin sur- 
faces. It is interesting to note that tails No. 68 and 62 
have about the same stabiliaing moment coefficient, 
showing that when fins are extended forward, the 
increase in moment is not at all proportional to the 
increase in fin surface. 

H.I i-INCII HVAR ROCKET 

The following physical data apply to this pro- 
jectile: 
Overall length 68.60 in. - 13.64 caliliei* 
Maximum diameter 1.03 in. - 1 caliber 
Outside diameter of fins 15 in. » approx 3 caliliere 
Length of fins 8 in. - approx 1.6 calibers 
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FIOVHR 1.   Outline drawing of fin-stabilized i octets. 

CONFIDENTIAL 

(F- 

S   M. MV»« 



232 1SONROTATING PROJECTILES WITH STABILIZING SURFACES 

Loaded weight 1365    lb 
Weight without propeUant   112.5    »b 
Radius of gyration 1.82  ft 
Velocity 1,375       fp» 
Distance, nose to CG 0.467 X length 

As will be seen in the outline drawing. Figure 1, 
this rocket" is a bullet-shaped projectile with fins 
having a span greater than the body diameter. This 
is a most effective way to obtain a high stabilizing 
moment. The tests indicate that the moment in- 
creases much more rapidly with increasing span of 
the fins than with increasing fin length. This point is 
clearly illustrated in Figure I of Chapter 9 which 
shows the variation in moment coefficient with in- 

FmtiHi 2.    lting and fin tails, 7.2-in. chemical rocket; 
reading down, tail 61, 62, 07, 68. 

creasing fin span and length. These curves indicate 
that practically no increase in stability is obtained by 
extending the fin length forward more than 1V$ 
calibers. 

Eleven ring tails of widely differing proportions 
were tested in order to determine their performance 
compared to the fin tails. The ring type of tail has 
many advantages, especially from the standpoint of 
mechanical strength and smaller physical dimen- 
sions. In Figure 4 of Chapter 9 are given the moment 
coefficients for ring tails having diameters of 1.5, 2.0, 
and 2.5 calibers, and lengths up to 2.5 calibers. These 
curves show how rapidly the moment increases with 
increasing ring diameter and also that little increase 
in stability results from making the ring length more 
than one-half the ring diameter. 

In order to show more graphically the comparison 
of fin and ring tails, Figure 4 has been prepared. This 
gives the dimensions of fin and ring tails of different 
proportions, each of which produces the same mo- 
ment coefliuient. Figure 5 is a photograph of a ring 
tail and a fin tail for the 5-in. HVAR rocket which 
produce the same moment coefficient. These draw- 

FiotTHi  3.    Force  mid   moment  coefficient*;  7.2-in. 
chemical rocket. 

ings show very clearly that the ring-tail design is 
more compact. 

«•-•      4H-INCII ROCKET PROJECTILE 

The original design of this rocket^* is shown in 
Figure 1 and in the photograph of Figure 6. The 
blunt afterbody was fitted with six collapsible fins 
which produced a fairly high stabilising moment. As 
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this rocket was to be launched through a tube, the        In order to divert more of the flow through the 
maximum fin span or ring diameter of the tail could    ring, and thereby increase the stability, a ring, tail 
not exceed the body diameter. For this reason rollap-    1.0 caliber in diameter and 0.75 calilx-r long was 
able fins were used. An alternate coUap»ible-tin design 
is shown in Figure 7. 

It was felt that the reliability of the rocket could 
be increased il it could he stabilised by fixed surfa<T-> 
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Florae 4.    Fin and ring tails all having the same mo- 
ment coefficient. 

instead of the collapsible fins. As the ring type of tail 
seemed to offer the most possibilities, considering the 
limitations imposed by tube launchings, several of 
these designs were tested. Tail No. 24, shown in 
Figure 8, consisted of a 1.0-caliber diameter ring 0.89 
calibers long mounted on four vanes extending not 
far from the blunt afterbody. Tests indicated that the 
projectile was unstable with this tail due, no doubt, to 
the blunt afterbody preventing the diversion of much 
of the flow through the ring. 

I'ldiTKE ft.    King ami fin tails for the 5-ii>. IIYAIt (giv- 
ing noual moment <tM*H(cien4>- 

Fiui'sr. 6.    Four and one-half-inch roc-ket with No. 10 
rollansiUc fin tail. 

Fuiims 7.    No. 25 collapsible fin tail for 4.5-in. rocket. 

mounted on booms of various lengths. Figure 9 shows 
this ring tail mounted on a boom 1.5 calibers in 
length. Many other combination* of rir.|j, Inxtin, and 
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234 NONROTATING PROJECTILES WITH STABILIZING SURFACES 

tins were tried, but the arrangement shown in Figure 
9 gave the greatest stability. 

In Figure 10 are shown the drag and moment co- 

FKIUHX 8.   Four and one-half-inch locket with Nu. 24 
ring tail. 

boom (No. 30), and the same ring attached to & boom 
1.31 calibers in length (No. 31). These curves empha- 
sice the fact that a ring tail of the same diameter as 
the projectile body, if mounted too clone to the after- 
body, will produce little if any stabilizing moment 

KUH'HB 11.    Two and one-quarter-mch AA nx-ket. 

FuiiiBB 9.   Four and one-half-inrh rocket with ring 
tail 0.75 caliber long on bourn 1.5 ralibers lone 
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FIGURE 10.    Drag anil   moment   roettii-ieiitK; -J .5-iri. 
rm ket with various tails. 

By mounting the ring on a boom, a good degree of 
stability can be obtained. It is seen from Figure 10 
that a ring 0.75 caliber long will produce practically 

Fiut'itE 12     Force and mo.tient coefficient*; 2!j-.n. 
AA rocket. 

the same stabilising moment as the long-span collap- 
sible fins (Tail No. 10) if it is mounted on a boom a 
little over 1 caliber in length. 

FIGURE 13.   Original ilenign of 2 36-in. rocket. Conical 
mve and fixed (in tail. 

»»» 2^-INCH AA ROCKKT 

The 2 V^-in. AA rocket," shown in Figures 1 and 
efficients for the projectile fitted with the original fin 11, is similar iu design to the 5-in. HVAR locket in 
tail (No. 10), the fin tail attached by means of vanes that the fins are attached directly to the bullet- 
(No. 25), the ring 0.89 caliber in length attached with shaped body. The physical data of this rocket are as 
fins (No. 24), the ring 0.75 caliber in length without a    follows: 
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2.36-INCH ROCKET (THE BAZOOKA) 235 

Overall length 14.5 caliber* 
Fiu span 2.8 caliber* 
Fin length 2.5 caliber* 
Velocity A80    fpe 

The moment, drag, and erosa force coefficients for 
this projectile are given in Figure 12. It is of interest 
to note that the curves in Figure 1 of Chapter 9, 
which show the moment coefficients for a family of 
fin tails for the 5-in HVAR projectile, give practi- 
cally the identical value for the moment of a tail 
having the dimensions just noted above. 

«"    2.35-INCH ROCK FT (TIIK BAZOOKA) 

Many teats were made on models of thin rocket,"' 
»,»-» wijich j8 the well-known l>asooka, in order to 
determine the effect on performance of various type* 
of fin and ring tails as well aw different nose shapes. 
In addition to the outline drawing in Figure 1, photo- 
graphs of various modifications are shown in Figure* 
13, 14, and 16. This is a low-velocity, short-range 
rocket launched from a tube, and for these reasons 
the drag ib relatively unimportant and tail design 
must be such that it will not exceed the body diam- 
eter. Figure 13 is a photograph of the original design 
of this rocket with conical nose and fixed-fin tail. 

Five designs of collapsible-fin tails, as shown in 
Figure 14, were tested. These were similar in that 
they consisted of six fins that could fold for pissing 
through the launching tube and which opened in 
flight. These five tails had the following dimensions: 

Tail number        Snan of unfolded      Vane angle back 
vane* in inch** from radial 

1 «X S° 
2 7M 5° 
i m 40° 
4 8 40° 
5 t».l» 28* 

Table 1 gives the data available on the force co- 
efficient* for these collapsible-fin tails compared with 
the original fixed-fin tail. 

TABLE I. Force and moment coefficient* for 2.36-iu. 
rocket with various fin tail*. 

Tail 

l>rag 
coefficient 

Co at 0° yaw 

Cram force        Moment 
coefficient        coefficient 

(V at 4° yaw   ('* at 4° yaw 

Th» remarkable increase in the stabilising moment 
obtained with the collapsible fins is in accord with the 
discussion in Chapter 9 where it was shown that the 
stability increases very rapidly with increase in fin 
span. As woukl !*• expected, the collapsible fin» 
cause a great increase in drag, but this is of relatively 

No. 1 0.52 
No. 2 0.U5 
No. 3 0.76 
No. 4 0.77 
No. 5 0.42 

Origin*! fixni fin 03(1 

0.23 

0.37 
U.IK 

-now 
-0.022 

-0.0VS 
-0.004 

Florae 14. Collapiiible fin tails, 2.36-in. rocket. (A) 
Tail No. I, (R) tail No. 2, <C) tail No. 3, (1)1 tail No. 4, 
(E) tail No. 5. 

CONFIDENTIAL 



236 NONROTATINC PROJECTILES WITH STABILIZING SURFACES 

little importance because of the short range of the 
rocket. 

Partly on account of the high drag, but largely be- 
cause of the mechanical complication and fragility of 
the collapsible fins, an effort was made to design a 

5* — "x 

*ff5" 

1 

 i h. 

j • 

: — -i ^i.-^•*! 

I 
• 

f ± "I 
i 

O           0 

ing moment in reached at a ring length of 0.8 caliber. 
The Jrag decreases only altout 5 percent as the length 
of the ring is reduced from 1.0 to 0.45 calil»er. Figure 
115 is u photograph of the model shoving the varia- 
tion* in the length of the ring tails in this series. 

Of all the ring tails tested, the three types of con- 
struction that gave the highest stabilising moment 
are those shown in Figure 17. Descriptions of their 

FIUUKK 17. It'K-ket (2.36-in.). Three type* of constnir- 
tinn giving high stahiliring momenta. (A) Tail No. 21, 
(B) tail No. 35 (construction identical U> No. 32 hut 
shroud ring length -0.51 caliber), (C) tail No. 47 (n>n- 
struction identical to No. 48 but xhroud ring length- 
1.1» calibers). 

FHIIIKE 15    Untg and moment coefficients versus ring 
length; 2.36-in. rocket. 

ring tail that would provide the required stability. 
The ring tails considered were of two types: One had 
streamlined leading and trailing edges on the ring as 
well as streamlined propellent noades, while the other 
was made of commercial grade stampings and chan- 
nel shapes. A series of tests was also run to determine 
the elect of the length of the ring on performance. 

Flours 16. 
rocket. 

Variation in length of ring taib; 2.36-in. 

In Figure 15 are given the drag and moment co- 
efficients for a series of rings varying in length from 
l'/w to 2% in. or from 0.46 to 1 caliber. There is a 
very rapid increase in moment as the ring length in- 
creases from 0.45 caliber until the maximum slab»: .it- 

construction differences, as well as the result* of the 
tests, are shown in Table 2. Note that tail No. 21 as 
te; ' is identical to the photograph of Figure 17A. 
Tails No. 32 and 48 as tested are the same as shown 

TABU 2. Force and moment coefficient* (fir 2.3n-in. 
rocket with three good ring tails and original fiiol-fin 
tail. 

Tail 
description 

Drag Crons Moment 
Ring       coelfi- fop** ro- cneffi- 

Icngth      cient efficient      cient 
in          <'o at i'r at i'y at 

caliber"    0° yaw 4° yaw 4° v»»' 

No. 21 1 
Streamlined 
noasle, ring 
and vane* 

No. 32 0.82 
Plain ring, channel- 
shaped vanes and 
stepped notxle 

No. 48 0.82 
Plain ring, channel- 
ahaped vanes, and 
plain boom notxle 

Original fixed fin   

0 17 

0.37 

0.22 

0.30 

OKI 

0.111 

0.22 

0 10 

-0.013 

-0.034 

-0.048 

-0.004 
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60-MM MORTAR PROJECTILE 237 

in Figures 17B and C except that the length of the 
shroud ring was 0.82 caliber for each. 

Only one of the above ring tails has a higher drag 
than the original fixed-fin tail and two of them have 
considerably less drag. There is not much change in 
the cross force but the increase* in moment due to the 
ring tails is very great, varying from three to twelve 
times that of the original tail. Comparing Table 2 
with Table 1, it is seen that the drag, in general, is 
considerably less for the ring tails than for the collap- 
sible-fin tails, and the stabilising moment is of about 
the same order. 

Fiuuaa 18.    Mortar projectile (60 mm) mill plain ami 
notched disk behind i.xil*. 

«*•'        60 MM MORTAR PROJECTILE 

Although the 60-mm mortar projectile14 is not 
properly a rocket, it is somewhat similar in design 
and performance and a brief description of it is there- 
fore included here. An outline drawing of the mortar 
is shown in Figure 1, and a photograph is shown in 
Figure 2 of Chapter 9. This projectile is fired by drop- 
ping it into the mortar tube. When it strikes the bot- 
tom of the mortar, a cartridge in the sit end of the 
projectile is ignited, thus projecting the missile. 
Greater velocity and range are obtained by attaching 
wafers of powder to spring clips provided on the tail 
fins. 

The following physical data pertain to this pro- 
jectile: 

Diameter 2.362 in.  —  1 caliber 
Overall length 9.54 in.  — 4+ calibers 
Distance, no«e to CO 0.49 X length 
Weight as fired 2.90 !b 
Velocity, cari-«lge only 225 fps 
Range at 45',   artridge only 488 yd 
Velocity, cartridge plus 4 

wafers 518 fps 

Range at 45°, cartridge pi OK 
4 wafers 1.U84 yd 

Figure 3 in Chapter 9 shows the force coeffiricsto 
with the fin tail mounted on booms nf various lengths. 
The material increase in stability which can be ob- 
tained IJV using a boom with a fin or ring tail is very 
apparent in this case. 

It was thought that the extended boom mipht be 

Fiacac  19.   Dng and moment coefficients; fiO-mm 
mortar projectile. Fin tail with disks. 
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238 NONROTVTINC PROJECTILES WITH STABILIZING SURFACES 

objectionable, so other means for increasing stability 
were sought. The installation of a disk immediately 
aft of the fins proved to be quite effective. While this 
illustrates the fact that, in many cases, the stabilizing 
moment can he increased by increasing the drug, it 
should be noted that the large gains obtained here are 

FiiiiKE "M.    Mortar |>rujertilr (fiO mm'. Flow line draw- 
ing for original tail design. 

lot due to drag alone but .to an added cross force as 
well. Figure 18 shows the model \  th a plain and a 

notched disk, both of which greatly increased sta- 
bility. In Figure 19 are given the force coefficient 
curves for this projectile with the original fin tail, also 
with the addition of plain disks 0.56 and 0.75 caliber 
in diair. • er, as well as a notched disk. From these 
curves it is seen that at small yaw angles the disk 
0.75 caliber in diameter increases the drag about 120 
per cent while the moment coefficient is increased 700 
p.-r cent. The corresponding figures for the 0.5fi-cali- 
'.•cr disk are 75 and 330 per cent. 

The flow line drawings of this projectile show very 
clearly the effect of the added disks. Figure 20 is the 
flow line drawing of the prototype in which i.i seen 
the typical disturbance in the wake of the blunt 
lioom on which the fins are mounted. The great in- 
crease in disturbance caused by the disks is indicated 
in Figures 21 and 22, showing the 0.56-caliber and 
notched disks. This added disturbance caused by the 
disks is consistent with the observed increase in drag. 

KiuuhE 21.    Mortar projectile IflO mm). Notched disk 
liehind tail. 

Fi<:rRE 22.    Mortar projectile (HI mm) with 0.56-cal- 
ilier dink ht-Hnu tail. 
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Chapter 15 

SPIN-STABILIZED ROCKETS 

GKNKRAL KKATURKS 
OF SPINNKR ROCKKTS 

Two DISTINCT MEAX8 arc used to give stability to a 
rocket. In one cane fins, or other stabilizing sur- 

faces, are attached to the outside of the rocket body 
or else mounted on a boom aft of the IKMIV ; in the 
other no Htabilixing surfaces are used, the stability 
being achieved solely by the spinning of the rocket ax 
with a rifle bullet. With spin-stabilized rocket* the 
spin is imparted to the projectile by setting the pro- 
pellant nozzles at a definite angle with its axis. 
When stabilising fins are used, the propellant is 
generally discharged through a single axial noule. As 
a rule, spin-stabilised rockets operate at velocities 
ranging from a little below sonic (700 or 800 fps) to 
1,500 fps or more. 

With increasing velocity, drag has an increasing 
effect on the range of a projectile. Consequently, it is 
important to reduce the drag by maintaining as 
smooth a body shape with as few projecting surfaces 
as possible. This is particularly true for velocities 
near sonic where compressibility effects become im- 
portant. In these cases spin stabilization with the 
elimination of tail surfaces ix advantageous. 

it. t.i Effects of Propellant 
Burning 

It is easily seen that as the propellant is used up, 
the rocket weight and center of gravity location are 
changed with a resultant change in its behavior dur- 
ing flight. This must lie taken into account in design- 
ing the projectile and some effort has been made to 
reduce the effects of propellant consumption to a 
minimum as in the case of the 15-rm (icrman 
spinner shown in Figure 5. With this rocket the pro- 
pellant nozzles are located around the offset in the 
body, ahead of the main charge. In general the pro- 
pellant burning time is of the order of I sec. Any 
effect on stability due to changing weight or shifting 
of the center of gravity CO or any effects on the yaw 
and lateral displacement due to malalignment of 
nozzles will be felt during this accelerating peri- 
od. If the propellant is consumed before the rocket 

has left  the launcher, these effects will  Is- largely 
eliminated. 

