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NOTES ON THE ORGANIZATION OF NDRC

The duties of the National Defense Research Committee were
(1) to recommend to the Director of OSRD suitable projects
and research programs on the instrumentalitier of warfare,
together with contract facilitien for carrying out these projects
and nrograms, and (2) to administer the technical and scien-
tific work of the contracts. More specifically, NDRC func-
tioned by initiating research prujects on requests from the
Army or the Navy, or on requests from an sllied government
transmitted through the Liginon Office of OBRD, oron its own
oconsidered initiative an a result of the experience of its mem-
bers. Proposals prepared by the Division, Panel, or Committee
for research controcts for performance of the work involved in
such projects were first reviewed by NDRC, and if approved,
recommended to the Director of OBRD. Upon spproval of a
proposal by the Director, a contract ermitting maximum
flexibility of scientific effort was srmanged The business aspects
of the contraet, including such matiers as matenals, cdearances,
vouchers, patents, priorities, logal matters, and administration
of patent matters were handled by the Fxecutive Beecretary
of OBRD.

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

Division A—Armor and Ordnance

Division B—Bombs, Fuels, Gases, & Chemical Problems

Division C—Communication aad Transportation

Division D—Detection, Controls, and Instruments

Division E—Patents and Inventions

In a reorganization in the fall of 1142, twenty-three admin-
istrative Jivisions, panels, or committees ware created, sach
with & chief nelected on the bass of his out-tanding work in
the particular field. The NDRC members then became a re-
viewing and advisory group w the Director of OSRD. The
final organization was as follows:

1—PRallistic Reacarch

2—Eflerts of Impact and Explosion
3—Rocket Ordnance

4—Ordnance Accemorien

5—New Minsiles

4—Hub-Burface Warfare

7—Fire Control

Division #—Explosives

Division 9--Chemistry

Division Io——Ab-urbenh u\d Aemunln

Division
Diviss
Di"l
Division

Division 13—Electrical Communieation
Division | 4—Radar

Divieion 15 —Radio Coordinat
Division 16—Opties and Camouflage
Division 17—Phywics

Division 18—War Metallurgy

Division 19—Miscellaneous

Tropical Deterioration Administrative Committee
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NDRC FOREWORD

x EVENTS of the years preceding 1940 revealed

more and more clearly the seriousness of the
world situation, many scientists in this country came
to realise the need of organising scientific research
for mervice in a national emergency. Recommenda-
tions which they made to the White House were
given careful and sympathetic attention, and as a
result the National Defense Reseaich Committee
INDRC] was formed by Executive Order of the
President in the summer of 1940. The members of
NDRC, appointed by the Fresident, 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 units.

The Summary Technical Report of NDRC iy a
cor.acientious effort on the part of NDRC to sum-
marise and evaluate its work and to present it in &
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 that group. The first volume of each group’s report
contains a suminary of the report, statinz 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 “state 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, panei, 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-sponsored researches which

. had been declamified 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 seriez on radar by Division 14 and the monograph
on sampling inspection by the Applied Mathematics
Panel. Bince the material treated in them is not duph-
cated in the Summary Technieal Report of NDRC,

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

In contrast to the information on radar, which is
of widespread interest and much of which i# released
to the public, the research on subsurface warfare is
largely classified and is of general interest to 4 more
restricted group. As a consequence, the report of
Division 6 is found almost entirely in its Summary
Technical Report, which runs to over (wenty 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 methoda and results of widely varied rescarch
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.

VANNEVAR Busu, Director
Office of Scientific Research and Developinent

J. B. Conant, Chairman
National Defense Research Cormmiltee

JBRDIRDERITSAS. v
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FOREWORD

Snomv ArTER Section C-4, later Division G, wus
organised, the development of certain projectiles
wes uudertaken. It soon became clear that additional
data were required about how certain features of pro-
jectile design, such as shape, weight distribution.
ete., 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 ta secare both accurate
travel to the target and efficient utilisation of the
applied propulsive forces. Whether these ohjectives
are met in & particular design dependa in part upon
performance determined bv *he resultant effect of the
aerodynamic and hydrodynemic, or, to emplov one
term, fuid dynamic force to which it is subjected in
ita travel. This report deseribes laboratory facilitiex
developed and methads employed to establish defi-
nite relationships between performance and design
features, and the Aluid dynamic frees to which the
projectile is subjected. Also, the report records the
results of investigations on many projeetile models,
and, in addition, discusees quit fully certain cavita-
tion phenomena obeerved.

Following early studies, the Division in 1841 con-
tracted with the California Institute of Technology
to provide additional facilities in that Institution’s
Hvdradvnamics Laboratory and to conduct tests

pertinent to the above objective. The facilities of the
Hydroc' ynamics Laboratory were gradually expanded
and methods for studying the dynamie behavior of
projectiles were further developed. In addition to
studies and tests upon projectiles being developed by
Division 6, the laboratory was also able to unaertake
tests and supply data 1o other agencies also carrving
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 is obli-
mated for the preparation of this very complete re-
port. The Division is also very appreciative of the
fact that the Navy permitted the authors to complete
this report. after transfer of the project from Division
to Navy support and direetion.

The Division feels that while this report describes
the work nundertaken primanily jor the use of the
Armed Services, it also contains material of interest
and value to civilian science and technology and it 13
hoped that steps can be taken to declassify substan-
tial portions of the information presented.

Joun T. Tam:
Chief, Divicion 6

CORMERMPiL vil
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PREFACE

18 VOLUM Y presents the resultsof 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 theantisubmarine program.
Later it was generalised to include the observation
podanalysisof thehydrodynamic forcesof bodiesmov-
ing through fiuids 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 projectiles.
Little time was available for research along basic
lines. When feasible more generalised dats 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-
ization. In preparing this volume, an attempt was
made to organise and analyse thic mass of data with
the objective of asceitaining the basic factors in-
volved. This was a lengthy process which required
more time than was avsilable 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 organisatior: generously
permitted the laboratory to complete the preparation
of the report. ‘Thus it was possible to presert the data
in & much more general fashion than could have teen
done otherwise. This general information ia basic to
the design of nearly all projectiles and allied bodiex
and contribites to ihe undemstanding of the hydro-
dynamic phenomena involved. Such information is of
lasting value, not only to the problem of national
defense, but tu many ather problems of industry and
civilian technology.

In closing these remarks, the euthior wishex to take
tkis opportunity to express his appreciation to the
stafl of the Hydrodynamics Laboratory without whose
loyalty and sincere effort this report could not have
been posmaible. In thinking of the ntaff of a research
lahoratory, one is apt to include only the highlvy
trained technical personnel and to omit others who
cuntribute very important and vita! skills and effors.
This is not the writer's intention since he feels that all
personnel made significant contributions which are
hereby acknowledged.

RomErr T. KNare
Editor

L ix
UNCLASSIFIED



CONTENTS

CHAPTER

1 Development of the Laboratory

2 Labcratory Facilities .

3 Eﬂect of Projectile (‘omponents on the Flow

4 Cavitation and Entrance Bubbles .

5 Nose (‘avitation—Ogives and Spherogives

6 Hydrodynamic Forces Resulting from (‘avitation
on Underwater Bodies . .

7 Cavitation Noise from Underwater Pm)oculea

8 Forces on Finless Body Shapes. .

9 Stabilizing Surfaces on Nonrotating Pm;eculeu .

10 Effects of Projectile (‘omponents on Drag, (‘ross
Force, and Lift

11 Effect of Projectile (' omponents on I)ampmg and
Dynamic Stability

12 Effect of Experimental ‘vurubles on an Alr—
Launched Projectile Trajectory .

13 Torpedoes.

14 Rockets and other \'onrotaung Pro;ectlles wnth
Stabilizing Surfaces . . .

15 Spin-Stabilized Rockets.
16 Depth Charges
17 Air Bombs .o
18 Two-Dimensional Bodies
19 Miscellaneous Investigations
Appendix .
Glossary .
Bibliography .
Contract Numbers
Project Numbers.

Index .

‘o

UNCLASSIFIED

118
134
155
171
175
185

193

xi



Chapter 1
DEVELOPMENT OF THE LABORATORY

11 PURPOSE AND HISTORY OF THE
LABORATORY

Laboratory Objectives

URING THE FOUR-YEAR period from the [all of
1941 to the fall of 1945, the Hydrodynamices
Laboratory of the California Institui< ot ‘[echnology
[CIT) devoted its entire resources to the prosecution
of a war research program for the Office of Scientific
Research and Development [O8RD] under the direc-
tion of Division 6 of the Nationa! Defense Research
Committee | X DRC']. The general assignment was to
oheerve and anslyse the hydrodynamic forees acting
on bodies moving through fluid media, and to de-
velop shapex for these bodies that would result in the
specifiz performance charactevistics desired. With
very few exceptions, the bodies studied were pro-
jectilen. The larger part of the time and energy avail-
able was uved in studying the hehavior of projectiles
whowe trajectories were either partly or wholly un-
der water. However, a very significant part of the
laboratory nctivities was given over to work on air-
flight projectiles operxiing at velocities enough lower
than th+ velacity of suund 8o that the air could be
considered incompressiole. Much consideration was
also given to the water entry problems associated
with air-launched underwater projectiles such ax
aircraft torpedoes and antisubmarine rockets.

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-NLL). The ini-
tial task of this laboratory was to study the broad
aspects of the antisubmarine program. In June 194},
Robert T. Knapp, a member of the CIT Mechanical
Engineering Department, was requested to act asa
consultant of the New London Laboratory on varioux
hydrodynamic 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 chaige in use at that time. One of

the several disadvantages of the Ashean wax that itx
feli veloecity was so low and its trajectory so erratic
that the probability of securing a hit on a moving
submarine operating at or Lelow medium denth wus
very low. It was felt that a harrs g of kmalier, fast-
sinking charges would have a much higher prohability
of securing u hit. Soon after the development of the
high-velocity streamlined charge wax begun. it be-
came evident that serious problems roncerning its
stability and the prediction of its trajectory must he
overcome if a atisfactory weapon was to be obtained.
This meant that it would be necessary to determine
the 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
serodynamic prublems for the Army, Navy, and
various manufacturers, and that it would be impowsi-
ble to obtain results for 2 long a period and as
rapidly as would bhe 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.
Theiefore. in August 1941, the construction of a
small water tunnel for the purpoee of studying the
underwater behavior of projectiles wax proposed and
spproved. The project was undertaken by the ly-
draulic Machinery Laboratory |[CIT-HML) hecnuse
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 stafl was immediately organised, which included
& group to design the special apparatus and instru-
ments needed, and the tunnel was put into operation
early in the spring of 1942. It remaie - 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 ancther small project—the de-
sign and conrtruction of a polarised light flume. The

COUTIB KT 1
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2 DEVELOPMENT OF THE LABORATORY

purpos2 of this development was to furnish a tool for
use in studying the flow pattern around underwater
projectiles. 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 such a marked de-
gree that they could be used to make flow visible.
Permission was therefore requested and obtained
from Davis R. Dewey 11 for the use of this de:~lop-
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 acuracy of the force measurements was
relatively iow but it was adequate to give the infor-
mation required for the problems that presented
themselves. The accuracy of the laboratory improvad
rapidly with experience and was able to keep puce
with the needs of the program.

