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FOREWORD 

The Fitlil Sun-cjt h'i ■'url cm liquid prnprllimt rtirkct.s ami pulse jet 
.■u-iurs was pivpaivd at ,'..:• sii^'xtioii of the I'oik-y foinunttn-, in order 
that the ruuda.neutal researeli in I'rujeet Sql'll) Illicit he rehit.Ml to other 
projects and pro«rnim.s of researeli in this Held, and to prohlems arising in 

the developuu'lit of roeket and pulse jet  engine ecpiipnient. 

In order to ruKill this purpose the Fidd Sun-ni Hrpurl had to he more 
Hum a hrief outline of the work of each eoutraetor. hut time did not permit 
il to he prepared as a monojrnipli in each hraneh of the field of propulsion. 
The ehoiee of presentation of the work in eaeh volume of the report was 
"■overned in part hy the amount of available information, and hy its relation 
to the researeli now heilig sponsored hy I'rojeet  SQl'lI). 

The I'oliey Committee will use the FMil Sun'i if Hvprni as a hasis for 
adjustments in the researeli pro-ram of I'rojeet SQl'l D. in order to ensure a 
more effective attack on the fundameiital |)roh!ems in the Held of propulsion. 
The Policy Committee holies that this report may also he cseful to scientists 

eonductiufr research and development in fields relating 1" propulsion, and 
to memhers of frovernment or-rani/.ations res|)onsil)le for the planninfr and 

intejiration of research programs in propulsion. 

lludii  S. TAYLOR, Chairman 
Poliev Committee. Project S^l'll) 
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PREFACE 

The Field Survey Rc'iior! was prciHimi iiy the Trehiiiwil Survey (iroup, 
I'rojeet S^l'lD, nmler the (lireetion uf Eiifrineerin- Iteseareh Assoemtes, 

Inc. 

The assembly of the material and the preparation of eaeh part ol' the 
,,.,„„•( was undertaken as a firou.. rffort. to which the statV.s of both Prince- 
ton Cuiversitv and Engineering il reareh Associates, Inc., have contribute.. 
Mr  K A  Parker, Project Or-ani/.er, and Mr. W. C. House. Cluei Tcehmcal 
Aide   of the central administrative stalV of Project  SQl'ID at  Prnvceton 
scned as members of the Technical Survey (irnup and prepared \ ulume 11. 
!„ addition   Prof. J. V. Charyk of the Aeronautical Engineering Deparl- 
,„,,„ .„  l-ri,u.,.iou visited the California  Institute of Techunlo-y and lur- 
nished basic information concerning the research pro-ram there.   He also 
„ITercd many helpful suggestions with regard to several parts of Volume 1. 

I,, the preparation of this report the members of the Technical Survey 
(Inmp have received the assistance, counsel and cooperation of representa- 
tives of the War ami Navy Departments and other Covernmeut agenc.es, 

illul  „r  representatives of academic  and   industrial  labnratnnes  who  are 
„„der contract to the government for research and development m this held. 

The authors are indebted to a number of scientists who have reviewed 
each part of the report and have offered much constructive criticism.   The 
authors also wish to express their appreciation for the assistance winch was 
.so generously given by representaives of the Office of Naval  Research and 

of the Bureau of Aeronautics. 

THE TECHNICAL SIUVEV UROUI' 

vn 
PhECEOlJNa PAGE BLANK-NOT FILMED 
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f'OMHl'STlOS 

I.   SUMMARY 

This rc|i(irl suimimiMXt's the rcsuai'di wurk on t'<mi- 

hustiun iM'ini"' ciirrit'd mi IIIKIIT jjovi'miiu-nl ,s|)iins(ir- 

ship, in aililitioa. it l'i'W pnijccts uudrr private spiitl- 

sdi-sliip arc im-iiulcil. tin' iiil'iirniatiini having IUHMI 

lliiuli' pulilir. Hrii't' (ÜMMissinns til' Ihr status dl' kiinwl- 

i'ihjif in (U'lds nf n'si'arcli impiirUuil to i-niiiliiistinn arc 

•iivni. to iudicatf (lie n-inlioii lit'twinni the oiitstaiuliiiü 

proiilciiis ami tlic present ri'M>aivli projrram. 

Tin1 (|unntit!itivc dcsi ription of the fotnlnistion 

pi-occss in terins oi' tile detailed nieelianisiiis involved 

is possihle at pri%sent only in prineiple, liefore this 

can I»' achieved. I'nnnidi.'lilc niatliciiiatieiil ditliculttcs 

remain to he solved, and the separate phenomena 

which arc part nl" the frencral comlMist ion proci'ss iniist 

he invi'sli^ated cxpcriiiicntally. The present research 

pi-ofrraiii on chemicai kinetics, ell'cct of tnrlnilence on 

eomlnistion. ami chcniical reactions in llowini: streams 
should he particularly important in this regard. 

The research on ignition of coiiilnistihle mixtures, 
normal   llame   velocity,   conditions   I'or   maintaining 
stähle llames in laminar ami turlntlent How. and c - 
hnstioii in liquid sprays, is descrihe.i. It appears 
likely that eijiiiitions can he developed relating nor- 
mal llame velocity to other ol .--erved llanie phenomiMia. 
important rrom both the practical and ihcoretical 

points of view. 

The acoustic vihrations caused by llames and the 
possihüity of usinjr acoustic Held:, in the study of 

llame phcnonicna are discussed. 

Some of the eomlnistion work heini: carried on in 
eonneetioii with the deshrn of Jet power plants is 
(lescrihed to indicate the type and scope of the prob- 

lems of ■•oribustion iMiginceriiijJ:. 

II.   RECOMMENDATIONS 

It is believed that the proirniiu described ill this 
report covers rather well the most si^niHcant and 
necessary projects M the field, though it is ipiile evi- 
dent that iiio'-e people should be workin»' on such 
lirojects. It is also felt that some elaboration of the 
profrram shoul 1 be made in the followiii'r speeilic 

in.slances; 

A. Iiiveslie-ations of the mechanisnis and the rates 
of reactions must be extended to include the 
propellant systems now bcinjr used in jet power 
plants and those proposed I'111' fntm'e use. .Metals, 
metal alkyls, metal hydrides, and hydra/ine in 
their reactions with the usual oxidants need to 
be investifratcd. Similar information for the re- 
actions of Huorine and its derivatives with fuels 
is pressinjdy required. Considerable work is be- 
ing- done on developing new techniques for 
studying the mechanisni of combustion reactions 
but there is still a need for studyintr propellant 
.systems, particularly liquid systems, using any 
techniques which may be available. 

13. Chemical equilibria should be studied at high 
temperatures and pressures in static and flowing 
systems to delermine the concentrations of the 
components  at equilibrium,  the  time   required 

for the establishment  of equilibrium, and  ther- 
iiiodynamic   properties  as  n   I'nuction  of  time. 
Studies of reat lions in which sonic of the prod- 
nets are solid and the others gaseous arc needed. 
This information, which is not available, is nec- 
essary   for the  accurate eomputation  of  rocket 

performance. 

('. The   thermodynamic   properties   of   fuels   ami 
products of combustion shoil'd be determined at 
high temperatures over a range of pressures to 
give data   for eomhiistion  calculations and   for 
checking theory with experiment,   ('alcnlations 
and  measurements arc being made of some of 
these properties for some of the componnds, but 
the program needs to be exUnded. 

1). Basic studies of combustion at high and at low 
pressures should be extended. Liquid propel- 
lant rockets operate presently at liOO-fOO pounds 
per square inch pressure, solid rockets up lo 
2(100 pounds per square inch. Investigations of 
the reactions of fuels with oxidizers at pressures 
at least up to 200 atmospheres CiOOO pounds per 
square inch) are necessary. Determination of 
the mechanisni of combustion may be more prac- 
ticable  at   low   pressures  than   at   atmospheric 
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pi'cssun', iiml viihialih' ml'drmiitiim limy lie nli- 
liiiiu'd iilthdujrh tlif reactions may not l»' the 
sanical low piTssurcs as at atiiiusphcrit' iiri'ssurc. 

K. 1 lives!ifrations of tiic cll'ci't of Inrlmicnci1 on 
iMiiniiuslion ai'c of prime importanee. ami it ap- 
pears that fui'tlier ilevelopment of tile theory of 
tni'hnlenee ami of teelmiipies for measunni.' 
tnrlmlenee will lie neeessary in tills e'.iniieet inn. 
'rnrlinlenee is disenssed in more detail in I'at't 
4 of tills Volume. "Fluid  Meelianies." 

K. The developmeiil of teeliniqnes for llieasnriilfr 
the pressure, temperature, and ve' " Hy of mov- 
ing fra.s streams shonid lie emphasized here, 
although it will he mentioned affain under I'arl 
li on '" I nsirnmentation." Instrumentation is 
one of the most diflieult problems in eomliuslinn 

work. 

(I. .More attention .should be •riven to basie studies 
of ienitiou phenomena. Little is known about 
the enerjiy requirements or about methods of 
redueiiifj' ie-nition delay. 

U, .'lany eomliu.stion investijrat inns have had too 
limited objectives. The studies have been carried 
out to learn what happens under specilied ex- 
perimental comlitions with too little considera- 
tion of possible contributions to the understand- 

iiifr of the basic factors involved. Wherever 
possible, even in essentially development pro- 
frrams, experiments shonid he performed under 
simple, well-delined, and accurately measured 
conditions, so chosen that the results can be 
interpreted in terms of fundamental parameters, 
The immediate objective til eniiibust inn research 
is to develop quantitative relations between ap- 
propriate variables. The ultimat,' objective is 
to explain combustion in terms of the detailed 
mcclianisms involved. These objectives can be 
attained only if suitable experimental data are 
available to check and •ruide theory, 

A positive etl'ort should be made to correlate 
the ell'orts of dilVcrent cToups working toward 
solutions of the same problem. Such eoordina- 
tion appeal's particularly desirable for studies 
described in this report under the headiims: 
('hemical Kinetics, Turbulence, Flame Velocity 
and Stability, and ('ombiist ion in llifrh Speed 
(las Streams. These diflieult and important 
problems, requirinfr the ell'orts of several groups, 
can   be  solved   efliciently   only   by  the   fn x- 
ehantic of information on results, procedures, 
and experimental difHcultics n\ the technical as 
well as the administrative level. 

III.   INTRODUCTION 
The importance of the study of combustion arises 

from the I'aet that present knowledge is inadequate 
to provide a theoretical basi.s for the design of jet 
power plants. The characteristics and eflieiency of 
the eombustion in a power plant depend on factors 
stich as the followinjr: fuel injection; mixintr: igni- 
tion: fuel o.xidant ratio; pressure, temperature, and 
velocity of fuel and o.xidant ; si/.e and shape of the 
combustion chamber; nature of the How; and the 
physical and chemical properties of the fuel and 
oxidi/.er. The present state of knowledge is such that 
desien is largely a matter of trial and error, based on 
the results of a large number of experiments in which 
one eomponent of the chamber after another, or one 
of the above factors, has been slightly altered and 
the ell'eet on the combustion observed ((i). The ob- 
jective of combustion research is to obtain a basic 

understanding: of each of the above factors and of 
the combustion process as a whole. Without this 
underslanding it will not be possible to achieve the 
most ell'eetive design of jet power plants, particu- 

larlv for large unit«. 

In practical installation.s, a non-liomojreneous mix- 
ture (if fuel and o.xidant in turbulent How is burned. 
Because such a system is too complicated to study in 
any but an empirical way, aibdivision is neeessary so 
that simpler compoii'ius ean be investigated sep- 
arately. Accordiiijily, the research program on com- 
huslion may be considered to involve the following:' 

general investigations: (a) an investigation of non- 
homofreneons systems, with and without burning in- 
clmlinir particularly the impingiufr of liquid streams, 
formation of liquid sprays, evaporation, and mixing; 
(b) an investigation of turbulent How and the mutual 

interaction between turbulent ilow and the chemical 

reaction of combustion: and (c) a theoretical and 

experimental investigation of all phases of Hame phe- 

nomena without the complicalions of non-liomogeneity 

and turbulence. 

The problems of non-liomogeiiemts mixtures and 

turbulent How belong essentially to Huid mechanics 

and are discussed in Far'. -1 of this Volume. Research 

projects on the inHiience of these factors on coi'ibns- 

iiii^'i-V-:^Li 'l-'v-, i .:::. S-*1^-* wnrj.rtf» 
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(iitii, hovvcviM', will hi' iwii'wi'il jiii-r, 'I'hi' iiistniiiicnta- 

tiiill |iriilili'lil.s n!' foiillilisliiin llllii -i ilisiMissiun nj' liir 

(tlivsifiil lllld I'lirlllicnl ;is|ii'i'l'. nf rniiilinst inn wilicll in- 

tlurnci' liiriisurrini'iit aiu! liiriisurrinnil lirlmiiiui's MI'I' 

jrivcii in i'iirt li of lliis \'iiliniic. 'I'hi' tluTiiuidyiuiiuir 

|irn|i('rl ics nf clii'iniciil iMiiii|iiiiiiiils iiml I'crtain nllici" 

|inilili'iiis riiiiiiiinii tn li ilisiMlssinn ul' fui'ls ami (if c.iin- 

coMnrsTiox 

liiistiim iirc y:iviMi in Pari '_' ol' this Wulnni!'. Tlir main 

IMIU'ITIIS ol' lliis I'art ar" ihc tlii'nrrtii-al ami cxpcri- 

nii'iital inxi'.st i^at inns cif ttamc plirmnni'iia, A liiirf 

rr\ii'U nl' somi' nl' the ilfVcliiJilHi'llt wnrl; iMinni'i-lnl 

with I'liinlinsiinn will he frivcn in urdcr in iniiicatc ihc 

M-n|ii' nf till' prnlilrms wllii'll  llllVC In lie snlvcil  ill rnm- 

liusl inn rnirini'i'rin^. 

IV.   SURVEY OF RESEARCH  PROJECTS 

An alli'injil has lii'i'n niai'r In jrroiip the |irnJiM-ts 

iliscilssi'il lii'lnw acrnnlin«.' In nie i»l>ji'(-tivi's of llii' rr- 

si'iifch. llnwrvrr. Iiivansr many nf llii' jinijccls iiicliuti' 

Mji in\ r.st inaiinn nf ihr rlVnis nf si'xcral luiranii'trrs nil 

tisiiw phi'minii'irf, IT is inipussilih1 in ai-hirvi' a cimi- 

pK-fcly Inimical rl.i.ssilirat inn ami at the samr limr jiivc 

mi aili'ipialr di'siTipl inn nf the nvrrall ri'wsn'fh prn- 

frfrini nf a irivrn insiiiniinn. Tlit'n'fnrc, wlifrcviT it 

appi'iiri'il drsirahli'. a cninprnmisc has liccn ai'lnpli'il in 

which wnrl; may he ih'scriliril inuh'r a licadiiisi' which 

ilncs nnt  incimlc all phases nf the research, 

.1.   Ilnsli- Flmtii   Sludim 

I. SriiVKVs. A >ri-niip »S ISIMWII I'niversity' is re- 

viewing all nf the (lerman ilit'oriuatioli anil lileratllfe 

liearinjr mi the suhject nf cnmpre.ssiliilily nf eases anil 

c(i.ii|)ressilile How. In certain cases, hifnnnation I'rnm 

American ami British sources will lie incliiileil in 

addition to the (lerman. The resulls of this work will 

lie availahle in thf form nf mniiojrraphs on the follow- 

iiifi- snlijects: (a) I'oiiipressililc Flow, a digest nf all 

availahle literature: (hi Xon-Slat ionary Flow; (ci 

('nmliiistinn ; (di Shuck Waves; (e) Stability in Cnm- 

pres-silile Flow. 

Cnrnell Aernnantical Lnhoratory- is prepariiifr a 

series of reports in the nalure of texthnoUs. the lirst 

nf which treats the theory of flame propagation. 'Phis 

report reviews the older thermal theory, the new theory 

of /cldovich, and recent work on the iiiHnence nf tur- 

bulence. The report, has hcen written and will shortly 

he issued (111). A second report has just been started 

which will cover the experiineillal phases of llame 

propagation. 

A report frivin^r a brief discussion of turbnlence 

and of the effecl of turbulence on eoiiibnstion phenom- 

'Bnnvn I'liivi'isity, I'riiviilciici', liliodt" Islmiil; .Inlm Mar- 
cliinit; AAF (''(Hit net VV-:!:i-(«S-i»c-inm)-1 (13lml); llf- 
utricli'il. 

-Coiiu'll Acniiiaiiticiil I.aliniatdrv, Uuffalo, >.'. V.; .1. L. Heat; 
Sclicoiitract witli Curtiss \Vri(,'lit ('(ir|i(irali(iii. Air]ilaiu' 
Division,  BllOnl ('(inlract   XOiil  Sll'i:!;   Cdiifiilflllitrl. 

cna has been prepared by F.\pcrimeiil. Inc.11   A bibti- 

neraphy nf Kill referenees is included  {'I). 

A ciinfcrciice on combustion was held at the Applied 

Physics Palmratory of .Inhns Hopkins l'iiivcrsity on 

.March IT-IS. PM7. The technical papers ami descrip- 

t inns of the research at various inst it nl inns which were 

presented at this incethiir arc «riven in reference (11 ). 

'2. TiiKoKKTicu, S-rrtUKs. In principle it is posxilile 

tn derive a set nf eipiattons which will describe the 

cnmhuslinn process. In addition tn the eqnalion.s nf 

llnid dynainics. the following factors must he con- 

sidered I'nr the general case: the heat of reaciion; the 

.■onduction of heat: the nioleclilar dilfusion of Ihc 

particles takint;- part in and formed by the reactions; 

the ell'ect of any mass (low or turbulent condition 

which may inlluence the I ranspnrtatinn of eiiergy and 

matter; the specific eheinical read inns taking tilace. 

and their velocities: the etl'ect of radiation: and the 

energy associated with elastic wave propagation. These 

factors must he known as functions nf tcinperaturc. 

of course. It is to be noted that the study of chemical 

reactions in flowing streams is important and is dif- 

ferent from the static ease in that consideral ion of 

time, distance, and condition of How must be intro- 

duced. The general case has not been solved, because 

of formidable mat liemat ieal dilTicnlt ics. lack of con- 

vincing theoretical and experimental treatment of 

the separate phenomena which must be eoinhined to 

give the general ease, and lack of exact knowledge of 

the physical and elieinical conditions which exist in 

a llame. Because, of these diflicultics, it may be more 

practicable to treat combustion phenoineiia in aero- 

dynamic and Ihermodynamic terms than to introduce 

the detailed mechanisms involved. 

Quantitative treatinents of enmhustion phenomena 

have been given for eases in which the process is con- 

trolled hv one or two relatively well-known  factors. 

:1Kxii('niiu'nt.   lnc ,   Kicliiniinil,   Virginia;   .1.   W.   Mullm,   II; 
HuOid Cinitract  NOnl HTäli;  l'anjhliiil'ml. 
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Km' ('Xitnipli'. ihr cimilaistimi vcUirity nf the Iniiiituir 
ililVusKiii lliiinc IM liiiiiinar ji'l ot'(•(mihu.slihlc pis Imni- 
iiijr in im i)xiili/iiivr luctlimni N (IctcnuiiuMl hv llu' 
iniili'ciiliir ilitl'iisinii (iroecss. ami tlainr panmii'tiTs i-ati 
In- i'aliMilairil willi ri'huivt'lv fruiKl afrrcfmcnl vvitli 
(•xiicriiiu'iit i4, loi. If tin' reaction rah' in a mu- 
liustihli' mixtiii'i' is stitlii'ii'iitly jjTi'iit. iyiiiiinii nt' llir 
mixliiri' may rt'sult in a ilrinnat imi that is cnüti'tilli'.l 
liy lluiil ilyiiainic t'aclnrs mlluT than hy ihr rrarl icin 
rate. Thn.s Lewis ami Kriinif havr IHMMI alilc tu I'HI- 

culali'. t'rniii thrniiiiil^iiamic ami lluiil dyiiainii' i'im- 
siili'raliniis, thi' (h'luiial imi vrlncil ics nl' mixtiin's nt 
hyilnifri'ii ami nxyiii'ii \villi varyin«; aiimimts nl' ariimi. 
Iii'liinn, nr nitririri'ii aihh'il ( 17). 'riic wili'tilatcil results 
have shiiun exeellenl  airreement   with nliservatidiis. 

The imi-mal I'liinhnstiun of iiremixed •rases, how- 
ever, is the ease uf jreneral interest, the tii'sl trealinent 
of whieh was jriven hy .Mallanl ami l.e('hatelier from 
heat enmliietinii eoiMileratiim.s ahme {]>>. They as- 
suineil that ;he e-^s i> heated hi the isriiilioii lempera- 
ture by eomluelion from the Imrninjr /one and thai 
after ie-nition the reaetion takes plaee at a eonstant 
rale imiependent of lemperatuve. DilViision ami 
ehan^e in eoneentration of reaetants during Imrilht': 
are neirleeted. Il is assnined that the leinpi'rature 
frradir-nt in the Imnihifr /one is eonstant ami thai 
average values of the specific heat and thermal enn- 
diu'tivity may lie used. With tlicsc conditions pustu- 
lated, tile following: equal ion wa.s i erix'ed : 

VN = 
IT, — T,) 

„cd    (T, —TJ (1) 

In this eipiation \'.s is the mini al velocity of (lame 
propafratinii, /. the (constant ) thermal eoudiielivity. c,, 
the (eonstant) specidc heat, p the density nf the un- 
hurued fras, d the tliicUness of the coiiilmsliou /one. 
T, the final temperatuVe. Ti the i^nilioii temperature, 
ami T„ the initial temperature of the iinliurued "as. 
This ei|uation has obvious limitations because of the 
nature of the assiimptious used in its derivation. 
Xevertlieless, it has recently been used by DaniUölder 

for an eslimate of the lllickliess of Ihe comblislioll 
/mie i^i. and il is fell hy Lewis that its possibilities 
have never been fully explored (11 I. The eoneept of 
ifrnitinu lemperalnre in the .Mallard-Lei'hatelier eqiia- 
limi bi'in}i a property of a üas mixture iudepemieiil 
of combust ion cuuditious has been crilici/ed. 

.v n extension of the Mallai dd.el'halelier eipiatinn 
to inelmle ell'eels of I he decrease in concentration of 
the reaetants dlirinjl burning has been made by 
various authors, making use of the original assiimp- 
lioiis. ami intri)ilnein<r others c ceruiii«: ihe reaetion 
Velocity. Several eiplntions so developed may he put 
csseiil iallv in 1 he form  i Li i : 

VN = 
I    /.     i il': 

\ .'„? f i T,      T, 

where f depends nil the (constant I reaelioll velocity 
and the other .symbols have ihe same meanimj- as in 
eipialinn (IL In a dilVerenl treatment of this same 
situation, the follovvinj.' eipiation has been pro- 

posed l 'JS i : 

i:! 

where b == N?  ''n 

and the oilier symbols have ihe same mcaniiiprs as in 
equations (Il and {'I). Ivpiations (iLi and (•'!) may 
be critiei/ed. of course, on the same eTolinds as eipia- 
linn (li, because the same assumptions were used, 
and hence they can be expected to have only a limited 
application. 

All allcmpt has been made lo remove some of ihe 
restrictions imposed on the above eipiations by an 
analysis whieb considers molecular diffusion and the 
effects oV temperature on reaclioii rate, thermal con- 
ductivity, and speciiic heat. For details, references 
{'IH. ■■!()) should be consulted. For bimolecular reae- 
tioir, an apprnximale solution of the equation  is; 

/AN- vs = ^^-^)-(Ä 
KT^N» 

E 

F. 
UT, (4) 

In the derivation of this equation, it has been assumed 
that the rate of reaction, W, is iviven by 

W = k a- e 
R 
KT 

where k is a eonstauL a is the number of inoleciiles per 
unit volume of the eomlmstihle, E is the aclivation 
energy, H is the fras constant, and T is the teinpera- 
ture. The other symbols in equation (4) are defined 
as follows: 
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•/.• -    iliiTiiial cniuluclivily at  tompn-iit mv   1 ,. 

a      -tlu- mnulM.n.r nml.H-ulcs [nn- unit v(.luim- nf 
ili,. ,.„iulnistil)h' in thr initmli-oliliiiixtun'. 

