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Princeton University, the central management organization of Project
SQUID, arranged for the preparation of the Ficld Survcy Report wuder
Contract NGori-105, Task Order [T, with the Office of Naval Researeh,
Navy Department.

This report was prepared by the Technical Survey Group of Project
SQUID as a cooperative effort of Princeton University and Engineering Re-
seareh Associates, Ine. Engineering Researeh Associates was given primary
responsibility for the preparation of these reports in accordance with the
provisions of Task Orvder 1T under Purchase Order Number 08451 with
Princeton University,
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FOREWORD

The Ficld Sureey Koot on Hguid propellant rockets and piilse et
engines was prepared at de suggestion af the Poliey Committec, in order
that the fundamental researeh in Projeet SQUID might be related to other
projects and programs of rese arel in this field, and to problems arising in
the development of rocket and pulse Jet engine equipment.

In order to fulfill this purpose the Ficld Swrecy Report ad to be more
than w briel outline of the work of cach contractor, hut time did not permit
it o be prepared as a monograph in each braneh of the field of propulsion.
The choice of presentation of the work in each volume of the report was
coverned in part by the amount of available information, and hy its refation
to the researel now being sponsored by Projeet SQUID.

The Poliey Committee will use the Field Swrecy Report as a hasis for
adjustments in the researeh program of roject SQUID, inorder to ensure a
more effective attack on the fundamental problems in the field of propulsion.
The Poliey Committee hopes that this report may also be aseful to seientists
condueting researeh and development in fields relating to propulsion, and
to members of gavernment organizations responsible for the planning and
integration of research programs in propulsion,

Hean 8. Tavoor, Chairman
Policy Committee, Project SQUID
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PRKEFACE

The Field Survey Report was prepared by the Technical Survey troup,
Project SQUID, under the direetion of Engineering Research Assoviates,
Ine.

The assembly of the material and the prepa sation of each part of the
report was undertaken as a grous: offort, to which the staffx of both Prinee-
ton {"niversity and Engineering &8 woareh Associates, Iie., have contributed.
Mr. It. A. Parker, Project Organizer, and Mr, WL O House, Chiel Technical
Aide, of the central administrative staft of Project SQUID at Princeton
served as members of the Technieal Survey Group and prepared Volume 11
In addition, Prof. J. V. Charyk of the Aeronautical Enginecering Depart-
ment at Prineeton visited the California Institute of Teehmology and fur-
nished hasie information coneerning the research program there. Ile also
offered many helpful suggestions with regard to several parts of Volume 1.

In the preparation of this report the members of the Technical Survey
Group have reeeived the assistanee, counsel and cooperation of representa-
tives of the War and Navy Departments and other tovermment agencies,
and ol representatives of academic and industrial lahoratories who ave
wnder contraet to the government for research and development in this field.

The authors are indebted to a number of seientists who have reviewed
cach part of the report and have offered mueh construetive eviticism. The
authors also wish to express their appreciation for the assistance which was
so generously given by representaives of the Oftice of Naval Research and
of the Bureau of Acronauties.

Tie TECHNICAL SURVEY GROUP
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1. SUMMARY

This report summarizes the rescareh work oneom-
bustion being carvied on wder govermment sponsor-
ship. In addition, a few projects under private spon-
sorship are included, the information having been
made public. Briel diseussions of the status of knowl-
edure i fields of researeh fmportant to combustion are
given. to indicate the relation hetween the outstandine
problems and the present research program.

The quantitative description of the combustion
process in terms of the detaied wechanisms involved
is possible at present only in prineiple. Before this
can be achioved, Tormidable mathematica! difficultios
remain to be solved, and the separate phenomena
whieh are part of the general combustion process must
The present research

be investigated experimentally.

progtatn on il Tt RS, ™

Bt Loliesct that the prodedid TS S R TTR LTT S
report covers rather well the mosy sionificant and
necessary projeets 1 the field, though it is quite evi-
dent that wore people should be working on sueh
projects. 1t is also felt that some elaboration of the
program shoukl be made in the following specific
instances:

A, Investigations of the mechanisms and the rates
of reactions must be extended to include the
propellant systems now being used in et power
plants and those proposed for future use. Metals,
motat alky B ntat frydormete ot foedeonine 4

their reactions with the usnal oxidants need to
be investigated. Similar information for the re-
actions of fluorme and 1its derivatives witil ruels
is pressingly ve-quired. Considerable work is he-
ing done on developing new teehniques  for
studying the mechanism of combustion reactions
but there is still a need for studying propellant
systems, partieularly Tiquid systens, using any
{echniques which may be available,

B. Chemical equilibria should be studied at high
temperatures and pressures in static and flowing
systems to determine the coneent ations of the

components at equilibrium, the time required

combustion, and chemical reactions in flowing streams
Should be particularly important in this regard.

The rescareh on ignition of combustible mixtures,
normal  flame  veloeity, conditions for maintaining
stable fames in laminar amd turbulent How, and com-
bustion in Hquid sprays, s deseribed. Tt appears
likely that equations can he developed relating nor-
mal flame veloeity to other obaerved flame phenomena,
important from hoth the practical and theoretical
points of view,

The acoustic vibrations caused by flames and the
possibility of using zeoustie ficld: in the study of
flame phenotena are diseussed.,

Some of the eombustion work being carvied on in
cotnection with the desien of jet power plants is
deseribed to indicate the type and scope of the prob-

Wil o e histion (-n;rim'l'l‘illg.

RECOMMENDATIONS

for the establishment of equilibrimn, and ther-
modynamic properties as a funetion of time,
Studies of reacdions in which some of the prod-
wets are solid and the others gaseous are needed.
This information, whieh is not available, is nee-
exsary for the aceurate computation of rocket
performance.

(*. The thermodynamic properties of fuels and
produets of combustion shou’d be determined at
high temperatures over a range of pressures to
vive data for combustion caleulations and for
B e |.,,mn-_\- with exoeriment. Caleulations
and measurements are being made of some of
these properties for some of the compounds, but

Lot

the pugraan o et nidedd,

1). Basie studies of combustion at high and at low
pressures should be extended.  Liquid propel-
lant rockets operate presently at 300-4%) pounds
per square ineh pressure, solid rockets up to
2000 pounds per square ineh. Investigations of
the reactions of fuels with oxidizers at pressures
at least up to 200 atmospheres (3000 pounds per
square inch) are necessary. Determination of

the mechanism of combustion may be more prae-
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CONBUSTION

pressure, amd vahuable information may he ob-
tained although the reactions may not be the
S U di lUﬂ l'll'l\.\llxl'.\ [T T R (lllllllnll‘lll'l IVopreansua e,

I8 Tovestigations of the effeet of turbulence on
combustion are of prime importance, and it ap-
pears that further development of the theory of
turbtlenee and  of  technigues for ameasuring
turbutence will he necessary in this conueetion.
Turbulence is discussed in more detail in Part
4 of this Volume, **Fluid Mechanies. ™

I The developnient of teelmiques for measuring
the pressure, temperature, ancl vel sty ol mov-
ing wgas streams shouid he emphasized  here,
although it will be mentioned again under Part
Goon CClnstromentation.” Instrumentation s
one of the most difficult problems in combustion
wark,

(1. More attention should be given to basie studies
of dgnition phenomena. Little is known about
the energy requirements or about methods of
reducing ignition delay.

L lany combpstion investigations have had too
Pt _': i e LR e L8 e Soee m e e |

out to learn what happens under speaified ex-

perimental conditions with too little considera-
tion of possible contributions to the understand-

ing of the basie factors nvolved. Wherever
possible, even in essentially development pro-
“ranan, VAT T s Shornbt booporferme nnmter
simple, well-defined, and aceurately measured
conditions, so chosen that the results can be
interpreted in terms of fundamental parameters,
The tnmediate objective of combuation rescarch
is to develop quantitative relations hetween ap-
propriate variables. The ultimate objective is
to explain combustion iu terms of the detailed
mechunisms involved, These abjectives can be
attained ouly if suitable experimental data are
available to cheek and guide theory,

i F R —"— | ; . T
the efforts of different croups working toward
solutions of the same problem. Sach coordina-
tion appears particularly desivable for studies
deseribed 1 this report under the headings:
Chenieal Kineties, Turbulence, Flame Veloeity
and Stability, and Combustion in High Spesd
Gas Streams. These diffienlt and  hmportant
problems, requiring the efforts of several groups,
" TR e S II_- LTS T Vi ul
change of information on results, procedures,
and experimental diffieulties at the technical as
well as the administrative level,

I11. INTRODUCTION

The importance of the study of combustion arises
from the faet that present knowledge is inadequate

. . . ;
O pruside W e i a af Fanis o ¥ S |

power plants. The charvacteristies and efficieney of
the combustion in a power plant depend on factors
PR A S - T
tion; fuel oxidant ratio; pressure, temperature, and
veloeity of fuel and oxidant: size and shape of the

1 e soeRTTE TR

combustion ehamber: nature ol tne Mow; and the
physical and chemical properties of the fuel and
oxidizer. The present state of knowledge is sueh that
design is Targely a matter of trial and error, based on
B T e e L
one component or the ehamber aiwer anodier, or one
of the above factors, has heen slightly altered and
i - [T———T il =l ik W e
jeetive of combustion vesearch is to obtain a basic
understanding of each of the above factors and of
the combustion process as a whole.  Without this
understanding, it will not be possible to achieve the
most eirecave (llﬁi;;‘ll Ot j’('l POWCTD pleaits, lmlli\' -

Jarly for large units.

In practical installitions, a non-homogencous mix-
ture of fuel and oxidaut in turbulent flow is burned.

2 v ’ | ‘e
any hut an empirieal way, subdivision 18 necessary so
that simpler componsnts can be investigated  sep-
e ® .'_-_- | p— o v oy e T e »
bustion may be considered to involve the following
general investigations: (a) an investigation of noun-

DOMOZeNCoUs SYSTemS, Wit and witnout burning, m-

2,
cluding particularly the impinging of liquid streams,
formation of lquid sprays, evaporation, and mixing;
(H) an investigation of turbulent flow and the mutual
o P e g . e i B i 0

redetion of combustion: and (¢) a theoretical and
experimental investigation of all phases of flame phe-
nomnena \\'illl()"l he ('()lll])ll\'il(l“llS Ol ll()ll-Il(‘lll(),‘.l'\'ll(‘il_\

and turbulence.

fhe Proilems of  NON-NONIgencous  nIXtres atd
turbulent flow belong essentially to fluid mechanies
t 1L I »

. . e
wint ¢ T 11 T T T T TR o

projects on the influence of these factors on corbus-
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tion, however, will be veviewed here, The instrumenta-
tion problems of combustion and 2 diseussion of the
oy sweal and chenncal dspreven ol comuNt o whael -
Huenee measurement and measurenient technigques are

T vou [N il T T -

properties of chemieal compounds and eertain other

problens common to a diseussion of fuels and of com-

(COUBUSTION

bustion are civen in Part 2 of this Volume, The main

caneerns of this Part are the theoretical and experi-

meial mvesazavons ul Hame phenumena. W4 b
review of some of the development work conmected
5 1T et i -

= .
secope of the problems which have to he solved i com-
bustion engineering,

IV. SURVEY OF RESEARCH PROJECTS

AN AUempt s been tiace 1o gronp the projects
diseussed helow aceording to e objectives of the re.
searel. However, because many of the broleets inelude
an imvestigation of the effecis of several parameters on
Harue plicnomens, it is impossible to aelieve a con-
vletely logieal elassitication and at the same time give
an adequate deseription of the overall researeh pro-
vram of a given institution. Therefore, wherever it
appearodtesiaMeranpretiise Nas Yoot tss
which work may he deseribed nnder a heading which

does not inelnde &l ohases of the resenreh

Ao Basie Flawe Studies

Lo Servevs, .\ gronp st Brown University! s re-
viewmy all of the Germar taformation aned literatute
bearing on the subjeet of compressihility of gases and

Tt TR o e SRR o e TR R e T
American and British sources will he ineluded in
addition ta the Gorman The resnlts of thic worlk will
he avaitable in the form of monographs on the follow-
ing subjeets: (a) Compressible Flow, a digest of all
available literature: (b)) Non-Stationary Flow: (¢)
Combustion: (dy Shoek Waves: (¢) Stability in Com-
pressible Flow.

Cornell Aceronautical Laboratory® is preparing a
series of reports in the nature of texthooks, the first
ol which treats the theory of flame propagation. This
report reviews the older thermal theory, the new theory
of Zeldoviel, and reeent work on the influence of fur-
bulenee. The report has been written and will shortiy
be issued (19). A second report has just been started
which wiit cover the experimental phases of flame
propagation,

A oveport giving a briet diseussion ol turbulenee
and of the effeet of firbulence on combustion phenom-
Brown  Umiversity, 'rovudence, gnoae asiaudy Jonn Mar-
chant; AAF  Contract  W-33-038-ae-15004  (13651);  Re-
strieled,
e . 0§ o b -
1 a3 TEATTIC W TATUT, L g r =
Svheontract  with  Curtiss-Wright  Corporation,  Airplane
Division, BuOrd Contract NOrd 80935 Confidential.

el lds heen prepired by xperiment, et A binhi-
ography of 1649 references is ineluded (21,

T T L EEIaY T s S wan r R e e B PRy el
Physies Laboratory of Johns Hopkins University on
Marel 1718, 1947, The techuieal papers and deserip-
tions of the researel at various institutions which were
presented at this meeting are given in veference (110,

20 THrEorETICAL STUDIES. [ prineiple it s possihle
to derive a set of equations which will deseribe the

o bd ik i i acbodilbiboie o L Cedrnbidie 1

Huid dynamies, the following tfactors must he con-
sidered for the general case: the heat of reaciion: the
ol
particles taking part in and formed by the reactions;:
the effect of any mass flow or turbulent condition
whieh may mfluence the transportation of energy and

conpe by of Jeeat st dieleeular  dillasiog

matter: the specific echemieal reactions taking place,
ad Lhen celoeition, The ¢ffect of Cadiation, and the
energy associated with elastic wave propagation. These
factors must he known as funetions of temperature,
of eonrse, [t is to be noted that the study of chemical
reactions in flowing streams is important and is dif-
ferent from the statie ease in that consideration of
time, distance, and condition of flow must be intro-
dueed, The general case has not been solved, because
of formidable mathematical difficulties, lack of con-
vineing theoretical and experimental treatment of
the separate phenomena which must be combined 1o
give the general case, and lack of exact knowledge of
the physical and chemival conditions whieh exist in
a flame. Beeause of these difficulties, it may he more
practicable to treat combustion phenomena in aero-
IR in [ulien et il T i e e
the detailed mechanisms involved.

Guantitative treatments of combustion phenomena
have heen given for eases in whiceh the process is con-
trolled by one or twao relatively well-known factors,

Alxperiment, tue, Richmond, Vieginia; J. W, Mullen, 11;
BuOrd Contract NOvd 975365 Confidential.

TR g G




COMBUSTION

For example, the combustion veloeity ot the Taminar
diffuston flame ta liiminar jet of combustible gas hurn-
g inan oxidizing medinnm) s deternnned by the
moleendar ditfusion process, and tlame pavameters can
e caleulated with relatively wood  agreement with
experiment of, 130, 1f the reaction rate inoa com-
Dustible mixturee is sufficiently great, ienition of the
mixture may result in a detonation that is controlled
by thudd dynamie factors rather than by the reaction
rate, Thus Lewis and Friaut have heen able to eal-
culate. from thermodynamic and thaid dynamie con-
stderations. the detonation veloeities of mixtures of
hydrogen and oxygen with varying amonnts of araon,
helium, or nitrogen added (170, The caleulated resnlts
Bave shown exeellent agreement with observations,

The normal combustion of premixed  gases, how-
vver, is the case of general interest, the first treatment
of which was given by Mallard and LeChatelier from
heat conduetion considerations alone (1800 They as-
sumed that the gas is heated to the ignition tempera-
ture by conduction from the burning zone and that
after ignition the reaction takes place at a constant
Diffusion  and
change in concentration of reactants during burning

rate independent  of  temperatuve,

are negleeted. Tt is assumed that the temperature
gradient in the burning zone s constant and that
average values of the speeific heat and thermal con-
ductivity may he used, With these conditions postu-
lated, the following equation was ¢ erived:

. oo Ty ~—TH
o T °
In this equation Vy is the norn.al veloeity of flame
propagation, » the {constant) thermal condnetivity. ¢,
the (constant) speeifie heat, ¢ the density of the un-
burned gas, d the thickness of the combustion zone,
T, the final temperature, Ty the ignition temperature,
and T, the mitial temperature of the unburned gas.
This equation has obvious limitations hecause of the
matire of the assumptons TSea im TS qervanion

Nevertheless, it has recently been used by Damkihler

for an estimate of the thickness of the combustion
zone o~ oancd it s Felt by Lewis that its possibilities
have never bheen Tudly explored €110 The coneept of
ienition temperatire in the Mallard-LeChatelier equa-

tion beine a property of o gas nixture hadependent
[l .

-

of combustion conditions his heen eriticized,

Mhoextension of the Mallard-LeChatelier equation
to inelude effects of the decrease in conventration of
the reactants during burning has heen made by
variots anthors, making use of the original assump-
tions, and introdueing others coneerning the reaetion
veloeity, Several cquations so developed may e put
essentadly i the forny (10

\'N= | R
\ (‘I'-:' lli

where £ depends on the teanstant) reaction veloeity
and the othier sybols have the sime meanings as in
equation c1h. Inoa ditferent treatment of this same
situation,  the  following  equation has been pro-
posed (2875

] — ¢t

(3)

where h =

and the other symhols have the same meanings as in
equations (1) and (24, Equations 2y and (3) may
be eriticized, of course. on the sane grounds as equa-
tion (11, heeause the same assumptions were nused,
anRETIRE T carhie Syttt Rave only @ Vinnied

application.

An attempt has heen made to remove some of the
restrictions imposed on the above equations by an
analysis which considers molecular diffusion and the
effeets of temperature on reaction rate, thermal con-

duetivity, and speeifie heat. For details, references

C Soy b bre oeommnlen, P Ui B

tion:., an approximate solution of the equation is:

. 2_’\*“{““)'“-"'“, Ta\? [
=y ()

In the devivation of this equation, it has been assumed
that the rate of veaetion, W, ix given by

K
W=Ika%e &

V() (R e @)
N, E

where k is a constant, a is the munber of moleeules per
unit volume of the combustible, E is the activation
energy, Rois the gas constant, and T is the tempera-
fure. The other symbols in equation (4) are defined
as follows:
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2 thermal conduetivity at temperature T.

a, - the mumber of molecules per nuit volume of
the conibustible in the initial cold mixture,

z lensity of the original mixture,

1. heat of combustion of 1 gram of the initial
nuxture.

