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FOREWORD

The Field Survey Report on ligquid propellant rockets and pulse jet
engines was prepared at the suggestion of the Policy Committee, in order
that the fundamental research in Projeet SQUID might be related to other
projects and programs of research in this field, and to problems arising in

\ the development of rocket and pulse jet engine equipment.

In order to fulfill this purpose the Field Survey Report had to he more
than a brief outline of the work of eaeh contractor, but time did not permit
it to be prepared as a monograph in each branch of the field of propulsion.
The choiee of presentation of the work in each volume of the report was
governed in part by the amount of available information ~nd by its relation
to the research now being sponsored by Projeet SQUID.

The Poliey Committee will use the Field Survey Report as a basis for
adjustments in the research prograin of Project SQUID, in order to ensure a
more effeetive attack on the fundamental problems in the field of propulsion.
The Policy Committee hopes that this report may also be useful to seientists
eondueting researeh and developioent in fields relating to propulsion, and
to members of government organizations respoasible for the planning and
integration of research programs in propulsion.

Huen 8. Tayror, Chairman 4
Poliey Committee, Project SQUID
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PREFACE % i

The Field Survey Report was prepared by the Teehnieal Survey Group. 1
Projeet SQUID, under the dircetion of Engineering Researeh Associates, Ine. RE
The assembly of the material and the preparation of cach part of the té
report was undertaken as a group effort, to which the staffs of both Prinecton ;
University and Engineering Rescarch Assoeiates, Ine., have contributed. 4
Mr. F. A. Parker, Project Organizer and Mr. W, O, House, Chief Teehnieal 3

Alde, of the eentral administeative staff of Projeet SQUID at Prineeton
served as members of the Teehnieal Survey Group and prepared Volume H.
In addition, Prof. J. V. Charyk of the Aeronautical Engineering Departiment
at Princeton visited the Cahifornia Institute of Teehnology and furnished
basie information coneerning the researeh program there. He also offered !
many helpful suggestions with regard to several parts of Volume 1.

In the preparation of this report the members of the Teehnieal Survey

Group have reeeived the assistance, counsel and cooperation of representa-
tives of the War and Navy Departments and other Government ageneies,

and of representatives of academie and ndustrial aboratories who are
under contract to the government for researel and development in this fickd. |

The authors are indebted to a number of seientists who have reviewed
vach part of the report and have offered meh construetive eriticism. The
authors alzo wish to express their appreciation for the assistanee whieh was

o ki g oo Al '

=0 generously given by representatives of the Oflice of Navid Research and
of the Burcau of Acronauties,

The Teensean Svrvey Grooy
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INSTRUMENTATION

I. SUMMARY

On the thesis that high temperatures and high gas
veloeities are from the standpoint of instrumentation
the two most characteristie conditions of the liquid-
racket pulse jet fields, the emphasis in this report is
on measurement of parameters of svstems involving
combustion processes,

The actual survev material is preceded by two re-
view seetions, In the first of these the principal
experimental conditions under wlhich measurements
are made are diseuszed.  Ineluded are power plants,
diffusion  flames, stationary flames, moving flames,
closed chambers, and soap bubbles. The instrumenta-
tion requirements for eaeh eondition are peinted out
as well as some of the major diffieulties. The three
basie difficulties are (1) effeets of the svstem on the
strument, (2) effeets of the instrnment on the sys-
tem, and (3) fluctuations in the system.

I the seeond review seetion the basie mechanisms

II. CONCLUSIONS AND

The most significant eonelusion apparent from a
review of work on instrumentation related to pulse
jets and lgid rockets is that there s an insufficieney
of dissemination of experimental methods and meas-
urement techniques. This results in mueh dupheation,
wasted effort, aud lost time, Often the main aiur i an
mvestigation i~ negleeted while effort s spent on
developing an instrument already in use clzewhere,
There is a great need for o consolidation of methods
atready avatlable and an integration of cffort m
methods being developed.

Another factor evident from this study has its origin
in the diversity of schemes of measuring the =same
physieal parameter. This results in difficulty in inter-
preting data from various sources. Standard methods,
where possible, would be helpful, and a refererenee
Iaboratory is desirable.

And finally, the rather obvious conelusion is that in
many coses o aceeptable metheds exist for measure-
nient of required parnmeters under relevant physieal
conditions, and in other cases the methods are only
moderately sueeessful, The mvestigation of new tech-
niques should be continued mder an integrated pro-
gram.

With these factors in mind, the following recom-
mendations are made:

of operation of some of the prineipal instruments and
nicthods are dhseussed. These inelude technignes for
measuring pressure, temperature, gas veloeity, turbu-
lenee, flow patterns, flame propagation veloeity, and
others, Limitations and ervors are discussed in rela-
tion to measurcments in combustion systems,

The survey =cction treats the information on nieas-
urcment methods contractor by contractor. No attempt
ix made to associate a given instrument development
with o given contraet for in most eases this eannot be
done. Sinee only meager and ineidental material wus
available in nany instanees, the instrumentation mate-
rial 1= incomplete. The result 1 a kind of 1 montage
of teelmiques and methods throughoat. the country.,
It 1= hoped that this will furnish <ome stunuhus for
exclnge of information between laboratories.

Some  general conclusions amd recommendations
arising from this study are given in Section 11

RECOMMENDATIONS

1. IxstremeNTATION CoManrres. A cential com-
mittee shonhd he formed for the purpose of consolidat-
ing, dissenninating,  and  integrating  measurement
methods for jets, rockets, and assoerated basie re-
search, This should be on o nationwide hasis with
cooperation from amiversities, armed forees, govern-
ment Iaboratortes, industrial Iiboratories, aned ~cien-
tifie socteties.

2. INsTRUMENTATION SvyMrosty, Under the diree-
tion of the Committee, a sertes of symbosta on meas-
urcmient and ealtbration methods and Insthnmentation
should he held.

3. IxstresmexTATION Brieens, A regular hulletn
relir g to expertmental teebniguies shiohd be iesued by
the Conmnittee, This would be based on contributions
from the various cooperating iboratories.

4. InsrresexTaTion Haxmmook. A practieal hand-
book on methods should he edited ad published by
the Comnmttee. 1t would inchude seetions by various
experts m the fieul

5. Rererexce Lasorviory, A referenee lnhoratom
shouhd be estabhshed under the direetion of the Com-
mittee Tor the purpose of sctting up standard methods
and  designs. Other  Iaboratories  thronghout  the
country might be ntithzed for part of the program,

a
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INSTRUMENTATION

Iil. INTRODUCTION

The rapud growth of the field of jet and roeket pro-
pulsion has brought with it problems in measurement
techniques  and instrumentation of exceceding com-
plexity and difficulty. In some instances aceeptable
instruments and metheds have been evolved; i other
cases the solution seems practically hopelesz. Between
these two extremes are many methods eapable of more
or less suceessful apphieation.

The mportanee of instrumentation scareely needs
mentioning, but it <hould be pointed ont that more is
mvolved than smuply development of means of meas-
uring the operating characteristies of pulse jet and
liquid rocket unitz, In many m=tances further evolu-
tion of theoretical yinderstanding of basiec processes
awaits methods of measuring some of the physical
parameters involved.

It is searcely possible to deseribe or even hst all the
mstruments and nrethods ased moa field as broad as is
covered m this survey, This is expecially true in the
research phases, since almost the whole realm of
physteal seienee 1= ivolved in one way or another,
Morcover, even the elassifieation of instruments s
difficult, since many umts can be used for mensurimg
a munber of different physieal guantities and others
are ouly modifications of basie forms.

IV. MEASUREMENT

Although primarily coneerned with instruments, we
cannot ignore experimentnl eonditions under which
mensurements are made, for these conditions often
impose such severe hmitations on the instrument that
the mdiented readimg may bear only remote relation
to the physieal parameter supposedly being measared,
There arve, in general, three essentially different effeets
that tend to render effective measurement diflicult 1f
not impossible, The first of these is the effeet of the
system beirg measured on the imstrument, For ex-
nmple, the extreme high temperatures associated with
combustion processes (upwards of J000°F) impose
severe limitations on materials used o mstrnments,
The second diffieulty ix just the reverse—the effect of
the instrument on the system being studied, Thus the
introduction of a thermocouple into a combustion svs-
tem may so alter the turbulenee nnd combustion
processes locally that the temperature around the
couple smy be conswderably different from that exist-
mg at the same point before the imtroduction of the

One nseful method of elassifteation 1s based on ex-
perimental eonditions,  Nearly all the work covered
m this survey falls into one of the followimg elas=ifica-
tions: (1) investizations of combustion phenomena,
{2) studies of a rodynamics, t3) properties of mate-
rials, and 4} properties of fuels. The emphasis m this
report will he on measurement of phy=ical parameters
of xvstems involving combustion processes, Thix, from
aninstrnmentation standpoint, will melnde the two
most characteristic enviromnental conditions of the
jet and rocket field, 1.e. high temperatures and high
o veloceitios,

In order to achieve a semblanee of naity, the mate-
rial en instrimentation at the varons contractors has
heen prefaced fivst by a seetion deseribing the physieal-
chemienl environments to which mstriments are snb-
jeeted, and second by w seetion brieth reviewing the
Iisis for some of the measurement methods. The
survey is based on information which was gatherad
meidentally in compiling other portions of this series
and is. therefore, weomplete. Bas hoped, however,
that this report will be =ome stinnthis to exchange of
mformation  on measurement  techmaues between
varions workers in the hquid rocket and pulse jet
ficlds,

ENVIRONMENTS

couple. And finably, the thivd effeet 1= one of fatlure
of the mxtrinnent o {ollow rapid fhictnations of the
svstem tider investigation, Al this contrthites w the
formidable  dificulties in obtaining  acavate and
relable vahies of physieal parneters,

A dircussion of combustion and the work n progress
on combustion at the various places covered by this
survey will he found in Volume 1. Part 1 of this series,
We will be concerned here only with those aspeets that
effeet measurement of the varions physieal quantities
dezired. Most of the experimental work on combnstion
fulls into one of the following headings: (1 power
plants, 2) diffusion fapes, (3 stationary thuanes,
41 moving flawmes, £330 closed ebambers, and 161 soap
bubbles. Following arve briei deseriptions of these six
aspeets,

A, Power Plonts

In this classification we e concerned with pertor-
manee tests of power plants, prototypes, and models,
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Figure 1. Pulse jet test stand.

In tie main this inelndes only liquid rockets and pulse
jets, but where certain fundamental aspeets of ramjet
studies vield basie information on eombustion, they are
inclwled. The usual experimental setup eonsists of
some sort of test stand for holding the unit under test,
fuel tanks, blower for ram pressure when uecessary,
and assorted nstruments for obtaining performance
data. Due regard for the safety of operating per-
sonnel 1% importart, so that remote recording instru-
ments are preferable, Figure 1 shows a typieal test
stand setup.

In most eases no fundamental information is sought,
hut rather operational charaeteristies of the particular
unit under test, Thrust and fuel rate are determined
as well as operating life. In some tests temperature
and pressure at various points are also determined.

From the instrumentation standpoint, the most dis-
tinetive feature of the study of power plants is that it
ix the only field of study 11 which thrust is of inrpor-
tance. Another point of importanee ix that the instal-
lution of nstruments s somewhat more diffieult sinee
the experimental comditions are determined by an
engineering design and cannot be tailored to the quan-
tities being sought, And finally, sinee operating char-
aeteristiex are the «im, the instrimmentation must not
interfcre with the normal operation of the jet or
rocket.