-       .Inisily of III.' tiriiriual mixture. 

L      i,,,.,, „!■ t.(llltlmsti..n of 1 jxnnu ^ tli.' initial 

mixtiuv. 

'1',, — initial iniipiTaliiri'. 

■f,      linal tt'iuiiinittiuv. 

A ratio nf >. .•„ In  !):,  D ill» .UtTusion n 
1>, cifllt. 

■I'li- 

"i. --ratin nf the miml.iT of iii"l«H-uli's hftniv tJic 
"•j iva.-tion to thr IIUIIIIMT aftrr the ivaHunt. 

Calculations of tlu- .■omlmstbn v.-lucity of -lywl- 

.linitrat.aiul „f rarlmn niniioxi.lr ar.Mnlinir to Kqiia- 

,■„„, ,4, ilav, ^ivm sat ^faHory aLM-rrnirnt with 

nhsrrv.Ml values, ll slmuhl he imte,! that sueh expres- 

Monsas ivinatini, l4). if proven vali.l. olVer a means 

(,r (leterntinins: the reaetiun rates „f very la>t reae- 

tioiis hy ineasuremeiils of (lame velneities. 

,,„!„„.,.„„ |'at.t(.rs whieh remain to he eousidennl 

in ,ulllhustioi, theory are the speeilie .■iTeels ol the 

a.tive partieles in ehain reaetions ami the mutual m- 

tn-aelion hetween ehemieal reaetion and tnrhulent 

lluw Little is known ahoul these faetors. ami they 

will have to he investigate,! hefore they ean he i.ltro- 

,lnee(l into the th -y.   In  faet, tliis hrief review ol 

some of the early I heoretieal developments m eom- 

l.ustion theorv indieates the importance ol espen- 

m(,ntai ,nmhustion re.seareh under eoiiditions sueh that 

tlu- results ean he interpreted in terms of the si-.nl- 

ieant parameters. 

A  trroup at   New   York   fniversity '   is developing 

the mathematieal theory of -aseous viseosity, thermal 

emnluetiou. and ditVnsioi,  for non-umform uases tor 

svstems without   ehemieal  reaetions and  for systems 

with ehemieal reaetions (22).   in the ease of systems 

with ehemieal reaetions, it is important, if the theory 

is to  furnish  useful   results,  that   eertam  eharaeter- 

isties of ehemieal   reaetions  he  explained   h.V   Uu'ory 

rather than iutrodueed as hypotheses.   A earelul study 

of a variety of models is going on with a gradual re- 

duetion in the number of assumptions whieh are uee- 

essarv.   Some e.|uations have been  devised, hut  due 

to their eou.plexity. analytie s.1lutions seem  feasible 

only under very special eonditions. 

Theoretieal  ealeulations  are  being  made by  New 

COMIUSIIOS 

York Tniversitv on transient velocities and pressures 

•„, se./.i-upen liainc tubes using one-dimeusioiiali/.eH 

IlH.rll,o-acrodvi,amical equations. Calculations lor 

pressure, temperature, and tlame front pontons as a 
function of lime have been made in terms .d the paia- 

,„„,„,.. ; rate of release of energy per utut ma.s.s. ve 
Incitv, and acceleratiou of the llamc front with resuec 

,„,11 is.   The theoretical  work is closely correlated 
„,,,, ,|U, experimental work described elsewhere in this 

Pa,, The calcilatious have been made to tit data on 

tlame propagation in a four-foo, tube and may easdv 

l,e adapted to lit the data which will shortly be ob- 
,,■,,,,.! w-ith an eight-foot tube, Extcsiou of the theory 

has I n  made to include a detinite /one of buru.ug. 

about   two or three  feet   long,  in tl iglit-fool  tube. 

\   fnrmal   report   on   these  theoretical   considerations 

will shortly be prepared by New York 1 nivcrsity. 

\n extensive theoretical and experimental research 
pr ram on the fuudamentalsofcombiiMion is planned 

at  the  rniversitv of  Wisconsin.^   The general objee- 
tive olMhepro.ieet  is to bridge the gap between cheml- 

,al kinetics in static systems on the,  hand and the 
.„.rformanee of practical burner systems on the other. 

|,  is planned to calculate the tliermodyuamic proper- 

ties of airlrom 0    K to 00(10    K and the speethe im- 

pulse and   llame  tcmpei atures nf  hydrocarbon   I uels. 
The theorv of turbulence will be adapted to conditmns 

within the llame /.one.   In order to make a theorct leal 

studv  of Hame  propngnliou. it   will  be  necessary  to 

a,velop  acrodvnamieal  equations   for  a  compressible 

„„1,1   iu   which   chemical   reaetions  are   taking   place. 
In addition, it  will be necessary to develop the theory 

,,,• ^„„.ieal  kinetics in  How systems, taking into ac- 
eouut radiation, turbulence, heat coudiict.on, and v,s- 

,()sitv     It  is expected that  the theoretical  treatment 

will'result   in  complicated   equations,   which   may   1"' 

verv diflieult to solve accurately.   However, attempts 

will  be  made to  get   approximate solutions  in  closed 

,.„.„, m „„h.v „, determine the natural grouping jd 

t,u, eonstants.   Initial work seems to indicate that the 

rll      „an.Cowliug   treatment   of   uou-unilorm   gases 
1Uav uot be the best approach to the iu-oblem, and other 

theoretical methods will he tried. An experimental 

,)ro,ram, described elsewhere in this Part, will be 
carried out to check ami to guide the theoretical wor.. 

;? Ti-uinn.KXCK. It has long been known that 

in()timi „f a co.ubustible mixture increases the rate at 

whieh the mixture will burn. 1 f the usual assumption 

is made that  the normal Hame velocity is a constant 

T^ VorU   rnivcisity.   New   York    N.   V.;..--;  M- l
fl?i;i\;,: 'HuOnl CvnU^  XOnl m^  l^m.U.I. 

UomM; OMi, t'untrm't Mlen-ll, T.O. -12, I .utew/ar/, 
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coMiirsrios 

I'liitnu'tfrisl ic ut' ii jrivcn coinlmMitilt' mixturi'. llnii I In' 

i'lTri-l iif luolinn nuist lie iisi'rihfil In an IlliTcUM' in 

llniur iirca. aiul il luis lirrn [imvi'tl I'tif many CUM'^ 

ihal lliinu- arras tin arrnnnl fur I'IIMTVCI \arial imis in 

riilf of liuriiin«;. liffciilly. I'liuatimus luivi' IMTII prn 

puscd   irivlui.'   lurlmlcni   llamr   vclurity   in   IITIUN  nl' 

niriiial llamr vrlm-llv ami nlluT |iarainrl ITS, lull liunv 

r\|M'nii;riilal Wnrk is ncnli-il In rn;ilirm I hrsr ITJal s. 

'I'llrlT   hilVC   lirrn   Hilly   II   I'fW   I llrniTlira I   nl'   r\|irn 

mmilal   invrsl ii;al inns  nl'  ll UVrl   of  Hirbuli'iUM'  nil 

llamr |irn|iaralinn i S, 11, ■_'!i, :i()i, lu'causc suilalili- 

tliciu-i'lical ami i'X|ii'riiiu'iitJil ti'i-liiii»|iii-N liavc biM'ii 

iU'vi'lii|H'«l inily in llir last  |V\\ yrais.   'I'liis work has 

n nlly Ui'i'ti rt'vit'wi'd liy Uarr I'J
1
. 

Damkiililrr IM considrrs I hal I'm' I iirliiilrnrr ttlmsi' 

si-alr is iiiurli larizn- Ihilll the ttlii-kiirss nl' llic llamr 

I'mnl. llu' arra nf lilt' llamr siirlarr will innvasr ami 

tllill llir tnrliillrnl llamr vrlnrily will lie |i|-ii|inrt innal 

In Ihr iiilrnsity nf 1 nrlnilrnrr. Knr I iii-lnilrnl llnw in 

whirh Ihr sralr is smallrr llian ihr lliickllfss nf llir 

rrartinn /mir. he iirnpnsrs ihr l'nllnw inr  rrlalimi: 

\'.,   _     j   K 

VN   "    \    ll 

vvlii-rc \':■ is Ihr Inrlmlrnt llamr vrlnrily. \\ is ihr 

linnnal llamr vrlnrily. K is ihr rnrftirirlil nf llirhll 

Irnl rxrliannr. anil ll is Ihr Ninrinal ir visrnsily. t'nl- 

rnlalnl vrlnrilirs nf Ihr Inrhlllml llamr wrrr :!()', 

hirhrr Ihilll lllC inaximniu nlisrrvnl llamr vrlnrilirs. 

'I'his was allrihnlnl In lilt1 prrsmrr nf linlh lar^r ami 

sliiiill sralr I nrhulrnrr. Ai'rnnlinfi: In Ihr alinxr rx- 

prrssimi. Ihr tiirluilrnt lliimr vrlnrily will apprnarh 

zero, nut ihr nnnmil llami' vrlnrily. as Ihr rnrflirirnt 

nf liirluilriit rxrlianrr ilrrrrasrs. 

'rhrrr    rasrs    lia\r    lirrn    rnnsiilrrril    in    aimlhrr 

study Ciin : 
(a) If thr srah' nf tiirlmlnirr is Irss than till' width 

nf thr frartinn /.mir. the I'tillmvtllfr rrlatimi is 

prnpnsrd : 

^ = V 1 + X 

whrrr \'T is Ihr tiirliulriil llamr vrlnrily, \'N is 

thr iinrmal llamr vrlnrily. 1\ is ihr rnrflii irnl 

nf tiii-lilllrnt i'xrliai|i;r. and >. is Ihr tlirrmal 

rniiilii('ti\ity. 

(b) If tiir sralr nf tiirlmlrnrc is nf Ihr samr nrdrr 

as the width nf thr rrartinn /.nur, Ihr rrarlinn 

timr will lir drlrrmiiii'd li\ thr sprrd nf irixintr 

and lint hy tlic sprrd of rrartinn. 

c i If ihr sralr of I iirluihmrr is laruv romparrd In 

ihr wiillh nf ihr rrartimi /nur, ihr rxpfi'ssinll 

fur I iirliidrnl   llamr vrlorilv  is fniind  In lir : 

\ "{;■) 
whrrr \'v is (lir 1 lirl Hllriil llamr vi'lorilv. \ % is 

ihr iinrmal llamr vchirity. v' is thr rnnl inrail 

sipiarr \aliir nf ihr vrliH'ily llnrl nal inns, and 

I!  is a  rniistaill. 

An an-uralr rhrrk of thr llirory has nnt  I II madr. 

lint ihr llimry apprais In lir in qualitnl ivr aLirrnnrnt 

with  nlisrr\ at inns nf  llamr sprrds in  rniiiiirs. 

Thr ahnvr disriissidn shows that ipianl itat'lN r in- 

\ rst njal ions nf thr rlftvl of lllfhulrllrr mi llamr phr- 

nnmriia iirr in thrir wry rarly sia^rs.   Thr rtlrrl  nl 

llirlilllrnrr is lirlirvrd h.V snnir workers to hr ihr nnisl 

impnrlanl siinjlr furlor in llir dt'siyn of rmnlnisi inn 

systems fur jrl pnwrr plants, and il is nrrrssary that 

a hrttrr linderst and iim of the pliennmrna invohed hr 

nlitailird, 

A frvit'W of llir stUiiii'< of the eifert of tnrhnlrnrr 

nil emiihllsl inn   i.s riven  helnw.    fur d isrllssinns nf inr 

hnlrnl llnw as siirh and nf hist nmirntat inn prohlrins. 

srr Tart I, "Fluid Mrrhanirs." and 1'art (>, "lnstru- 

mrnlation." of this  N'nlnmr, 

A prnrram In study iiiixini:' plininmi'iia and to ilr- 

xrlnp rNprrillirlllal lerlllliipirs for llir sillily nf eom 

hnslinn ill a rorket mnlnr has heen started at Billlfllr 

Mrmorial 1 list il iilr,,; A survey of thr past and the 

rlirrrnt rrsrarrh in thr tirld will lir earned nut lirsl. 

I'l eliininary plans for the exp •! imenlal part of the 

prorrain inelnde an iuvesUpiliou of the fiindaiiienlals 

nf mixinir nf liipiiddiipiid. liquid-jras, and iras-iras 

systems. In eoniieelinn with this study, lerhniipirs 

for ihr siiniplili<r and anaUsis nf prodllels nf eonihns- 

lion from the rorket no/zle and from within the roekel 

innlor will he developed, .Methods nf measiiriliLT the 

lemperal lire nf 1 he ras at 1 he iin/,/,le and in I he romhiis- 

I ion rhamher will lie st tidied. 

The Cnrnell Aeroiiaul ieal l,ahnralory" has started 

an invesliral inn of the intliienrr of dill'rrrnl para- 

inrtrrs. in parlindar I iirliiilrnrr. on the vrlnrily of 

llainr propar'al ion. iindrr roiilrollrd rondilions of 

Irmprralurr. air   .'url rat in. and prrssitrr ( 7 ),   A rylin- 

"Hiittollt' Mi'inrrial Insliliile. ('eliiinliiis, (lliiu; 1!, A, SlieniKin ; 
M:ileri.-ils, l-'iu'ls. ami roinluisl inn I'l n.iril, I'lu.jivt ÜANM; 
Cmiliili ii I ml. 

M'nrnrll AITOM.-IIII ii-al Liilmnitnry, Unll'aln. \, ^',; .1, 1,, llenl; 
OMf Cunt rail Nllnri ll'.i. T.d. 1. I'liase ^ (Syfltn; In 
t-litti.iiliiil. 
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ilric.il pyrcx cninliiisiiim cliiiinbcr, two tVt't Uuiji' iiinl 

six iliflli's in iliiiniclcr. is |ini\iilril with ;i scrti's nf 

.spark^iips iilmi^ tlii' titln'. Tlir ii'ips an' simrkfil 

siii'i'i ssi\rly nl a Isiinwn rah', ami ihr llanir Irnnl is 

|ilioliii:raiilii'(l. Tlir aiij.rlt' oi' tin' llaiiir t'nuil ami tin' 

kmiwn iirnition ratr almii; llic Inlir arr iisr.l |n ilc- 

li'i'ininc tlir llaini' vrliii-ilv. Tin' ril'i'i-l nl' tiirliulriil 

motion nl' tlir frit.s in tlir i-diiilnisi imi cliaiubi'r mi the 

llanic vclncilv will lir iini'st iiialril. 

Tlir I'niviTsit y nl' |)i'la\\ari's is stiid.vin»' iiiixim/ 

ami tlirliitlt'iici' iisin«; tin' sliitili»wjn'a|ili ti'cliiiiiiiii'. Tlir 

niixiiiLT nl' streams nf i-arlimi ilinxiilr ami air has IUTII 

invi'st iiralnl as a rinii-t ion nl' How velocity, si/n, ami 

anyli' of tlir .siivam. linst tntxiiif; is nlitaim'il by op- 

pnsi'il jt'ls, as woiilil Im I'xprrli'il. Sliailnw^raplis nl' 

t urlmli'iit ji'ts show a inoltlcd cITi'i'l. tlir size of Ihr 

iri'c^lllaril irs inrrrasinr; ilmvn ihr jrl. This silfi'^i'sts 

Ihr possibility nl' ilrlrriniiial inn nl' ihr scale nl' Inrbn- 

leiice rrniii the phnlnr-mphs. whirh raiinnt be done 

until inrans ai'e developed to intrrprrl the sluidnw- 

linipll qnanlital ivrly. Mxperiiiiriit.s will br rarrieil mil 

(in simple systems, lor which Ihr ililTiision nl' one lias 

into aiiothrr can be ealriilalnl. to clarify the interpre- 

tation. 

Keseareh on turbulent (lilVnsinn llamcs at Ihr l'lii- 

vcrsity of Delaware has recently been reported ( II). 

Flame heifrhls were measured as functions of avrrare 

How Velocity, tube diainrtrr. and eoeflieirnt of Inrbii- 

lent cxrhaiuic in order to rorrrlatr observed fiinet innal 

rrlal innsliips with the expres-sions calculated from 

turbldrncr Ihenries, I'reliininary indications are that 

present theories do not aceount I'm-i lie nbservat ions. 

Frum work on the action of llamr holders in hmh 

velocity air streams, it is concluded that the nature 

of the How around an igniter has a irreal deal to do 

with the type of comlmstioii. I^xprriment. Inc." 

plans In investi^aie turbulence phennnirna in the 

refiinn of the pilot Hume, with direel measurements of 

the traiispnrl of heal and matter throufth the reaction 

zone. Kluoreseent materials or radioactive isotopes 

may be iutroduml into the j.'as stream to measure the 

mixinii' directly. The (lossibility of making measnre- 

ments of the temperal lire, pressure, turbulener. and 

composition ttmiii|dioiit the reaction /.one will alsn be 

investijrated. The apjilication of the theory of turbu- 

lence to simple, easily evaluated experiments is In he 

the subject of I'ulnre work. 

The Applied Physics Laboratory of .Inlins Hopkins 

I'liiversily '" is undertaking the experimental deter- 

Miinalinn nf tin- elTrets of I nrliideiirr on llame prnpa- 

•ration lll'i. The apparatus includes a rrrlanirnlar 

i-nmbiisl imi  chnmber  'J   inches nn  a  sidr  and  'J   feet 

Imig.  thrniigh  which  a   In gri ns mixture nf air 

ami prnpnne llnws with vi'locitics IToni I) In .ill I'rrl 

per second. A horizontal rnd '< im-h in diainrtrr is 

Used as a llaiiie holder. Visual and photugraphie nb- 

servations ran lie made tlirnnrh a ipiarl/ vvindnw in 

Ihr rnmbiisl imi chamber. Turbllleuce is rrralrd in the 

gas stream by the introductinn nf srrrcn.s or perfor- 

ated plates upstream I'mm the llamr holder, sn located 

thai isntrnpir turbulence is prnthleed at the llame 

holder. Tile scale and intensity nf the turbulence is 

measured by a hot wire inrlhinl. usim; a Wnllastnn 

wire about 1 millimeter lung and a lew ten t'lnll- 

sandths of an inch in dianirter. The appai'alns is eali 

braird by nscillating a wirr in a nnu-tnrbiilrul si ream. 

The Imi wirr method rannnl lie nsnl in the llamr and 

therefore il will be necessiiry to determiuc. by other 

methods, the turbulence in the llame as a functinn of 

Ihr turbulence in the gas stream wilhniit a llamr. 

The velnrily and direct inn nf llnw is determined by 

I he standard nielhnd of int rnduring aliiminnin Hakes 

ami illuminating them intermittently frnm the side. 

The initial results with this mrllind have been quite 

sal isfaelnry and have shown that the strram linr.s arr 

crowded toward the bniindary. giving a large velnrily 

increase in I his region. 

The preliminary phases nf this work at tile Applied 

I'hysics Laboratory mi the ell'rci of Inrbuleuce are 

nearly completed. The apparatus has been ennstrueled 

and the experimental techuitpies have been worked 

out. 

A study of the elVret of turbulence on llanir stabili- 

zation is bring carried nut by Ihr Mtissachusetts Insli- 

lule of Terhnology'' (21)1. Two-dimensional Hamrs 

formed around geomet rieal objects will be studied in 

a rectangular duct with glass sides by phnlngrapbie 

and visual nliservat inn. The duct is fed with rnm- 

prrssrd air and gas through straightening vanes, re- 

sulting in How through the wnrkiug seel ion of very 

low turbulence. Turbulence prndueing screens ran 

be inlrodiired at the entrance to the working section 

and arraugements are made for determining the scale 

of turbulence upstream and downstream from the 

llame  holder.    Various simple  twn-dimensinnal   llame 

M'liivi'rsily of HI'IIIWIIIT. Xi'w.-nk, Hi'linvini'; Kurt Wnlil; 
Siilii'iiiilrin-I with t'liili'il AiiTntft ('tiri«iriiliim, K.'iül Hint- 
fmil, Ciinni'i-rn-iit ;  liuOril ('lint nirt   NOiil ilStÖ;  Ciiii)i,liiiliiil. 

!,Kx|ii'riiiii'iil, lni'., Uii'liiiiiiiul, Viifiini.'i; .1. \V. Mullen, II; 
BuOril ('outi-iii'l   NOnl HT.'ili;  ('ttitjiili-nliitl. 

'".Inlins llii|iliins rnivi'.sily. Aiiplinl l'liysirs Liilinnitm-y, 
SilviT Spline. Miiivlnnii ; II. M. Xii-liulsun; PnUnl ('mi 
Iriu-l   NOnl  TitSli  (lit'M lil.KUKK) ;  Conful, nlu\\. 

11 Mnssai-linsi'tls Inslilntc ul' Tt'rliiliilivp.T, ('niiilii-iil^i'. Minis.; 
II. ('. llolli'l; .liiinl S|iiiiisiii-slii|i nl' Hie Unii'ini nl' Ol'dmincc 
.•nnl Hie linri'ini nf Ai'i'iininit irs nnili'r Cnnl r:ii-ts NOiil IKilil, 
Vmifiilviilml anil N()ii(sl SdilJ, llnlriiinl. 
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llolilcl's will he sludicd. siu-ll Ms cyliiulrrs and jrutlcrs. 

Initiiil i-csults indicate that tin-appanMit HMHIC veloci- 

ties are not a fiinctiiui ol' tli" tui-liulence nf the stream 

in the ran-i'e I) to L'.T', hut are pruportioiial t« the 

vehicily of llnw. 'I'liis has been attributed to eddies 

shed I'roiii the rod ('4). 

The Massachusetts Institute of Technology1- is 

studyiu<r Hame prupa^atiou velociiies with very lean 

and very rich inixtnres of ^as and air. For these con- 

ditions, the llanie speeds are very low. .Measureinent.s 

of the turbulence, without combust ion, were made 

with a hot wire anemometer at various points alonji' 

the axis of the lube, with and without various turbu- 

lence producing discs placed upstream. Inlet veloci- 

ties vary from 10 to 20 feet per second. The mixture 

is ignited on the axis downstream from the turbulence 

discs and photographs made of the flame front. It 

was hoped that from the known inlet velocity and the 

an^le of the llame front the llame speed could be cal- 

culated. However, the tlame front was so irrcfrular 

that no propagation velocity could be determined. 

The next step will be the use of propane or other fuel 

with a lower Hame speed. 

Dr. 1). T. Williams has recently reviewed the work 

at the I'nivcrsity of Michiiran':1 on combustion (II). 

The effect of turbulence on llame velocity is beiim in- 

vest i pi ted, usinjr an inverted Hame held in a jet by 

a disc-shaped llame holder. It is hoped tluil it will 1. ■ 
possible to correlate the anjde of the Hame with the 

scale and intensity of turbulence produced by the in- 

troduction of screens in the jet. The scale and inten- 

sity of the tnrlmlence will be measured by a hot wire 

aneinomctcr. A study of the inverted llame teclini(pie 

will be necessary to establish a relation connecting 

Hame velocity with the aiifilc of the inverted Hame. 

The apparatus for this work has been set up and some 

preliminary results have been obtained. It was found 

in past work that turbulent Hame velocity is propor- 

tional to laminar (lame velocity for identical fuel-air 

mixtures and that the ratio of the turbulent llame 

speed to the laminar flame speed jrives a straight line 

when plotted afiainst the square root of the Reynolds 

iiumbcr. 

A study of the effect of turbulence (21) on the 

combustion of premixed jrascs hi cylindrical combus- 

tion chamher.s has been carried out at the Flifrht Pro- 

pulsion Research Laboratory11.   In one series of tests, 

a mixture of air and pre-cvaporatcd gasoline was 

used, the fuel/air ratios varying from I).110 to 0,11). 