Ui* Applicability of Water Tunnel Tests 

Water tunnel tests are valid for air-flight pro- 
jectiles operating at velocities in the range where the 
air may be assumed to be incompressible. This range 
extends to about 750 fps or somewhat Mow sonic 
velocity. As spin-stabilized rockets generally have 
velocities . Rater than this, the water tunnel tests 
will apply directly only to the portion of the ac- 
celerating period below a velocity of 750 fps. This 
accelerating period is quite important in determining 
the performance of the projectile during its subse- 
quent flight because the dispersion of the projectile 
is dependent on the type of oscillatory motion set up 
initially. Water tunnel data can be used to calculate 
the period of oscillation of a projectile in subsonic 
flight as well as the maximum lateral displacement 
during an oscillation. 

«t.i.i       Hydrodynamic Characteristics 

Spin-stabilised rockets are usually plain bullet- 
shaped bodies with ogival noses and blunt ends. The 
hydrodynamic forces on such bodies are discussed in 
Chapter 8 and generalized conclusions are given 
there. The salient features of drag, cross force, and 
moment are summarized briefly as follows: 

1. The drag coefficient for a wide variety of bullet- 
shaped bodies has a moderate value in the neighbor- 
hood of 0.25. 

2. The cross Force coefficient increases approxi- 
mately linearly with yaw. 

3. The moment about the center of gravity is gen- 
erally destabilising, although on some projectiles, de- 
pending on the nose and afterlxxly shapes, there may 
be a slight stabilising moment for yaws of about 1° or 
less. 

The latter result is important since, if the rocket is 
spin-stabilised, it is desirable to eliminate this slight 
stability near zero yaw. Tests of modifications of 
specific rockets showed that this can lie accomplished 
by changing the tyjie of nose or by streamlining the 
afterbody. 
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FiiiUHE 1.   Outline <lrawing» of xpin-staliiltxeu rockets. 

»'        REVIEW OF SPECIFIC TESTS 

The rockets investigated included the 3.5-in. ro- 
tating rocket; the 4.5-in. T38E3 rocket; the5-in. SSR 
rotating rocket, and the 15-cm German spinner 
rocket. Outline drawings of these are shown in Fig- 
ure 1. A review of their specific characteristics fol- 
lows. 

Figure 2 is a photograph of this rocket and Figure 3 
shows several types of afterbodies that were tested. 
The extent to which slight streamlining of the after- 
IKHIV is effective in reducing stability near aero yaw is 
shown in the moment coefficient curves of Figure 4. 
It has been found that the type of nose on bullet- 
shaped projectile* also affects the stability. A rather 

if.t.1 3.5-in. Rotating Rocket 

This rocket"1"1 has the following physical char- 
acteristics (without propellant): 
I )iamet**r 
Overall length 
Distance, nose to CW 
Kotat if in 
Transverse moment of inertia 
Transverse rmliu* of gyrntion 
Polar moment of inertia 
Polar radius of gj ration 
Weight ill flight 
Yeloeitv 

3.5      in.   »   1 mlilier 
24.87    in.   - 7+ calibers 

(1.443  X  length 
181 H• 

7.25    lli-ft* 
0.576 ft 
0.280 lMt1 

0.117 ft 
21.75    Ih 

760 fps 

FiiitiKE 2.   .SSK rocket (3.5-in.). 

blunt tapering nose will produce a slight stabilizing 
moment at very small yaw angles and this can be 
eliminated by changing to a long-radius ogive nose, 
although changing the type of nose is not as effective 
as streamlining the afterbody. 

Tests were made to determine to what extent 
asymmetry of tho nose might affect performance. 
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FHIIHE 3.    AfterWliex Tor 3.5-in. S.SII rocket. 

The axis of the nose was deliberately offset so the tip 
of the nose was displaced a little over}/% in. from its 
true position. In other words, the axis of the noae 
made an angle of 1 V£° with the axis of the body. The 
force tests showed that this amount of asymmetry of 
the prototype nose would not cause a significant 
change in the fluid forces on the rocket. The effect of 
this asymmetry in setting up oscillations due to 
rotational unbalance would probably be much more 
severe. 

ail      15-cm German Spinner Rocket 

The physical data for this rocket are as follows:"5 

in. (- 15cm)  =  1 caliber 
in.  — 5.85 caliber* 
± 2 1b 

1 21b 
in. (- 0.595 X length) 

Maximum diameter 6.17 
Overall length 36.18 
Weight with propellant 75.3 
Weight without 

propellent 61.0 
Distance, nose to f'G .'LS 
Axial moment of inertia  0.0625 slug-ft* 
Transverse moment of 

inertia 1.06     xlng-f t* 
Jets from aft end 10.48     in. «  1.7 caliber* 
Velocity Supersonic 

This rocket is a bullet-shaped projectile of novel 
design although its performance is similar to other 
spin-stabilized rockets. Figure 5 is a photograph of 
the model and Figure 6 shows its moment and force 
coefficients. While this rocket does not have a stabi- 
lising moment for small yaw angles, the destabilizing 
moment from zero to 1 degree yaw is very small. 

It is of interest to note that the performance 
characteristics shown in Figure 6 are roughly similar 
to those that have been measured for simple cylin- 
drical projectiles with either ogiral or hemispherical 
noses and sciuare trailing ends. For example, a cylin- 

der with hemispherical nose 6 calibers long (note that 
the spinner rocket is 5.85 calibers long) has a drag 
coefficient of 0.275 at zero yaw, and increases to 0.40 
at 8 degrees. Corresponding figures for the 15-cm 
spinner are 0.23 and 0.33. The reason for this similar- 
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Ft or RE 4.    Moment coefficient* for afterbodies shown 
in Figure 3; 3.5-in. SSIt rocket. 
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ity is that both the present spinner rocket and the 
simpler "bullets" have the same general cylindrical 
shape with rounded nose and blunt trailing end. As 
the velocity of sound is approached or exceeded, 
these statements no longer apply since nose shape 
then becomes of paramount importance. It can be 
said, as a first approximation, that for simple bullet- 
shaped bodies traveling at subsonic speeds, the after- 
body and tail shapes largely determine the aerody- 
namic forces, whereas for supersonic speeds, the nose 
shape is the predominating influence. 

An interesting indirect measure of the deviation 
of the subsonic characteristics from those at super- 
sonic velocities can be obtained by making use of the 

whjre v 

Floras 5.   Orman spinner racket (15-cm). 

spinning stability criterion and the propulsive nozzle 
alignment angle. 

According to Hayes," the condition for stable mo- 
tion of a spinning projectile is 

or 

A*N* 
4£j> 

AW 

>1, (1) 

«^4w' 
i, 

where A » axial moment of inertia in slug-feet*, 
N — spin in radians per second, 
B — transverse moment of inertia in slug- 

feet1, 
n » moment factor in foot-pounds per radian 

of yaw, 
M     C »* 

+ — yaw in radians. 

For projectiles spun by rocket jets, the stability re- 
quirement can be written in terms of the angle which 
the jet centerune makes with the projectilt axis. This 
is accomplished as follows: the relation between im- 
pulse of the jets and the resulting linear and angular 
momentums can be written 

J*   v A   I -^-P-JADI, 

(F cos 6)t = mv, 
Tt - (F sin 6)rt AN, 

or eliminating t between the two expressions 
,.      mvr tan 8 
IV =  -.  

F 
t 
m 
T 

= maximum velocity reached by rocket in 
feet per second, 

= jet reaction in pounds, 
= burning time of propellant in seconds, 
= mass of projectile in slugs, 
= torque exerted by jets about projectile 

axis in pound-feet, 
r    = radius to centerline of jet ring in feet, 
8   — jet alignment angk 

If the value for the spin velocity N given by this 
equation is substituted in the stability relation (1) 
above and the resulting relation rearranged, the fol- 
lowing expression for the required jet angle is ol>- 
tained: 

tanO 
mr\ 

2BPA (3) 

1/ 012 

,    1 y 
X 2* 

/ 
>*— 

s 
H ^ 

—" 
1 .° 

(2) 

In this equation 0 and CM/i> are the variables, 
all other quantities being constant for a given pro- 
jectile. If values of CM i from the water tunnel tests 
are used to evaluate 9, an angle of approximately (>° 
is obtained as the minimum jet angle for stability at 
subsonic velccities. Since, as equation (2) shows, .V 
varies directly with tan 8, the actual nozzle angle of 

<««?a« 

at 

KIUURC 6.   Force and moment coefficients; 15-cm Ger- 
man spinner mcket. 

14s means that the stability coefficient AtNt/ABn has 
a value of about 5.63 instead of the minimum of 1. 
Although a part of this large excess is undoubtedly 
needed to provide the desired "stiffness" to the Ger- 
man spinner rocket, it is probable that this high value 
indicates that, at supersonic velocities, the destabi- 
lising aerodynamic moment coefficient is consider- 
ably greater than it is at subsonic speeds. 

""        4.5-Inch HE Rocket, T38E3 

This is another example of a bullet-shaped body 
that has a small stabilising moment at small yaw 
angles. The general outline of the projectile*4 is shown 
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in Figure 1, and Figure 7 is a photograph of the 
model. The following physical data apply to this 
roctet: 

Maximum 'liameter 
Overall length 
Distance, noee to Cf! 
Weight without propellant 
Velocity 

4.515 in.   —  t caliber 
31.44    in.   - 7—   caliber* 

0.515  X length 
42.5      lb 

8J0        fpg 

In Figure 8 are given curves for the drag, cross 
force, and moment coefficients up to a yaw angle of 

FH;I-RE7.    UK rocket, T38E3 {4.5-in.l. 
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FIUCKE 8.   Force an<l moment coefficients; 4.5-in. HK 
rocket, T38K3. 

10°. The drag coefficient for sero yaw ie a little lesw 
than 0.25, which appears to he the value common to 
most projectiles of this type. 

",4 5-Inch SSR Rotating Rocket 

Four models of this rocketf* were tested. Figure 1 
gives the outline drawing of model 32 and Figure 9 
shows photographs of models 20 and 32, the principal 
differences between the various models is in the over- 
all length and the type of nose. Table 1 gives data 
pertaining to these four models. 

In Figure 10 are plotted the cross force, drag, and 
moment coefficients for models 20 and 32. These 

TABLE  1.  Physical characterixtics of the 5-in.  SSH 
rotating rocket. 

Max 
diameter 

Model      in in. 

Overall 
length 
in in. 

Weight 
loaded 
in lb 

Weight 
in flight    Velocity 

in lb in frm 

Xo. 20 5 28.9 49.7 39.6 1,500 
No. 32 a 31.3 51.4 41.3 1,500 
Xo. 2S S 31.7 49.9 44.3 800 
Xo. 21 5 31.7 48.3 42.7 soo 

models also show drag coefficients of 0.25 or less 
corresponding to other projectiles of this type. Two 
tests were made to determine the variation in drag 
with Reynolds numl«r, the results of which are 
shown in F'ifrurc 11. By extrapolating the curves for 

KIUUKF. U.    Five-inch SSR rotating rocket, modclo 20 
and 32. 
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I'u.cm 10.    Force and moment coefficient*. Five-inch 
KSH rocket, models 20 and 32. 
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Kir a HE 11.   Dreg versus Reynolds number; 5-in. SSR rocket, models 20 and 32. 

FIGURE 12.   Flow line drawings, 5-in. SSK rocket at 0 
and 10 degree* yaw. 

the model to the Reynolds number of the prototype, 
it. is found that the drag coefficient for the prototype 
will be between 0.21 and 0.23. Note that thin applies 
only so long as velocity of flight is below the sonic 
velocity. 

By observing the model in the polariied light 
flume, it is possible to prepare a flow line drawing 
showing the flow about the model. Figure 12 is a 
flow line drawing of one of the models showing clearly 
that there is little or no disturbance along the surface 
of the body. There is the typical disturbed flow in the 
wake of the end of the model that is always found 
with blunt afterbodies. 
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Chapter 16 

DEPTH CHARGES 

••» GENERAL DISCdSSlON 

AOKPTH BOMB tan be coixgidrrcd as a member of 
the family of projecriles which al<*> includes air 

bombs and torpedoes. All are explosivc-fsontaininii 
objects which may be launched by aircraft, even 
though other means are also used. Differences stem, 
primarily, from the location of the area each is de- 
signed to strike. The ordinary air bomb is intended 
to strike the upper areas of targets at or near the sur- 
face of the earth or water. The torpedo is used to 
attack vulnerable areas of vessels at a point under, 
but not far under, the water surface. Depth bombs 
am for use in the general zone from just under the 
water surface to any desired depth. In consequence, 
the air bombs will have little or no underwater tra- 
jectory; that of the torpedoes will be primarily hori- 
sontal, while that of the depth bombs will be main'.y 
vertical. A means of self-propulsion is essential only 
in the case of the torpedo with horisontal trajectory. 
High average and terminal velocities are desirable for 
depth bombs but the evasive action of their targets is 
relatively slow and, hence, it is less impo' tant than 
the speed of torpedoes which must hit targets that 
can maneuver much more rapidly tiw-n submerged 
submarines. The relatively low velocities and greater 
course depths of the depth bombs *iso make consid- 
eration of cavitation less important and do not 
necessitate extreme streamlining. Furthermore, high- 
ly streamlined forms tend toward static instability 
which k.desirable in torpedoes with their special con- 
trol devices but is objectionable in depth bombs. 
Trajectories must be predictable, reliable, and ob- 
tainable from the stabuity inherent in such pro- 
jectiles. There are otb».-r similarities and differences 
but those mentioned illustrate the general relation- 
ships within this far,iily. 

M.I DESIGN REQUIREMENTS 

Many factor* arc involved in the design of a depth 
bomb. Generally, the starting point will be a definite 
kind and amount of explosive bawd upon tactical 
considerations. This determines a tentative minimum 
volume which ir.u«tbe shaped, upaciallj, to a suitable 
length-diameter relationship. These dimensions may 
be subject io restrictions due. to previously existing 
apparatus to be associate*! with thei* use, such as the 
launching or projection devices, as well as to hyd.ro- 
dyna'nic considerations, such as drag and stability. 
Further evolution of the design includes requirements 
of structural strength, such as wall thickness; of func- 
tional parts, such as fuses; of manufacturing, such as 
simplicity of construction; and of handling and 
storage. There is, finally, the overall requirement 
that the explosive charge will reach the vicinity of iti> 
target with an acceptable minimum of dispersion. It 
is known that improvement may be had in this re- 
spect if lateral travel, introduced when the projectile 
is ejected, be checked upon water entry. This can be 
obtained by a nose shape which will produce a large 
entrance bubble. 

•" USEFULNESS 
OF HYDRODYNAMIC TESTS 

Hydrodynamic tests are of great usefulness in de- 
termining the actual characteristics of the prototype. 
They permit prediction of full-scale performance to 
reasonable degrees of accuracy, and detailed study of 
the various factors involved is greatly simplified and 
facilitated. Cavitation phenomena may be photo- 
graphed if desired. Changes which may be suggested 
by the results of such tests may be incorporated 
readily and tested anew. 

»•» METHODS OF LAUNCHING 

Depth bombs are ordinarily launched either by 
dropping f'.om aircraft in flight over the target or by 
being shot from a suitable device on a water-sup- 
ported vessel. TSach of these methods has some in- 
fluence on the design of the bomb. 

•*•*    SPECIFIC DEPTH BOMBS TESTED 

The depth bombs tested by this laboratory in- 
cluded those known an the New London and New 
London Modified; the T-in. diameter depth charge, 
also referred to as the X-42; the Mousetrap and 
Mousetrap Modified; the AN Mark 41; the AN Mark 
53; and the British Squid. 

CONFIDENTIAL 245 



246 DEPTH CHARGES 

Figure 1 show* photographs of the projectile mod- 
els listed above, and Figure 2 shown their outlines, all 
of which are to the same scale for the group. The ex- 
plosive charge weights and other physical character- 
istics for these projectiles are given in Table 1. 

M4.1 Small-Charge Group 

Figure 3 is a composite graph of yaw angle* tests 
for five of the depth charges tested early in the pro- 
gram. The data for this group were not corrected for 
support interference effects.. There are three aets of 
curves in this figure. The group at the top is for 
center-of-pressure distance against yaw angle. The 
difference between the center-of-pressute distance 
and the center-of-gravity distance may be used to 
indicate the degree of static stability instead of 
curves of moment coefficient about center of gravity. 
The ordinate scale is the ratio of X divided by L, 
where L is the length of the projectile, and X is the 
distance of the center of pressure fi-om the nose. It 
may be seen that the Mousetrap projectiles had the 

* Definition of terra and symbols are given in Appendix. 

highest ratio, with the original Mousetrap having 
the greater of the two. Both of these results migh 
have been anticipated. Boom tails give greater static 

T/.BLK I. Physics! cltaracteristicsof depth bombs tested. 

Diain- Over- Weight Total CG distance 
eter all of ex- weight from BOS'' di- 
in length plosive in vided by over- 

Projectile in. in in. inlh Hi all length 

tt.O 
7.2 

40.0 
35.75 

30 
30 Mousetrap about 0.2U5 

60 
7-in. diam- 7.0 38.5 40 70!)4 0.310 

eter bomb 
Modified 7.2 35.5 30 0.347 (apprnx) 

Mousetrap 
Modified 6.0 50.75 40 80 0.315 

New 
Ixmdon 

AN Mark 41 15.0 52.0 227 330 0.3 i 7 from m.'-w 
fjie 

0.297 
British Squid 11.75 55.0 l'.» 386.4 0.364—air 

0.335—sea 
water 

AN Mark 53 13.5 52.5 ?25.46 323.8 0.375 from nose 
fuse 

0.355 

Fioi'Ri 1     Photographs of specific depth charges tested. A-J inrl. 
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FIOI'HE 2.    Depth charge group. Outline drawings. 
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stability and so does bluntness of nose as compared 
with less blunt nodes, other things being equal. How- 
ever, the decrease in static stability in the case of the 
Modified Mousetrap was relatively immaterial and 
the reduction in the drag coefficient from the highest 
to the lowest in the group, as shown in the middle set 
of curves, was much more important. The New Lon- 
don type's, particularly the Modified New London, 
had the least static stability. Their shape approaches 
that of the torpedo which should have little or no 
static stability, since it must be amenable to the ac- 
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iero yaw angle and vary practically linearly with 
yaw. 