T initial temperature,

T, —tival temperature,

Cratio of 7oep to Dz, D the ditfusion coctli-

)
B clent,
1y . . . .
. patio of the nuber of molecutes hetore the
! reaction to the number after the reaction.

Caleulations of the combustion veloeity of elyeol-
dinitrate and of carbon monoxide aceording to Bqua-
o Ch o have given satisfactory agreement with
observed vadues, Tt should be noted that sueh expres-
sions as Bguation ch il proven valid, offer o means

TR ST

®

of determimimg te reacoon rabes A i

tions by measurements of flame veloeities,

T o vant B A

in combustion theory ave the specitie: effeets ol the

1o bhe considered

active particles in chain peaetions and the mutual in-
teraction hetween ehemteal reaciion and G badioit
low. Little is known about these factors, and they
will have to he investigated hefore they can be intro-
duewd into the theary. In Tact, this hrief review of
some of the early theoretical developments e com-
bustion theory indieates the nnporianee of “eapoid
mental combustion researeh under vonditions sueh that
the results can be interpreted i terms of the signif-
jeant parameters,

A group at New York University Vs developing
the mathematieal theory of waseous viscosity, thermal
conduetion. and diffusion tor non-uniform gases for
systems without chemieal reacuions i ot astuds
with ehemieal reactions (22). In ithe case of systems

r pabiant il the theory

Wit et AT forerr e d
is to furnish useful results, that certain character-
ialies of chemieal reactions he explained by theory
ather than introduced as hy potheses. A\ caretul stuay
of a variety of models is going on with a gradual re-
Tkt o Vi winmarr of assum stions which are nee-
pssary. Some equations have heen devised, but due
to their complexity, analytic solutions seem feasible

only under very speeial eonditions.

Theoretical ealeulations are being made hy New

4New York University, New York, N Yoo K. L. Mae-
Donald; ONR Contraet NtG-ori-11, T.00 =2, [ nelassified.
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York University on transient velovities and pressuares
in sercicopen flane tubes using one-dimensionalized
thermo-aerodynamical equations. Caleulations for
pressure, temperature, aned Hame rout positions as
funcetion of time ave been made in terms of the para-
meters s rate of release ol eneray per it mass, Ve
loeity, and acecleration of the flame front with resneet
1o the was, The theoretical work is closely correlated
with the experimental work deseribied elsewhere in this
Part. The ealeulations have heen nde to fit dataon
e propagation i a four-foot tuhe and may castly
e adapted to fit the data which will shortly be oh-
tained with an eight-foor tube. Fxtension of the theary
has heen made to include a detinite zone of burning.
about two or three feet Tong, i the eight-Toot tube.
A formal report on these theoretical considerations
will shortly he prepared by New York University.

An extensive theoretical and experimental reseateh
program on the Fundamentals of combustion is planned
at the University of Wisconsin.® The general ohjee-
tive of the project is o bridee the wap between ehemi-
el wh Al
performanee of practical hurner systems on the ather.
; al L eateulate the thermodynanie propet-
fies of air Trom 0 K to 5000 I the speeific mi-
pulse and flame temperatures of hydrocarbon fuels.

enl Kineties 1 statie systems o de v

LA .

The theory of trbulence will b acdipted Yo sl litions
within the flame zone. In order to make a theoretical
study of Hame propagation, it will he neecessary o
develop acradynamical cquations for a comproessible
fuid in which ehemieal reaetions are taking place.
Ty addition, 1 Wil be neeesnany 1 e Heory
of ehemical kineties in flow systems, taking to ac-
count radiation, turbulenee, heat conduetion, and vis-
cosity. 1t s expeeted that the theoretical treatment
will result in complicated cquations, which may he
very diffienlt to colve aceurately. However. attempts
will be made o get approximate solutions in elosed
£t emles L detemnine the natural erouping of
the vonstants. Tnitial work seems to indicate that the
Chapman-Cowling - treatment of non-uniform  gases
may not be {he best approach tothe probien, ana ou
theoretieal methods will be fried.  An experimental
progran, deseribed Mecarhore i this Parti will he
carried out to cheek and to auide the theoretical work.

G MPerpULENCE. 0 has o been it Tt
motion of a combustihle mixture inereases the rate at
which the mixture will hurn. It the usual assumption
is made that the normal flame veloeity is a constant

SUniversity of Wisconsin, Madison, Wisconsin: J. O Hirseh-

folder: BuOrd Contract NOwrd 0038 Restrieted,
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characteristiv ol o given combustible misture, then the
elleet of motion must e aseribed tooan inerease i
Mame arei, mnd it has heen proved Tor many eises
thiat Qe areas doaeconnt For chserved variations in
rate of hirnine. Reeently, equations have heen pro-
posed wiving nebuleat tlame veloeity in terms ol
nermal Dame veloey and other pavaneters, bt moee

experinental work is needed to contivnn these relations,

There have been only o few theoretieal or experi-
wental investizations of the effect of tebudenee on
Hame propagation oS0 110200 3000 heeause snitable
theoretival and  experimental teehiques have been
developed only o the fast Tew vears: This work has

recently been reviewed by Bare 120,

Dambkihler (50 considers that for turbilemee whose
seitle is mueh Tirger than the thickness of the fawe
Front, the area of the tame sneface will nerease and
that the turbident Hame veloeity will he proportional
o the intensity of tebulenee, For tiebadent tlow i
which the seale is smaller than the thickness ol the
peaction zone, he proposes the Tollowing velation:

Vs O\ n

where Voois the turbudent e veloeity, Vs the
normal fame velocity, Kois the coefficient of turbn-
lent exehange, and nois the kinematie viscosity, Cal-
eulated veloeities of the turbulent fhe wepe 307,
higher than the maximum observed Hame velociiies,
This was attribited to the presenee of hoth Lirge and
stall seale turbulence.  Neeording to the above ex-
pression, the turbulent flame velocity will approach
zoro, not the normal tlame veloeity, as the voeflicient

of turbulent exehange decreises,
Thire emis Uave  levp  aibisiidersl

study (29

ailir | Tiewe

cad TF the seale of turbudenee is less than the width
i e A 1 ¥ = -

proposed :

Vi K
Vs

where Vo is the turbulent thime veloeity, Vi is
the normal Qame veloenty, kois the coeflicient
of turbulent exchange, and 7 is the thermal
conduetivity,

() I the seale of turbulenee is off the same order
as the width of the reaction zone, the reaction
fime will be determined by the speed ol weixing
aied not by the speed of reaction,

cer 1 the seale o tarbulenee s larae compared to
the width of the reaction zone, the expression
For turbilent fame velocity is Tound 1o be:
\'” ‘ \J o
So=r B
Vg D Vo)
where Vois the tuebudent tlame veloeity, Vs
the normal fame velocity, v s the rool mean
spare vidhie of the veloeity Maetuations, and

I3 is o constant,

A aevnrate cheek of the theary has not been made,
bt the theory appears to he i gualitative aoveenient

with observations obf thone \Ill‘l'll\ N engines,

The abunve disenssion shows that spamtitative in-
vestications of the effect of turbalence on lame plie-
nomena are i their very early stages, The effeet ol
turhulenee is believed by some workers 1o be the niost
iportant single factor in the desien ol combustion
systems for jet power plants, and it is neeessary that
a better understanding of the phenomena involved he
ohtained,

A review of the studies of the ofteet ol turhulencee
ot comtbustion is given below, For diseussions ol tore
bulent How as sueh and of instrunmentation problems,
see Pare 4 Fladd Mechanies,” and Parvt G0 Instrn-
wentation,” ol this Volume,

A progrmn to study mixing phenomena and to de-
velop experimental techniques Tor the stady of com-
hustion it a rocket motor has heen started at Battelle
Memorvial Institute. A surevey ol the past amd the
current research in the field will he carvied oat tirst.
Preliminary plans for the experimental part ol the
provram inelide an investigation ol the fundamentals
of mixing of liquid-Tiguid, Tguid-gase and gas-was

Fomes, Vo ocormedtion stithe PR sl

» el bpbes
for the sampling and analysis of produets of combus.
fiem from the rocket nozzle and Trom within the rocket
o witk b M Topc il Vit i . .,;_‘
temperature of the gas at the nozzle amd in the combus
tion chamber will he studied.

The Cornell Aeronautical Laboratory® has started
an investivation of the influenee of different para-
meters, i particular tarbulence, on the velovity of
Ihtivhe  imapacubive,  woder iemkrollisd mditions of

temperature, aie Juel ratiosand pressure (71, N exvlin-

GRattelle Memorial Institute, Columbus, Olio: R AL Sherman;
Materinls, Fuels, and Combustion Projeet, Projoet RAND:
Confidential,

TCornell Avronautical Laborators, Buffalo, No Yoo WL 1. Beals
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dreical pyrex combustion chamber, two Teet lone and
six inches in diameter, is provided with a series of
cpainimap s abvag the Tl TH g wd spaaidd
stevessively at a konown rate, and the Hame Tront s
photographed. The angle o the flame Dront and the
known dgnition rate alone the tube are used 1o de-
termine the flame veloeity. The eiffect o tarbulent
motion ot the gas in the combustion chamber on the
flame veloeity will he investizated.

The Pniversity of Delaware™ is studying mixing
and turbulence using the shadowsraph teehnigque, The
mixtng of streanms of carbon dioxide and air has been
imvestigated as a Funetion of flow veloeity, size, and
angle of the stream. Best mixing is obtained by op-
posed jots, as would he expeeted, Shadowgraphs of
turbulent jets show a mottled elfeet, the size of the
irregularities inereasing down the jet. This sugoests
the possibility of determination of the seale of turbu-
lenee from the photographs, which cannot e done
until means arve developed to interpret the shadow-
eraph quantitatively, Kxperiments will he carried out
on simple systems, for which the ditfusion of one was
mto another van be caleulated, to elarity the interpre-
tation,

Rocesveh an turehnleog i icion Hames ot the o
versity of Delaware has recently been reported 1),
Flame heights were measured as funcetions of average
How i uu';l_\. Tabe Jramotee, aad o fetoat of taba-
lent exchange in order to correlate observed funetional
relationships with the expressions caleulated  Trom
turbulence theories, Preliminary indications are that
present theories do not account for the observations,

I'rom work on the action ol thane holders i high
veloeity air streams, it s concluded that the nature
of the low around an igniter has a great deal to do
with the type of combustion.  Experiment, lne?
plans 1o investizine turbulence phenomena in the
region of the pilot tflame, with direet measurements of
the transport of heat and matter through the reaction
zone.  Fluoreseent waterials or radioactive isotopes
may he introduced into the gas stream fo measure the
mixing direetly. The possibility of making measure-
ments of the temperature, pressure, turbulence, and
composition throughout the reaction zone will also be
investigated, The application of the theory of turbu-
lenee to simple, easily evaluated experiments is to be
the subjeet of futwre work.

The Applied Physies Laboratory of Johns Hopkins

SUmversity  of o Delaware, Newark,  Delaswiare . nurt o ol

Subeontraet with United Airveraft Corparation, Fast Hart
ford, Comneeticnt; BuOrd Contract NOred 84055 Confidential,
fxperiment, Ine., Riehmond, Virgining J. W, Mullen, 113
BuOrd Contract NOrd 97365 Confidential,

COMNBUNTION

University 1 is undertaking the experimental deter
mination ol the effeets of turbulence on lame propa-
Forear VY PhHe appreratie - Brelmder S makiimealar
commbustion chamber 2 inehes ona side and 2 feet
Jone. throngh which a homogencons wisture of air
and propane fows withe velocities From 0 1o 20 feet
per second. A\ horizontal rod Ve inel i diamneter s
usedd as o Hame holder, Visnal and photographie oh-
servations ean be made throngh a gquartz window in
the combustion chamber. Turbulenee is ereated i the
vas stream by the mtrodicetion of sereens or perfor-
ated plates upstream fron the flame holder, so located
that isotropic tarbulenee is produced at the thone
holder. The seale and intensity of the twrhalenee s
weastred by ot wire method, using a0 Waollaston
wire about 1 millineter long and a few ten thou-
sanedths of ancined in diameter. The apparatus is cali-
Brated by oseillating o wire in i non-tuelinlent stream.
The hot wire method cannaot be ased o the flame andd
therefore it will he necessary to determine, hy other
methods, the turbulence in the tame as a Funetion of
the tuwrbudenee in the gas stream withont a flame.

The veloeity and diveetion of How is determined by
the standard wmethod of introducing aluminum lakes
and Hluminating them intermittently from the side.
The nutial results with this wethod have heen gt
satisfactory and have shown that the stream lines are
crowded toward the houndary, giving a large veloeity
merease m this region,

The preliminary phases of this work at the Applied
Physies Laboratory on the effeer ol tarbulence arve
nearly eompleted. The apparatus has been constraeted
and the experimental teehniques have been worked
out.

A study ol the effeet of turbulenee on flame stahili-
zation ix heing carried out by the Massachusetts Insti-
tute of Techuology ' (200, Two-dimensional flames
formed around ceometrical objeets will he studied in
a rectangular duct with glass sides by photographie
and visual observation, The duet is fod with com-
pressed air and gas through straighiening vanes, re-
sulting in flow through the working seetion of very
low turbulenee. Turbulence producing sereens e¢an
he introdiueed at the entranee to the working seetion
and arrangements are made for determining the seale
of turbulence upstream and downstream from the
flame holder. Various simple two-dimensional  fame

hohns  Hopking  Univeesity,  Applied Physies Laboratory,
Silver Spring, Marylawd; 1 M, Nicholson: DBuOrd Con

PFel NUTH om0 Gyt My Ui e i ddie,

I\ assachusetts Institute of  Teelmology, Cambridge,  Mass.;
H. ¢, Hottel; Joint Sponsarship of the Burean of Ordnanee
aed the Burean of Acronanties under Contraets NOre 2661,
Confidentiol and NOu(s) 8632, Nestricled,
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holders will be studied, sueh as exlinders and gutters.
Initial results indicate that the appavent fime veloei-
ties are not a funetion of the turbulence of the stream
i the range U to 270 hut ave proportional to the
ilsmeit b sl o This e Lews | sstepibidbiad o by
shed from the rod (39,

The Massachusetts Institute of Teelimology 2 i
studying flame propagation velocides with very lean
and very rich mixtures of gas and air. For these con-
ditions, the flame speeds are very low. Measurenients
of the turbulence, without combustion, were made
with a hot wire anemometer at various points along
the axis of the tube, with wnd without various turbu-
fenee producing dises placed upstreans. Inlet veloei-
ties vary from 10 10 20 Teet per second. The mixture
is ignited on the axis downstream from the turbulence
dises and photographs made of the Hame front, It
wits hoped that from the known inlet veloeity and the
angle of the flame front the Dame speed could be eal-
culated. However, the Hame front was so irregular
that no propagation veloeity could be determined.
The next step will be the use of propane or other fuel

el 4 e i e

br. DT, Williams has recently reviewed the work
art the U nversity ot Mieligan ' on combustion (b1,
The effeet of turbulenee on flame veloeity is being in-
vestigated, using an inverted flame held in a jet by
a dise-shaped flame holder. Tt is hoped thst it will 1,
pussible to correlate the angle of the flame with the
seale and intensity of turbulence produced by the in-
troduetion of sereens in the jet. The seale and inten-
sity of the turbulence will be measured by a hot wire
anemometer. .\ study of the inverted flame technigue
will be necessary to establish a relation conneeting
flame veloeity with the angle of the inverted Hame.
The apparatus for this work has been set up aud some
preliminary results have been obtained. Tt was found
in past work that turbulent Hame velocity is propor-
tional to laminar flame veloeity for identical fuel-air
mixtures and that the ratio of the turbulent flame
speed to the laminar flame speed gives a straight line
when plotted against the square root of the Revnolds
nimber,

A study of the effeet of turbulence (21) on the
combustion of premixed eases in evlindreieal combus-
tion chambers has been carrvied out at the Flight Pro-
pulsion Researen Lahoratory 1. In one series of tests,

2 Massachusetts Tnstitute of Teehnology, Cambridge, Mass.;
H. €. Hottel; Joint Sponsorship of the Bureau of Ordnanee
and the Bureau of Aeronauties under Contraets NOvd 0661 ;
Confidential, and NOa(s) 8632, Restricted,

TThe Unmiversity of Miebigan, Ann Arbor, Micingan; 1, 1
Williams,

a mixtare of air and preevaporated wasoline was
wsed, the fuel/air ratios varying from 0.05 to .10,
The air veloeities varied from GO feet per second 1o
110 feet per second. The air inlet temperature was

T SIS ST 1 by
ST G Lo b Th Db was cavalia b

e
the introduction of flat plates, perforated by holes of
varions sizes, or by a cone shaped obstrucetion with
it perforated walll witlhe the apex upstreanm, or by
evlindrically shiaped obstruetions with no holes in the
upstream cap of the exlinder hut with holes in the
wall, The turbulence creating deviee covered the
whole cross-section ot the combustion chamber, [t
was found that the cone shaped obstruction would
permit the combustion of Teaner mixtures and com-
hustion at higher veloeities than the flat plate or the
exvlinder. Inereasing the inlet tomperature from 90 19
to 225 17 inereased the aiv velocity at which combus-
tion can be maintained and decreased the minimum
fuel Zair ratio. With the temperature of the combus-
tible mixture at 200 1, and nsing the Hat plates, it
was possible to inerease the air veloeity Trom 80 feet
per second to 105 feet per sceond by inereasing the
oovan i e L .'-. ..‘] ' = I—";)I 3 N

arvea to 21.9¢ of the total arca. The size of the hole

] L Lol =T ) (TR T (e | et S o e e
diameter was of lttle significancee as long as the total
hole area was kept constant. Larger holes, however,
were less effective in ereating turbulence, and one
large hole was less effective than an equal area of
smaller holes. Tn tests using propane as a fuel instead
of gasoline, it appeared that it was possible to obtain
combustion with smaller values of the fuel/air ratio
with the evlindrical perforated wall turbulator than
with the flat plate or the cone turbulator.

A study of How patterns in turbojet combustion
chambers is heing carvied out at the Flight Propulsion
Researel Laboratory by Schlieren technigues,

New York University 73 is investigating the rate of
flame propagation in tubes with controlled initial
turbulence (22). In the first experiments, the tube
was i pyrex evlinder four feet long and four inches
in dimmeter, flame speeds being determined by high
speed photography, A 70 mixture of propane in air
was used for a fuel. To produce turbulence, a sereen
wis placed in the tube four inches helow the igniter.
The average flame speed in tubes which contained no
arids was found to be about 38 feet per seeond. With
the grid in place, the flame speed between the igniter

HNational Advisory Committee for Acronauties, Flight Pro-

pulsion Research Laboratory, Cleveland, Ohio; A. M. Roth-
rock.

