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NATIONAL ADVISORY COMMITTEE FOR A.ER0NAUTICS 

TECHNICAL .HF.:MORP.NDUM NO. 1112 

\ 

THE EFFECT OF TURBULENCE ON THE FLAME VELOCITY IN GAS MIX'l'URESl 

The present report deals ,,,i th the effect of turbulence on the propa­
gation of the flame. Being based uI)on experiments vith 1amlnar as well 
as turbulent Bunsen flames, both the .physico-chemical and the hydxo­
dynamical aspects of the problem are analyzed. 

A number of new deduc t10n8, tnteresting from the point of vtew of 
engine combustion and other very rapidly changing flame reactions, are 
made. 

SUMMARY 

1.: By use of the Bunsen burner method on various pl'oIJane-oxygen mix­
tures, a number of flame velocity mea surements ,,,ere mad.e in the range of 
Reynolds numbers Re:: 612 to 17300 (referred to j.nside diameter of burner 
tube)) so that the appearance of the turbulent Bunsen flame could be com­
pared wi th that of the lamlnar. The inside di ameters d of the employed 
tubes I, II, and III .Tere 1.385, 2.18, and 2.718 millimetere, respectively. 

2. The laminar Bunsen flame burned completely without noise. It 
showe d a sharply defined bell-shape flame surface, the base of which ex­
tended a Ii ttle over the insid.e cross s0ct10n of the ollrner tube. The tip 
of the cone .TaS rcunder!. off vrj th a curvature racLius of the same order of 
magnitude as the luminous thickness 5 ~ of the f:a.t'1e eurface itself; the 
thickness of the lumino'us zone 0" vTaS measured from tim.e to time just a . ...., 
Ii ttle belm'T the cone tip end amounted to 0.10 .:l:0.02 millimeter in all 
the laminar tests. 

3. The turbulent flame vTaS recognized acoustically by loud whistling. 
The zone of the flame, ,.,hich 1n its base , also extended over the internal 
cross section of the burner tube, was no 10n8er sharply defined, but 

1 "Der Einfluss der Turbulenz aUf' die Flammengeschwindigkei t in 
Gasgemischen." Zeitschrift rur Elektrochem1e und ange,vandte 
Physikalische Chemie. Vol. 46, rio. 11, Nov. 1940, pp. 601 - 626. 
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vashed out. The zone s ,,,ere no l onger b e ll--shape except on the n arror··­
es t tube Ij they wer e a lread.y r ather b olt--shape on the vrider t ube II, 
and on tube III its upper part "Tas c onsider ably enla r ged ,vi t h 1'3 iJp e C t 
to its base . 

4. From the boundary surface s of the t urbulent flame zon o, (won 
t hough blurred, the existing maximum and minimum flame v8 10c j. t i e s , 
wf max and ~Tf min' can btl 0-pproxilhately ccmjlUtt: d . 

vTi th exception of ~vro tests the minimum f lame speeds -YT f mi~l 

agr e8d conSistently ",ith the correspond.ing flame spoed. "Tf l f or l ma.i nar 

flow. The t vo unsuccessfu l t ests can, hOvlflver, be interpre t e d l jku·"is iJ. 
W 

At sma ll Reynolds numbers ·the r atio f max incr lj asos (tubo I and. 
I '''f min 

II vri th Re :.:: 2.300 to 5000 ) approxim(~ t e ly proportiona lly to ",' ne a t LLl'GO 

Reynolds nllmbe:;.·s (tube s II and III "ri th Be = 5000 to 18000) apprcAj-·· 
ma t e ly linearly \-lith Re . 

5 . The the ory of l mainar; stationary flame zone is briefly dis.,-· 
cussocl. The t erms "prepar at ion zone ", "reac t ion zone ", "ignJtion t em­
per a ture ", "ra t e of chemicul r eaction ", and "f lmne speed, "are expl aine d. ' 
and the ma thema tical r e l {-).tions existing be bre en the sG qucmtJ ties 0..0-­
duce d. Numer :Lcal va lue s f or the quantitie El a r e c iven on the basis of 
the oxper imental ma t eria l. 

6. The mean chemj.ca l de composition ve l ocity in the; r lJo.c t ion zone 
81110unts to about 0.2 mol of fuel per cubic c enti me t e r timt, s sec ond~·: 

in the t ests , ' so that every fue l molecule r e ce ives approximate ly 105 

impulse s b efore being comple tely burned. 

7. Comparison of the 
r eaction zone s, IV and 
es tablished luminous zone 

compute d thicknesses of the prep a r a tion anci 
o~, r e spective ly} with the experimenta lly 
thickness cr., gives the f a irly arbitrar y 

o 
alternative : .the ignition t emperature ' 7) Z :::: 500 C in the flamo e ithe r 

a gr ees approximat e l y vrith the autoigni tion t emp eratures de t e rmine d f or 
t he pa rticular mixture by the method of adiabatic compre s s ion or with 
the Dixon burner a rrangementj in which case 0L :::- 0v + OR; or else vTi th 

~' z·::: 200'0 C the i gnition t emperature in the flame lies c onsider ably 

lowe r than t.he cited autoignition t emp er ature sj in which case 0L;:: ~. 
The second possibili ty app ears more lU~e ly at the present time . Inves;- ­
tigati.0n of the intensity distribution of the i ndivid.ua l emission spec­
trums in 0L would a l so afford insight into the time sequence of its 
occurrence and thus contribute consi dera'bly to the e lucldo.ti on of th~1 

chemical r eaction mechanism in the flame . 
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8. The propagation of a laminar free jet is numerically estima t e d 
after .an article 'by H. Schlichting and found to be compelete ly ne gl igi -­
ble for the interpretation of the laminar Bunsen cone. HoweVer} the 
experimentally observed laminar flame cones do not completely agr ee in 
form with cones computable on the assumption of a parabolic ve l ocity 
profile a~d equal flame speed at every point of the flame cone . The 
discrepancie s can be explained. Directly above the burner tube rim a 
hori~ontal} outwardly directed · flow must exist, which can be numeri- · 
ca lly appra ise d} and. which effectively prevents air fi-:om the outside 
be ing diffused into the cone of the flame. 

9. Prandtlfs characterization of the turbulence of a flow by hTO 

numerical quantities is briefly outlined: by the mixing l eng th l} 
which indica t e s the appr ox imate magnitude of t he turbulence b odie s , and 
by the exchange quantity e , ' which, as a tY]?e of dHf usion c oeffi Ci en t., 
permits a quantitative sta tement concer n ing tho amplifi ed tra nsport 
pr ocesses in turbulent flow. vii th the s e t wo quanti tie s the turbulonc e 
in the fre e jet issuing from a tube orifice is munerically e s t ima t ed, 
it i tself be ing divided into a nuclear zone '-Tith the flm., and turb u··­
l ence propertie s as in a simple pipe (explored by Nikurads e ) and a b or-­
der zone with particular characteristics (investigated by 11. Tollmie n ) . 

10. The theoretically conceivable influences of the t ur bulence on 
the propagation of f lames are discussed. Two types of t urbul ence vi th 
totally different effects must be di s tinguished: "coarse- body turbu­
l ence with a gr eat mix ing l ength compare d to the thi ckness of t he l ami-· 
nar combusti on zone} with r oughened and ultimate ly sca t t ered f l ame 
front, in which, as a r e sult}the surface of the flame is enlarged} and 
the flame speed r ef erred to the flow cross section rise s beyond the 
laminar value wf l' On the extremely "fine-body" turbu l ence '\oli th ver y 
short mixing l ength compared to laminar flame zone thickne ss} ther e is 
no roughening of flame surface. On the other hand} all transport pre­
ce sses in it are greater; hence also the rise in turbulent flame spe ed 
Wft beyond the laminar wfl' which is} accordin'g to the formula } 

The va lues of W ft computed wi th it (averaged over the total' f 10'\0' 
cross s e ction) are only about 30 percent higher than the experimen~ 
tally established maximum flame sp ee ds in the turbulent flame. Hence 
in the t ests} beslde s the rough--body turbul ence, the fine- body turbu:' 
lenc e also must have played a partj especia lly since the greatest mix­
ing l engths in the three burner tube s- amounted to 0.11, 0 . 17}and 
0.21 millimeter respective ly, while the luminous zone thickness 1vaS 

fixe d at 0L= 0.1 mi llimeter. 
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For the combustion in the Otto-cycle engine the coarse-body turbu-­
lence is likely to be decisive, although its effect is as yet unpre dj.ct-.. 
ablej because turbulence bod.ies of the order of 2 = 0.1 millimeter can 
be produced only for gas issuing from very narrOl., flow cross sectJons, 
and such are always to be avoided for reasons of the high flow resist- · 
ances involved. 