B. Diffusion Flames

In combustion processes of gases not mixed before
combustion, the combustion veloeity is not predomi-
nately determined by the reaetion veloeity (8). In-
stead, diffusion and turbulent mixing at the interfaee
between the gas and air are the hmiting proeesses.
Examples of thi= kind of eombustion are the candle
flame, luminating-gas flame, and the outer ring of
the Runsen flame,

Experimental hurners sueh as shown in Fig, 2a are
sometimes used., The gas and air are introdueed side

yprrsrs, mmm, v ors777;
1 7
/Y

9 2

/ / -
7 7

/ %

/ /

4 AIR | 11 GAS

Figure 2. Ununxed combustion,

by side and mix from the contaet surface on. The
zones 1 the burning jet are shown i Fig. 2b eafter
Rummel). This type of combustion is not very impor-
tant in pulse jet and liquid rocket researel, although
ecertin information on diffusic and mixing can be
obtained. In conncetion with burner studies, flame
holders, and pilot flames, studies along these lines may
be of interest,

Usually tnformation as to gas and air veloeities,
temperatures in the various zones, ete. are obtaimed.
The temperatures are hot particularly high and the
veloeity is relatively low, with a steady flame being
the normal eondition. This means that the instrumen-
tation problems are relatively straightforward,

(. Stationary Flames

A far ntore common experimental eondition 1= com-
bustion of pre-mixed gases, Here combustion processes

FYEIR
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Figiee 3. Bunsen barner.

are mitinted at some point tignition) and are propa-
gated more or less explosively to the other portions
of the mixture by echain reacting and branching
Processes,

There are three commonly used means of holding the
flame front stationary. The first method is that of the
nmer flame of the ordinary Bunsen burner. The simple
theory, due to Gouy (81, assumes the inner flame to
be comieal see Fig. 3}, and leads to the relation

Ve = V. smoo; where Veois the nornal combustion
veloeity, Vy, s the average rate of flow of combustible
unxture, and o 15 the cone angle as indieated,

In the secomd method, ecombustion takes place in o
tube with the gas-air mixture flowing down the tube
at a velocity sueh that the flame front is stationary
(Fig. 400, If the burning surface 15 assumed] to he a
plane, then ¥V, = Voo If V. p.. T, are the veloeity,
density, and absolute temperature of the fresh mixtuare
flowing from the right and V., p. T, are similar ¢quaa-
tities for the exhaust gas, it follows from the prineiple
of eontinuity that:

Frignre 40 Statiomny flaae i tabe,

Actually, the fline front departs radieally from the
assumed plane and may look more like Fig. 4h. No
simple relations sueh as given above then hold.

A third method ntroduces the combustible  gas
miature into the tube at a veloeity execeding that of
norvial combustion anel the mixture s kept contine
uonsly ignited by one means or another, This corres-
ponds to comditions i a ram jet. Prlot flames, flame
holders, ete. are some of the methads used for con-
tintous dgnition.  In o lughly idealized form, the
combustible pas tzee Figure 5) mixture 1= introdiesd
at veloenty 'V, {greater than the flame veloeityd and s
ignited continuonsly at the plane Fo 1f we constder a
slab of gas as it travels down the tibe, 1t s evident
that itx veloeity will be ¥V, hefore it reaches the igni-
tion plane but will inerease hevond T The slab eon-
tinues burning as it passes along the tube to <ome point
F, where combustion is complete, Tt has then attained
the veloeity V,oand = exhanst gns. The net result s n
combustion zone of length 1 with essentially stendy-
state conditions, Actual combustion often departs con-
siderably from the above and In eases of rongh
burning can no longer he consblered steady-sinte,

In the foregoing eases the measurements required
are made under cssentially statie condinions and tag

. - . F o
V. = V., P = Va P th Fe 2
pe pe
E |
. . JOS {
If the reaction takes place without change of mml- g S| e—] [ ——
munber Va | Vo-Vn I Vo
. ! ]
Po T. GITIIIIIIINI IO EIT TN OITIEITITS
= o 12)
Pe Ts Funure 5. bdealized 1amjet cowbustion
o |
L . =7 - ;
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characteristies of given instruments are not important
texeept for rough burning). This 1 a tremendous
sunplifieation.  The temperatures and veloeities in-
volved, liowever. still impose difficult eonditions.

D. Moving Flames

In addition to conditions imposed by temperature
and veloeity, this type of combustion 1= ¢haracterized
by requirements of time response of instruments,
Usually low lag in un mstrument 1= eontrary to
strength requirements of drag at high veloeities as
well ax cooling requirements due to high temperatures.
Thus, instruments for measurements of transient con-
ditions axsociated with moving flames in tubes are, at
hest, a compromise,

Here again there are three basie experimental set-
ups. In the first, the combustible mixture is intro-
duced into the tube and wdlowed to reaeh statie con-
ditions and then ignited at either a elosed or open end
ti.e. opened just before ignition), and the progress of
the flame front ix observed along with pressure, temp-
erature, cte.  Various turbulence-producing grids are
often mtroduced m order to observe eficets of turbu-
lence on flame speeds. Tn many cases the flame speeds
are high enougli <o that no appreciable heating of an
instrument results us the flame front passes over, This
means that, for some instruments at least, no speeial
cooling svstem is required.

The second type of moving flame often used is sini-
L to the foregoing but with the combustion repeated
eveliently i the manner of a pulse jet. Inchided are
all the various glass-sided  self-ignition and  timed
fznition svstems used i studying pulse jet operation.
With the repeated explosion, the heating problem is
severe and some nmenns of eoohing of instruments are
usunlly required.

In u third method for observing a moving flame
tront. the combustible mixture s introduced into the
tube at u veloeity either greater or less than the flune
speed, and the fhane front travels respectively down-
stream or upstream at a more or bess controlled speed.
Sometimes flante hotders are introdueed, This experi-
wental setup iz not often used.

E. Closed Chambers

Combustion in elosed chambers i complicated by
changes in pressure. This means that the combustion
veloeity is continually changing due to the pressure
and tenperature chunges so that the whole process is
much more conplicated.

In the first of the two methods used, the mixtare is
ignited i statie condition: fronr one end of a elosed
tube, The initial combustion compresses the com-
bustible mixture abead of the flame front md eonr-

e — T

bustion proceeds at inercasing pressures. This com-
pression is essentially adiabatic so that considerable
heating of the fresh mixture nlso results. Behind the
flame front, expansion takes place along with some
cooling. In addition to the effects of compression, the
combustion is further eomplicated by reflected shock
wnves. This affeets both the flame speed and the shape
of thie flame front, often resulting in oseillating flane
fronts,

Usual investigations of eombustion in closed tbes
are carried cut in glass-walled containers, and Schlieren
photographs of shock wave propagation are correlnted
witti high-speed photographs of the luminous flame.
Temperatures and pressures are also measured.

Tlie other type of closed chamber combustion is that
of the ordinary spherieal bomb, The mixture is ignited
at the center from a statie condition and eombustion
proececs spherically to the outer periphery. Effects of
compression and shock waves are also present here
with the pressure time funetion as shown m Fig. 6.

ol

—_—t

Figure 6. Pressnre-time corve for combostion bomb,

The point marked a corresponds to the instant that
the flame front reaches the wall of the bomb 8y,
From maxinuni pressure in the bomb and known heats
of renetion, the average specifie heats of renetion
products or maximuam temperatures ean be compnted.
Equitibrium constants of \Jissociation must be taken
nto acemurt,

From the instrmnentation standpoint, measurements
in closed chambers sre transient, and low rexponse
tunes are necessary. Moreover, the gauges nre sub-
jeeted to relatively high temperatures  tthough not
nearly so high ax those in the stationary flames) and
some cooling may be neeessary. I the bomb experi-
ments particularly, probe type instruments nre seldom
of importance.
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F. Scap Bubbles

Combustion at practically consiant pressure has in-
gentously  been aceomplished by Stevens and later
developed by Fioek and Marvin by nieans of the well-
known soap bubble teehnique (8). Here the com-
bustible mixture is enelosed in a sonp bubble and
ignited at the eenter. High-speed photographie tech-
niques give the flame veloeity and the ratio of initial
te final radit of the burning sphere. From this the
so-called norad combustion veloeity ean be computed
as:

. T y
Va = L ¥ = —0,‘- (3)
Po T
where:
V, = normal eombustion veloeity

Ve = flame speed
r, = mitial radius of bubble
r. = final radius of burning mixture.

Account must be taken of the water-vapor pressire for
exact work, Usually temperatures and pressures have
not been measured though there is no inherent reason
why they could not be.

V. MEASUREMENT METHODS

Beeause of the vartety of individual designs of
instruments, it i not possible within the seope of this
report to do little more than list the basie methods
and point out some of their advantages and dis-
advantages. Tt ix felt, however, that the following
hrief compilation will help in tying together the some-
what disjointed liell of instrunentation pertpining (o
rockets and jets. No claim to completeness 1= made.
Sonte of the leading roferences will be found at the end
of the report.

The experimental conditions that imstruments are
subjected to in investigations of combustion pheno-
nena have heen deseribed in Seetion 1V, and the
general conditions that make measurements diffieudt
have heen diseussed there. In what follows, some of
the cffeets of these conditions on specific instruments
will be pointed out,

A, Pressure

The measurement of pressure inoa region in the
mterior of a gas i usually accomplished by introditeing
the instrument inte the fluid (160, For statie condi-
tions this presents no particular problems and the
pressure measured s an average over a osmall area
determined by the finite dimensions of the gauge,
With the gas in motion, however, the insertion of the
instruament disturbs the How wed the veloeity and
pressure in the neighborhood of the mstrument are
altered. For subacoustie veloeities there will be (under
approxunately incompressible steady flow conditions)
a stagnation point on the unit when the pressure will
be in exeess of the undisturbed pressure by pu? 2 where
u is the undisturbed veloeity, Superacoustie veloeities
result in even more difficulties sinee shock waves will
form on the mstrument, and i this case pressure
mensurements are  diffieult.  Caleulations upstream
through the shock wave are required. Counditions are
further complieated stiree the disturbanees of tlow in

the vicintly of the pressure wensuring clement can
alter the local combustion process, causing a further
deviation from the undisturbed pressure.

Measurement of pressure at a solid wall along
which the fluid flows is relatively simiple, since the
introduetion of a foreign body is not necessary. How-
ever, palsating pressures impose wdditional camplica-
tions on pressure measurenients, and instrunments must
be destgned to minimize lag. Moreover, it i nuportant
that the instruments be calibrated under conditions
corresponding to the pulsations enconntered i use
order that the readings mean something,

There are several essentially different phenomen:
that ean be used to measure pressures. Some of the
more common methods i use and of possible use are
presented here,

1. Maxomerers, The manometer s the most com-
won type of pressure measuring clement, It depends,
for operation, on the supporting of a height of a Ligeud
column of known density by the finid pressire, 1o its
usttal formy, it consists of a U-shaped tube partly filled
with the working liquid (Fig. 73, One end is open
(subjeet only to atmospherie pressure) and the other
end is connected to the chamber under study. The
difference in height of the hquid columns s 2 measure
of the chamber pressure. Withowt optical attachments
a level difference of 0.004 meh ean ordmartly be vemd
with mereury.  Beeause of capillary phenomena, the
best that can be done with water is about 0,04 ineh
),

Sinee the imdication of a manometer s dependent
on the movement of a mass of thid to establish
cquilibrinm between fluid pressure and the weigne of
a column differential, it 15 not adaptable to measuring,
fluctuating pressures, but it does give a true time

average and ean be used for measuring under high-
temperature comditions by cooling the statie or the
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3. Bourbon Gauvce. In the Bourdon gauge a hol-
low tube of metal having an elliptieal eross-seetion is
bent into an are (over 180°;. One end is closed and 4
the other is open to the pressure being measured
{Fig. 9). When the pressure inereases, the tube tends
to straighten out; when the chamber pressure de-
ereases, the tube becomes more curved. The move-
ment of the free end of tube is transmitted through u
rack and pinion {or linkage)} arrangement to a pointer
and serves to indieate the pressure. The Bourdon
gauge cannot be used for very rapidly ductuating i
pressures because of errors introduced by lag and
phase shifts.
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Figure 7. Mercury manometer.

% Pitot tube that is inserted in the test chamber. As
3 previously pointed out, however, the pressure-sampl-
ing tube may alter local combustion conditions so that
the pressure at the tube entrance is no longer that of
the undisturbed combustion.

2. Deap Weicnt Gavaee, The hquid manometer
depends on balaneing the pressure against the gravi-
tational force on a known mass; i.c. a Hguid coluinn
of known density. Another form in which the pres-
e supports a weight upon a small piston is known
as a dead-weight gauge (Fig. 8). The gas pressure is
transmitted to the piston through an oil.

The principal use of the dead weight gauge ix for
alibration of  Bourdon and  other types. It i
obviously not suited to fluctnating pressures,

'/—WEIGHTS

Fygoure 9. Bourdon gavge.