The air velocities varied from til) feet per second to 

110 feet per second. The air inlet tcmperal nrc was 

cither HO F or "ü") F. The turbulence was created by 

the introduction of flat plates, perforated by boles of 

various si/.es, or by a cone shaped obstruction with 

a perforated wall, with the apex upstream, or by 

cylindrically shaped obstructions with no holes in the 

upstream cap of the cylinder but with holes in the 

wall. The turbulence creating device covered the 

whole cross-section of the combustion chamber. It 

was found that the cone shaped obstruction would 

permit the combustion of leaner mixtures and com- 

bustion at higher velocities than the Hat plate or the 

cylinder. Increasing the inlet temperature from lit) F 

to 220 F increased the air velocity at which combus- 

tion can be maintained and decreased the minimum 

fuel/air ratio. With the temperature of the combiis- 

tible mixture at 200 F. and imiiif.' the Hat plates, it 

was possible to increase the air velocity from HO feet 

per second to 10Ö feet per second by increasing the 

area of the holes in the plate from 17.2', of the total 

area to 21.!)', of the total area. The size of the hole 

in the raiifiv from I | inches diameter to :! | inches 

diameter was of little significance as loiifT as the total 

hole area was kept constant. Lai'^cr holes, however, 

were less ell'ecfive in creatini;- turbulence, and one 

tarjre hole was less efVective than an cipial area of 

smaller holes. In tests u.siufr propane as a fuel instead 

of fiiisoline. it appeared that it was possible to obtain 

combustion with smaller values of the fuel/air ratio 

with the cylindrical perforated wall turbulator than 

with the flat plate or the cone turbulator. 

A study of How patterns in turbojet combustion 

ebambers is bein^ carried out at the Flifdlt Propulsion 

Kesearch Laboratory by Schlieren techniques. 

New York Fniversity1 ■'' is investifiatin«; the rate of 

Hame propa<ration in tubes with controlled initial 

turbulence (22). In the first experiments, the tube 

was a pyrex cylinder four feet loiifi' and four inches 

in diameter, llame speeds beinfr determined by hifjti 

speed photography. A 7',' mixture of propane in air 

was used for a fuel. To produce turbulence, a screen 

was placed in the tube four inches below the ifiiiilcr. 

The average llame speed in tubes which contained no 

jirids was found to be about 'M feet per second. With 

the grid in place, the (lame speed between the igniter 

'-M.'iM.siiciuist'tts insliliilc of Tccliiiniii^y, Cnmliridgi', Muss.; 
II. ('. Ildltcl; .luiiil .S|i(iiiscirsliip of the liurciui of Onlmiu«' 
Hi«! tilt1 Bumui of Amm.'iulics under Conlnicts N'Onl !)li(it ; 
Coiißilfiilidl, and  X():i(.s)  8(02,  AV.v/nWiv/, 

'•'Tlic University of Mk'liiEiiii, Aon Arlior, MiHiiKon; I). T. 
VVilliains. 

"Xiitiooal Advisory Commit tec for Acromuilirs, Plight I'ro- 
jmlsion Kcscnirh Lnliorntory, ('IcvchiMd, Ohio; A. M. Hotli- 
rock. 

1:'\i'\v York fniversity, New Voik, X. V.; .1. K. h. Muc- 
Donnld; OXH Conlrnct  Xd ori-11, T.d.-i;;  I'ru-las.iifinl. 
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iiml tlic <:ri(l iippcarcd tu lie lict ween .'il) ami 70 IVcl 
per .sccdiul, hut iiftcr tilt' l!illll(, had |>ro('(H'(U'ii tliruii^h 
the fxrid, a sharp accclci-atioii was nhscrvcd and ' cluci- 
tics as hifrli as SOD t'cct per sicond wcri1 nhscrvcd 
near the end v.'i the tube. It is possible that the ilifrll 
speed ilanies were produced by Jet-like motions 
tiiroufjli the frrid caused by tile pressure built up he- 
bind the ifrid. This was chccUed by experiments with 
Hame tubes which had latex or ti.ssuc paper sections 
designed as pressure release devices. These experi- 
ments were not conclusive but indications are that the 
relief of pressure beliind the frrid decreases the tur- 
bulence so that the very lii^h speed Hames are no 
longer observed. Further study of this plienomeiiou 
is heiufi carried out in a new pyres combustion tube 
S feel  loiij;. 

A study of turbulent diffusion in hifrh temperature 
jrascs is hciiifr carried out at New York I'nivcrsity by 
iiivestisialiug the dilVusion pattern from a jiiass head 
held in a burner llaiue. Theoretical considerations 
show that measureiiients of the ireomctrical charac- 
teristics uf the dilTusion jiattern and of the velocity 
of How of the i;as enable both the turbulent intensily 
and the scale of lurhnlcuce to be calculated. This 
project is still in the early stages. The dilVusion pat- 
tern will be observed photographically. Several 
methods of detenuiniiig the rate of How of the fjases 
are under consideration, one of which is to withdraw 
the bead suddenly from the llamc and to record the 
upward motioi; of the sodium vapor produced. Also 
under investigation is a method of nieasuriufr the How 
velocities by photofjraphing the reHccted li}.dit from 
very line silica or aluiiiinum particles. It is planned 
to study the Hame iisin«;' the Schlieren techniipie and 
both still- ami motion-picture photo^rapliy. 

4. CiiEMU'Aii KiNCTics. While much lias been writ- 
ten on the cheinical kinetics of combustion reactions, 
.speculation has played a birfje part in the couclri- 
sions, necessarily so because the reactions arc so 
numerous that our limited analytical tools canuol frivc 
a [iropcr indication of what is takinfr place. There is, 
of course, no reason to believe that in a reaction whose 

totality is 

('TII,,., + 11 O-,  ^ 7 CO, + S II.jO 

all Ti molecules must collide simultaneously to pro- 
duce the end result. There is necessarily a sequence 
of reactions involving' molccul.-s, atoms, and free radi- 
cals, and the problem is to identify each reaction, 
determine its rate, and the conditions under which it 
will take place. Then there is the problem of deter- 
mining what iiiHuences can be brou<rht to bear to vary 
their rates, particularly to speed up the slowest, rate- 

coiitrolliii<r steps. There is reason to believe that all 
of the reactions are either monomolccular.bimolec'ilar. 
or trimolccular. Higher orders of reaction must be 
statistically unimportaut. But this limitation is not 
enough to make the actual train of events simple. 

In the reaction of hydrogen with oxygen, dost I \'Aj 
has reviewed in detail twenty-three possible reac- 
tions, which have been suggested by himself and 
others, that may take place in the course of the over- 
all reaction. Of these, there is experhneiital proof for 
one. favorable evidence for four others, and spee- 
troscopic evidence of the presence of particles which 
demand the post illation of other reactions which can- 
not further be surely identified. Similarly, Lewis and 
von Elbe (!l, 15} have discussed the hydrogen-oxygen 
reaction, and on the basis of such evidence as the 
upper and lower explosion limits, reactor size, effect 
of packing, etc.. they have presented twelve reactions 
which they believe are necessary to explain the ex- 
perimental evidence. There is no doubt that a chain 
reaction is involved and that it propagates by chain 
braiicliing. ISoth double and triple collisions are in- 
volved, and among the inlermediates arc not only 
atomic O and 11, but also Oil. 110,. 11,0,, 0,.tl and 
activated 0;j, 

The carbon monoxide-oxygen system has been rather 
extensively investigated but not in as much detail as 
hydrogen-oxygen. In the carbon iiiouoxide-oxygcn 
system the outstanding observation is the sensitivity 
of the reaction to small amouuts of hydrogen or water 
vapor or even to small amounts of organic compounds 
containing hydrogen. .Mixtures of completely dry 
CO and O, will not explode when an attempt is made 
to ignite them with an ordinary spark. The accel- 
erated combustion in the presence of moisture or 
hydrogen suggests that a chain reaction is taking 
place, and that probably Oil 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 acciimu- 
lated data have been postulated to explain the overall 
reaction of CO with O, are again nimierous, bill yet 
there is no direct experimental evidence proving their 
existence. 

Less studied than either of flic above reactions is 
the high temperature combustion of hydrocarbons, the 
fuels of particular interest in the consideration of 
jet motors. It must be pointed out, of course, that 
investigations of hydrocarbon burning have benefited 
greatly from the researches on the other two systems, 
ami it is reasonable to suppose that an explanation of 
what happens to 11, and to CO will have an important 
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liriiriii^r mi llic cxiihiiiatidiis (if vvluit liiipprns to 

Imlnii'iirhons. 

TlnTf is no Idiitrrr ;iiiy dinil»! tluit in the hi^li Icm- 

liiTiitiU'c (■tiinliiist inn of liyili'ociirlioiis, cci-iiiin raili- 

cals rniil iitomii' livilnijicii imisl  pluy iuijioftanl roles. 

Tin' pivscni I' the nuliciils Oil. I'll, ('L.. mnl CIlO 

has hci'ii .siilisiiint iatcil liy spt'cti'al analysis. Tlic man- 

ncr of llu'ir appcaraiu'c and (lisapprarancr. hourvcr, 

is slill not at all ivrlain ami otlicr I'rajrmt'iitK may lie 

pi'cscnt whicli liavr not yet hccn idcnl ilicd. Altlmn^li 

the explosive coinliiistion of liydrocarlions is known to 

IK- a rliain react ion propagated liy a ehain liraiudüiij!' 

nieeliailisni. the reaetion nieehaiiisin has not heen 

proved, and the rate-eont rolling step, or steps, is not 

known. 

Of the ener^y-rieh parlieles which enter into hydro- 

earhon coinlin.stion, it is quite prolialile that lioth OH 

radicals and atomic 11 play sifiiiilicant parts, for lioth 

can attack the hydrocarhon molcenlc even at low tem- 

peratures. It has lonij- hecn known that many of the 

lower hydrocarhons (except nielhane), ineliidine' hot h 

saturated and nnsalnrated types, react with atomic 

11 to split the ('-(' honds, ifivinir lower saturated or 

nnsatnrated hydroearhons. Atomic deiitcriiim is like- 

wise known to read with hydrocarhons, prodncini; 

lioth an exchange of I) for II. and the molecnle 111). 

Atomic 0 also will react with hydrocarhons, most 

readily with methane, and. as would he expected, re- 

quires even less activation energy than the atomic 11 

reaction. Sped roscopic evidence has shown the pres- 

ence dnriii» the reaction of Oil. {'11, and ('(' (the 

latter from acetylene and hen/.ene). Since OIL is 

present in the oxidation of 11-.. it is prohahly also 

present in the oxidation of hydrocarhons. These re- 

actions can certainly take place at (lame temperatures 

a.s well as at low temperatures and therefore may take 

part in the comhnstion of hydrocarhons unless even 

faster, hut  nnidentitied reactions supersede them. 

It is known that the formation of liydrocarhon radi- 

cals can result in chain reactions which are of im- 

portance in the propafiation of coinliiistion at low 

tcinperatnies. At hie-h temperatures such as those 

encountered in ramjets and rockets, liydrocarhon 

radicals are thonirht to he important in initiatiiifi- 

conihiistion and perhaps even in spreadine- Hi,. Ihime 

front rapidly. In the reaction /.one, however, liydro- 

carhon radicals, althon^i) present, may not take part 

in the reaction to the saine extent as al lower lein- 

peratures liecanse of the hijrh thermal energy of all 

particles at  the elevated lemperatiires involved. 

There is much evidence to show that ions as well as 

radicals  form  in  the coinhn.st ion  zone,  lint   it   is he- 

lieved thai they are nol of "feat iniportanee in coni- 

hiistion studies and they an not necessary to the 

inechanism of Inirnhi^. The format ion of radicals is 

llUlch more important ami requires only ':, to 'j the 

energy  necessary   for  the  format ion  of ions. 

The   systems   discussed    lirielly   ahove,    liydro^'ii- 

oxyticn, earl lonoxide-oxy^en, and ^a.seons hydro- 

carhon-oxyecii are the only react ions of interest in 

connection with coinliiistion in jet  power plants which 

have heen studied extensively  fr  the point  of view 

of chemical kinetics. An extension of the work in this 

field to include invesli^atioiis of the liquid propellant 

systems  now   in   use   and   those   lieilii;   considered   for 

use is highly desirable.   Studies of the kinetics of i i- 

hnstion reactions involving the halogens ipartien- 

larly lluorinei. metals,  lal alkyls. and metal hy- 

dride.'- are particularly  important. 

In summary, it may he said that excellent frair 

mentary evidence has heen obtained sliowui<f that 

atoms, active radicals, and peroxides are formed in 

the course of combustion reactions: that the sequence 

of reactions involves a chain mechanisui, which in- 

cludes chain branching; and chain brenkiny:; that the 

wall of the reactor, and various packings play an im- 

portant part in what takes place (T-l. "J-l ) : that the 

presence of "inert "' jrascs is si^nilicanl in ways en- 

tirely diffemil from the elleets of dilution (1^-1); and 

that the oxidation reactions are frequently eharac- 

terized by induction periods, the times of which are 

susceptible to inodilication by temperature, pressure, 

and the presence of "additives " The detailed treat- 

ment of the reaction kinetics, however, is not possible 

from what is known at the present time. Not only 

llinst the experimentation be eontiniied. but new 

uiethods of approach must lie sought. Particularly re- 

quired are optical methods which will assist in the 

ideiitilication of the intermediates in the reactions, or 

saiiiplin-r teeliniqiies which will at the same time 

"freeze" a particular reaction without interfering 

with it up to the time the sample is taken. 

(/.  Clittiii luih-limi Merlinitisiiis In Cniiiliiislinn. 

The ISurean of Mines"' plans to continne work on 

the chemical kinetics of coinliiistion reactions, iising' 

the tccliiii(pies which proved sncccssful in sludyiiif; 

tin reaction between hydrojicn and oxygen (!l). A 

simple hydrocarlion .such as methane or normal pro- 

pane will probably he chosen for investigation. The 

combustion of hydrocarbons may also be investigated 

in a spherical combustion chamiier usiiur a central 

spark for ijniilinil. The pressures and teiiiperatures 

will   be   recorded.    ('alculat ions   usinsr   the   data   ob- 

"''UincMii   iif   Mines,   I'itlsltiirgli,   I'sv.;    lirin.-iid   Lewis-   t).\'l{ 
Onlcr ().\|{,'J7 17;  fiirluxxi/inl. 
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COMIirsTlOS 

laiuctl should iiuliciit.' the wm|ilHfm's.s of lilt' ir- 
„Hion and ^ivc some cliu" 11s to wluit lias taken place 

in the llanu' front. 
Arlluir I), liittlf Co.. Im'.17 lias made a survey ot 

ilbout   mm   references   to   nnclassilied   literature   011 
..„uilinstion for Hie years liWli to liWi (D.   Over (Kid 
of these were examined closely lieeanse they referred 
t„ experimenlal methods of detecting radicals and of 

(l,.teriniiiiiijr   radical  concent rat ion.s.    The   report   has 
mainly to do with the ehemieal kinetics of the oxida- 
tion  of  hydro-ren.  carbon  monoxide,  and   hydrocar- 
Imns.   'Phere  is no discussion of the  physical  aspects 
„f comlmstion. hut  there are a   few  literatnrc refer- 
ences   to  such   topics  as:    Ignition.   Flame   l'ropa-a- 
lion.   Detonation.   Hnrncr   Flames.   DitVnsion   KlVects. 
Shock   Waves.   Tnrhnlenee  and   Mixin<r,   Kner<;y   in 
Flames, and Klame Temperature Measurements. 

/).  .l/<(.s'.s- SpcrlraiiK h r. 
The mass spectrometer and the velocity spectrom- 

eter   are   considered   by   some   to   oiler   considerable 
promise   of   providin-   basic   information   about   the 
mechanism   of   combustion   reactions   (1).    Not   ail. 
however, hold Um point  of view that  the mass spec- 
trofrraph 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 
particles, or radicals present in or near the llame front 
by  physical  samplinfr methods sueb  as are required 
r(')r the mass speetrofiraph will be very difiieult,  for 
the sampliiifr methods change the conditions  in  the 
Hame to an important detrrec.   Some of the fra^nient.s 

will not exist  lonfT enough even when chilled.   While 
identification of the products of m-oiii hi nation may 
aid in speculation on what was present at  the  llijrh 
temperature, the lack of kuowled-e  of  the   rates  of 
fonuation  of the  radicals,  and  the  concentration  of 
the radicals present, will still not permit a determina- 
tion of the rate-conlrollinjr step in the reaction. 

Althuufih recoeni/.in^ the difficulties inherent in the 
method, a number of research fironps have mass spec- 
trometrie equipment and are attempting to develop 
it as a tool for the study of reaction mechanisms. 

Hattelle Memorial Institute1 s, tor «ample, is carry- 
ing out an investitration of the ehemieal re. ,■! ions oe- 
enn-iinj,' during the combustion of a gas or vaporized 
liquid hydrocarbon, and have built a mass spectro- 
meter to assist them. Preliminary tests have been 
made.  It was found that the pressure in the ioni/.ation 

17 A it tun- I). Mttlo Co., Inf., Cuml.pitlRO, Mtm.; W. II. Avory; 
HHhronti-act  with  Applicl  Chymi-H  hnl.onitor.v, •'j''1"8,,' »t;- 
kins   University,   BuOftl  ('ontnu-l   N'Oid   (.!Ht!   (HUMlUJv 
KKK) ; ('(infiilniliiil. 

iHlinttcllc Memorial  Instilntc, Coluinlnm, Ohio; .1.  F.  Foster; 
AAKAMC Contriu-t  \V-:!;!-();iH-ai-142l«;  (UmfidvnUnl. 

head could be maintained at 11)-' millimeters of mer- 
cury when the pressure ill the reaction vessel was .1 

millimeters of mercury. 
Johns Hopkins rniversity  AIM,111 is studying the 

kinetics of oxidation reactions as a part of the combils- 
,•„„, pro-ram of the laboratory (Ti).   The mass spec- 
trometer   will   be   used   to  evaluate   bond  energies,   to 
analy/.e the components of the reading mixtures, and 
to detect  and to measure the energy of  formation of 
free   radicals.    This   work   is   in   the   relatively   early 
stages.   The apparatus  for introducing the gas sam- 
ples into the spectrometer is being designed and con- 
structed.   The  mass spectrometer  has been assembled 
and is in operating condition.   The accuracy and sen- 
sitivity  of  the  instrniuents  have  been   tested   111   pre- 
liminary experiments with air samples.  The evaluation 
of  the  possibilities  of  the  instrument   is continuing 
with the analysis of gas samples for which accurate 

data are available in the literuture. 
lu   addition   to  the   work   on   turbojet   and   ramjet 

combustion,   the   National   Advisory   Committee   for 
Aeronanlies-" has started a project to study the mole- 
cular species present  ill a chemical reaction by mass 

spectrometer techniques. 
Ohio State rniversity-1 is planning to carry on a 

study of reaction kinetics of oxidation, including the 
inlluence of pressure and of homogeneous catalysis. 
The mass speetrograph will be used to measure appear- 
ance potentials and for the detection and analysis of 
intermediate reaction products. Hydrogen as an addi- 

tive will be studied. 

r.   Spiclniscapir Shulics. 

Kmission and absorption spectra have been used suc- 
cessfully in detecting and identifying some of the 
molecular fragments which are important in combus- 
tion reactions, and several present studies of combus- 
tion include the use of spectroscopie methods. These 
techniques have the important advantage of not dis- 
turbing the reaction. However, further development 
of spectroscopie methods is desirable, particularly to 
devise ways of determining eoncentrations quantita- 

tively. 
Spectroscopie techniques are being extensively used 

to measure temperatures in ilames. For a discussion 
of the work in till.-, licit! see Part (i of this Volume, "In- 

strumentation.'" 

''■Mulms    lluiikins    fnivi'rsity.    Aliplic«!    I'livsirs    Uiliorntor.v, 
Silver  Hprinu.   Marylnml;   A,   KossiiikolT;   UuOr.l   Conliucl 
NOnl "SSti  (lU'MHI-KBKK) ;  CuHfuliillinl. 

-"N'ltioiml  Advisory Committcf  for  Aeroimutir»,  i'Tittlit   I'm- 
pnlsion  Uescnivli'Liiliorntory, Clcvelnn.l, Oliio;   A.  M.  Holle 
ruck. 

SlOliio   Stnlc   fniversitv,   Culnmlms,   Oliiu;   II.   U   .lolmston; 
AAFA.NK.' Contrnc'  W-Xi-OHS m-U7!H   ( Ki'J-U) ;  llnlneted. 
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COMIUSTIOS 

Bnttfllf Mfiiiorial In.stilutc-- is |ilnniiinu- tu mukc 

siu't'trivscopif sti'ilics ill' llaincs uinliT pivssuivs tii-rairr 

tluill Mldinosplirrir. 

Calitariiin lustiliih'of'IVrlmnK^y--''' is plannint; to 

study uinlcriilar ri-a^incnls such as Oil and M' in 

Ilic exhaust jiascs of n mcUrt rnntnr with s|n«ftrti. 

urapliic irclnii(pirs in onliT In nhtaiii iiil'tirtiiatiint i'«iii- 

crruiiiir tlif maintiMiaiu-i' nl' fuuililiriuin during i'X- 

pansinn Ihrou^li tin' iiii/./.lc In additiun. studies ul' 

niolrndiir rra^iiicnts such as ('11. C-j. and CN. which 

should In' drtrctalili', may >x\w an iiulii-aticm nl' the 

(•ciiiipli'trni'ss ul' ciiinliu.sliiin within liii' chainlirr. K\- 

pcriniiMits arc plamu'il tn dhscrvi' the rll'rris (if vari- 

ous catalysts mi the concentration of the above mole- 

cular rratrnienls. 

Cornell Aeronautical Lahoratory- ; will investigate 

the possihility of stndyiiii;- the mechanism of eomhus- 

tion of hydroearhons by spect ro,i;raphic means. This 

proirram Is in the early plaunitiu-statres. The first step 

in the experimental program will be a study of the 

el'fect of combustion variables nu the emission spectra 

to be observed in the coinliustion of a simple hydro- 

carbon such as methane. 

The radiation emitted by iion-lumiuons Haines is 

bein^ studied at the I'liiversity (if Delaware-'' by a 

teehniqui' which allows the reeordinir of the relative 

intensities of the radiation from dill'erenl parl.s of the 

llame on an oscilloscope. This techniipie is in the late 

development slap' and most of the results obtained 

have been (pmlitalive. The sensitivity of the appara- 

tus is such that the radiation from one siptare milli- 

meter of the noii-lumiiiims Ihnne can be recorded on 

the oscilloscope. Kilters are used to cut out certain 

regions of the spectrum. Zones of chemical reaction 

can be distinguished from zones of hig'll temperature 

where reaction is enmpleted. am! regions of »•and mix- 

iu-r can be (list iiiiiuished from regions in which the 

mixiujr is poor. 

It has been found that the l'-j radical dies out 

quickly in a llame but that the Oil radical dies out 

only near the top of the llame. It is planned to replace 

the lilters now used with a spectrophotometer. It will 

Iheu be possible to exhibit nil the oscilloscope a trace 

--HntU'lle Xlctmmal Institute, t'dlmnlms, (lliiu; .1. I''. Fester; 
AAK AMC Cnntnu-I  W M »tW ;ir tfJO-J;  CiiifnUiuuil. 

^.ICillifHrniil Institute tif TcchiuiloK.v, .let l'ntiiutüiou bulMini- 
fury, I'lisudcil-.i, Cnlirnniiii: t,. (1. Dunn; AAK ftmtrnrt 
\V-:i;i-(i:iS:ic liejll   (fJSIT) ;   lUstru-lid. 

•-'U'dinell Aenimuitical UliiiriUory, Hiill'ul«, N. V.; ,1. 1,. l!e;il; 
OXK  ('(.ntriiet   Ml ..ri 1 III.  T.O.I,   I'luise  2   (SQflU);   (« 
(■lamiififd. 