11. In turbulent interchange or mixing prbcesses it is always nec-·­
essary to distinguish be tween transport lengths that are greater or 
smaller than the mixing length 2. In the latter case the Prar.dtl inter-· 
change quantity is eff (:;cti ve only wi th a fractiunal ainount of its macro­
scopic value e. 

INTRODUCTION 

The earlier reports on flame speed ( iffil:ltion velocity) in gas mix·. 
ture s deal exclus ively "'ith the propagation of flames in static or lam-­
inar gas flm., (in the bomb, in the pipe close d. at both ends, in the soEjp 
bubble,or in the Bunsen burner, etc). The reports further define the 
physical and chemical inf luences (pressure, initial t emperature, type 
of contain~r valls, chemical composition of initia.l gas) and attempt 
to explain the phenomenou of flame propagation theoretically and from 
it deduce physical and kinetic reaction data. 

But not one of these reports contains any information about the 
propagation of flames in turbulent gas flm." although this case is of 
considerable importance for the techni~ue. In the Otto-cycle engine, 
for instance , flame speeds of from 10 to 50 me t ers per second occur, 
,.,hich are due solely to . turbulence effect (measur(?d relative to cylinder 
head), that is, from 10 to 100 times the amount of the value measured 
on the same gas mixture ",i thou t .turbulence. ROl.,ever, it 8 t11l remains 
to be explained whether these high combustion speeds in the engine are 
simulated by gas masses that flow faster than they burn or whether r eal­
ly higher flame speed.s are involved, the cause of which might be found 
in the turbulent motion, but likely also in dynamic gas effects. 

'1lho little knm.,ledge of the influence of pure turbulence on the 
flame speed may be' due to the following causes: in the first place 
it is difficult to identify the turbulence of a flDY' quantitatively. 
So far this has been successfully accomplished only for the deVe loped 
turbulence in stationary flow. (Cf. the fundamental· works by L. 
Prmldtl and his school as well as the more r ecent British and American 
wind-tunnel investigations on the subject. ) On top of that these re­
ports are scarcely kno,vn to engineers and physico- chemists interested 
in the problem of flame speed. 

J 
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The subsequent report is a first attempt to measure exa9tly t.he in­
fluence of turbulence on flame propagation and to interpret 'i t theor eti­
cally. To this end comparable f lame speed measurements were ma de in 
lami nar and fully developed turbulent f low on various uniformly f 101.,1ng 
gas mixtures. It is true that the l a tte r case corresponds only 1n part:: 
to the conditions encountered in the Otto engine, but it also makes it 
possible to give numerical data on the state of turbulence of the flm., 
which are indispensible for a (leeper insight into the processes involve d. 

The theoretical treatment of the experiment~~l data begins with the 
development of the general theory of the stationary flame zone in l omi ·· 
nar flowj then follov the numorical data on preparation zone, reaction 
zone, ignition temperature, and chelilical reaction speed. in the cone of 
the laminar Bunsen burner, the enlargement of a lami.nar gas j e t issuing 
into the open and. the form of Buncen cone burning in it, quantitative 
appraisal of the conditions of turbulence in the free j et in the light ) 
of the Prandtl school, discussion of the theoretically conc e ivable tur­
bulence eff ects on the flame speed, and lastly, comparison 1-r1 th the 
t est data of the present study. 

TEST METHOD lIND TEST DATA 

The measur ement of the effect of turbulence on flame propagation 
in a flowing gas mixture is predicated upon the numerical data on the 
turbulence . 

The only method. of flame speed measurement in which definite and 
we ll-knovm flow conditions exist and in i-lhich wall effects are also ex­
cluded as far as possible, is the Bunsen burner method. Here a flame 
cone strulds stationary in an open jet that issues from a burner tube 
and in its core still manife sts the S8lUe turbulence as the flow in the 
tube. Very carefully executed measurements of turbulence in pipe flow 
are available (reference 1); While the turbulence in the boundary zone 
of the free j e t, as investiga ted ma thr-!lnatically by W. TollmJen (refer­
ence 2), showe d good agreement ",ith Gottingen wlnd--tunnel measurements. 
Through these studie s the turbulence in the free jet is known. 

Admittedly, the simple burner tube has the drawback of a locally 
dependent flm., velocity and turbu.lence , hence nece ssitates integration 
over the entire flmr cross section. But then the turbulence is Immrn 
and need not be measured first. 
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2. Experimonta l Setup 

'l'he s e tup, is diagramma tically shown in f:i.gure 1. 'I'ho g:-W0S f rom 
storage tanks AJ,. and A2 pass, at first, separa t e ly across thv bubb l (; 
valve s Bl <-md B2 (wi th controlled immersion dE!pth ) fille d "Ti th "ratur or 
mer cury, depen(ling upon the flow ve loc i ties, into the calibrat 0d flc"r 
me t ers stl and st2 • From there they pass a cross the pre ssure- egu n.l -­
lzinr, flasks Dl and D2 and the r od.ud ng va lve s Vl.. and V2 into t lje mixing 
piec o 'r, t oppe d by the actual burner tube B. Pressure fluctll ll, t j one Wf; r & 

avoide d by tho c ontrol of valve s Vl and V2 in conjuncti on wi t h f l aGks 
Dl and D2 ; henc e the flame burne d. perfectly st: l1. A gll'J,Ss tLl.be B (80 
mm i n diamet er, 300 rom long) slipped over the burner proyi ded :)l'ottect:Lon 
o.eains t draft. The dimensions of the brass burner tubes 13.1'8 g i ycn :i. n 
~!tble 1. 

Tft.BLE 1 

DI MENSI ONS CF B"(}RNEl~ TUBES 

Tube 

L_ Diametor'_ (mm~~'-'---'~ -_._ ... -_.- _ .. ---" , 

I 
Outside i Ins ide "Jall thic;wass ~ i 

I a t mouth d 1 
I I -----.--- -- -'-.-.. _-- ·----1 
I 2.0 i 1. 385 I 0.30 361 I 
I 4.0 i 2. 18 I " .. 11 229 I 
I 5.0 I 2.718 I .• 60 368 I 

I I I __ .. ___________ .1 

I I 
I 500 

I 1000 

II 

III 

Tub (:o' fiI: I and II ,vere t aper e d at the uppor end over a 20-mi lUme t er 
l eng th s o tha t the outs j.de diameters and hence the "raIl t hic lm0G£h3s d '-~,­
crease d to the f igure s c i t e d in the t able . The relative entrance 
l eng ths ~ exceed the va lue of 150 and 50 necessary to produc a deve l -.­
oped floll se ver a l timAs over in l amtnar flm" (refor ence 3) a s we ll a s 
in t urbu18nt flmv (ref er ence 1). The se l engths "\fe r e i ntentiona lly 
chosen gr eat er in or der to ons'ure comple te; mix ing of tho eao(;; S, ,.,hi.eh 
"TaS fur t her a ided by the T piece. In the pre lJ.minary t e s t s the flame 
cones ne cessF.u'y f or the ca lculation of the f lame speed were measured. 
di r ect ,,,i t h t he small t e l e scope of a cnthe t ometer, in the princi.pal 
t e sts by photogr a:phic r ecording and 8ub sequ(m t measuri ng of the posi t i vo 
pr i nts. A s ca l e near the burner ori fic e (f i g-,: 1) was e l so photogr aphe d 
(1 divi s ion = 1/ 2 mm). After considerable tr.'Lals the J\fga-Kontrae t 
pla t e 6.5 X 9 squar e centimeters provod the most suitable , 
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3. Experimental Gases 