4. Diaenracy DerLEcTioN METHODS, Some of the
most useful mstramentation for measuring pressure is |
bused on the elastie defleetion of a diaphragm. The
varions modifications amount to different methods of
measuring the defleetion; the most common of these
are by sueli means as variation of capacitanee, indue-
tance, and resistance (18). There are also useful
opticat technigues. In all eases, calibration with stan-
dard imstruments is necessary,

SIS IS IITIIYY
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It ix often necessary to proteet the diapbragm from

the high terperature of the combustion proceess. Thix
can be accomplished as shown m Fig, 10, Water is
Figure 8. Dead weight gange. circulated through a ducted chamber to cool the bot
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DIAPHRAGM

Figure 10, Coobng cell,

gazes before they eontaet the diaphragm (3). For
pulsating pressures, it is huportant that the length of
gas duets feading to the diaphragim be small compared
to the acoustic wavelength to assure no phase changes
and that an experimental chieek he made to assnre no
adverse effects due to the coohng chauber are intro-
dueed. The cooling hquud must not be in contaet with
the diaphragn, since considerable Lag will be intro-
duced. Mechameal vibration of the cooling ehamber
components also i n source of trouble,

a. Capacitance Gange, In the capacitanee gauge
the pressure sensitive dhaphragm = made one plate of
a condenser (Fig, 11) and deflections of the diaphragm
results in changes of capacitance, These eapacitanees
ehapgres van be deteetied iy s variety of wars that will
not be disenssed m detal here. Associated eleetrie
cirenits are nsed to convert the change of eapacitunee
mto u clunge in voltage, current, or frequeney and to
urdicate or record the changes. OF the two moest cem-
won wethods, the first utilizes the capacitunee of the
rauging clement in g resonant eleetrie eirent o sueh a
manner that a change of capueitanee canses a change
m the resenant frequeney of the eirenit and a corves-

DIAPHRAGM

%

INSULATION

Fuore t1 Cigurertiaees g,

pending change i cither a frequeney or a cnrent.
The sccond method introduces the condenser gauging
element as a reactance m a bridge eireuit. The wn-
balanced output from the bridge 1= 1 measure of the
dinphragn deflection, and therefore the pressure (18),

Pressure pickups of this tyvpe can be mude very
sensitive, stable, and accurate but are subjeet to errors
due to thermal expansion. They will respond from
statie pressure (depending on the nature of the asso-
clated eleetrie eirenit) to frequencies imited only by
the natural frequeney of the diaphragn,

L. Resistance Strain Gauge, The ordinary resis-
tancee straim gauge ean also he used to measure the
dhapheagm defleetion, and henee the pressare. The
resistance unit can be cemented directly to the dia-
phragm or to a comnected compression or  tension
member. It= operation depends on the change of re-
sistance of a fine wire with elongation; this resistance
chauge being diveetly proportional to the prodiret of
the initial resistunee of the gauge and the vnit longi-
tadinal strain,

The straim-gange is usually incorporated in a leg of
a Wheatstone  bridge and  the resulting measured
change of resistanee gives a measire of the pressure
(181, Considerable care must be taken i the eement-
ing and difficulty is often cncountered at high tenpera-
tures due to failure of the bond. Temperature com-
persation is peguiieed sl e agres oo usalibe frogp

statie defleetion up to 5000-10,000 ke, see.

e Eletroniagnetic Gange. Unlike the two pre-
ceding wethads that depend on the displacenent of a
dinpliragin, eleetromagnetic guuges operate by virtue
of the time derivative of the diaploagin displacenment
veloenty ), There are two hasie types of electromag-
netie converters. In the moving diaphragn tvpe (Fig.
P20, the diaphiragn is of negne e waterial and fornms
pirt of the magnetie eivenit, Movement of the dia-
plirgin due to pressare ehanges results in o change i
the number of Tines of foree entting the pickup coil
and hener g voltage 1 generated. In the moving coil
tvpe (g 1200, a movement of the dinplirsgm moves
the pieknp cal through the wagnetie field and o vol-
tage 1= generated 14,

Siee the voltage penerated depends on the thine
rate of displacement, the sensttivity falls off for low
frequencies and the method s not usabie tor statie
pressures, The npper frequeney response depends on
the proper design ot the mechuanieal elements dow
mass, ete) and trequencies of 10000 ¢ ps are easily
obtamed,

d. Magnetic Reluctance Guege Fither of the
preceding two nnits can be nsed as elements i an AC

il




INSTRUMENTATION

The light reflected by the diaphragm puasses through
an aperture and is foeused on a photo-tube. The out-
put from the tube is amplified and read on an output
meter or recorded. Pressure changes result in a change
of curvature of the diaphragm, und lience the intensity
of the light reaching the photo-tube,

As In the ecase of the condenser gauge, there is no
mass loading of the diaphragm and high frequency
response can be obtained. With proper design of the
amplifier, thix gauge ean be nsed down to statie pres-
sures, Some difficulty in maintaining ealibration dne
to dizeoloration of the diaphragm at high temperatures
1x encountered, but ecooling obviates this disadvantage.
In general, this method is useful for only rather high
pressure changes as in internal combustion engines, if
leating effeets ure not to blanket pressure effects,

[ Bdlanced Diaphragin, The use of contaet-
closing deviees provides a useful teehnique for a step-
s O~ wise determination of pressures. In the balanced

W (lin].)ln'ugm indicator, the diaphragim is normally held
agamst o contact by the unknown pressure being
measured. Compressed air is applied to the opposite
side until the contact is just broken. At this point the
meusured air pressure is equal to the unknown pres-

Figure 12, Electromagnetie gauge.

bridge =o that static response can be obtained. Dis-
placement of the diaphragm changes the magnetie
reluctanee of the unit and henee its impedanee. This
changes the bridge balanee and the resulting output
can be used as g measure of pressore. 5. PiezoLkctric Mernons, Certain asymmetrical
erystalline substances develop  eleetrie polarization
when subjected to mechanieal strain (8, This s
known as the divect piczoclectrie effeet ad the polari-
zation i proportional to the strain. The conterse
cffcet i a closely related phenomena whereby  an
cleetrie polarization in the erystal prodiuces a propor-
—~— tional strain. Among such materials are, notably,
quartz, tourmaline, Rochelle salt, and  mmmoninm
dilvdrogen phosphate (ADIP),

sure. A =eriex of sneh diaphragms, set for different
pressure, ean be used to obtain a recording of transient
pressures,

e. Optical Technique, An optical teelmigue for
determmining the displacement of the diaphragm s
shown in Fig. 13, Light from a sonree is made plane
by n lens and allowed to fall on a polished diaploagn,

The piczoeleetrie effeet is associated with the erys-
talline strneture and  depends on the  direetion of
application relative 1o the varions ervstal axis, Phates
are cut from the mother ervstal with aa orientation
cmpliasizing desived piczocleetrie properties, Thas, for
example, the type of quartz most often used as a
transdneer is the N-ent with the eleetrode Tuees per-
pendientar to the eleetrie axis and induding the
optical and mechanieal axes of the ervstal.

/' | . . .
[ | A common form of piczocleetrie pressure gange is
shown in Fig, 140, One eleetrode s grommded and the

other leads direetly to the associnted amplitier cirenit,

! For combustion studiex, quartz may he cooled by the
method <bown in Figo b In this instanee it s
Figare 13, Optieal g, permissible to allow the cooling {hiid to contact the
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XEMPHRAGM

COOLANT DIAPHRAGM

Figure 14, Piczoelectric gauge.

neasuring clement direetly, sinee quartz is a pressure-
sensing element and does not depend on displaeement
as in the case of a diaphragm. It is important in the
design to eliminate inertia effects of the cooling fluid
and to make the thickness of cooling fluid small com-
pared to the acoustic wavelength in the fluid.

The upper frequency response of quartz pressure
gauges Is practieally without hwmit (being well over
1000 megaeyeles see.), but the low frequeney response
s effeetively hmited by elecirical leakage of the
mouating and input ecircuit, and it is diffieult to
mensure as low ax 10 ep=. Ot er problems arise in
change of eapacity of conneeting eables, temperature
effeets, ete., but carcful design can minimize these,

ti. Macxerostricrion  Mernon,  Ferromagnetie
materials exhibit appreciable ehange in length when
placed in a magnetie fichl $3). This effect ix known as
“magnetostriction” and is reversible, e, a strain in the
material enuses a change in the magnetie fickl, This
converse effeet can be nsed as a pressure gauge in the
manner shown i Fig. 15, The pressure on the end
of a muagnetostrietive rod resialts in a change i the
magnetice fickd through the pickup coil (5).

As in the cases of the eleetromagnetic and relue-
tanee gauges, the magnetie change ean be used to
generate a voltage in the piekup coil or to change its

10

77777777 7 Paasasss \\\\\\*:::::;:: s:l

Figure 15. Magnetostriction gauge.

mpedance. In the first method the sensitivity de-
ereaxes in the low frequeney range while the second
nicthod is usable down to statie pressures. The upper
frequency response obtaimable ix from 50 to 100 ke. sce.

Some of the primeipal magnetostrietive materials
13} that have been used are mekel, niekel-iron alloys,
alloys of chromium, nickel, and tron (nichrome, monel,
cte.), nickel copper alloys, and cobalt-iron alloys. The
change m length is different for different materials, n
some cases being an inerease and some cases a de-
crease. In fact some materials show a reversal in
strain ax the flux :lensity is inereased. In all eases the
change in length is independent of the direetion of the
ficld so that a vibration frequeney of twice the apphed
electrie field is obtamed. Thix ix overcome hy apply-
mg a polurizing fiekl. As with piczoclectrie ervstals,
coohng flukd 1nay be used in centaet with the magneto-
strietive rods,

7. Tne RCA Visrorrox. The plae hmpedanee and
grid-plate transfer characteristies of ¢lecetron tubes
depend, among other things, on the inter-clectrode
spacings. With proper design, the electode spacing may
be varied by =ome external effeet such ns pressure, A
commercinl form of such a tube 1« shown i Fig. 16,
The anode is attached to a stiff rod which passes
through a flexible dinphragm scaled aeross the cud of
the envelope, Movement of the rod changes the clee-
trode spacing (18), This effeet, with associnted clece-
trieal circnits, can he used for pressure measurcment.

R, Sercrran LiNe Pressvre Smivr, All of the tecli-
niqies of pressure messurement discussed above have
been “macroscopie™ in nature, dependent on averag-
g Kinetie impacts of the gas molecules on an inter-
face such as the surface of a quartz ervstal. The

i e

T T P T W VCE eI S

T




g el

]

INSTRUMENTATION

5
‘e
\ N
N | ~
\Dl N
\ ! \
! \
i N
|
N
{ || ! L
y H! \
N
sh
A \
|
|
|

U U

Figure 16. Vibrotron,

phenomena of shift and broadening of speetral lines
with pressure seems to be a possible method of deter-
mining pressure in the interior of a gas without the
introducion of any foreign body (21). Figure 17 shows
the effect. for the mercury resonance line A 2537 (after
Fuchtbauer, Joos, and Dinkelocker). The cause of
the broadening lies in the sudden change in phase of
the emitted radiation by eollision. This is known as
“collision damping” and is pressure dependent for a
given gas composition. During collision, the energy
levels of the exeited atoms are altered due to polariza-
tion effeets. This results in a shift toward the red.

I0 ATMOSPHERES

50 ATMOSPHERES

RED —>

Figure 17. Spectral hne pressure shift,

11

High-speed photography of such speetral broaden-
ing and shifts would afford a means of pressure meas-
urements. Unfortunately the effect depends on the gas
composition, reaction produects and temperature so
that calibration would be required for a given system.

B. Temperature

The strueture of the thermal field in combustion
processes 1s exceedingly ecomplex and diffirult to
measure. The high temperatures, high veloeities, tur-
bulence, and irregularitie: of thermal structure in
steady state combustion (such as the ramjet) and
additional transient conditions in eyelic combustion
(such as the pulse jet) present almost insurinountable
problems for measurement. Some of the more common
methods for temperature determinations and their
limiitations are reviewed lere.

1. THeErMocovpLEs, If two wires of dissimilar
metals are conneeted at their ends and the two junc-
tions maintained at different temperatures, a current
will flow. The magnitude of the small electromotive
force causing this current is dependent on the tempera-
ture difference between the hot and cold junection.
Either a potentiometer or a high resistance galva-
nometer may be used to measure the thermal ean.f.
and hence the temperature (see Fig. 18).

Various metal and alloy combinations lave been
used for thermocouples, Among them are iron to
constantan (900°C), chromel to alumel (1100°C),
and platinum to platinum-10¢; rhodium (1500°C).
For short time service these may be used up to 200-
300°C higher than the hmits mdieated (10), For
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Figure 18, Thermoconple cireuit.
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higlier temperatures Ryan Acronautienl Corporation
lias developed a earbon to tungsten thermoeouple
usable up to about 3000°C. Details of tlns deviee are
discussed in a suceceding section.