The first projectile that was studied in the tunnel
was the streamlined depth charge that was responni-
ble for its initiation. Before the work on this projectile
was completed, a demand arose for the development
of an instrument case {0 house some delicate equip-
ment to be towed by a cable from an airplane. To
secure matisfactory operation of these instruments it
was necensary that this case should have a low drag,
should be very stable, and should have slow responses
to disturbing guets in the air.

Early in the life of the lsboratory a close lisison
was set up and continuously maintained with the
rocket program being earried out for NDRC Division
3 by CIT under Contract OEMar-418.

The first group of rockets Co be studied were of the
Mousetrap type of depth charge which were in the
same gemeral 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-flight rookets for gemernl ume against
land or surface targets.

In the winter of 1942-1943 the laboratory aseign-
meat wis expanded to include the first of a series of
projectiles from Army Ordmance through requests
originating at the Ballistic Rescarch Laboratory at
Aberdeen Proving Ground, Maryland. Included in
this series was the basooka. In the initial models this
rocket had shown evidence of having insufficient sta-

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

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

During 1942 the laboratory also made an investi-
gation on the first of a long series of torpedoes of all
types. The torpedo wax the first prujectile to be
studied which had movable fins controlled by a steer-
ing mechanism. This required a much more elaliomate
serien 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 fimt problem to he presented concerned the
stability of the Mark 13 turpedo and its behavior dur-
ing water entry. The enmuing study resulted in the
suggestion that the “ring tail” be added to the exist-
ing stabilising fin structure, After a rapid but thor-
ough veries of full-scale laboratory and tield tests,
thin suggestion was adopted. Torpedoes so equipped
saw much field service before the close of the
war,

The problem« involved in the performance of the
aireraflt torpedo included not only its performance
characteristics in the steady running state, but abso
its bohavior in air, the phenomenon of water entry,
and the behavior while nperating within the cavity
formed when it enten: the water. These phases of the
operation before the torpedo reached its steady run-
ning state involved phenomens which could not be
studied adequatcly by the use of the water tunnel
alome, Furthermore, by this time the original staff
had increased tenfold, and the lack of suitable work-
ing space was 8o acute that the effectiveness of the
organisation wax severely impaired.

The Office of Scientific Research and Develop-
ment, therefore, authorised CIT to construet 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 taak
designed for the purpose of studying the entry phase
of the aireraft torpedo trajectory. The second item
was a free-surface water tunnel for use in investigat-
ing shallow-water running operation within the
eavity and the problems involved in underwater jet
propulsion. The building wan designed az & wing ad-
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joining the Hydraulic Machinery Lahoratory, which
made it possible to unify the lshoratory and office
work. Construction of the building was commenced
in July 1944, and it was oceupied in December of the
same year. Design and construction of the equipment
was started simultaneously with that of the building.
The launching tank was completed and preliminary
measurements were made in the spring of 1945. This
development was continued up to the clove of the
conttact. The construction of the free murface water
tunnel proceeded more slowly due to the fact that top
priority had been asigned to the launching tank. The
major parts of the equipment were completed and
amembly was started in the laboratory during the
final month of the contract.

12 LABORATORY CAPABILITIES
AND LIMITATIONS

Oue method of analysing the capabilities and
limitations of the laboratory consists in comparing
the facilities with the detailn of the field of study
amsigned to it. This requires & mpecific statement of
the problem. It may be outlined as follows: The main
field of investigation of the laboratory han been the
st'rrdy of the interactions between air- or water-
through which they travel, as theee intersctions 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 planta, or explosive
charges. In other words, the studies have been
purely aero- and hydrodynamie in character.

(8 R}

Hydrodynamic Problems of
Underwater Projectiles

In order to analyss the subdivisions of the work
move closely it will be profitable tn examine the
trajectory of a typical projectile to see what probleme
present themerlves along the path. The most versa-
tile projectile studied by the iaboratory has been the
aireraft torpedo. It also presents the greatest number
of problems. Therefare, the examination of the parts
of its trajectory from the time it leaves the aireraft
until it hits the selected target will rerve to bring

out the general problems encountered by the lahora-
tory.

The trajectory of the sircraft torpedo may be
subdivided iuto four parts:

1. The air flight from the plane to the water
mirface.

2. Pasage through the air-water interface aml
mabwequent motion within the cavity formed during
thix passage.

3. The underwater run after the torpedo leaven the
cavity.

4 The period of terminal ballistics beginning when
the projectile hitx the target.

A diagram of the trajectory showing these sulxlivi-
vions will be ween in Figure 1.

The hydrodynamic problems involved in parts |,
2, and 3 nearly all center around the external foroes
acting on the projectile and it« resulting motion.
Parts | and 3 have much in common since they are
both concerned with the motion of the projectile in »
homogeneous fluid. The differences that do exist can
be traced to the great differences in density of the
fluids involved, that is, air in part 1 and sea water in
part3. Satiffactory stability and damping character-
intica are necersary for both parts of the trajectory.
However, these characteristics differ widely fur the
two paris beenune, while the mass of the projectile
remasns 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 aystems rather than
steady ones. Furthermore, the forees differ widely in
magnitude, direction, and point of application from
thowe exinting cither in parts 1 or 3. During part 2 the
piojeetile no longer moves through 8 homogeneous
fluid, but is acted on by both the air and the water.
This resuits from the fact that a cavity is formed in
the water during the passage of the projectile through
the interface. This eavity is filled with air and persists
for & cousidernble distance along the underwater
trajectory. During part 3 the drag or resistance to
forward motion becomes of more importance thaa in
the preceding parts of the trajectory, hecause here it
is the determining factor of the underwater speed and
range of the projectile. Another problem arises in
conneetion with part 3. Considerable noise may be
praduced by the projectile as it moves through the
water. Although this noise does not affect the hydro-
dynamic operation of the torpedo, it may be unde-
sirable for other reasons and hence prescnts a problem
for study and elimination. In part 4 the hydrody-

-
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4 DEVELOPMENT OF THE LABORATORY
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Figure I. Typical sircrafl rpedo trajectory.

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

133

Methods of Study
Available in the Laboratory

The general method of attack used by the labora-
tory in studyving projectile characteristics is the isolu-
tion and measurement of the individual properties
one by one under controlled conditions with a view to
obtaining the information necessarvy to understand
the overall performance. The alternate method of
attack ix to cheerve the overall trajectory in order to
determine the resultant forces by analysing the cor-
responding motions at different instants along the
path. When adequatz facilities are available, the two
methods can he worked together to gwod advantage,
the one contributing to the other.

All of the work in this laboratory was carried on by
the use of mudels, most of which were constructed to
the standard diameter of 2 in. The main reason for
using small models instead of full-ecale projectiles ix
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, bui also because the hasic testing equip-
ment costs only a small fraction of what it would for
full-gise tests. Arother very appreciable advantage
which is cspecially 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 uved for all types of basic investigations us
well. In fact, when basic investigations are ccnsid-
ered, the terms “model’ and “model scale’ lowe their
significance.

The lahoratory has available four major 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 subdivixionx of the
typical trajectory deacribed in the preceding nection
will merve 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 arrows
indicating the fields of study for which cach is
adaptable,

Hign-Npeep Water TussEL

This is the most versatile piece of eqiipment 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 forees and moments act-
ing on projectile shapes. As a renult of various modi-
fications and developments, it has been found suit-
able for the following tvpes of measurements:

1. Steady-state forces and momentx,

2. Damping forces.

3. Inception and developmont of cavitation.

4. Forces acting on cavitating bodiex.

5. Noise produc. i by cavitation,

6. Powered 1model atndiex.
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7. The effect of exhaust gases on force and cavita-

Poramizen Ligar Fuome

This is an auxiliary pirce of equipment used
principally to supplement the work of the high-speed
water tunnel. Its chief characteristic is that it gives
the visual picture of the flow around immersed bodies.
These results are qualitative rather than quanti-
tative. It has been eniployed chiefly for the following
purposes:

1. The determination of hydrodvnamically unde-
siral.'» features of existing or proposed projectiles as
evide: ced by the formation of bad eddies, sonex of
separation, ete.

2. The design of stahilising surfaces, especially
ring tails, to set the flow pattern so as to reduce the
resultant drag to s minimum.

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

ControiLep-AtMesPnERe Launcring Tanx

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

following, in which the projectile is surrounded by
the bubble that is formed during the entry. Thesc
problems differ in one important respect from those
of theairflight and the steady-state underwater run in
that in the two lattor phases only one fluid isinvolved
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 nrranged 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 interactiow * 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 con-
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-Svrrace Water TuNNEL

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 offer« a working section in which bodies may be

Fiavrx 2. Application of laboratory equipment to study of torpedo behavior.
CONFIDENTIAL
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6 DEVELOPMENT OF THE LABORATORY

supported in a stream of flowing water 50 that meas-
urements can be made of the force and other hydro-
dynamic charactenistics. 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 air-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 possible to study problems which eannot 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 wili 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 hydrodynamie
forces acting on the body when it is near the surface
are different from thowse acting during deep running.
These forces and their variation with distance to the
surface ean be studied effectively in the free-surface
water tunnel.

One of the unanawered (ueations involved in the
use of jet propulsion in underwater projectiles is the
effect of 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 back to
the working nection again. This is not permissible he-
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 (o 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 measmirements and to observe cavity character-
isties under steady-state conditions. This will be
possible with the free-surface water tunnel since pro-
jectiles can be mounted on a balance above the water
surface and the forces on them can be measured for
any degree of submersion.