The gases consisted of variouB blends of technical oxygen a~ld 
technical prop aJle , .,hich is e ssentially a p!'opane-butane m:i.xturo: ,:;on-­
taining about 6 percent of unsaturated hydrocarbons (olefins). It 

7 

might be suspected that More rapid vapo:ciza tion of the easiEJl' boil1ne 
propane In the original steel flask ,vauld gradually em.'1ch t he r o[ t of 
the butane; but tM.s was not . the case 3,S prove d_ by s e veral moli.lr ,voight 
cleterhlination8~ ,-1'1hich, 'while manifesting fluctuations, indica t (; d no 
syst.ematic time process. It is like ly that the 1nferior d:i..ffus :L on coef';'" 
f:i.cj ent of the fluid propane-butane mixture provided for pr(1.ctlca ll;r 
tota l vaporiza tion on th0 surface of the liquid. The me.:m Bole vr .. ) J ght 
of :9ropane in ~he tests ",as M:: 46.1 ±o.5 corrcspo:;nd:;.ng to ~ 11l" OP:j Yl0 

content of 85 - 5 percent, if the r est is reg£:rded a s bUtC1ll0 , 

The Reynolds numher in the bur-ner tube was compute d by menns of 
the visc0sity of the gas mixtures with tho apparatus shown In fi gure 2. 
It consisted l argely of a glass tube spiral of about l -·millimebr :irJSide 
di3l1leter. The entra nc e l ength. AB .TaS a:l)out SOO . mJllimetol's, .the a ctua l 
t es t l ength BC, 1000 millimeters. The flovr is 19lnina r a t Re ynolils 
numbers l'Dl'!ging b e tween 100 and 500, hence the follm.,ring r t31a tion f or 
pressure drop be t\~'den B and C; 

L\p :: k '~ G 
vThere 

1; d,vn!1mlc vj.AO OC:L ty 

G f 1o,", volume 

k constant 

The l a tter ,.,a s empirically determined by calibration measuremento vri th 
pure oxygen a t 1~7X13xl04',lVi th 1)02 = 2.0SC xlQ:::4 grams p Eir centi·­
me t e l"'""l second - 1 • 

The r e co!'de d viscosities ar(:;: r eproduce d in table 2 and fi gure · 3; 
they were a ll made a t 18± 10 C \ori th a propane of densi ty 

1.92 X 10~3 grruns per cubic centime ter (M = 45.9). 

4. Experimental Results 

The subsequent data refer almost oxclusive ly to the principa l 
t e sts, because in the preliminary t e sts in which the flame cone s ",e r e 

~With the Kahl e type gas sweep obtaine d from Linde IS Eis1lla.schinGn 
(Hollriegelt~kreuth, n ear Munich). 
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mea.sured vi sua lly "i th cathetome t e r , the ext ent of d:tsper sion of the 
observed flame ve loc i tie s amounte d to 20 percent, a s agains t less than 
± 10 percent on the aver aged ma in t es t curve s (f ig . 5) . ParticuLrrly 
uncert a in i n t he pre l imi nary t e sts was the gag ing of the blurred t urbu-­
l ent f lame zones , s i nc e the fi e ld. of vision of the sma ll t e l escope c ov­
ered onl y part of the flame j Ifhe r eas the posi t i ve print of the :.pho :~o·­
graph s in the principal tests always pre s ente d. the ent ire flame and mrtd.o 
it much eas ier to identi fy individua l zones . These zones were then oui:r·· 
l i ned by penci l and measure d wi th the t e l escope of t he ca t hetom8t er. 
The photogl'aphs of the i ndividua l flames a r e r epr.odu ced in figure J+ and 
t abulat e d i n t able 3. The f larlle phenomena obt1" ined were cUstinc tly 
dlfferent, c1ependt ng upon whether the flm, in the burner tube was J.mnJ .. · 
nar or turbul ent . 

The l'3Ildnar flmr (Re« 2300 ) burnt absolutely without noiso. It 
r eveal ed a sharply defined b ell-shape f l ame surf e.ce, the base of vThich 
extended over the interne.l cr oss section of the burner tube. The tip 
of the cone vas rounded off wi t h a cu.rvature rmUus of the Be-JUe ord.e r .,' 
of macni tucle as t he t hickness of tho luminous flame SUl':.':' L.':;~. This 
luminous cone thickness Ifas measured from t ime to time ~;l'.et a l~. ttlG b e-
16:\0; t he t ip of t he c one an d ranged between 0 . lo±O. 02 mnli:m~ter through-­
out a ll l aminar t est s . 

The turbulent flame (He x> 2300 ) was accompanied by a. l oud 
whistle. The zone of flame , which in its bas0 also extended over the 
internal cross section of the burner tube, ~vas no longer sharply de·-· 
finccl bnt blurred . Only the narrm,est t ubE; I disclose¢L a bEi l l .. sli/l)e 
f orm; on tube II it became bolt-shape and on tube III the upper p[J,rt 
Ifas a l ready consltiel'ab ly wider than a t t he ·base . 

Fo:~ tte qUi.1.."1.t::.tati ve interpretation. of the tes t deta the flame 
velocity Vlf (em/sec) averaged over the flame cone vas calcnleoted.; i t i n~ 
dicates t he syeed a t 11hieh the flame burns agains t the statianaxy gas 
flovl. According to Gouy the follmling relation (referense 4) is 
a)pUcable : 

IoThere 

G amount of gas supp l ied to burner, cubic centimeters-per second. 

F surface of flame cone, square centimeters 

Hi th F computed. as the surface of a body of rotation by Pass-J.s t 
t heo:cem F = 2n:R IS from the l ene th S of the envelopir.g line of the 
combustion cone outl ined by pencil and.. the distance F: t of:i. ts center 
of gravi t y from the center l ine, the outer or inJ.J.er bound.ary slITf9.ce 
of the flame zone can be used as a -Dasls . The former served in the 
preliminary tests because i t 1,as easier' to measure by the vis1..~a!. 

observation of the flame, lv-hile in the principal tests one fla.11.e 

J 
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velocity each ,.;as de termined for both luminous zone boundaries, the ::'n-· 
t ention being to e valuate laminar and turbulent ~osts as nearly a~ike 

9 

as poseible. Closer examination of fi.gure 4, especially the c (1nrparis on 
of photogra:phs 49 and 50 ,-ri th 51 and 53 reveals that the turbulent flame 
zone issues from the laminar in such a manner that the bOLmdar~; su~cface8 

of the lami nar luminous zone shift farther apart and at the (' -:'ome t::'me ;-) Er-­

C01;1e hazy. But in the t urbulent flame these fairly distant and, in 
addl tion, blurred bounclary surfaces are the only defini to areas that can 
be measured and l)oth of them must therefore be considered if a GOI'lel-ihat 
quantitative picture of the total flame phenomenon is to be secured. 