Thermocouples are subject to various crrors, and
carc must be taken in interpreting their readings.
Among sueh errors are catalytic heating, stagnation
heating. radiation, conduction, and lag due to heat
capacity of the couple. Catalytic heating can be
climinated through proper choice of wmaterials or
through the use of poisons. Stagnation leating can be
mininiized by streamlining the couple and is only of
consequence in high veloeity flow. Radiation shields
reduce radiation losses and proper design can reduee
crrors due to heat conduction to the couple supports.
By making the thermocouple wires as small as mechan-
ically feasible, the lag due to heat eapacity s mini-
mized. These are but a few of the considerations re-
quired when using thermoeouples,

Although very useful for many applications, thermo-
couples are generally not completely satisfactory for
flame and eombustion studies,

2. Somem D-Ling Reversan, By far the most
popular method of mensuring temperatures in non-
luminous combustion studies is that of sodium D-line
reversal, Essentially the technique consists of matel-
ing the brightness of a black body radiating source
with the sodium D-line radiation from sodium vapor
introdueed into the flane bemg measured (193, The
sodium atons are assumed to be in statistieal thermal
cquilibrium with the gases of the flame and no xodnmm
radiation other than from thermal exeitation is postu-
lated. Schematie arrangement for thix method s
shown m Fig. 19

With the Dlack body temperatiwe helow the flame
temperature, the sodimn radiation ax scen in the
spectroscope appears as a bright line against a darker
background radiation from the black body  through
the flame. With the black body at a higher tempera-

SODIUM COLORED
FLAME
D IAP HRAGM
SPECTROSCOPE
LENS LENS B8LACR BODY

RADIATOR

GASsAIR

Figure 19, Sodium D-line reversal apparatuos,

ture radiating through the flame, the sodimn D-line 1=
dark agaimst a brighter background. Just at the “re-
versal” temperature, the black body and flame are at
the smine temperatures so that fronn the known tempur-
atire of the black body the temperature of the flame
is deiermined.  The reversal oceurs over a rather
narrow temperature range and measurements to within
3°C are not difficult.

Ordinarily a reference source sueh as a tungsten
filament lamp s used and its apparent temperatine
must he correeted for departure from true black body
radiation. If a lens ix used between the Lip and
flame, a correction for its reflection and absorption
must be made, If the flame tamperatire 1= not steady,
a well defined veversal tenperature camot be ob-
tained.  Other speetral Tines can also be used but
sodimn 1% the most connnon. The method is not
adaptable to continuous measurement or recovding,

3. Two Coror Merpon, The rvadiation from an
ordinary  luminous tlaime departs considerably from
black body radiation but by measureinent of intensity
at two wave-lengths the true flame temperature ean
be obtamed (20). The Dbasix of the method can he
understood by referring to Fig, 20, whicli is a graphieal
representation of Wien's law, giving the intensity of
radintion J, as a function of wavelength A, and abso-
lute temperature T. The solid curve T is for a black
body at the true flame temperatuve T, and the dotted
eurve F s the actual radintion from the flame. In-
tensity measirements on the flame at wavelengths A,
and A, vield apparent temperatures Ty, and P,
corresponding to black bady radiation at these temp-
cratures. Irom the known wavelengths A, and A, the
mensured apparent temperatures Ty,oand T, and
two other constants that can be evaluated for o given
flame and wavelength, the true thime temperature can
be readily ealenlated.
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A variant of this method at the University of Wis-
consin (20) has led to the development of an eleetro-
opticat pyrometer whieh ix instantancous in response
to flame-temperature vartations and wilt deterinine the
temperature-time eyvele for an internal combustion
evele. The final representation is on a cathode ray
osetlloseope whose sweep is svnehronized with the
erank posttion. The application of the method to the
study of the pulse jet 1 obvious and should prove of
mportanece. In this case a pressure pickup could be
nzed to trigger the oscilloscope sweep.

4. Ravvreiox Pyrometer, If the radiation from the
combustion process under investigation = not far from
black body radiation, or if the departure from black
body rudiation ix known, the ordinary  radintion
pyrometer may be used to measure temperature (10),
It conststs of a means of focusing (usaally a1 quartz
lens) the vadiant energy of all wavelengths upon the
hot himetion of a thermopile, thereby developing an
enif, which can be measured by a potentiome‘er or
mdicated divectly with a anllivoltmeter. In practice
the mdicating meter or recording mstrument is eali-
brated te vead temperature direetly. Mirrors are some-
times used for foeusing and vacuum thermocouples for
detectors.

Care must be taken that the source s large enough
to “fil" completely the opening to the pyrometer,
When sighting into combustion chambers  through
viewing ports, the pyrometer s quite relinble, sinee
such rudiation closely approxinutes that of a black
body, but the cocrections for open flames are not well-
known awd such readimgs are not good.

A vanation of this method measures the monoehro-
matic radintion from sodinm mtroduced e suflicient
coneentration to the tlame,

5. Ormiean Pyroverer. Phe disappearing-fitament
optieal pyrometer = somewhat anatogous to the bne
reversal methad, but essentialty black body radiation
from the thune 1= vequired. The common form of the
instroument s shown m Fig. 21,

The filament of a small eleetvie hght s located at
the foeat pomts of the objective and venlar lenses of
the pyrometer and serves to superimpoese an image of
the filament on the radiation ficld as viewael throngh
the pyrometer telescope. The filnment current and
henee its temperature s varied until the mmge dis-
appears m the background radintion. Filters just
tront of the eveptece make the radiation essentidly
nronochromatie <o that at the disappearanee point the
filament can be said to be «t the temperature of the
flame. The fikiment curvent enu be ealibrated direetly
m temperature (1,
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Figure 21. Optieal  pyrometer.

Ordinarity the tamp should not be operated higher
than 1500°C beeause of deterioration of the tungsten
filament. Tlowever the range of the instrument can be
extended by an absorption glss in front of the lamp
as shown, The same precautions requived with the
adiation pyrometer apply to the optical pyrometer.

S Hearen Wire Meruon, Constder o timgsten wire
heated by an eleetvieal eurrent and engulfed i a
non-tuminons flame whose temperature is unknown,
1 the current is varied and the temperature of the
wire ix measured by an optieal pyrometer, a curve
such ax shown in Fig. 22 tnarked “flame™) will be
obtained, At wire temperatures below the flame temp-
crature, the cuergy loss due to radiation from the wire
will be balaneed by the sunt of the cleetrieal erergy
input to the wire (I*R) and the conduetion-conveetion
heating of the wive by the hot gases, At wire tempera-
tures above the flame temperature, the cteetrieal
cuergy input will be balaneed by the sum of the radis-
tion toss and the coohng of the wire by condnetion-
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conveetion to the gases. When the wire 18 at the
precise temperature Te of the flame, the radiant
cuergy 1= just equal to the eleetrical energy. This poiat
can be found by obtaining the eurrent-temperature
curve of the sune wire in a vaemnu, In this ease the
radiant enevgy from the wire 1s always equal to the
cleetvieal input.  Obvionsly the point at which the
“vacnnm' curve erosses the “flane”™ curve determines
the flame temperature (8).

One souree of error in this urethod arses from the
fact that the wive in the fhnue “sees™ its surroundings
through a blanket of hot gases, while i the vacemnn
it “sees” itx suvroundings through a bell jar, Exeept
for highly absovptive gnsex the error ix =mall, however,
Other disadvannges are possible eatalvtie effeets of
the wire, possible ehange in cleetvieal resistaunee of the
wire due to contamination, problems wvolved with
the strength of the wire in high veloeity streams,
stagnation heating, ete,

7. Tuermat Nowse. Ordinacy thermal noise in au
cleetrical condhietor ix a possible weans of measuring
high temperatures (15, The preeise mechanism of
theral noise 1= vot well wderstood, hut apparentiv
it has its basts in thermal agitation of eleetrie eharges
i a conductor. Tt ix assumed that the charges ave in
thermodyizuie equilibvinm with the heat motion of
the atoms comprisiug the conductor, which resnits in
a corresponding variation of potential diffevenee at the
tevminal of the couductor, The fregquencies of the
voltage eharges at the terminals can thus be expeeted
to have a random distribution. Frow thermodynamieal
veasoniug Nyquist arrived at the following expression
for thermal noise:

(155 = IRKTAf (4)

where:

Iy = rans thermal noise voltage i frequeney
band wudth af

R resistance of conductor giving rise  to
therual noise

k Boltzimann's constant

T absolute temperature

Af frequeney band width of reeeiver,

If the temperature change of resistanee s compen-
sated for, then the square of the thermal noise voltage
for a given bhand width is diveetly proportioned to the
abxolnte 1emperature.

N, Baxo Seecrra. I thermal equilibrium exists in
the combnstion proeess, the teuperature may be deter-
niined  from aneasurements of relative intensities of
Lizes originating m known energy levels within the
atoms or moleenles (1), The basis of this method 1=
the relation between rebative ntensities of the lnes J,
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the Boltzmann factor ¢ %1 transition probability p.
and a weight factor a:

J = apee kT 5
where
J = relative intensity of a known line
a = a priorl weight fuuetion
p = transition probability
e = energy level differenee of the Tine in question
k = Boltzmanu’s constaul

T = ab=olute temperature,
From knowu atowie and woleeular speeteal  data,
varions bands may he ased sueh ax the A4216 CN bhaud
and the A4315 CIF band. In cases wheve a suitable
speetrin does not exist in the reaction being studied,
a “foreign” moleeule may be introdueed. Line speetra
are alxo usable, espeeindly the alkalies whose trausi-
tion probabilities are known,

0. Orner Mernons. The foregoing methods for
deterining gas tempevatures in coubistion processes
have not, in geueral, reguired a specifie knowledge of
the natnre and proportions of the varions component
wolecules, atoms, and fragments present during com-
bustion. There ave two additional methods (1) worthy
of weution that require some knowledge of the dis-
soeiation produets,

The ftirst of these s based on the shimple faet the
for o monatemie gas, or a polyatomic gns below its
dissoeiation temperature, the gas density varies -
versely ax the absolute teperature, By wmeasurements
of density, by X-ray absorption, e-particles, ete., the
absolite temperature ean be determined. This method
has been applied with =ome suceess to the measurement
of the temperntures in eleetric ares up to nbove
S000 K.

The other method depends on the measureiient of
sound veloeity in the gas mixture, It ean be shown tlet
under certain conditions the soimd veloeity depends
on the gas constaut, an average moleenlar weight, the
ratio of speeitie heats, amd temperntnee. It s thus
neeessary to have specttie heat and dissociation data
of the svstemn under investigation over the temperature
rauge mvolved. This method has been also used
ares up to above 5000 K.

Botlt of these methods might be used to gain -
sight into eombustion products in conjunction with
teperature weasurements hy other methods

C. Gas Veloeity, Turbudence, Flow Patterns.

Methods for measurement of gas veloeity :and tnr-
bulence and the determination of flow patterns have
been extensively developed for fluid mechanieal -
vestigitions. The application of these methods to




combustion flow systems involving high temperatures
as well as vartable and unknown reaction produets
cannot be said to be in a very satisfactory state.
However, in many eases it proves useful to study the
flow conditions for a given eombustion chamber in a
“eold” eondition and interpret the snbsequent eom-
bustion in the light of these measurements. In some
cases the acrodyvnamie teehniques ean be used with
the combustion process for qualitative resnlts. In
some instanees teehmiques speeifically  applieable to
combustion processes have been developed. The basis
of several of the methods and some of their limitations
are presented here,

1. Prror Tuvues. The veloeity in a fluid system in
motion is commonly determined by the device shown
in Fig. 23. Thix ix the ordinary Pitot tube (7) and is
useful in combustion processes if the material com-
prising the tube can withstand the temperatures in-
volved. Under steady incompressible flow, the total
pressure s the sum of the static pressure and the
stagnation pressure, or

P, =B, & p (6)

o
Sinee the statie pressnre can be obtained by methods
discussed  previously  this serves to determine  the
veloeity,

fim

STAGNATION POINT

TO MANOMETER — &}
{

Figare 23. Pitot tnbe,

There are varions modifications of the basie method
that measure the total and statie head simnltaneously,
giving the veloeity direetly. Optinnmm designs huve
been evolved to minimize the flow disturbance and
saumple the statie and total head as nearly at the sane
point as possible.

In combustion stidies, of conrse, there i usually a
guestion as to the value for po and this is a liniting
factor in the nse of this method. With methods other
than the manometer for measnring the pressure, flue-
tiating veloeities can be determied. providing the
duet to the pressure-sensing clement i not too long.

2. Hor Wik ANEMOMETER. One of the most elegant

INSTRUMENTATION

techniques for veloeity and turbulence measurements
iz based on the faet that an eleetrically heated wire
exposed to the air stream cools off and consequently
changes its eleetrie resistanee (11). The wire may be
used at eonstant current, in which ease the resistance
change (or voltage change) is 2 measure of the velocity
change; or it may be used at constant voltage and the
ererent change 1s a measnre of the velocity change.
The platinum wires usually employed may be of the
order of 0.0001 inch in diameter by 1 mm. long and
are mounted on rugged supporting arms. The method
is applicable to a wide range of turbulence intensities
and veloeities (limited by the mechanieal failure of
the wire at. aronnd 300 ft. sce.) and gives a pomnt
measurement. Throngh the use of methods for cal-
enlating and compensating for lag, veloeity fluetua-
tions us high as 2000 see. ean be measured. Seale of
intensity can be obtained by determinations of the
correlation coefficients of measurement from two hot
wires.