“New York University, New York, N. Y.; J. K. f. Mae
Danald; ONR Contract N6 ori-11, T.0.-2; Unelassified,




and the grid appeared to be hetween 30 and 70 feet
per second, but atter the flame had proceeded throngh
UIe @i, a shaep aceeicranon was observed and s elocr-
ties as high as 800 feet per sceond were observed
near Fe oL HeRE B sl 1 pery

specd  flames were produced by jet-like  motions
through the grid caused by the pressure built up be-
bt che gend, Tios was chicehed by expreonnons waih
Hame tihes which had latex or tissue paper secetions
designed as pressure release deviees. These experi-
ments were not conelusive but indications are that the
reliel” of pressure behind the grid deereases the tor-
e st thhae LR VUL u;;.;u Sl hdiieey il

longer observed. Further stuwdy of this phenomenon
is being carried out in & new pyrex combustion tube
8 feet long.

Sstudy ol turbilent durusion e high temperature
witses s being carvied ont at New York University by
investigating the diffusion pattern from a glass head
held in a burner flame. Theoretival considerations
show that measurements of the geometrical charae-
teristies of the diffusion pattern and of the veloeity
of flow of the gas enable hoth the turbulent intensity
and the seale of turbulence to be caleulated,  This
project is still in the carly stages. The diffusion pat-
tern  will  be observed  photographically.  Several
methods of deternmiming the rate of flow ol the gases
are under consideration, one of whicli is to withdraw
the bead suddenly from the flame and to vecord the
upward motion of the sodin vapor produced. Also
under investigation is a method of measuring the flow
veloeities by photographing the refleeted light from
very fine silica or aluminum pavticles. [t is planned
to study the fHame using the Schlieren teehnigue and
hoth still- and metion-picture photography.

4. Cuemcan Kixeries, While mueh has been writ-
ten on the chemical kineties of combustion reactions,
speetlation has played a large part in the coneln-
sions, necessarily so beeause the reactions are so
numerous that our limited analytical tools cannot give
a proper indication of what is taking place. There is,
of course, no reason to believe that in a reaction whose
totality is

Cillyg + 11 00 —p TCO2 + 8 11,0

all 12 molecules must collide simultancously to pro-
duce the end result, There is necessarily a sequence
of reactions involving moleculss, atoms, and free radi-
eals, and the problem is to identify each reaetion,
determine its rate, and the conditions under whieh it
will take place. Then there is the problem of deter-
mining what influences ean he hrought to bear to vary

> § - ™ . - . 1y
Uhrin sal oy particadan iy o s o By o,

COMBUSTION

controlling steps. There is reason to believe that all
of the reactions are either monomolecular, himoleenlar,
O Lo ;l;,.lwn R L e W T o 1 ¥ 122 e 121 kL

statistically wiimportant. But this limitation is not

ek ol i oploliclenenll i e e ST e

[n the reaction of hydrogen with oxygen, Jost (13)
has reviewed in detail twenty-three possible reae-
tions, which have heen suggested by himself and
others. that may take place in the course of the over-
all reaction. OF these, there is experimental proof for
one, favorable evidence for four others, and spee-
troscopic evidence of the presence of particles which
demand the postulation of other reactions which can-
not further be suvely identified, Similarly, Lewis and
von Elhe (9, 13) have discussed the hydrogen-oxygen
reaction, and on the hasis of sueh evidenee as the
upper and lower explosion limits, reactor size, effect
of packing, ete., they have presented twelve reactions
which they believe are necessary to explain the ex-
perimental evidenee, There is no doubt that a chain
reaction is involved and that it propagates by chain
branching. Both double and triple eollisions are in-
volved. and among the intermediates are not only
atomie O and H, but also O, 1O, HaO., Oy, and
activated Oy,

Fhe carbon monoarde-vas Zom sy stem oo b catho
extensively investigated but not in as muceh detail as
hydrogen-oxygen,  Tn the earbon monoxide-oxygen
system the outstanding observation is the sensitivity
of the reaction to small antounts of hydrogen or water
vapor or even to small amounts of organic compounds
containing hydrogen.  Mixtures of completely dry
'O and Oy will not explode when an attempt is made
{o ignite them with an ordinary spark. The accel-
erated combustion in the presence of moisture or
hydrogen suggests that a ehain reaction is taking
place, and that probably OI1 radicals and atomic 11
enter into the chain. The presence of the former has
actually been established spectroscopically. The ele-
mentary reactions which on the basis of the aceumn-
lated data have been postulated to explain the overall
reaction of C'O with O, ave again numerous, bhut yet
there is no direet experimental evidenee proving their
existenee,

Less studied than either of the above reactions is
the high temperature combustion of hydrocarbons, the
fuels of particular interest in the consideration of
jot motors. Tt must he pointed out, of course, tha
investigations of hydrocarbon bhurning have henefited
greatly from the rescarches on the other two systems.
and it is reasonable to suppose that an explanation of

1 Bt Il s i B wal? B i Sl il
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hearing on the explanations of what  happens o
hydrocarhons,

There ix oo toerer go donbin Usnt i Ui Jighe e
perature combustion of hydrocarhbons, cortain radi-
cals and atomic hydrogen must play important roles,
The presence of the radicals O, CLHL Col and CHO
has been substantiated by spectral analysis. The man-
ner of their appearance and disappeavance, however,
: ll O ot atl .l|u:|| ¢||||; (IR |‘|u;.'||| e e
present which have uot yet bheen identified. Nthough
the explosive combustion of hydrocarbons is known to
Lie s cham reaction propagated by a chinn branching
mechanisne, the reaction mechanism has not heen
proved, and the vate-controlling step, or steps. is 1ol
known,

OF the energy-rich particles which enter into hvdro-
carhon eonnbustion, it is quite probable that both OI1
raclicals and atomie 1 play signiticant parts, for hoth
can attack the hydrocarbon molecule even at low tem-
peratures. It has long heen known that many ol the
lower hydroearbons (exeept methane), ineluding bath
saturated and unsaturated types, react witle atomie
I to split the C-C honds, giving lower saturated or
unsaturated hydrocarbons, Atomie deaterium is like-
Wise KHOWIL (0 reaci wiih nydrocarbons, produeiny
olle cep exvlimnse of HoPee B atnl Hee mrabernds HHES

NAtomie O also will react with hydrocarbons, nost
readily with methane, and, as would be expeeted, ve-
quires even less activation energy than the atomie 11
reaction, Speetroscopie evidenee has shown the pres-
ence during the reaction ol OH, CH, and €CC (the
latter from acetylene and benzene). Sinee Oll, s
present in the oxidation of Ha, it is probably also
present in the oxidation of hydrocarbons, These re-
actions can eertainly take Hlace ot fame fombporatirpes
as well as at low temperatures and therefore may take
part in the combustion of hydrocarbons unless even
fasier, Hur wndentined reactions supersede Hien,

It is known that the formation of hydrocarhon radi-
cals can result in chain reactions which are of im-
portance in the propagation of combustion at low
temperatures. At high temperatures such as those
Teonn T e 1 m “:‘l’?l'lj’u- @il TOURN TN, ydiovdrnoil
radicals are thought to be important in initiating
combustion and perhans even in spreading the lame
front rapidly. o the reaction zone, however, hydro-
carbon radicals, althongh present, may not take part
in the reaction to the same extent as at lower {em-
peratures beeause of the high thermal energy of all
particles at the elevated femperatures involved.

There is mueh evidenee to show that ions as well as
radicals form in the combustion zone, hut it is he-

10
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lieved that they are not of great importance in com-
hustion: studdies and they are nol necessary 1o the
nrechanism of hurning Fhe Yoroegtiog of raelionle i
much wmore important and reguires only Uy to 1) the
energy neeessary for the formation of ions,

The systems disenssed briefly ahove, hydrogon-
oxygen, carbon monoxide-oxygen, and gaseous hydpeo-
carbon-oxygen are the only reactions of interest in

; : T e Pplant whivn
have been studied extensively from the point of view
ol chemieal Kineties. An extension of the work in this
Hefd Toneide thvestigiations ol the hgud propetlant
syvstems now i use and those being considered for
nse is highly desirable, Stadies of the kineties ol eoni-
hustion reactions involving the halogens  Cpartien-
larly Buorine), metals, metal alkyls, and metal Dy
drides are particulavly important,

I sumnmary . it may be said that exeellent frag-
mentary evidenee has been obtained showing it
atoms, active radicals, and peroxides ave Tormed
the course oft combustion reactions: that the sequence
of reactions involves a chain mechanism, which in-
eludes chain branching and chain breaking: that the
wall of the reactor, and various packings play an im-

ITARL K711 (N} s lal. s )Y
T .

presence of inert” pases s sienificant in owavs en-
tively different from the effeets of dilution (240 ; and
that the oxidation reactions are frequently charae-
ferized by induetion periods, the times of which are
suseeptible to moditication by temperature, pressure,
and the presence of “additives ™ The detailed 1reat-
ment of the reaction kineties, however, is not possible
from what is known at the present time, Not anly
must the experimentation be continued, but new
methods of approach must be sought. Pavticularly ve-
quived are optical CTHOOS WINen Wil assist 1 {he
identification of the intermediates in the reactions, or
spling technioues which will at the same time
“lreeze™ a particular reaction without interfering
with it up to the time the sample is taken,

a. Chain Neaction Mechanisms in Combustion.

The Burcan of Mines'S plans fo continue work on
the chemical Kineties of combustion regetione e
the teehniques which proved successtul in studying
the reaction between hydrogen and oxyeen (91, A
sitajile Bvdrocarhan b s ecthiane o doral piro-
pane will probably be chosen for investization. The
combustion of hydrocarbons may also be investigated
in a spherieal combustion chamber using a central
spark for ignition. The pressures and temperatures

i e To orted Ualeiianions asing  (ne daa ob-

Uhurean of  Mines, Pittsburgh, e Boonaed Lewis: ONR

Order ONR-27 475 Unelassified,




tained should indicate the completeness of the re-
action and wive some clue as to what has taken place
in the flame frount.

Arthur D) Little Co. Ine!7 has made a survey of
about 3000 referenees to unclassified Hiterature on
combustion for the years 1936 (o 1946 (1), Over 600
of these were examined elosely because they referred
to experimental methods of detecting radieals and of
determining radical concentrations. The report las
mainly to do with the chemical kineties of the oxida-
tion of hydrogen, carbon monoxide, and hydroear-
bons. There is no diseussion of the physical aspeets
of combustion, but there are a few fiterature refer-
ences to sueh topies as: lgnition, Ilne Propaga-
fion, Detonation, Burner Flames, Diffusion  Fifeets,
Shock  Waves, Turbulence and Mixing, Knergy in

Flames, and Flame Temperature Measurements,

b. Mass Speetromeler.

The mass speetrometer and the Veloeny speciron-
oter are considered by some to offer considerable
providing basie information about the
Not ail,
however, hold the point of view that the mass spee-

promise of
mechanism ol combustion veactions (1.

frograph is a very useful tool, in its present state of
development, for studying the chemical reactions in
Hame fronts. The attempt to identify molecules, or
partieles, or radicals present i or near the flame front
by physical sampling methods such as are required
for the mass speetrograph will be very difticult, for

the sampling wethods change the conditions in the

flame to an important degree. Some of the fragmments

PR L

will not exist long enough even when chilled. While
identification of the products of recombination may
aid in speeulation on what was present at the high
temperature, the lack of knowledge of the rates of
formation of the radicals, and the concentration of

|
AT T g

the radieals presci, wiil o o, -
tion of the rate-controlling step in the reaction,

L lotiele seeoonizing the difficultios inherent in the
method, a number of research groups have mass spee-
{rometrie equipment and arve attempting to develop
it as a tool for the study of reaction mechanisms,

Battelle Memorial Institute s, for example, is carry-
ing out an investigation of the chemieal rec ctions oe-
curring during the combustion of a gas G vap Al
liquid hydrocarbon, and have built a mass speclro-
meter to assist them.  Preliminary tests have been
made. Tt was found that the pressure m ane foniaalion

1TAvthur D). Little Co,, Ine., Cambridge, Mass.; W, L Averys
Subeoniravt i
kins University, BuOrd Contract
BEE); Confidential,

18Rattelle Memorial Institute, Columbus, Ohio; J. F. Foster;
AA-AMO Contract W-33-038-ne-142023 Confidential,
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head could be maintained at 10°H millimeters of mer-
eiry when the pressure in the reaction vessel was 2
millimeters of mereury.

Johns Hopkins University APLP s studying the
Kineties of oxidation reactions ax a part of the combus-
tion program of the Taboratory {12). The mass snee-
trometer will he used to evaluate hond energies, to
analyze the components of the reaeting wixtures, and
(o detect and to measire the energy of formation of
free radicals. This work is in the relatively eavly
stages. The apparatus Tor introducing the gas sam-
ples into the spectrometer is heing designed and eon-
sirieted. The mass speetrometer has been asserhled
and is in operating condition. The aceuracy and sen-
sitivity of the instruments have been tested in pre-
liminary experiments with air samples. The evaluation
of the possibilities ol the instrument is continuing
with the analysis of gas samples for which aceurate
data are available in the literature,

In addition to the work on turbojet and ramget
combustion. the National Advisory  Committee for
Aeronanties=" has started a project to study the wole-
cular speeies present i i chemieal yeaetion hy mass
speetrometer technigues.

Ohio State University2V s planning to earry on a
study of reaction kineties of oxidation, ineluding the
influence of pressure and of homogeneous catalysis,
The mass speetrograph will he used to measure appear-
ance potentiais and for the deteetion and analysis of
intermediate reaction produets. Hydrogen as an addi-
tive will he studied,

¢. Npectroscopic Studies.

Emission and absorption speetra have heen used sue-
cessfully in deteeting and identifying some of the
molecular fragments which are important in combus-
fion reactions, and several present studies of combus-
. .
technigques have the important advantage of not dis-

i — m

cront Tidha R Lo M uls These
furbing the reaction. However, further development
of spectroscopie methods is desirable, particularly to
devise ways of determining concentrations quantita-
tively.

Spectroseopic teehniques ave heing extensively used
{0 measure temperatures in flames, For a diseussion

O1 THe WOEFR Tt Ulen HUHG s e L et s

strumentation.””

wq

Wighism  dlbpkine Vaiversity, A wlied  Physies  Laboratory,
Silver Spring, Maryland; AL Kaossinkofl; BuOrd Contract

NOrd 7386 (BUMBLEBEE); Confidential,

0Nationn]l Advisory Committee for Acronauties, Flight I*ro-
pulsion Researeh Laboratory, Cleveland, Uiliog a. i o
rocl.

210hio State University, Columbus, Olio: 11, L. Johnston;
AAR-AMC Contraet W-33-038-ac- 1470 (16243) 5 Restrieled.
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Battelle Memorial Institute=2 is plamimg to wake
spectroscopie stidies of lames under pressures greater
than atomospheric.

California Tustitute of Teehnology 2% is planning to
study moleeular fragments suehas O and NO in
the exliust gases of a rocket motor with spectro-
oraphic teehnigques inorder to obtain information von-
cerning the maintenanee of equilibrinn during ex-
pansion thirongh the nozzle. In addition, studies of
melectlar fragments sueh as CHL Coland CN which
should be deteetable, may give an iudication of the
completeness of eombustion within the chamber, Lx-
perinents are planned to observe the effeers of vari
ous catalysts on the concentration of the ahove mole-
cular fragments.

Cornell Aderonautical Laboratory =6 will investigate
the possibility of studying the meehanisny of combus-
tion of hydrocarbons hy spectrographic means, This
program is in the carly planning stages, The first step
in the experimental program will be a study ol the
efoet of combustion variables on tie emission speetra
to he observed in the combustion of a simple hydro-
carbon stelt as methane,

The radiation emitted by non-lunnmous fhnmesas
being studied at the University of Delaware=? hy a
tochmibgree swhich atlows the pescipiling ol Bhe eelative
intensities of the radiation Trom different parts of the
flame on an oseilloseope. This teehnigue is in the late
development stage amd 1Osi OF UIe Fesuns ootamed
have heen qualitative, The sensitivity ol the appara-
fus is sueh that the radiation from one square willi-
meter of the non-luminous flame can be recorded on
the oseilloseope. Filters are used to ent out certain
Pesiona of Hho spectrma Fopier elietiiv sl edwl ol
ean be distingnished Trom zones of high temperature
where reaction is completed, and regions of good mix-
ing can be distinguished From regions in which the
mixing is poor.

It has been found that the € radical dies ot
e ke o w Bl Lt that the O radical dies out
only near the top of the flame. 1t s planned to replace
the filters now used with a speetrophotometer. Tt will

then be posstble to eatubid on The oadiliiacope @ thace

22attelle Memorial Institute, Columbus, Ohiog W I, Foster;
AAF-AMC Contract W33 038 ac- 14202, Confidential,

23(litornin Tustitute of Teehmology, Jet Propulsion Lahora-
fory, Pasadena, Californiag Lo G, Dunn; AAP Contraet
W-33-038-ne-43200 (12847) Restricted,

T ornell ArTonmaent tanaratory, BEfa B T =
ONR Contract N6-ori-119, T.0-1, Phase (SQUIDY; U
classified,

Z3(Tpiversity of  Delaware, Newark, Delaware; Kuort Waoll:
Subeontriet with United Aireraft Corporation, lonst UHart
ford, Connecticut; BuOrd Contract NOwrl U845, Confidential,

of the relative coneentration of any given radical as
the coneentration vinries across the fhune. By ushye a
standard leht souree, it may be possible to deterine
abolute radical coneentration. IF the range of the
speetrophotometer can he extended into the intra-red,
it may be possible 1o measure lower temperatures, hy
observing the 1.0 bauds, than can be measured by
nsing the sodium D-line reversal method,

Johns Hopkins University APL25 is carrying vt
a speetroscopic study of the carhon monoxide-oxygen
wsten (10 Previous work has been done on this
vstem, hut the vesults obiained have not been coneln-
sive. TU s planned o obtain the entission speetra of
flames out into the infra-eed using a high resolving
power. Preliminary observations have already been
made el the data are now being interpreted. T this
initinl work exposures of 7 hours were vequired hat it
may he necessary to wo toexposures as dong as 30
howrs, The emphasis of the work will be on the study
of emission speetra, hut an investigation ol absorption
speetra may also he necessary inorder toobtain the
information desived,

The Standard Ol Development Company. lisso
Lanorarories™ " is uuu\;u;_' Fafie S Lo e i
tile hvdrovarbons in horizontal glass tubes, with the
obicetive of obtaining information on the fundamen-
tal aspeets of combustion which will permit a seien-
titie approach to the design and development of com-

: LD v t e pmitans ol The o¥ee s of
molectdar weight and strueture, turhulenee of the
aases, and inlet tomperatures of the wases on the rate
and temperature of burning have heen investigated.
Speetrographic examinations of the flame fronts in
Bunsen and in diffusion tvpes of flame are being made
to deteet the presence of moleenlar fragments suclt as
Co. CHLCTLO, etes The results obtained so Tar ave
not of a quantitative nature but witl he made so Tater.

d. Sampling Techniques in Combustion.