M•" AN Mark 41 Bomb 

Figure 4 shows the effect of yaw angles on Co, C'c, 
and CM for the AN Mark 41 Bomb** and various 
modifications which further illustrate the effect of 
various projectile components on these coefficients. 

YAW   ANGLE, 

FluuHI 3.    Effect of yaw on CD, Cc, and X/L for group 
of small charge depth bombs. 

Uon of control devices. The higher stability of the 7- 
in. diameter depth charge, of the same general shape 
as the New London projectiles, is presumably due to 
its blunter nose. 

The drag coefficient curves are also consistent with 
experience. Very blunt noses have, in themselves, a 
high degree of drag. The Mousetrap with the bluntest 
nose gave the highest readings. The Modified Mouse- 
trap gave the lowest because the gain from its nose 
shape, which was like that of the 7-in. diameter depth 
charge and less fine than the New London noses, was 
not offset by the skin friction drag due to greater 
wetted surface in these other projectiles. 

The cross force coefficient curves have iero value at 

FIDURC4.    Effect of yaw on Co, f'r and f j# for the AN 
Mark 41 bomb and modification*. 

These data are also uncorrected for support inter- 
ference. The top curve in the top group is the drag 
coefficient for the standard (or original) design model 
at yaw angles to 4-10 degrees. An unusual dip may lie 
seen to occur between approximately 3V6 and 4 de- 
grees. This appears to he a characteristic associated 
with this particular prototype nose and the sharp 
reduction in the drag coefficient is presumably due to 
a change in flow conditions over that yaw angle range. 
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The drag coefficient was markedly reduced by the 
substitution of the new afterbody and tail, shown in 
Figure IH. The stripping of body protrusions did not 
contribute any of this reduction as the flow separa- 
tion from this uoae caused the high-velocity water to 
flow in a region beyond their effective extension from 
the body as may be seen in Figure 5. The dip in the 
drag curve still appears although shifted toward 
•ero yaw by l^i degrees. The lung-dash curve shows 
the results obtained by merely substituting a some- 
what smoother nose on the prototype. The reduction 
of CD at 0-degree yaw was about 41 per cent, anH its 
rate of increase with yaw angle was smoothed out 
and reduced. Separation of flow at the nose was »lso 

Fiisi'RE 5.    AN Mark 41 prototype. Flow line diagram 
for (A) 0- and (B) 10-defree yaw angles. 

reduced und high-velocity water was close enough to 
the body surface to strike protrusions, as shown in 
Figure 6. When they were removed, an additional 
reduction of drag coefficient resulted so that, at 0- 
degree yaw, the total reduction was 47 J^ per cent of 
the original total Co. The one long-two short-dash 
curve shows the results with the Squid nose, stripped 
body, and new afterbody and tail with a CD reduction 
at aero yaw of 59 per cent. Such a reduction would 
increase the terminal velocity in water from 15 to 23 
fpe, approximately. It is probable that a still further 
reduction of 10 per cent or better could be obtained 
in C„ merely by rounding all the leading edges of the 
fins and shroud ring of the tail. 

The cross force coefficient was affcoted only slightly 
by any of the changes made. All curves were on or 
within the limits shown in the group which extends 

from aero to the upper right of the graph. The sub- 
stitution of a finer nose increased the crons force co- 
efficient as it normally does in the absence of other 
factors. 

All moment coefficient curves indicate static sta- 
bility, the degree increasing with the sice of the angle 
the curve makes with the horizontal axis. Thus, it 
may be seen that the model with the new nose, 
stripped body, new afterbody, and tail had the great- 
est static stability, and the prototype with new nose 
had the least of the group. The prototype itself 
shows a radical change between 3^ and 4 degrees of 
yaw similar to that observed in the drag curve. This 
indicates a condition of uncertainty of action in this 
region, which is somewhat objectionable. 

r'iGURjc 6.   AX Mark 41 with new none. Flow line dia- 
grams for (A) 0- and (B) I ©-degree yaw angles. 

* * * British Squid 
Figure 7 shows the influence of yaw angle on Co, 

Cc, and CM for the British Squid with five different 
nones.w-" All these noses except the No. 131 were 
truncated spherogives with different flat areas. In all 
cases the overall length and maximum diameter were 
the same. The noses, designated in the laboratory by 
Nos. 42,45, and 46 were ogives with a radius of 12.5 in. 
and a constant horizontal length of 5.77 in. The 
center of the ogive was shifted to give flat areas on 
the front of the nose of 7.90, 8.93, and 9.95 in. diam- 
eter, respectively. The prototype nose is shown in 
Figure 1J. It is similar to those described immedi- 
ately above except that the flat area had a diameter 
of 8.75 in. and there was a bourrelet on the nose im- 
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mediately before its junction with the body. This 
nose, together with the No. 45 nose and a special 
nose, laboratory designation No. 131, may be seen in 
outline in Figure 3, Chapter 9. The contour of the 
No. 131 nose is based on the formula 

(f5)' 
+ "' 

where x is measured along the axis from the base of 
the nose and y is the distance from the axis to the 
nose surface. 

FIGURE 7.   Effect of yaw on CD, Cc, snd ?M for the 
British Squid with several i 

The Co curves for the NOD. 46, 45, and 42 noses 
show the progressive reductions due to reducing the 
site of the flat leading face or, in other words, of re- 
ducing nose bluntness in this manner. The prototype 
nose is very similar to the No. 45, and the drag co- 
efficient obtained with it would be only slightly under 
that for the No. 45 had all other conditions been 
similar. The additional reduction shown in the graph 
was due to thinner material in the fins and rounded 
leading edges. The curve for the No. 131, or special 

nose, shows the additional reduction from further 
streamlining. This model also had the thin tail with 
rounded leading ed^es. 

10 to 
CSVITATIOM    NMMCTER.   K 

u 

FIGURE 8.    Influence of ctvitation parameter on drag 
coefficient for the British Squid depth charge with three 

Piovaa 9.    British Squid with No. 45 nose. Flow line 
diagram lor 0- and 10-degree yaw angle*. 

The curves for the cross force coefficient for the Nos. 
45 and 46 noses were identical within limits of meas- 
urement. The No. 42 nose had a higher Cc as is gen- 
eral for less blunt noses, but the finest nose of the 
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group had a smaller value which is an anomaly 
unless attributable to the slight differences in tail 
structure. 

The moment coefficient curves indicate static 
stability for all models, that for the prototype with 
special nose having the highest. 

Figure 9 show* the flow line diagrams for the Squid 
with original nose for aero and 10 degrees oi yaw. 
Separation on the nose and afterbody is apparent. 

Figure 10 shows cavitation with the prototype 
Squid and prototype with the special nose described 
above. The complete prototype is the upper view in 
each set. Values of K were 0.45,0.35, and 0.25. These 

10 0.46 

K'O.SB 

K.0.M 

' FHWU 10. British Squid. Cavitation: k-0.46, 0.35, 
0M. Upper view in each art » for prototype. Lower view 
w for prototype with special nose, (AHFI inrl. 

Figure 8 shows the effect of cavitation parameter 
K on the c.ag coefficient for the Squid with NOH. 42, 
45, and 46 noses. There is a slight progressive decrease 
in C» as the K value is lowered, until and after incipient 
cavitation is establishe-1. When the cavitation "col- 
lar" has a width of about Vi in. on the model, the 
drag coefficient increases sharply and continues this 
trend with further reduction of K values. 

OJ 

y ̂  

<f 

Cm 
«/ 

( ) r 4 • I 1 i o 

Floras 11.    Effect of yaw on ('o, Cc. and CM for the 
AN Mark H bomb. 

photographs show clearly the greater cavitating 
tendency of the prototype nose. 

*" AN Mark S3 Bomb 

Figure 11 shows the drag, cross force, and moment 
coefficients for positive yaw angles to 10 degrees for 
the AN Marie 53 bomb to the same scale as used for 
the AN Mark 41, Figure 4. The relatively high drag 
coefficient (0.42) is due, primarily, to the blunt nose 
shape. The cross force coefficient is a linear function 
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of the yaw within the tost range and is comparable to The pressure distribution was measured on this 
that of the AN Mark 41. The moment coefficient projectile in order to determine a suitable place for 
about the center of gravity is also comparable and the hydrostatic fuze connection and for cavitation 
shows a greater slope between 0 and 2 degrees than characteristics.  Details of these  findings muy  he 
between 2 and 10 degrees. obtained from the report.71 
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Chapter 17 

AIR BOMBS 

n.i INTRODUCTION 

THE TERM "AIK BOMBS," as here used, refers to pro- 
jectiles whose trajectory is wholly in air. As dis- 

tinguished from rockets, they contain no propellant, 
the initial trajectory conditions being determined 
wholly by the magnitude and direction of the launch- 
ing velocity. They are distinguished from projectiles 
such as depth charges and aerial torpedoes whose 
trajectory is wholly or partly in water by the follow- 
ing characteristics: 

1. They have many times the density of the fluid 
medium and in consequence the damping forces are 
low. Air bombs, therefore, require large stabilising 
fins not only for static stability but also to supply the 
damping necessary for dynamic stability. 

2. A higher drag usually is permissible since high 
terminal velocities are seldom important. 

3. Cavitation does not occur, but extending lugs, 
fuses, and other irregularities may induce supersonic 
effects before the bomb as a whole attains sonic 
velocity. 

»•» REVIEW OK TKST RESULTS 

1TM    Bombs Tested and Scope of Tests 

The following air !>ombs have been investigated by 
model test in the water tunnel of the Hydrody- 
namics IjilMiratory:" 

1. The 100-11) concrete pract ice Itomhs, with three 
designs of stabilising fins. 

2 The M38A2 100-lb practice Ixmih. 
3. The AX-M43 (IP 500-lb bomb. 
4. The AN-M5H IX' 4,000-lb Isjir.b. 
Figure 1 shows outline drawings of the alxive 

bombs, all to the same scale. Figures 2 to 7 arc photo- 
graphs of the models, and Table I gives the principal 
dimensions. 

All the bomb bodies are of the same type, with 
cylindrical midsections, ogivai noses ?ither rounded 
or blunt at the tip, and afterbodies in the form of 
truncated runes. 

All the stabilising tails are of the square box type 
with fins extending outward from the box corners, 

except for one of the concrete practice lx>ml», which 
has a drum-type or shroud-ring tail. 

The water tunnel models were accurate rcprixluc- 
tions of the prototype except that the arming fuses 
were omitted. The tests were made under steady- 
state conditions and the results gave the hydrody- 
namic forces and moments for stcady-st ute condit ions 
only. N'o tests were conducted to determine the 
damping forces on the t>omhs when oscillating in free 
flight or fall. 

»•*•*       Force and Moment Coefficients 

Figure 8 shows the force and moment coefficients 
determined by tests of the model of the AX-M43 
(IP 500-lb bomb. The general shape of the coefficient 
curves is characteristic of all the models tested. For 
comparison the principal hydrodynamic character- 
istics of all the bombs, as determined from the model 
tests, are given in Table 2. Definitions of terms ami 
syml>ols used in Ixith Figure 8 ami Table 2 an- given 
in the Appendix. 

The drag coefficient of the air bomlw investigated is 
more than double that of more fully streamlined 
shapes, such as torpedoes ami certain types of depth 
l>oml>s having dimensions of the :ime order of mag- 
nitude and approximately the same surface areas. 

For air bombs whose density is many times that of 
air, a sufficient condition for dynamic stability is that 
the resultant of the steady-state hydrodynamic forces 
should fall aft of the center of gravity of the pro- 
jectile." For all of the IMHIIIW investigated this con- 
dition was satisfied However, the magnitude and 
frequency of the damped oscillation following :i 
perturbation cannot lie determined without knowl- 
edge of the damping forces. 

"•*•* Effect of Asymmetry 

None of the Ixtmhs has complete structural sym- 
metry about its longitudinal axis, due principally to 
the manner of construction and assembly of the tails. 
The result of asymmetry, particularly in the fins, is 
to produce a rudder effect in flight resulting in devi- 
ations from the trajectory of a truly symmetrical 
projectile. The effect of asymmetry on moment and 
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KKH'KE I. Outline drawing* of air lx>n>bn 

TABLE I. I'riiinpul prototype dimensions. 

Maximum <li iimli-r m in. 
Overall length in in. 
Body length in in. 
Afterbody ta|>er in degrees from 
Side of fin box in in. 
Mux span of fins in in. 
Wright in lb 
Nose tip to CO in in. 
Scale ratio, prototype to model 

Concrete prnrtirc bombs M38A2 AX-.M43 AX-MM 
l.arge Small Drum 100-11. GP 1X3 

liox tail box tail tail practice 500-lb 4,000-lb 
CPCA-1 CPCA-2 CPCA-3 bomb bomb bomb 

8 14 8 8 14 34 
38.50 38.50 45 50 47.50 58.14 1 Ifi.OB 
30.10 30.10 30.10 40.WJ 4833 1IH.I2 

mgitudinal axis 10.3 10.3 10.3 15.7 24 30 
6.00 4.75 8 (din) (1.00 760 22.56 

11.00 11.00 8 (dial 10.77 I8.04 47.62 
103.25 103.25 104 100 508 4,200 

14.75 14.75 15.50 18.15 24 00 4(1.20 
4/1 4 1 41 4/1 7/1 II 
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FIGURE 2.   CPCA No. 1 tail. Large fin box. FIGURE 3.   CPCA No. 2 tail. Small fin box. 

FIGURE 4.   CPCA No. 3 toil. Dnim type. FIGURE 6.    AN-M43 GP 500-lb. bomb. 

FIUVRB 5.    M38A2 nraetwe bomb. FIGURE 7.    AN-M66 LC 4,000-lb. bomb. 
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cross force is illustrated in Figure 8, which shows the 
variation of moment and cross force with yaw as 
actually determined for the model of the AN-M43 
500-lb bomb. Neither the cross force nor the moment 
is xero at lero yaw. At a yaw of about 1 degree, the 
moment is lero, but the cross force has a considerable 
magnitude which acts to deflect the trajectory. The 

i. 
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consequence of asymmetry is a dispersion which is 
unpredictable. Tests at various orientations of the 
tails with respect to the yaw plane showed varying 
degrees of asymmetry. 

FIGURE 8.   Effect of asymmetry on force HIH! moment 
.-oeffif ient». AN-M43 GP 500-lb bomb. 

KuiiiKK (1.    CPCA No. 1. Plow line drawing*, 0- unit 
10-degree yaw. 

The coefficient curves of 1 'ire 8 and the coeffi- 
cient values given in Table 2 arc obtained from force 
measurements averaged for 180-degree differences in 
orientation and represent the characteristics of 
symmetrical projectiles. 

"•** Conclusions 

The high drag results mainly from separation and 
turbulence on the afterbody. This is illustrated 
clearly by Figures 9 to 12 which are drawings of the 
flow patterns observed in the polarized light flume." 

'The polariacri light flume and methods of obtaining flow 
diagrams are described in Chapter 2. 

TABLE 2. Comparison of hydrodynamic characteristics. 

Drag coefficient, ('/> 
At aero yaw 
At ±6° yaw 

Cross force coefficient (V 
Cc per degree, lero to ± 1° yaw 
O at +6" yaw 

...oment coefficietit Cu 
CM per degree, aero to +1° yw 
Cu at +6° yaw 

Center-of-premure eccentricity e at +8° yaw 
Reynold* number X 10"» 

Model in water at 32 fpo 
Prototype in air at 600 fps 

Concrete practice bombx 
Large           Hmall           Drum 

box tail        box tail           tail 
CPCA-1      CPCA-2      CPCA-3 

M38A2 
100-ll> 

practice 
bomb 

AN-.M43 
OP 

500-lb 
bomb 

AN'-MM 
IX! 

4,000-11. 
bomb 

0.285 
0.315 

0.250 
0.305 

0.240 
0.290 

0.270 
0.205 

0.220 
0.260 

0.287 
0.325 

0.062 
0.450 

0.065 
0.460 

0.050 
0.335 

0.055 
0.440 

0.060 
0.380 

0.056 
0.355 

-0.008 
-0.085 
-0.180 

-0.000 
-0.081 
-0.176 

-0.000 
-0.058 
-0.173 

-0.008 
-0.074 
-0.168 

-0.009 
-0.065 
-0.171 

-0.005 
-0.041 
-0.115 

2.4 
12 

2.4 
12 

2.8 
14 

2.9 
14 

2.0 
18 

1.7 
35 
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Comparing Figures 9 and 10, it will be noticed that 
the eddies formed by separation ou the afterbody 
practically fill the interior of both the fin box on the 
CPCA No. 1 and the drum tail on CPCA No. 3, con- 

siderably reducing the stabilizing effect. On the 
drum -type tail of Figure 10, even though the dram or 
shroud ring is located farther aft than is the fin box 
of Figure 11, it is less effective except near aero yaw. 
The greater effectiveness of the box tail at larger 
yaws may lie attributed to the fins which projert 
from the corners of the box to a span greater than the 
projectile diameter and extend into undisturbed 
fluid. 

Note that the water tunnel tests are all for a lower 
range of Reynolds numbers than the prototype 
reaches in air flight.. The measured croei force and 
moment coefficients probably apply to the prototype 
conditions without correction, although the drag co- 
efficients may be Bubject to some scale effect, ft is 

FIUUKK 10.    CPCA No. 3. Flow line drawing*, 0- wd 
10- Jegree yaw. 

FIOUHE 12.    M32A2 practice bomb. Flow line draw- 
ings. Afterbody 102 at 0- and lO-degree yaw. 

Fiurnu 11. AN-M56 LC 4,000-lb bomb. Flow line 
drawing*; 0- and 10-degree yaw. Tail fins in upper two 
drawings are oriented parallel and normal to projection 
plane; in lower drawings, fins are inclined 45 degrees to 
plane. 
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estimated that this effect is small because the drag is 
primarily form drag caused by the harmful effect of 
the separation at the afterbody. 

Low dispersion and low drag are both desirable for 
the highest aiming accuracy, particularly with the 
very heavy bombs which may be launched singly. To 
accomplish this, a construction is indicated which is 
completely symmetrical about the longitudinal axi* 
and has a streamlined shape to minimize drag. 