Unfortunately the hot wire anemometer cannot he
nsed in measuring turbulence in flmnes dne smiply to
the fact that the fine wire will not stand the tempera-
tures, The possibility at once saggests itself thut a
“eold” wire ancimometer might <olve the difficulty. A
length of fine tubing, cooled by mternal liquid flow,
would show a chunge of resistapee due to change in
heat transfer brought about by a ehange in velocity.
Wollaston's teehnique, with a core ax well as a ~heath
of silver in conjunction with platinum tubing, could be
used for obtaining fine tubing. A proposed form of the
instrument ix shown in Fig, 24,
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3. TracER Pnotocrarhy. A very useful method for
obtaining loeal velocity, flow patterns, and a qualita-
tive idea of turbulenee is based on the photographing
of refleeted stroboscopie light from minute tracer
particles introduced into the flow system. A typieal
setup for investigating the Bunsen flame i shown in
Fig. 23.

From the known stroboseopie illumination time and
measurements of streak lengths of the lght refleeted
from individual particles (from photographs), the
veloeities at various points are deterniined.  Motion
pictures give a qualitative idea of the turbulence
present. Nilien gel and refractory powders of abont
40p ave acceptable particles for the method.

camera [
||||

v

LENS

|

— )
SECTOR

LIGHT DISK FLAME

Figare 25, Apparatus for tracer photography.

4. Ramoacnve Tracers, A pulse of radioactive
material can be introduced upstream and s snbse-
quent passage noted by connters spaced down x flame
tmbe,  This would serve to measure the average
velueity and wonld be usefnl when glass sides are not
fensible or desirable, The details «f this method have
not vet been worked ant.

5. Screnes Mernon, The Sehlieren photagraphie
methed is muel used in the study of air flow and s a
valuable tool for investigation of combustion processes
{121, One common form of the apparatus is shown in
Fig. 26. Light from a bright source is made parallel
by a spherical mirror end passes though the system
mder sty to asecond spherieal mirror. The light
reflected from thiz mirror forms an image on ¢
sereen or ean be photographed. A Knife edge i i
<erted at the foeal point of the second mirrar and
catses changes in illimnination of the image in aceord-
ance with density gradients in the test seetion. If
there is no disturbance in the test seetion, the knife
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SCREEN —

N ~ KMIFE EDGE
\/\ 4

~ —

OBJECT

PARABOLIC
MIRROR

Figure 26, Seldieren apparatus,

edge will eause a nniform darkening of the field on
the sereen as it is inserted in the light path at the
foeal point of the sccond mirror. H, now, a density
disturhanee takes place in the working seetion, some
of the rays will defleet so as to pass the knife edge
and some will defleet =0 as to be intereepted by the
knife edge. The result ix + variation of illimination
on the sereen corresponding to the gradient of density.

There are varions other modifieations  of  the
Sehlieren apparatus involving a single mirrar, lenses
instead of mirrors, two knife edges, ete. The system
ix expeeially adapted to two-dimensional test seetions
but ean be used with three-dimensional flow, thongh
the interpretation is difficult. One point to be kept in
mind is that with the knife edge perpendicular to the
axix of flow and the direetion of the light rays, the
pattern will be symmetrical (with respeet to light and
dark areas) for svmmetrieal flow; while with the knife
edge parallel to the axis of flow, the pattern will he
asvimetrie for symmetrieal flow.

Actually, the basic mechanisim for the defleetion o
the light due to disturbanee in the test seetion is a
relation between the index of refractian, the gradient
of the index of refraction, and the angle between the
pradient and the direetion of the light rays. Fur a
given gas or gas mixture this ean be resalved inte an
effect due to the gradient of density, sinee the index
of refraction and the density are related. However,
with combustion reactions going an in the test seetian,
thix is no longer true and the quantitative interpeeta-
tion of resnlting patterns is not possible until more is
known about the reactivar. The methad is nevertheless
very uscful for flow patterns,

6. Smapow Mernon, The shadow method s a
simple «ptieal system and depends for operation on
the derivative of the density gradient 120, The
apparatus ix shown schematieally in Figo 27 Light
from an intense source is made parallel by means of
a lens and passes throngle the test seetion, talling
dircetly on the sereen.

Thix method is not as sensitive to disturbances: as
the Sehlieren method and i< most usetul for very




s

o) BJECT—/S CREEN

Pigore 270 Shadograph apparatus.

ocenr in - shoek
waves, For combustion processes, the same remarks
coneerning the density and index of refraetion for the
Rehlieren svstem apply to the shadow method.

abrupt density  variations sueh as

7. 0Opmican InTERFERONMETER. Optieal interferom-
eters are adaptable to the study of flow patterns and
turbulenee (120, The method is shown 1 Fig. 28
Monochromatie light ix made parallel and allowed to
fall on a half silvered mirror M. Half of the light
passes through M, and, after refleetion from fully
silvered mirror M,” and passage throngh the halt
silvered mirror M., is bronght to a foens on the
sereeir. The other half of the light traverses the other
path as =hown amd arrives at the sereen, with proper
ndjustment, in phase with the light fram the first path.
If a disturbanee of the index of refraction N 1= intro-
dueed in one path ax shown, the phase relations will
be disturbed and an interference pattern will resalt,
The disturbanee in index of refraction resolves itself
mto a disturbanee of density which yields a flow and
turbulenee pattern, For a given gas or gas nnxture the
methad i aduptable to guantitative ealenlations of
density, flow, and turhutlence, For comhustion proeesses
the patterns are gqualitative anly,

It is impartant to remember that the mterferometer

niethod depends on the density p: the Sehlieren methad
on the density gradient ; and the shadow method

. . . i
on the sceond dervative of density ‘\'._..
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3. Drrrvsion Mernon. Both the vortieity  and
momentum transfer theories of turbulenee depend on
the mixing length and intensity of the twbulence in
predieting diffusion by turbulent motion (7).
ments of the diffusing power of turbulenee are made
by exploring the distribution of the diffusable
property downstream from asource. For aerodynmies

Measure-

stidies, mensurements of  temperanwe  distribution
downstream from a point or line =ouree have been uzed.
In the study of mixing, concentrations of one of the
components in the other downstream from an entrance
nozzle have been used. Neither of these properties ave
usable for combustion studies, There 1s the possi-
bility of using radioactive materials,

D). Flame Propayation Vlocity

Flame propagation veloeity is of considerable in-
terest in basie stidies of combustion and develop-
mental investigations of combustion chambers, hnmers,
cte. Varions teelmiques have been devised for its
measurement, and the more rommon ones will be dhs-
cussed here. Tt shonhd be kept in mind that what is
measured s the veloeity of propagation of an abrupt
change m =ome property assoceiated with the eceept
of “flame front.” Thus the “thame front=" based on
meastrements of emitted hght, lonzaton, s temper-
ature may not necessarily be the same,

1. Pnorocrarme Mernon. One of the most direet
methods for obtaining flame propagation veloeitios is
by means of bigh-speed photography. There are two
basically different schemes commonly used, both =0
well known that they are scarcely worth mentioning,
In the first, the dmm camera, a evhoder of tilm s
rotated at a known speed with the tlame frout photo-
graphed  continuonsty. the known rotational
speced and measnured slope of the thame as photo-
graphed, the flame speed s obtained. The other
method ix o highespeed version of the ordinary movie

I'rom

camera, i which sueeessive photographs of the flape
as it advanees are ohtained,

2 Lexrnox-Axare Messirestest. A method pro-

posed hy o the Cornell Neronatieal Laboratory s
shown i Fig. 29, .\ scries of spark gaps spaced along
the wall of 1 combustion chamber are energized

= ST iTEcts

SPARR GAPS

Figure 249,

werhod

Tembon-angle

wi
™

e e e et A




INSTRUMENTATION

sequenee along the wall at o known rate. This will
result in a flame front ax hown; and measurement of
the angle 6, together with the ignition rate, will give
the flame veloeity.

3. Frow-AxcLE MessvreMeNT. Consider a com-
bustible mixture flowing down a tube (Fig. 300 at u
veloeity higher than the flame veloeity. If the mixture
1s ignited at a point on the axiz, a eonieal flane front
as shown will result. The flame veloeity 1= obtained
from measurements of average veloeity of the com-
bustible mixture and the angle of the fhuue front.

WSLILISS ISISSSS .
—_—
L]
COMBUSTIBLE FLAME
MIXTURE _—"FRONT
—
72777 IAPIIPI APRIF I ‘-\.\_ - 4

Figure 30. Flow-angle method,

4. Buryep-Ovr Wik Mernon. A simple method of
obtaining an average flame veloaty utilizes two fine
vires stretehied aeross the combustion tube and spaeed
a known distance down the tube, The wires are burned
out by the flame ax it passes and the time interval
wain be weasured by an eleetronie tiner,

5. lonizamox Gars. The breakdown of gaps by the
iomization of the fhune front ean be nsed in coujune-
tion with o timing eivenit to vield average flume
veloeity,

6. Pnororvee Mernob. Two phototubes with an
electronie timing cireuit ean be energized by the hight
of the flame front and o obtain the average flame
veloeity,

7. Invvenve Frame Dereceror. Work at the
Princeton University has shown that the iomzation in
the thune will appreeiably lower the Q of 2 coil sur-
rounding the fhune (6 For fhune veloeity mensuve-
ments two coils are wonnd around the pyrex combus-
tion tube and each ix connected as the plate coil of o
conventional tuned plate-tuned grid oseillator. As the
flame passes through the first coil, it eauses an abrupt
dip in the plate current of that oseillater which
triggers an eleetronie timing cirenit, Frequeneies of

6D and 100 megaeyeles have been used with the
Eecles-Jordan type trigger cireuit (5),

Two outstanding meatures of this method are: (1)
no probes or gups are introduced into the comtbustion
zone, and €2) the pickup coils ean be ensily moved to
any povtion of the fhune tube without distwrbing the
setup.

S, SrarioNary Fraoe Tueese. The statiomuy fhaue
tube, as deseribed in the preceding seetion, serves as a
method for obtaining {liame speed. Under the sta-
tionaey condition of the flame, the average veloeity of
flow of the combustible mixture i~ -qual to the average
lame veloeity. The m-flow vetoeity ean be measired
by <ome of the methods discussed above,

E. Other Measurements

1. Dexstry. The weasurement of density in the
flune and combustion zone 1= of mueh interest but
unfortunately no aceeptable methods e vet available,
The wethods of the optical nterferometer, ahorption
of radiation, and aeoustie absorption adl depend on a
knowledge of composition of combustion produets and
fragiients that ix =till Incking. It appears that snch
measurenients must  await  further  developieni  of
combustion kineties,

2. Tumvsr, No purticubu difficulty is encounterved

m mewsuring average throst, There is some interest
in measurements of transient  thrust for pulse jet
studies, but it would =ccwn that piczoclectrie or mag-
netostriction methods are well suited for this, Other
schemes for average thnst inchide use of a weight
balancee, spring  bulinee, resistanee  strain - ganges
wounted on elastic elenments, and measurement of
hydreauhie pressive through @ piston arrangenent,
3. Fuen Raves, Fuel vates are deterinined by con-
ventional comnuerenal insteunents such as rotometers,
Yefore and after weighing of fuel tanks, contimons
weleghing, float gauges, ete,

ooAm Rvees, Ay rates ecan be obtiuned by any one
of o number of methads for ineasuring gas velocity as
discusse«l above, Siuee ligh tenperatmres are not
wvolved, the instrument problews  are velatively
sinple. T transient vates are wanted, the problem is
=omcewhat more ditlieult,

VI. INSTRUMENTATION SURVEY

Thix <eetion contains a brief deseription of some of
the features of instrumentation at the various con-
tractors visited in this survey. The dizeussion is by no
weans complete beennse of the lited tise availible
for the survey, but it i hoped that the details reported

o

are veasonably accuvate and that they will be of <ome
serviee to other workers i the fichd,

For those contracrors and activities that are not
ichuded, 1t meaus <imply that either no information
or nsuflicient infornmtion was available to inchide
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deseriptions of the work in wstrumentation. It s
hoped that future effort eau make this mformation
move complete,

The aetivities have been grouped aeccording to ()
Institutes and Governmeut Laboratovies, (hy Umver-
sity Laboratories, and te) Industrial Orgairzations,
No attempt has heen made to maintain cither subjeet
or contractual strueture in this presentation, sinee
suelt an arrangement s virtually hmpossible.