Both boundarie s have, moreover, a physical sig.'1tficanc e also; the 
innel~ is the locus of the speediest combustion, the outer, of the slovr·­
est combustion. The slmlest flame velocl ties of the turbulent flame 
for all three tube s agreed with the flame velocity f or lamenar flow 
(identi cal mixture presumed) according to table 3 and figure). This 
r e sult is very obvious; for a flame ve locity slm.er than f or lalJ1j.nar 
flm·, can be visual:Lzed only when the initial gas, before its complete 
c omlJUstion is (1::. L,lted by incombustible gas 9.d.di tions (for instance, 
p roducts of combustion) , vThich ,vould be conceivable in the upper parts 
of a flame for strongly turbulent mixing motion. This condition prob­
ably takes part in tests 52 and 45 w:lich alone fell out of line. 
Possibly the "marg inal turbuleQce " of the free jet e:x:erts here such a 
de lay ing effect. In test 52 vTf min is smaller than the corresponding 
laminar flame veloci1y (cf. fig. 5) and test 1~5 disclosed an irregu-

l!f ma..x . 
lari ty in the ratio::... ._- (cf. flg. 6). 

vf min 

So, since the ratio 
vTf max 

is a measure for the increase ; . 
>Vf min 

in flame velocity due to turbulence, it was plotted in figure 6(a) and 

6(b) against the Reynolds number Re 
ud 

of the tube f10"T and against 
v 

The graphs show: for 2300< Re< 5000 (1.385 and 2.18 mm tube 

dl'arneter),' wf max ~ . increases approximately propc'rtionately t o ,.; Be, 
wf min 

for 5000 < Re < 18000 (tUbe diameters 2.18 and 2. 78 n;m) apprQximately 
linearly with Re. For the present, these ' e4perimentally obtained re­
lations should be regarded as approximate formulas, because of the mar z.d 
scattering of the test points. 

LaRtly, it may be mentioned that vThen using a . burner tube of only 
500-m1llimeter length and 2.718-millimeter diametr.-r, hence vith , a 
relative entrance length Lid = 184, the outer boundary of the turbu­
lemt flame zone revealed from --·ime to time single, plainly distinguish­
able gas bodies, vbich burned 'by themselves. But this phonomenon was not 
repeated on the twice-as-16ng "tube III. Therefore the entrance length 
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of the 50o.-mtlHmeter tnbe vTaS a11parently insuffJdent for cOlllplete lllix-­
ture of the origtnal gaEes. 

III. THEORY - DISCUSSION OF TEST DATA 

1. Theory of Stationary Flame j.n Laminar Flm., 

The flame front is divid.ed into a preparatory zone ( in the litera···· 
ture usually t ermed "p:ceheating zone ") (refererce ) ) and a r eac t-1ml zone . 
At the boundar y surface of these two zones the ignition temperature .-iJ z 
prevai ls. ThJs demarcat.ion is also useful as approximatIon for the lUod·­
orn conception of the combustion processes; for these a l l.rays h8.ve , as 
chaIn l'eactions , a certain ind.uotioIi. -period. .• d.uring "'hich the lIl.i.xturc, 
-by forming or diffusion of active :tute:cmediate lJroduets as vrell aElby 
heat input, must first be propE.J::'ed for igni tion. lieTe tho entire chem:i:­
cul decomposi tj.on remains at firs t <lui t ,e small, usually less than 1 1101'-­

cent. At the place of the ignltlon teIJ1..peratul'G '~z; the concentratJoT1s 
of the active chain carriers and the reaction velociMes of the h1.cUv1rl­
ual elementar~' r eac tions hays by then become so great that the total de·­
composition velocity sud.denly speeds up: here the reaction zone start s. 

Onl;y in one respect de the mo(iorn conce:ptions shm,{ an essentia l 
difference from the earlier ones: the ignition temperature may not. be 
regarded as a charac terist:ic physical constant of the initial l1lixture, 
as pointed out by Jost and Von MUt'fling (reference 6). Net ther can the 
igni tion t emperature 'l:J z occurring in the flame on the border betvreen 
preparatory zone and reaction zone be expected to agr ee ,.,1 th the ieni-­
tion t empera.ture s that are o·btained for the sarne initial mixture by the 
Nernst method of adiabatic compression or Dixon IS 111lrner tube . It 13 
In:ely that the ignition temperature {; z in the flame t8 l~;H e r, because 
i gni tion t akes place under more favorable condi Uons than in tho other 
t1vO cases, in ,:'hich the intermediate products necGssary for ign:L t:ion 
must be formed purely thermally. In the preparatory q.;,one of the flame, 
on the other halld, these substances are snppli0d by diffusion from the 
reaction zone. Thus the nevI thermal formation of ac tJve ·substances can 
b e smaller or be absent altogether. That the diffusion rlm.,. of these 
active intermedia te products against th~ actual gas flmv is substantial, 
has been demonstrated, by Jost. and Von MU:rfling . 

The conditions in the flame front in stationary floyl are defined by 
the following e<luation system (refe.rence 7 ) ~ , ConsGrva tJon of momentum: 
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Cor~ervation of energy: 

o = QU - di v (cp 0~ ~ di v (-/-. grad'~) 

Conservation of atom type: 

o (4) 

vrhere: 

vr flovr velocity 

P d.ensity 

p pressure 

{; tempera ture 

cp specific heat of mixture 

A thermal conductivity 

Q heat of reaction 

U chemical reaction s:peed (mol/cm3 sec) 

n , number of mols of the particle type j per unit of volume 
J 

'\) j stoichiometric conversion factor 

D ~ diffusion coefficient of the particle type j 
J 

The solution requjree the integration in the pre:paratory zone ,,1th 
U = 0 and in the reaction zone with UfO. 

Assuming the same total pressure at all pOints · (which holds good 
accurately enough in 'the slm" combustion of normal flames, but not in 
detonation processes, of course) and limited to one-dimensional flm", 
equation (2) cancels and ~ is simply defined by the equation of cnr~' 
tinuity 

P li = constant 

subscript a denoting the initial state. 

P w a -a 
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Lastly, there is the equation defining the laminar flame velocity 

"'fl = I~al (6 ) 

Integration of equation (3 ) over the preparatory zone (U = 0) be­
t1 een the initial state cat 
z) at x = 0, ",here A.-~ 

dx 

x = -co and the point of iqni tion (sucs cri p t 
= 0 for x = __ 00, gives 

wi th cp O.enoting the mean specific heat of flowipg gas between ·3 a 
and -a z. Assuming the thermal conduc ti vi ty in the prepara tory z~ne as 
being CODl3te.nt, or computing Io,i th a sui table average value A. = 11., the 

integra·tion of equation (3) gives the t emperature variation in the pre--
paratory zone: cp Pa ![a x 

-----
e (8) 

(als(.. given in referenc e 4, p. 20). From this a thicknes s Jf the pre­
paratory zone 0v., :;; -x can be estimated when assuming for this x, 

-8 -,, '~a 1 
for examp Ie : --- = -100' 

1S z --3 a 
It t hen yields 

-2 :;:: 
. cpPa~a (-ov) 

x: 
or, ",ith allowance for equation (6 ) : 

'" 5A. 
oyv ---------- (10 ) 

The thickness of the preparatory zone is thus reduced to the deter -· 
mi nation of the laminar flame velocity "'fl' Unfortunately it has not 
been possible up to nm" to check the thus computed values of 0v by 
actual experiment. But they ,,,il1 be useful for the und.erstandlng of the 
turbulence effect on the flame velocity. 

An integration of equation (4) ( there is one equation each-for 
each type of molecule ) over the preparatory zone would result in re1a­
tlons similar to equation (7 ), except for the concentrations nj sub­
stituting for temperature -a and the diffusion ccefflcients DJ re­
placing the thermal conductivity A.. Several additional assu~~tion8 
WOuld even afford equations corresponding to equation (8), and which 
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would, de scribe the penei;.ration of the active intermediate products fr(')c,~ 
the reaction , zone into the preparatory zone, so far as a ne .... , thermal 
f orma tion of these intermediate products in the prepara tory zone itself 
can be excluded. 