CONFIDENTIAL



Chapter 2
LABORATORY FACILITIES

b PHYSICAL ARRANGEMENT
OF LABORATORY

HE LABORATORY FACILITIES of the project are

housed in the new Hydrodynamics Laboratory
building and in the adjoining Hydraulic Machipery
Laboratory. The Hydrodynamics Laboratory, which
is shown in Figure 1, occupies three floors. Labora-
tory equipment is lucated on the basement and sub-
basement floors, with offices on the ground floor. The
Hydraclic Machinery Laboratory occupies four sto-
ries in the left-hand wing of the Guggenheim Aero-
nautics Laberatory building which appears in the
background in Figure 1. The buildings are intercon-
necting on zll three floors of the Hydrodynamics
Labomatory.

Fiorax 1.

Hydrodynamies Laboratory building.

Figures 2A, B, and C show the three fioor plans
and arrangement of major equipment und auxiliary
facilities in both buildings. The total floor space
available is approximately 19,000 aq 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
fioor at the sucond-floor level; the space is used for
additional head room over the water tunnel. The con-
trolled-atmosphere launching tank and the free-sur-
face water tunnel, together with their storage tanks
and auxiliaries, occupy two floor leveis (basement and
subbasement) in the adjoining new building. The
polarised light flume is on the basement level.

It will be noted that in addition to the primary
apparatus, space is provided for all the activities of
the project auxilisry to the main experimental work.
The first floor of the new Hydrodynamies Laloratory
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 floor contains photographic laboratories. The
subbasement 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.

13 NIGH-SPEED WATER TUNNEL

s Purpose and Specifications

The high-speed water tunnel was designed and
constructed to permit the determination of the hy-
drodynamic forees on projectiles when in the airborne
or waterberne phases of the trajectory. The design
of the apparatus is based on the relative-flow principle
employved 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 are:

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

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 hydrodynamie forces on the model may be
measured.

A general view of the high-speed water tunnel is
seen in Figure 3. The emential features mentioned
above will be secn 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 mamn pieces of apparatus
in the Hydrodynamics Laboratory can be seen on the
fioor plan, Figure 2.
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Fisure 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 & 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.

VELociry

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 fpa.

DiMENsIONSs 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 & more definite
and calculable boundary correction to the measure-
ments as compared with other types of working
sectiona.

CONFIDENTIAL



HIGH-SPEED WATER TUNNEL 9

The acceptable model sises and scales determine
the sise of the tunnel. It is axiomatic that models
should be kept as small ar compatible with desired
accuracy and reliability of the test results, since
smallness 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-

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

S—— e m—
SCALE, PEET

Fiourx 2R. Hydrodynamics Laboratory, basement level.
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10 LABCRATORY FACILITIES

Ficore 2C.

rection must be made, An analysis of tue mensure-
ment degired 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 vapeble of furnishing all the necessary infor-
matior. 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 a:iditional
factor entered into the selection of balance type. It

Hydrodynamics Laboratory, subbasement level.

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 jct of
fluid. This precluded the use of a balance which at-
taches axially <o the rear of the body. The ‘wire type
of balance attachments 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.

CONFIDENTIAL



HIGH-SPEED WATER TUNNEL 11

ReqQuineMENTS POX CAVITATION STUDIES

I subiaerged bodies are required to travel at high
sneeds 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: (1) 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.

111 Main Water Tunnel Circuit

Frow Circvir
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 s multiple V-helt

drive having & speed reduction of 2 to }. The pump
discharges horisontally to the right th.rough a diffuser
section into the 5-f4 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
horisontally te the left by vanes into a short length of
343{-in. pipe. From there the flow pesses through a
honeycomb and a reducing nossle to the 14-in. dia-
meter working section. From the working section, the
flow enters another horizontal diffuser which reduces
its velocity considerably before entering the elbow.
From the elbow the fluw enters the diverging down-
comer, which completes the deceleration before the
flow reaches the inlet of the circulating pump.

CircuraTING PuUne axp 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

Fiourz 3. High-epeed water tunnel. Hydrodynamics Laboratory, California Institute of Technology.
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Fioune 5. Elevation drawing. High-speed water
tunnel.

pump inlet showing the straightening vanes. The
wource 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
tunne! may be measured readily. The dynamometer
is coupled to the circulating pump through the V-
belt drive shown in Figure 7. Twenty belts are used

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

Speep CoNTROL

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

Figure 6. Circulating pump for high-speed water
tunnel. View from discharge 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 shrfi. These drive
two shafts of a small bevel-gear diffr.rential. The third

Figere 7. Cireulating pump for high-speed water
tunnel. View from driving end.
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therefore, turns at & spead proportional to the

of the other two. This shaft actuates a
shifter (in this case & selsyn motor driven
a friction clutch and limited in motion by

5?5

Fravaz 8. Circulating
tunsel. View into pump inlet, showing the straighten-
ing vanes.

pump for high-epeed water

stops) which controls the output of a battery of
. thyratron rectifiers. Theee furnish the excitation
field for the shunt-wound dynamometer, and thus
oontrol its speed. It will be seen that any difference in
spoed between the dymamometer and the speed
standard acts immediately to correct itaell. 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 given setting, the average speed is as ac-

b3 9. Ly

tar for elrcuhung pump for
hcb—q)eodwnurunmd Vnwlmm

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

— —] | ..]..1..'-".::'...
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Froune 10. Block disgram of speed-control system for dynamometer, high-speed water tunne).
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14 LABORATORY FACILITIES

duces the flow cross section from 313{-in. diameter
to the 14-in. diameter of the working section in a

The 5-ft diameter tank, besides furnishing part of length of 47 in. The contour is designed to give a uni-
the primary flow cireuit, provides a high point in the
system for removal of accumulated air, as shown in
Figure 12. The honeycomb is shown in detail in

Am REMOVAL AND FLOW STRAIGHTENING

Fiaunz 11. Spesd control gear box for dynassosmeier, Fiavei 12.  Five-foot diameter tank, high-speed water

Figure 13 and its location in the circuit is shown in  form velocity distribution across the flow at the en-
Figure 5. The honeycomb consists of a nest of axial trance to the working section with no lateral-velocity
channeis 1014 in. long and of triangular cross section, components. This rather elaborate design was found
1in. on a side. This design is very easy to build out of necessary in order to eliminate local cavitation in the
light galvanised iron sheet and it has been a satis- noxzsle when the tunnel was being operated with low
factory means of removing the lateral-velocity com- pressure and high velocity in the working section.

ponents at the entrance to the nossle. The nossle ir fabricated steel plate machined to the
specified contour, cadmium plated, and polished on
NozLx the inside surface. Figure 15 shows the piesometer

. rings used to measure the pressure drop acroes the
The nossle is shown before assembly in the circuit nossle from which the velocity of flow in the working
in Figure 14 and after assembly in Figure 15. It re- section is computed. Between the nozszle and the
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HICH-SPEED WATER TUNNEL 15

working section is seen the 234-in. thick dummy pitot
tube block. This 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.

Fioraz 13. Hooeycomb baffle. High-speed water
tunpel.

Worxing SectrioN

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

Frauns 14. Nossie before amembly. High-speed
water tunnel,

which, in tum, iz bolted to the nossle. Locating
dowels are used to insure proper alighment. Unsup-
ported-area type necprene 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 Victanlic coupling.

Figunz 15. Nozsle after amembly. High-apeed water
tunnel.

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

s Auxi'iary Circuits

PrESsURE REGULATING Cincurrs

Several auxiiiary circuita are used in connection
with the main circuit to obtain the desircd operating
flexibility. The water tunnel operates on a closed cir-
cuit in a completely fillcd sytem; therefore, it is
possible to impose other minor flow circuits on this
system without disturbing the main Aow. This princi-
ple is used to obtain pressvre cortrol of the system.

Figurx }4. Working section before sssembly. Rear
b tunnel,

view.

High-apeed water
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The pressure-regulating circuit pump is submerged
in an open storage tank. The discharge goes to the
5-ft diameter tank through the horisontal pipe in
Figure 5. Since the system is full, this same amount of
water must leave the tank through the by-pass valve.
The by-pass valve is motor-operated and is 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 nearly cloeed, the
tank pressure reached the maximum head which
the pressure-regulating pump can develop, ie.,
about 150 ft. Opening the by-pass valve reduces the
head unmtil atmospheric prescure is reached at that
point. Since the working section is about 15 ft
above the valve and since a large additional pressur¢
drop is caused by the acceleration of the flow in the
nossle 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 nsult is that cavitating con-
ditions can be maintained in the working section
for any desired test veloeity. There is an air bleed line
at the top of the 5-ft diameter tank, as shown in
Figure 12. This is opened, upon filling the system,
when the air in the tank is being displaced by water.
For low-pressure operstion 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 Circurr

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, uniees the system is cooled, the temperature will
ris2 to undesirable valies. 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 uf cooled water.

334 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
fow, and the moment about the axis of support. Note
that these components are with reference to flew
direction and not to the mode! orientation. Figure 18
is a diagram of the balanoe system. Basically, it con-
sists of a vertical spindle supported near the ceater
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 perpen-
dicular axes intersecting at the pivot. These moments
are applied by hydraulic pressure through the three

Fiovme 17. Working vevtion after acoembly. Frowt view. High-speed water tunmel.
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sets of pistons, cylinders, and yoke wires as shown in
Figure 19. The three restraining moments correspond
to the hydrodynamic forces mcting on the model. In
order to measure the foroes acting on the model when
it is inclined to the flow, the vertical spindle was made
in two pieces. The model is attached to the upper

Frane 18 Disgram of balaser system, high-speed
wnber tum]l

piece while the supporting pivot and pressure cylin-
ders are attached to the lower piece. By rotating the
upper spindle section with respect to the iower 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 has been built into the structure. The
whole assembly is mounted on s hydraulic lift for
eare in handling and adjusting. It is completely sup-
ported by this lift in the working section even when
in position for measurements.