A, Institutes and Governmont Laboratories

1. Barrennk Menmorian INsTrrere! A mass spee-
trograplt and known techniques for measuring air
veloeities and pressures are being used in chemieal
reaction studies of combustion, For matertals study, a
high-temperature N-ray diffraction camern ix avail-
ahle for phase studies at high temperature as well as
equipment for temperature control of samples, stress-
strain, recording apparatus, ete.

the burning of salid propeflants, temperatures will be
detecmined by burving a very fine  thermocouple
(0.001 ineh dia. wired in a load of the propellants. In
due course, the flame will pass over Jhe wire and give
a recorded indieation of the temperature. Observed
temperatures are expeeted to be within at least 100°C
of the actual temperature, Phatinunt to platim-
rhiodiim will be ased with an expeeted response tune
of less than 001 secomds, Radintion losses are not
expeeted to be serious,

Conmbustion in a spherieal echamber i being investi-
gated by observing the instantaneous pressuve at the
wall, the mstantancous temperature throughout the

2. Bureav or Nhxes.® In conneetion: with a stady of

reaction zone (with thermaocouples), and the instan-
tancous volume iside the spherieal lHame front ¢hy
means of a svnchronous enmerad), The difference be-
tween the theoretieally caleulated pressures hased on
mensured temperature and volume and the measired
pressure will yield information as to the incomplete-
ness of combustion,

3. Naronan Burrestv oF Stasparps?  An effort is
heing made to develop apparatus suited to the neas-
urement of veloeity fluetuations of high frequeney and
high magnitide, sueh as occur i turbulent boundary
layers, jets and wakes, in turbines, and around pro-
peller blades. Reeent work at NBS and elsewhere
indieates that present turbulenee mexsuring deviees,
THatteile Memorial Institute, Columbus, Ohio; J. F. Foster

and o L Lorig; WaR-UsS-ace t4202 Conpdentiol.
2Burean of Manes, Pittsburgty, Pebnsybvamia; BuAer Con-
trael NAer 00007 Bewmard Lawis,
INtiomal Burean of Standavds, Wastungton, D C0 (G0 B
Helms, R F. Geller, and B F. Fioek, Urelassificd.
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developed primarily for high sensitivity and low tur-
bulenee. are poorly suited to measurcments of fluetua-
tions that are a 'arge fraction of the mean speed.
Under sueh conditions hot wires operated at constant
current. introdus e errors heeaunse of their response and
Ing characteristies, Resistanee-regulating eircuits are
heing investigated ax a possible improvement. Report-
ed Gernn developments of turbulent measuring in-
struments based on tonie conduction through air at
high potentials are to be investigated.

In a development of methods for measuring tempera-
ture in gas “urbines, radiation losses of thermocouples
with vool wolls in a hot streamt of gas have been
evaluated. Fou a chrowel-alumel couple with gas at
1500 F and wah- at 1000°F, the radiation ervor was
found to be greater thau 25°F. This was reduced to
less than 5 F by use of a silver shield.  Platimnn
shields for higher temperatires have been found to
give a catalytie chemieal action ou the surface, which
results in an cerror i andieated temperature. Attempts
to porzon th e eatalyst have elanged the surface <o that
it no longer acts a= o radiation <hield.

The lag of theruwocouples is also bemg mvestigated
i the following manner: with the thermocouple in a
steady-state condition m a hot gas strenm, a metal
evlinder with a cold gas stremn is suddenly intro-
dueed aromd the couple and the temperature-tine
curve is recorded,  Approximately 001 sceond s re-
quired to change the thermocouple environment from
the hot to the cold gax (1000 F t 300 F). Consider-
able reduction in g was achieved throngh the use of
couples incorporating four juuctions,

Suitable laboritory standard  test equipment  for
establishing  specifications for airersdft gas  turbine
temperature measuring equipiment is heng developed.
Evaluation of thermocouples, thermisters, resistunce
cloments, Flader microwave attenuators, Fairchihld
was hand analysers, G E quartz-nichrome differential
expansions, Eelipse Pioneer bolometers, and other in-
straments will be made,

Flexure, thernml shock, <hort-tune tenstle, and
ereep tests ate made on eeramie speeimens, X-riy
duffraction equipiment ix available for temperatures up
to 1300 €. Attempts will be made to obtain eontrofled
and measurable furnaces above 2000 C with an oxidiz-
ing atmosphere and above 3300 ' with « nentral or
reducing atmesphere for ceramice research. Plitimnn-
rhodivm couples are ased up 1o 1600 C and oprieal
pryrometers up to 3000

4. Navan o A Mmssing Texr CEntER (Poist
Mueavrt The rocket laboratory at Point Mugu has

INsoval Mie Masside Test Center; Pomt Maga, Cahiforma.
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three test stands set on conerete implacements, with
control hnes run underground to reinforeed concrete
block houses. These control houses are equipped with
Esterline-Angus pressure and temperature recording
apparatus and other gauges and eontrols,

An elaborate test stand is being built, eapable of
testing and automatically recording data from high-
speed turbo-driven pumps. In addition an Army A-26
airplane has been equipped as a flying test stand for
pulse jets. The system contains the necessary appara-
tus for measuring thrust, drag, fuel flow, and fuel in-
jeetion pressure at different air speeds and altitudes,
Apparatus for measuring skin temperatnre is being
installed.

5. Navan Researcn Lasoratory.” In a study of
pulse jet parameters, pressure measurements at four
points along the pulse jet are recorded and correlated
with  thrust, specific  fuel, combustion chamber
geometry, cte. These measurements are made at the
Chesapeake Bay Annex of NRIL where test stand
Fretlities are avatluble,

Although they have used piezoeleetrie  pressure
gauges, NRL has had the most satisfactory experience
with the Trimount magnetie gauge. Its response s
good to 1) ke see., but it was found neeessary to
develop a cooling cell to proteet the diaphragm. The
design consisted of a small dueted heat-exchanger that
cooled the hot gases before impingement on the dia-
phragm, and no adverse effeet on the response was
noted,

Throst measurements are made by attaching a
cireular dial spring-seale to the pulse jet through the
neeessary eables and pulleys for the change in diree-
tion required by their particnlar test stand, This
appears to have the decided dvawback of \\'i-il'l)‘
fluctaating reading due to exeitation of resonanee
conditions in the spring system by the irregular pul-
sating aid detonating thrust of pulse jet,

Fuel is fed from o large vertical drive under com-
pressedd air and mressured with o rotometer. NRL &2
only in prehiminary stages of temperature measure-
ments,

. Navan Apvisory COMMITTEE FOR AERONAUTIES®
Several test stands are availible, equipped with Brown
recording pressure, temperature, ete, gauges, Reeond-
g 1= done in a eentral recording room. Thrust ix
measured by resistance strain gauges eemented  to
cacl side at the steel bar, The bar is loaded in flexure
SNuval Research Laboratoey, Washington, D. C. (TED

300 PU 240-46; Lo Fo Catapbell and T, O, Mever,
Confidential,

SNuval Advisory Committee for - Acronaotics,  Cleveland,
Ohio. Carfidde ntral.
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through knife-cdges by the ‘et nnder test. Average
fuel flow is determined by before-and-after weighing
of the fuel tank, but it is planned to record this con-
tinuously by nsing strain gauges.

High speed photographie cquipment, Schhieren ap-
paratus, uand numerous other instrumentation are
available,

7. NavaL Onroxaxce Test Stamox.® For deter-
mining blast effeets and high instantaneous pressures
in rockets, strain gauges, oll pressure gauges, and
enpacitanee gauges have been eonsidered. A capaci-
tance gauge has been designed and constrneted. The
unu=unl fexture is the uze ol vil to transmit the pres
sure from the combustion chamber to the diaphragm.
The opening to the combustion chamber is a eapillary
and serves to retain the o1l in its eavity. Response as
high as 12 ke see. iz expected. The oil damps out
effeets due to vibrations and proteets the diaphragm
from excessive temperatures during the rocket firing.
The presentation of the pressure is on an oseilloscope
whiel i photographed for perment peeoreding

Average pressures are measured in various parts of
roeket chambers by oil-filled Bourdon tubes, with
ol hnes leading from ecapillary-cavity arrangements.
Lengths up to 25 feet are sometimes used. A mirror
mounted on the end of the Bourdon tube and an
associnted optieal system serve to record the deflee-
tions on moving photographic film. The responze of
such 2 system is not expeeted to be very high, and
various irregularities in the recorded pressure eurves
probably have their explanation in complex resanance
exeitations of the oil hnes. Pressures up to H000 pasa.
have been observed.

No direet measurement of temperature in rocket
coinbistion eliaunbed has been :’l’th'ulph't[ here, llmugh
plans inelude the use of optieal pyrometers for hqguid
rockets, For solid propellants, the average temperature
can be ealeulated from the known heat of reaction
and the blast interval, Some assumptions sust be
made ;.-,.ll(“nl;.', heat traosfor to the rochet walls, and
this ix arrived at experimentally.  Thermocouples
buried at various positions through the rocket wall
serve to establish this heat transfer condition, Wall
temperatures as high as 1100 F have heen obtained.

Various other equipment ineludes high speed eam-
eras, telemetering apparatus, torpedo lnunelhing tracks,
ete.

B. University Laboratorics
1 Aweren Usiversity.® In conneetion with the

INaval Ovdnanee Test Station, Iuyvokern, Cabiormia,  Con-
fide ntral,
SAlired University, Alfeed, New York; L. L Shaw, Unclossi-
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program for studying properties of materials, Alfred
University is developing furnaces and instrumentation
for testing up to 4000°F and above. Such properties
as tensile strength, modulus of rupture, thermal ex-
pansion, softening temperatures under stress, and
other pertinent properties are sought.

The main experimental difficulties oceur in the mea-
surcment and control of temperature. The platinum
to platinum-rhodium couple will not last long at
1500°C, but it is hoped that a molybdenum-tungsten
couple 1 a reducing atmosphere ean be used. The
furnace temperature will be controlled by the resist-
ance-temperature change of molybdennm wire.

Structures of various materials being studied will
be determined spectrographically and by X-ray dif-
fraction,

2. CarorNia InsTiTvre oF TEcHNoLoGy." For a
study of starting teclnique for liquid rockets, an ap-
paratus has been built for measuring ignition delay
of spontancous liquid propellants. A drop of fuel
is permitted to fall on a few drops of the oxidizer.
The time interval between the passage of the fuel drop
past a point just above the oxidizer and the resulting
flash is determined by photocells and associated elee-
tronic tining cireuits,

Determination of densities, speeifie heats, viseosity,
heats of eombustion, moisture absorption, melting and
boiling points, ete. are being made for varions propel-
lant combinations,  Ultraviolet and visible absorption
speetra of nitromethane containing sensitizing or de-
sensihizing additives are being examined,

Measurements of the rate of flame propagation
through a vertical tnbe with various mixtire ratios,
ndditives, and total pressures are bheing made.

Development of suitable instruments for measure-
ment of high temperatures in rockets i< heing pursued.
An attempt will be made to measure exhaust tempera-
tures from the relative intensities of the two krown
clectronie states of a given speeies, such as the potas-
stum doublet. In the rocket motor chamber a least
reactive metal will be tried as a resistanee thermo-
meter. Under conditions where  chemienl  reaetions
with the resistanee element are unavoidable, the re-
sults of a high temperature vacuum investigation
should prove useful.

Instrumentation with regard to refrnetories and
sintered bodies inelide methods of measurement of
thermal conduetivities, coeflicients of expansion, and
identificntion of the constituents by X-ray diffraction.

sCudifornia  Institule of Technotogy, Pusadena, Cahfornia;
Clark Millikan and Louwis Dunn. Confidential,

3. CarneciE INsTITUTE OF TECHNOLOGY.'® In a
program for determining the heats of formation, a
bomb calorimeter has been designed of low carbon
stainless steel (0.2 C, 25 Cr, 12 Hi) that 1= expected
to be aceurate to 2 parts per 10,000. Specific heats
will be determined by the dropping method.

4. CorNELL AERONAUTICAL LaBoraTory.!!  Three
different methods of measuring flame propagation
veloeities in tubes have been used at Cornell Aeronau-
tical Laboratory. In the first, two fine wires, spaced
down a pyrex tube, are burned out ax the flame passes
over them. This is used to start and stop an electric
clock and gives an average flame veloeity.

Another method depends on ionization of gaps
spaced down the combustion tube, The output of an
oscillator is fed to an oscilloscope through a high re-
sistance. Tonization gaps, spaced down the combus-
tion tube, are shunted across the output. The ignition
of the combustible mixture is used to trigger the os-
cilloseope sweep and, as the flame front passes sue-
cesxively over the gaps, their resistance ix sharply
decreased momentarily. This ecauses the voltage
input to the scope to drop momentarily. The final
result is a modulation of the observed wave by the
breakdown at the gaps, henee the flame veloeity slong
refleetions from the end of the tube, this teelmique
the tube can be determined. However, for eases of
reversal of veloeity, suel as ean be eaused by acoustice
reflections from the end of the tube, this wonld be
confusing.