MUnivcrsilv   of   DeUiwrn-c,   Xevvtirk,   Dclnwnre;    Kurt   Wohl: 
Htiticunträet   with  t'uited  A ire in ft   Corimnitum.   K.-ist   Hart 
ford, Cennertirul; üuOnl ('(mtrnct NOnt HS-t.V, Conjulmhul. 

of the relative eoncentratinn ol any •.nven radical as 

the cdneentratiiin varies across the llame. By usinj: a 

standard liiiht soufec. it may be possible to determine 

absolute radical ennceut rat ion. If the faille of the 

spectriipholometi'r can be extended into the infra-red. 

it may be possible to measure lower temperatures, by 

observiui* the lb.1' bands, than can be measured by 

lisinc- the sodium I )-li lie reversal method. 

.lolms Hopkins I'niversity Al'l/-'1' is carrying out 

a speetniscdpic study of the carben iii(iuoxide-oxy>>'eii 

svstem i lli. I'revinii.s work has been dmie on this 

system, but the results obiained have nut been concln- 

sive. It is planned to obtain the einission spectra of 

llames out into the infra-red using a high resulviii" 

power. I'reliminary observations have almidy been 

made and the data are now beiug iiitcrpi'etcd. In this 

initial work exposures of 7 hours were rei|uircd lull it 

imiv   he  necessary   to  go  to  exposures  as  hmg  as  :lll 

hours.   The emphasis of the work will hi  the study 

of emission sped nl. but an invest iirat ion of ahsnrpt ion 

spectra may also be necessary in order In obtain the 

informal ion desired. 

The Standard Oil Development Company. Ksso 

Lahoratories-7 is making llame studies of easily vola- 

tile hydrocarbons in horizontal gla,-s tubes, with the 

objective of obtaining in formal ion on the fniidamcu- 

tal aspects of ciiiiilinslioii which will permit il scien- 

tilic approach to the design and development of com- 

bustion chambers for Jet power plants. The etl'ects ol 

molecular weight and structure, turbulence of the 

gases, and inlet teinperat ures of the gases oil the rate 

and IcmperatU'c of burning have been investigated. 

Spectrographic examinations of the llame fronts ill 

r.unsen and ill dill'usion lypes of llame are being made 

In detect the presence of molecnlar fragments such as 

('.,, (il. ('110. etc. The results obtained so far are 

not of a i|iiaiititative nature but  will be made so later. 

(/.   SiiiupliiKj T(chiiiiiiit s in ('uiiil.iislioli. 

California Institute of Technology-'"' intends In in- 

vestigate the water gas eipiilibriuiu over a range tiC 

tempcralnres from HOI) F to ISOIl K. It is hoped that 

this work will give some information on the validity 

of sampling teclmiques by indicating the rapidity witli 

which eoiiilin.stion gases must be cooled ill order for 

the method 1o be satisfactory. From this experiment, 

it may he possible to determiue whether eqllilibria are 

-'Uiilms llupl ,ns fuiversitv, A|i|ilii'it I'liysics l.iiliorulory. 
Silver KiinliK, Marvhind; S. Silveriiuni; IJuUid (.'uulriu'l 
Ndrd 7:iS(l  (l',f.\tiri,l''.l!KK) ; Cinifiihntiill. 

-'StMiidurd Oil Ili'Vi'tiiiuiu'ut ('iiiii|iun.v. I')ssii LnliiU'alories, 
Klizalpi'tli li. New Jersey; \V. 1'. Lnltiu; O.Nt; Coiilriu-t 
Mt oii IH'.I, T.'J. -1;  I'lu'ktssilUd. 
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l',,,,,,, or ..uüntniiu-.! .lurin" ih. ^u-n.W^. al U-ast 
,.„. ,,,., „,,„,,. ,,,,s ..n.ilil.riun, UIUUT th-  partu-iilar 

(.„mlitiuns w.'M in !l'is w"rli- 
T1„, ^„„„„„tiv,   ..sliiualion ofth- pr MIUHS öl' .•on.- 

,ms,i„„ In      sampling U-lu.iqm- is lu-in^ studuMl al 

,1,,, rorurll .u-n.nauü.al l.alu.ralory^.   IMvl.nunary 
^„.latiuns lum-hm. „uul. nnhr rat. nf roolm,- m 

,M,   ..s,,,,.,,..!   .nul.T   ^riv.m   «p-rivm-utal   .,„»htua,«. 

S,-1n11,l..s w.n. lakn. Inmi u stmnu uf ...rl.... .lu.xuU; 

imssiuu- H.nn.-l. an cLrlrir a.v. an.l  1h- amu.jul  oi 

,..„,!„„,  nmnoxi.lr an.!  nf ox>-vu  pivsct   NV.IV  n;  ap- 

pn.xi.nau.  a-mwul   with   tlu'  a.HHUupos.tu.n   to    ,.• 

..sp.rtr.l at   llu' probal.lr trmpcraluiv »1   the an'.    I" 

,h(, ,asr of samples irnu.v.Hl fnun an -Nvu-'n-as Hain.., 

,|U. „ualvsisshmviHi anmunls uf carhnn munosuh-, l.y- 
,,,,„.,,„ ;nttlt,xvol.»wllu.i.l-»rn.sp.ma.>atui.<pul,hnnn1 

Mt;i„w(.M(M«lu.ralurMlu,1, tlu.ealrulat.Hlllanu.t.nn- 

(,nllul,,     1V,n-   a   tlnv.-in.-h   diatm-h-r   «nnulmstun. 

ml...  au,l   bnrniuo-  pn-aux«!  air  ami  -notoKahn   , 

samples of the .■ominislion  iras.s we.v  taken  at   lout 

.„„Ms downstream at one foot intervals, an.l analv/.e.l 

1W   ..arlu.n   .nonoxide,   earbon   dioxide,   and   oxy-en. 

T1U,  p.snlts oC several experiments were  not   rntuvh 

„.„sistent. Intt  it  appeared that  the .oneent rat.on ol 

l,ill.1),„1   ,uolloxide  .leereased   as   the   -ases   progressed 

,l„wnstream.   The highest   wall  temperature ohserved 

was   KiSl)   K.    Analvses of  samples   taken   aeross   the 

diameter of the tube  were not   identieal.  Iml   showed 

li.i eonsistent trend. 

\ proieet is under way at  Turdne Tnivrsity-■' to 

stndv  temperatures,  pressures, and eoneentrations ot 

„„Hants for various oxidation reaetionsol  materials 
,,,,.„ mav he of value as fuels for .jet en-.nesrJ.-K   An 

extensile  literature  seareh   has   not   revealed   a   uood 

wnv of queuehin-  the  reaetion,  an.l   it   ai-pears  that 

,lu; aesired information e,.neernin- the eoiieentratum 

ol. „„,  „.aetauts eaunot   he readily  obtained  by the 

llu,tll0(l of sampling ami analysis.   However. .1 nught 

l,e possible to obtain si-nilieant data from a study ol 

,lie slow oxidation reaetions whieh take plaee at  low 

t,,ml)(,,,llUi,.s,   At present, laboratory eMU.i.ment ts tn- 

■„,„. desi-ned  and  eonstrueted  to  determine  .pialita- 

,ivelv the rale of eooliu- when a hot  -as and  a eol.l 

im>rt ..as sueh as helium or ar-ou are mixed m a /.one 

ol.   fHrtmlent   How.    The  data  obtained   should   nul.- 
,..„,, ,,,,, order of ma-nitude of time required to Mueneh 

a jiot -as stream, and the future eourse of this pro.)eel 

will depend oil these results. 

ONMi  ('■mtnu'l   XttOTi-nst.  T.D.I.   1'luse  -   ^Ql H". 

^i-Inim'rniversitv, I.,f„.v.-Ue, In.lmNn; P   K. Uut.-emh; ONI! 

('(ivmsrios 

p-u-alhmv Arsenal^' is makin. a study of the lem- 
,,,,,lu|.es of spontanen ,s ,-nition of hydro-en-earbon 

„„.„oxide miNinres i„ air as alTeeted by various eata- 

Ivsts ,111 Kaetion rate measureuieiits will be ma.le 

a. various temperatures and pressures in order to 
„et  infonüationeoneernin^ temperature eoenieienI,sol 

Uie reaetion. The data will be eheeked by a study „1 

the water p.s equilibrium. This investisralion has been 

undertaken beeause of its bearing on the problem ol 
Hash and snioke in .un hrintr and ofth. bimim-ehar- 

aeteristies of propellaills. 

,. r,^/i//.e    Inflnoir,    of    Cnuhuslmn    Clutmb.r 

Wall. 
\ series of tests is beiu- planned by Cornell Aero- 

„antieal Laboratory-^ to investigate the possible in- 
lloenee of wall materials on eombustion. 1 f eombust lon 

„„„eeds more rapidly on eertain surfaees. the elleet 

,„■,.,.!„ besuftieienlly ^reat to iiillnenee the amount ot 

heat whieh rail be liberated per unit volume ol the 

„„„Imslion ehamber.   The apparatus for tins n.vesti- 
„atiou'is nearly eompleted and the tirst  results should 

he obtained in the near future. 

(   low 7*i III/»( vnlni-t Coinhushou. 

(•alifornia  lusitute „f Teelmolo-y  .1IM,:!'  has eon 
stnieted apparatus for the stud • of the slow eomhus- 

liml  „r   fuels  at   relatively   low   temperatures.    I hese 
..xperiiHeuts involve passiu- mixtures of vanous inels 

,UH, .lh. tlu-ou-h a fumaee maintained at a Hxed tent- 

perature. Kr.un the measured How rate and an anal- 

vsis of the eomhustion produets. it is hoped to learn 

Manethin- of the meehanism of the initial sta-es ot 

..omhustiou. A knowled-e of the Intermediate prod- 

ll(,,s of eombust i.m may surest pioper ehoiees ol a.l- 
ditives to aeeelerate the rate of burnin-and to I"''''!" 

„^.„.alioii over wider limits of air  fuel ratios. 

„. Mtimk Ihnlroiii n in Flame*. 

An attempt was made at Uattelle Memorial Insti- 

tull,:i-J,o determine the elVeet of addin- at mole hydro- 

,.,„1 to the fuel-air mixture on the Haine propauatioii 

veloeitv of a Kun.sen burner. H was found that no 
„tomie'hvdrouen was aetually introdueed into the luel- 

air mixture with the parti.-ular experimental arran-:.- 
,lu,„t used ami that the maximum life of atomie hydro- 

gen under these eonditions eould not have been more 

than 0.0-1 seconds. 

»>7w,miv  Avs.M.nl, IHner, New Jevsev ; V.U. la.nUie. 

l„rv    I'iisiuleim.   rabterma;   b.   (•,     "inn.   -^-^ 
sv ;t;i a:is-nr-i,riti d^siTi-, H.-*tn,-h;i. 

KlhJtellr   MemnriMl   Instilnle. Columlms,  (ll.ie.   ,1.   K.   t'esler; 
AAKAsit't-mnrm-t  W ;t:i o:iS n,- t l^o-J ;  Cmpknhal. 

„«emlJ«KW.T*Ä«flWtQÄW>-W,^>-':W^^- .^^WSa^l^W«BW»M!WttW™^-'^-?r^^ 
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COMHISTIOS 

I'riiuTimi l"iiiv<M-sity:l:l is pai-i ir.ihii-lv imnvstrd in 

(U'l.Tininmir  titt'  ctrccts  nt'  hyili'o^-n  alums  mi   llic 
..„.„hustinn  iiriH'css.   11  MIMH'MI-S tluil  tlm .iiirusinn of 
liydroiicn litmus  ft-mn  llic tliitm1  t'rmit  liack  inm  tli.' 
unluiri.fil •ritsctius liyili'i»viirtiini-aii- niixtnn' rca.-ls in 
s.mir  way   In  lifing1  tlu-   iniMniv  up  tn  llif   liurnin^ 
Iruipm-almv in tin- tlamc front,   ll  is known,  for in- 
slaiur. that  wlirn the nitrn-rn  in air is i-rpiarnl  by 
helium the Inirniiifi rate of hulaiic is iiu-rfasiMJ l»y a 
faHor of tlnvc.   This is prrhaps due partly to an  in- 
n-ease  in  tlill'iision  emistants  for hydrogen  atoms at 
the  hiirher lemperal lire  and   partly  to  the  formation 
„f more hydro-en atoms at   the hi-her  lemperal nre. 

One eannol  lie certain yet that the ditl'lisimi of livdm- 
uren  atoms  into  the  nnlmrned  jr.ns  is  the   importanl 
fjietor  in  the  rale of  llame  propagation,  1ml   present 
evidenee   favors this  point   of  view,  ami   further  evi- 
deure  needs to he olitained.    In   preliminary  work  In 
elarify some of these  points, an apparatus was eon- 
strneled similar to thai   used  at  -Inlms  llnpkins  I'nr 
versity in whieh hy.lrouvn moleeiiles muler a pressure 
df U.l   millimeters of  mereury  in a  Wood  diselmm'e 
I,,!,,,  ,,„„1,1   he   eonverteil   to   atomie   liydro-en.    The 

atomie hydro-en was mixed with oxy-en al an eipuilly 

low pressure and li'il direelly into a llask eoolwl with 

liquid nilro-en.   As observed at .lohus Hopkins  fni- 

vei'sity. solid   hydi'n-en   peroxide was   formed  on   the 

walls of the  llask,   Sinee the  pnuluet   was hydruueu 

peroxide, rathrr than the liulieal  110-j or water, am 

sinee   no   prodnel   whatsoever eould  be  tra.pped   in   v 

llask eooled with solid earlion dioxide, further inves- 

li-ation of the chemistry of the reaction is necessary 

/,,  Comlnislinii „f Mitill Ml>!llsaml Mrlill Ihjdriilrs. 

Princeton rniversity'115 is also workin- on the rates 

of emubiistion of volatile metallic componnds such as 

/.ine  dimethyl,   nickel   carbonyl,  and  boron   triethyl. 

Uoron triethyl, for example, explodes at ö millimeters 

of merenry  partial   pressure,  ami  when  added   to  a 

mixture of butane and oxy-en. it will cause the mix- 

ture to explode willimtt a measurable indnctinn period. 

Thus boron triethyl mi-ht serve as a useful additive 

to gasoline and otlmr hydroearbous to make them self- 

ifSuiting.    Kxiicriments with  these reactive  malenals 

are being eontiuned.   As soon as aluiiiinnm  borohy- 

dride, diborane, and hydra/.ine can be made a.ailable. 

rrineeton   I'niversity  will  investigate  them  with   re- 

gard In their reaction kinetics. 

:i:i|.,.im-ct(iii fniveisily, Priiu-etmi, New .I.TSCV; K. N IVnsc; 
ONli. Cmtnu't Ml(in tn:., T,(). -ll; I iwUiwitifl. (I'tiniuTl.v 
iimlcr HiiOnl Cimlr.'ui Tli'JU). 

ö. KI.AMI; VKi.iuiTY AM» STAUII.ITV. Klame .■elocity 

and stability are impnrlaul cotisideralions for jet 

power plants. Aceordlllg to present iheorelieal ami 

e\|ierimental evidenei'. llame velocity increases with 

reaetion rale and the values of llame velocities may 

be used to compare reaction rates when no other ex- 

perimental teclinii|lle is available. Reaetion rale, in 

turn, is one of the factors determining the design of 

enmbiisiinn chambers for maximum et'iieiency. Com- 

Imstion in a power plant must proceed not only rapidly 

bill smoothly over a ran-e of fuel oxidanl ratios and 

fuel-oxidant inlet velocities, a factor of particular im- 

porlancc in motors nsin- air as ll xidant.   l''or these 

reasons, invi-slignllmis of the velocity and stability of 

Hames may \\A\<' a direct inlllience on ihe perform- 

am-e of jet engines. 

The normal llame velocity has been ddined as "Ihe 

velocity with which the llame front  advances into the 

miburned eharjre  in a direction  normal  to the llame 

front"  (111. which is eiiumilenl  to the ratio of the 

weight of gas burned  per second per unit  area of the 

llame front to Ihe density of the gas.  This ipianlity has 

been assumed to be coiislanl   for a given combuslible 

mixture.   Numerical values of Ihe normal llame veloc- 

ity are unusually in the range between 1 foot per sec- 

ond and ÖD feet  per second, allhougll the llame front 

ilself.  with  respect   to  the  stationary  container,  may 

travel more than  11) times as fast,   Deloual ions, which 

ncciir under the right conditions, may have velocilies 

„f niore than 1 mile per second.   Several methods have 

been devised for measuriim the normal llame velocity, 

two of which are frequently used in the research pro.i- 

ecls  discussed  below.    The  rate  of  prupagalimi   of  a 

llame front in a slationary or iiuiviug eombnstible mix- 

lure may be directly determined by electric or photo- 

graphic  techniques,  ihe observed   velocity   being  cor- 

rected for mass How of the -uses and change in area 

of the llame front to obtain the normal llame velocity, 

A stationary llame. such as the  Kunsen  burner, may 

also  be  used,  the  normal   llame  veloeily   being deter- 

mined from Ihe rate of How of the -as and the dimen- 

sions of the inner cone, 

Slabilitv studies are concerned with the conditions 

under which a stationary llame can no Imiger be main- 

tained. As Ihe rale of How of the gas is increased, a 

stationary llame will Hrsl "lift " and remain above the 

burner. At slid higher velocilies it will proceed down- 

stream, a phenomenon called "blow-olV" or "blow- 

nut," At a tlnw rate less than that required for "lift", 

the llame will "drop-back." If the How rale is de- 

creased enough the llame will travel down the tube as 

a " Hash-back." Asa part of stability invest igat ions, 

llame velocilies and the critical How rales for "blow- 

1-1 
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nil" ' Mini " llilsl,-li;icl< " nrc slllilicil ;is I'lmt'l inns nl' pl'i's- 

siirc, Iciniicral iin'. fiicl nsiilnnl fatins. Inii-ncr ilinini- 

siciiis. Mini tliiw (•(uidii icnis, 

Kxlcllsivc   illWsl itTMl inlls   (if   IIMIIH'   VfllK-llV   Mllll   >lM- 

liilily lia\i' lici'ii iiuiilc Mt tin' lluiTMii nl' Mines by l.cwi- 

MIHI von Mllir. They linvr shown tluii Ilic llmv i'iitcs 

for lilow-oll' and ÜMsli-liMck I'm- laniiiuir IIMIIIC, ai'i' dr- 

irnninnl liy ihc vclofiiy frnidlcnl MI ilic Imnicr \\MI1 

find tlnit Ilic friticid jrnid'u'tds MIT indi'iu'iuli'iii of 

Inlic iliiiiiictiT over a wide rMiiLii' i 10.Ill i. In rt'ccitl 

work' illi, l.i «is IIMS proposi'd n niorc tlKii-initrJi itt- 

VTsii^Mlimi of ihc .MMIIMTCI l,c('lialclii'r ciinntion whirli 

UMs disi-ilSM'd in I lir .seel ion on "Thi'oi-cl icMJ Sllldii's." 

1111 illdii'Mli'S tliMt  it  is possililr In ronvlalr till' Irlilprra- 

Inrr sffiidicnl in a lliinu' rroiit. rali-ulnli'd rmni iiii-as- 

nrrnii'iits of iiorinnl llamr vclncity by Ihr Mallard- 

l,r('hali'lirr I'liiintion. with aviTiitri' rrarlinn ralr. 

qni'iiciiin«.' ilisiMiirr. and ihr ininiiiniiii I'lirr^y rr- 

ipiirnl for iirnilion. In 1 his way normal llamr vrioriiv 

ran br ronnrrlrd wilh othrr rasily obsrrvablr tlaillr 

phrnoninui. 

Thr lliircau nl' .Mini's-''1 is jnsl starlinu' M provi'M'n 

(»)' rr.si'Mrrh ronlinnin^ Mini rxlrndiny ihr work dr- 

srribrd in thr previous paragraph. Thr proparalion 

of roinbnsl ion wavrs in furl n'as-air i or oxyrrn i mix- 

Inrrs is lirin«; slndird niidrr romlit ions of lamiiiMi' 

How. XorniMl llamr vrlority. width id' rrartion zone, 

anil trmprrMtiirr «rnidii'nl in Ihr IlMiur front will hr 

inrasiiri'd. Similar studies will hr madr under xarions 

tnrbnlrnl How ronditions. The work mi llamr stability 

is also rout inninr' with invest iuations of vehttdty gradi- 

ents and normal llanie velocities al tlirstreMin boumlM- 

ries in lamiiiMr Mini tiirbulent How. The veloeily yradi- 

rnts will he modilieil by rhan^in^ thr shapes of Ihr 

(low rhamirls to produrr rerions of retarded, or even 

eounter-riirrrnt, ^as How or by art ilirially all'ertiii^ 

them by [mtlilifr t he boundary wall in mol ion. 

A ^roiip at the I'niversity of California at Los An- 
„.(,|(,s:!.-i js p|;innin.u: to eontiniie a prourain id' ivsearrh 

on roinbnst ion whirh was started brfmv thr war ( 11 I. 

The blow-oil' and Hash-baek rhararlerist ics of methane 

and air mixtures will be measured at room tempera- 

ture and pressure. The teinperature distribution ill 

Haines will be invest iirated by the use of spert ral-line 

reversal and other terhniipirs and the radiant energy 

id' Hamrs by thr use of t hennopile radioinrtrrs. I'arti- 

ele veloeities in Haines will also he measured. Khnne 

eharneteristirs will he drtermined over a rnttg'e of pres- 

sures from below atmospherie pressure to above attnos- 

phrrir prrssurr. nsiny several finds, iinspeeified as yet. 

The del Propulsion Laboriitory id' ('aliiVtrniii Insti- 

lllle of Trrhnolojy ■'''' is invest itiiitillf*' tile rale of propa- 

ifaliim of llamrs throiisrh a vertical lube as a function 

of the fuel air ratio and pressure. The etTect of add- 

illtr small amoiinis of xarioiis chemical coinpounds to 

t lie fuel is beiiifi' s| udird. 

An experi ntal program has 1 n  platined at  the 

("ornell Aeronautical Laboi'i,ti)ry,'iT to iuvi'stiratr how 

restrictions or \\M1I disturbances in a combustion lube 

produce vrry liiüli bllrllinu■ velocities Mini how these 

hiirh burning velocities can be inaintained. The com- 

bustion cliaillber is a strri tube 1L' feet |ony and L'1-. 

inches in diainrlrr, madr up of sections '_' fret lone' 

to permit variations in experitneiilal conditions. A 

nninber  of  SIIIMII   i;aps   between   two   insulaleil   wires 

have I n nioiintrd alon1^ tin' tube.   Thr passau'e of the 

tlaine aciiiss ihr izaps. ioni/.in,Ll• them, will be recorded 

on Mil oscilloscope. Work' is coutiiniiny on the experi- 

menlal set-up. and no measlireinents of Hame velocity 

have brrn madr as yet. 

Kxprrimrnlal   work   has   1 n   rarrird   out   al    the 

('ornell Aeronautical Laboratory^ on the mrasurr 

incut of llame velocities with dil'ferrnt I'll» Is at vary- 

in.U' ^'as velocities. The apparatus consists of a pyrex 

tube l"J feet lone' and K's inrhrs inside diameter. 

The mixture is ignited at the do'A nsl ream rud. ami 

the tlame velocity at various air-fuel ratios is meas- 

ured by the startinir and stoppiiiLr of a clock actuated 

by the bnrninir mil of two line wires in the lube which 

are HI) inrhrs apart. In this test, the llamr vrlority of 

p ropy I rnr oxide was 70' , irreal IT than that of hrxanr. 

This obsiTvalion may have a relation to the observed 

superior hurnillfi' qiuililies of propylenc oxide in ram 

jets. The use of fuel additives, such as iiia^iiesium 

diacelylacetonatc. a eel aldehyde, acetylacetoiic. ethyl 

isot hiocyanate, increased the llame speed only -I', to 

S', at lower iras velocities but had no ell'cet at lliwll 

N'rlocilics. In these experiments the rate of ii'as How 

had to be carefully controlled in order to obtain re- 

producible results. 