SPINDLE

The spindle which supports the madel is scen pro-
jecting vertically upward from the top of the balance
in Figure 20. This spindle is removable so that dif-
ferent types ean be installed to meet the varying

Frovix 19, View of balance showing applicetion of
moments hy hydraulic prewure to baianor system.
High ~:xod water tunmel.

needs of the different tests. The spindle pivot point
lies at the center of the bronse ring seen at the top of
the structure. The pivot is made up of two sets of
three pairs of piano wire, Each set forma three equally
spaced elements on the surface uf a cone. The two
vertices meet in a point on the centerline of the spin-
dle. This means that for sinall deflections this point is
the center of rotation foe 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 wirea can he seen in
Figure 20

SzaL
A watertight seal is provided between the balance

spindle and the working section in the form of & soft
rubber cylinder which is reinforced with concentric
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18 LABORATORY FACILITIES

steel rings vulcanised into it. This construction per-
mits extreme flexibility and, at the same time, givesa
structure which will resist hoth internal and external
pressure. It operates satisfactorily from gauge pres-
sures of 50 psi down to the vapor pressure of cold
water. This seal is illustrated in Figure 21, which
shows the deflection of the cylinder under the com-
pression of a (" elamp.

YAw ANGLE ADJUSTMENT

The angle of yaw of the model ix changed by the
rotation of the upper spindie with respect to the

Figure 20. Balance spindle. High-apeed water tun-
nel.

fower spindle, over a range of about ~20 degrees to
+20 degrees. The two spindles are held together by
aspring-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 gpin~
dles which will slip the friction hrake. This torque is
supplied by an electric motor mounted on the lower
spindle. The motor operates a worm which engages a
sector integral with the upper sp:ndle, thereby slip-
ping the brake and turning the upper spindle with
respect to the lower spindle. The control huttons for
angle changing are clearly shown in Figure 22, as
well as the angle-changing motor.

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

Fowce- AND MOMENT-TRANSMITTING SYSTEM

The hydrodynamic moments on the upper spindle
are balanced hy the restraining wirex at the bottom of
the lower spindle as shown in Figure 19. The wires
and yokes shown here transmit the forces to the hy-
draulic pistons. The length of the wires is great com-
pared to the range of movement of the end of the
spindle xo that no error is introduced into the
data.

At the extreme right of Figire 19 is seen 2 pre-
laader. This device applies a spring preload of 50 pwi

TR

Frarax 21, Walertight nesl between halunce spindie
and working section. High-wpeed water tunmel.

to the vil in the evlinder and, at the sume time, com-
pensates for the small but undesired elastic resisting
moment exerted by the spindie pivot wires on the
apindle during the small angular deflections incident
t 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 eylinder arc lapped to a clearance
of about 0.00004 in. To eliminate static friction the
cylinders are rotated at constant speed by individual
motors.
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Pressure Gauges
Princirek or OPERATION

The pressure in the cylinders on the balance are
mensured by weighing-type premsure gauges. A close
up view of one of these gauges is shown in Figure 23
The gauge consists essentially of a beam supported
on a ('ardon hinge pivot. The pressure to he mean-
ured ix applied thiugh a piston attached 1o this
heam. This piston, like the balance pistons, is fitted
in a cylinder which rotates to avoid static friction.
The force exerted by the oil premsure on the piston is

Frurms 22 View of working section and halunce
mechaniom. High-spoed water tunnel.

balanced by pan weightx applied to the end of the
beam and alwo by a rider weight running on the beam,
Unbalance of this beam results in unbalance of the
optical-electrical control svatem which, in tum,
starts & small electric inotor and moves the rider
weight until equilibrium ix obtained.

ProroceLL (CoNTroL

The optical-dectrical control of the equilibrium of
the heam is obtained through use of a photoocell syntem
which is shown achematically in Figure 24. The pyr-

pose of the photncell systemis to obtain control of the
beam by frictionless 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

Fuivme 23, Weighing-type premure gphuge.  High-
speed water tunnel.

Fiainx 24. Schematic diagram of photooell contrl,
igh-apred water tunnel.

the gauge 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 s motor which moves the rider toward
s balanced condition. At the balanced powition, the
two halves of the phototube are illuminated equally
by the beam of light and thus there is no voltage to
eause s movement of the rider. The position of the
rider is indicated by a Veeder counter, and a scale in
chosen such that the counter indicates the applied
pressure directly in pounds per square inch to the
nearest 0.01 psi.

SeENsITIVITY AND RANGE OF BYSTEM

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

Frovae 28, Control panel. High-epeed water tun-

and the reading of the moment gauge in pounds per
square inch is numerically equa! to the hvdrody-
namic moment expressed in inch-poundds. Pan weights
are available in 80 pei units to & maximum of 300 psi.
and the range of travel of the rider weight corresponds
to 50 psi.

CoxTroL 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 indieated. Thereupon

s button is pushed which stops the gauge rider motors
80 that the presmire readings may be recorded.

Hyprauric TRANSMISSION SYsTEM

This hydraulic system composed of the halance
pistons and cylinders, gauge pistons and cylinders,

Fiatre 26, Compensator. Awembled view. High-
speed water tunmel,

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
svstem is essentially a constant-volume onme. The

Firoere 27 Compensator. Dissssembled 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 lights on
the instrument panel.

118 Balunce 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 foree on the model.
On this basis for the cross force and drag measure-
ments, one dial division corresponds to 0.005 1b 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
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Figune 28. Schematic disgram of the differential
pressure gauge, high-speed water tunnel.

responsiveness, which is defined as the magnitude of
the minimum impressed foree on the model necessary
to cause a change in the gauge readings. This re-
sponsiveness is approximately 0.01 1b for cross force
and drag measurements on the model and 0.02in.-1b
for moment.
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Differential Pressure Gauge

PrINcIPLE OF OPERATION

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

oppoeite 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 foree measuring system, are rotated
to avoid static friction. The gauge is actuated by oil
connections from two bodies of oil floating uvn 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
sre horizsontal to permit a large change in volume
with a relatively small change in elevation of the oil-
water interface. This i8 necessary since, duc to the
different densities of oil and water, the reaction of the

Frovre 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 acroes 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 sero volume-change device, the re-
sponse of the gauge to pressure changes is very rapid.
124 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 sise and position of the
model affects this pressure gradient, it is necessary to
measure the pressure in the working section at closely
spaced points along the wall. For this purpose the
multiple differential manometer, seen in Figure 31, is
employed. This is an air-water type with all columns
having ecommon air connections, and in general the
pressure at the beginning of the working section ix

Figune 30. Three-bole pitot tube mounted for use
with high-speed 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.

119 Shields

In order to avoid corrections for hydrodynamic
forces on the exposed spindle within the working
section it i8 necessary to install streamlined shields

Fiounx 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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hydrodynamic forces applied on the model. The shield
in present use for force tests is shown in Figure 32.
This photograph shows the shield, spindle, and model
installed, and Figure 33 shows a dummy shield,

Fiounx 32. Shield, spindle, and model installed in
water tunsel,

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

Figure 34. Shield wed in connection with visual
observation of cavitation.

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 & 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 tests,
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Fiauvne 33. Shield, spindle, and model group with added
image shield (sbove model) instalied 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 maodel is mounted di-

Fraune 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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tion to the two types of shields described above,
a shield has been developed for the simultaneous
measurement of cavitation and force data. This
shield also is a cavitation-resistant David Tavlor
Model Basin shape, and the spindle employed is
elliptical in croes section so that for small angles of
yaw the required rigidity is combined with the nec-
essary slenderness,

1% Water Tunnel Operating Techniques

Mobrrs

The models used are exact geometrie repliras of the
prototypes iwithin the tolerances of the precision
machine shope employed. Most of the models have
been three-dimensional but some two-dimensional
testing has been done. Figure 35 shows two typical

Figure 36. Typical 2-in. di del bled
ahout support section.

two-dimensional models, different lengths of 8 NACA
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-

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

Figune 37. Same as Figure 38 but with model parts
separsted. The ocentral cylindrical section is fastened
to the spinde.

cylindrical body sections from 0.10in. to 0.20 in. long
in 0.01-in. steps and from 0.20 in. to 4.00 in. in longer
steps is available so that any cylindrical length may
be readily made up. The necessary nose, safterbody,
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 securc precise alignment. A concentricity of
about +0.0002 in. has been secured. When a design
of a new budy is submitted for test, & quick survey of
the model parts siiows what elements are available
and what new parts must be made. In general the
model parts are made of stainless steel to eliminate
corroeion 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 cxhaust. The
motors used for the powered models are of a high-
cyele induction type.
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OPERATING VARIABLES

The following quantities concerned with model
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 tests
conducted in the laboratory involve a systematic in-
vestigation of the effect of one of these variables while
all the others remain constant.

Fiqgure 38. Typical powered model with exhaust stack
for compressed sir simulatinz turbine exhaust.

+

m" i

Fiaume 39. View of tail showing propeller and ex-
haust 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-

sure gauges at the instrument penel. Insteml of the
yvaw angle being the variable, the pitch angle may he
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 rame way as the yvawing test. In addition, the
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Fiavne 40.  Typiesal plot of a foree test.

rudder angles may be successively varied from up to
down or from port to starboard to obtain this effect
superimposed upon the efiect of vaw or pitch angle.
Studies may be made of models with successive
changes in components such as nose shape or fin sise
in order to obtain the effect of the mode! geometry.
The results of the testx are plotted ag they are ob-
tained. Figure 40 is a typical plot of force test.
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Sprep TrsTs

Tests are also made in which the principal variable
is speed. In this case the hydrodynamic forces on the
model are obtained for a speed range of from 10 to 70
fps, usually in 5~{ps increments. Here again different
model components may be tested in order to obtain
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Figume 41, Typical plot from a apeed rur.

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-controlied by-pass valve as ex-
plained in the description of the pressure-regulating
cireuit. The absolute pressure in the working section,
at which various cavitation phenomensa occur, is re-
corded both photographically and visually. Figure 42
ilustrates 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 pars-
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 gpindle 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.

Ficure 42A, B, C. Typical photographs cbtained in
cavitation tests.
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FiGure 43 Yot showing the cavitation parameter, K,
at which cavitation oecurs on the tail of a torpedo, as s
function of yaw.

PRrESSURE DisTrIBUTION TEST3

Tests are aiso made to determine the pressure dis~
tribution alout the surface of models. In this case
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 has 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 [or successive yaw

or pitch angles.

PowERrep MobDEL 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.

3 THEE POLARIZED LIGHT FLUME

2 Comparison of the Polarized

Light Flume with the High-Speed Water
Tunnel and the Free-Surface Water Tunnel

The polarised light flume is emsentially 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
wa'er tunnel, or left free to the atmosphere as in the
free-surface water tunnel. It is, however, & very much
smaller piece of equipment as can be seen by the
comperisons shown in Table 1.