There is considerable qualitative evidence to indi- 
cate that the random dispersion which remains after 
aiming errors are accounted for is less than would be 
expected on the basis of the average misalignment of 
the tail structure. There is also qualitative evidence 
to show that most bombs rotate during the air flight, 

probably due to chance asymmetries or to the effect 
of the stiffener angle at the fin tips. The effect of the 
rotation is to average the steering err<>r due to tail 
structure misalignment or body damage and thus 
sensibly reduce the dispersion. It is believed that even 
lower dispersions could be obtained by introducing a 
planned rather than a chance amount of rotation. 

Tests on a variety of models having such charac- 
teristics (sec Chapter 9) lead to a suggested bomb 
shape with a rather blunt nose, a very short cylin- 
drical section, if any, and a long tapering afterbody 
with a shroud-ring tail as far aft as practicable. For a 
given volume and maximum diameter, such a shape 
would be perhaps ten to fifteen per cent longer than 
the shapes illustrated in Figure 1. 
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Chapter 18 

TWO-DIMENSIONAL BODIES 

»•* CHARACTERISTICS OF HYDROFOILS 
-THE NACA 4412 SECTION 

"•11 Scope of Investigation 

THE PERFORMANCE DATA of most profiles which are 
used u hydrofoils in the design of underwater de- 

vices have been determined iu wind tunnels and in 
general include only the hydrodynamic forces and 
moments as functions of angle of attack and of Rey- 
nolds number. Aside from approximating the pres- 
sures and velocities at which cavitation will first 
appear (with the aid of measured pressure distribu- 
tions along the surface of the shape), no information 
is obtained about the beginning and growth of cavi- 
tation nor about the feces acting an the hydrofoil 
during cavitation. Such iata can be obtaini '.. only in 
a water tunnel. This chapter includes a typical set of 
water tunnel measurements of hydrofoil character- 
istics including forces and moments without cavita- 
tion and photographic observations of the develop- 
ment of cavitation.'4 The result* are also compared 
with the available wind tunnel data on the same 
shape ."_'l, 

».i.i Installation and Tests 

The profile tested is identical to the 4412 airfoil 
section of the National AdWsory Committee for 
Aeronautics, and is called the NACA 4412 hydrofoil 
here. Its dimensions are shown in Figure 1 where the 
profile is sketched in the sero angle-of-attack posi- 
tion. For the experiments, solid stainless steel test 
sections* with a chord of 3 in. were supported at one 
tip by the water tunnel balance spindle and canti- 
levered into the working section. By rotating the 
spindl', the hydrofoil angle of attack could be 
changed. A special arrangement of the working sec- 
tion was used where a 3.33 aspect ratio hydrofoil test 
unit spanned a 10-in. gap between parallel tunnel 
walls. This installation, which gave approximately 
two-dimensional flow, is shown in Figures 2 and 3. 
Two different hydrofoil installations were used, per- 
mitting measurements of the hydrodynamic forces 

»Thei«e test nertions were mipplied by the David Taylor 
Model Basin. 

and moments acting on the complete 10-in. span or on 
only one-half the span. The latter was obtained by 
splitting the hydrofoil at the tunnel centerline and 
supporting one-half independently of the tunnel 
balance. For measurements at angles of attack both 
halves were rotated through the same angle. 

Two types oi experiments were made. The first was 
the determination of the hydrodynamic lift, drag, 
and pitching moment as functions of the angle of 
attack  for cavitation-free  operation  at  Reynolds 
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Fiot'RE  1.    Diroenmona of the NACA 4412 airfoil. 

numbers of from 287,000 to 903,000. The second was 
the observation of the inception and 'growth of cavi- 
tation at different angles of attack as functions of 
velocity and pressure. The effect of cavitation on the 
lilt and drag was investigated qualitatively but de- 
tailed investigations were postponed because of the 
limited time available for the tests. 

"•'•* Infinite Aspect Ratio Characteristics 
of the NACA 4412 Hydrofoil 

Because of the two-dimensional character of the 
water tunnel test installation, the measured hydrody- 
namic forces and moments approximate without 
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agssa gg» gnaw 
3ECTKM   A-» 

KKUKE 2.    Hydrofoil tort >nHUJIati»ii. 

further correction the characteristics of a hydrofoil 
section with infinite aspect ratio. Infinite aspect 
ratio characteristics differ from thouc obtained by 

FIOIIRI3. View looking downstream into tunnel work- 
ing metion with tiie parallel walk and hydrofoil tent 
•pan in plane. 

tests of a finite span airfoil or hydrofoil bees use of 
the occurrence for the finite span of the no-called 
"induced" effects.'"''" 

these effects, which arine because of the large 
"leakage" of fluid at the tips of the foil from the high- 
pressure bottom surface to low-pressure top surface, 
reduce the lift and increase the drag at given angles 
of attack. The magnitude of the effects is different 
for changing aspect ratios, plan form, and twist of 
the section. Because of the absence of these secondary 
influences, infinite aspect ratio results arc also called 
"section characteristics," denoting that they repre- 
sent the basic behavior of the profile shape of the foil 
independent of aspect ratio or other geometrical 
configurations. Data in this form are particularly 
useful to the designer of wings, propeller blades, or 
other lifting or pumping devices. Several methods 
have been developed for converting section charac- 
teristic data into the performance of finite span units 
with either uniform or varying sections.*-**1 

*'1"* Terms and Symbol* 

The terms and symbols most widely used for de- 
scribing infinite aspect ratio characteristics are those 
developed for the aeronautics field. These differ in 
some respect* from those normally used for reporting 
water tunnel data and, consequently, must be defined 
here. The following list include* all the definitions 
used in this chapter: 
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ato    = angle of attack between hydrofoil and 
the mean flow direction of the water, in 

r/9 — drag force per unit length of hydrofoil 
span, in pounds. 

ID = lift force per unit length of hydrofoil 
span, in pounds. 

m»r ~ pitching moment per unii length of hy- 
drofoil span, in foot-pound, measured 
about the aerodynamic center. 

v = relative velocity between the water and 
the hydrofoil, in feet per second 

p     = density of water, in slugs per cubic foot. 
Ii = absolute viscosity of water, in pounds- 

secondii per square foot. 
c      = chord of hydrofoil ssctio.i, in feet. 
b     — span of hydrofoil test unit, in feet. 
b/c = aspect ratio. 
ac = aerodynomic center, the point about 

which the pitching moment coefficient 
is independent of lift. 

CP = center of pressure, the point at which 
the resultant of all the hydrodynamic 
force* acting on the hydrofoil is applied. 

Section Profile Drag Coefficient 

u" Measured Characteristics 

The hydrodynamic characteristics without cavita- 
tion are shown in Figure 4, which is a diagram of 
angle of attack, drag, and pitching moment coeffi- 
cients as functions of the lift coefficient. These data 
arc derived directly from the water tunnel measure- 
ments without corrections of any kind. They include 
the Reynolds number range from 287,000 to 903,000 
and were obtained with the semispan installation. 
Testa with the full span which were limited to Rey- 
nolds numbers below 388,000 gave the same results 
and were not included in the diagram. The magni- 
tudes for the important characteristics for both 
semi- and full-span installations are given in Table 1. 

The curves show certain consistent changes in per- 
formance with Reynolds number. With increasing 
Reynolds number the maximum lift coefficient in- 
creases while the angle of attack for aero lift and the 
profile drag both decrease. The pitching moment 
about the aerodynamic center remains essentially 
independent of Reynolds number up to a lift coeffi- 
cient of about 0.8 (angle of attack of +4 degrees). 
Moreover, its magnitude is essentially constant in 
this range. 

c«> 
"2e 

Section Lift Coefficient 
cu, 

k 

"2e 

Section Pitching Moment Coefficient (about aero- 
dynamic center) 

*v 
1* 

Reynolds Number 

R 

Cavitation Parameter 

K - PL-P* 

where in addition to terms defined above 
P,   — absolute  pressure in  the undisturbed 

flow, in pounds per square foot, 
/'»   =» pressure in the cavitation bubble (taken 

as equal to the vapor pressure of water 
for these tests!, in pounds persquarefoot. 

uu       Deviations from True Infinite 
Aspect Ratio Characteristics 

The only deviations of these results from real two- 
dimensional characteristics will be caused first, by 
variation of velocity along the span of the hydrofoil 
from the center of the working section on through 
the boundary layer to the tunnel wall; second, by 
flow through the clearance spaces between the ends 
of the foil and the tunnel walls or between the two 
halves of the split-span installation; and third, by 
interference from the tunnel walls. 

Deviations from a uniform velocity distribution 
will tend to make all the coefficients numerically 
high. However, as shown in Figure 2, the hydrofoil 
tebt unit was located in the measuring section about 
one "diameter" downstream from the final contrac- 
tion of the flow. With so short a distance the bound- 
ary layer growth should be small. Consequently, 
along most of the hydrofoil span the flow should have 
the full velocity of the central uniform portion of the 
velocity profile, and the resulting hydrodynamic 
forces and moments should he reasonably accurate 
for infinite span. 
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CONFIDENTIAL 



CHARACTERISTICS OF HYDROFOILS-THE NACA 4412 SECTION 263 

TABLE 1. Principal section charncteristi ics of the NACA 4412 hydrofoil from two-dimensional tests in water tunnel. 

Attack Aerodynamic renter 
Test angle for Lift curve Max lift Min drag Pitching Ahead Above 

Reynolds no lift slope coefficient coefficient moment of e/4 in chord in 
number ai( in degrees i at per degree Class cm Mi* Cmwm per cent of c per cent of e 

Seraispan 287,000 -3.95 0.098 1.36 0.014 - 0.102 5.47 -0.26 
installation 563,000 -4.05 0.102 1.3!) 0.013 - 0.101 4.U2 - 4.52 

730,000 -4.15 0.104 0.0105 -0.102 5.53 -3.84 
903,000 -4.25 0.106 0.011 -0.101 5.39 1.68 

Fi.U-<pan 290,000 - 4(app.tw)* 0.098 1.38 0.014 -0.100 5 12 -0.38 
installation 388,000 - 4(appmx), 0.101 0.014 -C.102 5.12 -0.3M 

Theoretical values for 
infinite aspect ratio -4.58 0.120 -0.137 0 0 

Theae raluta for oi an obtained after correction for error in initial alignment of hydrofoil chord with tunnel MM. 

The principal effect oi" leakage flow through the 
gape between the tunnel walls and the hydrofoil and 
between the ends of the split hydrofoil will be to re- 
duce the actual angle of attack at the hydrofoil for 
high lifts. All clearance gaps were held to approxi- 
mately 0.005 in., HO that the resistance to flow through 
them was high. At small angles of attack the influence 
on the measured forces and moments should be neg- 
ligible. However, as the lift increases, enough leakage 
flow may occur to reduce the maximum lift coefficient 
appreciably. This is an error in lift and moment that 
would be reduced by using end plates set into the 
tunnel walk instead of clearance gaps. However, such 
a setup would not be as satisfactory an arrangement 
for measuring drag. It should be emphasised that the 
clearance gap effect is important so that good control 
of the gap is essential. Measurements made with the 
clearance varied indicated that for a moderate range 
of the lift coefficient the errors in measurements 
made with 0.005-in. gap were probably not more 
than 2 per cent. 

Tunnel wall interference changes the streamline 
pattern around the hydrofoil from that in a free 
stream. The walls parallel to the pitching axis are im- 
portant for two-dimensional flow and it was with 
thin in mind that the maximum dimension normal to 
the hydrofoil axis was held to the full 14 in., as shown 
in Figure 1. Wall interference, including the so-called 
"blocking" or actual restriction of the passage by 
the test unit itself, is negligible at low lift (small 
angles of attack). At high lifts it is much more im- 
portant and should shov greatest effect at the maxi- 
mum lift. The actual magnitude of the wall inter- 
ference has not been evaluated. 

To summarise, it appears that these tests give 
accurate results in the low-lift range, the normal 
range of application for h/drofoils. At high lifts, the 

a< curacy is lower but good comparative results are 
still obtainable. 

tt.t-T Theoretical Characteristics 

It is of interest to compare these water tunne1 

measurements with the characteristics that can be 
calculated from theoretical consideration of an infi- 
nite-span section in a nonviscous fluid.'* Such a treat- 
ment gives, for small angles of attack, a lift coefficient 
proportional to the angle ot attack, an attack angle 
for aero lift proportional to the amount of camber, 
and a moment coefficient constant about the quarter- 
chord point. Since frictionless flow is assumed, the 
theoretical values are independent of Reynolds num- 
ber. Also, because of the tero friction assumption, 
this treatment gives aero drag and gives no informa- 
tion about the maximum lift coefficient to be ob- 
tained. Comparison in Table 1 of the theoretical 
values with the measured values shows that the 
former are slightly higher (numerically) in each < 

•* •*•*     Comparison with Wind Tunnel 
Measurements 

The 4412 profile has been thoroughly tested in the 
NACA variable-densit. • wind tunnel and its charac- 
teristics reported in a series of technical reports." 
These measurements were made on finite rectangular 
span sections having an aspect ratio of 6 and the data 
were then corrected to get the infinite aspect ratio or 
section characteristics. In Figure 5, two of the water 
tunnel tests are compared with two of the wind tun- 
nel tests for comparable Reynolds numbers. The 
wind tunnel data are not corrected for turbulence or 
scale effects and should not be confused with final 
characteristics, presented in the later XACA re- 
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TABIX 2. Principal section characteristic*of the NACA hydrofoil from wind tunnel tertaof rectanfularairfoiU vith aspect 
ratio - o*. 

Teet 
Reynolds 
number 

Attack 
angle for 

no lift 
«na in degree* 

Lift curve 
•lope 

a( per degree 

Max lift 
coefficient 

CJn*K 

Min drag 
coefficient 

Cjtml. 

Pitching 
moment 

Aerodynamic center 
Ahead              Above 

of c/4 in          chord in 
ner cent of c   per cent of e 

331,000 
6S8.O0O 

-4.35 
-4.25 

0.094 
0.094 

1.27 
1.96 

0.011 
0.012 

-O.096 
-0.094 

1.1                  - 8.0 
1.0                  - 1 0 

•Wiad tuanal data war* lakaa from tfgure 7 <* la* NACA Tatankal Haport MB, and mrrortari by the nsthodi oudiuecl on patat 17 and IS of that 
laJusuil to o ve axaUtd "a—a approiiiuatirm" rhararteru*k». 

ports,1*"9 which have been extrapolated to full-scale 
aircraft flight Reynolds numbers. In Table 2, the 
principal characteristics from the wind tunnel tests 
for these two Reynolds numbers are listed for com- 
parison with the water tunnel values given in Table 
I. Both the figures and tabulations show some dif- 
ferences between the two sets of measurement* The 
angles for aero lift are comparable, while the mini- 
mum drag coefficient, the rate of change of lift with 
angle of attack, and the moment coefficient are all 
about 10 per cent lower in the case of wind tunnel 
measurements. The latter two represent more marked 
deviation from the theoretical values than shown by 
the water tunnel characteristics. The wind and water 
tunnel minimum drag coefficients are comparable at 
the higher Reynolds number but differ considerably at 
the lower R values. The maximum lift coefficient is 
higher for the waver tunnel tests. 

It is seen that the water tunnel results are as good 
or better than the corresponding wind tunnel data. 
Furthermore, they are obtained directly from tunnel 
measurements without corrections of any land, 
wlicreas the finite span tests must be treated elabo- 
rately to obtain approximate infinite aspect ratio 
characteristics. Even at large attack angles where the 
water tunnel data may be in error, the results are as 
satisfactory as thjse from the other type of tests. 

*tJ   Reynolds Number and Turbulence 
Effects for Tests and Applications 

The range of Reynolds numbers covered by the 
water tunnel tests includes the values characteristic 
of many hydrofoil applications. For very large pro- 
pellers, R will exceed 1,000,000, but for many pump, 
turbine, and small propeller applications, R is less 
than that figure. For application outside the range of 
the tests the data must be extrapolated and cor- 
rected. For test Reynolds numbers up to about 
3,000,000, wind tunnel measurements have indicated 

that the lift curve slope increase* only 1 or 2 per cent 
beyond its value at R -1,000,000. The angle for sero 
lift and the pitching moment coefficient are also 
affected only slightly. However, the maximum lift 
coefficient increases 10 per cent to 20 per cent and the 
profile drag coefficient decreases at approximately 
the same rate as the turbulent skin-friction drag on 
flat plates. By judicious application of such rules the 
useful range of these results can be extended appreci- 
ably. 

Actually, the performance measured in the tunnel 
will differ from free-stream behavior because of dif- 
ferences in turbulence. High turbulence in the tunnel 
working section will cause high maximum lift co- 
efficients and will influence the boundary layer transi- 
tion on the hydrofoil and hence Cay There are meth- 
ods proposed for compensating for tunnel turbulence 
by assuming the results apply at higher than test 
Reynolds numbers, but these procedures are of ques- 
tionable accuracy for all but eimm corrections and 
were not applied to the water tunnel data. 

SM.S) Caviution Characteristics 

The continuity of the behavior of airfoils when 
used in the normal range of velocities below the scaic 
is limited by "separation" of the flow for large angles 
of attack. For the same shape used as a hydrofoil in a 
liquid instead of a gas, the continuity in behavior can 
be interrupted by eavitation as well as by separation. 
Cavitation first occurs when, because of flow aeuele- 
rations caused by the curvatures of the hydrofoil, the 
local pressure at any punt on or near the hydrofoil is 
reduced to the vapor pressure of the liquid. This re- 
sults in local boiling and vapor bubble formation. 
These bubbles collapse as they are swept into higher 
pressure aones. As the flow velocity is increased or as 
the general pressure level is reduced, the extent of the 
low-pressure sone is enlarged and the volume occu- 
pied by eavitation bubbles increases. 
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The interest in cavitation lies in the fact first, that 
when it begin*), the lift on the hydrofoil (or thrust for 
propeller*) drop;', off sharply and the drag simultane- 
ously increases; second, prolonged cavitation causes 
physical damage to the hydrofoil blade itself. C'avita- 
tion erosion of propellers ami turbine impellers arc 
two outstanding examples of thin latter. 