Calitornia Institute of Teehnology =% intends to in-
vostigale The Waler gis cquininrinm over a riige of
femperatures Mrom 900 1 to 1800 F. 1 is hoped that
this work will eive some information on the validity
of sampling teehniques by indieating the rapdity with
which eombustion gases must be cooled in order for
the method 10 he satisfactory. From this experiment,
it may be possible to determine whether equilibria are
2 ohns Hoplas  University, Applied  Physies Laboratory,

Silver Sprng, Maryland: S0 Silverman; BuOrd Contraet
NOpd 7386 (BUMBLEBEE)Y; Confidontial.

Sistandard Oil Development  Company,  Fsso Laboratories,
Flizabeth 13, New Jersey:s Wo I Lakin; ONR Contract
NGori 104, T.O. =1; Unclassificd.
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Frozen or maintained during the gquenching, at least
for the water gas equilibrium under the particular
conditions weed in this work.

The quantitative extimation of the products of com-
bustion by sampling technique s being studicd at
the Cornell eronautical Paboratory =8, Prelininary
ealentations have been made of the vate of vouling to
be expeeted under siven experimental conditions.
Samples were faken from a stream ol carbon dioxide
passing throngle an eloetrie are, aml the amonnt of
earhon monoxide and of oxyaen present were inoap-
proximate agrecment with the decomposition to he
expected at the prohable temperature of the are. In
the case of samples removed From an oXygen-gis e,
the analysis showed amounts of carbon monoxide, hy-
drogen, and oxyeen which vorresponded to equilibrium
U s s el ihon the eateulated fhose tem-
perature. Usinga three el digmeter combustion
(ube. and burning pre-mised air and notoxalin®
simples ob the COMMUSTON po- s ™1 o T
ports downstream at one fool intervals, and analyzed
for carbon monoxide, carbon dioxide, and oxyeen.
The results of several experiments were not entirely
consistent, hut it appeared that the concentration of
earhon monoxide decreased ax the WIReS l)l‘(bg‘l'l's,\'t'tl
downstreant, The highest wall temperature onseryed
was 1680 1. Analyses ol samples taken across the
rmeter ot e tibe wees i i 1 chowvel
no consistent trend.

A projeet is under way at Purdue University = to
study temperatures, Prossures, and concentrations of
Freaetants Tor vavious oxidation reactions of materials
that may be of value as fuels Tor jet engines (230, An
extensive literature search has not revealed o wood
way ol quenehimg the readtioni, deed {0 appedrs 1
the desired information converning the concentration
of the reactants cannot be readily obtained by the
methad of smnpling and analysis. However, it mieht
he possible to obtain sternificant data from a study of
fhe stow croleom pummr. shieh take olace at low
temperatures, A present, Jaboratory equipment is bes
ing designed and constraeted 1o determine qualita-
tively the rate of cooling when a hot gas and a vold
inert was stich as helivne or argon are mixed ina zone
ot urbuien dow W tata bbbt <hontd indi-
cate the arder of magnitude of time requived to quench
a hot gas stream, and the futnre course of this projeet

I o 1 poasn mosn s,

28Cornell Aeronnutival Lalworeatery, Buffale, N. V.4 Lo Beals
ONR Contract NG ori- 11, T,0.-1, Phase 2 (SQUIMY . e
classificd.

2purdue University, Lafayette, Indinna; Do B Holeombs ONR
Contract NG ori 104, 1.0, =1, Phase +: Unelassified.
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Pieatinny Arsenal# s makine a study of the tem-
peratures of spontaneo iy icnition of hydrogen-carbon
monoxide mixtures juoadr as affeeted by various eiti-
lysts (110, Raetion vate meastrements will he made
At various temperatures and pressures in order to
cet information converning temperature coetlicients of
the reaction. The data will be clieeked by a stady of
the water gas equilibriun, This investigation has heen
indertaken beeause of s hearing on the problem of
Mash aud simoke in gan g and uf the hurening ehaoe-

acteristios of propellants.,

o Calalytle dnfhecnec of Combustion  Chauber
Wall.

A series of tests is being planned by Cornell Nero-
nautical Laboratory®S o investigate the possible in-
Muenee of wall materials on combustion, Hcombustion
pipnaeeds more rapidiy on certain surtaees, the elect
might be sufficiently great to intlnenee the amount ot
heat whiclt van he diberated per unit vohume of the
OTDTR o crter F et (or this investi-
aation is nearly completed and the first restlts should

he abtained i the near futare,

[ Lone Tomperai Conthustion.

California fusitute of Pechpology JULAY has eon
strueted appataitis tor v ~tud ST B VR ORI TR
tion ol Tuels at velatively low temperatures. These
< B ol sssine mixtures of various fuels
and air through a furnace maintamed at a fixed tem-
perature. From the meastured How vate and an anal-
vais of the combustion products, it is hoped to learn
something ol the wechanism of the initial stages of
combustion. .\ knowledge of the intermediate prod-
tets of combustion may suggest proper choices of wl-
ditives to aeeelerate the rate of burning and 1o permit
aperation over wider limits of ae Tuer ratios,

. Momic Hydrogon in Flames,

An attempt was made at Battelle Memorial Tnsti-
futed? to determine the effeet of adding atmoie hydro-
wen fo die Tucbair o e Al e Drobagation
veloeity of a Bunsen burner. It was Tound that no
atomie hydrogen was actually introdueed into the fuel-
air mixture with the particular experimental arvange-
ment used and that the maximum Jite of atomie hydro-
en wider these condioms voubd oot s LRSI L

than 0.04 seeonds.
paTietnmy v e S Meod New Joersev: oG Dunkic.
Agliftornin Tustitate of Teehnology, et Propulsion Labora
tory, Pasidena, Californing L. G. Dunng AAR Contraet
AW S nebdlo (12817 Restricted,

arpiattelle Memorial Institute, Columbus, Ohio: Jo ¥ Posters

AAFAMC Contraet W 33 0asav L4202 Confidential,
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Prineeton University #4 ix particalarly nterested
determining the effeets of hydrogen atons on the
combustion process, Ftappears that the diffusion of
hyvdrogen atoms Trom the flame Tront hack into the
anburned gaseons hydrocarhon-air nisture reacts n
some way to bring the mixtire up to the hurning
tewperature in the thune Front, 11 s known, for in-
stanee, that when the mtrogen moaare s replaced by
helivin the burning rate of butane ix inereased byoa
L S een SN e aorh s die ety to an -
erense in ddifusion constants for hydrogen atoms al
the higher temperature and partly to the formation
of wore hyvdrogen atoms at the higker temperature,
Oue cannol he certain vet that the diftusion of hydro-
con atoms into the unburned gas is the important
Factor i the rate of hune propagation, but present
evidenee fivors this point of view, wnd further evi-
denee needs to be obtained.  Inpreliminary work to
elarity some of these points. e apparatius wis eon-
strueted similar to that used at Johins Hopkins 1ni-
VETSHN B WHECh Dy aits e s St R e
of 0.1 millimeters of mereury inoa Wood dischayge
tube conld be converted to atomie hydrogen. The
atomie hydrogen was nuxed with oxyoen atan equally
low pressure and ted diveetly into a flask cooled with
Piquid nitrogen. As observed at Johns Topkins Uni-
versity, solid hydrogen peroxide was Formed en the
walls of the flask, Since the produet was hydrogen
peroxide, rather than the vadical HO. or water, am
sinee no praduet whatsoever conld be trapped in s
flask cooled with solid carbou dioxide, further inves

tigation of the chemistry of the reaction is necessary.

b Combustion of Motal Akyls and M Tal Hydrides.

Princoton University % is also working on the vates
of combustion of volatile metallie componnds sueh as
zine dimethyl, nickel carbonyl, and boron triethyl,
Boron triethyl, for example, explodes at & millimeters
of mercury partial pressure, and when added to a
mixture of hutane and oxygen, it will cause the mix-
ture to explode without a measurable induetion period.
Thus boron triethyl might serve as a useful additive
to gasoline and other hydrocarbons to make them solf-
jfrniting,  Experiments with these reactive materials
are being continned. As soon as aluminum borohy-
dride, diborane, and hydrazine can be made a.ailable,
Princeton University will investigate them with re-

sard to their reaction kineties,

P rineeton University, Priveeton, New Jersey: RON. Tease;
- | r ® = Sarmpriv

ONT Contrae? N0oH ™R T B =
ander BuOrd Contraet 79200,
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S Favi ViLoerry axD Stannary, Flame veloeity
andd ~tability are iwportant considerations Tor et
power plants, Acearding to present theoretical ad
enperimental evidenee, flame veloeity inerveases with
veaetion rate and the values of flame velocitios may
be t~ed Lo eompare reaction rates when no other ex-
perimental teelmigue s available. Reaetion vate, in
Pann, s oo of the Tacters Ber 1i.|i||,_" e elesimic bl
combustion elimbers Tor naximum etticieney. Com-
st ien ina power plant must proceed not only rapidly
hut smoothly over a range of fuel oxidant ratios and
Fael-oxidant indet veloeition, o Tactor of particulae in-
portanee in motors ising air as the oxidant. o these
Fetisanis, investizations of the veloeity and stability of
faries may have a diveet intluenee on the perforn-
aner ol jet engines,

The normal ame veloeits his been defined as ' the
veloeity with which the e Trant advanees into the
unburned charge moa direcion nortnal o the Haae
front ™ 1T, which is equivadent to the ratio of the

Lo S b meed Der <eemud Oer unit area ol the
Manie Front to the density of the gas, This quantity hias
heen assumed to be constant for a given comhustibie
s, e b e A I e et
ity e unusitally i the range between 1 foot per see-
oned sned A0 Teet per second, although the Hione Frout
itsell, with respeet Lo the stationary container, may
travel more than 10 times as Tast. Detonations, which
aecur ander the vight conditions, may have velocities
of more than T mile per second. Several methods have
heen devised For measuring the normad e veloeity,
two ol whieh are Prequently nsed in the vesearell proj-
eets disenssed below, The rate of propagation of a
Hame Cront in astationary or moving combustible niis-
fure may he directly determined by eleetrie or photo-
eraphic teelnigues, the observed velocivy being cor-
reetod for mass How of the wases and change in avea
of the fame tront to obtain the normal Hame veloeity,
A stationary lame, sueh as the Bunsen burner, way
also be used, the normal flame veloeity being deter-
mined Trom the rate of flow of the cas and the dimen-
stons ol the nner cone,

Stability studies ave coneerned with the conditions
pnder whiel a stationary ame can no Ionger he main-
tained. As the rate of low of the gas is inereased, a
stationary fame will first L0 and remain above the
burner. At still higher veloeities it will proceed down-
stream, a phenomenon ealled **blow-off™™ or **hlow-
ont.” Aa flow rate tess than that reguired for Tt

the flame will *drop-back.” 1 the flow rate ix de-
eroased enough the fame will travel down the tube as
a tlash-hack.™ As a part of stability investizations,
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oft 7 and  Hask-haek ™ are studied as funetions of pres-
sure, temperature, fuel oxidant vatios, burner dimen-
Stons, and How conditions,

Extensive mvestications of Hame veloeity and sta-
bility iave beea made at tie Bureau of Mines by Lewis
and vonr Elbe, They have shown that the tlow rates
for hlow-oft and flash-hack Tor laminae tlames are de-
termined by the veloeity gradient at the burnee wall
and that the eritical @radients arve independent of
tube dianteter over a wide range L6 In veceent
work (111, Lowis has proposed a more thorouch in-
vestigation ol the Mallard-LeChatelier equation which

was diseussed in the section on Theoretieal Stwdies™
He indicates that it s possible to coreelate the tempera-
ture eradient mea aome Feoan, calenlated Vrom meas
urements ol normal flane veloeity by the Mallaed-
LeChatelicr equation, with  average reaction  rate,
quenching distanee, and the minimum eneroy re.
quired For dgnition. T this way normal e veloeity
can be connected with other easily observable thane
phenomena,

The Bureau of Mines® ! is just starting o prosvaon
of research continuing and extending the work de-
seribed in the previous pavagraph. The propawation
of combustion waves in fuel gas-aie (or oxygen) nix-
tures is beine stadied under conditions of Laminar
flow. Normal flame velocity, width of reaction zone,
and temperatuee giacdient in the tlame front will he
weastured, Similar studies will be made under various
turbulent flow conditions, The work o flame stability
is also continuing with investigations ol veloeity gradi-
ents and normal flame veloeitios at the stream bounda-
ries i laminare and turbulent fow, The veloeity aradi-

il v;ll Ls¢ [RRIRU VS LEEE B R tia |-,;;||;_' HHE Shrd pes 01 Tl
flow channels to produce regions of retarded, or even
counter-current, gas flow or hy artificially affecting
them by puttung the boundary wall in motion.

A group at the University of Calitornia at Los An-
weles®2 0s planninye to continue a prozram ol rescareh
on combustion whiech was started before the war (11,
The blow-olf and flash-back characteristies of methane
and air mixtures will he measured at room tempera-
tire and pressure, The temperature distribution in
flames will be investigated by the use of speetral-line
reversal and other teehniques and the radiant energy
of Hames by the use of thermopile radiometers, Parti-
ele veloeities in flames will also he measured,  Flione
characteristies will be determined over a range of pres-
stres from below atmospherie pressure to above atinos-
SBurenn of  Mines, Pittshargh, Pac: Boernard  Lewis: ONR

Order ONR 27470 Unelassified,
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pherie pressure, ustng several Fuels, unspeeified as vet,

The Jet Propulsion Laboratory of California Insti-
Hite of Techiolo2y e isanvestigating the rite o propi-
vation of (limes throueh o vertical tube as o Funetion
of the fuel ane ratio and pressure. The effect of add-
g small amonnts of vinrlous ehemival eomponnds to
the Tuel s beme studied,

Ancexperimental proweam has heens planned at the

Cornell Neronantical Lahoretory®% 1o investicate how
restrictions or wall disturhanees inca combostion 1abe
produce very high burning veloeities and low these
hich hurnine veloentios can be maintained, The com-
bustion chamber s i steel tube 12 feet Jonge and 21,
inches indiameter, made up of seetions 2 feet lone
to permit vartations inoexperimental eonditions. .\
nuher of small vaps between two insulated wires
have beenmonnted along the tube, The passace ol (he
Hatme neross the gaps, donizing then, will be recordal
on an oseilloseope. Work is continuing on the experi-
mental set-up, and no measurements of e veloeity
liave heen made as vet,

loxperimental work has heen carvied out at the
Cornell Nevonmutical LaboratorysS on the measure-
inent of fhime veloeities with different Iuels at vary-
e gas veloeities, The apparatus consists of a pyres
tube 12 feet fone and 155 inches inside diameter,
The wixture is dgnited at the downstream end, and
the e veloeity at varions air-Tuel ratios s moeas-
ured by the starting and stopping of a clock actuated
by the burning out ol two tine wires in the tube which
are S0 dnehes apart. oo this test, the Tame veloeity of
propylene oxide was 7000 greater than that of hexane,
This ohservation may have a relation 1o the observed
ra— — L i ke Awwd | ailll e
Jetss The use of Tuel additives, sueli as magnesiun
diacetylacotonate, acetaldehyde, acetylacetone, ethyl
Ihl'l'll(ll'.\dlllilll'. Ill('l'l‘ilhi'il L ll“lll" Nprrea 0Nty 4 o o
SCoat lower was veloeitios but had no effeet at high
veloeities, In these experiments the rate ol gas flow
had to be carelully controlled in ovrder to obtain re-
produeible results.,

The University of Delaware®® is carrving out an
extensive researceh program on the Tundamentals of
combustion to obtain data to lead to the development

HCatitorma Tntitute of Teelmology, Jet Propulsion Laborn
fory, Pasadena, Calitornia: L. Go Dunn; AN Contraet
W3S 088 e 4320 (12NET)Y s Restrietod.,

ACarnell Acronautieal Laboratory, Buffalo, N Y. 0L L. Beal;
ONR Contract NG ori 119, T, Plhase 2 8QUTIN . o
classificd,

ACaornell Aevonautical Laboratory, DufTato, N Y. 0 L. Beal:
Subeontrnet  with Cortiss Weight  Corporation,  Airplane
Division, BuOrd Contract NOwrd SOW3: Confidential,

niversity of Delaware, Newark, Delaware: Kurt Wohl;

F. i
ford, Connectient; BuOrd Cantract NOrd 9845, Confidential,
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vl wewe thesries of Tam

pretation of existing theories. .\ summary of sionifi-

Plhictoimcna o fo e ier-

cant results Froan recent work is wiven on pages 36 to
Aol reference (110 The present reseavel program
may he deseribed as follows

a. Flame Stabilily.

The study of thie stability of Hames (olow-our, lift.
Fiuel
and

ilrop-back, flash-back s as a Tunetion of the air
ratio, tuhe dimmeter and flow vate in laminar
Trbadvnd Tow, vall be conomued. The state of turbhn-
lenee will he vavied by the introduction of wrids, Sueh
stidies Tave alveady led 1o the conctusion that stabil-
ity depends on the veloeity gradient at the walls of
the tube for hoth Taminar and turbulent flow, This
dependence has previously been reported for laminar
flow by Lewis and von Eihe 116),

Flames will e studied under varyving conditions of
temperature and pressure in apparatus now  heine
construceted. The apparatus ix essentially a laree box
with inlet pipes at the bottom for fuel and air amd an
otlet pipe at the top. The rate of low throngh these
pipes will be adjusted until the Hame is hurning in
amedinm of the desived pressure,

O gsdcad and Ccmedl Conditions i i lames,

The temperature distribution thronghont Taminar
and turbudent flames will be measured by the sodium
D-line reversal teelinique, in connection with a stady
ol flow distribution and disteihution of radiation.