'Import.ane; TOT e;ne suosequ ent study is the integration of 'i, l.at ' :Cj 'X3.­

tj.on (4) lihich r ef ers to t he fue l particle i tself (SUb 88:i~ipt b :;' D.dt~e,G. 
of j), the integrations being directly extend.Ad to cover the entire 
fl8.!lle zone, or preparatory zone -}- r eaction zone. No"" if the s toichio­
metric conversion factor for the fuel particle is standardizeo. to 
1)b == 1, t hat i s, if U indicates the number of mols of fue l per vo lulTle per 
uni t tiffie converted at a point of the reaction zone (vi t ll l! "" 0 ::'n tilE 
preparatory zone as b efor e ) , and it is borne in mind that at ooth l.i.m::'t;:; 
x =: -o{x~ ·. ov, respectively), and x = OR (end. of reactiGp. zone) the ex"-

pressions 
dnl) 

Db (jy di sappear, and further that nb = nba at start aLd 

nb =. 6 at finish~ 

nba lia = 
r, OR 
, U dx = 

j 
(11) 

or "ri th equation (6 ): 
-co 

(12) 

U represents the mean chemical reac t i on speed (mol/cr:13 sec fuel ) in the 
reaction zone . Hence U is directl y l inked ,OTi th the thj,clmess o.f the 
r eac tion zone OR and the laminru" igni tion vel ocity wfl' Na turall}',. 

equati on (12) c oulc. also have been posted immediately f or cont i Il{.li ty 
r easons) but this method affords a better picture of the phY8ical Yic:'.v 
points that :playa part. in the solution of t he complicated system of eqwil.­
tiens (3 ) al1d ( 4) ·byapproxin:;ation. In the p r eparatory zon e it ';ms t.he 
t emper a ture risel ; in the r eac t ion zone it HE!:S the disappearance of the 
fuel with a mean Chemical conversion speed U. 

The r e l a tion ensuring the continuous connection beti'lsen reaction 
zone fu"1d preparatory zone i s obtained as follOlvs: putting, similar 
t o A. Eucken (ref eren ce 8) 

ile . - V z 
f 

lFor "Thich r eason the earlier repm~ts a l,·rays spoke only of the :pre­
heating zone, ,vher eas the t e rm "preparatory zone " fits t he natm'e of the 
phenomenon much be tter. 
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f signifying, for the time being, an open numerical factor, b'..lt which 
cannot be overly far from unity, and ·, Be dendting the t er1llJnal co.ml)usti on 
t emperature . ThIs becomes apparent on the actual t emperature curve in 
the flame zone, which is plotted to scale in f igure 7(13.) and 7(0) on the 
basis of subsequently computed numerical values. From (6), (7) and (13) 
the thickness of the reaction zone follows 

f x A~(tle-=--8i ) 
oR = ---------------- (14 ) 

cp Pa wfl Caz -' -Sa} 

Elimination of oR from (12) and (14) leaves essent.:.ally a relat.:.or.. 

'between flame ve10ci ty wfl' thermal conductivity A
Z 

and me.an Ghemical 
r eaction sp6ed U: 

Naturally, equation (15 ) can alsn be solved with r espect to Uj hence U 
in the laminar flame can be obtained from exper imentally accessible quan­
ti tie s . 'This ::!:ill be done l ater, at "\,hich time it will also be consj.d­
ered ,The ther U in the normal flame is actually so smalJ,. that -- f'£0ill' thE; 
pure kinetic reaction point of view - still substantiall:' higher U 
va.,.lues can be vist:.alized, which should appear then, for eX8l'uple , in det~ 
nation processes. 

Formula (15) is essentially agreeable wi th the relations of J ouge t, 
Nussel t and Daniel, but rather than aSS1.IDle a specia1 la", for the chemical 
reaction speed U, the factor f is introduced. 

2 . Numerical Values f or Preparatory Zone, Reaction Zone, Ignition 

Temperature and Chem~cal Reaction Speed in the Cone 

of the Laminar Bunsen Fiame 

The data f or a mi xture of 15 percent propane and 85 percent oxygen 
are according to t he foregoing test data and the literature, r espective­
ly, as follows: 

molal weight: 111 := 31, .• 1 

density: Pa= 1. 52 x 10 ~ g em'·3 a t N. T.P . (=760 IUIil Hg, and 00 C) 
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i nitial concentration: nba = 6.7X 10-'0 lllol/c.m~ fuel N.'l'.P. 

flame ve locHy: .'fl = (300 ± 30)C11/se :::) a t N;.T.P. 

::'ni tial temperature : ~a == 00 C 

terminal temperat.ure: ve = 30000 C (hypothetical value ) 

::.gnition t enrperatm."e : t-z = 5000 C a.TJ.d 2000 C; r e spectiyeJ.y 

near.. t emp erature in preparatory zone: tJ :: 2500 C fu'1d. 100 0 C, 
respective ly 

Since it 10[.;\,8 not possible to make e;r.y predictions about the ac tual 
amount, beforehand, two i gnition temperature s vere tentative l y assumed . 
The specific heats Cp Hers additively computed from the mol heats D-o 
of the singl e gases. The assumed values 8-1:'e cont ained in table 4} in 
which thE) lirni t of error of the propane values v a s lntant:_onall./ I:'lt 
V8Y'Y high: 

! 
i ·va C 
I _ 

! ! 
i-- -.-. -.----1- . 

\ 100 
I 250 

0-0 .. , (reference 9) ! , 
.::.p . ~ l.cp propane - CD mixt1..u~e 
cal/mol grad . cal/mel grad ca .i/mol O 'f:i.d 

-----i---------.-.-- .. ----- -~ ... - -.-- . - .. --------- ---.- -----.J 

I 16.4 ± 3.0 : 8. 54 ± 0 .4.) i 
! 24.8± 4.0 10.1 ..;: 0 . 60 

L --'--._-- ____ ---L _ __ . ___ _ . ____________ . __ ---..: 

Q " mixture 
J:' 

Hence for the numerical values 
3~· .1 

at i} 1000 c: cp O. 25 x 0.01 cal --1 grad- 1 :: ::: g 

V :: 2500 c: cp ::: 0 · 30.:.: 0'. 02 cal g -1 gl'ad- 1 

The tne-Tmal conducti v i ties of the mixture ';Tere computed addi ti v e l;:: 
from the values for the pure components by means of the following 

1 Chemi cal :rng . vol. III, 1 j) . lO~ ei ve s f 0:1.' 3270 C for CI:4) C
2
li6 

and n-Cs HIO the mol/heats .G.u :: 12. 6J. -> 20 . 98 -> 38 .0, hence the value 
26 :t: 5 f or pr opane at the same temperat.ure is enti!~ely p l al:sib l e . For 
o C the propa..."1e value was assume d a t . .e:p::: IJ± 3. . The Q.p values 

for temperature s between 00 C and 3270 C are l inearly interpolated. . 

I 
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( -1 -1 . -1 ) th l' 't n'umerical value s A- in lecal m h gra. , e 11l1l of erJ:'Ol~ b e ins 
again made very vide. 

TABLE 5 

.. -----.,--.--------t---------
·il C'c i 

1 "------ -... -.-- ---- --: 
A- propane 1 A- O2 

I 
I 

100 i 
200 i 

0.027 

I A- mixture J 
± o .oo;I--~~027 ±-~:CG:--I 

i ! 
0.027 

I .032 ± . 002 ! 

I I , . 035 ± .003 i 

.031 

.033 

I 
250 I 

I 

.040 ± . 015 

~047 :1: .020 

. 044 . 006 
2 

± 500 I 
- .- --L 

. 80 ± :040 . 049 ± . 010 

Hence f or A- in c, g .s. units: 

5000 :::(136 ± 28) -6 -1 --1 -1 
1'3 z = (' A-z X 10 cal om sec grad v 

a -
9) 10- 6 

1'3 ::: 250 A- ::: (97 ± X 

200
0 

_ 6 

1'3 z = A-z (89 ± 6) X 10 

0 _6 \ 
fJ ::: 100 A- ::: ('7<=; ± 2) X 10 1./ 

i[i'romequation (10 ), (7), (12 ) , and (14) then foll ovr for t:te t ,va 
assume d i gnition t emperature s fJ z ;:: 500 and 2000 C the d.a ta of table 6 . 