Tasus 1. Comparison of flume and tunnel characteristios.

Working section Max
Cross Max rateof Max-
section Length velocity flow imum
insqft inft infps inefs hp
High-speed water 1 (] 75 73 250
tunnel
Free-surface 3 8 25 % 75
water tunnel
Polarised light flume 14 4 6 3 2

43 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 Iayer 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
obeervation. 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.

133 Construction of the Flume

Although only a very small amount of bentonite is
required to produce s 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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Firovre 4.  Cross section of polarised light flume.

is driven by a standard induction motor with an obtained by adjusting a four-leaf pyramid type of
integral variable-speed V-belt drive which gives a valve which is installed on the inlet side of the
speed range of 172 ‘v 1,200 rpm. The velocity, of propeller. Two views of this vglve are shown in Fig-
course, varies in the same ratio. Lower velocities are ure 47. The pump discharges into a diffuser section

B T .

Fiounk 45. The polarised light flume,
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Firovmk 46.  Elevation of polarised light flume,

which reduces the velocity to & very low value with a
corresponding increase in cross section. The flow is
brought to the working section at this low velocity by
meaas of two vane elbows. The flow is accelerated to
the velocity of the working section by & nozsle having
a rectangular cross section. The contraction ratio of
this nossle is 434 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 poasible in
this section. This is done not 80 much to save the
small amount of energy involved, but rather to elimi-
nate all possible sources of disturbauce 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.

a4 Working Section

The working section employs giass plates 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 nozsle 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 horisontal 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 obe 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 obeervation 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 rupported, one
on each side of the working section, by a carriage
which rolls 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 yuffi-
ciently large for most obwervations without the need
of readjusting their position. Provision is also made
for carrving the light source on the same carriage. A
rear view of this light source is neen 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 Le employed.

1 Applications

of the Polarized Light Flume

The majority of results of the studies made in this
flume are reported in the form of sketehes of the flow.
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In order to assist 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 is attached to
the carriage as shown in Figure 52. It is used largely

Froune 47.A4, B. Fourlaaf pyramid-type valve used

with polarised light flume. (A) Closed. (B.) Open.

for determining the angles of fiaw in the various parts
of the field. For detailed studies of the flow the indi-
cations of the polarised light patierns 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, ix seen in Figure 53,
Another technique that hax been found useful is the
introduction of minute air bubbles into the flow by
the use of a very fine tube. At the velocities used for
the studiex the path of these air bubbles is very easily
followed. Great care must be exerted to keep these
bubbles small, however, rince if their sise becomes
appreciable, their velocity of rise will become signifi-
cant in comparison with the velocity of flow and thus
distort their indications. Figure 34 shows the xame
typical bubble paths.

Fisuns 48. Pitch angle control and protractor for
polarised light flume.

8.6

Principles of Operation
StaeaMming DousLe REFRACTION

It is a well known fact that certain crystals posses:
the optical property of producing double refraction
when a light beam is pmssed 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 erystal 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
obeerved because the effects of the different crystals
would cancel each other. If such a system of crystals
were suspended in the fluid, double refraction would
atill take place. The magnitude of the effect obmerved
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would depend upon the uniformity of the alignment
of the axes of the crystals along the given nptical
path. It is apparent that il the optical alignment of
the crystals 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
is to fulfill the requirements, it must possess some
unique characteristics. In the first place, the crystals
must possess the property of double refraction.
Second, the individual particles must be single crvs-
tals or masses of crystals so oriented that they be-
have optically as a single crystal, i.e., their optical
axes must be parallel. Next, they must be insoluble in
the fluid in which they are to be used. If the flow of
the fluid i to have any effect on their alignment, they
cbvicusly 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 least dimension
required to measure the characteristica of the flow,

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

Amssuuming that such material were available, how
could it be used? 1t would be very desirable if it could
be made to indicate the velocity of flow. However, a
brief consideration of the flowing suspension indicates
that this 15 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 tendeney to alter
the orientation of the individual particles suspended
in the fluid. This still holds true if the velocity of the
entire flow iz raised or lowered to any desired value.
It is only when two adjacent layers of the fluid are
considered 10 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, my needle-like or plate-like in form, it is

Fiouns 4. Close-up of working section of polarised light flume.
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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

Fioure 50. Rear view of light source for polnrixed
ight flume.

layers. It will be seen from these considerations that
the information which ean be obtained by the 1se 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 strezming
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
(uantitative 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.

Quulitative measurements are possible in two-dimen-
sional turbulent flow, although quantitative meas-
urements are not vet feasible. At fimt glance it would
appear that measurements of any kind would not be
possible in three-dimensional fow, although experi-
ence has shown that good qualitative measurements
ean be 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 observa-
tion. There are apparently two reasons for this. One
ix that hinocnlar vision makes it possible to differenti-
ate between the flow characte-isties 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-

Fioume B1,

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 niethod of study by the
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laboratory, it has been felt desirable to use turhulent
flow since the indications obtained from purely
laminar flow would have been of little practical value.
As stated in the introduction to this scction, the flow
is actually obeerved through the use of circularly
polarized light. The reason foi thisisthat the phenom-
enon of streaming double refraction is essentially ane
of polarisation. Therefore, if the flow is obmerved
through a beam of light having a fixed image by
polarigation which ean he produced by placing polar-
ising plates on each side of the flume, then any
change in the degree of polurization produced by the
suspension in the flume will be readily visible. Figure
55 shows the general appearance of the working rec-
tion as obeerved by polarized light. Figure 56 shows
the rame model the instant after the motor was

Fieins 52. Ministure drafting machine attached to
carriage of polarised light Aume.

started, but before the general turbulence level had
had time to form.

137 Development of the Use of Bentonite

DEvELOPMENT OoF THE Usk or BENTONITE PoR
Steeaning Dousrr RrrzacTion

There are undoubtedly many materials which
possesa the property of double refraction and which
can be found or produced in suitable states to permit
the necessary correlation between the physical and
optlical 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

been developed which possess the required properties
to such a degree that they become eonvenient 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 Chemieal Engineering Laboratory of

l-'n;rm: 53.  Probe mechanivm, removed from polarised
¥ ght Aume.

the Mamachusetts Institute of Technology !511T].
One of the results of these studies wax that certain
ramples of the mineral shawed strong properties of
streaming double refraction.

The MIT studies had indicated that different
samples of bentonite showed widely varving amounts
of streaming double refraction. At the heginning of
the laboratory’s use of the material it was believed
that all bentonite found in the California mines poe~
nessed the property to a usable degree. This was soon
found to be faise. In fact, most of the samples tested
from all sources showed too amall an effect to be
satisfactory. Because of a seriesof changesof distribu-
tors, the source of the material which had given such
auccessful results was lost. However, it was finally
traced and proved to be material marketed under the
trade name of M. 8. Eyrite. The reason for the wide
variation of the properties of materials from different

Fioae 8. Typical bubbie paths oheerved in polar-
ined light flume.

sources is not known. It is suspected, hawever, that it
is connected with its method of formation or with its
subsequent history as it has afiected 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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cess 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. 8. 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 vo 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 encugh 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, .dince
after a few days’ use in the flume, when expoeed to

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

113 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 ms cerial is
tobacco mosaic virus. Semiquantitative tests thowed
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 theindications were that
the virus produced little, if any, increase., One in-

Fiarre 55. General sppearance of working section
:)f'hpohmed light flume as observed by polarised
ight

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 a2 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. Theee are removed by passing the
concentrated suspension through a continuous su-
per-centrifuge at a moderate rate of flow. The im-
purities aeparate out while the bentonite remains

Ficrrx 56. Same model as in Figure 58 but at instant
after motor started and before formation of general
turbulence.

teresting observation was that an increase in the
concentration asbove 0.3 mg per cc produced no ol
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 appesrs to be more stable, in that
it did not show any signs of floccuiation 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 he 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 Ilocketeller
Insatitute for Medical Research.
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18 'Technique of Operation

StaNDARD STUDIES

Moet of the bodies studied in the polariged light
flume were projectiles or projectile components.
Standard studies consisted in delincating flow patterns
for the projectile in two pokitions, 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 oh-
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 aperator, the ve-
locities were increased to 4 or 5 fps to observe the
efiect 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,

TROUBLE-SHOOTING STUDIES

In several cases the polarigzed 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. These studies
followed the general pattern of the standard studies
outlined, but detailed investigations were made on all
points of powsilile 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 v-13 varied very slowly.

DESIGN OF STABILIZING SURFACES

The polarised light 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 amourt of drag, it ia
necessary to align the surfaces with the dircction of
flow 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 nieans of the small parallel-
motion protractor installed on the permanent gcreen.
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 flow as mearured in the

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

Frow DiagrAnMs

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 sl-
ways hased on the actual observations and an effort
was made to keep the flow directions correct. Figure
57 shows a typical flow diagram,

34 CONTROLLED-ATMOSPHERE
LAUNCHING TANK

Purpose

The primary purpose behind the design and con-
struction of 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 based on this objective. However, the equip-
ment as it was finally constructed is useful for the
investigation of other types of phenomens as well, in
80 far as they require the sume 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.

.01

13 Analysis of Experimental

Requirements

fore 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 serics of investigations in the laboratory, Because of
obvious limitations of space, it is necessary to use
only projectiles of small dimensions for the study.
However, if the results are to be useful, they must be
applicable to projectiles of any desired size. It is &
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 poesible, if care is taken
in establishing the conditions of the experiment, to
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obtain similar conditions for all the significant forces
for two systems that differ widely in their geometrical
sise. Previous to the construction of the controlled-
atmosephere launching tank most of the laboratory
studies of water entry of an air-flight projectile had
been made with small-scale projectiles lJaunched 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

Fiovne §7. Typical flow diagram.

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
surrounds 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 collapee 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 mnall-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.,
1634 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 ita 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 1614 in. in length instead
of 1614 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 small 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 as high as the
submergence, but to a pressure equal to the sub-
mergerce plus 33 ft, i.e., to a column of water 13
times a3 high as the submergence. Thus it i8 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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43 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 anaslyzing system.
These components of course, are related ; for exaniple
swme 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
{t. 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 scaling 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 & full atmosphere. The installa-
tion and operation of the launcher required that a
Iarge opening, which could be opened and closed
rapidly, be provided in the top of the tank above the
water line.