Flases will be sendic Ly diedt Piotogapiny and by
shadowgraph photograpay. These two techniques do
not wive the same results, hocanse a shadoweraph of a
non-luminous Bunsen flame shows the houndaries of
the inner cone and of the heated sheath of air sur-
e a |Iil‘g T 2 e § i 1

Lhi prhiviogvapil

shows the houndaries of the inner and oufer cones.
Theoretical and experimental studies of the shadow-
graph technigue will he made to develop a method of
obtaining quantitative data from the photographs,
The lines of flow through a flame will be studied by
the powder method. At present, silica gel of specifie
gravity 0.3, free from dust, is used. Siliea gel, hecause
ol nis'highioness, Tollows ehanges m direetion and veloe-
ity better than metallic powders, but has the disad-
ramEse e I reee
the combustion zone,

ST acnsity o passing throngn

A speeial method for introducing salts info n oy
Las been developed, and it has heen found that salts
of copper and manganese are particularly effective in
Bt oxifizing andl FeAnTIingG Fegions ol the fanie
beeause of a difference in eolor of the light emitted.
Salts have been introduced into a speceial burner, an
adaptation of the Mecker burner in which the orificos

16

are paratiel narrow sfots, For eertam ane tael ratios

the tlame is uniformly colored and for others an inner
cone is reveslod hiv st ifa s, W N i i

nigue, observations sho o that the flow in the ane is
Funinar and that mixing is not complete in the thone.

. Euelosed Flumes,

Butane flames ina pyeex tube will be studied. A
systenatic investigation of siahility conditions and of
the action of flame holders in mixed and unmixed
ceic o baabafens Tow will De made, Flame holders
irnite the was and cause the e to propagate, [ i
hoped 1o separate these two funetions in the experi-
mental work.

Two rectaneular combustion elinmbers with arliss
stdes are available, ut no work is now heing dJdone
with these chambers becanse of Lk of personnel,

o Flawe Hiights,

Several thearetical expressions have heen derived for
the height ofa Hame which are relatively CASY L0 prove
o disprove experimentally (111, Previous experimen-
tal resalts on ety was and on hutane have not agrend
with these expressions, which s L to the develop-
ment of other wipublished theoretieal relations. This

L N R Vi

be extended to include octane vapor,
Privecton University to iy

Hidi prograill
studying Hames at fow
pressures under laminar flow Butane, bu-
atid ethylene have heen

conditions,
tadiene, hutylene, propylene,
fiele Ty

nsed as hae hon

That limvicdiens v
nixtures will burn at pressures down to 100 milli-

.
.
Pt

meters of mereury and that hutadiene-oxyeen mixtures
will burnat pressures down to 5 millimeters of mor-
cury it the burner port is laree enough. As the pres-
sure deereases, the Hame velovity of e I

ereases, sometinmes as much as 304, to a4 maximum and
then deereases until at sufficiently low pressures the
ame goes ont. OF partientar interest in connoction
with the combustion at low pressures is the possibility
of inserting probes to withdraw gas samples at low
pressure from the pre-combustion region of the flame
front for analytical purposes. A\t
i bl e presibife to WRN G sarnplos saldeiendy
rapidly and with sufficiently rapid cooling so that some

of the fragments conld he S "t b dase

these pressures,

. ‘ﬁ
disappeared as a result of further reaction. Measure-
ments of the normal flame veloeitios with the above
Tuetsma Bunsen burner at a pressure of 1 atmosphere
confirmed other work with regard 1o the offeet of

chemien] @riEe = wma

Wy RN EYY ;/. { (RIS

wrt on hurnine veloeity,
- 0

MPrineeton University, Princoton, New Jersexy s RN Pease;
ONR Contract NG-ori-103, T.0.-3; Unelassified, ( Formerly
under BuOrd Contract TH20),




23
-

EEinereT

ey e g Ay

Work is nnder way at Prineeton Poiversity on the
measurement of the rate of flame travel i gquieseent
preaixed gases. Combustion is initiated with a spark
at the top ol a vertieal tube five feet Tong. The tube
ini!iilli.\- ie elowemdd ot hoth anedle bt it s n|mnm| at the
top end at the time of (gnition so that the pressure does
not develop in the tube during combustion. In the ex-
i i u ! I . ] i
tube is conuected by a lavge stop cock tosc farge capae-
ity container maintained at the same initial Tow pres-
sure. [tappears now that it may he necessary to devise
awav of avoiding the disterbing intluenee of refleeted
pressire waves, Flame speeds are being detected by a
new method whieh does not require eleetrodes or other
objects within the tube oo Pulses in two tank coils
wornd around the tube, cansed by the fonization of the
Hame, actuate a chronoscope ciremit, (t has heen ob-
served that the veloeity ol propagation of the flae
can he more than doubled by nmpesing on it a diveet
crrent tictd of the order of 1000 volts per centimeter,
The reason tor this inerease hax not vet heen dis-
covered,

The Esso Laboratories!! have heen studying flame
propavation in pre-mixed fuel-air mistures inappara-
tus consisting essentially of haorizontal seetions of
pyrex pipe 1o inches in dijneter and 7 to 8 feet
long, together with the necessary gas metering ol
ffone timing deviees, The Tael-aiv mixture under in-
vestigation is fed into one end of the tube and ignited
at the other end by means ol a spark gap, The rate of
flme propagation is determined photo-clectrically by
tinting the Hame travel through the desived portion of
the tabe. .\ wmethod for preheating the inlet gases has
been provided by a gas-fired coil heater which includoes
means For automatic temperature control,

Studies of the rates of lame propagation in flowing
streams of waseous fuel-aiv mixtures within horizontal
glass tubes have shown that Hame veloeities inerease
with: (a1 deercasing molecular weight of the fuel;
() decreasing hydrogen to carbon ratio (inereasing
unsaturation of the fuel) ; (¢) decreasing hranehing of
the carbon skeleton of the moleeule: () inereasing
temperatures of the fuel-air mixture: () inereasing
turbulence,

Almost all of the flame propagation measurements
made thus far at the Esso Laboratories have been on
flames traveling against a {lowing gas stream.  Al-
though such data ave felt to be of primavy interest,
some knowledge of the belavior of flames traveling
with the g@as stream was considered valuable. Tests

Hstandard Ol Development Company,  lusso Lahoratories,
Elizabeth 1B, New Jersey; W, P Laking ONR Contraet
NG-ori-108, T.0.-1; Unelassified.

COUBUNTION

have been comdueted with 11, ineh pyrex tuhes 70
and 22 Teot o leneth, The tubes were fitted at one
e with a spark plag for fgnition. o gas inlet, and a
thap valve held in the elosed position by aoweight. The
valve was installed 1o provide a means of relieving
presstre at the ulet end cither by manually opening
the valve or allowing 1t 1o act as a poppet. This was

Iieh to actuate the thoer when the end was bloceked
oI, Observed thune veloeities were found to be maeh
ereater with propagation traveling in the same diree-
tion as the Howinge gas,

The impessibility of using thermmocouples at the
gl temwperature fevels encountered i flame studies
has led to the investivation of the sodium-line reversal
teehnigue of temperature measurenient at the Fsso
Laboratories. The neeessary calibrations and labora-
tory tests have heen made to provide for the nse of this
method,

Waork has started at the Bsso Laboratories on the
combnetion of oacoons hvdroearbons ol the methane
to pentate series at presstires helow atimospherie, Ap-
paratns is bheing developed for the investigation of
combustion  efliciencies. Alame  temperatures, flame
<hapes and eolors, and the effeets of dilients. Methods
for amalyzing combustion zone products will e studied.

The Westinghouse Researeh Laboratories = have
studied (fame velodties by the Bunsen burner method
with the objective of obtaining data on gases and
vaporized liquid Tuels over a range ol frmperatures
and at pressures heb w atmospherie (110 The hurner
used is provided with a nozzle designed to give a uni-
form veloeity distribution. .\ Scehlieren picture of the
Hame is projected onto a sereen by an optical system
and the cone angle is weasured with a protractor.
Flame veloeities have heen measured at various pres-
sures, temperatures, veloeities ol flow, and air/fuel
ratios. Tt was Tomd that at an inlet temperature of
900 10 a stable hame could be ohtained for air/fuel
ratios from 8 to 28, while at 137 I stable burning
could be obtained for air ‘fuel ratios from only 13 to
22 Mlame veloeities measured at Hows of from 2.6 feet
per second to 2.6 feet per second showed a considerable
spread in values, with the slower flow-rate giving the
higher flune veloeities in the region wear the stoichio-
metrie ratio. Measurements have heen made at atmos-
phier ¢ pressure, 2 inches of mereury vacuum, 15 in-
chies vaeuum. and 20 inches vacuum, Only a few ob-
servatior < conld be made at the two lowest pressures
beeause of the difficulty of obtaining a stable flame.
In one investigation, the pre-mixed natural gas and air

E\Westinghonse Researell Laboratories, East Pittsburgh, Pa;
Stewart Way.
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COMBUSTION

mixture was tonized by exposure to alpha particles
Just before passing into the nozzle, The donization
cansed very little ehange o the flame velocity, The
tlame velocity of vaporized gasoline has heen obtained
at gt temperature of 30001 and atmospheric pressure,
over it range of fuel aie ratios. The maximum norimal
ame veloeity observed was about 28 feet per seconnl.

The Westinghouse Researeh Laboratories are carry-
ing on tHame stability stadies on simple hurners to
observe the effects of pressure, temperatinre, mixture,
veloeity, and sizes Inoadditions o speeial burner has
been construeted for the stidy ol various primary air
adnission openings inorder to determine satistactory
wavs of adinitting the prinary aiv and 1o investigite
why one type of admission is better than another, A\
special combustion tunnel with shielded measuring see.
tions and unshielded test sections is heing construeted.
Methods of measuring the temperature and pressure ol
the wases will he ivestizaited ad o stady of methods
of wax analyvsis will be carvied on,

The University of Wisconsin ¥ is starting experi-
mental work in combustion which is elosely correlated
with the theoretical procram discussed cavlier in this
Part, Systems whose chemistrey is known under statie
conditions will he studied under carefully controlled
How rates, and the rate of burning will he studied as
a function of pressure, tewperature, veloeity, and
veloeity gradients. The effeet of chemical additives
and of the nature of the surfaces will he investigated,
The spreading of a gas jet by turhulent mixing and
diffusion will he studied hy means of Sehlieren photog-
raphy. An attempt will he made to measure the den-
sity of the burning gases at every point in the com-
bustion zone by means of interference photography
and Sehhieren photography. .\ general study of the in-
teraction of flames and radiation will be undertaken.

1 TR, - [ —— ._:\. A e

| o geeeble
absorption speetra, and Raman speetra of flames will
ho wade for the prrpose of detormining the natnre of
the intermediate and transient combustion products
present in the flame. Preliminary theoretical studies
indicate that stable flames may be impossible if the
chemieal reaction occurs in one stage. This indication
e | LEPRR SR | I 1|F. [y . o

This progect at the University of Wiseonsin is get-
ting under way slowly, primarily hecause of the lack
of lahoratory space, A flow system is under construe-
tion to be used as a model for equipment to be built
later. The nozzle is being designed fo give a uniform
flow veloeity across its mouth. Methods of maintain-
ing and measuring veloeities and controlling mixing

AR e 0 W e ol W e - -
felder; BuOrd Contract NOrd G038, Restrieted,
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amd turbulence with high preeision are being devel.
aped. This model will be operating in the near future,
Sehlieren apparatus and o large optical interfero-
meter with nine-inelr mivrors have been desiened and
are heing butlt,

. Conprsrion 1N Hici Sperp Gas Streayns, The
nvestivation ol combustion in high speed gas streans
involves the usual considerations ot combustion ef-
ficieney amd Hame stability as a funetion of air fuel
ratio, pressure, temperature, sl veloeity, X par-
tieularly diftienlt problen, however, is 1o obtain
siooth, efficient, and reliable tenition. This is ordinar-
iy achioved by placing obstrnetions in the stream,
cadled fame holders or igniters, of the proper size and
shape so that small stable flames can be maintained
mthe wake of the flame holders 1o denite the flowinge
mixture, Tt has been fonnd that the size and shape of
flame holders arve eritical, and a great deal of experi-
wental work, some of it deseribed in Subseetion 13 of
this Seetion, has heen done in conneetion with the de-
velopuent of rimjets to improve the design,

Tu hiis recent study of the stability of Bunsen hurner
flames (161, Lewis has stated that a Hame vemains
stationary hecause of regions in which the was veloeity
equals the normal flame veloeny which serve 1o ignite
the faster-moving neighboring portions of the stream,
The veloenty gradient near the burner wall is the de-
termining tactor in this case, [ similar considerations
apply to lame holders, the chavacter of the flow in the
recion near the boundary hetween the wake of the ah-
struetion and the main stream of gas would be ex-
preted ta determine the effeetiveness of the flame
holder. Little is known as yet about the nature of the
flow aronnd e holders. but the problem is heing
actively investigated,

p—— Y el Rkl 1 T——

dynamie conditions affeeting the blow-off of burners

in arder to llll'lll‘lll;llll thoe unmul\'n:ln\i[- variahloe that
inftuenee the effectiveness of flame holders. The fuel-
air mixture enters a chamber to suppress turbulenee
and is discharged through a one-inch nozzle designed
to give uniform flow over the entire discharge area.

AT ol - n

ing jet Horizontal rvods. vertical rods  spheres. and
dises have heen tested. It was not possible to obtain
blow-off using holders mounted in the non-turbulent
portion of the jet with velocities up to 130 feet per
second. Arrangements are being made to obtain higher
flow veloeities, It is believed that the use of Sehlieren
techniques will not be feasible heeause turbulence near

ERTL S o v e " N ' . e [ N .
AAF-AMC Contract W-33-038-a¢-14202; Confidential,
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the houndary of the jet interferes with the observation
of conditions near the flame holder. Photographie
observation of the paths and veloeities of small par-
tieles carried by the gas stream will be used.

Faperinent, Tie, 2 s careying ot an extensive e
seareh program on combustion in high speed oar
streihis to obtain hasic infornation for ramjet appli
cations.  To simplify  the experimental conditions,
Homoreneois gas—or vaporized liguid hvdroearbon-air
mistures are used as Tuels. Oue phase of the work
involves an investization of the influence o pressure,
temperature, veloeity, amd turbulenee on the extent of
the combustion zone. Photographic and speetrophoto-
metrie teehmigques have been Tound quite satisfactory
For Binsen burners and Tor tames o lowevelocity
streatis, For flies o high-veloeity streams, however,
these nrethods do not give good results and other tech-
nigques are hemg developed. Meisurenent ob the eon-
duetivity between two probes has given satistaetory -
dietioa 3 Shrnad o e
throughout the combustion zone,

A study of the mechanism ol igniter action m ram-
jet vombustion is being earried ot al Experiment,
fue, The investigation of pilot lames and obstaeles
af simple geometrie Torm will be emphasized. The
inthuenee of total pilot heat-output, space distribution
of veloeity and temperatire, LHNsport provesses in the
vieinity of the ienition region, jet and houndary laver
phenomena, and the geometry o the components them-
selves will be investigated, Studies 1o date show that
very sniall variations inigniter and hurner design have
a ereat influenee on the combustion. The shape of
the funiter and of the strats supporting it ave impor-
tant considerations. The eritical zone for initiation,
stabiliev, and subsequent propagation of the flame
seems 1o he the point ol separation of the flow From
the dgniter. Tt is planned to study these phenomena
in more detail by a corvelation ol boundary Tayer
phenomena, turbulenee, and wakes with the observed
flame properties. .\ rectangular combustion ehamber
with fwo pyrex or quartz sides Bas beelr consirueted
for photographic and Sehlieren ohservation of the
flames.

Under certain conditions, detonations ocetr in ligh
veloeity streams of combustible wixtures, known as

rough bur g T comcc b with tie dady of e
mechanism of igniter action, Experiment, Ine.is in-
vestigating the eause of this rough burning.  High
speed photography shows that the veleeity ol propa-
eation of the detonation is between 1000 feet per see-

ond and TOUT TeeT peT Secona, ana ot T ot

Bxperiment, Ine,, Richmoud, Virgining 0. W, Mullen, 1
BuOrd Contract NOrd 97365 Confidential,
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wave travels upstreinm heyond the dgniter. By the in-
Jeetion ol water at various points along the inside
aurfitee of the thime tube, it has been shown that the
orivin of the detonation is at the intersection of the
ordinary tlame with the tube. Further investigations
of 1he enuse of rongh hurninge and of the mechanism
of the smoothing etfeet of the ntroduetion of water
along the tube are being carried ont.

Lo study of combustion in ranjet burners at the
Fright Propulsion Reseaveh Laboratory V5 the effeet
of air inlet pressure, air inlet temperature, fuel e
ritios, and Tuel injeetion methods on thame fenath and
combustion effivieney are being investigated 21 A
moditied form of the MEUE Pael injector and eombustor
wits used. The cambustion ehamber was an 8 ineh i
ameter water-conled tuhe, The leneth of the chamber
could he varied hetween 22 inehes and 96 inehes by
moving i tune back and Tocde thivouain T Gevaaticaia
ened, On the upsteeam end o the tabe were 8 radial

hos which soraved a sheet of water fransversely
aeros the combustion ehamber. This served 1o queneh
the Qame at any desived ehamber Tength and permitted
the exhaust gases to pass o downstrenm for Iater
colloction or examimation. By this means, the position
at which combustion was eomplete could e deter-
mited gqaiee aeenateiys Gust el water s il
in the spray that it could e all evaporated by the
heat of the exhaust guses,

The fuel used in these tests was G2-oetane gasoline,
Iowas admitted to the tube throngh six vadially ar-
ranged Tuel injectors, caeh ol which was provided with
a series of small holes, so that the streams were trans-
verse to the Tong axis of the combustion tube, Tmmedi-
ately downstream from the fuel inlet was a flame
holder consisting ol seven cones, eacl about two inelies
Jong and about one inelt in dimneter at the hase, with
the apex pointed upstrean,. One cone was at the conter
aned the other six were at the corners ol the hiexagon
around i, The outer six were conneeted by small V-
shaped metal tronghs, and threee of - them were at-
raveth oo e " L

Combustion efficicney was determined by heat hal-
anee measurements, The inlet and outlet tempera-
tures and the rate of flow of the water were defer-
mined both Tor the water cooling Jacket and for the

ettt sprgeod into the tnbe at the downstream emd of
the combustion chamber.  Fuel ane ratios over the
pange 0033 to 0.070 were used. The air pressure at
the inlet was A0 inches or D) inches of mereury, and
the air inlet temperatures at these pressiires were re-
i el 1220 S 160019,

WNational Advisory Committee for Acronnuties, Flight I'ro
pulsion Laboratory, Clevelnd, Ohio; A, M, Rothroek.
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With the apparatus deseribed above, the cambistion
efliecieney was determined as a funetion of the Tnel iy
ratio amd the combustion chamber Jeneth, The TTHRY
it combustion efficieney was obtained with o Tuel
aiv ratio of 008 With mistures vicher thio this, the
combustion was evidently not complens even after
distanee of 96 inehes. The naxinann tewperatire rise
i the burning wises was obtained with a fuel aiy rirlio
ol UL ne combuston elficiency e ae o e
infet air pressure is mercased, i the combustion el
ber is long enongh ineaeh case toive complete eom
Dustion.  For i given ength of o o
the combustion efliciency deercases as the an anlet
veloeity inereises, and as the air inlet temperature e
ereises, Fhe vonbiistioir Ve s ey P Feshes Wbl il
ervise fis the air nlet pressire inereises, at eanstingt
length ol the combustion chanmber, depending on the
Ly pe ol T Jee (o Tisee, T (e T
ehamber leneth, Tt was Found that the Hame denwth
in the combnstion tube inereases as the inlet air veloe-
1"y ereases il as the alr et emperatuc R
vreiases,

The inportanee of the methal ol fuel Hjection wis
indicated inoa test inowhich the Tuel injeetor wis
chimged toaset ol Monavelr spray nozzles. With the
Vonareh nozzles, the combustion chamber could he
Sartemed o T RN ; b aie
veloeity was A0 Feet per seeod, without changeing the
combustion efticieney. When the air veloeity was in-
creased to 120 feet per seeond, however, the 40 inch
combustion tube gave deereased combustion efficieney.