IFor propane, A- lieS linearly interpolated oet',reen 0.013 a t 00 C 
and. 0.080 at 5000 C. The first f i gure ,.;as interpolated from the s erie s 
CH 4 , C2 H6J i-C5H12 ,.;ith A-::: 0.026 -.> o. 0155 -7- 0.0105 (Chem. Ing . I, 1, 
1933, p . 323) and is in agreement ",ith the Landolt.-Borns te i n data . 
The value 0.080 at 500 0 C ",as e s timated from the kinetic ga s f ormul a 
A- ::: ~c '* 2* PC1, (c* , mean molecular velocity, 2* , me an free 1·rave }.eneth, 

cl, effective specific heat (cf. reference 8, vol III, 2 , 1925, p . 92) on 
the assumption tl1at at transition from 00 C to 5000 C the express ion 
l C +:-z 0" P is doubled (exactly as for oxygen, uhere the eff ective s~gec if i c 
3 
heat C1 r emains practically constant) ancl that Cl is tripled. 

2For oxygen, A- at 5000 C is not known, for nl trogen, ;i. t i s 0.040. 
The oxygen values are a little higher on the whole ; so the v a lue 
0.04·4 ± 0.006 is probably correct. 
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T.ABLE 6 

f ~~ 1--- ~:--.- ~ g!);m~~ -[mOl ~;~l/ c:~r- := ·------ -1 

Lot~;:';::~3· (;~;~~:l;f::::.=r;:c~:~~ . 
~.I (3 o3_±0. 3 )XIO - 3 (2. 6:±O. 3 )XIO 5j} x(o .18.±0. 02 ) I fX(lO.~l. 3)XIO~ 31 

The ci t~d. limits of 81'1'('11' correspond. to the lIDcertainty of the em­
ployed cp, A and. Az values. 

An ob,jection may be raised. against the thus computed values: for 
f~r it is questionable ,,,he ther these cp and. A values, obtained eJ..'}Jurimen-
tally on slr),'T pr'ocesses, are still applicable to the speedier processes 
in the flame. On the one hand, the preheating tru~e s place within about 

3XIO-·3 
- 5 5 

= 10 sec, whereby a single molecule .rece i ves only about 10 
300 

impulses. On the other hand, it is a kno~~ fact that a molecule, in 
ord.er to chfulge its vibrational quanta to translation energy must receiVe 
frem 104 t o 105 impulses, and that this figure is never les8 except in 
special casesj and that j.s, '''hen at the impulse, so t.:> say, the compiex 
of a chemic8.l compound able to exist is preparatorily formed. (reference 
10). It is therefore entirel y conceivable that smaller cp and A \ 
values "i th only partial or not at all excited vibrational heats axe 
valid. f or the flames. The latter case can be quan~itati~ely compute d, 
when it is r emembered tha t, by kinetic gas theory, molal heat Qp and 

therreal cond.uctivity A are r epresent ed in the following manner: fC'r 
comple te adjustment of the vibrational quanta: 

r 

A = kfl = k i 2.5 ~t + ~r + ~s 

for unadjusted Vibrational quanta: 

(18) 

A! = kC l ::= k i 2.5 Ct + Cr I 
. ~. 

where K is a constant solely depenQent on the mean molecular speed c~ 

the free path length L*) and. the density P(reference 8), and R 
is the gas constant .Q.t the translational Ii·:.Ji'tion, 521' the rotational 
portion and ~8 the Vibrational portion 0f the molal heat. Quantity ~l 
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j_dentifies the effe ctive molal heat to be inBerted in the kine t.i. c g3.8 

t e rm for therma l conducti vi ty according to C1Hlpman and Enskog. There-­
fore, in general: 

_q.1 - ' Qp 

= Q{-- ~p = 1. 5 S2t -- ~ :; 2. 5 cal/ma 1 grad 

The numer:;"cal value s obtaj.ned by this method. are r eproduced in t a "!:Jle 7; 
the v8.1ues for the gas ml xtures ",erG computed additively from the 
val ue s of the individual componEmts by the mixing rul.e. 

TABLE 7 

r-_~ T.-----~~opane --'-1- -: Oxygen - - -- r-~~~~~~re : ' -~~ ~:~.~:~! ~~;~:~I' 
II II s.~ ~_~ .£;.1 .Q I~I -~ '~.Q1 .Q r 1 ! ---C-··_-c--, -·0,- -6 c -- -·----

1:' ..., 1:' 1:' ; -p -p -~- -- .L 

1100! l6.4 ~ . Q 18. 9 10.5 17.15 7 . 0 9.65 9 · 5 8.54 7.15 11. 04 9. 65 
1200 I 22 . 0 8.0 24. 5 10.5 : 7.38 7.0 9.88 9 ·5 9·57 7.15 12 ,07 9. 65 I 

" 

250 : 2~· . 8 8 0 27. 3 10. 5 ! 7.5 7.0 10 . 0 9.5 ! 10.1 7 . 15 12 .59 9.65 i 
5JO : 35. 0 8. 0 37.5 10.5 18. 0 7.0 10.5 9 . 5 ! 12.1 7.15 14. 55 9.65 ! 

L ___ l _ _ _______________ ______ ~ .. _________ ____ ' _____ . ____ ______ . __ . ________ j 
Noting t hat a ccording to equatior.s .(2 Q)and (lh) 

(21) 

and 
AZ .G. 1z 

oR ~ ~ ---- (22) 

cp Q~ 
and iclentifyine the qua·'_1.t.i. tie s computed 'l>1 i th the unadjusted vibration 
quanta by a dash as bef ore give s for t he calculated mixture value s of 
t,able 7 

for :, -V z = 5000 c: 
c'v 
OV 

and OR q c 
= _~o P25~ = 0.94 

~ Cp 2 50Cl 500 

at 1:1 z ::;: 200 0 C: 0 TV = ~J._l 00· ~2.1 8 0= 1.04 
5v 

(",--, ' c.:. ... . --', 

(24) 

(25) 
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and 
C , 
_1U-lJ.o. :: 

C1.200 

(26 ) 

rrims the calcl:lated thicknesses of the preparator;r and the r eo.ct:i_OTl 
zone vary very little} if in place of the complete vibration e.djustment 
only a limited one or none at all is assumed. 

For bR, of course) yet a."lother pcissibili ty is involved, ncune ly, 
t..l}at in eq,uation (14) the vibrational heat is completely adj1JstE:!'i for 
c1) but not for AZ' For according to the phys ical d.eri vat::"cn of 6 <;,ua­
tlon ('_4) from equations (7) and (13), cp refers t o the v Lo l e pre­
pa:'8.tory zone ) and the gas particles remaln longer in it than ::'n the im-­
med.::'ate vic:::'ni ty of tile place of ign;\. tion ,,,here A

Z 
is t o ;:)e formecl. 

", 
For the reaction zone thicknesses 5:R computed ",i th this some\ibat eX-" 

trene a8sQ~ption the result is 

11 

52i 500 _~p .250 
5000 ° R 0.66 a t 13z C: - - --- :: 

bR .Qp .250 ,C,1 500 

at 
" ct ° 'R C 

"'\ :: 2000 C: == 
-1 2QO - ]hoo 

== 0.80 (23) 
OR c --p 100 

C --1 200 

" In this instance the DR would therefore be s:rr.al1er than the pre--
yiousl:,r calculated. OR, but by no means greater. 

These considelnations shoH that the zones of preparation and re­
action defined by equations (10) and (14) are still ccrrpara t i.vely 
accurately computable, although the data for the spec i fic heats and 
thermal conductivities are not too accurately kno,m, and although it 
is no t even decided ",hetIcer the degrees of freedom of vibratj.on of the 
molecules durint; the brief intervals j,n the flcune front are excited CQlJ1-­

pletely, little, or not at all. 