The ruiversity of Delaware-'1" is carryinu' out an 

extensive research proLrram on the fuiidamentals of 

combiisiion to obtain data to lead to the development 

■'"llnri'.-oi   nl'   Mini's.   I'ittslntl'Kll.   I'.-i.:    ISsTlliirtl    Lewis;   O.NK 
Oiili-i- ONHHT-i:;   l'Hchissißnl. 

•'■"'t'liivci-sily   nl'   t'alil'iinii.-i,    l.ns   Angeles,   Ciilifnrinii;    K.    11. 
Miirrin. 

:illl alildinia   Iiitiltiti'   til'   'f"ri'limilu}jy.   .let    l'iii|inlsiiiii   Lnlmi.-i 
lnrv,    I'as.'iilciia.   I'alil'ui nia ;    1..   (I.    1 Innn ;    A A F   ('unll'iii't 
\V :!:i il.'ls Mr lliL'n  (1-JS17I;   Iti-Mrirhit. 

■""Cnnirll  Ai'iiniiiuliial  l„-ili,iraliirv,  IIMIT.-IIII,  X.  V.; ,1.  1..  lit'.-d; 
(IM!   I'niilrail   M! mi It»,   T.O.-I,   I'liasr   U   (SQflin;   V n- 
rltissifu ,1, 

"Tenii II Acliinilnlii-ill l.aliiiiatnrv, PulTaln, \. V.i .1. I,. lUid; 
Siilii'iniliai-I wilh ('iii'tiwi-Wi-ifflif I'iirjioral inn, Airplani' 
Hivisinn,  I'.nOnl Cunlrai-I   Xlinl  S!l!t;t;   t'mifitliiitml. 

:11,fnivi'isity nf hi'lawaii'. N'ruarli. 1 lelaw.-n r-, Knrl W'nlil; 
Snhi-iinliai-l with t'nilril Airrnift l'iii|iiiratiiin, l^iist Hart 
I'IHII. I'm ilii-nl:   l!nl)ii' Cunt lad   NOiil !IS4."i; ftilifiihlltial. 
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«I  new thrnrics »T Ihmu' [ihi'iininciisi or in the fntcr- 

prcliitinii of cxiKlinir tlicnrics.   A sin ai'v nt" sifrnifi- 

i-iini results I'funi ITCCIU work is ij-ivcii nn pup's .'!(! In 

'i!l "'' r-clVrt'iH-c ill). The prcsj-iil ITSINII-I-II proirniin 
liiiiv lie (Ifsrriln'd ;is foiiim's : 

</.  Flaiin Sluliililii. 

Tile study nl' the slaliilily nl' ll; s  (hlmv-nul. lift. 

ilrii|)-liiH'k, Ihisli-hiick i ;is a fuiictit)ii nf the air furl 

ratio,   tlllic   ilianirlcr  and   How   rale   in   laminar   and 

turliulcnl  llnw. will he , timii'd.   The slate nf Inrlni- 

li'litH' will lir varii'd hy I he int rndiicl inn nf i>rids. Such 

studh's have already led in the (■«lacliisiiui llial stabil- 

ity depends nn the velneily irradienl at the walls nf 

the lulie fnr Imlli laminar and turhnlent llnw, This 

di'pendenee has previously been repniMed for laminar 

flow hy  Lewis and  vim  Kllie  | Hi), 

I'dames will he studied under varyinj: enndilinns of 

temperature and pressure in apparatus now heiiiir 

ninstrneled. 'I'he apparatus is essentially a larire linx 

with inlet pipes at the hnllom fnr fuel and air and an 

nullet pipe at the top. 'I'he rale of llnw thmnuh these 

pipi's will he adjusted until the Maine is hurninir ill 

a medinni of the desired pressure, 

h. t'lnixivtil (ind ('IK iiiical ('(iittlitiinis in FlaiiKs. 

The lemperature distrihnlion tliroii«flioiil laminar 

and turhulenf llame.s will lie measured hy the sodium 

Ddine reversal technique, in conneelinn with a study 

nf llnw dislrilnition and disirihulion of radiatinn. 

Flames will he studied hy direct pholoirraphy and hy 

shadowirraph photoe-rapiiy. These two techni(pies do 

not fru-e the same results, heuause a shadowfrraph of a 

nonduminous I'.misen Maine shows the houndaries of 

the inner cone and of the heated sheath of air sur- 

rmimlhifj; (he cone, whereas the direct phntofrniph 

shows the houndaries of the inner and outer cones. 

Theoretical and experimental studies of the shadow- 

fi-raph teehiii(|ue will he made to develop a inelhod of 

ohtainiim- quantitalive data from the photofrraphs. 

The lines of Mow tlirmiftli a Maine will he studied hy 

the powder method. At present, silica frei of specilic 

gravity ().:i. free from dust, is used. Silica >rel, because 

of its lifrlitncss. follows eluni'je.s in direction and veloc- 

ity better than metallic powders, hut has the disad- 

vaiila<re that it increases in density in passing thrmiirh 
the conibustion zone. 

A special method for inlrodnein-r salts into a Maine 

has been developed, and it ha.s heen found that salts 

of copper and inan-ranese are particularly effcclivc in 

disclosing oxidizing and reducing regions of the flame 

because of a difference in color of the light emitted. 

Salts have been introduced into a special burner, an 

adaptation of the .Mocker burner in which the orifices 

are parallel narrow slots. Fnr certain air fuel ratios, 

the Maine is uniformly colored and for others an inner 

cone is revealed by its dill'eivnl color. I'sine- this tcch- 

niipie, observations sin, > that the flow in the llame is 

laminar and thai  mixiiiL is not  complete in the Maine. 

c.   ICuchist ll FIllllK s. 

Kulane Maines in a pyrex tube will be studied. A 

systematic investigation of sia'iility conditions and of 

'he action of Maine holders in mixed and unmixed 

gases in turbulent Mow will be made. Flame Imlders 

ignite the •ras and cause the Maine to prnpa^ale. ll is 

Imped In separate these two functions in the experi- 
mental work. 

Two rectaimnlar combustion chambers with glass 

sides are available, but no work is now being done 

with  these ehamhers because of lack  of  persoiille'l. 

(/.   Flilim  Ih iijl/ls. 

Several theoretical expressions have been derived for 

the height of a Maine which are relatively easy to prove 

or disprove expcrimenially (11). Previous experimen- 

tal results nn city gas and nn butane liave not agr 1 

with these expressions, which has IMI to the develop, 

ment of other unpublished theoretical relations. This 

work will continue and the experimental program will 

be extended to include octane vapor. 

I'rineeton I'niversity'" is stndyiiui flames at low 

pressures under laminar flow conditions. Butane, bu- 

tadiene, butylene. propylcne. and ethylene have I n 

used as fuels. 1| has been found thai buladiene-air 

mixtures will burn at pressures down to 10(1 milli- 

meters of mercury and that butadieiie-oxygen mixtures 

will hum at pressures down to ii millimeters nf mer- 

eury if the burner port is large ennugh. As the pres- 

sure decreases, the Maine velneily of a ga.s mixture in- 

creases, sometimes «s inucli as ÖO', , to a niaximum and 

then decreases until at snflieienlly low pressures the 

llame fzoes out. Of particular interest in eonnection 

with the eoiiibuslion at low pressures is the possibility 

of inserting probes to withdraw gas samples at low 

pressure from the pre-combustion region of the Maine 

front for analytical purposes. At these pressures, 

it might be possible to withdraw samples sul'licienlly 

rapidly and with sufliciently rapid cooling so that some 

of the fragments could be identified before they have 

disappeared as a result of further reaction. .Measure- 

ments of the normal Maine velocities with the above 

fuels in a Hiinsen burner at a pressure of 1 almosphere 

confirmed other work with regard to the ell'ect of 

chemical strucliire. volume Mow rale, and size of the 
port on burning velocity. 

"Tmiccmn fnivcrsily. I'riiicctini. New .Icrscv; K \ IVMSC- 
OXB Cimtrm-t Xti-oH-Htr,, T.O.-3; ViicldMiJinl. (FonnVilv 
iitiilor HuOiil ('(intnii't 7!i^ll), 
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Work is under way Ml I'rinw'loll 1'uivcrsil v nn thr 

iiiciisin'ciiicnl ol' llic rali' nl' llamr Irnvi'l in qnifKccliI 

pn'-mixi'il Liasi's. ('oiiiliustiiin Ls iuiliali'd willi a spark 

al tilt' tap itl' a vcrtii'al lulic live tVi't Imit;. The lulu' 

iniliallv is rhiscd al Imtli ends. Iml il is npciicd al ihr 

hip end a I I he I ime id' ii: nil ion so I hat the pressure dues 

nut ijevelnp in the tnhe dtirillfr eninlinsl inn. In the ex- 

periinenls under redneed pressure, the Inp end of the 

llllie is ennneeteil liy a lar|iJe ship enrk In a lai'Jie eapae- 

ity ennlainer maintained at the same initial Invv pres- 

sure. Il appears now that it may he necessary In devise 

a way nl' avnidillir the dislurlllllf: illllnenee nl' i-elleeled 

pressure Waves. Flame speeds are lieiii^ cleteeted by a 

new llielhnd wlliell dues nnl rei|nire eleelrndes nr nlher 

ohjeeis within the tube ' .1 i. I'idses in two tank ends 

wnnud arnund the lube, eansed by the inid/alinn nl' the 

Haine, aetnate a ehrnnosenpe cirenit. it has been nb- 

servei! that ll.e velneity nl' prn.'aLralinii nl' the Haine 

eau lie mure than dniibled by impnsini: on it a direel 

enrrent held nl' the order of 111(10 volts per eentimeler. 

The reason for this inerease has nut yel been dis- 

envered. 

The Ivsso l,abni-atui-ies ' ' have been studyiie/ llame 

pi'opa.Lial inn in pre-iuixed fuel-air iiiistures in apjiara- 

tus ennsisiinii essentially of hori/.onlal seetions uf 

pyrex pipe 1' ._. inehes in diameter and 7 In S feel 

lotifr, tofrether with the neeessary g-as meteriuir and 

llime liniinu' deviees. The fuel-air mixture under in- 

vestii;atinii is feil into one end of the tube and ifrllited 

al the other end by means of a spark irap. The rate of 

llame propa.iraliou is determined pholo-eleetrieally by 

tiniinjrthe Hame travel through the desired portion of 

the tube. A metliod for preheating the inlet gases has 

been provided by a gas-lired coil heater whieh ineludes 

means for automatic temperature control. 

Studies of the rales of llame propagation in llnwing 

streams nf gaseous fuel-air mixtures within hori/.onlal 

glass tubes have shown that Hame velocities increase 

with: (a I decreasing molecular weight of the fuel; 

[h] decreasing hydrogen to carbon ratio (increasing 

uusaturalion of the fuel) ; (e) decreasing branching of 

the carbon skeleton of the molecule; (ill increasing 

temperatures of the fuel-air mixture; (e) increasing 

turbulence. 

Almost all of the llame propagation iiieasurements 

made thus far at the Esso Laboratories have been on 

Haines traveling against a flowing; gas si ream. Al- 

though such data are felt to be of primary iulerest. 

some knowledge of the behavior of llames traveling 

with  the gas stream  was cousidered  valuable.   Tests 
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have In en eoudueted with I1-, inch pyrex lubes T1! 

and -'1 feel in length. The tubes were lilted at one 

cud with a spark plug for ignilion. a gas inlet, and a 

(lap valve held in the rinsed position by a weight. The 

valve was installed In provide a means of relieving 

pressine al the inlet end either by manually opeuing 

the valve ur allnwing it to ad as a puppet. This was 

found In be necessary since llame velocities were tun 

higil In actuate the timer when the end was blocked 

nil', nbserved llame velocities were found tu be much 

greater with propagation traveling in the same direc- 

1 inn as the llnwing gas. 

The impo:-sibilily of using t liermncnuples al the 

high temperature levels enenunlered in llame studies 

has led In the investigation of the sniliuiii line reversal 

lechnii|Ue of Icmperalnre measurement at the Hsso 

l.abnratnries. The necessary calibrations and labora- 

tory tests ha\" been made to provide for the use of this 

method. 
Work  Ins started al   the   Iwso   Laboratories on   the 

cnmbustinn  of gaseous hydrncarbuns  of  the   methane 

to pentane series al pressures below  atmospheric   Ap- 

paratus   is   being  developed   for   the   invest igal ion   of 

cnmbn.stiun    el'licieneies.    llame    temperatures,    llame 

shapes and colors, and the ell'ects of diluents.   Methods 
lor analyzing cm n bust ion /one products will be studied. 

The   Weslinghnnse   Research    La'ioi alurii s ' -   have 

studied llame vclo'itics by the Unnsen burner method 

with   the   ulijectivi    of   obtaining   data   on   gases   and 

vaporized   liquid   fuels over a   range of t"mperat ures 

and al  pressures bei >\v atmospheric  ill).   The burner 

used is provided w'lh a no/./.le designed to give a uni- 

form velocity dislribulion.   A Schlieren picture of the 

llame is projected onto a screen by an optical system 

and   the   cone   angle   is   measured   with   a   protractor. 

Flame velocities have been measured at   various pres- 

sures,   temperalures,   velocities  of   How.   and   air/fuel 

ratios.   Il  was I'oinul that al an  inlet temperature of 

110(1   F a stable Hiitiie could  lie obtained   for air/fuel 

ratios  from  S  to L'S,  while  al   l.'IT   F stable  burning 

could be obtained for air  fuel  ratios from only  l.'i to 

'2'2.   Flame velocities measured at Hows of from -!.(i feet 

per second to ö.ti feet per second siiowed a considerable 

spread ill values, with the slower How-rale giving the 

higher llame velocities in the region near the stoichio- 

inetric ratio.   Measuremenls have been made at almos- 

pher ,• pressure, ö inches of mercury  vaeunin.   10  in- 

ches vacuum, and 20 inches vacnum.   Only a  few ob- 

servatiie ; could be made at  the two lowest   pressures 

because of the dinicully of obtaining a stable  (lame. 

In one investigation, the |ire-mixed natural gas and air 
"Staiiiliiril Oil l)i'Vi'lo]inu'iit ('iiMi|i:iiiy. Kssn bnlmrittiirics, 

Kliziilu'lli B, Now .loisey; \V. V. Lakin; OXU Coiitrael 
Mioii-1011,  T.O.-l;   ritchi.i.iifird. 

l-Wt'stinshmiso  ücsciiicli  buliiinUm-ies,  Kirsl   Pittslmrpli,   I'd.; 
Stewart Way. 
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COMIilSTIOX 

inixlmv wiis idiii/.rd liy rxpiisun' tu ii!|iliil pmiiflcs 

ju.st lii'Torr pMssintr inln tht' imzzlc. Tlir ioiiizati«in 

i'fiusi'ii very liltlc I'luui'/i' in the lliinii' vchn-ilv. 'I'lic 

tiiiini' vrliii'iiy uf vaiiorizt'd ^iisuiiiic IIMS IUTH nbtaiiit'il 

at a triii|i('ral uri' of :{(lt) !•' ami al mnsiilicrii' IUTSMIIT, 

iivcr a ranire uf t'uel air ratius. Tlie inaxiiiuiiii nnriiial 

llame Vi'lncily uliM'fM'd was alinill L'..s feel [ter si'coml. 

Tile West iiiLiliiiusr Heseareh Lnliiiratttl'ies are earry- 

in^r mi llame stability studies mi siiii|ilr Imrners tu 

(iKserw the ctlVets (if [iressllfe, Irmperal lire, mixture, 

velticity, and si/.r In aildilimi. a spceiiil Immer has 

lieen eimstriietcd I'nr the siudy nl' various primary air 

admissinii iipenin^s in nrder tn (letermiue sat isfaetni-y 

ways of admilt iu^' the primary air ami In invesliuale 

why ime type nl' admissinii is better ihau annlher. A 

special enmbustinn tunnel with shielded measurintr ser- 

tinns and unshielded test srctinns is heinu' enlist riletcd. 

Mrl hods nl' me.-isuriiiLr the I emperat lire and pressure nl' 

tile yascs will be in vest iirated and a sludy nl' mi'thnils 

nl' ijas analysis will be earned im. 

The I'niversity nl' Wisenusin l:; is starting expi'fi- 

llieulal wnrk in eninbllstinn wllieh is elnsi'ly cnrrelated 

with the thenret ieal pmüraiii diseussed earlier in this 

I'art. Systems svlinse eliemistry is kimwu undei- static 

eoiidit ions \\ill be .sludicd utider earel'ully eontrolled 

flow rates, and the rate of bllfllillfr will be studied as 

a I'linetiou of pressure, leieperalure, veUwitv, and 

velncity .uradieiits. The ell'eet of ehemieal additives 

and nl' lilt' nature of the surfaces will be investigated. 

The spreading of a <ins Jet by turbulent mixing and 

dilVusion will be studied by means of Schlieren pliotofr- 

ra|ihy. An attempt will be made In measure the den- 

sity of the buniiiiff "rases at every point in the com- 

bust ion zone by nieaus of interfereiiee pliotnjrraphy 

and Schlieren photoeraphy, A yeneral study of the iu- 

teraetinn of Haines and radiation will be undertaken. 

A detailed and accurate study of the emission spectra, 

absnrptiou spectra, and Hainan spectra of llames will 

be made for the purpose ivf detcnilillilljr the nature of 

the intermediale and transient combustion prnducts 

present in the (lame. I'reliminary theoretical .studies 

indicate that stable lla.nes may be impossible if the 

chemical reaction occurs in one stafre. This indication 

will be checked experimentally. 

Tills project at the I'liiversity of Wiscousiu is frcl- 

tiiifr under way slowly, primarily because of Ibe lack 

of laboratory space. A How system is imder con.strue- 

tion to be used as a model for equipment to be built 

later. The nozzle is being desifrned lo frive a uniform 

flow velocity across its mouth. Methods of maintain- 

ing and nieasuriiifr velocities and cont rollinir mixinji 

and turbulence with lii^h precision are bcinjr devel- 

oped. This model will be nperatiiiji in the near future. 

Schlieren apparatus and a larfre optical interfero- 

meter with nine-iiich mirrors have been designed and 

are  beint;  built, 

11.    CuMUrsTluX   IN   lllcMI   Sn,i;i)(l.\s  SIHIOAMS.    The 

in vest ii.'at ion of enmbustinn in hi;jh speed jras stream- 

iuvnl\e> the usual considerations of coiiibustioti ef- 

lieieucy and llame stability as a funetion of air fuel 

ratio, pressure, tempcral ure. ami velocity. A par- 

ticularly dil'liciilt problem, however, is to obtain 

sinnnth. eflicient, and reliable i<riiiliou. This is nrdinar- 

ily achieved by placing ob.structitins in the stream, 

called llame holders or igniters, of the proper size and 

.shape so that small stable Haines can be maintained 

in tile wake of the llame holders In itrnile the llnwim: 

mixture. It has been found that the size and shape of 

(lame holders are critical, and a •rrcal deal of experi- 

mental Work, some of it described ill Subsection I'> of 

ihis Section, has been done in connect inn with the de- 

velopment of ramjets to improve the desiyn, 

1 n his recent study of the stability of ISunsen burner 

(lames illii. Lewis has stated that a Hame remains 

stationary because of reirions in which the jras velocity 

equals the normal llame velocity which serve to ie-nhe 

the faster-mnvinir nc'mhborine- portions of the stream. 

The velocity irradient near the burner wall is the de- 

lermniini.r factor in this ease. 1 f similar considerations 

apply to llame holders, the character of the (low in (lie 

rcfrion near the boundary between the wake of the ob- 

struction and the main streaiu of e-;iS would be ex- 

pected to deterinine the cll'cctiveness of llic (lame 

holder. Little is known as yet about the nature of the 

How around Hame holders, but the problem is bcini; 

act ively invesl b/ated. 

liatteile Memorial Institute' ' is studyiiiü' the aero- 

(lynainie conditions aU'eetine; the blow-oil' of burners 

in order to determine the aerodynamic variables that 

induenee the ell'eet iveness of (lame holders. The fuel- 

air mixture enters a chamber to .suppress turbuleuce 

ami is discharged throue-h a one-inch nozzle designed 

to give uniform How over the entire discharge area. 

The Hame holder (o be sdidied is inounted in the issu- 

ing jet. Horizontal rods, vertical rods spheres, and 

discs have been tested. It was not possible to obtain 

blow-oil' using holders mounted in the non-turbulent 

portion of the jet with velocities up to lot) feet per 

second. Arrangements are being made to obtain higher 

How velocities. It is believed that the use of Sclilieren 

techniques will not be feasible because turbulence near 

'•'I'liiversity of Wiscuiisiii.  Mmlison. Wis'-iinsin;  .1. ().  Ilirscli 
felilcr;  AuOnl Contrnct  XOrtl SüKiS;  Krstrhinl. 

'•'Hatti'llc Mt'imiruil  Institute, Colimilms. Oliui;  .1.  K.  Knsier; 
AAK-AMC Cmitract  \V-:{<i-03K-iii-142(e;  Cnvfldi-ntial. 

18 

1     '■ 

> x™,» S. 
^..^^^■^^.-^^.^^^M*^^ 

 i ■ - -• - ■ '■ i .. -    i .- 



PWBBPSS 

Ihf lunimlury of tin- y\ iutfrf.Ti's uith tin' ulisiTvatimi 

„I1 HHiilitiinis lu'iir llu' llniiif \wUUn: I'Uuti.unil'liif 

iiliM'i'vatioii lit' llic patlis ami vflocilics ul* siiuill par- 

tiflt's enrricil liv tin' fras sirrani will he nsvd. 

K\|vrimrul, hu-,'■' is i-ai-r\mi;cul an I'Mi'iisivf :•• 

sfuri'li [ifiiirram mi coinliuslidii in lii.^li sprcil an' 

streams tu ohtain liasic inronuatinii I'nr nituji't appli 

calions. To siinpliry llir cxpt'fitiuMilal comlil i'ms. 

h(iiii(i;/.'iii'(ius iTiis-nr vapori/i'd lii|uul liyilriii'aflnui-air 

mixlurt's an- usr.l as I'IH'U. OW pha«' dl' the work 

invnlvcs an iuvi'stipititm ul' ihr iiithifiu-f of pri'sstin', 

IcinpiiMlntT. Vt'liicity, anil turlillli'tli'i' on Ihr rxlrnl nl 

Ihr (ntinlilistinn /mir. I'hnliiirraphir ami sprrtrnpholn- 

inrlrir frrhniipirs havr hrrn I'tnilul uuilr salisl'arlm-y 

I'm- I'.nnsrn linrnrrs ami I'nr llanirs in Inw-vrlnrily 

sh'raiiis. Km- llamrs in hijrh-vrloril \ .slrrain.s. huwrvrr, 

Ihrsr niftllutls dn t.nt S.'ivi' irnml results ami nlhrr Irrh- 

niipirs arc l.rini: ilrvrlopnl. Mrasiirrinrnl nf Ihr roll- 

ilnrlivily lirlwrrn tvvti pfnhrs has ■rivcil salisl'arlm-y in- 

ilinilinn of Ihr rrlalivr Innprral nrr rmulilions 

ihrnn^hnnt Ihr rmnluisl ion /.one, 

A slmly of Ihr mrrhanisin of i^nilrr arlion in rnitl- 

jrl   romliuslion   is   lirint;-  ran-inl   on!   at    Kxprrimrnt. 