The National Burean of Standards P77 s also investi-
vating the behavior of flame holders. .\ Tour-inch
square ranjet with one glass side has been construeted,
aird it sl boprsible Ga uheorve the holder and the
flame visually and photographically. 1t s planned
at first to study high speed streams o homogenvons
mixtures of 4 vaporized hydroearhon amd i T
blowers have a capacity of 1700 cubie feet of air per
e ot a prossure of 30 pomuds per square inch,
riving a veloeity of 200 feet per second m o the hurner,
The studies will inelnde the effeet of mixture veloe-
ity, air Tuel ratio,and type of fuel on action of” fame
holders. 1t is hoped that it will be possible to mike
measurements of the apparvent flame speed.

Bl e Osena w8 Sidaeds s also nvesti-
wating the Tollowing: the performance of Tuel vapor-
1zers, desiened to convert at ot e el teo Yapor
the combustion of a small fraction of the fuel: the

N P s gl ion ehambers for ramjets; the
jenition of ramjets using hydrocarbon fuels contain-

W nrenu of Stadards, Washingtan, DO 1. 1, Fiocks Buler
Order NAvr 00617 Restrieted,
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e acdditives s and the testing and performanee of
existing Tel nozzles. Other work ot the National Tin
et o Standards s diseissed in Pare 200 fruels, " and
Part G, Tnstramentation,” of this Volume,

Podie Uiiversity S s stindy i continiios s provess
combtstion, with the abjeetive of detining the efleet
ol combistion climber 1y peand shape. fuel and

200\ combus

oxidizer distributn, and turbulenee
o eleritbaer dis heens desiened Tor use with nozzles
up tohout 5 inehes i diameter whieh will eive auni
lorm \a'|<n"||_\ disteithution across the 'il'l, s lllzllllll'-l

v aie sunmly of 2 HE000 ponnds of e per
ot it a0 pressurve of 17 porinds per squiaee el or
100000 pounds of abir per hone at s pressuve of 15
pronnds per squiare ineh civing an air low veloeit
ol 200 feet per weond, A pproval for the erection ot i
building 1o hotse the necessary equipuent has Just
e vt and construetion should e finished inca
Few nmomths, While the arraneements for the large
combistion ehamber ave heing completed. work will
b v arsssd e witio sall eombustion chanber wlnieh
et aceomiodate nozzles up to 3 mehes i dineter,
Prefiminary tests have heen made with this combustion
chamber and it is expeeted that work will he stanted
Shorthy on studies ol the eflects of turbulenee, of
purning length as o funetion of the niass ritte ol How,
aned of e holders,

I the work ancombustion at Purdueats planned
fo ephasize the elfeets of tarbulenee and of seale. In
this connection it was thought desivablie to carry ont
come preliminary smatbseale experiments. .\ Bansen
Buener his been eonstrteted with a small rod ahout 1y
inel in dimmeter along the axis ot the tube with the
oned of the rod in the plane of the exit ol the tube, The
rod e be entated at 9,000 revolutions per minute hy
a4 motor, therehy disturbimg the fow ol Hhe was soovan
IE the dnitial results obtained with this apparatus ap-
e ve pramising the method will be adapted o
Jarwe-seale work. Methods for evaluating the disturb-
anees ereated in the lowing gas stream by the rotating
pod A 01 18 wTeeis o combuaation Tt an e i

vestivated,

T Coxprsrion 1x Ligem Seravs. A study ol the
fame propagation veloeity in lieuid Tuel logs is being
carricd on at Battelle: Memorial Pustitute, B9 Tt s
Pl a T i e g v ocmicue and o
wis fonnd neeessaey 1o undertake an extensive in-
vestigation of this method i order fo ger consisein
pesults, Calibration data, obtained with fuel-air nix-
ISPurdue University, Latayette, tndimaeg ik 4o b Mo, ©Lyn

Contract NGori 104, 1.0 1, Phase 23 Unielassificd.

.

I attelle Memorial Tustitate, Columbus, Oliioy b L Fosters
AAF AMC Contraet W 3% 085 e 14202 Confide ntial,
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fures whose e veloeity is known from other meas-
nrentents, arve expressed graphically in a plot ol the
ratio of fne velocity o jet veloeity against the ob-
corved half-anele of the tlame, The factors leading to
ineonsistent resulis, sueh as temperature and turhu-
lenee, lave heen investigated,

The Massachisetts Tnstitnte of Teehnology *" s in
vestioatine the iwnition. combustion, nd e propa-

wation in homogeneons fuel elonds 1200, Ta ths work,

Diesel Tel noder 700 potnds per square inelr pressure

.I.\ Nl’ |I. LN} [ R 2 "‘.' ‘“l
amd fired by spark agnition. Aroas it rodueed under
preessire tostudy the elTeet ol air veloeity on ignition.
Fenition was Tairly vasily aceomplishedbut some trou-
Ble wis encountered with fuel gecnulating on the
eloctrodes mud breaking away as glowing nuelel, These
eaused erratic burning so that the ivveeular lame
front made ame speed by angle measurements ditti-
cult, With high speed  photowraphy CIME Tranes
per second 1, ame speads of five 1o twelve feet per
second were observed,

o conneetion with the development of was turbines,
the Thornton Laboratories (England ol the Shell il
Company arve investigating the infliuence ol fuel prop-
ortios on the combustion proeess (11, OF particular
interest are the factors which influenee the burning
of a Tuel spray when it has mixed with air, but it has
heen vonsidered necessary first to study the combus-
tion of the vaporized fuel v order to eliminate the
vomplicating influenees of atomization and evapora-
tion, The apparatus for this work consists ol a jet
7 1T TOFATL T o Frertre A Ao e eprm .
combustion tube, Using a given vaporized fuel, such
as butane, the influenees of the following factors are
heing considered : (i) e Tuel ratlo and air niass
flow: (1) Design ol Tuel nozzles: () I*uel and air
teraperature: () Pressure, above and below atmos-
pherie: () Additives. Tnaddition, a comparison of
dilferent Tuels under given experimental conditions
will he carried ont. After vaporized fuels have been
nvestigated, a study of the combustion of different
atomized fuels will he carried out. An acenrate method
of was analysix has heen developed in order to measure
combustinn officieney. Tach constituent s estimated
by Iractional condensation and fractional combustion,
andd it has been found that combnstion losses as small
as (L2450 can be deteeted,

8 Acorsrie Prexosexa N Coapsrsrion, There
are two acoustic phenomena which ave of interest in
Massachusetts Iostitute of Teelmology, Cambridie, Mass.;

1. ¢, Hottel; Joint Sponsorship of the Bureau of Ovdnanee

and the Bureau of Acronauties under Contracts NOrd 6l
Confidential, and NOa(s) 8682, Restricted,
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ivestisations of the combustion: process. The fiest ve-
Lites to @ resomimer codition assoviated withe the
acotstic weometey of the combustion ehiamber. fusome
manner. not tao elenrhy mderstood, the combustion
process sets upannd nraintains vibrations at o tre-
queney cantrolled by the dimensions of the system,
Faamples of thisare the well-known ~ineing Hame, the
pulse jetcand rough burning. The second is coneerned
with the tse of an ubrasmne ield as aseniee oF S

cialized controfled tirbulence. The wavelength ond
amolitnde correshonding to the seale ond intensity of
turbulenee, cin he vinred over i wide ranee imca kunown
manner. Consequently, comhustion phenonena ean he
stidied uneder speetatized, known tarbuien condibions
vather than nnder the wore general terbulent condi-
tions, produced by avids, which are diffieult to control

and mensure.

The aeonstical oseillations which ocenr in burners
are being stadied at Battelle Memorial Institute.” '\
blower Teeds o Helmboltz resanator to which nozzles
of different dimensions van be attached, The flame
holder and deniter are wounted in the nozzle, The
acoustical frequencies have heen analyzed ad lave
Boen Found to be conneeted with the nozzle dimensions
and  resonator Fregueney. Inaddition, frequencies
comnon to all three nozzles tested were found whose
origin is not elear at the moment. .\ note ol frequeney
about 70 eveles per second, vansed by the flinnes was
diseovered. The effeet of o change of the resonator
volume on the frequeney was mueh Tess than the eal-
enlated vidue, Under certain experimental conditions,
T TTORT promime T oot e & o m——
sharp pubses at the natural frequeney of the resonator,
ealled " matorhoating.™

Acoustie studies at Bodine Soundrive Company *#
have related primarvily to the development of aroustic
power plant units, and discussions of their work will
be found in Part L of Volume T as well as Part 1ot
Volume 11 of this series. From the combustion stand-
point, they have recognized the principle, stated hy
Rayleigh (261, that heat should be comumunicated to
the pulsating gas at the moment of greatest condensa-
tion. Their whole approach has been from the theory

O {eatl yimray

PR T ]
impedance, particle veloeity, phase,and radiation pres-
sure heing made. The effeets of various acoustic im-
pedanee ferminations of the combustion chamber have
heen studied.

SMpattelle Memorial Institute, Columbus, Ohio: . 1. Foster;
AAF AMC Contraet W33 03X ac-14202; Confidential,

hodine Soumdrive Co., Los Angeles 28, Calitorning AL G
Badine,
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The University of Delaware®® is construeting a 7o(
kiloeyele per second ultrasonie generator with a quartz
transducer for use in studies ol combustion, This work
is m the prefiminary stages and oo results are yet
available
ks

||u st Nty ot Woisconsin ll1illL\ it rrvesbiva

tion of acoustiv phenomena as a part of the combustion
(- L e, v ' v ol
ity of a Bunsen flame, on normal tfame veloeity, and
on was How will be studied as a funetion of sound fre-
queney, sowud intensity, Fuel atr ratio, and Rexnolds
number. The elfects of sound on the boundary layver,

stdered. This work is e the early design stage,

O Tanrrox, Several rather extensive investizations
of dgnition phenomena have heen made, including the
Following: ca) dgnition by heating the whole mass of
wis: (b dgnition by a heated surface: and (o) spark
ignition, References (LD and (150 review these stu-
dies and give references to the Hierature, This work
has resulted ina qualitative undeestanding ol 1he Tae-
tors involved i static systems, but it has not heen pos.
sible to develop gquantitative velations which would he
of help to the desiguer of jet power plants, There is
almost no quantitative data on ienition in flowinge
streams.

The temperature to which a mass of gas must be
heated to dgnite depends not only on the combustible
mixture but also on the exact details of the experi-
ment, the size and shape of the container. the mate-
rial of which the container is wmade, and the rate of
heating, Measured values ol ignition temperatures
of the same mixture may differ by several hundred
degrees Contigrade under different experimental con-
ditions. Theoretival treatments of this case have heen
given in which the heat developed by the reaction, the
heat lost by conduction, and the deerease i conven-
tration of the reactants due to the reaction are con-
sitleren] The resnliing oynatimes lops oo speeess
ful in explaining observed phenommena iy reaelions gov-
erned by thermal conditions,

Detailed studies of the ignition temperature of given
combustible mixtures as a funetion of the pressure and
temperature of the mixture have heen made, Sueh stu-
dies have commonly been used to obtain evidenee as
to the mechanism of the reaction. 1t is often found
for c¢hain-branching veactions thet the ignition tem-
perature is high at low pressures, that i fivst decreases

SHUmIversity of  Delaware, Newark, Delaware; Kurt Wahl;

Subeonfraet with United Ajveraft Corporation, Fast Hart
ford, Conneeticut; BaOrd Contract NOrd 9845, Confidential,

M niversity of Wisconsin, Madison, Wisconsing J, O, 1lirseh
felder; BuOrd Contract NOvrd 9038 RNestricted,

to st mininnmn, then inereases to o maximmn, and then
decreases avain as the pressure s inereased. These
phenomena are explained on the basis that a chemi-
cal reaction is not stmple hut mvolves many separate
steps, il with its own rate, The overadl rate of the
I('(Il"lli’ll IN e el (F.\ |1H' |1'i(|lllll| .IN'|\\1'1'“ e
elinin brancelhing and chain-breaking processes, which

s st ST | W ——, -
IFurthermore, the mduction time, the time for which
iU given minture must he maintained at o civen pres-
sure and temperature belfore intlamnstion oeeurs, va-
ries with the pressure aond temperature, These rela-

+
may be consulted for details (2700 For Jet power
plants, the value of the gnition tewperature is not
nnportant, exeept in starting the motor, beeause the
temperature in the combusion chamber is always ade-
quate. The induetion time, owever, must he as short
as possibles amd a detailed knowledee of the agnition
provess might lead to the discovery of  ways o
shortenit,

lemition o a gas by o heated sorelace, usually g
nmetal wire or steipin the combuostible mixtnre, de-
pends on the temperature, size, and material of the
strface, The vegquived ignition fenperature is high,
partly beeanse of the effeet of the high thermal cape-
il_'l' ol" Wl mefill inoees ul"l'_L" e et ey [ITERLIT
nearhy regtons, Inaddition, the coneentration ol the
reacting molecetles is reduced in the regions of highest
temperature,  therehy  reducing  the reaction rate,
Eqguations can be set up deseribing this ignition proe-
ess, taking into consideration the heat balanee and the
chittire in coneentration of the reactants by diffusion
and by the chemieal reaction, Only numerical solu-
tions or approximate sohutions can he obtained, and
the theory appears not 1o have been eheeked with ex-
wriment heeanse of hath malh el . o
mental difficultios,

[enition by a spark depends not only on the total
enerey wtroduecd but also on the tregueney and dura-
tion of the discharge. The evidenee indicates that the
production of aetive particles is very important but
that tonization is inetfective in causing ignition. Lan-
dan (1) has investigated fgnition theoretically, as-
stming a chan-braneling reaction, amd considering
heat conduetion and the diffusion of active particles,

o5 By E o -y v 'l..',.li e W
necessary to introduee siiplifying asswmptions, one
ol which wae that thoe volpneitv of voaetineg i eofefant

Lack of suitable experimental data has not permitted

the caudlio a be ehiaeba w o e - TiL o e

work should be extended 1o remove some of the re-

strictions imposed by the assumptions,
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Al the methaods of denition deseribed  above are
used in jet power plants, where it is a matter of vital
concern to obtain rapid and reliable ignition. Con-
tinuation of past work and the extension ol ignition
studies to lowing streams are ohviously desivable.

Lhe Burcau ol Mines has recentiy made signiiean
progress i the study of the ignition of guieseent gas
mixtures by cleetrie sparks. Quantitative relations
Between the minimum spark energy for ignition, com-
position and pressure of the mixture, electrode shape.
Jength of spark gap and cleetrie diselirge character-
isties are being developed. Tnoa recent veport (11,
Lowis indicated  the possibility of  relating uormal
flate veloeity and minimum spark energy for ienition
and pointed ot that suel velations, although valuable,
are not a substitnte for a knowledge of the details of
reactions,

the mechanisis of The work on ignition

at the Burean of Mines will he extended to inelude
fenition by various means in laominar and tarbulent
flow,

Massachusetts Institute of Teehnology 24 is deter-
wining the mmount of energy necessary fo maintain
jgnition in a vaporized gasoline-air mixture (200, The
fruel-air mixture ffows down a 3-ineh diameter duet af
veloeities up to 300 feet per second and is ignited hy
o e 1 o o b e 2 - 18
duet. Such factors as veloeity, air fuel ratio. tempera-
ture of the wire, and cleetrical enerey input o the
wire are heing considered,  The first data have heen
obtained with this apparatus. With a e-ineh diameter
rod, ignition is obtained by a current flow of 1200
amperes, giving a temperature of about 200019,

In conneetion with a study of re-ignition in a pulse
jot, New York University 37 is investigating ignition
by shocK waves (Z22)0 The apparaiis used is divided
into three seetions: a compression chamber three feet
fone: an expansion ehamber five feet fong. and a con-
bustion chamber one foot fong. .\ plane shoek wave 1s
sent down the expansion eliamber by the bursting ol
a diaphragm between the COMPTESSION Cliamber and
fhe expansion ehmmber. A fraction of a second before
the diaphragm burests, a sliding plate hetween the
expansion chamber and the combustion chamber s
aised i order 1o allow the shock wave to pass from
the expansion chamber into the combustion chamber.
The experiments performed in this apparatus so far
m-:m of Mines, Pittsburgh, Pa.; Bernard Lewis; ONR

Order ONR-27-47; Unelassified.

S assachusetts Institute of Teehnology, Cambridge, Mass. |
11. ¢\, Hottel; Joint Sponsorship of the Burean of Ordnance
el Ulie |Wiseain it Aovanantice nnder Contreacts NOrd QG661 ¢
Confidential, and NOa(s) 8632, Restrieted,

5TNew York University, New York, No Y., J0 Ko L. Mace
Donald; ONR Contract. N6-ori-11, T.0.-2; Unelassified,
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have heen qualitative in pature and it has not yei heen
possible to ohtain ignition. AU present the apparatus
is heing re-designed so that the combust ole eases in

the combustion chamber can be pre-he ted.
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Some of the experimental work on fanes and coni-
hustion provesses van e done in Jaboratory apparatus
andder conditions whieh permit fairly good contral of
the variables and more of this type of experimentation
should be done, However. the necessity of working with
actual power plants before complete information is
available on how to desien them for greatest efficieney
demands combustion experiments in power plants even
though the experiments must he of an enipirical nature.

The operation of a jet power plant depends upon
Dringing a fel and an oxidizer together so that they
will reaet rapidly, or upon bringing a monopropellant
into sueh a thermal eondition that it will decompose
rapidly, in every ease with the generation of large
volumes ol was at high temperature.