CAVITATION PHOTOGRAPH* 

Figures 7 to 13 inclusive make up a photographic 
study of the inception and growth, of cavitation on 
the XACA 4412 hydrofoil. There flash photographs 
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appearing on the diagram refer to figures in the re- 
port and the coordinate* of the points market by the 
numbers indicate the attack angle and K value at 
which each picture wan taken. Thus the relationship 
between conditions for inception of cavitation and 
the conditions for each figure is shown graphically. 

AKGLK OF ATTII-K AND CAVITATION INCKITION 

It will IJC noted in Figure (> that for l»oth large 
positive and large negative angles of attack, eavita- 

K'UIT 

KO.04 

««o.»i 

R>o.at 

FKIUHE 6.    I Jiagram »h<>»tnic i-avitatuHi t«st Mmditions 
for each, photograph *ii Figures 7 tu 13. 

of about 20 pst><- exposure were obtained at constant 
water speed and variable pressure. They include the 
development of cavitation on one or both faces of the 
hydrofoil for attack angles ranging from 4 to 12 de- 
grees. The photographs are grouped according to 
angle of attack, each group arranged to show the 
development of cavitation ae the pressure and hence 
the cavitation parameter K is reduced. Figure G in a 
diagram that will be useful in discussing the signifi- 
cance of the pictures. It is a graph of the cavitation 
parameter K plotted against the angle of attack oro. 
A curve marks the inception of cavitation on the 
upper and the lower surface of the hydrofoil. In the 
area above this curve there is no cavitation, while 
everywhere below the curve cavitation exists in 
varying degrees, increasing with the reduction of K 
below the incipient value. The numbers of 7A to !3D 

R-OLC* 

I'VH'HE 7.    (Vvitation on lower surfw-e. « ' 
4R feet prr second. How right tu left. 

lion occurs "early," that is, at high pressures or low 
velocities and hence high K values. At angles uear 
•ero, cavitation is delayed, the minimum critical K 
fallingataboutO.tMi at a„ - -1.4°. Thus, Figure 12A 
shows cavitation soon after inception at K = 1.8 for 
a„ = +8°, while Figure 9A shows an early stage of 
cavitation at A' = 0.57 fora0 = 0°. Thisisoiiused hy 
the fact that with increasing atiack angle the leading 
edge of the hydrofoil, where the profile curvature is 
large, is turned at an angle to the flow and the water 
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must curve sharply to follow it. Consequently, the 
local acceleration of the fluid is 'large and the vapor 
pressure is reached locally even with high static pres- 
sure in the main flow. Cavitation occurs first on the 
top surface of the hydrofoil for all positive angles and 
for negative angles down to —1.4" because it is the 
low-pressure side for those attack angles. At negative 
angles beyond - 1.4s, however, the higher pressure is 
obtained at the top and cavitation occurs first on the 
lower surface. Thus in Figure 7A, for a — —4°, the 
beginning of cavitation is shown near the leading 
edge of the lower side of the hydrofoil. 

It is interesting to note that tne best cavitation 
performance does not occur at the angle of attack for 

K«0.I7 

tation there with K = 0.42. By contrast, Figure 8A 
shows the bottom surf ace at K = 0.37 with cavitation 
in an early stage. There the lieginning of cavitation 
on the lower nide is seen with trailing wisps of tin- 
more fully developed cavitation from the top 
appearing at the left. 

CAVITATION BUUHI.K GHOWTH 

A certain similarity exists for each sequence of 
photographs for one angle of attack. Cavitation lx>- 

K.0.8T 

«•«.»! 

K>0.I4 

PICUKE 8.    ('rotation oil lower surface, a =0°. I'—45 
fwt per *eron«l. Kkm right to left. 

lerolift.Atao - —1.4°, which has the minimum value 
of/0 = 0.6fi for incipient cavitation, the lift coefficient 
is0.26(ft = 287,000) whereas at ao = -3.95°, which 
is the attack angle for lero lift, the K for incipient 
cavitation is 1.30. 

A' high angles of attack cavitation occurs only on 
one surface of the hydrofoil. There is a sufficient dy- 
namic pressure increase on the surface pitched into 
the stream to suppress cavitation completely. Fig- 
ures 11A to 12D show that for ao — 8°, no cavitation 
is obtained on the lower surface of the hydrofoil even 
though K is reduced to 0.2G, while on the upper sur- 
face cavitation is well established at A' - 1.8. For 
angles near aero, cavitation occurs first on the upper 
or low-pressure surface and then also occurs on the 
high-pressure surface as K is reduced. For example, 
at o = 0", the lowest pressure occurs on the top of the 
hydrofoil and Figure 9B shows well developed cavi- 

K'0.4Z 

K-0.J0 

K>0.t4 

FIUUKE 9.    Cavitation on upper mi-fare, a "Of. I'=45 
feet per MVUIIU. Flow left to rinht. 

gins on the forward part of the hydrofoil as a narrow 
lone of small bubbles. The bubbles are individually 
distinguishable in some cases but coalesce to form 
"sudsy" tones in others. The limit of the sone of 
bubbles is a rough measure of the extent of the low- 
pressure area on the hydrofoil surface. As the pressure 
is reduced the low-pressure area is broadened and the 
vapor bubbles are swept farther back before collaps- 
ing, until they form a sheet hiding the hydrofoil and 
extending downstream more than 6 or 8 chord 
lengths, completely past the limits of the working, 
section windows. (See Figures 9D, 101), etc.) For any 
given pressure and velocity the cavitation bubble 
grows until the rate of vapor entrainment by the 
water balances the rate of vapor formatior .rithin the 
bubble. Thus the magnitude of (lie cavitation sone in 
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each of the photographs represent* a "steady-state" 
condition for the given value of K. 

As Figures 7A to 80 show, the Hue-grain sudsy 
type of bubbles are obtained where the minimum 
pressure is caused by a sharp curvature such as occurs 
at the leading edge of the lower hydrofoil surface. 
Figures 9A to D, on the other hand, show the forma- 
tion of transparent, relatively large individual bul>- 
hles on the upper surface. Here the minimum pressure 
is obtained where the profile has a more gentle curva- 
ture. As the hydrofoil is given large angles of attack 

FIGURE  10.   Cavitation on upper mirfvr.  a » +4°. 
V «45 feet per accent!. Flow left to right. 

(Figures 13A to D at a — +12°), the minimum-pres- 
sure point moves forward to a place where the curva- 
ture of the upper surface i* sharper and the sudsy 
bubbles are again obtained. 

Under some conditions the forward portion of the 
large enveloping bubble for fully developed cavita- 
tion is transparent. That is, the interface between the 
cavitating lone and the surrounding water is a 
smooth surface, free of disturbances. An example of 
this is shown in Figure 7E where the hydrofoil itself 
and the disturbance from cavitation on the opposite 
face of the hydrofod are clearly visible through the 
bubble enveloping the near surface. The smooth in- 
terface is an indication that very little vaporisation 
is occurring through that surface. Most of the vapor 
that is being supplied to the bubble comes from the 

turbulent boiling zone near the downstream end of 
the envelope. Figure 9D shows how the bubbles tend 
to coalesce as the pressure is reduced to form the 
single large transparent envelope. The transparency 

• I.M 

•O.I« 

KuiORE II.    Cavitation on tower surface, a - +8°. 1' 
45 feet per second. Flow right to left. 

IK- i.«0 

K'l.St 

K> O.t* 

IK'O.IS 

Fun HE 12.    Cavitation on upper surface. «- +8". V • 
45 feet per second. Flow left to right. 

cannot always be reproduced, but rather seems to 
occur randomly unless some external disturbance, 
such as a. piece of trash hanging to the foil or a nick in 
its surface, is introduced to accelerate the formation. 
Figure 8B shows the effect of small distur.tances at 
the leading edge in forming long, extended bubbles. 
Si'ch disturbance also cause cavitation to occur at 
higher pressures (or lower velocities). 

Note that the individual bubbles grow from the 
time of their formation until they collapse. In Figure 
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IOC measurements of the average bubble sise showed 
that growth was rapid for the first quarter chord 
length of travel, attaining 60 to 75 per v nt of what 
appears to be the final diameter. Beyond this the 

• «,»4 

•ft.01 

•LOt 

growth of the bubbles is probably evidence of con- 
tinual vaporisation into each bubble cavity until the 
bubble itself is swept into a higher pressure xone. 

CRITICAL K COMPARED 

WIND TCN'NKI, DATA 

WITH  PREDICTIONS FROM 

Figure 14 is another diagram showing values of 
the cavitation parameter K for incipient cavitntion 

w*<r **mM. 

tms » OTaodo,, uama 

FKIUKE 14.    Valuer of K at which ravitation begins 
versus angle of attack. 

Fiauiuc 13.    Cavitation on upper Mirfac<\ a = +12°. 
V «32 feet per second. Flow left to riant. 

bubbles grow more slowly until they interfere with 
their neighbor*, and finally are entrained and collapse. 
The interior of the cavitation bubble is at the vapor 
pressure of the water and is maintained at this pres- 
sure by the "pumping" action of the water. The 

10    10   10 
VfLOOTV, FT Ml KC 

jOaOjBTOIOfOJgOJO 

versus the angle of attack a*. This diagram covers a 
much wider range of angles than Figure C and in- 
cludes, in addition, a curve predicted from wind tun- 
nel measurements of the pressure contributions on the 
4412 profile.• The agreement between the water 
tunnel curve and the predicted curve is good only for 
small positive angles of attack, while for increasing 

•< •«   9   ?i 1   X 

TD 
PMVfMTCJM- 

FiacKE 15.    Submergence reqinrad to prevent <-mvitation on XACA 4412 hydrofoil. 
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ao, either negatively or positively, the water tunnel 
teats indicate a "delay" in reaching the inception 
point. A similar deviation from pressure-distribution 
predicted values for inception has been observed in 
case of some projectile shapes. As discussed in 
Chapter 6, the reason for the deviation is not known 
definitely, but may be associated with the ability of 
the fluid to stand a slight tension. 

SuBMERGKNCK RKQI'IRKD TO PREVENT CAVITATION 

Figure 15 shows the submergence required to pre- 
vent capitation on the 4412 hydrofoil as a function of 
velocity and angle of attack. The term "submergence" 
means th< vertical depth below the water surface 
(e.g., ocean surface). The curves are calculated for 

fresh water at 60 F and 14.7 psi atmospheric pressure. 
In each of the two diagrams the vertical distance 
down from the horizontal axis represents the sub- 
mergence required to prevent cavitation at a given 
attack angle or given velocity. All points below the 
constant at or constant v curves represent cavitation- 
free operation. 

It is clear from the left diagram that for any 
velocity, the minimum submergence will be required 
for cavitation-free operation if ao « —1.4°. For all 
other angles >>S attack, the necessary submergence is 
greater. In the right diagram the limiting range of 
angles at given velocities and submergences are 
emphasized. For example, at €0 fps and 15 ft sub- 
mergence, cavitation-free operation is possible only 
within the limits of -2.4° ami -r-2.fi". 
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Chapter 19 

MISCELLANEOUS INVESTIGATIONS 

«••» FLUID FRICTION LOSSES 
IN O.SO-CALIBER GUN BARRELS 

••M Purpose of Investigation 

Two ASSOCIATED problems in the internal ballistics 
of guns arise from the rapid expansion of the 

powder gases. One is the reduction in effective force 
applied at tka projectile as a result of the pressure 
drop caused by fluid friction, and the other is the 
influence of the friction effects on he?it ttansfer. The 
measurements described here were made to deter- 
mine the effect of rifling on the friction pressure drop 
and to determine by an&losy with the fluid friction 
laws the effect on turbulence and, hence, on heat 
transfer. 

•1J Material Tested 

Test measurements were recorded for two barrels. 
These barrels were standard except that one had no 
rifling. Their comparative dimensions and conditions 
are indicated as follows: 

Killed Barrel         I'nrifled Barrel 
Bore diameter 0.500 in.                   0.500 in. 
Maximum diameter 0.507 in.                  0.500 in. 
Rifling groove depth 0.0035 in.                   None 
Rifling groove width 0.125 in.                    None 
Land width 0.071 in.                    None 
Area of crow section 

normal to barrel axis 0.1USH sq in.            0.1064 sq in. 
Equivalent diameter 0.5045 in.               0.500 in. 
Twist of rifling 1 turn in 30.5 caliber*          None 
Surface condition Spiraled  boring  tool Clone spaced, 

marti on lands were spiraled boring 
not so deep as for un- tool marks 
rifled barrel. Broach- throughout 
ing tool marks along barrel length 
length of each groove 

Barrel length 3.340 ft                   3.349 ft 
Distance between 

pressure taps 3.640 ft                   3.040 ft 

'"•, Friction Factor 

The friction factor was evaluated for both barrels 
from the equation 

H,=flv>/2dg (II 

where Hi — friction loss in feet of the fluid flowinir, 
/    — friction factor, 

I     = length in feet of the barrel or tulx> be- 
tween pressure taps, 

v    — mean velocity in feet per second, 
g    = acceleration of gravity in feet per second 

per second, 
d    — diameter of the tube in feet or 

= (4.4/T)' for the rifled barrel, when A is 
the actual cross-sectional area. 

The Reynolds number is calculated from the equation 

D     vdp      vd 
M * 

where * = |i/» = kinematic viscosity in square feet 
per second. 

»" Results Obtained 

Figures 1,2, and 3 are graphical representations of 
the results obtained. 

Figure 1 shows that, for the same rate of flow, the 
un rifled barrel offers approximately 4 per cent more 
resistance than hydraulically smootn tuning* of 
0.500-in. diameter, while the rifled barrel offers 
about 3 per cent less. Several factors contribute to 
this difference. The effective area of the rifled barrel 
normal to the centerline is greater than for an 0.500- 
in. diameter tube and this lowers the velocity and 
resistance. la addition, the unrifled barrel is hydrau- 
lically rougher ana shows boring tool marks which 
appear to be deeper than any of the boring or longi- 
tudinal broaching marks on the rifled piece. Appar- 
ently, because of this very gradual twist, the rifling 
grooves do not constitute roughness In the normal 
sense. Note that they did not cause enough rotation 
of the water to affect the pressure at the downstream 
measuring point. The friction factors for both barrels 
approach that of a smooth tube so closely that, for 
practical purposes, they can Le assum< I to be smooth 
tubes. 

Figure 2 presents the relation of i,hc friction loss to 
the Reynolds number. 

Figure 3 presents the relation of the friction factor 
to the Reynolds number. The curve for the unrifled 

* The resistance for hydraulically smooth tubing is calcu- 
lated* from the Kirman-Nikuradse equation (I/V7) ~ 
- 0.8 + 2.0 log,, <«v7>. 
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FIGURE 1.    Friction factor vermin lteynold* iiiimlier for (ISO-caliber rifled and tinriRrd pin barrel*. 

Fio> Kt 2. Friction low |ier unit length of tul* vcrnuc 
lttynokl* number. Fur 0.50-caliber rifled mnd unrifled 
gun barrel*. 

Ki<:i'ME 3. 1' iction low per unit IrnKtli of IIIIM- VOIKIIH 
diM'harge in cubic feet *r second for 0.5A-caliU>r rifled 
and unrilW ^un Iwrre'... 
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barrel has the same position relative to that for 
smooth tubes as in the previous figures. However, 
the curve for the rifled barrel also falls above the 
smooth-tube curve. This is to be expected when it is 
considered that Figure 3 is for the friction factor 
calculated for the actual cross Hection which is larger 
in this case. 

The results of many investigations of friction loss 
of different types of tubes have shown that the fric- 
tion pressure drop at Reynolds numbers between 
100,000 and 1,000,000 depends on the type of surface 
roughne88.fc",*t* If the roughness is produced by ir- 
regular projections randomly spaced, / becomes con- 
stant as Reynolds number is increased. However, if 
the roughness is produced by waviness in the pipe 
wall, the curve of / vs K continues approximately 
parallel but above that of the hydraulically smooth 
tul>e. At extremely high Reynolds numbers, most ex- 
periments show that rough tubes and pipes assume a 
constant value of /. Because of these differences, the 
relation observed in Figure 3 between the curves for 
smooth tubes and for the gun I arrels may not hold 
exactly if R is further increased. It is possible that the 
actual friction drop curve for the gun barrels may 
pax* through a transition to give a constant / of 

approximately the measured value or possibly slightly 
higher or, as R increases, it may continue parallel to 
the smooth-pipe curve. In Figure 3 are shown values 
for new steel pipes which might be considered to have 
a wavy-type surface. A curve is also shown for arti- 
ficially roughened pipe having an irregular type of 
roughness produced by sand grains whose diameters 
averaged 1/507 times the tube radius. These two 
curves are shown as an indication of the trends 
which could lw expected and not as a measure of 
extrapolated values. Actually, the deviation of the 
curves for the gun barrels is so slight and the charac- 
ter of the surface is so different fiom sand-grnin 
roughness, it may be expected that / will continue 
parallel to the smooth-tube curve in a manner similar 
to that of the steel pipe curve shown. 

The similarity between the fluid friction factor 
curves in Figure 3 for the rifled and unrifled barrels 
indicates a similar degree of development of the 
Innindary layer and of friction turbulence. It is not 
expected, therefore, that the law of heat transfer 
should be materially different with rifling than with- 
out. Assuming the continued agreement of friction 
factors at higher Reynolds numbers, this conclusion 
should also hold under actual firing conditions. 
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APPENDIX 

DEFINITIONS OF SPECIAL TERMS 
AND FORMULAS 

The purpose of this Appendix is to present the 
definitions of special terms and the formulas used 
frequently throughout this volume in a compact and 
convenient form for ready reference. Any additional 
definitions may be found in the Glossary. 

DEFINITIONS 
YAW ANGLE, + 

.The angle, in a horizontal plane, which the axis of 
the projectile makes with the direction of motion. 
Looking down on the projectile, yaw angles in a 
clockwise direction are positi ve (+) and in a counter- 
clockwise direction, negative ( —). 

PITCH ANGLE, a 

The angle, in a vertic;' plane, which the axis of the 
projectile makes with the direction of motion. Pitch 
angles are positive ( + ) when the nose in up and 
negative ( —) when the none is down. 