LAUNCHER

The requirements for the launcher were largely
dictated by the specific needs of the study. It was
decided to adopt for the launchiug tank the standard
2-in. model sise used in the water tunnels. The maxi-
mum velocity of entry was set at 250 fpa. It was con-
sidered desirable to make provisions for any tra-
jectory angle [rom vertically downward to horizontal,
Provisions were also required for launching the pro-
joctile 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
necessary.

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 correet weight. specific gravity, and
moments of inertia. Furthermore, each launching
would carry considerable danger of damage to the
projectile as a result of striking the tank at the end of
the trajectory. All these factor: pointed to the neces-
gity of developing a trajectory recording system that
would secure all the data possible with each launch-
ing, even in the case of erratic trajectories. Therefore,
the specification was established that the recording
system: should cover the entire underwater volume of
the tank, as well as the above-water portion contain-
ing the trajectory from the launcher to the water
eurface. it was decided to mpke an attempt to de-
termine five components of motion, i.e., horisoatal,
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.

Dara 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 cither a large stuff of computers or
special mechanical deviees, The decision was made to
follow the latter course. The requirements for the
mechanical analyzer 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 poesible,
that this data should be plotted in the form of curves.
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e 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.

Main Task

As will be seen from Figure 58, the main tank con-
sists of a large horisontal cylinder along one side of
which is fastened a section of a small cylinder. The
purpose of the amaller 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 %uw-in. steel plate with
34-in. dished and flanged heads on each end. It hasa
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 acroes 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 theload without eccentricity,
but to keep them out of the field of view of the re-
cording cameras. Four-inch H-beam ring stifieners
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 plare to the

Figure 88. Coutrolled-stmosphere lsunching tank, Hydrodynamics Laboratory, California Institute of Technology.
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VEW LOOKNG WEST
Fivme 59, Sectional view of eontrolled-atmosphere launching tank.

camera. Very heavy reinforcing was required to carry
the stress around this opening 8o 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 fur opening and cloe-
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 piace under either pressure or vacuum
coaditious during testing. Figure 60 shows the cover
and clampe. 8ix 8-in. nossles are welded to each edge
of the 6-ft cylinder to permit the instalistion of Lu-
tite tubes running from end to end of the tank.
Theee 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 piaced 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 vielding were found at any point on the

Figrre 60. Hatch cover and clamps. Controlied-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

Fiaure 61. Controlled-atinosphere launching tank
being lowered into excuvation for installation,

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

Controlled-atmosphere launching tank.
Filter with one of storage tanks in background. Vaeu-
um pump at left.

Fiaunz 62.

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-
sista 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

Figuze 63. Launcher mounted on open batch cover
with model in chuck.

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
horisontal. 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 214 in. thick and, therefore, is
heavy enough to provide sufficient fly wheel effect to
insure very uniform velocities. The wheel is saupported
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-¢ motor whose speed is controlled electronically.
The control is activated by means of & selsyn motor
driven by chain from the launcher shaft. The plan-
etary gear system which prevents the rotatica 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-
Iash, the center gear of this train is made in three
parts, the outer two being spring loaded against the

Fiaune 64. Plan view of launcher with chuck empty.

central section by small tangential eoil springs in the
rim. The central gear and one outer one mate with
the hub gear, whereas the central gearand 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 clampe 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 srm. The model chuck carries a trip
lever which projects from its axis on the eontrol 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 f 'lowing example. Assume
that it is desired to launch the model at a trajectory
angle of 15 degrees to the horisontal with the 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 unclamped 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 rotetion is
such that the model is now tilted with the nose down-
ward 15 degrees from the horisontal. Careful obser-

Ficune 65. Launcher wheel from side opposite to that
shown in Figure 63. Controlled-atmosphere launching

vation 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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Fiouvre 66. Launcher controls. Controlled-atmosphere lsunching tank.

harizontal 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 scat 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 irstant of tripping. The
model is held in the chuck by means of a finger. This
finger falls away from the model at the instant of
tripping, under the accelerstion of a very stif 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 itsell is counterbalanced by meana of
an adjustable weight Jocated 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 moce! 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.

TrRAJECTORY RECORDING SYSTEM

The trajectory recording svstem is composed of a
battery of synchronised high-speed motion picture

CONFIDENTIAL



CONTROLLED-ATMOSPHERE LAUNCHING TANK

3

cameras using standard 35-mm film. These cameras
may be divided into two groups. The main battery is
for the purpoee of recording the underwater trajec-
tory. It is made up of five cameras installed in a hori-
sontal line slong the 6-ft eylindrical 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

Figure 67. Model chuck. Controlled-atmosphere
launching tank.

these air-flight cameras because their field of view is
limited by the fact that they are oi necessity so much
closer to the plane of launching. If low-angle launch-
ings are to be studied, the cameras are placed at the
center and the right-hand windows. If high-angie 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 magasines 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 60 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-

jacent fields of view ix seen by two or more cameras.
The purpose of this multiple coverage is to make it
possible to use sterevscopic technique for the analysis
of the recorded data. Difficulty was experienced in
designing the system so as to get the desired cove~ge
without the use of a prohibitive number of camr .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 space 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
hy the use of spherical windows in front of each
camera. The installation was earefully designed so as
to put the {ront nodal point of the lens at the radius

Fiauaz 38. Controlled-atmosphere
chuck mechanism with model clamped in position.

launching tank

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 90 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-
perent distance from the camera lens to the pro-
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Figunx 69. Recorder, plan view. Controlled-atmoephere lnunching tank.

jectile is 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 & f 2.3 one-inch focal
length Bausch and Lomb Baltar. These computations
show that the optical characteristics for the under-
water use would be at least as good as thoee of the
lens alone in air, and in one or two characteristics,
even better performance could be anticipated.

The design requirement of & 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 imposesible 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
severz! 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 immcdiately that the
success of the second system depends upon the pro-
curement of a high-intensity light source whoee
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 eystem would
require the insertion of a rotating prism or a rotating
bank of mirrors in the light path between the lens and
the film. Theneeemtyforﬂleuseofuhorﬂocus,
wide-angle lenses makes it impossible to apply this

methn? simply because there is not space available
butween the lens and the film for the rotating system.
Therefore, it was decided to adopt the high-epeed
fiash illumination technique with the resulting sim-
plified camera design. Figure 70 shows a simplified
drawing of the camera and magasine 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 fpe 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 & con-
stant velocity during the recording. To obtain this
with & conventional magasine 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 magasine so constructed that the required
length of film could be spliced into an endiess belt
and laced over & 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 magasines with the cover removed so
that the method of lacing of the endless belt of Alm
is seen. Figure 72 is a similar view from the front

showing the camers in place on the \aagaszine. Figure
73 shows the assembly with the cover in place.

The cameras are all driven by & 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
aervation 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
obeervation 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

Fiourz 70. Drawing of high-speed camera and magatine mounted on tank window flange with spherical window in

plsce. Con -stmospbere launching tank.
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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 | exposures per
stondard 34-in. frame on the film. The inverter will

Ficume 71,

Rear of high-speed camera magasine with
:;ker removed. Controlled-atmosphere  launching

deliver 1 kw of three-phase power. The motor is of
the slotted 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 8o that it can rotate freely.
The power is carried to it through a set of three slip

rings mounted on the outside of th: frame. Two
magnetic brakes are installed, one on each end of the
motor. The brake drum of one is mounted on tho
motor shaft and that of the other on the motor
frame. Before the motor is started the shaft brake is
clamped and the frame brake i3 loosened. The power
is then applied and the motor starts by revolving the
frame, with the armature and consequently the shaft

Fisure 72. Froat view of high-speed camers and
magasine with cover removed. Controlled-atmosphere

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 decelerat-
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ing the frame and accelerating the film drive. When
the frame is brought to a complete stop, the film
drive is, of course, operating at a synchronous speed.
The reversal of this procedure permita 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 films mechanism.

In order to permit the daylight loading of the
magasines, a foot or «wo of the film on each side of

Fioens 73. Camers and magasine with cover in place.
Controlled-atmaosphere lauaching tank.

the splice must be exposed to the light. It would ob-
viously be nndesirable to have thix portion of the
film pass through the camera during the actusl 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 holes. This is made

possible by the use of & magasine loader which con-
sists of a film supply spool, » 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 cyele. This eyele consists
in breaking the film belt. at the original splice, splic-

Fiivre 74. U..derwater camemns batiery and motor.
Contrulled-atmouphere lannching tank.

ing one end of this break to the filin going to the take-
up spunl and the other end to that uf the unexposed
flm conming from the supply spoul. The light-tight
lid is then closed and a measured amount of un-
exposed film is fed into the magasine while the «x-
posed film is wotind on the take-up spool. When the
footage indicator shows the right amount, the Jdoor
is opened and the film is spliced at the indicated
sprocket holes after cutting the connections to the
supply and take-up spools. The magasine is then

Fiotnx 75. Close-up view of eamera drive motor.
Controlled-atmosphere launching tank.

ready for loading the camers. The cameras are all
loaded with the film splice in the same position within
a few sprocket holes. Thiz insurex that all of the
splices pass through the camera at the same time. A
counting mechanism is incorporated in the camera
motor drive. Thie ix used to give a signal at the time
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that the film splices and the exposed film pase 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
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Fioune 76. Magazine loander for high-speed eamerax.
Controlled-atmaonphere 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 ilm are exposed
by the camera battery of the recording system for
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 sise 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 in 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 betwasen 1
and 2 usec 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
“slow motion'’ shots. With a good shutter this results

Figurs 77. Bpecial reflector for light source lamp.
trolled-atmosphere

Conm lsunching tank.
in the exposure time of approximately 0.0t sec. If in-
stead of 0.01 sec, exposure flash illumination is used
for a flash duration of 2 usee, 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 synchronived lnmps
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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-

Ficure 79. Four-unit
battery, front and side
views. Controlled-atmos-
phere lsunching tank,

launching tank.

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 lampe, all
operated in synchronism during the recording period.
Measurements indicate that the individual lampe are
synchronised with each other within less than 14 usec.