L liguid propeltant rocket, this means impinging
two or three liquid streams in a combustion eliumber,
or passing a monoprapellant over a catalyst, or suh-
jeeting it toa heated surface in order to hring about
——— A v chiartod hassihle thine. Therefore ill
rockets, injeetor nozzle desien s oa problem that s
important, and different for the various tuels and
oxidizers. [t is recognized too, that although the reac-
tion must eo to completion in the shortest possible
time, & finite time is required, The chamber mnst he
big cnongh to permit completion of the veaction before
diseharge of products through the nozzle, and the

shape is important sinee it influences the rate and

s s — 9 o . BT 3
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volume to exhaust nozzle area (L*) s not the only
Factor to he considered.

In other jet power plants, oo g pulse Jets, turbojets
and rnjets, where the oxidizer is air taken in during
n;;_-u'l, L Rt ptn o TR g ¢ "Ir.' AT A ‘_." R
suel as wasoline, kerosene, or Diesel oil, must be mixed
with a large volite of rapidly moving e, LChe coni-
bustion must be initiated and maintained under ad-
verse conditions of finid flow, and this inereases the
complexity of the problems to he dealt with. It is also
neeessary to cope with a variable aiv supply due to
¢hanges in both flight veloeity and altitude, and thus
provision must be made for a correspondingly vari-
ihis fuel flow

These conditions Tead one to a study of fuel injee-
fiws e dnigine of Ii:lnhlu and gases, or o gases and
eares, igniters, and flame holders, 1o aceomplish the

rapid mixing ol the proper ratios of fuel and oxidizer,
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‘ aned the vapid burning of the entive mass, [n somne cises ets s seriously hampered by Tack of knowledee con- |

the fuel is completely vaporized before it enters the

cerning the nature of the combustion process inoa

Comdnation Cuamber Tooodherss 1enters as a0 hgud, wotor: Kmpirical destzns have heen Dased on measiee- | 4
i maore or less heated, and provision must be nuade Tor ments of sueh pavamneters as LD D, o, etes amd the i
breaking the Tipuid streams up into droplets. then valility of the cipirical formulae is linited 1o de- .
evaporating these to form a combustible misture with stgns that are similae. They wish to undertake investi-
the air, sinee combustion in sueh cases appears to take wations that will give a more eencral understanding :
| place almost entirely in the waseons phase, Sinee the of features such as the distribution of temperatures, L
air flow through the combustion chamber mty he from veloeities, and composition in order ta establish more :
‘ 20 Teet 10250 Feet per second and normal Qane speeds Jogical methods For eniding combustion chamber dee
; are more nearly 10 feet 1o 20 feet per second. it s st They will first study hvdvogen peroxide mono- -
‘ necessary to nse amultiple systen of ignition sowrees propellant motors equipped with transparent wall see- ‘
0 to-accotmplish the necessary rapid burning. The it - tions, where the temperatures will he low enoneh 1o i
! ers may be separvate pilot tfhames, electrie ares, or i be casily measured. Later they hope 1o work on hvdro- 3
systew of flame holders which inferrapt the eas flow zen peroxide-aleohol motors, then niteie acid-aniline.
3 sufticiently to produece slower moving eddies whieh can and perhaps nitromethane, 1 possible, the distribu- i
be kept burning. The enforeed method of eut and try tion measurements witl he correlated with Systematie ‘
which is adopted in studying these combustion eham- changes in methods of injection, shapes of combustion |2
hers Teads to a lavge amount of expensive experimenta- elhinber, ete. The design of the injector has a marked |
tion the results of whieh are often ruitless, elfect on perfornmnee and they are now ivestivating {
. f pi W Ol LHeSE probieins s cone severat aspeets ob the probtem such as droplet size and
fined to turbojets and ramjets but is reviewed hepe distribution, spray patterns, and veloeity distribution, b
v not only hecause i has a bearing on the Invost igntiog ]
| of pulse-jets, but also hecause it shows the oxtent of 2o Preseder Morors, New York Unversity 50 has
: the effort heing put forward by engineers in the de- undertaken to study pulsating jet engines with respeet | 4
| sign and constraetion of jet power plants, and may to ta) flame and partiele motion, pressures, tempera- I
.~ indicate the ways in which fundamental researell can tures, densities, and effects of turbulence: and (hy
) assist in their bettor desien and more officient opera- wiater stream analogies For gas motions in order to de- 4
# tion. Tt is not intended that all of the combustion work terniine chavacteristies of simple theoretical models. :
L on jet power plants be reviewed here, for some of it The aceunutated information will he used for theoreti-
R et R combustian, Cal trvannents ob e mternad balhisties ot Jet deviees | 3
'g on the hacie ol gatifies abiegde e, |
i I Ligun Proreviast Roeker Mortoks. The Bell Several models of pulse jets with pyrex side walls ;
Alreralt Corporation™ is investizating the effoet of and plaster of paris or fransite upper and Tower walls
conghims s ebacdeer s o T arer A ;,,’i 0 Tra VU TR @i 1OS0a0 (oo b, These were made {o 'J?
destgn in order 1o obtain necessary engineering data provide away of observing the combustion process i
(200, Recent work has heen coneentrated on the evalij. visuallv il jbotagrspliesbly . Mome wmedd, o
5 ation of the atomizing charactoristies of injectors of made with pyrex plate instead of tubing in order to i
|3 various configurations. Plain orifices, impinging jots, reduce optical distortion. Photographs of the pulsat-
' annular orifices, centrifugal nozzles, slit nozzles, and ing flame were taken at the rate of 1000 frames per i
lip nozzles have heen studied. The spray pattern has seeand. A few of these were under satisfactory con- ;:’
been qualitatively observed by visual tnspection, hut i ditions of true vesonanee. 1t was observed that in each |
; is planned to use high speed photography in the tu- conmhustion exele, a knot of Hame called a ** famboan ™ ko
; ture. The injectors are tested in rocket motors, and was propagated through the tail pipe from the com- 4
their hehavior is characterized by the ratio of the bustion chamber. 1 was preceded by a region of
;} characteristic veloeity of the exit mases calenlated from barning and after a viel interval of no burning, it 1
? test-stand results to the theoretically caleulated ideal was followed by a band of Hame, This exele was then :‘;
g characteristic velocity, A relatively inefficient nozzle repeated. The Hame band inereased in leneth as it ;
i oives o valle ' gl B S Cep Ui pae fr Tt e taft pipe Teom e combustion eham. W;
. The group at California Institute of Technology a4 MCalifornia Dnstitn e of Technolugy, Jet Propulsion Labora i
i believe that the development of liquid propellant rock- fory, Pasadena, California; 1. G0 Dunn: AAF Contraet ¥
2 WESB-088- 004320 (12847 Restriclod, :
., WRell Adreraft Corporation. Buffalo, N, Y.: Stuar Falleson g fONew Yark University, New York, N, Y.: J. IN. L. Mae P
3 BuOrd Contract NOrd 9876; Confidential. Donalld; ONR Contract NG-ori-11, T.0.-25 Unelassified. }%5
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ber. then remained constant. Movement through the
skt bl orveesee veloeibe of 135 feet per seeond
but superimposed on the gradually aecelerated motion
wis arapidly fluetuating motion with a definite period
indienting @ resonant frequeney of 154 eveles per see-
ond. Tinone set of measurements ilustrating the mag-
nitude of the observed thuetuations, the velocity o the
Hambean deereased from 365 Feet per second 1o 40 Teet
per second in 1L mitliseeonds.

Moving pictures of a later model indicated a ve-
sonant Troqueney of 2300 eyeles per second. which
agrees with the usnal estimate given for the Minijet
and is a more reliable result than the value L eyeles
given ahove. 10 was observed thin dhe lambeaus non-
ine down the tail pipe at intervals o about 4 milli-
soeonds hesitated onee or twiee, and oceasionally wo-
mentarily revesed their direetion. The first hesita-
tion coineided with the initiation of the next eyele.
The hesitations were undoubtedly cansed by air rush-
ing hack in the tail pipe. For this small pulse jet,
hurning seemed 1o he more or loss continnous, faring

wp on each suceessive compression.

3 Trrsoder Coapirsriox Ciaansees, The Massa-
chusetts Institute of Technology 51 is determining the
combustion efficieney of turhojet burners in order 1o
evaluate the design (20, Temperatnre measurements
at various points in the exhaust gases are made by
means of tungsten-molyhdenum thermocouples and the
results show annular vings of ot and eold regions
indicating a persistence of thermal wnmixed condi-
fions in the combustion products. Prelininary pilot
vas sampling of the produet has confirmed this con-
elusion. That mixing is not more complete as lar down
the stream as the nozzle is surprising and has led fo
further fundamental work on the mixing process. The
ealenlated vatues of the temperature of the exhausl
witses do not agree with the temperatures observed hy
a probe. It is felt that a temperature probe in o gas
stream will not give satisfactory results if the chemi-
eal reaction is not complete. T is planned to subject
the instrument to a chopped stream of hot and cold
gases 1o get some idea of the effeet of turbulenee.

The condition of the air at the inlet 1o a turbo je
combustor not only influenees engine operation, hut
also places an altitude Hmit on the operation of the
curbojet engine. Consequently, the National Advisory

i Phbe Toe Lo e ll782 ig studvine the effeet of

G nesachusetis Institute of Technology, Chamhridge, Mass.
H. €. Hottel; Joint Sponsorship of the Bureau of Ordmnee
and the Burean of Acronauties under Contracts NOrd 9661
Confidential, and NOn(8) S632, Restrieted.

62Nntional Advisory Committee for Acronautics, Mlight 'ro
pulsion Researeh Lahoratory, Cleveland, Ohio; A, M. Roth-
rock.
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the temperature of inlet aivo veloeity ol inlet air, pres-
e of dnlet air. Tuel air ratio, combustion chaniber
pressure, and combustion chamber temperature on the
operating performanee of the engine and the combus-
ton efficieney (21, Inoone test with a 1-1 engine,
whose air compressor operates on a 3:1 conpression
ratios a0 Stdead hand ™ oat 20,0000 feet altitnde was
Found between the air compressor speeds of 6500 vevo-
lutions per minute and 11300 revolutions per minute,
The temperature developed by the engine at (.00
revolutions per winate drops helow 750 F and stays
helow THO B until the speed reaches 11,000 revolu-
Qlolts PO TTHE, Wi Giis vaigs o Teraes
bt hieh el te e the Tae josded e of
conrse the engine will not operate. o the 19-XB en-
oine whose compressor operates at a +4:1 compression
ratio, the minimum temperatiee neeessary for the
sttootl operation of the motor is somewhat hivher, but
exeept Tor this its overall operation is mueh hetter
than that of the 19-13 engine.

P other tests, using 100 octane pasoline as a fuel, it
was Found that the combustion efficiencey inereases
with inerease in the speed of the turbine, with inerease
in the temnerature of the entering air, with deerease
of the air inlet veloeity, and with inereased air inlet
pressure. A canstant turhine speed of 16.000 revo-
lutions per minute, the combustion efficieney drops
from 99¢, at a simubded altitude of 24000 Teet to
630, at a simulated altitude of 47500 Feet, M i con-
slant simulated altitude of 33,000 Teet, the combustion
elticieney drops from 780 at 14,000 revolutions per
minnte to 410 at 10900 vevolutions per minute, in
high altitude operation, in addition to the diffienlty of
maintaining combustion and the impossibility of ob-
faining high combustion efficieney, there ix a turther
diffieulty of vapor-loeking in the fuel nozzle, whieli s
also heing studied at the Flight Propulsion Researeh
I aboratory,

An extensive study of the effeet of combustion ¢ham-
her geometry on blow-out timits and on combustion
efficieney has also been made by the National Advisory
Comnmittee for Aeronauties. 1t is outside the provinee
of this report to diseuss the design of furbojet com-
hiustion ehambers. However, it may be said that eom-
hustion chamber design reguires & compromise between
cood burning and good mixing, 1t is pussible to adjust
the design parameters of the combustion chamber so
it e Comtnationr oM 4 PR wyte-
over the entire range of permissible temperature vise,
for given conditions of inlet air pressure and tempera-
fure. These efficiencies ean not be realized. of course,
over the range of altitude at whieh a combustion eham-
her must operate.
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40 Rasarr CoMpustion  Coaspees. The ramjet
work at Consolidated Vaoltee  Nireratt Corporation,
Downey, California®s, s largely done under the
BUMBLEBEE projeet. 1t fuel

ijectors, amd e holders, with the aim ol extending

converns ditfusers,

the limits of aiv Tuel ratios for smooth hurning and
for reignition in case of e blow-ont.
Vi ”'.-"ll" s i l | b

yvond the dgniter ix about 5 feet Tong and 18 inches i

Fabt ol sepbigeed Lot aliwaiaber he-

dizmeter. By adding the fuel not through the usual
' SpHey Sy T B s F Fus : ERiyye

nular ring whicl sprays it over the surlaee of the
“spike” at the front end of the diffuser, it has been
Luclh catios
601,

POSSIIEC TO DTN i 0periacingg range vi
(with either wasoline or kevosened of 7:1 ap (o

N L] . ae . r ik
[ RS TOT oot =

sien also pernzits the nse of air veloeities trough the
year of the diffuser ahead of the igniter up to 300 Teet
per seeond, whereas previous designs were Timited o
166 Feet to 200 feet per second, 1 s believed that

A AT i AT LT

the optimum air/Tuel vatio, it may be possible to iu-
crease the ate veloeity up to 6UU jeel per seeond and
stitl maintain smooth combustion downstream from the
{lanie holders,

Consolidated Vultee Nireratt Corporation has ade
a detailed study of the funetioning of fuel injectors
of varions types. This work has involved any or all of
the following tests: visual studies, using water in place
of easoline; sanpling and analyses of mixtures both
upstream and downstream from the igniter without
firing the igniter: burning tests with particular atten-
tion to aiv/fuel ratios, Hame pressure measured im-
mediately upstream from the igniter, air speeifie im-
i - vl VAT W S o o
sure drop; and general hehavior of the burning with
regard to case of starting, ease ol handling, range be-
fween maximum ated i arr/iel ratos wnien
ean he ignited onee the Qawe has heen extinguished by
Y, and
atios over whieh smooth hurning

use of an improper aiv. fuel mixture (the *gate’
the range of air/fuel

Re | B> e . e

R N T e b T
R4 SE T Y

he “tmendow '),

Consolidated Vultee Nireralt Corporation has also
worked on several tvpes of fuel injeetors other than
the annufar spiay ove the spehe o thie o, Ui
preferved type which has been designed is the recireu-
lating **vortex spray nozzle’” which with the aid of a
constant-differential fuel pump will give a maximum-
minimum fuel ratio delivery of 20:1. This gives, there-
fore, a 2:1 advantage over what is required at ditfer-
ences in altitude between sea level and 50,000 feet,
where the air pressure differential is 10:1. In order to

Vultee  Aivernft Corporation, Downey, Cali
wines BuOrd Contraet NOrd 0028 Restricted.

GR(Consolidated
- T A

20

vot basie information for this type of Tuel injector,
a single-tube, singlecopening fuel injector has heen
studied inoa stream of air traveling at 300 feer per
cecond, The injeetor can be rotated throush 360 n
the air stremn, and the Tuel is foreed out ander 90 psi.
By vareving the size of the opening, one i determine
the Tuel jet penetration into the high-velocity air
stream at ditferent aneles,

Another phase of the Tnomer developuent work with

respeet 1o fuel injeetion studies is the determination

. | i Y

evaporation has leen calentated from measieenent of

the temperature dron i non-burning air streann, as-

suntne hai dois diop i eiperataee s cansod s o

by the Tatent heat ol vaporization. Feom the practical
. . . . ) o

Py : e . [ T i 0

i

more rapid evaporation and more uniform mixing of
the Fuels in high veloeity air stredms, Basie studies on
these phases ol the injector problem would e ol con-
siderable assistanee i the design ol satisfactory fuel
injeetion svstens,

A itee A

eralt Corporation has investizgated the following ty pes:

fn work on Game holders, Consolidated

cann. rod, catalvtie (pletinized asbestos) surface com-
hustion Crefractory wres), eutter, Cornelt Rake, and
the spark-ignited pilor. More vecontly they have heen
working on a new design of combined “inner-hody ™
feniter and Hame holder for a rangjet whieh is to op-
erate af Maceh Noo T4 up 1o 2,00 1L comprises a per-
forated cone about 3 feet long with rounded apex
pointed upstream just below the diffuser. The Dase
of the cone fills the entive eross-seetional area of the
IS-ineh rangjet. The Fuel is sprayed into the upstream

Tl [ T i i - v

in size toward the cone's bhase, admit the ane from the
diftuser. This design will pernit an aiv veloeity at the
rear end of the diffuser of about 300 feet per second.