LIFT, L 

The force, in pounds, exerted on the projectile 
normal to the direction of motion and in a vertical 
plane. The lift is positive (+) when acting upward 
and negative (—) when acting downward. 

CROSS FORCE, C 

The force, in pounds, exerted on the projectile 
normal to the direction of motion and in a horisonUl 
plane. The cross force is positive when acting in the 
same direction as the displacement of the projectile 
nose for a positive yaw angle, i.e., to an observer 
facing in the direction of travel, a positive cross force 
acts to the right. 

DRAG, D 

The force, in pounds, exerted on the projectile 
parallel with the direction of motion. The drag is 
positive when acting in a direction opposite to the 
direction of motion. 

tending to rotate the projectile in a clockwise direc- 
tion (when looking down on the projectile) are posi- 
tive (+), and those tending to cause counterclock- 
wise rotation are negative ( —). Pitching moments 
tending to rotate the projectile in a clockwise direc- 
tion (when looking at the projectile from the port 
side) are positive (+). and those tending to cause 
counterclockwise rotation are negative ( —). 

In accordance with this sign convention a moment 
has a destabilizing effect when it has the same sign 
as the yaw or pitch angle. 

In all model tests the moment is measured about 
the point of support. Moments about the center of 
gravity of the projectile have the symbol, A'„. 

NORMAL COMPONENT, N 

The sum of the components of the drag and cross 
force acting normal to the axis of the projectile. The 
value of tl .: normal component is given hy the 
following: 

A* = D sin i + (' cos <l (1) 

in which .V = normal component H pounds, 
I) — drag in pounds, 
C = cross force in pounds, 
4> = yaw angle in degrees. 

CENTER OF PRESSURE, C'f 

The point of intersection of the axis of the projec- 
tile and the resultant of all forces acting on the 
projectile. 

CENTKR-OF-PRESSURE ECCENTRICITY, C 

The distance between the center of pressure (CP) 
and the center of gravity (CO) expressed as a decimal 
fraction of the length (0 of the projectile. The 
center-of-preHsure eccentricity is derived as follows: 

« - (U - U)f - } ^ (2) 
in which   e — center-of-pressure eccentricity, 

I = length of projectile in feet, 
'„ « distance from nose of projectile to 

CO in feet, 
/,„ « distance from nose of projectile to CP 

in feet. 

MOMENT, M 

The torque, in foot-pounds, tending to rotate the 
projectile about a transverse axis. Yawing moments 

CoE/FICIENTB 

The three force and moment ropfficifnts u««l arc 
defined as follows. 

CONFIDENTIAL 275 



276 APPENDIX 

Drag coefficient: 

C„ 

Cross force coefficient: 

Cc = 

Uftcoeftkiiat: 

C 

Moment coefficient: 

V*     ' 

v\ 

M 

(3) 

(4) 

(5) 

(6) 

in which   D » measured drag force in pounds, 
C - measured crow force in pound*. 
L — measured lift force in pounds, 
p - density of the fluid in slugs per cubic 

foot - v/g, 
w » specific weight of the fluid 'n pounds 

per cubic foot, 
g « acceleration oi the g.avity in feet per 

second per second, 
AD = area in square feet at the maximum 

cross section of the projectile taken 
normal to the geometric axis of the 
projectile, 

V — mean relative velocity between the 
water and the projectile in feet- per 
second, 

.1/ - moment, in foot-pound*, measured 
about any particular point on the 
geometric axis of the projectile, 

/ — overall length of the projectile in 
feet. 

RUDDKR KprucT 

The total increase or decrease in moment coeffi- 
cient, at a given yaw or pitch angle, resulting f mm a 
given rudder setting. This change in moment coeffi- 
cient is measured directly from the graph of the 
moment coefficient curves for neutral rudder setting 
and various fixed rudder settings. 

REYNOLDS NUMBER 

In comparing hydraulic systems where the pre- 
dominating forces are due to friction and inertia, a 
factor called Reynolds number is of great utility. 

(7) 

This is defined as follows: 

R . 
lX = 

lXl 

in which R = Reynolds number, 
I =» overall length of projectile in feet, 

l' » velocity of projectile in feet per sec- 
ond, 

r -= kinematic viscosity of the fluid in 
square feet per second = nip, 

t> — mass density of the fluid in slugs per 
cubic foot, 

M = absolute viscosity in pound-seconds 
per square foot. 

The following numerical example is for the Mark 
13-2A torpedo operating in sea water at a tempera- 
tuie of 50 F. 

= 33 knots - 55.7 ft/sec 
= 1.46 X 10-* sq ft/sec (for salt w^Ler) 
= Nil in. - 13.42 ft 

13.42 X 55 7 
1.4C X 10-' 

13.42 X 55.7 X 100,000 
1.4ft 

51.2 X 10* 
(51,198,200) 

Two geometrically similar systems are also dynam- 
ically similar when they have the same value of 
Reynolds number. For the same fluid in both cases, 
a model with small linear dimensions must be used 
with correspondingly large velocities. It is also pos- 
nible to compare two cases with widely differing 
fluids provided I and V are properly chosen to give 
the same value of H. 

C'AVITATION PARAMETER 

In order to describe quantitatively the conditions 
under which cavitation occurs, the dimensionless 
cavitation parameter, K, has been defined as follows: 

K - PL p1**. «> 
^2 

in which PL " absolute pressure in the undisturbed 
liquid, 

/'« — absolute pressure in the bubble or 
cavity, 

V — velocity of the projectile with respect 
to the undisturbed liquid, 

p = density of liquid. 

• Tables of kinematic vucoxity for salt water with an aver- 
age xalinitr of 3.5 per cent am Riven in Rontel and Chapman 
I'nneii4e$ of S'aral Architecture, Society of Naval Architect* 
and Marine Engineer*, I'.MI, Vol. II, p. 114. 
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Note that any homogeneous set of units can be used 
in the computation of thin parameter. It is often 
convenient to express this parameter in terms of the 
head, i.e., 

At-A, K V'/2g (9) 

where At - the submergence plus the baromet- 
ric head in feet 01,: ;uid, 

hB « absolute pressure in lue bubble in 
feet of liquid, 

g « acceleration of gravity in feet per 
second per second, 

l'V2y = the velocity head in feet of liquid. 

Any length unit can be used in equation (9) iistead 
~,f feet. It will be seen that the numerator of bot'i 
expressions is simply the net pressure or head acting 
to collapse the cavity or bubble. The denominator is 
the velocity pressure or head. Since the pressure 
reduction at any point on the body is proportional to 
the velocity pressure, this, may be considered as a 
measure of the press' • ie available to open up a cavity. 
From this point of view, the cavitation parameter 
measures the ratio of the pressure available to col- 
lapse the bubble to the pressure available to open it. 
PM is the vapor pressure of the fluid if the cavity 
contains no air or other gas. For normal cases of 
cavitation this is assumed to be true. 

If the K for incipient cavitation (Kt) is considered, 
it can be interpreted to mean the maximum reduc- 
tion in pressure on the surface of the body, from the 
pressure in the undisturbed fluid, measured in terms 
of the velocity pressure. From this it follows that, if a 
body starts to cavi tat* at the cavitation parameter of 
one, it means that the lowest pressure at an" point on 
the body is one velocity pressure below that of the 
undisturbed fluid. It will be seen that K, is a measure 
of the resistance of the body to cavitation, or in other 
words, an indication of the excellence of the shape. 
Thus, the lower the K for incipient cavitation, the 
greater the cavitation resistance, and the better the 
shape from this viewpoint. 

If the operating conditions (submergence and 
velocity in a given fluid medium) are such that the 
numerical value of K is greater than K< the body will 
not eavitate. For values lees than Kt more advanced 
cavitation will exist to the limit of a completely en- 
veloping cavity with an "infinite" length when K 
becomes aero. 

Using the Mark 13 torpedo as an example, 
consider how cavitation on the nose is affected by 
operation at 33 knots and 40.5 knots in sea water 
at a temperature of 50 F and a submergence of 15 
feet. 

At 33 knots 

PL = P«— + K»W 
~ 14.7 X 144 + 15 X 64 - 3,080 lb/sq ft 

P» - 0.98 X vapor pressure of pure water at same 
temperature.b 

- 0.98 X 0.178 X 144 - 25.0 lb/sq ft 
64 lh/cu ft p =   = 1.99 slugs/cu ft 

V - 33 knots - 55.7 ft/sec 

so that 
„      3,080-25.C      3,054.4      . 

1.99 (55.7)' 3,090 
2 

99 

This is greater than Ki for the nose of this projectile, 
so cavitation will not exist. 

At 40.5 knots 
V = 40.5 knots - 08.3 ft sec 

so that 
K     3,080 - 25.6      3,054.4     nRfl 

,onM^!        M«D 1.99—2— 

This is slightly below A', for this nose so a small ring 
of cavitation will exist. 

Figure 1 gives the relation among absolute pres- 
sure, velocity, and cavitation parameter for fresh 
water at 70 F whereas Figure 2 shows the relation 
among submergence, velocity, and cavitation param- 
eter for sea water at 50 F. 

CORRECTIONS TO WATER TUNNiiL 
TEST DATA 

The test data obtained from the water tunnel is in 
the form of forces and moments which indicate the 
actual hydrodynamic conditions to whirh the model 
is subjected in the tunnel working section. These in 
general, however, are not the conditions which would 
exist if the model were moving freely in an infinite 
body ot water. Consequently, in reducing the data to 
coefficients applicable to the free-stream conditions, 
the following corrections are considered. 

TAKE DRAG 

The clearance between the model and the shield is 
less than 0.005 inch. With this small gap it appeared 
that the hydrodynamic force applied directly to the 

b Thin approximation w obtained (mm Sverdniu-Johnsoa- 
Fleming, The (ktnnt, Prentice-Hall, 1042. pp. 67, 115. 

Standard properties of pure water are given in Keenan and 
Keyes, Tkermodgiwnu: Propvtin af HUnrn, Wiley, 1(136. 
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spindle would be negligible. Consequently, no tare 
corrections are applied to the measured forces. 

SUPPORT SHIELD INTERFERENCE 

In order to correct for the effects of interfcrwM-e 
with the flow around the uiod>l caused by the sup- 
porting spindle and its protecting shield, test* are 
normally made in pairs, one with and one without a 
dummy image shield on the side of the model oppo- 
site the support. The differences bet.veen the coeffi- 
cient* thus obtained from each pair of tests is sub- 
tracted from the run made without image shield. 

For normal cavitation-free operation this proce- 
dure produces a result believed to be a good approxi- 
mation of free-stream conditions. With the onset and 
development of cavitation, however, the shield and 
its image produce different results depending upon 
the degree of the cavitation obtained at various val- 
ues of K. For very low K'a the shield itself cavitates. 
As a result, the corrections determined by the above 
method vary in magnitude and, without doubt, in 
accuracy. For the full cavity stage, corrections ap- 
parently are small. In general, for the material in- 
cluded in this volume the normal corrections were 
applied for all tests which covered the incipient or the 
early stages of development. For tests which included 
only the full cavity stage, such as those described in 
Chapter 6, no corrections were applied. 

TUNNEL PRESSURE GRADIENT 

The tunnel pressure gradient correction to be ap- 
plied to the measured drag for noncavitating or 
slightly cavitating conditions is evaluated by meas- 
uring the pressure gradient existing in the working 
section of the tunnel in the absence of the model. The 
pressure gradient dp/dx at each station is multiplied 
by the cross-sectional areas of the model at that sta- 
tion and the product is plotted against distance along 
model. The area under this curve gives 

*/*-£(«—>. 

a. 

I / Sdp 

For models which are five or more diameters in lengt !i 
the calculation can be simplified by writing 

i.e., by wing the (average pressure drop) X (vol- 
ume). It is thi* expression that haw canned the correc- 
tion to he termed "horixuntal hunvaru-v." 

SCALE KITISCT 

Tests made in the range of 20 to 70 feet per aecoml 
I Reynold* numbers from about 2 X 10» to 7 X 10*) 
have shown that lift, cross force, and moment coeffi- 
cient* are unaffected by the scale of the tests, but 
that the drag coefficient dooa vary w»th Reynolus 
number. (Extrapolation of CD to full-scale Reynold* 
number* depends upon the type of body and hence 
the form drag laver growth over the body. For some 
streamlined bodies, such as those with very fine 
nones, the transition between the laminar and turbu- 
lent boundary layers may shift position with change 
in Reynolds number. For these the Co vs R curve 
may be irregular or even rising HO that extrapolatian 
is very difficult. In such cases it is customary to pro- 
vide some disturbance such as a small ring or a 
roughened surface at the nose of the projectile to 
assure turbulent conditions at all velocities. Extra- 
polation is based on the resulting "turbulent'' 
curve. 

For bodies which do not indicate a shifting transi- 
tion region, as well us those whose boundary layers 
are made turbulent artificially, a linear extrapolation 
of Cj> v» H on a log-log plot has been found to give, 
in general, results that are satisfactory within the 
accuracy of the measurements. This method assumes 
that the drag coefficient (after correction for tunnel 
pressure gradient) varies inversely as the /ith 
power of Reynolds number. For a projectile whose 
boundary layer is predominantly turbulent and 
whose afterbody is well streamlined, n sb add be 
dose to %. Deviations from this value are the result 
of different degrees of streamlining and consequent 
effects on the boundary layer a-d port* a of total 
drag represented by skin friction. Of couree, for a pro- 
jectile whose drag is almost completely form resist- 
ance, Co should be nearly independent of Reynolds 
number. 
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a-e. Aerodynamic center, point about which pitching moment 
it independent of lift. 

ACOUSTIC FaBQUHfCUa. See sonic frequencies. 

AD. Area of projectile at maximum diametrical rross section 
(aquare feet). 

AFTBSBODT. That portion of the projectile between the cylin- 
drical body section and the forward edge of the tail structure. 

An Bom. As here used, the tern applies to any projectile 
which contain* no propellant, is not fired from a gun, and 
whose trajectory is wholly in air. 

AMOW or ATTACK, a. The angle betsreen some arbitrary axw- 
of-reference in the body and its direction of motion. 

AaracT RATIO. Ratio of span to mean chord of hydrofoil 
•action, 

b. Span of hydrofoil section (feet). 

»/e. Aspect ratio of hydrofoil flection. 

BOOT. The main portion of the projectile; the projectile lew 
any boom and tail surface*. Also used frequently herein to 
refer only to the cylindrical portion of the projectile be- 
tween the nose and afterbody. 

BOOM. A •mall diameter, cylindrical extension from the after- 
body generally used to bouse a rocket motor as well a» to 
place the tail farther aft. 

BOUNDARY LATE*. For simplicity, it may be consider**! that 
toe boundary layer is the relatively thin layer of fluid, any 
part of which is dragged forward by the moving projectile. 

BOVBBBLBT. That portion of a projectile immediately aft of 
the nose, especially any part slightly larger in diameter than 
the body section following. Its function is to center the for- 
ward part and provide a bearing or guide during travel 
through the bore of the projecting device. 

BaXMca. To rise, break through, and spring dear of the water 
surface, 

e. Velocity of sound in medium (feet per second); chord of 
hydrofoil test section (feet). 

Co. Cross force coefficient. 

Cn. Drag coefficient. 

Cx. lift coefficient. 

Car. Moment cosswessnt, generally rcfrrml to Of,'. 

CB. Center of buoyancy. 

CO. Omar of gravity. 

CP. Center of pressure. 

QBM»IFS The maximum diameter of • projectile body. 

CA vrrATtoM PiBAMSTaa, K. The ratio of the difference be- 
tween the absolute pressures in the undisturbed liquid and 
in the bubble to half the liquid density times the velocity 
squared. (/»i - P»)/l#K«. 

CATITT. la this volume, the entrance bubble farmed by the 
projectile at water entry. 

CENTER or PREMUIE, CP. The point ot intersection of the 
axis of the projectile and the resultant of all forces acting on 
the projectile. 

CENTER or PREHSI'HE ECCENTRICITY, e. The distance between 
the center of pressure and the center of gravity expressed as 
a decimal fraction of the length of the projectile. 

CONE ANULE. As used herein, the angle formed in any plane 
section of the projectile which includes the horisontal axis 
by the intersection of the cone sides at the vertex. 

CROSS FORCE, C. The force exerted on the projectile normal to 
the direction of motion and in a horisontal plane. It is pos- 
itive when acting to the right for an observer facing in the 
direction of travel. C is measured in pounds. 

<lb. Decibel, measure of sound pressure level above unit 
pressure. 

DEPTH CH ARIIES. Projectiles used to attack subsurface targets. 

DiBBcnvrrr INDEX. A measure of the directional properties of 
a transducer. It is the ratio, in decibels, of the average in- 
tensity, or response, over the whole sphere surrounding the 
projector, or hydrophone, to the intensity, or response, on 
the acoustic axis. 

DisranucN. In ballistics, the scattering of shots about the 
target. 

DRAG, D. The force exerted on the projectile parallel with the 
direction of motion. It is positive when acting in a direction 
oppusite to the motion. D is measured in pounds. 

e. CP eccentricity, expressed as decimal fraction of length of 
projectile. 

FINENESS on HUCNOBHNESS RATIO. The ratio of the length to 
the maximum diameter of a projectile. 

a. Acceleration due to gravity (feet per second). 

OT. A crystal showing a sero temperature coefficient over a 
very wide range of temperature—the frequency variation is 
less than 1 part in 1,000,000 throughout a temperature 
range of 100 degrees centigrade, 

H. Hull moment (foot-pounds). 

A*. Pressure in the bubble (feet of water). 

*t- Pressure in the undisturbed liquid, suboMrgenre plus baro- 
metric head (feet of water). 

HVAR. His^velocity aircraft rocket 

HTVSWPHONH. An underwater microphone. 

INCIPIENT CAVTTATION. Generally, cavitotion developed to the 
point when it may Brut be seen as a steady phenomenon. 
Sometimes, when so stated, the point at which the noise 
produced begins to increase from this cause. 

Isonnsnc ScarAcx. A surface over which the pressure is 

JOUKOWMI rrrasAMUNED SHAPES. A family of airfoil sections 
derived from a circle by a mapping function invented by 
N. Joukowslo. 
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K. Cavitation parameter. 