Inc.    'I'hr   invrsli^alion   of   pilot   llamrs ami   olislarlrs 

af   simplr   ^rmnrli-ir   form   will   hr   rmphasi/nl.    Tllf 

inllnrnrr of total pilot  hral-onlpnl. sparr disl rilml ion 

of vrlorilv ami Irmprral nrr, Iransporl prorrssrs in tllf 

vicinity of lite iünilimi region, jet ami limimlary layer 

phenomena, ami Ihr iicinuetry of I he romponcnls tliem- 

srlvrs will he investifrateil.   Studies to date show that 

vrrv small variations in i^nitn-and hnrnrr drsiüii havr 

a  fjreal   inllnrncr  on   the  roinhnst ion.    'I'hr  shape  of 

the ieniler and of the struts supporting it  are impor- 

tant  ronsidcralions.   The rrilical  /mic  for  initiation, 

staliila*v.   and   snliseinicnl   propagation  of  the   flame 

seems In he the point  of separat inn of the How  from 

Ihr igniter.    It  is planned  In study  Ihrsr phrnmnrna 

in   more  drlail   hy   a   rorrrlalion   of   hmmdary   layrr 

phrnomrna. Inrlmlenrr, and  wakes with the olisrrvrd 

llamr properlies.   A  rrelaninilar cmalinsl ion ehamlin- 

witll  two  pyrrx or qmirtz sides has hern eonslrneled 

for   pllittofrrapllie   and   Schlieren   ohscrvation   of   the 

llames. 

I'mlrr certain conditions, delnnat ions oecnr in lliiill 

velocity streams of cmnlinst ilile mixtures, known as 

■'ron^h liu mint:." In connect ion with I lie study of I lie 

mechanism of itrniler action, Kxpcriment, Inc. is in- 

vest i-ral ini: tile cause of this rmijrli luirnin^. U\<x\\ 

speed pholofii-aphy shows thai the velocity of prnpa- 

jjalinti of the detonation is hetween 1000 feel per sec- 

ond and -1000 fret per second, and that the cmnliuslion 

^Kspcnmcnt.   Im-.,   HU-lmmml,   Virt;iiiiii;   .1.   VV.   Miillcn,   11; 
liuOnl fmittwt   NOnl »"•'>«; fmißilniliiil. 
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wave travels npslreuui heymnl the i^niln-. |5y the in- 

jection of water at various points almi<r Ihr inside 

sni-facc of ihr llamr inhr. it has hrcn shown that the 

origin of Ihr dclonalion is at the inlrr.srrl ion of the 

nrdinai-y llamr with the inhr. Further investi-iations 

of ihr .-anse of ronvih linrnini: and of the mechanism 

of the snmiiiliimr' elTcd of the inlrodm-limi of water 

tdoiifj' the Inhr arc heilig carried mil. 

In a stmlv of cuinhnstitni in ramjet hnrners at the 

l-'li^hl I'ropulsimi Kescan-h l.ahm-alory "', the cll'ect 

dl' air inlet pressure, air inlet Irniperalnre. fuel air 

ratios, and fuel injection mrlhods mi llamr length and 

cmnhnslion clliciency arc liein«' in\ rsl i^aied i'Jl». A 

modilird form of the MIT fuel injector and comhnslor 

was used. The comhustimi chamlier was an S inch di- 

ameter «aler-cooled Inhc The Iciifrth of the chamlier 

emild he varied lielucen '_'- inehe.s and IHi inches hy 

inoviiur a Inhe hack and I'orlli Ihroimh the downstream 

end. On the np.sli-eam end of ihr Inhr were S radial 

luhcs which spraye»! a sheet of wain- transversely 

acr.i-s Ihr roinhnslimi rhamhrr. This served In ipleneh 

the Haine al any desired eliainlier Icilfltll and pcnnitled 

the exhansl ^ases to pass on downslream for later 

collection or exaiuinalion. l>y this means, the posilion 

al which eoinhnslinn was complete could be delcr- 

minctl ipiilc accurately, .lust cnmidi wain- was used 

in Ihr spray thai it could lie all evaporated hy the 

heal  of I he exhaust  "ascs. 

The fuel used in these tests was (i'i-iictaue gasoline. 

|| was admilled In the luhe ihron^h six radially ar- 

raiiired fuel in.jeclm-.s, each of which was provided with 

a scries of small holes, so that the streams were trans- 

verse to the loiiii- axis of the comhustion tube. Immedi- 

alely downstream from the fuel inlet was a llanie 

holder consisline-of seven cones, each ahoill two inches 

lone'and aboul one inch in diameter al the base, with 

tin1 apex pointed upstream. One cone was at the center 

and the other six were at the corners of the hexagon 

aronml it. The onler six were connecleil hy small V- 

shaped metal Irou^hs. and three of them were at- 

tached to the center cone by similar Iron^hs. 

Combuslion cflicicney was determined by heal bal- 

ance nicasurcmeiils. The inlet and outlet tempera- 

Inres and the rale of How of the water were deler- 

inined both for the water coolintr jacket and for the 

walcr spraved into the lube at the downslreain end of 

the combuslioii chamber. Fuel air ratios over the 

nmjre O.Oiiä In 0.070 were used. The air pressure at 

the inlet was 10 inches or 0,') inches of mercury, and 

the air inlet lempcralnrrs al these pressures were re- 

spectively 1'JO  Fand KiO   F. 

'".Xntiimal   Ailvismv  Ctmimitlcc   I'm-   Afnuuuilir»,   Fliulil   I'l" 
imlsieii   l,ill«il-!lltil-,v, CU'VI'IMIUI.  Olno;   A.   M.   lidllinick. 
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COMHrsTlOS 

Willi 111.' appanill^ .Irscrilinl MIM.W, ihr cnmliHsl inll 

I'HU-IIMU-V vv;is ilctcniiiiu'tl n- n l'mn-litin nl' llic I'lU'l nir 

,..,,,,, .m,i ih,. ronilMisiinn I'IKHHIMT 1.'IIL:III. Tli«' IHüM 

mm,, lMUMlnisii..ii i'llicii'iu-y vvus nhtiiiiu-tl willi ii I'm'l 

„i,. riltiu nt' n.iM.'i, Willi niiMniv.s rich.T llum iln-, ihc 

(.„uihuslitni was cvi.li'iiil.v nut rompln,' rvcn afu-i- a 

ilisiaiuT dl' Uli iiiclu's. Tin' iimsimuin Innprrai mv i-i-r 

iM ||u, Imrniiit;' -as,-, was i.hiaiiH'.l willi a fui'l air ralm 

„f u.(Hi. Til»' rniiilinslinn cilii-ii'iii'y inriTa>rs a- tin' 

inlH nir iircsMirt' is mnva-r,!. if the tMUiilnislinn i-lmni 

1,,'r  is ImiM  Cllnu-rll   ill  rac-ll  i-asr  in tliv,' rolliplrlr  ,•,.111 

lui.slioii.    Fur  a  •riv.'Ii  Infill  ul" ruinlnislinii  rliamiin-, 

Ih,.   ..ninliiislinn   i'llirirnry   .imvasrs   as   ihr   air   llll.'l 

vrlurily iurn'as.'s, ami as llir air inl.'l t.'iujH'niliin' ilf 

,.r,.;isrs.   'rili' ruinlmslinii rlViri.'liry iiuiN   ilinvas,' uf ill' 

,.|vas,' as tlic air iuh'l   pn'ssmv  iucivasi's. al  miiilanl 

|,.„uil, ,,|- Hi,. (nimliiisli.iH cliainht'l-, .Irju'inlin-  un  ihr 

typi-ur in.irrlur n.s,',l. llir prrssinv. ami tlir ruiiihllst urn 

,.haiiilirr  U'litrlll.    It   was  funml  thai   ihr  llainr  h'liu'tli 

in Ihr c.iiiliusliuii till«' inrrrasrs as ihr mlrl air vrlur- 

ily   inrrrasrs   ami   as   llir   air   inlrl   Irmprral urr   dr- 

rrrasrs. 
The impurlanrr ul' llir mrllnul ul' furl ilijet't iull was 

iiuliral.'.l   ill   a   l.'sl    ill   whirh   Ihr   Tnrl   in.irrlnr   was 

,.|iaii-r,l In a srt ul' Mnnarrh spray nu/./.lrs.   With llir 

Mmiarrli   mi/./.lrs.   llir   rumlmstiun   rhamhrr   rulllil   lit' 

short,'liril   frum  Uli  im-lics  tu   10  inrhrs  wllril   llir  air 

vrlurity was -111 I'rrl   per srruml. uilhnlll rhan-ini: Ihr 

cunilinsliun I'llirirnry.    Whrn  Ihr air vrlurity   was  itl- 

rrrasnl  tu  1'it)  I'rrt   |irr srruml.  huwrvrr,  ihr  -Id   inrh 

.•oml.lisliull lulu' i;avr ,lrrrrasr,l rmulaisl iun rl'linrnry. 

Tlir Naliunal I'.nrran ul" Siamlanls17 is also nivrsii- 

"■alinir   tlir   lirhaviur   ul'   llamr   liuhlrrs,    A   tulir-illfll 

sipiarr ramji't with onr -lass sidr ha.s hrrn runsl nirtr.l. 

ami  it  will lu- pussihlr to uhsrrvr ihr Imhlrr ami  thr 

llamr  visually  ami   phuturrapliirally.    It   is   plannr,! 

al  lirsl  lu study  liiirh sprrd strrains ul' liumujivminis 

mixliirrs  uf  a  vapuri/.rtl   liytlrurarhoii   ami   air.    Thr 

hldwrrs havr a raparily ul'  1700 ruliir I'rrl  ul' air prr 

ininulr at  a   prrs.surr ul' i'.O  pmimls  prr sqlliliv  inrh. 

-ivin- a vrlurity ul' 200 I'rrt prr srruml ill ihr Inirnrr. 

Tlir slmlirs will   inrlmlr  Ihr rtVrrl   ul'  iniMurr   vrlur- 

ity, air I'm'l rali». »t"' typf "I' I'"1'1 "n »''li"ti uf Hiinu' 
liultlrrs.    It   is liuprtl  that   it   will  lir  pussihlr tu  malir 

inrasurt'iiirut.s ul'  thr ap|iarriit   llamr sprrd. 

Thr Naliunal linrrau ul' Standards is also invest i- 

■ratintr tlir l'uHuwini;-: the prrl'uriiian.'r ul' furl vapur- 

i/.ers, tlesir-ned tu runverl all ul' tlir I'llfl intu vapor by 

Hie ruinliuslioii uf a small I'rartiun uf Ihr fuel; the 

drvelupiiient of euiiibu.st itm rhainlirrs fur ramjets; the 

i-uitiou of ramjets usin- hydruearlion fuels euntain- 

inu. aihlilives: and tlir Irslnpj and prrlurmaurr >■ 
i-xUlinu furl nu/./lrs. Other wurlv at ihr Naliunal Un 

rra 
am 

iTlJumm uf SUui.huds. WiishiutJttm, 0. C; I'- I'- I'"»"'!*; f'"-^'- 
Onlrr NAt'r limit"; AV.WnWn/. 

ran ul' Slandards is disriissrd ill I'arl -. "Furls 

|'ari  n. •• Insti-ii ntatiun." ul' lids  \ulnmr. 

I'unlu,. rmvrrsil\  '- is slndx in- rulltillllu   s prurrss 

,.,,mlnistiun.   wilil   Hie   uli.irrlivr   uf   drtilim-   ll Ilrrl 

,,1    , ihnsliuii   rhamhrr   type   and   shajit'.   fuel   and 

oxidi/rr itistrihllliuii, and I nrl.nlrnrr i-J.n.   A rultlhlls 

li,,,,  rhamhrr  has  I n  drsi-nrd   fur   list'   with   im/./Irs 

„p |,, „l,,,,,! .') inrhrs in diamrlrr whirh will -i\r a Ulli 

fnllll   \rh.rll\   tlislrihtlliltll  arrnss  thr  jet.     ll   is  plallllr.l 

I., hau an  air .-nppl>   ul' -lii.nuil  puumU of air  prr 

I,,,,,,. .,1 .,  prrssinv uf   IT   puiiitds  prr s.piarr  inrh  ur 

lllll.lllIU pminds nf air  prr  hour  at   a   prrssinv uf   hi 

puimds prr s.marr inrh, -ivin- an  air  ll»w   vrlurii\ 

„I' L'.MI I'rrl prr srrnlld. ,\p|ir,i\al for llir rivrllull uf a 

huihlill- lu hullsr Ihr lirrrssary r, pi i pilirlil has jllsl 

I,,,,.,, iverivrtl and miisl rnrl iun shuidd hr tillishetl ill a 

|-,,\N    uihs.   While ihr arraniremeiit.s  fur  the  hiruv 

,,„ul,i|slinii rhailllirr are hrin- ruinplrlrd. uurk Ulli 

I,,, r.u.fi(.,l „ul with a small r.nnlnistiun rhanihrr whieh 

,.,,,,   .irrulillliudalr   nu/./.lrs   lip   lu   :',   inrhrs   ill   diainrlrr. 

preliminary PMN have 1 n madr with this ruinhustiun 

l,|,.|,lll„,,. ;1U,1 h is rxprrlrd that Wt.rk will he slarlrd 

slmrlly mi slmlirs ul' I lie elVeets ul' Inrhiilrnrr. uf 

hnrniim Irn-th as a funrliun uf the mass ralr uf lluvv. 

and uf llamr huldrrs. 
I,, |1„. work on euuilviistiun at   Purdue, it  is plannrd 

l„ nnphasi/r ihr rlTrrls uf I iirhillrnre and of scale.   111 

Ibis ronnrriion it «as Ihou-bl  desirable to earry mil 

some prrliminary small-sralr exprrimrnts.    A   I'.linsrn 

|,,,,■,,,.,. has hrrn ronslrurlrd with a small rod about  1 s 

inrh  ill diamrlrr ahm- ihr axis of thr lubr with  ihr 

,,,„! „f Ihr ru.l in the plane uf the exit uf the lube.   The 

,,,„1 ,,,,,, |l(, ^i-jteil at ihOOO rrvululiuus per minulr by 

„ „„nur, thereby dislurbin- the How of the iras stream. 

||' |||,. initial results ublahied with this apparatus ap 

(M>.U. |,, |„,  pnniiisin- the  method  will  be adapted  to 

lar-e-seale work.   .Methods fur evallUlliusi thr distnrb- 

anrrserratrtl in ihr lluw in--as si rram by the rulalin- 

,.,„1 and uf its rtl'rrts oil ruinhust iun ralr arc brill- ill- 

vest i-ated, 

7. CoMiirsTiuN IN Piqiin Si'K.ws. A study of the 

Ihnnr prupa-alimi velueity in lupdd fuel lofrs is hvuip 

,..,,.,.„,,1 „n at llaltelle Memurial I uslit ule. I'1 It is 

planned to use the inverted llame terlmiqlie, ami it 

was found lirrrssary lu nmlrrlakr an extrusive m- 

vrsli-aliun uf this niethotl in order to uvt runsisteut 

rrsulls.   (■alihraliun tlata, uhtaiurtl with  furl-air mix- 

i-l'ui.liir l'iiivrrsilv. L-ifiiyelte, liMlimiit;  H.-b Outtnt'r: (»Mi 
fonlnu-l   Ml mi ill I. T.t).   1,  I'liMsr-';   f m-hl^ilinl. 

l!'|!;illi'lU'   Mi'initfial   litstilulf,  Culiiinlms. (Hiio;  .1.   K.  Krslrr; 
AAKAMC Ctmlrai-t  W i'/i nils ;„• M-JOU;   V^njul, ntu,l. 
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liin-s wluvsc llaiui' Vflm-tly is known I'rimi nilirr wwns- 

mviiuMils, nrc rxprcssnl irmiihii'ally in n pint of tlif 

rntio ni' lliinu' wlnriiy Id jcl vcliH'ity ij^ninsl ilic uli- 

siTvetl halTan-lc nl' Hie llaiiK'. Tlif IVlors I.M.lin- tn 

iiu'tmsislcnl rcsulls, siieli as hMiipn-aiurr ami hirhu- 

IciuT. have Inn'ii  invi'slijralfd. 
'Hu' Massarhusrils liislilnlr nl' 'I'lH-limilnfiv  is in 

vt'stiiialinir ill«' ijritittnu. riimlnistiiHi. ami llaiiic pnipa- 

nation in liunmLirnroils fuel fliMliIs rid 1. Ill lll'is Wnrk. 

WwsiA furl nn.Irr TDD pmnuls pi-r s.piair itlfli pn'ssniv 

is spray.'il ilnwiistrcain inio a I'mir-iiu-li p.\ iv\ mlir 

ami liml liy spark i^niliun. Air is inlrndnwd umli'f 

|,ivs.smv Pi slmly Ihf I'lVri'l nf air vrlnrily on i-nilion. 

Ijruitioti "as I'airly easily an-oniplisluMl, luii soinr iron- 

blr was I'liiMinntiMvil with I'tit'l uefimiiilaliiisr mi the 

.■Irrtroilrsanil luvakini:-away as-low ini; llliclfi. Thrsr 

ranscil iTi-atir Inirnini: so that Ihr inv-ular llanir 

I-,.,,,,! mU(|t. llanii' spenl hy altflli' nirasmrmrnts ilifti- 

mill. With hiuh .spri'il pholii"Tapliy l 1">IM) I'raini's 

per si'i-omh. llanii' spoeils of live to twelve fret per 

SITOIUI were oliserveil. 
In ronnerlion with the ilevrlopment of >*tt* tnrliines. 

Ihr'rhornton i.ahoratorirs (Hiiiilamh of thr Shell Oil 

Coinpany are invrst i^at in;: the inllnrner of fuel prop- 

..rtirson the eniiiluistioii  proeess  (11).   Of parlirnlar 

interest   are  the  farlors  whieh   inlliirnre  the  liurnini; 

of a furl spray when it  has mixeil with air. hill  it  has 

{„•rn ronsiilrrnl  neee.ssary  first   to study the roiuhus- 

tii.n of the  vapori/.nl   furl   in  order  to eliminatr  thr 

i-timpru-atill<,f  inlluenees of  alomi/at ion  ami  rvapora- 

lion.   Tilt- apparatus  for this work eonsists of a jet 

of furl luirniuj'' in a turhulent air stream in a quartz 

roiiihiistioii  tuhe.    I'siiifJ a irivrn vapori/.rd  fuel, such 

as hutanr. the inllneners of the  followinji' fartors are 

hriuji- eonsidrred:   (a)   Air  fuel   ratio and  air  mass 

How:  (h)   Drsirn  of  furl  uo/./.lrs:  (rl   Fuel  and  air 

tnaprraturr;   (d)   i'rr.ssure.  ahovr and   helow  atuios- 

phrrir;   (r)   Additives.    In  addition, a romparisou  of 

ililVerrnt   fuels   under   frivm   rxperiinrutal   couditions 

will he rarrird out.    After vapori/.rd  furls havr lirru 

invest isi'ated,  a  study  of  the  rouihustiou  of  dill'rreiit 

atomized furls will he rarrird out.   All arruratr mrthod 

of fjas analysis has lieen developed in ordrr to nieasurr 

rouihustiou  ellirieury.    Karh  eonstiturnt   is rslimatrd 

hy frartional rondensat inn and frartional rouihustiou. 

and it has hem fouuil that rouihustiou losses as small 

as 0:1',- ran he drtrrted. 

S.   AcorsTic   I'llKNIIMKNA   IN   ('oMIUSTION,    There 

are two aeouslie plirnoiurna whieh are of iutrrrst  in 

•""'Miissiii-tuisrlls Itistilnti' nl' Ti'i'liiintoR.v, ("iimln-iilKe, Mass.; 
It. ('. Iloltrl; .Itiinl. Spniisiirsliip of llio lUirrau nf Onlmim-e 
.•niil tlir liurt'iiu ol' AoniiiMiilirs imiler Cunlnirls NOnl IKilit ; 
f'mi/fi/cjJ'wf, uml N()a(s) SCiifJ, Hmtriflnl. 

coMnrsTioy 

iiivrstitratious of the eoiuhustiou proeess. The first re- 

lates tu a resonaure eondition a.ssorialed with the 

aeouslie rromrtry of the romliusl ion rhamhrr. In some 

niatuier. ii"t tu«' rlearly uuderstoud. the romhuslion 

prorrss sets up and maintains vihrat ions at a fre- 

ipieilry ronlrollrd hy thr diiuellsioiis of thr system. 

Kxamplrs of this are the well known .sinrini; tlamr. the 

pulsr jet, and rou^ll liurnin^.   The s mil is roureiainl 

with lite use of an ullrasonir tirld as a smirrr of spr- 

riali/.ed ronli-ollril 1 urliulrnrr. The wavelrniith ami 

aiuplitllde, eiirfespomlilljr to the sralr ami illleusity of 

Inrhiilriirr, ran he varied over a wide raiuie in a known 

manner,   t'oiisripirnlly. ronihustiuu phrno na ran hr 

sludird undrr sprriali/.rd. know n lurhlllrnl rondilions 

rather than undrr the more rrnrral Inrhnh'iit rondi- 

limis. produrrd h.v ^rids. whieh are ilifliellll to eontml 

and measure. 

The arousliral osrillalions whieh orrur in hurnrrs 

arc hrinr sludird at I'.a! lellr Memorial I uslitute," ' A 

hlown- feeds a llelmholl/ resonator to whieh nozzles 

of different itillieusimis eau he attarhrd. The tlamr 

hohlrr and iunilrr are mountril in the nozzle. Thr 

arousliral frnpienrirs havr lirru analyzed and have 

heen found to he eonnrrtnl with the nozzle dinirnsions 

and resonator freipU'uey. In a<Ulilii»u. frnpirnnrs 

enuilimu to all three nozzles tested were found whose 

orir-in is nol rlrar at the moment. A note of fm|lieiiey 

about TU eyries per srriind. railsnl hy the tlamr. was 

disrovrrrd. The effrrt of a ehanpr of the resonator 

volume (in the freiiurney was inurli less than thr eal- 

rnlalrd value. I'lider rrrtain rxpri'imental eonditions. 

the most prominent aeouslie phenoineuon eonsists of 

sharp pulses at the natural frequi'liey of the resonator, 

eallnl " iii(if<n'lHiHliu<r," 

Aroustie studies at ISodinr Soumli'ive Company■'- 

have related primarily to the drvrlopmrut of aeouslie 

power plant units, and disrussions of their work will 

|„. louiul in Pan I of Volume 1 as well as Tart 1 of 

Volume II of this series, From the eomhustiou staud- 

poiut. they have rrrornizrd the prineiple. .staled hy 

Kavleiiiii rih"), that heal .should he ronimuuieated to 

the pulsalini;- iras at the moment (if jrrratest rondrusa- 

lion. Their wholr approach has heen from the theory 

of aeoustirs with surh measurements as drivitifi: puiiit 

impedanee. partiele veloeity. phase, and radiatiuil pres- 

sure hein^ made. The elVerts of various aeoustir im- 

pedaure lermiuatious of the eoiuliu.stion ehamher have 

heen studied. 

■"'M'.a 11 rile   Mi'imiHiil   Insliluti'. Cnluiiilnis.  Ohio;  .1,   K,   Koslrr; 
AAFAMC I'oiitrin-I   \V UK Oils ;u- ll-H-;   Ciinfiilfiilial. 

•■■-|'„„|iiii'   Smiiutiivf   CII..   t.us   Angeles   'JS,   ('iiliforain;    A,   li. 
Illlllllll'. 
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COMIilSTlOX 

Tin1 I'ttivi'fsity df Di'Inwiin'"1'" is rniisinirilii'.:-a 7-Mi 

kilneyclc prr SITIHKI nil rasimii' iriMit'nilur with a i|iiarl /. 

I nuiKiltu't'r I'ur '.isr in stiulies nl' rnnilnisl inn. This work 

is in tlir pri'limiiiary slaiivs ami im rrsiills arr ycl 

avail.iMr 

Tin l nivcrsily nl' Wisconsiir'' plans an investiya 

tinn nl' at'inisl ic plii'iininrna as a part nl' tlir I'limliiisl inn 

iTsi'arcli prn^ram. Tlir I'll'rcls nl' snniiil nn tilt' stabil- 

ity nl' a Hmisrn llanii', nn nnniial llanu' vi'lnrily. ami 

nn pis llnw will lie stutliril as a rnnrtinn nl' snillul I'tv- 

(|iii'm'y. snnml inlcnsily. I'lirl air ratin, ami Kcynnlils 

nniiilii'r. Tlir rll'rrts nl' snnml mi tlir Imiimlary layer, 

tlir wall I'rirtinn rnrt'tirirnt, ami 1111x111^ will lir rnn- 

siili'i'nl.   Tlii.s work  is in  tlir rarly ilcsi^n sla^r. 