A som8uha.:t, closer observation is necessary for the rate of cher.:ti-­
cal reaction U on the one hand) and the thicknesses ~ and 5v+~ 

on the otber. The rate of chemical reaction 

is quite high; because, when it is r emembered that in the reaction zone 
on an average ) fuel of the ord.er of magnitude of 2X10-!3 nolecules pCI' 

cubic centimeter is present (at . start nba = 6.7>G.O·'8 Dol!pm3 ) 

/ 
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. 8. mean combustion period of 2 x 10- 6 = 10- 5 seC is obtained • 
0.2 

This perj.od is extremely s~t compared ",i th tne reaction periods fo!' 
",hich investigation methods vlOl"ked. out so far, exist. Fo::.·, in Inll.et:~c 
reaction studies by the static method ( closed off reaction vessel in 
"Thich the :vcogress of the reaction is follow·ed b,Y observat:~on of the 
press<.::re variat :Lon or some other physical property) time j.nterV::i 1.S C.01".ll 
to onl~r a bout 1 s econd. can be follmmd up; by the conventional fImT 
method it succeeds only to about l() a or 10- 3 secondj insofar as l~eason-­
ably defined pressure and temperature conditions in the reac ·cion zone 
are demand.ed. Nevertheless, a reaction period of 10- 5 second js still 
not the shortest one conceivable for a combustion process, because e. l~ueJ 

particle s ti ll receives about 10 5 impulses durinG this pBr~od. lienee, if 
lOa impulses on a fueJ. -particle were s ·.rl'ficient for itG compl.ete deco1ITpc­
si tic n, vlhich is entirelJr conceivable wi tli co~'res1?ondingl~.' ene r ;:::;y-rich 
B....'1Q a dequate impulse partners, the ra.te of combusti on i-10uld. have to be 
10 3 times higher. Such enormou$ly fast combustion proceeses have } in 
fact, b een actuall;)' observed} namel.r, at cietonations, vThere the speed of 
travel of the f l ame front is cowlted by ki lometers per second; '"hile at 
the normal speed.s of igni tion i n the Bunsen flame a fe1v wi1l :Lllleters per 
second are sufficient. 

Bydrocl3'TIaJ::1ically a c omparison C'f the thickness of the preparator] 
zone f,V and the reaction zone () R ,., :~ th the size of the turbulence. 
boc.ies occul~ring in t h e turbulent flm! (gas bodies wi th occasionall~r 

-·uni form velocity ve otor) is interesti ng . 

Intel~esting from the :point of vim-T of chemical reacti.on lS the COlli­
:parison of the theoretical guanti ties Ov and. bR ivi th the experimentaUy 
directly oDserveel thickness of the luminous zone 0L. It '''as establisb::d. 
at (10±: 2) x 10- 3 centimeter 1n the previously reported tests, i'Thich is ) 

wj.thin the limits of error, j.ndependEmt of the propa.."1e concentration. 
Nor i·ras there anjr indication that these lu.minou.s zones were artificially 
enlarged f or the eye or the photographic pla.te by any flickering motion 
of the flame. . In ,?onsequence the fo1101"ing possi biH ties exist accord-­
ing to table 6: 

+ OR if v z ::: 500
0 

C} 
assumption A 

and f ::: 1 case I 

6L~ OR in case that&" ::: 500 0 c l '-' 

and f 2 case 
I 

II I 
iaS SUl.lIption B 

6L~ ~ in case -D z ::: 200 0 C 

I 
and. f ::: 1 case IIIj 
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\vl1ich one of these three cases actually obtains has not been defia::" tel~{ 
cle cided a s yet, eSIJecially as i t" is not l{nmlll "'in what ma:r1ner the eni -(.te ct 
spec"tr'\. a r e c1istri"buted over t he individual sect.ions of the lLUllinc;:..~s 

zone. 1. : 3ut t entativelj' t'-IO a ssumptions A and B may be made: 

.ft. . L1J.r.li!l.osit.y extends over preparation a nd reaction zone.; ::'1", v>.:'.c ~: 

case 5000 C should be assumed as ignition temperature , accoYQi nC to 
table 6, that is, a value which, in contrast t o previ ous arg1..u:nen~El: a~-;­
proxima tel:}" correspond::; to the igni t::'on tebrperatures cioJ"ained b~" Ee rnst 's 
lY.Lethod for ad.iabat ic compression or Fith the Dixon burner . B1~ t, it it:>ulcl 
b e diff ieul t to explain i'Thy the luminosi ty j.n the prer,arator:r zor:e, vrt""re 
there J.S p r actically no chemi cal convers~on} should appear with (3.001.:.t, "th e 
same j.nt enai ty as i n the reactton zone . 

B. 'Ltlmi nosi ty occurs only in the reaction zon e : in case II \.j ~ tll 
f = 2) t:, z 5009 C ~ ·rollld. then have to be e~cs1J.rned.. as ign:ltio11 t 2ml· e :-,,:: .. :.u~·e 
( c~ . t e.ble 6) J that is, the same lli gh i gnition t emperat ure as wi t Il c1CSlJ.!::p ·­

t i on A.,"Jr e '.se .fj z :;;: 2000 C in ca,se III with f = l_J tne.t is , a 8':,.0·­
etantia lly lc:\{3r igni.tion temperature. . Case II i s) hOH<3ver} :Le s;:; J:yo::; o.ol3 . 
\ll hi16 l .t ,-TOul cl y ield a reaction thict ness (iR vhieh a.gr ee e ',·! i tl-; tLe 
t " 1 ~ th . t 1 1 . a 0 5 (+ab 1 c> t: ) .L ;'" .' C> 1- t _}· " I r Il2.C"ne SS 0 1 "e experlille n a _Uillln us z ne T~ ,,- ~C- -.) . , l ·" • .Lu ,,1J. _v c\.·· · · 

n e ss OR vould not b e uniformly l ll.minous; but practic6.11y only on t he 
first h a lf. For) ',,,h en it :Ls aSS1Jmed that luminos :l. ty occnrs onl:r in t lJ.e 
reacti on zon e ) its inten2ity is pre:::.ulliably paral le l I·Ti th the chemi c a l 

c\) c onversion and hence 1-1i th the momentar:;- temperature gradient in 

the r eac t~_on zone OR i2. But its course cliff ers c ons ide Ya-b 1;',' in Doth 
cases :;:1 and III; tha t is, in case II the high values o~' the teI:l:!" e .':'a-t:·le6 
O 'cLo.i ent or; C1..,r only on the first half of the reac tion ZOr._5, l,hj.le ::"n Gase 
III t l;.e· t enl:p8l"c.ture grad.~ent is approximat.ely constant oY'er 7,}16 tl1ic}~n8 t:s 

GR - 'rhi.s ] .8 readily apparent when the teraperat-:'lre c-urve :for Do t h C ~).E-; C S 

i s plotted (f2.g s. 7 (a) a nd 7r(b) )since ab s olute valu5 BrIe. temperateX'd f,J:'acl­
ient for st~r"t j.ng point and end point of cR are l-::n m-m. (See table 6 . 
Note 'U-,at '%i must equal 0 for x = DR 2 .) 

--------.. __ . 
lIT', for ins ta.."'1ce , at the begtml~.ng of the lum.5.Iloc;.s ZOE(; sne ctra 

other than those of OR, Gn, and C2 ,,/ere fOlmd. in appreciable c;.u.3.nti t :i.e.s, 
an e ncroaclment of the li..t.ll11nOUS zone -upon the preparat::on zone i-lould. DB 
qu:L te proba.~lG. 