KABMIN TKAIL. The wake trailing certain two-dimensional 
bodies and consisting of vortices shed alternately from op- 
posite sides of the body. 

Ki. K value for incipient cavitation. 

KINEMATIC VISCOSITY, r. The ratio of absolute viscosity to the 
density. 

. Overall length of projectile (feet). 

l/d. Finenees or olenderoeai ratio. 

LAUINAB FLOW. The type of flow in which there are no local 
velocity Bu<-tuations so that each fluid layer slips smoothly 
over layers nearer the projectile. 

LATTICE Emcr. As used herein, refers to modifications of the 
velocities and pressures around a single vane or airfoil in a 
lattice or row of vanes, compared to the velocities and pres- 
sures when the vane is alone in an infinite body of fluid. 

Lin. Force exerted on a projectile normal to the direction of 
motion and in a vertical plane. It is positive when acting 
upward. Lift is measured in pounds. 

M. Moment (foot-pounds). 

AC. Pitching moment per unit length of hydrofoil span, 
measured about ax. (foot-pounds). 

M,,. Moment about CO (foot-pounds). 

N. Normal component (pounds). 

Nose The curved portion of the projectile forward of the 
cylindrical main section. 

PH. Vapor pressure in entrance bubble, corresponding to the 
water temperature (pounds per square foot). 

Pt, Absolute pressure in undisturbed liquid (pounds per 
square foot). 

PITCH ANGLE, a. The angle in a vertical plane between the 
projectile axis and the direction of motion. It is positive for 
nose-up positions. 

R. Reynolds number. 

p. Mass density of fluid (slugs per cubic foot). 

SONIC FREOX'INCIX«. Range of audible frequencies, sometime* 
taken as from 0.02 kc to 15 kc. 

SONIC VELOCITY. The velocity of sound in sir, about 1,100 fps 
(750 mph). 

SUBSONIC VELOCITIES. Velocities below the aonic velocity. 

SurusoNic FREQUENCIES Range of frequencies higher than 
sonic. Sometimes referred to as ultrasonic to avoid confusion 
with growing use of the term supersonic to denote higher- 
than-sound velocities. 

SUPERSONIC VELOCITIES. Velocities above the sonic velocity. 

SSR. ftpin-stabUised rocket. 

TAIL. The fin, or fins, and ring structure wi'h supporting parts 
at the aft end of the projectile. It includes rudders, if any. 

TOBBCLENT FLOW. That type of flow in which there are 
irregular fluctuations distinct from vortex motion in general. 
It results in continuous interchange of particles between 
streamlines with different velocities. 

I'. Mean relative velocity between water and projectile (ft per 
M0). 

VISCOSITY, H. The fluid property which resists relative motion 
between adjacent sections, often called absolute viscosity. 
See also kinematic viscosity. 

V. Specific weight of fluid (lb per cu ft). 

WHIP. The change at water entry >n the angular velocity of 
the projectile in the vertical plane. 

YAW ANGLE, f. The angle, in a horisontal plane, between the 
projectile axis and the direction of motion. It is positive 
when clockwise as viewed from above. 
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Gerald B. Robison, NDRC 6.1-sr207-1904, HML Report 
ND-24.2, CIT, Jan. 8, 1945. Div. 6-721.5-M3 

70. Force Tests of the Squid with N'eir Afterbody, Tails, and 
Soses, Robert T. Knapp and Gerald B. Robison, Will) 
5529, NDRC 6.1-«r207-2243, HML Ik-port ND-21.3, 
CIT, July 30, 1945. Div. 6-721 5-M4 

71. Tests of the AN-Mark S3 Aircraft Depth Homh, Robert T. 
Knapp and Harold L. Doolittle, DSRD 6091, NDRC 
6.1-sr207-2350, HML Report NIM-I, CIT, Aug. 31, 1945 

Div. 6-723-M6 

72. Force Tests of Concrete Practice Bombs, M.IHAt Practice 
Bomb, 4.V-.W',} Central Purpose SOO-lb Bomb, AN-MHo 
LC 40004b Bomb, Robert T. Knapp and Robert M. Pea- 
body, OSRD 5757, NPRC 6.1-«r207-2245, HML Report 
XD-32, CIT, Aug. 14, 1945 Div. 6-723-M4 

73. Dynamic Stability of Bombs an/I Projectiles, M. A. Biot. 
NDRC 3.2-er418, CIT, Sept. 6, 1943. 

74. Force and Capitation Characteristics of the NACA-Uli 
Hydrofoil, Robert T. Knapp and James W. Daily, NDRC 
6.l-xr207-1273, HML Report MM9, CIT, June 10, 1944. 

Div. 6-712-M1 

75. The Characteristics of 7X Related Airfoil Sectums from Tests 
in the Variable Density Wind Tunnel, E. N. Jacobs, K. K. 
Ward, and R. M. Pinkerton, NACA T. R. No. 460, 1033. 

76. Calculated and Measured Pressure Distributions over the 
Midspan Section of the NACA 44tt Airfoil, R. M. Pinker- 
ton, NACA T. R. No. 563, 1936. 

77. Airfoil Section Characteristics a* Affected by Variations of 
the Reynolds Number, E. X. Jacob* and A. Sherman, 
NACA T. R, No. 586,1937. 

78. Airfoil Section Data Obtained in the NACA Variable- 
Density Tunnel as Affected by Support Interference and 
Other Correction*, E. N. Jamba and I. H Abbott, NACA 
T. R. No. 669, 1939. 

79. Aerodynamic* of the Airplane, C. B. Miilikan, Wiley, 1941. 

80. Determination of the Characteristics of Tapered Winy, 
R. F. Andenon, NACA T. R. No. 572, 193S. 

81. The Demon of Propeller Pump* and Feme, M. P. O'Brien 
and R. G. Fokwm, University of California, Publication in 
Eo(r- Vol. 4, No. 1, University of California Press, 1939. 
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OONTRACT NUMBERS, CONTRACTORS. AND 81TBJECT OK CONTRACT 

Contract 
Number* 

Xame <tnd AdArta* 
o/Contractor Suhftti 

OEMST-M 

OEMw-1138 

OKMH-207 

OKMRT-1353 

The Trustee! of Columbia University ii  the 
OHy of New York 
New York, N. Y. 

The Trustee* of Columbia University n the 
City of New York 
New York, N. Y. 

California Institute of Technology 
, California 

The Iowa Institute of Hydraulic Research of 
the I'niveraity of Iowa 
Iowa City, Iowa 

Studies and experimental investigations in con- 
nection with and for the development of equip- 
ment and method* pertaining to submarine 
warfare. 

('onduct Btudiet! and experimental investigation* 
in connection m-ith and for the development of 
equipment and methods involved in submarine 
and subsurface warfare. 

Construction and operation of a high speed water 
tunnel, and use of such water tunnel in research 
and experimental investigations involving un- 
derwater projectiles and defection equipment. 

Couduct studies, experimental investigations, ob- 
servations, and tests of pressure distribution 
about underwater structures of varying form, 
together with photor^aphic records of tS- char- 
acter of the flow, especially with reference u> the 
unset and continuance of the phenomena of 
cavilatioo, all at varying speeds and under 
selected condition" <rf operations. 
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SERVICE PROJECT NUMBERS 

The projects listed below were transmitted to the Executive Secretary, 
NDRC, from the War or Navy Department through either the War 
Department liaison Officer for NDRC or the Office of Research and 
Inventions (formerly the Coordinator of Research and Development), 
Navy Department. 

Strait* 
Project 
Sumher Suliject 

NO-141 Hydrodynamic characteristics of projectile forma 

NO-178 Torpedoes for high "peeel aircraft 

OD-99 Determination of the dynamic characteristic* of specified bomb and projectile shapes 

N8-294 Caviution research 
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The subject indexes of all STR volumes are combined in a nuitfT index printed in a Ht-paratr volume. 
For access to the index rolume consult the Army <ir Navy Agency listed on the reverse of the half-title pace. 

AA rocket, 2k inch, 284 
ADP hydrophone (ammonium dihydro- 

gen phosphate), M 
Aerodynamics, terms and symbol*. 260- 

261 
Afterbody 

•M Projectile af terliody 
Air bombs, 253-268 

effect of asymmetry, 253-256 
hydrodynamic characteristic*,  253, 

256 
physical dimensions, 254 
types, 26S-2SB 

Air bubble formation 
re Bubbles,  entrance;  Cavils* ion, 

bubble formation 
Air separator, free-surface water tun- 

Del, SS-M 
Aircraft torpedoes. 203-207 

dimensions, 203 
hydrobombs, 203, 206-207, 214, 217. 

225 
Mark IS series. 135, 178, 203, 226- 

229 
Mark 25; 203,205,222 
trajectory, 3 
water-entry studies, 209 

Air-bunched projectiles 
nose shapes, 73-75,77 
trajectory, 4 
water-en I ry studies, 201 -202,309 

AN-M43 air bomb, 253-256 
hydrodynamic characteristics, 253, 

256 
physical dimensions, 254 

A.N-M66 air bomb, 253-256 
hydrodrnamie cAewwctaristies, 258 
physical dimensions, 254 

AN Mark 41 depth charm; 
effect of nose shape oa drag force, 138 
hydrodynamic characteristics, 248- 

249 
physical characteristics, 240 

AN Mark S3 depth chante, 251-262 
Artillery rnoieetika, nose shapes, 71-73 
Ashcaa (depth charge), 1 
Aspect ratio, hydrofoils, 280-268 
AX SO hydrophone, tM 

Baaooka (rocket), 235-237 
collapsible fin tails, 235 
fotttsadlno«ratcotnMenta,285-23A 
riaguuk, 236-237 

Bentonik, use in twines, 2 
char-jcteristies, 27 
purification, 34 

sensitivity to mineral content of wa- 
ter, 33 

st reaming double refraction, 33-34 
Bernoulli equation, conservation of en- 

ergy, 98 
Bombs, air 

see Air bombs 
British Squid (depth charge), 249-251 

drag coefficient, 189-190 
physical characteristics, 246 

Bubbles, cavitation 
aw Cavitation, bubble formation 

Bubbles, entrance, 96-07. 107-111 
comparison with cavitation hubbies, 

107-108 
crone force, 110 
decay, 10B 
desirable chararterist ice, 115 
effect of nose shape, 115-116 
equilibrium yaw angles within bub- 

ble, 110-111 
formation, 108-109 
maximum diameter, 109 
project ile ent ranee velocity, 109 
significance of bubble shapes, 109- 

110 

California Institute of Technology, 1 
Cameras for hydrodynamic studies. 44, 

56-00 
Cavitation, 96-117 

coarse-grained, 103,119,121 
definition, 96,98 
degreesof ravitatiou, 101-103 
desirable characteristics,  113-115 
effect of projectile nose shape, 116, 

126 
effect on projectile trajectory, 104- 

105,109-111 
effect on projectile yaw, 110-U1,123- 

129,136-137 
fine-grained, 103,119-122 
formula for velocity, 101 
•as cycles, 106-107 
location of point of inceptioa 98-100 
parameter, 100-101, 118, 261. 276. 

278-279 
photography, 119.127-133,26* 
projectile nose cavitation, 111-133 
projectile resistance, 100 
sourer*, 99 
tests, 11,22-23,26-27,62-03 
torpedoes, 136.152-153,224-226 
types, 103-104,119-122,160-160 

Cavitation, bubble formation, 107-111 
«er aim Bubbles, entrance 

coroparix-m   with   entrance    bubhtea, 
107-108 

conclusion* from studies, 133 
cross force, 110 
desirable characteristics, 1!". 
effect of projectile IHW shapes. 131 

133 
equilibrium ya»  *n*-l<-* within bul>- 

hle, 1IO-11I 
hydrofoils, 285- 270 
location on projectile num.; 119 
physical   dimensions   from   photo- 

graphs, 127-130 
significance of bubble shapes, 1WI- 

110 
Cavitation,   effect   on   hydrodynamic 

forces, 134-164 
air-wak-r entry of projectiles, 153 
conclusions from studies, 151-164 
cross force ami moment, 147-151 
drag, 134-147 
hydraulic machinery, 154 
lifting surf area, 153 
torpedoes, 152-153 

Cavitation noise, 155 170 
harkgruund noise, 156-150 
body shape, 159 
correlation with growth of cavits- 

:lua. 159-160 
frequency distribution, 109-170 
loeatioa of noise source, 167-169 
magnitude, 166, 169 
measuring apparatus, 62-63,155-1 At) 
sound pressure and bubble collapse, 

165 
sound   pressure   versus   cavitation 

growth, 160-165 
surface conditions, 166 
velocity of projectiles, 166-168 
visit*-   cavitation   and   the   noise 

source, 167 
Cavity drag, 140-147 

comparison  with   calculated  drag, 
146-147 

cross forces, 147 
description of cavity, 141-143,146 
drag versus  cavitation  parameter, 

144,146 
effect of body shape, 141-144 
form drag formula, 140-141 
noocavitatiugdrag, 147 
of a cylinder, 144-147 
wall effect*. 147 

Cavity formed by water entry of pro- 
jectile 

see Bubbles, entrance 
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Chemical racket, 7.2 inch, 230 
CoatroHed-atmosphere bunching tank 

me launching tank for projectile* 
Cram force 

definition, 185,275 
effect of projectile romponenta, 192 
formula, 185 
influence of yaw, 192 

Croai force, effect of cavitation,  110, 
111,147-181 

eavity symmetry versus me shape, 
147-148 

conclunomi from studies, 151-153 
description of cavities, 149-160 
measured coefficient*, 148-151 

Croat force coefficient of projectile* 
me under name of pnjectik 

Crystal*, use in producing light paths, 
30-33 

bentonitr, 33-34 
requirement*. 30-33 
tnhaeeo mmic virus, 34 

Damping fora-, 193-195 
coefficients, 194-195 
definition, 193 
effect of projectile component*, 199- 

200 
•nechaniriKif damping, 193-194 
theoretical force dattribution, 193 

Data   analyser, 37-48,51-52 
Depth and roll recorder, 223-224 
Depth charges, 1,244-252 

7 inch, 240-241,346 
afterbody shape, 82 
air-launched, 77 
Ashran,1 
brant nose shape, 136 
British Squid, 180-190,249-251 
design requirement*, 245 
general features, 24S 
hydrodynamic testa, 345 
Mark 41; 188,246,248-249 
Mark 53; 351-252 
methods of launching, 245 
mousetrap. 245-246 
New London, 245-24S 
•man-charge group. 246-248 
yaw angle tests, 246 

Differentud pressure gauge, 21 
Drat 186-1*2 

(Mutition. 188.275 
form drag. 186,187 
formula, 140-141,185,188 
in relation to now, 187 
influence of yaw, 192 
skin-friction, 187-140, 186-187, 18!) 
total drag coefficient, 186 
variation with  Reynolds number, 

215-318 
Drag, effect of cavitation. 110,134-147 

blunt-nosed bodies, 136, 139 
cavitation parameter, 144, 146 
eavity drag, 140-147 
conclusion* from studim, 151-152 
effect of yaw. 136-137 
effect on boundary layer and «kin 

friction, 137-140 
hemisphere projectile nine, 134-135 
separation of now, 137-189 
nquarc-end cylinder projectile nose, 

136 
torpedo noses, 135-136 

Drag, effect of projectile component*. 
188-192 

body, afterbody, and tail, 189-102 
effect of ring tail, 228,236-237 
nose shape, 188-192,248 

Drag coefficient of projectiles 
ate surfer name a/ prtjettilr 

DRR (depth and roll rccor*-r),2B-224 
Dynamic stability of projectiles 

see Projectile stability 
Dynamometer   for   highspeed   water 

tunnel, 12 

Kyritc 
•erM S. Ejrriic 

I.Wm Gorman apinner rocket. 
230, 241-242 

Pin tails, projectiles, 175-181,232-232 
collapsible, 183-184,232. 235 
cnmparisoa with ring tail*, 175-176 

184,232 
effectiveness, 178 
nacdfuw, 176-177 
influence of body interference, 176 
moment, 176-177 
rocket*, 84-86,183 184,235 
torpedoes, 86 

5-ineh HVAR rocket, 230-23? 
5-inch 88H routing rocket, 243 
Flow diagrams of props-lib-, 69-95 

69-mm mortar, 238 
afterbodies, 79-83 
applieatioa to project!*' <lrwgn, 93 
nnae shapes, «9-79 
rocket booms, 80,89-90 
tails, 83-93 

How studies, equipment 
me Polarised light Hum 

Flume, poiariaed tight 
are Pularuwd Bght flume 

Force niea*uhng«quipmpnt, 9,16-18 
Forces on projectile bodies 

tm Hydrodynamic force* 
Form drag 

cause, 186 
coefficient, 187 
effect of projectile tail,! 80 
formula, 140-141 

projectile none tthapr. 190-Mr2 
4', inch non-rotating rocket, 282-234 
4 Ji inch rotating rocket, 242 
Free-surface water tunnel, 52-50 

air separator, 53-56 
comparison    with    polarized    light 

flume, 27 
purpose, 5-6 
working section, 53 

me Pressure gauges 
(iceman spinner rocket, 15-rm, 

239, 241-242 
(lorton pantograph machine, 67 
Guns, fluid friction ***** in barrel, 271- 

273 
friction factor, 271 
relation ut smooth tube*, 273 
tret result*, 271-273 

Hayes, stability requirement for spin- 
ning projectile*, 342 

High-speed water tunnel 
arc Water tunnel, high-spec j 

Hydraulic machinery, effect of cavita- 
tion, 164 

Hydraulic Machinery Laboratory, I 
Hydrouomhs f jet-propelled torpedoes) 

cavitation, 225,236 
dimensions, 203 
lift and pitching eurres, 211-214 
moment coefficient, 214 
power, 217 
United Shoe Machinery Corporation. 