At the Consolidated  Vultee Niveralt Corporation
Lone Star Laboratory U a wreat deal ol work has heen
of injec-

ey : [

done on the design, construetion, and festing

P~ . . & i W e K SR
veen entirely of an empivical nature, the results with
one model heing used to sugeest changes for the next.
The best model o fuel mjeetor whieir chey e tested
comprises an annular manifold loeated ontside and
around the cireumferenee of the ramjet with a series
of radial tubes leading into a corresponding series
of tubes inside the ramjet and pavallel with the air

How.

neeted to another annual

The down stream ends of the tubes are con-
manifold tube, both the
Stcansolidated Vultee Aireraft Corporation, Lone Star Labora

tory, Daingerfiell, Texas; W1 Eo Arnold;, BuOrd Contraet
NOrd Y0285 Restrieled,




Jongitudinal tubes and the inside aunular ring being
provided with small openings for dischavge ol the
fuel in s laree number of places, The best Hame holder
and igniter, called the Cornell Rake, is one whivh hias
ten burning powder charges, which are fired electri-
cally and which burn Tor 40 seconds. Rixoof tHiese
charees are held sl steel evlinders which have
cunflower-shaped fingers at the downsteeam end, and
are arranged radially between the eentral group ol
four and the widl of the chamber. The group of four

ar febesedd B HH e Pesimivie ul e lilTaecer The res
enite the air-fuel mixture
The Lone Star

Laboratory is now making a collection of mtormation

hurn downstream  and
which comes from farther apstreant
and photographs of all the types of flame holders and
Fuel injeetors which have heen testedand will inelude
a diseussion of about 70 varietios of eael,

An dgniter to be sueeessful must Turenish rapid.
stmooth, and good ignition over a wide range of air
fuel ratios, and sueeesstul re-ignition over a wide range
atios to take eare of the fregquent condi-
[ conneetion with

ol air fuel
tions i whieh the fame blows out.
the study of igniters, information is needed coneern-
ing the temperature ol the exhaust pases during
smouth burning versus during rough burning, aomethod
of making point-to-point measurements o the Tuel
distribution and of the tlame distvibution, and ot the
temperature distribution hoth down the length ol the
combustion chamber and across its area,

A combimation
plant is being developed by Consolidated Vaultee Nir-

Hearntg 52 i owhiceh the

dueted FOCRer T and ranged powed

et [ Vi piesd i Diiwiley el
inition and flame holding s provided by a small 50-
pound thrust ethyl aleohol-liquid oxygen rocket lo-
Caied daie e v { o Wbl {7 L

combustion chamber which is 13 inches in diameter
It has heen found that placing the vocket inside a duet
produees au angmentation of 175 times the thrusi
whiceh can be obtained by the rocket alone, and adding
sasoline to the stream of aiv drawn in by the rocket
jet produees an zul;:lm'nlullml of 3.0 times the thrust
obtained by the rocket alone. The hope is fo gain im-
proved fuel cconomy per pound of thrust,and a higher
thrust coefficient, based on burner chamber arvea, over
that Whiieh cotld e onltainea oy a ramjot of Tt
eross-seetional avea,  [Purther, it is hoped that the
dueted woviet will simplive e pomhstion problem
at high veloeities, because the voeket will act ax a con-
tinuous igniter, and the rocket exhaust will inerease

Tl e T e raTmer Tk ik e e W o

trggnsolidated  Valtee  Aireraft  Corporation, Downey, Cali-
fornin s . R, Levine; AAF-AMC Contraed W-33-0380ne- 14547

Restrieted.
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burning of the ramjet fuel. It has been oo that
fenition ol the wasoline-air mixture wil' ke place at
anair Tuel ratio of 7501, and satist=orory burning has
heon carried down to 321, the

T due «ourese the rocket will he

esent limit of the air
supply equipment,
chaneed over to gasoline-lguid oxyeen, ad several
rockets will be placed in the ramjet, inan attempt to
ohtain a speeific impulse of 186 seconds Gabot 6000
foet per second gas velovity at the ramjet nozzleo

Very little theoretical work has heen done on dueted
pockots 11 is possible to make: performanee analyses
using the equations for the vonservation ol momentum,
enerey, and mass from i gross standpoint, but not
From s poitd-to-peint analysis of conditions i the
duet,

The Cornell
carrying on studies of various flame holders, ineluding
the Whittte turbojet, aivfoil, and inverted cone types,
The Whittle tvpe flame holder has good ignition and
burning qualities but causes a high pressure loss, By
cutting the holder down until it wae only a fraction
of itx original length, the Joss wis deereased while the
The airfoil type

Acronantical Laboratory ™ has heen

other good |>l'n|nll|t's were retained.
holder was better than the other types tested with re-
card to ignition properties and was wood with respeet

to birning properties. Inaddition, its losses were low,

However. sinee it was attached direetly to the chamber
wall, it eaused warping due to unequal heating of that
wall. The cone type H.nnu holder was found to give

TS Siom proaerly de-

O riaayiaiu;
sioned, it eansed Tower loss than the other types. The
cone fame holder was therefore chosen Tor further
developent. The cone angle and the unther ol nofes
for ll‘mu' exit are eritical and must he determined

‘o eneh o shee fie use.

1

Experiment, Ine %7 has studied and developed sev-
eral types of dgniters for amjet burners, Some of
these have been of the hydrogen-oxygen pilot flame
fype. but nitrie acid-nniline and liquid sodium igniters
have also been investigated, Others have been leniters
of simple geometrie form suel as evlinders, spheres,
and cones which are heated eleetvieally. They have
poted that very small Variaaons uguoice anal Lo
design have great influenee on the combustion. liven

+lre 1 <1 h i
ST rregae SRl N [TR

an igniter may have a noticeable effeet.
g For initintion stabilitv, and the subsequent propa-
gation of the flame seems to e the point of separation

nnmn.v ot

The eritical

J. 1., Renl:

sicornell Acronsutienl Lahoratory, Bufalo, N
e tatin

Subeontraet  with  Cuartiss-Wright - Corpora o,
Division, BuOrd Contraet NOwl 8003 Confidential,

Mullen, 113

67 pxperiment,  Ine., Richmond, Virginia: J. W,
BuOrd Contrael NOrd 97363 Confidential.
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CONBUSTION

ol the How from the feniter, They are convineed that
the main Tactors in dgnition are acrodynamic not
chemdeal,

The work at the University of Southern Californin s
on stthsondie ramjets hias boen carried on for about
two vears. Four maodels have been designed, built,
atd tested. the fuel in each case being gasoline, Ten-
peraties ap to 2800 i the gas stream have heen
obtained. They are e leulated indirectly by weasnr-
ing the exit pressure of the exhanst vases. The 20-
ineh jet should produce a temperature of  about
B2000 17, but sinee an air fuel ratio of 2051 wives only
about 85 combustion efticieney, the maxinunn ten-
perature is not reached,

Mutshi oF T ark st lie aiihisenie eabiejoib Lras bean
i connection with e holders, for maintaining con-
bustion has been one of the most serions problems,
The present preferred flame holder is a ring with a
Vieshaped erossesection. Three of these are arranwed
coneentrically with the apex of the V" aimed npstreant,
The apex is punetured with a series of small holes
to permit the entranee of the unburned aiv aud Tuel,
I has heen Yound that the dimension of the opon endd
of the Vois eritieal amd that it must he aphroximately
one inch across. Laveer amd snaller dimensions hive
failed to maintain continvous combustion. The {lune
holders are best Toeated a Tew inches downstream rom
the diffuser.

The Standarcd Oil Develpoment Company 9 is eon-
cerned primarily with the development of o satis-
factory six-inch ramjet engine and consequently all
alforts are directed toward that end (12V. Each com-
ponent has been vavied in a cut and ey manner o pro-

w0 e Seoss eertiirenimee feser. PR fofon i S i
problems have been investigated in connection with
combustor development : (a) Fuel atomization: (h) air
velociy distvibution e the difuser ;. (¢) range of air/
fuel ratio for burning: (4) initiation of combustion :
(¢) maintenanee of combustion; () effeet of viarying
Mach numbers from 110 2 (@) sealing: (h) effects of
small departures from design; (i) weight and drag of
the combustor; and (j) problems of combustion wall
heating.  General burner development and improve-
menl s mcdiniae win B i beelge et Hh
tent feed to the pilot or flame holder stage and on the
inelusion of a second baflle or flame holder to aid in
e i;:HililHl. '\"'ilh 'l“,_ul.l R LR Ut Gt atalt, i| iN

felt that a large unit is casier to construet than a

niversity of Southern Calitornia, Los Angelos. Californis -
d T Devault; BuAer Contract NOa(s) 7098, Confidential,
EStandard  Oil - Development Company, Esso  Laboratories,

Elizabeth B, New Jersey; J. D, Longwell; BuOrd Contraet
NOrd 92335 Confidential,

sizaller onel not only because 1t is easier to suppart
combustion with more izuition points bt also heeause
certain parts do not have mueh Latitude in size varia-
tien and =mall units carry igniters which are as hig
as those used in Lorge nnits,

The Standard 08l Developinent Company 7 has put
into operation a el spray nozzle test stand to study
the hehavior of nozzles in conneetion with liquid tuel
imvestigations, sinee fuel spray characteristios are con-
sidered an important variable, A laboratoryeseale
liner-type hurner tfunetionally sinilar to the (5 14,
Type [ has provided for stadies at high-output
combusticn.  Reprodueible spray distributions have
been obtained, Several high output burners have heen
develoned Tooone of dliese biverers o Diewd peligse sl
Samillion BTU per hour per eubie foot was obtained,

Further development work is heing carried out on
liquid fuel hurners to provide For studies of fuel 1y pe.
pressure, and twrbulence at high-ontput conditions,
Bxpanded test Tacilities will inelade steam ejeciors (o
cieate vacuum for low-pressure . vation, Stdies of
spray nozzle performance are heing continued. in an
atten to corretate spray characteristies with hurner
operation. The more fundamental work now in pro-
aress inchudes studies of the effeets of combustion pro-
moters, pressure, sund dilnent gases other than nitroe-
gen, on flinne stability,

At the United Nivervaft Corporation™!, experimental
work on a small pilot hurner is planned, 1o study the
fundanental characeteristies of this ty pe of burner and
to familiavize the personnel with its operation. The
eflfeet of varions wall temperatures and of various fuels
will be studied. Several typical burners designed by
e o omien cele di] s hessoll e Mee b s
sty burner stand. This stand consists of a duet 12
feet long connecting a high pressure tank, at an ahso-
fte prossure of TR Gaches o werears, and a low
pressure ik, whose absolute pressure ean be varied
down to 8 inches of mereury, The air capacity of the
equipment is 9000 pounds per hour. A flame holder
and & nozzle can be Tocated in the duet. This study is
intended to extend to various altitudes the work on
these hurners performed by other people.

Wikiohil Ressitniinikal " 1 saivoetes T T el

for combustion studies, in conneetion with ramjet com-
bustion chamber development, two test cells, one of

Standand  Oil Development Company,  BEsso Lahoratories,
Elizabeth B, New Jersey; W, P Laking ONR Contract No-
ori- 109, "1NO- 15 Unelassified.,

-y d ,

i § > T A-TimeeTleud
Ao Gl Lees BuOrd Contraet NOrd 9845 Confident ial.
PWright Aevonantieal Corporation, Wooldridge, New Jersey
I Pieree; AAF Contract W-33-038-ae- 14145 (138135 fe-
strieted,




; whieh has heens used Tor the testing of thune holders
and injectors and the other for the study of the op-
eration of combustion chambers as Funetions of vari

ous parameters, sueh as density and aie fael ratio,
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LWL Avery: 2 Report on Survey of the Litera-
ture on Combustion ™ Aethur DL Little Co. Cane
brudge, aass., October 310 194000 N portion of this

o report has been dssued as: .0 Sunomary of the
i Ntatus of Researel on the Mechanisin of Conmbus-
¥ tion " The JJobns Hopkins University, Applied
\ Physies Laboratory, Silver Spring, Marvland

i BUMBLEDBEE Series, Report No. 47; October,

48 1946,
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; shrieted,

i A0 L I Bhinman and RS0 Bevans: et Propul-
sion Combustion Chanmber Reseireh : Progress Re-
port for Month of Marveh 194777 Massachuset(s
., Institute of Teehnology: Mareh 1947 Restricled.
4. 80P Burke and T, B W, Sehumann; * Diffusion
1’ Flames™ ; Ind. Enge. Chem. 20, 9951004 (1928,
a0 1L I Caleote:  High Frequeney Oseillator as a
J [Mlame eteetor™: Prineeton University Teehni-
; al Paper Noo 265 Mareh 1947,

f (. Staffs of the Guegenheim Aeronautical Labora-
i tory amud the Jet Propulsion Laboratory, Cali-
3 fornia lostitute of Teehnology: Jot Propulsion
1 prepared For the A Technical Serviee Command ;

18 1946 : Restrieiod.

v - . . .
E 7. Cornell Aeronautical Laboratory: *Semi-Annual
- Progress Report™™: Projeet SQUID, T January
047
[ 1947,

5 g o - - B

F. Y, Paminn ooy, li.u LHeeT or T arhenes o
Flame Veloeity in Gas Mixtures™ : Zeitsehrift fur
b Elektrochemie und  angewandte  Physikalisehe

Chemie, 46, No. 11 (19400 0 NACA Teehnieal
Memorandum No. 1120 Apeil 1947

9. (. von Elbe and B. Lewis: ** Mechanism of the

Thermal Reaction hetween Hydrogen and Oxy-

':‘ a4 e |’l\-\'\~ AR6-30923 0 100

10, G.von Blbe and M. Menster:  Further Studies of
The SIrueture ana Staniuy o burner Fames
J. Chem. Phys, 13, 89-100 (1945).

11. The Johns Hobkins Universityv, Apmlied Phvsies

29

COMBUSTION

When a new desten oft fame holder or injector shows

promise i the fiest cell, it s placed o combustion

chamber in the second eell and tested as a complete

ramjet,

I7.

20,

21,

D)

REFERENCES

Laboratory - Sunimaries and Abstracts of Papers
Given at the Meetines on Fundamentals of Com-
bustion ¢ Maveh 17-1s, 1947,

The Johns Hopkins University, Applied Physies
Lathoratory, Silver Spreing, Mavyland 0 Sarvey of
Bumblebee Netivitien™: Report: Noo a6 Mareh
V9T Confidenlind,

W dost s Eaplosions and Combustion Processes in
Gases: Metiraw-11E Book Company. Tne. New
York, NO Y. 19460,

HoGo Landan: 2 The Tanition of Gases by Loeal
Sourees™ ; Chem, Rov, 21, 2452208 (1937 1.

B Lewis and Goovan Ethe: Comhustion, Flaomes
and Foeplosions of Guses: Cambridge University
Press, Cambridee, Eneland (1938),

B, Lewis and G, von Elbe s Stability and Strue-
ture of Burner Flames™ 00 Chem, Phys, T 75
97 (19483,

B Lewis and W10 B Iviaats Caleulations of
Rates of  lixplosions in Mixtures of Hydrogen
and Oxyeen and the Induence of Rare Gases':
Jo0mL Chem, Soe, 52, 3903239200 (1930,

Mallard and LeChatelier: Xon. des Mines, (8)
4, 274 (1883,

G. Markstein and M. Polanyi; * Flame Propaga-

tion: .\ Critieal Review of Existing Pheories™
Johns Hopkins University, Applied Physies Labo-
ratory, BUMBLEBEE Report No. 61 To be pub-
lished,

Massachusetts Institute of Teehnology: ** Interim
[ i S r{\'pnw O The Meleni Fxn_i('('ln Marven
1T Confidential,

National Ndvisory Commiftee for Aeronanties;
SNACN Conference on Comdneslion ;. a Compila-
i ul e Pajiers Pevsepted b NAC L syalt
slemnbers™ : Mareh 26, 1947 Confidential,

New York University: U Semi-annual  Progress
R e “, e ] 2 ‘i“'{"... S EeTmaaETy T

R, N, Pease: The Thermal Hydrogen-Oxyeen
Combination: Formation of Hydrogen Peroxide
and the Influencee of Surface Nature™: J. Am.
Chent. Soe. 52 5106-5110 1330

oo St g i
E Ty W M G e WAy 3

|
} B

AT Y e AT FoAatay e TR R

R N o SRR P ETo bt /)

S

L TR T T TSR o e T TN £ S T S A o e P T

i

T L

p—-

PP Y-S




TR A P DR e s et

: COMBUSTION : i
; 91 RN Pease: U The Slow Combustion of Gaseous Propagation "o Progress of  Physieal  Seienees
Paraffins, Especially Propane ™ Chen, Rov, 21, (USSR 240 Nooo4 cldes NACA Technical
i DTHDRG 1937 Memorandim Noo 10260 Sept, 1042, 3
; - . L ) . . . . e . | g
9% Pardue University s = Semi-aunual Progress Re- 290 K. [ Shelkin: On Combusition ina Turboent 5
. port s Project SQUID ¢ January 1947, Flow " : Jonrnal of Teehnival Physies c USSR i
i B 1 101 0 10 L o A B KRS ) A e s L P Mus IO N T kel Memo- ]
. 296 Dover Publications, New York: (10450, randhinn Noo 1110 Feh, 1047, E
07 NL Semeaov: Chomieal Kinclies and Chaie Keae- 30.Y, Zeldovieh and  N. Senenov: T Kineties of
- ; 1 I ; p ——— '-.- ) Rl Vi o '4‘|(_|'|' ‘ 1 L LIS 2.4 - = et —— L A
(1930, perimental and Theoretical Pliysies 1 PSSR0,
9% NLNL Semenov: S Thermal Theory ot Combustion 19400 NACA Technival Memorandim No, 10N,
and Bxplosion: T Theory oft Normal Flame June 1946, ',
3 NAE Army Adr Foreese War Department
Washington 25, D, ¢, 3
| AA-AMO Army Aiv Forees, Air Materiel Come- F
¢ mand, Wright Field, Dayton, Ohio. l 1
Buler Burean of Aeronauties, Navy Depart- v
ment, Washington 25,1, ¢, E
i 4
. BuOwd Burcau of Ordnance, Navy Depart-
r ment, Washington 25, D, (', -
BuShips Bureau of Ships, Navy Department E
i Washington 25, D, €', ‘
KES Engineering Experiment Station
: Aunapolis, Maryvland, |
8 NACA National  Advisory  Committee  for 3
i Aeronauties, 1724 1 Street, N W, :%
i Washington, D. (" ;
NBS National Burean of Standards 3
v a - ‘ b
Washington 25, D. (', b
* NOL Naval Ovdnanee Laboratory
i White Oak. Maryland. I
NOTS Naval Ordnance Test Station :
Inyokern, Calitornia. 9
‘ NRL Naval Research Laboratory
i‘: Washington 20, D, ¢, 3
ki i
b ONR Office of Naval Research, Navy De- B
partment, Washington 25, 1), (¢, R
’i OSRD Office of Seientifie Rescareh and De-
‘}“ velopment, 1424 16th Street, N, W, 3
Washington, ). (", ?
30 i
Bucok Prixring CoMPaNY, Boston, Mass. b~
b

s T v




t ~CONFDENTIAL a
TITLE: Combustion ________ﬂ‘ﬁ’ﬂ 11901 ‘
AUTHOR(S}: Bryant, Roynl C,; Sloan, Arthur W, Py =Y
ORIGINATING AGENCY: Enginsering stearch A iates, Inc,, Washington, D. C. one,
PUBUSHED BY: (Same) ' ’ PCUICED ACTCY 6D, l
June ' 47 | €ontd- U.8 Eng. 38 | (None)

Research on ignition of combustible mixtures, flame velocity, conditions for maintaining flame
stability in Iaminar and turbulent flow, and combustion in liquid spray is discussed. Accustic
vlhrauonscmsedbynmesandthapossmntyofuﬂngacousucﬂel&mthestndyofﬂame

ore daterminped, Adl ion 15 given of the physical and chemical aspects of com- ‘
bustion which effoct Flamo velocities are not a furction of the turbulerte of the
stream in tha ronge from 0 to 2.7%. |

T g

 DISTRIBUTION: Capies of this report cbtainable from Air D: ts Divigion; Atm: MCIDXD
DIVBION.Pcwet Plants, Jet and Turbins (5) SUBJECT MEADINGS:
SECTION. Combustion (4) Combustion - Rate of flame propagation (23650); Flow, Alr -

Laminar (38700); Flow, Alr - Turbulent (39450)

ATl SHEET NO.: p_g.4.7
Alr Descocst Bivicien, lliccomo Dopartess? AN TOCKCMCAL ENDAR WrighMPatiorcea Al Perco Dazo
5 Al Ractortd) Cemmed CONFIDENTIAL Doy, Ohlo _

r!ﬂk—;‘\.."’ﬂ . e . — v