II. liixn'ioN. Srxcral ral lirr cxlrnsixr invrsl ii;at inns 

uf ifllliliun plirnninriia liavr lirrn mailr, iiirlmliiiL;' tlir 

ritlUiwinr'; (nl iirnilinn liy liraliiig tlir wlmlr mass nl' 

^as; {\i] i«riiilimi liy a liralril snrl'arr; ami |r) spark 

iii'llitiull. Hct'iTi'lU-i's (VA) ami (I'll ri'\ irw tlirsr sln- 

ilirs ami ^ivc rrl'rrrnrrs In tlir lilrralurr. This wnrk 

has rrsnltril in a qnalitat i\i' nmlrrstamrnii; nl' ihr far- 

Inrs imiihril in slatir systrins, lint it has mil hrm pns 

sihlr In (Irvrlnp i|naiit ilal ixr rrlatinlis whirh unnhl lir 

nl' hrlp tn ihr ih'siü'iirr of jrt pnwer plants. Thrrr is 

aliimst mi (plant ilat ivr data nn iriiilinn in llnwini;' 
st rrams. 

The tcinprrat nrr In whirh a mass nl' inis must lir 

hratrd tn iiillitr drprmls mil only im Ihr rnillhllsl ililr 

inixtlirr lint also oil ihr rxart drlails nf Ihr rxprri- 

mrnt, tile size ami shapr nl' Ihr rontainrr, ihr malr- 

rial of whirh I hr rontainrr is made, and ihr rale nf 

hratin^r. Mrasiirnl valnrs nf ignition Irmprral nrrs 

of Ihr sanir inixtlirr may dill'rr liy several linndrrd 

drii'rrrs Cenlir-rade under dill'errnt rxprriinrntal rnn- 

ditions. Throi'rtiral t rratnirnts of this case have been 

ix'wi'W in which tlir hent developed hy Ihr rrarlinn, Ihr 

hrat lust liy romliirt ion, and tlir deerrasr in rniirrn- 

tration of the reartants due In Ihr reaction arr ron- 

sidcred. The resull iiifi' ('(piations have hern siirrrs,s- 

I'nl in i,X|)hjhiiii«r «bxerveti plieiioiiiena in reactions »IOV- 

rrnrd liy I hrrinal condit ions. 

Del ailed studies of the i<:iiitioii Irinpr rat lire nf riven 

coiulinstililr mixt nrrs as a I'mirlion of tlir pressure and 

teiupenitnrr of Ihr mixture have hrrn made. Such sln- 

dies have roiiinionly hern used to ohtain evidence a,s 

to the inrclianisiii of the reliction. It is oftrn found 

for chaiii-liranchinr' reactions Ihi'; the ifjnilioii teni- 

peratnre is hifrii at Inw pressures, thai it lirst decreases 

'»•H'uivi'mity »f lU'luwnn1, Nrwaik, IVIiiWiin1; Kiirl Wold; 
Snlicdiilnict willi fnitcd Ain-nil'l ('iir|Mii:iliiiii, Kiist Hurt 
I'liril, Conni'i-ticiil ;  UnUnl Cinil liict   XOnl IISI.".; Cituliili-ittiiil. 

•'''t'liivrrsitv nf Wisi-uiisin, Slntl'miiri, Wiscuiisiii; ,1. (). Iliisrh 
fi'ldcr;   HiiOid Cmitrai't   XOnl HH.'IS;   h'ftilriflrd. 

In a iiiiniiiinm. thru increases In a maximiim, and then 

drrrrasrs ailaill as ihr prrsslirr is inrreasrd. Thrsr 

phninmrna arr rxplainrd nn the liasis that a cheiui- 

ral icarlinii is not siniplr hut involvrs many separate 

steps, each with its own rate. The overall rate of the 

rrarlinn is di'lrriiiiiinl liy ihe relation lirtween the 

chain hranrhinir and chain lirrakintr proresses, whirh 

w ill hi' allrml as 1 hr privssnrr and Irmprral nrr rhaiiLir. 

h'nrlhcrmnrr, the imlmiinn lime, the time for whirh 

a r'lvrn niixliirr iniisi he mainlainrd at a ^iven pres- 

sure and Irmprral nrr hrl'nrr iiillammal ion ncetlfs, va- 

ries with tlir pressure and Innprral nrr. Thrsr rrla- 

lions are com plicate«! and treat ises on clieiuical kinrties 

may he consulted for details illTi. h'nr jet power 

plants, ihr valur of the iunition leniprral nre is md 

iiiipnrlanl. rxcrpl in starlini; the motor, hrcau.sr ihr 

Irmprralnrr in the comhlision rhamlirr is always ade- 

quate. The indllction time, llnwevec, nillsl hr as slmrl 

as pnssililr. ami a delailed kimw InIL:(' of Ihr iirnition 

proerss mirhl lead to Ihr disenvrry of ways to 

shorten it. 

Ipiition of a ras hy a heated surface, usually a 

mrlal wirr or strip in Ihe comliust ililr mixture, de- 

pends on tlir iriiiprratiirr, size, and material of the 

snrl'arr. The required iirnition temperature is hi«£h, 

partly hrransr of the elTeel of the hijiii tlierinal capac- 

ity of Ihe metal in rcducintf the leinperature in tile 

nearby regions. In addition, the ennceiit rat inn of the 

reading iiinlrrnlrs is reduced ill the re«nons of hifjhcsl 

trmperat nre. Ihrrrhy rrdnrinr the reaclioii rale. 

Ivpial ions can he set up dcseriliinr- this iirnilinn proc- 

ess, lakin<>' into consideration the hrat balance and the 

chanre in concentration of the reactants liy dilVusion 

and by the chemical reaction. Only numerical solu- 

tions or approxiinatr .solutions ran hr obtained, and 

the theory appears mil to have been cheeked with ex- 

perinicnt because nf both mat hemal ical and exprri- 

mriital diriiridt irs. 

Ifrnition by a spark depends not only on the total 

rnerry inlroilnced hut also on Ihe frequency and dura- 

linn of Ihe dischai'fic. The evidence indicates that the 

production of active particles is very inipnrtant but 

that ioiiizalion is inelVect ive in eausinr- ignition. I.an- 

dan (1-1) has invest iraled ignition theoretically, as- 

siiiniiif:- a chain-hranchinr- reaction, and considering 

heat comluctinii and the dill'nsinn of iictive particles. 

As usual, in order to integrale the equations, it was 

necessary to introduce simplifying assniiiptions, one 

of which was that the velocity of reaclioii is constant. 

Lack of .suitable experimental data has nol permillrd 

the equatimi In he checked adequately. The theoretical 

work shnuld he extended to remove some of the re- 

strictions imposed hy the assumptions. 

&}äijjli&?fifiiiflfjj^^frtjft 
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COMBISTIOS 

I   ! 

All tin' nu'tlioils ill' ijrnitiun ilcscrilicd iiliovt' nrc 

used in jrl pdwcr phints, wlicrc il is a malliT nl' vitill 

i-diiccrn Id (ililain I'npiil iiml rclialilc iynil imi. Cnii- 

liiiuatioii nl' past work- ami tlu' cxlcnsioii nf ifjiiilioii 

studies In lIll\\■illii■ st reams arr  nlivimisly  desiralile. 

Tin' 1 >iircaii (if .Mini's-"''' has ivcrntly uiiidi'sifriiilifaiil 

pniüTi'ss in the study nl' the ifjuitimi uf ipiicsri'iit fins 

iiiixtui'cs hy i'li'ctric sparks. (Quantitative i-elatiims 

lietween tile miniinum spark enei-yy fur iiiiiiliim. enm- 

pnsitiim and pressure uf the mixture. I'lceti'iidi' shape, 

leneth of spark frap and elect rie discliai'jre charaeter- 

isties  are  lieiiifi-  de\i'lnped.    Ill   a   reeent   repdl't    (111, 

Lewis indicated the possihility nl' relatiiiu' nnritiiil 

llame velocity and iiiiniiiiuiii spark energy for iLinition 

and pointed mil that such relations, alllmn.eii valuahlc 

are not a siihslitule for a klimvledjjv of the details of 

the iiii'clianisius of reactions. The work on iji'iiilion 

ill the llureau of .Mines will lie extended to include 

ignition hy various means in laminar and turlmlent 

[low. 

Massaehusetls Institute of Teclumloiry"r'i is deter- 

miiiiufr the amount of ener<ty necessary to iiiaintain 

ignition in a vapori/.ed gasoline-air mixture (110). The 

fuel-air mixture Hows down a •'i-inch diameter duct at 

velocities up to :!()() feet per second and is ignited hy 

a heated wire or rod placed nlon«? the diameter of the 

duct. Such factors a.s velocity, air fuel rat io, tempera- 

ture of the wire, and electrical enerey input to the 

wire are i)tnil»' considered. The lirst data have heen 

ohtained with this apparatus. With a ' s-hicli diameter 

rod, ignition is ohtained liy a current How of 1200 

amperes, {rivinfj; a temperature of aliont 2!MI()   1''. 

In connect ion with a study of re-ijiiiilion in a pulse 

Jet, Xew York ['niversily"" is investijiat'111^ ignition 

hy shock waves ('2'2). The apparatus used is divided 

into three sections: a compression cliamher three feet 

lonjr. an expansion cliamher five feet lone1, and a coni- 

Imstion chamlier one foot loiijr. A plane shock wave is 

.sent down the expansion cliamher hy the Imrslhi«; of 

a diaplirajiin lietween the compression cliamher and 

the expansion cliamlicr. A fraction of a second before 

the dhtplmiffni hursts, a slidinj;- plate lietween the 

expansion ehamher and the comhiistion cliamher is 

raised in order to allow the shock wave to pass from 

the expansion chainhcr into the comhiisl ion chamher. 

The cxperiineiits performed  in this apparatus so far 

■"'■'tiiirciin (if Mines, IMltslmrjrll, I'M.; liciiKird Lewis; ONH 
Order OXR.-27-47; Vilvlamflrtl. 

■"''■'.NtiissnctiiiMctts liistilntc "f TwlmnliiK.«, CiiiiiliriilKc. Muss.; 
11. ('. Iliitlcl; Joint S|i(iii.s()i'slii|) (if Hie Hnrc-in (if Ordmtnce 
und the Biirciiu of Acronnntics iindci' ('(intiiicts N'Ord iHKil ; 
Cnnjidnilinl, und NOndO Sl>:ti!, Hvxlrkti-d. 

•"'"Xew Vdik t'liivcrsity, Xew Vovk. N. V.; .1. K. I,. Mnc 
Donald; ON'H Contnict. Xli-dri-ll, T.O.-i;; riirlax.si/iril. 

have heen (inalitative in nature and it has not yet 1 n 

possible to obtain i^nilion.   At present the apparatus 

is beinjr re-designed so that   the < ibusi nie ^ases  in 

the c huslion cliamher can be pre-le  iled. 

/,'. ('oiiilnislinii SI min s in Jil I'mri r I'lants 

Some of the experimental work mi (lames and com 

bust ion processes can he done in laboratory apparatus 

under conditions which permit fairly <nnn\ control of 

the variables and more of this type of experimentation 

should be done. However, the necessity of workiiiir with 

actual power plants before complete informal ion is 

available oil how to desie-n tliein for t:reatest efliciency 

demands combustion experiments in power plants even 

lliiiue-h the experiments must be of an empirical nature. 

The operation of a Jet power plant depends upon 

briniiini; a fuel and ,111 oxidi/er Inirelher so that they 

will react rapidly, or upon brin^ine- a monopropellanl 

into such a thermal condhioii that it will decompose 

rapidly, in every case with the jreneralion of tarjre 

volume* of jras at lii«r'h temperature. 

In a liquid propcllant rocket, this means impin^injr 

two or three liquid streams in a combustion chamber, 

or passing a monopropellanl over a catalyst, or sub- 

Jrrline- it In a heated surface in order to brinfi' about 

reael'on in Ihe shorlesl possible time. Therefore tu 

rockets, injector no/zle design is a problem that is 

important, and dilVerent for the various fuels and 

oxidi/.ers. It is reeoeni/.ed loo, that althone-li the reac- 

tion mnst o'o to completion ill the shortest possible 

time, a Unite time is required. The chamber must be 

hie- eiioiiirh to permit completion of the reaction before 

discharge of products llironjih the no/.zle. and the 

shape is important since it inliuences Ihe rate and 

efticiency of the reaction. Thus the ratio of cliamher 

volume to exhaust noz/le area (1-*) is not the only 

factor to be considered. 

In other Jet power plants, e. <t. pulse Jets, turbojets 

and ramjets, where the oxidizer is air taken in (lurilift' 

Hi^lit, the fuel, which is nearly always a hydrocarbon 

such as "■asoline, kerosene, or Diesel oil, must be mixed 

with a larjie volume of rapidly moving air. The com- 

buslioii must be initiated and maintained under ad- 

verse conditions of Huid How. and this increases the 

complexily of the problems to be dealt with. Il is also 

necessary to cope with a variable air supply due to 

changes in both (light velocity and altitude, and thus 

provision must be made for a correspondingly vari- 

able fuel (low. 

These conditions lead one to a study of fuel injec- 

tors, the mixing of liquids and gases, or gases and 

gases, igniters, and llame holders, to accomplish the 

rapid mixing of the proper ratios of fuel and oxidizer. 
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COMIUSTIOX 

iiiul the nipiil liuniiiiL'- of I he ciilirc nmss. In sum- rasrs 

'I"'  I'"'1'  is t iplcli'ly   ViljHimiul  liflure  it   cnlci-s  Ihr 

coiiiliusiidii fluinihcr.  In i.tlitTs. ii niters iis a  liquid, 

IIHII-C or less hi'Mlfil. and  provisii nisi  he made Cor 

iirwikiiifr the lii|niil streams np into driiplels. then 

t'VHiMiratiii»- these to fonn a eomhn.stilile mixture with 

the air, since eondiustion in such eases appears to take 

plaee almost entirely in the "aseous phase, Sinee the 

ail- How throue-h the eoiniillstiou ehamlier may he IVom 

.")() feel to L'.'ill feet per second and normal llame speeds 

are more nearly 1(1 feet to 211 feet per second, it is 

necessary to u.se a multiple system of ignition snurccs 

to accomplish the necessary rapid liurninir. The ignit- 

ers may he separate pilot flames, electric arcs, or a 

syslem ol' llame holders which interrupt the «fas How 

sullieienlly to produce slower movine' eddies which can 

lie kept hurnine-. The elilorced method ol' cut and Iry 

which is adopted in studying these eomhu.st ion cham- 

hcrs leads to a lar-re amount of expensive experimenta- 

tion the results (if which are often  fruitless. 

.Much of the present work on these prohlcms is con. 

lined to turhojets and ramjets hut is reviewed here 

not only hecause il has a liearine- on the investijnitinn 

of pulse-jets, hut also liecause it shows the extent of 

tile ell'ort heine' put forward liy engineers in the dc- 

sie-n and construction of jet power plants, and may 

indicate the ways in which fundamental research can 

assist in their heiter desie-n and more cflicient opera- 

tion. It is not intended that all of the comhu.stioii work 

on jet power plants lie reviewed here, for some of it 

is only incidentally related to comhustion. 

1.   Liynn  I'KiifKU.A.vr  HOCKKT .Morons.   The  liell 
Aircraft   Corporation-"^  is invest ipit ill"  || {]\v\  „(- 

comhustion cliandier size and slia]ie, and of injector 

desi>rn in order to obtain necessary eneinecriim- data 

(I'd). Recent work has heen coiicenl rated on the evalu- 

ation of the atoini/.ine- characteristics of injectors of 

various conllfiiirations. I'lain oriliecs, iinpin»-inir jets, 

annular oriliecs, centrifne-al no/y.les, slit noz/lcs, and 

lip no/./.lcs have heen studied. The spray pattern has 

limi (pialitatively oliserved hy visual inspection, hut it 

is planned to use hjg-li speed jihotojiraphy in the fu- 

ture. The injectors are tested in rocket motors, and 

their hehavior i.s characteri/.ed hy the ratio of the 

characteristic velocity of the exit <r«Hcs calculated from 

test-stand results to the theoretically calculated ideal 

characteristic velocity. A relatively inefficient nozzle 

fiives a value of about O.S for this ratio. 

The fi-roup at California Institute of Teehuoloey"'1' 

helieve that the development of liquid propellant rock- 

-■,SU('II   Aircraft  ('(irpor.-il imi.   üIIITMIO,  X,   V.;   SUiaH   l-Mlcso 
MnOrd ('(inlnicl, XOrd USTti; Confiiliiilinl. 

ets is serioll.sly hampeml liy hick of knowledge con- 

eerniiie-  the   nature  of  the  comhustion   process   in   a 

motor.   Empirical desifrus have heen based  asmv- 

ments of such parameters as I,*. |, 1). c*. etc.. and the 

validity of the empirical formulae is limited to de- 

siiiiis that are similar.  They wish to umlertake investi- 

.-:I,'"IIS Ibal   will  eive a   ,.,, „vneral  understanding 

of  features such as the (list rilmt ion  of temperatures. 

velocities, and composition i -der to establisl ire 

logical methods for unidine' i-omlmst ion chamber de- 

siiiii. They will tirst study hydrogen peroxide mono- 

propellanl motors eipiipped with transparent wall see- 

lions, where the temperatures will be low enondi to 

be easily measured. Later they hope to work on hydro- 

gen peroxide-alcohol motors, then nitric acid-aniline, 

and perhaps nitr ethane. If possible, the distribu- 

tion measurements will be correlated with systematic 

ehaiiLTes in methods of injection, shapes of combust ion 

cliaiiibcr. etc. The desijrn of the injector has a marked 

elVeet on performance and they are now invest itiat im: 

several aspects of the problem such as droplet size and 

distribution, spray patterns, and velocity distribution. 

2. I'M.SK.IKT .MOTORS. New York ruiversily1''" has 

undertaken to study pulsalhi"-jet engines with respect 

'" (»I llame and particle motion, pressures, tempera- 

tures, densities, and etVects of turbulence: and (In 

water stream analoeies for jras motions in order to de- 

termine eharacteristies of simple theoretical models. 

The accumulated information will be used for theoreti- 

cal treatment.s of the internal ballistics of jet devices 

on the basis of justilied simple models. 

Several models of pulse jets with pyrex side walls 

and plaster of paris or transile upper and lower walls 

have been made and tested (•_)2). These were made to 

provide a way of observiim' file eomliustion process 

visually and photofirapliieally. Some models were 

made with pyrex plate instead of tubiuir in order to 

reduce optical distortion, I'lmto^raphs of the pulsat- 

ine- llame were taken at the rate of 10(10 frames per 

second. A few of these were under satisfactory con- 

ditions of true resonance. It was observed that in each 

eomliustion cycle, a knot of llame called a "flambeau" 

was propati-aled through the tail pipe from the com- 

bustion chamber. It was preceded by a region of 

bnrninu- and after a brief interval of no huniiiifi. it 

was followed by a band of llame. This cycle was then 

repeated, The Hume band increased in lenefli as il 

moved  into the tail  pipe from the combustion cham- 

:,l'r;ilif(irni.-i Inslilm,. „f Tcclinnl.iK'.v, .|,.| Pmpiilsinii I,,,!,,,,,., 
lor.v, I'.-mailcmi. CuliCinihi; I,. (!. Omni; AAF CmitraH 
\V:i:Mi:is .■!,■ -I:!L'(I (tiistr); h'mfru-tnl. 

""New Vtirli fnivcrsilv. New Vcrk, \. \.; .1. t\ I. Mm- 
Dmiiiiil;  O.Mi. ('„ntr.-ict   Xti-nrill,  T.U.2;   rwWd.wi/jiW. 
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her, then remnmed i-inislaiil. Mcivrinnit tliruiitfh Ihr 

syslom hiiii im jivcniüi' vflncily ul' 17.") IVrl jicr st'i'diul 

lillt sniH'rillipnscd (Hl Ihr gfiliillillly ari'i'lrralril  innliim 

was a rapiilly llucUintiiijr innliim witli a tU'liniti' iicrinil 

iiuliratiiifr a rcsdiiant I'ITCHICIICN- dl' l'r-l cyclrs pm* sec- 

iiiul. in (HU' sei of iiicasmvnicnls illusl rat inir ihc miifi'- 

liittuli- nf the (ihscrvcil llucluatiuiis. ihc vclocily (»1' ihc 

llanilicau (hrrcased I'l-nm :l(i'i l'i'fl per sccdiiil In-1(1 IVct 

per si'cdiid in  1..") inillisccdiids. 

.Mdvini;- piclnrcs nl' a lalcr IIHMII'I indicalcd a vv- 

sdiianl rrcipicncy »1' -"'D cytdi'N pci- smnid. which 

airrci's with the usual cslinialc ^iven I'm' Ihc Minijcl 

and is a nidfc rcliahlc rcsnll Ihan ihc value I'll cycles 

uiven abnve. ll was dhscrved lhal ihc llainlicanN ninv- 

iim' ddwn the tail pipe at intervals nf almnl 1 milli- 

secdiids hesitated nnee or twice, and (iccasidiially nin- 

inentarily rev Tscd their dircctidii. The lirsl hesita- 

tidii cdincided with the inilialidii ol' the next cycle. 

The hesilatidiis were iinddillitedly caused by air rnsh- 

in^ hack ill the tail pipe. For this small pulse jet. 

Imnunjr seemed Id he iiiore or less cdiitiniidUs. Ilarinu 

lip nil each successive (•dinpressidll. 

;l.   Trmtn.iKT ('(iMursridX  ('IIAMIIKUS.   The  Massa- 

rhusclts Institute ol' TeidinnldLiy'■'' is dctcrminuiir the 

coinhustidii eriiciency of turhdjet   hurners in order to 

evaluate the desifiii  C-'O).   Temperature nieasuremenls 

at   various points in  I lie cxhaiist   cases are made hy 

means ol' tun^slcn-mdlylideiium t herniocduples and the 

results show  anniilar  rin^s of  hut   and  cold   regions 

iudimtiuj,'  a   persistence  of  thermal   uniuised  condi- 

tidus in the ediiihustion  products.   I'reliniinary  pilot 

\xns sninpllnji of the pnuiuct   has conlirmed this eon- 

elusion. That mixinc- is not more complete as far down 

the stream as the no/./.le is snrprisiii.u- and has led to 

further fundamental work on the luixiiifr process.  The 

calculated  values of the  temperature  of  the exhaust 

jra.ses do not afi'ire with the temperatures ohserved by 

a probe.   It  is felt that  a temperature probe in a pis 

slream will not frive satisfactory results if the ehenii- 

cal reaction is not eoniplete.    ll  is planned to subject 

the instrument  to a chopped stream of hot  and cold 

•rases to jjet some idea of the ell'eel of turbulence. 

The condition of the air at the inlet tu ii lurbo jet 

eoiubustor not only iullnences ensrine operation, hut 

also jilaees an altitude limit on the operation of the 

(iirbojel engine, ('onseqiiently, the Xalional Advisory 

Committee for Aeronaut'.es11- is sflldyiuir the ell'eel of 

''■'MMSS-U-IIUSIMIS   Insliliitc   (if   Twlimil(!g.v,   (';iiiiliii(li;c,   MUSS.; 
II. ('. l[(ilt('l; Joint S|i(iiis(ir.slii|i nf llic Humui »f Oidicoicc 
Mild llic Hnrc-iu (if Acniiiiiiilics iridcr ('(inlriicls NOnl IMilil ; 
Vonfrd.fnlml, und N();i(s) mili'i, Hrslrifft'tl. 

''•-Niitidiinl   Advisdi-v  ('(iinniitlc.'   I'of   At'nm!Ult«'H.   '''lii;!!!   I'm 
IKilsidii  Rcsciirdi   liiilmraldrv, ('U'V(diiii(l, Oln»;   A.  M.  Hdtle 

roftc. 