Flame veloeities are also determined by high-speed
photographie methods.

For materials studies, varions cleetric  firnaces,
precision conting cquipment, ete. are available. A
high-temperature tensile setup has heen construeted
=0 that the specimen can be vibrated at elevated tem-
peratures. A high-temperature X-ray diffraction cell
has been designed.

5. Corxernn Uxivensaity.'® The strueture of various
boranes are being determined, using eleetron diffrae-
tion techniques. An eleetron heam will be sent through
the gas and the diffracted heam will e seanned with
an electronic picknp. The intensities of the varions
diffraction orders will be recorded in this manner.

10Carnegie Instilue of Technology, Pillsburgh, Pennsvivania;
Nbori-47, T.O-7; UHarry Seliz, Unelassified.

HCornell Acronautiend Lubordory, Buffalo, New York: 1 V.
Foa.

2Cornell University, Ithaen, New York; S0 I Baver; Nooni-
91, T.O-) Unelassified.
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6. Massaciuserrs Insnrere or TecnNoLooy,'
Hot-wre anenometers are being used to study veloeity
and turbulenee in combustion tubes before agnition,
Subsequently, the mixture is ignited and photographed.
A dual hot-wire probe is used to obtain scale of
turbulenee.  After a thorough survey of hot-wire
techniques, an amproved compensating  ewreutt  has
been developed using u capacitanee rather than in-
ductance, This can be expeeted to he useful over a
wider range of frequenetes, Platimm Wollaston wives
of 0.0001 inch to 0.00005 inch diameter by about 1 to
2 mm. in length are used ax the resistanee element in
the hot-wire probes.

Temperatire  measurements  of  turbojet  exhanst
raxes have heen made with  tungsten-molyhdenmn
Sodimm D-line reversal teelmiques,
optieal pyrometers, two eolor methads, heated wire
method, ete. have also been nsed  for temperature
measurements.  The line reversal was the
most sueeessful one for non-hminous flames,

thermocouples,

method

7. New York Usiversity'' Vartous methods of
measuring and reeording the pulsating pressures of
pulse jets are being developed. Capacitanee, magneto-
striction, and  prezocleetrie gauges are being con-
strueted. .\ water-cooled eell hias been developed for
proteetion of the dinphragm. The condenser guge s
used to modulate an FA eirenit and a system of pre-
amplifiers at the jet are meluded to reduce difficulties
diie to the low level of the ontput, High-specd photo-
araphs of the oscilloscope sereen are ansed for record-
ing. For ealibration purposes an adinhatie pressare
chamber with a mechanieally oseillating diaphragm
has beer: constrneted, It some ditheulty s heing
experienced with fatigne at the diaphragm.

A photo-multiplier pickup with anmplifying systems
Las been construeted suitable for measurenments of
eimssoon Intensities of sodinm D-hne, absorption -
tenstties of sodnun - D-line, mtensities of
sodium and potassium lines, ol intensity of  the
A new

relative

continuous hackground Trom burning flames,
high resolution speetroseope las been designed and
i under construetion,  This will he employed in
sodium D-line reversal methods as well as the “two-
color™ methad for temperatiure mensurement,

In conneetion with flame tube studies, high-speel
photographs of the tlame front are ased to obtan the
flame propagation veloeity  as affected by varons
turbilenee-producing grids.  Another method  heing

13\ Lssaclmsetts Tostitnte of Technology, Cambedge, Moassa-
clmserts; 11 C. Horel and G Co Williams,

HNew York niversitv. New York, New Yok § KL Lo Moe-
Donald; Project SGUID, Noon-11, T.O =20 Unelassifiod.
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constdered makes use of a radioactive tracer teelmigue
in which a pulse of radiosetive material is injected
into the tube or engine and its progress observed by
mieans of counters, The same method might be used
with a pulse of sodium in a flame. The use of scat-
tered light from small partieles will also be investi-
gated. A Schilieren =etup with a 16-ineh mirror is also
available,

S, NowrruwesTeERN - Usiversiry.'™ Severad  teeh-
niques for mvestigations of mixing and turbulence are

being developed. In one ease, dye is injected into a
stream of water and the eoneentration gradient down-
stream determined. For a gas stream, a point soures
of heat s used and the temperature is measured
downstream by thermocoaples, Tt s also planned
to mtroduce different gases und determine the eon-
centration downstream hy means of mfrared absorp-
tion speetra.

In studving transient phenomena  aecompanying
combnstion, o =ensitive infrared eell and high-specd
photography will he used. Tt is hoped that a eamern
ean be built to tidke up to 200,000 frames per sceond.

9. Omo Stare Usiversiry® For studies of reace-
tion kineties and flames, the mass speetrograph will
be used to measire appearanee potendals, and for
detection and analysis at intermediate reaction prod-
uets, Flame temperatures will he measured spectro-
scopreally and exhaust veloeities hy radionetive tracers.
Optieal pyrometers and line reversal methods will also
he used,

10. Pouvrecusie Insvirvre oF Brookrys't oA
Henry tatigue machme has heen construeted, 1t eon-
sists of i dise about 18 mehes m o diwmeter on the axle
Ten almeo magnets are
monnted around the eircumference of the dise, The
sample to be tested, Voinele X U inelr N0 inches,
1x elamped at one end so that the free end s over the
magnets. When the dise s spin, the sample will
vibrate, up to IS0 exeles min. are attainable. 1t is

of a syochronous motor,

plannail o adapt the machine for work at high tem-
peratures up to abot 2000 F,

Ho Prineevox Universiry' Optieal means will
he used to obtam muels ar the data from the Prineeton

N orthwestern Ponversiy, Fvansion, Hhnois; L F. Statsiman
Unelossitiood,

160 Stde University, Cohmnbos, Ohio; G AL Bole, Un-
elassitiod

1 Polviechnie
R Iemgion;
Uneelnssihed.

Naneeton Poversity, Prinecton, New dersey; RN Pease;
Project SQULD, NGon-15, Unelawafied,

Brooklvn, New
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wind tunnel. A 4-ineh Mach-Zehnder interferometer
is being built. The speeifications eall for a final fringe
pattern that is straight, parallel, and equidistant to
within 1710 of a fringe. The large tunnel will have a
Rehlieren system with 12-ineh mirrors of 100-ineh focal
lengtl, and the small tunnel will have 8-inch mirrors
with 80-inch feeal length. High-pressure mereury ares
will he used, both continuously and in spark operation,
Ronchi grating niethod will also be tried.

An cleetronie chronoscope for measurement of flame
speeds has been developed, based on the Eeeles-Jordan
trigger circuit. The flame jonization, as it passes a
given point, ix used as n pulse to start an RC etreuit
charging.  Subsequently the flame passex a sccond
point. and stops the charging. The voltage on the RC
circuit is measured by means of a vacuum tube volt-
meter and serves to measure the flame veloeity. Va-
rtous ranges are available from 4 X 10% sccond to
14 sces. For the spacing used, these correspond to

53700 em. sce. and 26 em. see.

Another unique development has been a new iethod
for deteeting tonization in flames utilizing the loading
characteristie of a high frequeney oseillator. As the
flame passes through an oseillator tank coil which ix
construeted around a combustion tube, the absorp-
tion of energy, due to ion formation and imeveased
cddy-current losses i the gas, causes an merease m
the plate current of the oscillator which s used to
trigger an cleetronie chronoscope. Two ohvious -
vantages are (11 direet measnrement of flame speeds
can be mude without the intraduction of cleetrodes
or sereen wires into the tube, and (2) the points n
the tube at which measurements are made enn he
varied at will,

12, Pewove Uxiverstey™ In determining vesponse
of thermocouples, apparatis has been constreted to
move the couple mechanically  throngh o [bansen
fhune. The d-c voltage developed by the couple is
chopped at about S0 eveles see. and amplified by
two-stage n-¢ amplifier. This output is shown on an
oscilloscope and photographed. A photoeell eirenit
indexes the eamera film when the thermocouple enters
and leaves the thane, anl o t-evele thming signal 1s
also recoracd on the titm, The defleetions of the ox-
cilloscope are calibrated to give temperature,

A high-temperature furnzee attachment  for  the
clectron diffraction cunerie has been made, By its nse
a sample eat be oxidized while in the camera, and
the =urface ean be investigated at the temperature of
formation without intervening coaling,

Whardae Universiy, Lafiovetie, Todians: 000 Bvrner and
G. A Howkin o Projecy SQEUID, Noon-104, eelassified.
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The techmques af quenching cortbustion reaetions
by rapid dilution of combustion produets with cold
mert gases are being investigated. Several designs
are being construeted.

13. University or Cantrorxia®? A deviee has heen
built for studying the mechanism of mixing of fluid
stremms, It conststs of o hot wire and a thermocouple
an a traversmg head downstrean.

hr o study of spray formations, a small high-pressure
oll chamber at 3000 p.si. s used with vartous sizes
of hypodernie needles with ends eut perpendieular to
the axis. An almost instantancous means of sturting
and stopping the movement of the oil through the
needle has been achieved. Tt consists of 2 magnetieally
operated valve plunger scated against the rear of the
needle. Measurement of particle size and movement
1= done with the aid of a strong light source and <imul-
tancous photography through a scries of mieroscopes
arranged at right angles to the direetion of the spray.
Curved metal guards proteet the lenses fram  oil
deposits,

4. Uswveresity or Drnaware*! A oue kilowatt
ultrasonie generator s being constructed for the 7O
Ke. 'see. region using quartz ervstals as transdneers,
An attempt will he muade to praduce finer fuel sprays
and better distribution by subjeeting che mir-fuel st
to an intense ultrasonie ficld before it reaches the com-
bustion zane. The ultrasonie field will ilso be used as
a means of producing controlled ana speeialized types
ol turbulence,

A deviee for radintion scannig of the Bunsen fdGanme
has been develeped. The radiztion, imited by a e,
square aperature, is picked up by o photo-maltiplier
tube and after two stages «fhl-e smplification is shown
on a eathode-ray osetlloscope. The apersture scans
the flame by mears of w0 synehronous motor which is
also synchronized witli the oseilloscope rweep. The
resilt ix s presentation of the radintion contanr of
the thame on the sereen. This eun he observed visamly
or photographed. Filters ean be introdheed to i
the wavelength of the radintion, and it is plamsl to
extend the methad to iefraved as swar s an mfraved
multiplier tube becomes wvailable,

Shadow pietures are being extensively ased for
mixing stiudies as well as for observing tarbulenee.
Both are and spark ¢10% see light soorees wee nsed,
Steveoseopie shwbwgraphs have been niwle and are

SO mversity o Cabfornn, Berkeley, Cadifornia; €01 Vogr;
Projert SQUID.

Aenersny of Delaware, Newark, Pelaware; Kurt Woll;
NQal 95, Confide ntial,
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expeeted to be useful. Correlation between scale of
turbulenee, as given by shadow pictures, and the hot-
wire anemometer is being attempted.

The fow of small particles introduced into a gas
stream is useful in determining flow lines and velocity.
The apparatus at the University of Delaware eonsists
of a stroboscopie means of illuminating the flamne or
gas Jet and a means of photographing the light scat-
tered from the particles. In the case of flames, photo-
graphs of the luminous flame can alse be taken. Siliea
gel at about 40 p and a density of 0.3 gin./ce. can be
used. Smaller partieles of lower density would follow
the streamlines more successfully.

An claborate apparatus for line reversal studies is
being construeted; this apparatus will make tempera-
ture determinations by this method a routine matter.
The sodium souree, combustion chamber, and spectro-
meter are all mounted on a rigid channel-iron base.
The combustion chamber can be moved horizontally
and vertically by means of a micrometer screen, so
that different positions of the combustion zone can be
measured. Mirrors and a telescope allow for visual
obset vations and location of the ru;,,luu 1)\'111;; measured,
Introduction of the sodium through a fine jet makes
temperature measurement in the interior of the flame
pussible. The two D-lines of sodium are actually re-
solved, and a low power mieroscope has been found
useful in determining the reversal point.

A novel technique for introducing coloring salts into
flames has been developed. An air jet flows through
a mixture of abont 809, phreerin amd 2007 sutursted
salt solution, small droplets of solution being entrained
through small holes in a lLiood surrounding the jet.
This results in a fine mist with about 807 of the
droplets in the range at 5-6 p.