206-307 
Weatinghx^se.JtVV-207 

Hydrodynamic forces, 171-174 
sss aim Lift force 
cross force, 147-151, 185, 192 
damping, 198-195, 199-200 
distributed and resultant form, 171- 

173 
drag, 134-147, 186-192 
dynamic stability, 195-300 
ideal fluid, 171-172 
moment, 172-183 
nose cavitatran, 134-187 
real fluid, 172 
ring tail, 178, 338, 236-287 
theoretical rnontrnt, 173 
yaw,192 

llydrodynanucn, CIT laboratory, 1-8 
equipment. 4-6 
history, 1-8 

Hydrodynamics, laboratory apparatus, 
7-68 

eontrolled-atmosphere launching 
tanks, 6,85-62 

electrical accessories, 61-62 
free-surf ace water tunnel, 52-56 
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high-apeed wster tunnel, 4,7-37 
aydropaooes, <B, 64 
photographic equipment, 42-51, 50- 

•I 
polarised light flume, 1,5,77-85 
simp tariUties, 66-68 
mund-meaauriag equipment. 62-65 

Hydrodynamics, tests, 35-37 
cavitation, 11,33-33,38-37, 62-63 
depth charges, 346-346 
force, 26 
powered model and exhaust tests, 37 
prtssure distribution, 36 
apeed, 34 

Hydrofoil tests, 250-270 
eavitation, 355-370 
diMuuH of hydrofoil, 351) 
hydrodynamics, 351 
innnile aspect ratio, 250-363 
Untalkticn, 259 
Reynolds Dumbrr ami  turbulence, 

355 
theoretical rliaracteriatics, 263 
tunnel wall interference, 353 
wind tunnel measurements 383- 2*5, 

389 
Hydrophones for hydrodynaaur stud- 

ies, 63,64 
ADP.64 
AXtS;M 
free-arid calibrations, 64 

Jet-propelled torpedoe* 

Karmia timil (wake Uniting), 147,316 
KoptrtabUUiagria* 75-77 

Launching taak for proiectiav*, 5, 
35-89 

draiOapwiflratio«,»7 
density of sir, aft 
purpose, 3,5,35 
requirements, 86-38 
surface traataa, 38 
rariabh pre—ri aw—ehlaa; taak, 2 

launching taak for projectiles, eoa- 
ctnwtMM, 38-83 

dau analyser system 17-38,51-63, 
asnaeber. 40-43 
•Mia taak, 33-40 
rcAjordtag nawrss, 44 
trajectory recording system, 43-51 

Lift force 
coefficient  eui res for hydrubumlw, 

211 
iMaatwll,18S,275 
esfact of projectile components, 182 
muem bodies, 193-194 

,185, Ml 

influence of yaw, 193 
ictsiion to moment, 172-171 
torpedoes, 211-215 

Light Borne, polarised 
see Polarised light flame 

M38A3 practice bomb, 353 
hydrndy namic characteristics, 256 
physical dimensions, 254 

Manometer, multiple differential, 21- 
33 

Mark S acoustic unit (amplifying sys- 
tem), 04 

Mark 13 torpedoes, 135-186,203, 236- 
239 

cavitation, 198,325 
dunenaions, 203 
effect of ring tail, I7H, 238 
modifications, 336 
moment coefficient, 178 
pitch angle and rudder netting, 219 
power, 217 
shroud-ring tail, 226 

Mark 14 torpedo, 197-108 
ravitation, 236 
dimensions, 203 
hydrodynamic properties, 198 
pitch angle and rudder setting, 219 
power, 207,217 
presmrr distribution, 230-222 
stability, 197 

Mark 15 torpedo, 303,207,217,219 
dimras>oo*,303 
equilibrium conditiow, 219 
power, 217 
prtssare distribution, 231 -233 

Mark 25 torpedo, 306 

piimuiD distribution, 321-332 
Mark 36 torpedo, 308-309,2S-229 

eavitatioa. 225 
dusBtasoos, 303 
nwdifieaUuaa, 228 
pilch sagfe and rodder nttiag, 219 
power, 317 

Mark 41 depth charge, 348-349 
characteristics, 346 
drag foree, 18b 

Mark 53 depth charge, 251- 252 
MsemrhusrtU Institute of Technology, 

brnUmile studies, 33 
Moment enemnteal of projectiles, 381 

set alas neater name a/ pnjeetUe 
Moment of foree, 173-163 

damping ammeat, 193-195 
effect of eavitatioa, 147-1 SI 
effect of projectile On tail, 176-177 
e**t of projectile length, 182 
ofen of riag tails, 178,338-337 
evaluation of  theoretical  moment, 

173-174 

relation to lift, 173-173 
Mortar, flO-mm, 337-238 

flow-line drawings, 238 
foree coefficient curves, 238 
physical cfaaraeterisUcs, 237 73S 
stabilising device, 238 

Mousetrap depth charge, 245-348 
M. 8. Eyritc (hrntonitr), use in flumes, 

2 
characteristics, 27 
purification, 34 
enaction with metals, 27 
sensitivity to mineral content uf wa- 

ter, 34 
streaming <louhk* refraction, 33-34 

NACA 4412 hydrufoil 
see Hydrofoil tests 

Nsvsl Ordnance laboratory, 64 
New London depth chsram, 345-246 
Noise from ravitating prosTtiles 

SM Cavital ioa noiar 
Normal foree on projectile bi»lv, 171 
Nose shapes of projectiles 

a* rrojcetilr nose shapes 

Pantograph machine, 67 
Photocell 

use ia pressure gauges, 19 
use ia projectile launching tank, 43 

Photographic equipment for hydrady- 
namic studies, 56-61 

portable camera, 86-60 
processing facilities, 58,80-61 
trajectory recording system, 37, 43- 

61 
Photography «f mvitatiim,  127-133, 

36U 
bubble ditnrtiMim rnrusuremrnt, 137- 

130 
ogive projectile nose, 119 
apherogive projectile nose, 130-181 

Pitch angle, definition, 375 
Polarised light flame, 1,5,27-36 

applications, 39 
beatoaite. 27,33-34 
cirrmuting pump, 27-29 
ensapsrison with water tunnels, 27 
construction, 27-39 
rtfluatf section, 39 
light source, 39 
mechanisms for studying fluid How, 

29 
operation, 27,35 
polarised screens, 27,29 ' 
rlreaaaiag double refraction, 30-33 
tobacco mosaic virus, 34 
working eeelloa, 39 

Pressure distribution tests, 36 
mi usuring equipment, 31-32 
torpedoes, 330-223 
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10-31 
ativitira.31 

control punt, 30 
differential prwure war. 31 
brdraabr uwMaW«i ayatrra, 30- 

31 
photocell control, I* 
principle of opccatfoa, IS 
aeaaitlvtty »i raagr uf ayatem. 30 

Projectile, air-lauacaed 
nor ahapra, 73-72,77 
trajectory,4 
water-entry aUkliea, 301 -303,300 

Projectile afterbody, 70-83 
hoofn*. 80 
conical taper*. 80 
damoiag ud etahikty, 100 
depth chargui, 83 
'•rag force, 180-103 
W aflcrbodir*, S3 

flow daigrojna, 71MB 
ogive*, 70-80 
roceaned, 80 
rnrkrl aoaalra, 83-83 
JUM'IOglVMI, flD 
torpedo. 82 

FWjn-ttlf  IllifB 
l>U hodie*, 171-174 
flow diagram*, 93 
apta-rogivrmarahape, I3B-I37 

Projccliie dynamic* withia cavitMion, 
104-108, 108-111 

ft aim Ca vitalion 
cm** force, 110, 111 
curvature of path, 111 
lira*- form, 110 
t-uVet of hudy xhapc. 111 -144 
efcet of now ahape*, 11 l-l 17 
-Qatbbnwai yaw tag*-* within bub- 

hlnOIOIII 
•igMlamee of babble 

110 
Projectile entrance into water 

rYoJMMJfel 
ant I —ehfcag tank for arojrrtilai 

PrarcUtraaaanvitatkia, 111-133,151- 
151 

bubble fonaaUoa, 110,133,130,131 
133 

rarity ayainvlry, 147 148 
rWertnfipaui   etep. 133 
rffect of yaw tag*. 133-130 
effect on hydnatyaajaie forma. 134- 

m 
eUapanVfcluiaw.llS 
hrwiaphc final  noar.   113.   130-130. 

1S4-I3S 
incipient cavitalioa, I IB 
aeaamann from photograph*. 133 
method of leating, 118 

ogive ahape. 113, 118-138. 131-133 
remwunendaUon*. 117 
rcaattannr to eavitalioa. Ill, 117 
•election of aoar ahape, IIS 
•phcragive ahape, 126-183 
•CfUare-end ryliader, 115 

Projectile aoar •hapra, 0B 70 
tar-launchcd projectile*. 73-76,77-78 
rbararteriirtiea, 111-117 
ranacal tapera, 73 
damping and "lability, I".«», 340,24ft 

348 
drag forre, 187-101,348 
rllipanida, 70,113 
low diagram*. 80-70 
hr-inwpherir*l75.ll2 
high-velocity projectile*, 78 
Knpf nag, 71-77 
modified aquarc-rnd cylinder*, 77 
modioed taper*. 77 
noar* with common lengt h, 78 
ogive*. 71,73-70,113 
pirklr barrel. 75 
•election of ahape. 60 
•phrroajve. 71-73, 78.118-117 

Projectile *t*htlity. I9S-300 
criteria lor Mahihty. IM-IH7 
definition, 105 
dependent factor*, 197 
rUrrt of vartoua component* 

100-300 
formula, 108-197,342 
Mark 14 torpedo, l«7 
aoar ahapr. 100,340, 348-348 
proppaVra, 380 
rwddera, 198 
•pinniag projectile*. 330,343 
tail atrurturr. 107,1*0,340-348 

Pnjertifeiaib.83-03.175-184 
body leagUk, ITS, 181-188 
daaaphaf, I80-3O 
deafen veimhle*. 174-184 
drag (am, 180-103 
eOVrUvearaa, ITS-IT* 
faa talk. 84-84,  178-181.  181-184 

333-333 

78, 

form and action, ITS 
formdrng, '88 
aaoaaeart coriocloot, 17w 
ana-iiilalingpiujiiililn*, 178-184 

operation, 83-84 

pwrpoar, 83,175 
rise talk. 8MB, 177-184. 338-338, 

333-337 
rwddera.103 
aqoaf* talk, 49 
••ability. 107, l<M-300, 140-348 

Projectile trajectory recording avatrm. 
37.43-41 

camera drive motor. 45-47 
light aouree, 48-51 
magasine loader, 47 
optical roverage of camera*. 43-44 
recording *p«rd, 44 45 
•phenol window*, 42-43 

Projectile yaw 
•irpth charar*. 345 
effect  of ravilatton,   '10-111,   123 

I2», 138-137 
rffect on hydnMlynamic rharsrterin- 

lira, 103 
torpedoea, 230 

Kef raction, double, <4 rryctabi, 30-34 
Ivntoniti-, 33-34 
n-qwircnirnl*, 30-32 
tobacco n»i**it vinaa, 34 

Keynold* mimhrr, 185, 381,378 
King tail*, projectile*, 85-02, 177-184 

238-238,233-337 
ail vantage*, 238,333 
body length. 177. 181-183 
boom mounting, 80-00,177-178,334 
ronparioMi with fm tail*.  175-178, 

184,332 
force eoHHrirat carve* ,181 
high-drag ring taila, S3,181 
hydrodyaamir lorre*. 178, 238,338- 

337 
mminted <m extended fm*. 00-W3 
•hroud ring, 238 
with rxhaawt atari, 02 
with ogival af tcrhodio*, % 

Korketa, 80-80 
roKapaiMe Kn*. 81-85, 183-184 
fuwd 8a*. 84-85 
low-vdority, 77 
aai— at ropaVicnt, 178,335-338 

,83-83 
ekrt booaa*. W-l" 

aae of boom*, 80 
Rorkpta, nun nitaliag. 330-337, 330- 

341 
Ji» inch AA rocket, 334 
2 JO inch rocket (baaonka), 335-337 
4 >4 inch rocket, 333-334 
5 mrh H V AH rochet, 330-333 
7.3 inch ehrmieal rocket, 380 
arneral fiataiia, 330 
hydrodyaamir ehararteritic*,  3SA 

2*0,330-341 
Korfcrt*, roUltag. 330-344 

3.5 inch rocket, 340-141 
4.5 inch H K rocket TtHKX; 242 
5 inch MHK. 24* 
15-cm (ierman *pini«-r rocket, 341- 

343 
general featare*. 33M 
krdrotiynataK riawnctcriatic*, 25V 
proprflant burning, 330 
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•lability, 330,343 

RoS recorder for projectile*, 81-234 
7 lurk depth charge, 345-34* 
7.2 inch rnemical rocket. 380 

r force on project ik- body, 171 
60-nun mortar, 227-338 

How-liar drawing*. 338 
farrr coefficient curve*, 238 
pbyntcal Hunrtfiwlw, 2*7 
•labiliiing device*, 238 

r%ta4rirt inn drag. IH6-1K7, 189-192 
rauar, 198 
eoegicient, 188-187 
enVet of ravitation, 137-140 
nffret ul projcetilr tail, 189 
formula, 188-187 
projectile body length, 18» 
turbulent Bow, 188 

Sound imrk| rawqanrnl, hydrody- 
naaur at udira, 82-85 

amplifying awl Altering equipment. 
84-85 

cavitati-m uuiar., 10 
f c»r-«eld canhratioa*. «4 
hydraphuar, S3 

internal rrcrivms 84 
•ound reflector*, St 

Mound   prcaaurc, effect  of cavitaiion. 
180-166 

Hound   rruWtor*   for   hydrodynaniic 

xtudir., It3 
tfnwincation*    for    nmtrolk'd-ntnHw- 

phree la—ehing taak, 37 
Hpccincat ion* for hign-apced water t un- 

arl,7-ll 
balance equipment far farrr mraxur- 

UM-uta.9 
rcquirrmtat* for cavitattoe, atudtns 

II 
velocity, 8 
working aretion, 8-8 

Mpin-*abinaed rocket* 
•nr Horkrta, non-rotating 

Mojaid   (Britiah   depth   rharaM,  249- 
251 

dragtwnVnat, 188-IW 
phyaieal rnaracterMka, 346 

rrllt rocket, A inch, 244 
*al»«ty of projectile* 

aw Projectile liability 
ttrcamliar body, dnnaition, IK* 

TBSKS rocket, 343 
TnibofproinrtiaH 

•arlVojertuVUHi 
Taak, <oatron>d nUnanpbi i>- launching 

aw Lauaening taak lor projectile* 
Taylor MooVI Baaaa, 34 

3.5 inch rataling rocket, 240-241 
Tobareo moaaic virua. 34 
Torprdo, aircraft 

•er Aircraft Inrpedoca 
Ttirprdae*, 203-229 

adiuaubtr n Hklcr*. 85,175 
afterbody *h*pe. 82 
-irrraf t, 3,75,20-207 
ravitation. 138,152-153.221-228 
diraenatooa, 303 
6a talk, M 
hydrohnmh*,   303-307,    314,   217. 

225 
Mark 13; 135-138,226-229 
Mark  14;  IH7-IW, 303. Z17, 2V.L 

223,225 
Mark 15; 209.307.217,2I», 221 
Mark 25; 303,305,223 
Mark 38; 308-30H. 238-229 

n*r«i»8r«l tons, 228 22!) 
nnar ahapi', 135-138 
pilch  angle*   and   rudder  m-ttinf 

217-?!" 

power, 218-317 
purpnar of tail. 83 
abmud nu| tail, 238 
trajectory, 3 
wafct-burnr, 303,307- 20W 
water-entry Mudie*, 309 

Torpedo**,  force  mnwtrmnii*    198, 
ana, am* 21 :* 

era** force rccfficicat, 311-2IS 
dependent factor*. 311-215 
drag and poirrr requirement", 218 

217 
drag coefficient, 315-317 
luuilllwiuiii running condition*. 217- 

319 
bft and moment, 211-215 

Torprdora, prraaart dtetribution, 219- 

214 
application   of   meat urrd   data, 

333 
I'ffeet of component ahape, 221 
effect of yaw, 321 
mrthodof mraauring, 219 
teat nonjta, 230 

Trajectory recording r^atem for pro- 
jectile* 

arc  Projectile  trajectory recording 
ayatem 

tH inch AA rocket, 334 
2 JB inch rocket, 335-237 

coftnpafcfenu talks 235 
force and moment coefficient*, 236- 

338 
ring tains 338-337 

I'nderwaler projectile dcaign 

art Hydrofoil I 

t'nited Khor Machinery Corporation. 
308-307 

Variably prcaaurc launching tank, 2 

Water entry of projectile* 
•er Hultblc*, entrance 

Water tunnel, 165-150 
arc si«i Hydrofoil t«aU 
larkground noiae, 156-159 
ravitation nniae meaaaremi-nt,  I.V>- 

158 
nMnpariaoB    with    polariaM    liarlii 

Hume, 37 
corrert torn to teat data, 277-278 
directivity   pattern  of  hydrophom 

•yatem. 155-158 
hteuaniag irnWtora, 155-158 
nowrfrotn circuit variable*. 157 

uurpoar, I 
Water tunnel, frre-aarfaiv, 52-5H 

air aepnralor, 58-58 

rompariHoo   with    ptdariRtl    light 
flume, 27 

purpoar, 5-8 
working arrtkin, 53 

Water Utnnrl, kigh-apred. 4,1 37 
air reaauva) and flow atrn:|4<<ening, 

14 

balance ayatrm, 18-18,31 
cirrakMing pump UMI drive, 11 
roraparuna   with   potahartl    light 

{hunt, 37 
cooling circuit, 18 
<b/nananirter, 12 
i—LUtial eomponenta, 7-8 
Sow circuit, 11 
rwwtjr, 14 
operating terhaanuea, 24-37 
operating vmriabaia, 35 
prraaure diatributioa mraauring 

equipment, 31-33 
urumut gnagfja, 19-31 
pr> aaan ragulating eircuita, 15-16 
purpoae and apeciheatioaa, 7-11 

•peed control, 13-13 
teata, 35-37 

working apctioa, 16 
Water-borne torpedora, 

Mark 14 and 15 arrlea, 307 
Mark 38 torpedo, 308-200 

Weatinghouac. 306-308 

X-43 depth charge, 345-348 

Yaw angk*, dehnitioa, 376 
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