COMHISTIOX 

the temperature of inlet air. velocity of inlet air. pres- 

sure ol- inlet air. fuel air ratio, conibustiou chaiiiber 

pressure, and ciimliiisl ion chamher temperature on the 

operatinir Performance of the eniriue and the eombiis- 

li,,ii eflicicncy  (21i.   In one test  with a  111-1'. cuirinc. 

whose air c pres.sor operates on a :i:l  eonipression 

,,.,,],,, n ■•,!,.,1,1 hand" at 20,11(111 feel altitude was 

fonnd between the air compressor speeds of (i.")()() revo- 

lutions per niinnte and ll.'.'dl) revolutions per minule. 

The temperature developed by the ciiiiiiie at OK) 

revolutions per minute drops below TOO K and stays 

helow TIKI K until the speed reaches 11,000 revolu- 

tions per minute. Within this raupe, the leinperature 

is mil lli»-ll enough to keep the fuel ie-nited, and of 

course the cniiinc will not operate. In the IH-XH en- 

pine whose c(imprcss(ir operates at a -1 :1 eomptfssiou 

ratio, the minimum temperature necessary for the 

smooth operation of the motor is somewhat bipher, but 

except for this its overall operation is mucli belter 

than that of the lH-lä engine. 

In other tests, nsiiie- 100 octane pasoline as a fuel, it 

was   found   that   the   combnstion   efticiency   increases 

with increase in the speed of the turbine, with increase 

in the teniperatcre of the entering air, with decrease 

of the air inlet   velocity, and  with  increased air inlet 

pressure.   At a constant  turbine speed of It),000 revo- 

lutions   per   minute,   the  eomliust ion   efticiency   drops 

from  Uli',   at   a  sininlaled  altitude of 'J-UHMl   feel   to 

(if)',   at a simulated altitude of -IT.000 feel.   At a eon- 

stant simulated altitude of .-iö.OOO feet, the eombustion 

el'tieiency  drops  from  7S',   at   1-1,000  revolutions  per 

niinnte to -11',   at   10.001) revolutions per minute.   In 

hiph altitude operation, in addition to the (liflieidty of 

maiiitainiup combnstion and the impossibility of ob- 

lainiiiir hiuli eoiiiblistion eflieieney, there is a  further 

dil'lienlly of vapor-lockinp in the fuel uo/./.le, which is 

also beiup studied at   the  Klipht   I'ropulsion  Kesearch 

1 aboratory. 

All extensive study of the elTect of eombustion eham- 

lier  e-e,,inelry  on  blow-out   limits  and  on  eombustion 

el'ticieney has also been made by the National Advisory 

('onimittee for Aeronautics.   It is outside the province 

of this report   to discuss the (lesi>rn of turbojet   com- 

bustion chambers.   However, it may be said that emu- 

bust ion chaiiiber desipu requires a compromise between 

»■«ml buriiinp and pood mixinp.   it is possible to adjust 

the desipu parameters of the combustion chamber so 

that I he combust ion efticiency will be preater than !H)'; 

over tin entire raupe of permissible temperature rise, 

for piven conditions of inlet air pressure and tempera- 

lure.   These eflicicucics can not be realized, of course, 

over the raupe of altitude at which a eombustion cham- 

ber must  operate. 
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COMIilSTlOX 

I. HAM.IKT ('(IMIUSTIUX ClIAMllKKS. Till' nmijc't 

wiil'k ill ('onsdliiliili'il Vulhv Aiivnin ('iii-|Hi|-Mlioii. 

DovviU'v, (';iliriirniiil'':i, is lar^vly ditlli' llluliT till' 

lU'.MULKHKK pniji'ft. It (•(IIUTI-IIS ililTuscrs, I'ucl 

injci'tors. iiiul IliUiu- ImldiTs. with Ilu- niiu (if i'xtciuliufi: 

tin' limits ill' air fut'l ralius I'lir siiumtli Imniin^ ami 

I'lir ri'ijiiiitiun in case of llanii' lilnw-niit. 

In thi'ir IS-incli ramjrt, the I'liiuluislinii cliamlu'r lir- 

yond tlir iunitrr is almiit .'i |'i>t»t UnifT miii IS iiu'lics in 

diami'li'i-. I>y Mililiiiji- the fuel nut llinniiiii tin' usual 

spray system hack nf ihc ililVuser hnl llirmiirli an an- 

nnhir niifr whicti sprays it nvcf the snrfaee of the 

"spike" at the front end of the ililTllser. it has hecn 

possible to ohtain an operating filli«re of air fuel ratios 

(with either ira.soline or kerosenei of 7:1 tip to liütl, 

where the stoiehioinet rie ratio is ahniit 10:1. This de- 

siii'ii also peni'.its the use of air xeloeities tliroiiiih the 

rear of the dill'nser ahead of the iirniler up to :!0I) feel 

per seeond. whereas previous designs were limited to 

Kit) feet to IM) feet per sei-ond. It is believed thai at 

the optimum air fuel ratio, it may he possible to in- 

crease the air velocity up to (1011 feet per .second and 

still maintain smooth combnstion downstream from the 

(lame holders. 

Consolidaled Vullee Aircraft Corporation has made 

a detailed study of the funetioninir of fuel injectors 

of various types. This work- has involved any nf all of 

the following tests: visual studies, tLsillfi' water in place 

of gasoline: samplinc- and analyses of mixtures both 

upstream and downstreain from the igniter without 

(ifiiifl the iirniter: bufitiiiK tests with particular atten- 

tion to air/fuel ratios, llame pressure measured im- 

mediately upstream from the ijrniler, air .speeilic im- 

pulse, stream thrust at inlet, and fuel injector pres- 

sure drop: and general behavior of the burniiifj' with 

regard to ease of startini:, ease of handlinu'. range be- 

tween niaximum and ininimum air'fuel ratios which 

ean be ignited once the llame has been extinguished by 

use of an improper air fuel mixture (the '■gale""), and 

the range of air/fuel ratios over which smooth Imnting 

ean be maintained (the "meadow"). 

Consolidated Vullee Aircraft Corporation has also 

worked on several types of fuel injectors oilier than 

the annular spray over the spike of the dill'nser. One 

preferred type which has been designed is the reeircu- 

lating "vortex spray no//.le" which with the aid of a 

eonstant-dill'erential fuel pump will give a maximmn- 

luinimum fuel ratio deliven of'JO:!. This gives, there- 

fore, a "2:1 advantage over what is required at dill'er- 

enees in altitude between sea level and .')(),()()() feet, 

where the air pressure dill'erent ial is 10:1.   In order to 

'''■'H'cinsuliilMtcil    Vullee    Aircnift    ('or|Miriiti(in,    Dim-ney,   (';ili 
forum; ('. 1!. Irvim'; MuOrtl fmitriiiM NOnl IHWS; 11,-xlni-lril. 

i;i'l basic information for this type of fuel injeelor. 

a single-tubi', single-open in«!' fuel injci'lor has been 

studied in a stream of air traveling at •'!00 feet per 

second. The injector can be rotated through :!fi0 in 

the air stream, and the fuel is forced out under HO psi. 

[>y varyiiiH: the size of the opening, one can ilelenninc 

the fuel jet penetration into the high-velocity .-lir 

si ream at different angles. 

Another phase of the burner development work with 

respect to fuel injection studies is the delerniinal ion 

of the percent vaporization of the fuel. The rate of 

evaporation lias been calculated from measurement of 

the lemperal lire drop in a non-burning air stream, as 

siimiiii; thai ihis drop in lemperalnre is caused solely 

by the latent heal of vaporization, from the practical 

point of view, there is need for belter atomi/.al ion. 

more rapid evaporation and more uniforni mixing of 

the fuels in high velocity air streams, Uasic studies on 

these phases of Ihe injector problem Would be of con- 

siderable assistance in the desiirn of satisfactory fuel 

inject ion systems. 

In work on llame holders. Consolidated Vullee Air- 

era f I I 'orporal ion has invest igated the following types ; 

can. rod. catalytic  ( pi,''ini/.ed asbestos i. surface com- 

linslion  'refractory irre.si. gutter. Cornell  Hake, and 

Ihe spark-iguiled pilot.   More recently they have been 

working on a new design of combined "inner-body' 

iuniter and llame holder for a ramjet  which is to op- 

erate at   .Mach  No.  1.1  up to '1.0.   It  comprises a  per- 

forated   cone  about    I   feet   long   with   rounded   apex 

pointed   upstream  just   below  the  dill'nser.    The  base 

of the cone tills the entire cross-sectional  area of the 

IS-inch ramjet.  The fti.'l is sprayed into the upstream 

end of the cone, and the perforations, which  increase 

in size toward the cone's base, admit  the air from the 

dill'nser.  This design will permit an air velocity at the 

rear end of the dill'nser of about :!ö0 feel   per second. 

At   the  Consolidated   Vullee   Aircraft   Corporation 

Lone Star Laboratory'''1 a great deal nf work has been 

done on the design, construction, and testing of injec- 

tors and llame holders for an IS-inch ramjet.  This has 

been entirely of an empirical nature, the results with 

one model being used to suggest elumges for the next. 

The best model of fuel injector which they have tested 

comprises an  annular  manifold   located   outside  and 

around the eircumference of Ihe ramjet  with a series 

of   radial   tubes  leadinu'   into  a   corresponding   series 

of tubes inside the  ramjet  and   parallel  with  the ail- 

How,   The down  stream  ends of  the  tubes  are  eon- 

neeted   to  another   annual   manifold   tube,   both   the 

'OCoiisdliilMlcil Vullee Aiivr:it'l ('iir|mriiti<in, l.oni' Slur I.MIMUM 
loiy, Duiucciliclil. Texus; .1. E. Aiuuld; HuUnl Coulru.l 
XOi-il IMWS; Hrttriflfd. 
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COMIirsTIOS 

loii-jritiiilimil tulii's ami tin- iws'uU' Miinular ring iH'iii}.' 

pr(i\ iilcil witll siniili (ipcniiiiis fur iliscliiirirr lit' tin' 

fiu'l in a laruv nniuluT ol' plaws. Tin1 liest tlaiiif ImUli-r 

ami igniter, ralii'ii llic Cnnit'll linke, is one wliieli lias 

ten linrninu: [»owiler ehar^i's, which are tired elevtri- 

eallv ami which imrn for 4.') secmnls, Six ol' these 

eiiarizes are held in small steel cylinders which ha\e 

snnllower-shaped lingers at the dnwnstreaiii end, and 

are arranged radially hetween the central izrnnp nl' 

I'lnir and the wall ol" the chandler. The •rroup (if four 

are honsi'd ill an extensinn id' the dill'nser. The Hares 

imrn downstreani and ignite the air-Tnel titixttire 

which comes frmn farther npslream. The Lime Star 

Lahoralory is now makinir a collection of inforination 

and photographs of all the types of tlainc holders and 

fuel in.jcclor.s which have lieen tested, and will inclnde 

a discussion id' ahout 7(1 varieties id' each. 

An igniter to he sneeessfiil nnist furnish rapid, 

smooth, and fimul ignition over a svide I'aiiLie ol air 

find rat ios, and succcssfnl redirnit ion over a wide ranjre 

of air fuel ratios to take can' of the frcipienl condi- 

tions in which the llame hlows out. In eonncelion with 

the study of iiniilcrs. information is needed coneern- 

iiifT the teiiiperaturi' of the exhaust ^ascs dnrini; 

smooth Intniitijj versus duriiiir roniih Imrnini;-, a method 

id' mnkiu« point-to-point iiieasurcinenls of the fuel 

distrilmlion and of the tlame dist rilmt ion. and of the 

teiiiperatnre distrilmlion Imth down the length of the 

eoiiiluistion ehaiiiher and across its area. 

A comhination "ducted  rucket" and ramjet   power 

plant is heitifl develojied h.v Conscdidated Vnltee Air- 

craft Corporation. Downey, ('alifornia,'''-"' in which the 

i>riiitioii and tlame holding is provided hy a small 00- 

pound  thrust   ethyl  alcohol-li(|iiid  oxygen   rocket   lo- 

cated at  the center id' the upstream end of a ramjet 

eomhuslion ehamher which  is  Hi  inches in diameter 

It has heen found that placing the rocket inside a duct 

produces an  angmenlation  of   l.T.'i   times  the  thrust 

which can he ohtained hy the rocket alone, and adding 

gasoline to the stream of air drawn in hy the rocket 

Jet produces an augmentation of o.O times the thrust 

ohtained hy the rocket alone.  The hope is to gain im- 

proved fuel economy per pound of thrust, and a higher 

thrust eoetlieient, hased on liurner ehamher area, over 

that which could he ohtained hy a ramjet id' similar 

cross-sectional   area.    Kurther,   it   is   hoped   that   the 

ducted  rocket   will simplify  the comlnistion  prohlem 

at high velocities, hecause the rocket will act as a con- 

tinuous igniter, and the rocket exhaust will  increase 

turlndence   ill   the   ramjet;   and   thus   produce   hetler 

"•VmiSHUtliiteil Vnllcc Aiivviil't CiirimnilHiu, Dmvm'.v, ('Mi 
foniiii; ('. H. Irvine; AAK AMI' I'out rar t W IIIMKIS no M.V17 ; 
liest rift cd. 

hurning of the ramjet   fuel.   It  has 1 n  foil".;  ihat 

igiution of the gasoline-air mixture vvil' l.iKe place at 

;III air fuel ratio of Tod. and satisl'-vtory hurning has 

I,,-,.,, carried down to :!ö:l. the i esent limit of the air 

supply eipiipment. In due ■ mrse the rocket will lie 

changed over to gasoline '.Mpnd oxygen, and several 

rockets will he placed in the ramjet, in an attempt to 

„lilain a specilic impulse of ISli seconds (aliont (UHH) 

feet per second gas velocity at the ramjet nozzle i. 

Very little theoretical work has heen done on dueted 

rockets. It is possihle to make performanee analyses 

using tlie equations for the conservation of momeiitum. 

energy, and mass from a gross slandpoint, hut not 

from a point-to-point analysis of conditions in the 

duel. 

The   Cornell   Aerouantical   Lalmratory,li;   has   lieen 

carrying on studies of various tlame holders, including 

the Whittle tnrliojet. airfoil, and inverted cone types. 

The Whittle type Haine holder has good  ignition and 

hurning qualities hut causes a high pressure loss.   Hy 

cutting the holder down until  it  was only a   fraction 

of its original length, the loss was decreased while the 

other good properties were retained.   The airfoil type 

holder was heiter than the other types tested with  re- 

gill'd In ignition properties and was good with respect 

to hurning properties.   In addition, its losses were low. 

However, since it was attached directly to the chamlier 

wall, it caused warping due to unequal heating of that 

will.   The cone type llame hohler was  found  to give 

good   ignition  and  Imrning,  and   when   properly   de- 

signed, it caused lower loss than the other types.   The 

cone   llame   holder  was  therefore  chosen   for   further 

aevelopment.   The cone angle and the niimlier of holes 

for  tlame exit   are critical  and  must   he  determined 

empirically  for each specilic use. 

Experiment. Itle."7 has studied and developed sev- 

eral typos of igniters lor ramjet liurners. Some of 

these have heen of the hydrogen-oxygen pilot tlame 

type, hut nitric acid-aniline and liquid sodium igniters 

1,'nve also heen investigated. Others have heen igniters 

of simple geometric form such as cylinders, spheres. 

Mud cones which are heated electrically. They have 

noted that very small variations in igniter and liurner 

design have great intluence on the eoniliusl ion. Kven 

small irregularities caused hy the lathe in turning out 

an igniter may have a notieeahle elVcet. The critical 

/one for initiation, stahility, and the suhsequent propa- 

gHtinn of the tlame seems to he the point of separation 

MiWncll Am.mnttU-al Uilmmlurv. HulTnU», N. V.; .1, U. H.-td I 
Sutwontnu-t with rm-tiss-Wnnht I'm-iim-ntioii. Air|ilnm' 
llivisimi,  UuOnl Cmtrn.-t  NOnl SSHtt;  ('olifiiU'«<ull. 

'•"Kxpcnnicnl, Im-., Hu-l.moml, Vir^inin; .1. W. Mullen, It; 
UllOril ('(nitrncl   NOnl »"ötr; Colipili-nlml. 
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VOMIH'STIO.X 

dl' the How I'nmi tin- i^nitff. 'I'licy arc (•oiivinci'd lltal 

llit1 main lacturN in ipiiiiimi aiT acrinlvnaiuic imi 
clinniral. 

Tlir work at tin- I'imvrsity ufHuullicni ('aliriii-iiiai;s 

(Hi snlisonir rainjcls has Itci'n i-arried (in I'nr aliuul 

two ycai-s. Funv inotlcls haxc liccii (Icsi^ncil, built, 

ami li'stcil. Ihr I'ttcl in each case lirin^- »'asdliiu', Tflii- 

pcralni-cs up tn L'Sdl) V in the ^ns slrcatn liavc hct'ii 

(ihtaincd. They arc c-leulatcd indiiTcl ly liy measur- 

ing the exit prcssni-c id' the rxliauM yn.scs. The 2(1- 

inch jet should prndufc a Icmpcraiiii-i- (d" almut 

:iJOII   K. but since an air  fuel ratio of 2(1:1 «nves endy 

about  S.V ,   ( bnslidn  cflicicilcy,  the  maximum  Icni- 

peraturc is not reached. 

.Much of the work- oil the .sidisunic ramjet has been 

in cduncctiiin will: tlame bidders, tor lllaiutailuu^>■ cdiu- 

bustion has been one id' the most serious prnblems. 

The present preferred llame bolder is a riiifr with a 

V-.shaped cross-sect ion. Tbi'ec of these are arraiiücd 

(•onccnti'ically with the apex td' the \' aimed upstream. 

The apex is punctured with a series of small boles 

lo penult  the inlrauce of the unburned air and  fuel. 

It kii« I II '.'(innd thai  the dimension id' the opi u end 

id' the V is critical and that it must be approximately 

one inch across. Lai'ffer and smaller dinicusions have 

Tailed to iiiaintain eonlinuous cdndmstinn. The llame 

holders are best located a few inches ilmviist i'cam I'rom 
the diffuser. 

The Standard Oil Develponienl ('(aiipanyll:' is con- 

cerned primarily with the development id' a satis- 

I'aetdry six-inch ramjet engine and cdiiscipienlly all 

elTorts are directed toward that end (12». Kach com- 

ponent has been varied in a cut and try manner to pro- 

dnce the best composite design. The Mldwinji- specilic 

problems have been invest i-ialed in cdiineclidn with 

eombustor development : (a) I'nel atomi/.al ion ; (h) air 

velocity distribulion in the ditrnsei'; (e) ran.uc of air/ 

fuel ratio for buniiujj:; (d) iiutiation of eoinbustion; 

(e) maiidenauce of cdiidiustidu ; (f) eil'eel of varying 

-Mach numbers I'rom 1 to 2: (o-) scalinj:-: (h) elTeet.s dl' 

small departures from desifju; (i) weieht and drajr oi" 

the conduistor; and (j) pmhlems of coiidiustion wall 

beatintr. (ieneral burner developmeut and improve- 

ineut is coidinuinii' with partieulai- emphasis on turbu- 

lent feed to the pilot or (lame bolder stufte and on the 

iuelusion of a second bal'lle or llame holder to aid in 

the ifjnltimi. With regard tn the clfeet of .scale, it is 

felt that a  larjie unit   is easier  to construct   than  a 

smaller one. not only because it is easier to suppurt 

ciiinbustion with more ijrintidn points but also because 

certain parts do not have much latitude in size varia- 

lidi and small units carry igniters which are as bi" 

as 1 ho.se used in lar>jc iiuils. 

The Slandard < dl 1 )e\clopment Company71, has put 

into opcralinn a I'nel .spray noz/Jc test stand to study 

the behavior of nozzles in couueetiou with liipiid I'nel 

invest iiral ions, since fuel '-pray characteristics are eon- 

sidered an inipiirtanl variable. A laboratory-scale 

liner-lype biiruei i I'uiict ionally similar to the (;. K. 

Type 1-401 has provided for slndics at hifili-oiitpul 

coMdmsl ir.h. Kcprodneiblc spray distribnl ions have 

been obtained. Several bijrli output burners have been 

developed. In one of these burners a heal release of 

:!."i million I'.TI' per hour per cubic foot  was oblaincd. 

Kurlber de\'clopmcnt work is beiu«,' carried out on 

liijidd I'nel burners lo provide for studies of fuel type, 

pressure, and t nrbulcnee at higli-outpill condit ions. 

I'iXpandcd le.sl I'acililies will include steam cjcclors to 

create vacuum for low-pressure ■), ration. Studies id' 

spray nozzle performance are beinjr continued, in an 

allempi to correlate spray cbaraclerisi ics with burner 

opei-at ion. The more I'nndamenlal work now in pro- 

irress incluib's studies of the ell'ects of eombustiiui pro- 

motcr.s. pressure, and diluent prases other than nitro- 

jicn, on llame stability. 

At the I'liiled Aircraft Corporation7'. experimenlal 

work on a small pilot burner is planned, to study the 

I'nndamenlal cbaraclerisi ics of Ibis type of burner and 

to familiarize the personnel with its operation. The 

elf eel of various wall temperatures and of various finds 

will be studied. Several typical burners desijiiied by 

other ore-anizalions will be tested in the variable den- 

sity burner .stand. This stand consists of a dud 12 

feet lone- connect iiiir a hifrh pressure lank, al an abso- 

lute pressure of Kill inches of mercury, and a low 

pressure lank, whose absolute pressure can be varied 

down to S inches of mercury. The air capacily of the 

cqiiipmenl is 1100(1 pounds per hour. A llame holder 

and a nozzle can lie located in the duct. This study is 

intended lo extend lo various altitudes the work on 

these burners performed by other people. 

Wrifiht Aeronaniical Corporation7- has available 

for combustion studies, in conuectidn with ramjet eom- 

biislion chamber development, two lest  cells, one of 

'^Cnivcrsily nt' Ktmthci-ii ('ntit'tiniia, I.n.s Angeles, Ciilifoniia; 
If. T. IVViiult,;  liuAer Contract  XÜa(a)  7."i!iS; Ciiiifiilrntiiii. 

'"'Sliiiidnid Oil l)cvcl(i|Miiciil ('iiiii|i;div, Kssu l,;ilmiMliincs, 
Kliziihclh H, New .Iciscy; ,1. P. honifwcll; HuOni Cimtract 
NOrd iiaaii; Cdiijiilcnluil. 

""SUnidMiil Oil lli'vclopiiu'iil ('iiin|i:iiiv, Kssu I-iilmriitorU's, 
Klizidiotll 1'., New .ler.scy; W. P. L.-ikin; ON H, ('lint rm-l N'li- 
urilHii,  T.O.-l ;   fnclusxifiiul. 

"M'hilcil A in-IM ft ('iii-|Mii-Mtiiin, lO.-isl ihirll'iiiil. Ciiiimvticul ; 
.1. (!.  Lcc;   HiiOiil  Cciili-iicl   XOnl  SKH-lä;   Cniijulmlml. 

'-Wiiglit Acriiii.-inl ic.-il ('(u-|ioi-:iliiin, VViintlridgc, New .lerscy; 
!•:.   Pierce;   AAI''  Ciinliiii-t   WilH-dllS iicll U.'i   (iri.HirO ;   it,- 
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wliii'h has hfim usi'il fin' lire tfs|in«r nl' tlaiiic Imlilcrs 

and  injfclnrs and  ll tiler  fur lllc .study uf the i)|i. 

I'rattmi ol' i-onddistinn (•hamlicrs as I'miftinns ul' vai'i 

nus  paranu'li'i's, siiiOi  as densitv  and  air  furl   rain. 

COMBISTIOX 

When a ni'W ilcsi'jn nf tlaair Imldcr nr inji'dnr slmws 

prdiidsi' in lllc lirsl cell, il is |ilaci'd in a ciiiiilinst icm 

rhamhiT in llic second cell and Icsled as a cianplclc 

ramjet. 
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