Each lamp consists of a straight quartz 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-

Figurs 80. Batteries of lights installed. View from
inside tank. Controlled-atmosphere launching tank.

partment 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 lampe 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
secen inside of the Lucite guards which house them.
These guards zre necessary becsuse the glass-to-
metal seals of the tubes are very fragile. The lampe
are insialled in the longitudinal Lucite tubes travers-
ing the launching tank. Figure 80 shows thirty lampe
installed in batteries of six in five of the tubes. This
photograph was taken inside of the lnunching tank
and a'so shows the heavy 2x12-in. vertical columns
that carry the hoop stress across the opening at the
intersection of the two longitndinal cylinders making
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up the tank. Three of thu 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 coaxisl cable running from the
light to the control panel. Each light is operated
through an individual surge circuit which receives
power from alarged-c powersource. The powersource
operates at from 3 to 5000 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 kw. [t must be remembered that &t this
speed the lights are lit only about Ve 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 genernted in the tubes themselves limits the
length of operationsince the tubesgetquite hot and will
collapse if they are operated too long. At flash rates of
1,000 per second and above, theonly ~~ificant heat

dissipation is through radiation. Experiments have
shown that 3,600 flashes per run are the maximum
that can be emploved 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 sketeh of the tank with
portions cut away to muke it possible to see the inter-
relationship of the launcher, the air camera, the
underwater camera bank, and the flash lampe. The
centra. control station for the launching tank is lo-
cated on the bosenient floor south of {Ye tank. From

Fiounx 81. Cut-away drawing showing interrelation of parts. Controlled-atmosphere launching tank.
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this point the launcher ma; 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
neceasary 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
launchinz 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 be dis-
cuseed. The basic principle of the analyser essentially
duplicates that of the recording system. Projectors
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 50 that the corresponding frames taken at the

AVIOR 02 FOETR IS FOACKR 04 FOECTOR M0 S
Figunr 82.  Line diagram of analyser system. Controlled-atmosphere launching tank.

same time will be projected at the same time. The
film drive of the projectors will be a continuous shaft
80 that once the film strips are synchronized, they
will remain 8o 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. 2and 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 intv 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 10 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 sce 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 an inverted pedestal which
will provide the required vertical movement. The
screen will be mounted on the lower eud of the
pedestal stem through & system which will provide
the final pitch and yaw motione. Selsyn repeaters will
be used as position indicators to transmit the re-
quired information to the operstor’s desk.

3¢ 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 circulstion 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-
sontal run. The design specifications differ consider-
ably from thoee of the high-speed water tunnel in that
amuch larger working section is to be provided. The
cross section of the water jet is 20 in. square, which
gives a croes 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
cireular 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 availakle in the motor drive and the fric-
tion loeses 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 ahove atmospheric in the working sec-
tion. The vacuum system will provide variations in
pressure from 1 atmosphere down to 14 to Y 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 eteps, 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 commer 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, goea
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 crose 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 nossle designed in the same careful
manner as the one used in the high-speed water tun-
nel to avoid any local areas of low pressure. At the
nossle exit the flow crose section has been reduced to
the 20-in. square dimension of the j~t in the working
section.

The working section is provided with Lucite win-
dows on all faces. These are held in & 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 walls
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 panels or the
top panels of the working section. An adjustable lip
will be required at the end of the nossle 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 amooth transition from
the {ree-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 .t the lower end of the working section
and to return it by means of a pump into the main
circulation system. It is comten.plated that the
standard three-component balance used in the high-
speed water tuunel will be usable in this tunnel as
well. However, special balances will also be required
which will permit of a vertical adjustment of the
model 80 as to allow testing at various distances be-
low the free surface. A balance with a similar vertical
adjustment mounted in the top window will permit
of supporting the body under test above the free sur-
face and of adjusting its degree of 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

Ficune §3. Free-surface water tunnel, Hydrodynamics Laboratory, California lnstitute of Technology.
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exit cross sections are fixed, which means that the many of which may be in the lower levels of the
overall velocity reduction ratio is set independent of working section. The rate of rise of such bubbles

the velocity of operation of the tunnel.

HOMZONTAL DEGELERATION VANES

—

VERTICAL DECELERATION VANES
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Fioure 84. Battery of deceleration vanes. Freesur-
face 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 be intro-
duced into the working section from time to time and
this air may appear in the form of rather fine bubbles,

i8 rather small, This means that cither 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, 0o 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.
1t 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 ir accomplished by the use of &
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 gseparator
section. These trays are approximately 14 in. thick
and are spaced with a 2-in. vertical separation which
makes the net thickness of the flowing stream 114 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 14 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 & sysiem similar to the one used
for taking eare of the spray from the working section.
It will then be returned to the main flow through
another pump which injects it upstream from the air
separator.

It proved advantageous in the construction of the
air separator to give a slight inclination downwand in
the direction of flow to the eylindrical 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 clbow 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-epeed water tunnel. The mechanical the details of the contours. These contours were ma-~
design of the bearings and shaft seal were 1.0dified, chined very accurately using a carefully constructed
however, for use in the closed circuit of this typ:, with
horisontal drive and with a possibility of negative
pressures tending to cause air lesks 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

Ficure 88. Downstream view of pump bowt, propet-
ler in place. Free-surface water tunnel,

~ -

Fiaoru 85. Upstream view of pump bowl, propeller in
place, Free-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 78-kw rectifier set. Figure 88 shows
a photograph of the transition and third vane elbow.
Figure 89 shows the accelerating vane elhow to
which is bolted the two-dimensional nossle. Special
care was taken with the alignment of the vanes in
both of these elbows in order to insure the proper
direction of ﬂo“', since disturbances inmuced in Ficuns 87. mty.ﬂwkilw‘tt rectifier set for free-
these points by improper alignment would be difficult surface water tunnel.

to remove before the working section was reached.

Figure 90 is a photograph of the two-dimensional wooden template. Both the top and bottom plane
nossle, and Figure 91 is the working drawing showing  surfaces and the side contours were worked until
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they were smooth and then all of the eomponent
parts were cadmium plated and polished. These pre-
cautions were taken because the nossle is the most
critical part of the circuit as it is the determining

Fioumz 88. Transiticn and third vane elbow. Free-
surface water tunnel,

F' 80

Accelersting vane elbow. Freesurface

factor of the quality of the flow in the working section
itaelf.

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

yet to be solved. Furthermore, it ix 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
714 fps. Most of the operations contemplated will be

Tl'eure 90. Two-dimensional nozzle,
water tunnel.

Free-murface

at velocities well above this figure. For example, at
25 {ps, there will be enough energy in the jet to pro-
duce a hydraulic jump of appalling magnitude as
compered 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.

L PHOTOGRAPHIC EQUIPMENT

34.1

Photographic Equipment
and Processing Facilities

In any research laboratory, photographic equip-
ment is probably thc most important and most used
facility outside of the basic apparatus of the labora-~
tory iteelf, The specialised requirements of & hydro-
dynamic research program call for equipment to
record high-speed phenomena under a wide latitude
of lighting conditions. 8uch equipment must include,
in addition to specific purpose cameras like those used
with the controlled-atmosphere launching tank, a
variety of plate and roll film cameras and movie cam-
eras of both normai-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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Details of contours of two-dimensionsl nossle, Free-surface water tunnel.

Fravas 91,

is mounted
power

Fiouzx 92. Type K-17-B aircraft camers, “A"
“B.” A view camers, “C,"
meter, “D,” is resting upon the

CONFIDENTIAL



58 LABORATORY FACILITIES

items of portable equipment available to the Hydro-
dynamics Laboratory.

162

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

Ficune 93. Aireraft camera in stored position.

matter to stopping the motion of speeding cbjects,
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 sizes and types from 35-mm
for roll film to 8x10-in. view type for cut film and
plates, the laboratory has two Fairchild K-17B
aerial cameras using 9-in. roll film. Theae cameras
inay 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 lampe,
or flash illumination from a General Radio Strobolux
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
80 that it will diacharge a group of spark lampe when
its shutter is opened to full aperture and so that it
will advanece the film 3, 414, or 9 in. per frame. Nate
that it is kept near the working section of the water

Fiounx #4. Block diagram showing electrical hookup
for aircraft camera and spark lamp.

tunnel and ready for 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 lampes.
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 aireraft
camera is not in use.

The available motion picture equipment permits
recording a wide range of the very high-apeed hydro-
dynamic phenomena under iavestigation, as well as
all the normal-speed motions encountered. The
former is accomplished with a General Radio high-
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Ficvax 98. Hal-frame, high-speed motion pictures made with the General Radio camers. Sequence of exposures is
from top to bottom and from left to right. The pictures cover a period of approximately 1/50 second; individual expo-
sures were Joss than § microseecnds.

CONFIDENTIAL



LABORATORY FACILITIES

?

p=
TS

——a

- LM

I

-

el

Fiivne 96.  Photographic laboratory and studio facilities,

speed 35-mm eamera. This camera is used in con-
junction with the Fcdgerton-type lamps whicli can be
flashed at rutes up to 3,000 times per second while
the duration of a single spark is somewhut less than
3 gsec. In this cainera the film moves continuously
past a shutterless lens and over 4 large sprocket on
the side of which a series of electric contacts are »o
spaced that a circuit will be completed each time the
film hax advanced one frame, The extremely bright
spark is of such short duration that it is unnecessary
to stop the film for each expoure and no shutter is
needed. At 1,600 stanrdard frames per second the film
moves 100 fpe or zpproximately Ve in. during the
flush. Thix is almost negligible in the majority of
canes, 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 85 were
obtained in this manner.

43 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 flm complete the photographic de-
partment. Figure 96 is a plan showing the arrange-
ment of the rooms and the loeation 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 ilm holders and
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film. Cut film is developed in hangers which are pro-
vided for the various sises including 8x10 in., and roll
film is procrssed 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,” moticn 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 d~veloping
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 I1x14 in. can be made. One
printer is designed especially for use with rolls 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 em to
5x7 in. can be enlarged to slightly more than {our
diameters, smaller negatives to fifteen diameters.
Adjoining the printing and enlarging rooms i8 the
drying room 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, cabineta
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 usnal 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 [acilitate making copies, or photographing line
drawings and printed material. Miscellaneous equip-
ment includes fluorencent, xpot and flood lights,
lightstands, backgrounds, tripods, and unipods.
The microphotographic camera is housed in the
studio.