15, Uxwversiry o PExNsyLvaN1v G Development
of gas analysiz methods inchudes infrared analyzers,
dew-point apparatus, ionization potential methods,
manometrie methods, ete.

16, Uxiversity or Pierssercn® For a study of
thermodynamic properties of borohydrides, 1 micro-
ealorimeter is available with a thermopile eapable of
deteeting o few tenths of a mierodegree,

17. Uxwversity ofF Sovtnery CanirorNia’t This
laboratory is equipped to take shadowgraph pictures
with a high-power light source and a foeal plane

2University of Pemnsvivania, Philadelphia, Pennsyivaniay J.
A. Goff: NObs-2477. Rextricted.

BUniversity of Pittshargh. Protsburgh, Pennsylvanin; Gebhard
Stegeman; Ntoni-43. Unelassified.

Hniversity of Sonthern Californi. Los Angeles, California;
R. T. DeVault. Confidential,

shutter eamera. An eleet.ie are will also be used. A
balance system is being built for use with supersonic
free jets to measure lift, drag, and movement. Air
velocities ahead of the ramjet are determmined by
measuring the angle of the shoek wave on cones
placed in the air streams. Temperatures up to 2800°F
in the gas strcam have been obtained. These are de-
termined indirectiy by measuring the pressuce of the
exit gases at the nozzle of the ramjet with the aid of
a comb of water-cooled Pitot tubes.

18. Ux~ivemrsity oF WasHINGTON.** In connection
with shock wave studies, optical instruments for study
of shock wave flow characteristics, boundary layer
effects, and density gradients with Schheren appara-
tus and interferometers will be obtained.

19. Uxiversity of Wisconsix.*% A large optical
interferometer has been designed and is under con-
struetion.  Nine-ineh mirrors, mounted in vacuum
boxes, are used in such a manner that the mirror en-
sembles can be moved on a rigid track so that the
length of working section ean be changed.

A Sehlieron sctup with 12-inch mirrors of 109-inch
focal length is being constructed. It i1s planned to use
a grating in conjunction with the knife-edge to get a
pattern of contour lines of index of refraction.

C. Industrial Organizations

1. Avroser  UNGINEERING  CorroraTion *?  Test
stands are cquipped with the usual type of pressure
gauges, recorders, and thermocouples for measuring
jacket and eoolant temperature.  Condenser type
water-cooled pressure pickups have heen built, This
development will he continued with a newly designed
condenser gauge that deereases temperature effects,
Temperature measurement by the sodium D-line re-
versal method is also heing considered, as well as
the two-color method. Thrust is measured hy the
compres<ion of a large spring below the test carriage
and indieated remotely by means of Selsvn motors,
The wavelengths and intensities of radiation in the
infrared region of rocket and pulse jet exhanst flames
are to be measured.

2. Aviation Corrorytion o AMerica (LycosmiNg
Division).* Various standard roto-meters, pressure
ganges, manometers, and thermoconples are used for

2AUniversity of Washington, Seattle, Washington; F. 8. Fust-
man;, Nori-217.  Unelassificd.

20 miversity of Wiseonsin, Madison, Wisconsin; J. O. Hirseh-
felder; NOrd 9038, Restricted,

T Acrajet Engincering Corporation, Azusa, Culifornia; K. F.
Mundt,

N Aviattion  Corporation of Ameriea  (Lyveoming  Division),
Willtamsport, Pennsylvania: C. 1L Wiegman; NOa(s)-
1718, Restricted.
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routine test work. Cathode-ray oscillographs and am-
plifiers have been used with pressure gauges for eyelie
thrust and pressure.

One test stand eonsisted of a parallelogram with
the motor mounted on the top bar. The whole system
i1s mounted on rollers, so either the parallelogram or
the rollers may be used to measure the thrust. The
actual thrust unit consists of a piston and eylinder,
with thrust being measured by a pressure gauge.

3. BExmix Aviatiox CorporaTION.*®  Alreraft in-
struments for measuring such parameters as pressure,
temperature, air veloeities, flow, ete. are being de-
veloped using flux gate principles. In connection with
vemperature measurements of ramjet eombustion at
lueh altitude, a bolometer sensitive to 5 mierovolts/
microwatt /em.? and a reaction time of about 0.005
see. has been developed.

Fuel metering deviees to modulate fuel supply to
pulse jet engines are under development.

Various other instrumentation developments are
coneerned with guidance, telemetering, and other
mechanisms assoeiated with complete missiles,

4. CoNsOLIDATED VULTEE AIRCRAFT CORPORATION.®!
In the operation of the large wind tunnel at Lone Star,
Schlieren and spark photographie equipment is avail-
able. Most test «data are recorded photographically
and transeribed to IBM eards, so that computing
machines ean be used for correlating the data. While
the tunnel operates with bunks of mereury mano-
meters for determining static and dynamie pressures,
burners are equipped with Trimount gauges. These
deterinine transient pressures down the length of the
burner tube. A Hathaway 12-channel oscillograph
1« used. Thrust and drag are measured with resistance
strain gauges. Wall temperatures of the burner and
the temperature of fucl-air mixtures before combustion
are determined with thermocouples and recorded. A
Mine Safety Applianee  dew-point meter s used.
Photographs of all dialz, gauges, rotometers, ete. are
taken at F-sccond intervals, during a test,

An improve:d dew-point meter that gives continuous
recording has been developed. A stainless steel mirror
ix continpously cooled by a refrigerant, causing con-
densation to form on its surface, This effects the
amount of light refleeted from the surface to a photo-
cell, which ecauses an induetive heater to heat the
mirror until the condensation disappears, thus con-
tinuously keeping the mirror at the dew-point. A
thiermocouple measures the temperature of the mirror,
29Rendix - Aviation  Corporition, Teeterboro, New Jersey;

Walter Teagne.

BCopsolidieted Vultee  Ajreraft Corporation, Downey, Cali-
fornta; ¢ R, Invine,
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5. Crrmiss-WRIGHT CorPorATION.?! For test work,
a specifie impulse indicator that automatieally divi‘ies
the total thrust by the fuel rate is being developed.
Thus by wvarying the mixture ratio manually, the
optimum  performance ean be obtained in one test
run.

6. ExrErimexTt, INcorrPoRATED.3? Various thermo-
eouple combinations are being investigated, including
platinuni-platinum rhodiun, iridium-iridium rhodium,
and silicon-silicon carbide. These eombinations are
reported to he usable up to 3500°F. Another method
for temperature measurement makes use of a bead
of carboloy mounted on a water-cooled strut in the
ramjet combustion zone or exhausts. An optieal pyro-
meter gives the temperature of the earboloy, and a cal-
culated correction for radiation and conduction gives
the temperature of the gas. Line reversal teehniques
have alzo been used, and there is some evidence to
show that the conductivity between two probes is :
satisfactory indieation of temperuture in a given flame.

Molybdenum water-cooled Pitot tubes have been
developed that seem satisfactory for continued use
in the hot exhaust gases from a ramjet burner. In one
vartant, water is forced through the Pitot tube open-
ing, the flow being adjusted to a very slow untform
value. The water pressure is then a measure of the
dynamie pressure in the gas stream. Trimount and
Esso pressure gauges for fluctuating pressures are used,
and some consideration lins been given to piezoceleetrie
gauges,

A thorough investigation of turbulence n its rela-
tion to combustion is being pursucd. Hot-wire anemo-
moters, therinocouples, piczoclectrie  ervstals, flow
patterns, cte. are being developed ax methods of men-
surtng turbulence. Fluoreseent or radioaetive mnaterinls
may be introduced to determine mixing under vartous
flow conditions.

7. GeNeran Frecrrie Cosmeaxy ™ [nstrumentation
for measuring temperature, pressure, fluid flow, net
thrust, and other parmmeters in testing and developing
rocket motors ix being developed. An elastie deflection
device suitrble for measuring pressure, thrust, fuel
flow, cte, has been develaped, Tt consist= of a balaneed
pair of iron core inductances, cach inserted into a leg
of a U-shaped block of aluminuni. The induetances
form a part of a mutual inductanee bridge. and elastie
deflection of one arm of the aluminum block unbal-
HCorts-Woight Corporation, Propeller Division,  Culdwell,
New Jersev; G0 W Clollson,

SLhaperiment,  Incorporated.  Ryeliond,  Viginia; J. W,
Mollen: NOrd 9756, Confidde ntinl,

#BGeneral Eleetrie Company, Seheneetady, New York; F. P,
Bundy,
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ances the bridge. The unbalanced output from the
bridge is a measure of the deflection of the arm.

A novel means of measuring rocket exhaust gas
velocities has been developed. It depends on the
Doppler shift of sodium radiation from “diamonds”
in the exhaust. An optical system sights upstream and
downstream at about 40°, and the resultant shift is
measured by means of a Fabry-Perot interferometer.

General Eleetrie is also investigating pressure broad-
ening and pressure shift of speetral lines as a means

of pressure measurement. Shifts of 0.022 ;&/atmos.
towards the red for the sodium D-line have been
obtained.

For temperature measurements, the sodium line re-
versal method is being investigated. By means of a
calibrated optical wedge, it is hoped that temperature
ean be measured direetly by mateling intensitics of
the observed D-line and the calibration on the wedge
inserted between the source and the flame, The CH
band spectrum in the exhaust has also been investi-
gated as a means of temperature measurement. Another
technique makes use of mierowave transmission
thirough the flame and depends on ionization potentials
of salts introduced into the flame.

8. M. W. KEeLroce Comprany.® Pressures are meas-
ured with recording Bourdon ganges and thrust is
determined by means of a hydraulie pickup activating
a Bourdon gauge. Therntocouples ure used for tempera-
tures and flow nieters fer fuel.

9. MarQuarpt AlrcRarr Corvonration ™ An in-
vestigation of fuel spray eharacteristies i heing made
with transparent diffusers and nozzles and  spark
phatography,  Spray patterns will be determined by
shadow photographs and droplet size by high-speed
photographs and measurement.  An attept will e
made ta correlate droplet size and light trunsmission.

In pulse jet studies wind tumels are equipped with
Schlieren appavatus awd high-speed  photographing.
An S-inch pulse jet will be rum in the tunnel to sty
flow characteristies inta the jet. A hot wire or spark
will be installed upstream from the pulse jet in order
to make the flow visible, The pressure evele of the

BN W, Kellogyg Company, Jersey City, New Jersev; G HL
Messerly,

S Marguardl Aireraft Corporation, Veniee, California; R, K.
Marquard?,

aasandard Ol Development Company, Bavway, New Jersey;
W. J. Sweeney,
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jet will be measured by a strain gauge type of pres-
sure unit,

Scveral speeial acrodynamie drag lifts, balanee sys-
tems, ete. have been developed.

10. Staxparp Oin DeveELoPMENT CoMrany®® In
connection with fundamental studies of combustion,
investigations at Standard Oil have included studies
of temperature, turbulence, and flame propagation.
Speetrographic studies of various flames have been
made to furnish a background for teniperature meas-
urement. Sodinm D-lne reversal teelmiques are used,
Both upstrecam and downstream flame propagation
in tuhes is being investigated. Various test stands are
available, with flow meters, air compensating thrust
ganges, thermocouples, ete,

11. Uxiox O Company or CavtrorNia®® This
Company has a very well equipped general physical-
chemical laboratory with sueh instruments as emission
spectronteter, infrared absorption spectrophotoueter,
ultraviolet absorption spectrophotometer, mass spec-
tragraph, and 12-place eleetronie caleulator far simul-
tancons cquations,

12, Unxtren Amrkerarr Corrorarion.®  In conjunc-
tion with wind twmel equipiment, this lahoratory has
extensive optical eqnipment ineluding spectrographie,
shadowgraphie, and Sehlieren apparatus,  Combns-
tion experiments can be earried out either i the large
wind tunnel or in a speeial pressurized combustion
line, Constderable work is heing done in recording
flight «data.

13. Ryvax Avroxartiean Corvararion A high-
temperature thermoconple has been developed, eap-
ahle of measnring temperatures in exeess of 3200 F.
It consists of an outer evlinder of graphife aud an
inner vod of tungsten, with a pressure contaet foring
the junction at one tip. The response tine is rather
Ligh beeanse of the stze tabont 1y ineh oudoy, hnt the
couple will List in an oxy-acetvlene flame for several
minntes. A eerantie caating is heing developed ta pro-
tect the carbon from oxidation.

A men il Company of Calttornian, Wiluongton, Cahforma;
O b Pollv: Wald-is-ae 13468 Restricted.

P mted Atreraft Corporation, Fast Hoford, Conneetient ;
JoG bec; NOROSE Contide ntial,

3URvar Acvomautieal Cotporetion, San Do, Califorure ;
R/ anle,
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