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

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

. ELECTRICAL ACCESSORIES

Moet 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 are a few
general facilities that are deseribed in the following
paragraphs,

The laboratory is equipped with a source of con-
stant frequency of the quarts-erystal type. It consists
of a 100-kilocyele GT-cut low thermal drift crystal in
a atahilised oscillator circuit. Means are provided [or
adjusting the frequency of the owcillator to sero beat
with WWYV, the standard-frequency station of the
National Bureau of Standards. Following the oscil-
Iator is a tripler to produce 300 kilocycles and multi-
vibrator-type frequency dividers which pravide
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-eycle per second positive
pulses. This pule output is used to drive a parallel
inverter of the thyratron type at either 50 or 60 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 precivion of timing
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 siroboscopic
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 soure .

The laboratory hax available a frequency changer
capable of supplyving “high-cyvcle” power. The fre-
quency range of the machine is 0 to 300 cycles per
second at 1.22 volts per cyvele. A maximum of 7.5 kw
may be delivered to a suitable load. Une use of this
machine ix to power the motor driving the propelicrs
of water tunnel models.
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For the operation of special equipment requiring a
4-¢ power source, 24 volts direct current is provided
taroughout the laboratory. This makes it poesible to
use a l4-channel recording oscillograph (Consoli-
dated 5-101) anywhere in the building.

As indicated in the description of the free-surface
water tunnel, the latoratory has a high-voltage
power supply for the operation of the high-speed,
high-intensity flash lamps. This power supply is oc
the rectifier type, and operates over a range of from
4 to 12 kw. Its maximum output is 100 kw. Arrange-
menus are being made to provide utility and control
facilities together with the necemsary power lines, to
make it posnible 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 aquipment, 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.

38 SOUND-MEASURING EQUIPMENT

The development of acousticslly operated hom-
ing projectiles has required a knowledge of the
various sell-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
sounds from this source."? Design details of the equip-
ment descrihad in the following paragraphs will be
found in the reports. Submerged bodies are subjected
to cavitating conditions and the resultant noise in
variotus bands from 1 to 160 kilocycles can be meas-
ured by hydrophooe units located either inside or
outside the bodies. S8uch measurements are poesible,
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 introduee errors of
only a few per cent.

281 Receiving Equipment

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

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 C11-Al and
AX90 crystal hvdrophones are used. These sensitive
unit« are of very small sise and can be adapted with

Ficune 97. Elliproidal reflector and Cl1-A hydro-
phone assembled in water tank at working section
window. Noise coming through Lucite window ix
brought to focus in the hydrophone crystal.

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

METHOD OF ASSEMBLY

In the arrangement with the receiving system ex-
ternal to the tunnel, the hydrophone is placed at the
focal point of spherical or ellipeoidal reflectors and
the assembly submerged in a water-filled tank
attached to the side of the working nection. Figurex
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97 and 98 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 98). The noise originating from eavitation
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

Fioure 8. Hydrophone-reflector amembly focused
to receive noise frum 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 ¢nergy at the hydrophone.

Sounp REFLECTORS

Three sises 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

mi — o
nc + me’
where p; and p; are the densities of mediums 1 and 2,

and c,; and ¢, 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

Figure 99A, B, C. Ellipsoidal reflectors with aper-
tures of 10, §, 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
coucentric copper shells are separated by an air
pocket. The face of the aluminum spherical reflector
i8 covered with a Y¢-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 Cl1-Al
unit. For this installation, the models are made up of
0.020-in. wall aluminum shells.

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

Fiaurx 100, Face view of spherical surfase reflector.
Note surface covering of sponge rubber with noninter-

hydrogen phosphate crystals cemented directly on to
the inside surface of a 0.020-in. wall aluminum noee.®
The X-ray photograph of Figure 101 shows the cry-
stal locations. Four crystals are mounted on the inner
surface of the noee at }{-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.

* The crystals in this model were cut and mounted at the

Underwater Sound Laboratory of the Univsrsity of Cul:fornu,
Division of War Research, at San Diego.

Free-Fieup 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. Ii acts as an ap-
proximate point source, because of its small physical
sise. 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

Ficure 101,
mented to inside surface of aluminum nose.

X-ray photograph of crystal pickupe ce-

the projecting and receiving units with provision for
rotating the projector in & 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 otherisa
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 ke and
to indicate the amplified voitage 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 ke. 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 analyze the noise spectrum. One is a high-

Fioune 102,
reflector as assembled for field calibration. The AX-90
hydrophone in foreground is used as a mource and
rotated in a plane normal to the rereiving hydrophone
stem.

View in aperture of 10-in, elliproidal

pass type with optional cutoff frequencies of 1, 5, 10,
20, 30, 40, 60, 80, and 100 ke. 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 50 dbin 10-db steps. All the amplifiers
have flat response from 10 to 160 ke. The filters in
this equipment separate the input into four octaves:
10 to 20 ke, 20 to 40 ke, 40 to 80 ke, and 80 to 160 kc.
Each amplifier drives an Esterline Angus graphical

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

recorder, 8o 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.

Ficure 104. Block diugram of lnboratory noise meas-
uring system.

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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9 SHOP FACILITIES

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

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

A. Preamplifier E. Voltmeter
B. 40-db amplifier F. Hewlett Packard oecillator.
C. Attenuator G. Low-pass filter

D. 50-db aunplifier H. High-pass filter

1. Hydrophone.

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

Ficurs 108. Front and rear views of Naval Ordnance

1ah

tory Mk 3 tical 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.

191 Model Shop

The shop facilities of the Hydrodynamics Labora-
tory were designed to handle the specialised needs of
& 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, ard
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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 its 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 attachments for holding sur-
face finishes ta 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-
upsas well as for standardisingmicrometerequipment,

SpeciAL TecHNIQUES

Special adaptations and attachments for the ma-
chine tools have been developed to meet the particu-
lar requirements 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 sise 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 slong the shape curve. Steel dowel pins
presced into these holes securely hold a spring steel
spline in the proper curve. From this primary spline
jig & 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
croes feed by means of an air-operated piston, while
the carriage is moved along by the power feed. Two
views 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

Ficvre 107, Genern! view of model shap.
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is reduced to & 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

Fioone 100. Production of model-size cam piate.

shop using different equipment. Lathe and drill press
equipment, in addition to portable power tools and
hand tools, are available here.

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

OUTSIDE SHOPR

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

Ficurz 110. Two views showing cam plate in use.

work handled in the Hydrodynamics Laboratory
shop itself. The additional organizations which con-
tributed most effectively in the program include the
Mount Wilson Obeervatory 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 3
EFFECT OF PROJECTILE COMPONENTS ON THE FLOW DIAGRAM

11 INTRODUCTION

Tm-: HYDRODYNAMIC BEHAVIOR 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 fuid 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 obeerving 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 mcasurements 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 determinstions of the flow. The sones of local
separation and turbulence generation are drawn from
visus! observation of the bentonite suspension. Shear
patterns are made visible by transmitted polarised
light, and local flow directions are determined
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through explorations with needle probes and thread
streamers. The diagrams are intended to represent
flow directions only. Furthermore, they are, in gen-
cral, 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 the 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 basio
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 shap? and around the body yawed to 10
degrees.

» NOSE SHAPES

s 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 square-end eylinder. 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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70 EFFECT OF PROJECTILE COMPONENTS ON THE FLOW DIAGRAM

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 modifications are not easily systema-
tised. Instead, as already mentioned, special flow line
diagrams are presented for typical groups of modified
basic shapes.

Frauere 1A. Families of nowes.

Ficome 1B. Key to noses in Figure 1A,

Figure 1 shows a typical selection of ellipsoids,
ogives, and spherogives. 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, *he square-
end eylinder ean also be included.

Evvtpsoips

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

Fisure 2.  Ellipeoids.

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, 8o 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 reat fluids are
due primarily to the fact that these noses are semi-
ellipsoids, with a eircular cylinder body section re-
placing the aft half of the true ellipsoid. The ratio of
major to minor axes as used to describe the noses in
Figure 2 is for the complete ellipscid. Thus in prac-
tice a 2}4-to-1 cllipsoid makes a nose 11§ calibers
long.

CONFIDENTIAL



NOSE SHAPES

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 noee face is a flat
disk drawn tangent to the ogive arc. The limiting
case is then the square-end eylinder where the ogive
radius is sero. Figure 3 shows the pointed series,
and Figure 4 the blunt or small-radius series. Poini-J
ogives result in smooth flow patterns without visible

FIGURE 3. Ogives,

Freume 4.

Small radius ogives,

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

Beginning with the largest radius ogives, the drag
should be high because of extra skin friction. As the
radius is reduced, however, 2 minimum should be
reached, beyond 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 ix all form drag and no skin friciion.
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T2 EFFECT OF PROJECTILE COMPONENTS ON THE FLOW DIAGRAM

SPHEROGIVES

The pointed ogive is the shape normally used for
noees on artillery shells and small arms ammunition.
For those cases where the velocity is above sonic, the
gharp point is important in reducing the drag result-
ing from snock 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 tipe. 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. kach 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
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Ficuae 5. Spherogives with constant caliber ogives.

Ficenz 8.  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 as 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 amooth flow at sero yaw without separation so
that for bodies which will operate with small yaws
the spherogive offers a poesible 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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Ficure 7. Conical tapers.

cause is also an indication of the probable tendency
to cavitate since low pressures will be obtained in the
sones of maximum flow curvature usually oceurring
just ahead of the separation sone. 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-

Fioune 8. Conical tapers and truncated ogives.

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
are shown in Figure 8.

TRUNCATED OGIVES

Flat-faced noses formed by truncating ogives have

Fiivne 9,
by the rudius of the circulur ogiival are mid the diameter
of the flat face, both messured in ealibers,

Truneunted ogives. These nores pre deseritasl
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4 EFFECT OF PROJECTILE CONPONENTS ON THE FLOW DIAGRAM

proved important ir permitting satisfactory water surface the flat face with its relatively sharp adge aids
entry for air-launched projectiles. On striking the in creating a cavity of proper diameter to envelop the
projectile and to avoid interference between the tail
and water. In addition, ax 1 nose of this type vaws
the flat face deflects fluud in the direction of vawing,
giving a reaction in the opposite direction. Thix ef-
fect, which occurs whether the nose ix completely
submerged our is wetted only on the disk, gives a
stabiligsing moment that tends to keep the projectile

Ficuse 11. Modified hemispheres. Froone 13, Modified ogives.
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Figuke 14, Modified npherogives.

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

Figure 9 also illustrates the effect of truncating an
ogive to form successively larger disks. Note that for
the submerged case if the vel<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>