20f course, it cou ld be assumecl for the present that a :part:i.c l e ::'s 
Lnninous at a later place. than v1here it j.s ener getically excited., a n d 
that th::-ough it the l u..minous zone \'101~1:i b e vicler tha n t.he are a of the 
maximum temper3.tu1:'e gr a c1i0nt. BU.t this t;YIJe of enlargement :;'8 zu:ce1.y 
en tire l y n::> g ligible; becailse the exc i ted particle has -but a li.fet ::me cf 
abmit 10- 8 second) after .w--hich it radi a tes its e1l8}:'CY, Emd in thj.s 
interval it vlotlld h ave traversecc exactl;;r l /iooo of the to-r:;al reactio n 
zone thickness DR . 
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Comparison of the eJ....":perimental 0L 1.,1 th the theoretical Dv and 

oR values leads t o the very pr obable final r e sult: 

The experimentally defined luminous zone 0L either ext.ends to 

the preparat ory zone 0v and to the reaction zone cR. In this Cat38 
the ignition tempera ture 't'lz in the flame is almost exactly as high 
as by Nernst ~s method of adlabatic compJ..~essi on or .... r:i, th the Dixon burner . 
Or the luminous zone 0L covers only the reaction zone DE} in whj.ch 
ins tance the i gnition t emperature -/lz in th6 fla7Jle is l ower th·gn for 

adj abEl.ti c compression or with the Dixon bu:cner 

Of lJheS8 t va CS-S8S the latter is, 1'or 't.ne tlme being, h eld · to h :1 

more l ikelJr " Further elucidation is , fi rst. of all, t o be e:cpected. from 
the spectroscopic s ide, where type a!ld intensity d.istriout::'on of t he 
spec tra in the luminous zone ,TOuld have to be explored. 

3. Enlargement of a Laminar Free J e t and 

Form of Bunsen Cone Possible in It 

In order to obta:.n the form of the flame surface of a Bunsen flame 
quanti t a.ti vely, for 18.ill1nar flow, the simple free j et without comhlstion. 
is considerect and it is pr oved that, tmder the previously employed ex­
p erimental candi t i ona (Re > 600), . its enlargement at a dj.stance of sev­
eral tube diameters, corresponding to t he height of the measured flame 
cone is very ins.i gnificant. 

According to an article on laminar jet expansion by H. Schlichting 
(reference 11) the half~value vridth 2b~ of the velocity profile (cf. 
fi g , 8, Hhich ,v8.S taken from that report ) depends only on the kinema tic 
tot al momentum K, on the kinematic viscosity v J and on the distance 
x conf'orma,b1.y to the equation 

r-

2b / 16rr 
x = 2.57 V 3K v 

with 

CX) 

K = r 2 / 2rr u r d.r (30 ) 
' 0 

lIn the rad.ial distance b the velocity is occasionally half as 
great as on the jet axis , equal rlmr cress section being assumed. 
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Of course, equation (29 ) applies, for the fj_rst, only to a jet that 
issues from an infinitely small orifice, out even so it can be applied 
to the case of a j e t from a fini te pipe cross section, y,hen thE: left-· 
hand side of equation (29 ) is regarded as a measure for the jet expBn",­
sion. rrhe kinematic momentum which must be the same on all subsequent 
jet cross sec ti ons according t o equat:l_on (30 ) can thun be snmmari ~ .y ca1-­
cUlated. for the ste.,tionary pipe flovr wi th parabOlic ve locity profile; 

2"" (",,:=)2 r ' (r )2J8 dr 
H <:: U ... .t, - -- r . B 

4rr ~2 R8 
= ....... - .----

By insertion in equation (29 ) : 

20 

x 

3 
= 

11: d2 --- U2 

3 

V. :::: 
10. 28 

Be 

The relative expansion of the laminar free j e t- iss uing at the Reynolds 
number Be from a tube is therefore inversely proportj.onal to it, and 
at the lowest va lue Re = 612 of the present tests becomes 

21) 
< 10.28 1 . ~ 

x -6i2-- "" 60 

This j.s very little, so that there can De no perceptible variation of 
the velocity profile at a distance of a fe'y tube diameters from the 
orif .t c e . The comouetion zone yrill, of course , modify the flow C011-

di tj.ons in the hot part o eyond tho cone of the flwne very s ubstant ially . 
But on its instde , that j,s, bGt,.,e en thj.s and tho pipe orifice , tho 
origina l ve locity profile is scarce ly alt0red; for this would i nvolve 
the va riation of a f101y pattern b c';f0re a cente r of disturbance (that is, 
t he surface of the fl21l1e) , and_ such changes a r e usua lly small, un],ess 
the c ent~r of disturb 8nce ne c8ssi tat os a comple t e: defle ction of the floYT, 
,.rIdch) hm-re ver) is not the casu he r o . 

Thus the o.ssumptJon that all gas particles c-nter the surface of the 
flame at tho Si3.llle rate of' flo"T at vrhj.ch they have 18ft the! orifico of 
the burner tube appears to bc just-Hie d. 

No\-[ t he shape of the flame surfac0 can De calcula t ed "rhon it is 
assUID(!d that the flamE; sp e e d \-Tfl is the same a t a ll points and firs t 
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De come s abruptly z.ero at the Dase . (See r ofer€nctl 4, p . 46; 9.1so r of er­
ence 12.) 

For e ve:..ny s ingh; surface 
t a l and vert i ca l coordina t e s 
e qua t ion (1): 

e l ement 0f the flame COl"18 wi. tn tbs Lor~. zon-· 
r and h there r esults in o.n e.l cgy to 

'.[""1 211: rj 1 +(~)2 dr 
.l_ ~dr 

U 211: r fu" . ( ~4 ) , j 

or) c onside r i ng tnt) p ar ao()lical ve l oc ity prrfile in lam:in!J.1' f l ow (wf.th 
8.vc:. r ::'.ge floVT v~-) loc:;. ty u) 

d (t/R) 
dTr/R-) 

/ .- 2 
'I ,-..,,\ J' Ltr\. . 

!\ wn? (36) 

The l a st r e l ation VT ":!.S grc.phico.lly integrate d for various 3.ss~lml:. d v 'J.lue s 

of 
u 

a';''ld thr.J cone ferms illustratEJ d in fi gure 9 asc erta ine d. They 
1-Tfl 

are n ot in comple t e agrtJemE:nt 'vi th the experimdntal flame COD e s , as is 
e specia lly no t i ceablo f r om figure 10, vrhe r e experiment no . 47 - for ,d'lic:h 

u 

l/fl 

63£3 ' 
128 

4. 98 and 
100 . 8 

:= 6. 33 

:is cx n,c;tly va li.d (cf. t aDle 3) is compare d with t he thdoretical curve, 
for U := 6. Tiro substantial diffe r ences were note d : 

"Tfl 

(a ) ThE:. base of the f)Jl.yarimcntal flame cone not only covers} a s in 
the theor e tica l ca s e , the interna l burnor tube cross s e ctI on, but reaches 
beyond i t. 

(b) The upper end of tbe experimental flame cone is, i n contrast to 
t he theoretic3.1~ r Qunde d off and lieS cons1de rably lo,ver . 

'The gas is assumed to be at r e st a t the pipe wall; I-IhE:r.sas 
Miche lson, "l-lho made the first calcula t ion s of this kind, errolll:Jously 
took the poss i bility of a perceptible slidj,ng into consider·3.tion. 
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Find~ng (a ) is probably explainable as follo1'ls: :'Jrl.mediCltc L,Y .'3,8c> . e 
the rio s f the burner orifice .There the gas, mring to e.dequate t f; :;. t :t" ,,;- ­

moval by the. burner tube, cannot ignite, a considerablo r Cldi a 1 er.d 
ouhrarcily directe d fImr must exist, stnce ther e is ahra~rs a h iCl1ur 
pre ssure Pa inside of the flame cone than ·outside (pe). Thi s r -:.rL~,ll,y 
di schl·~.rging gQS cannot ignite . unti 1 it is e. certain distance m-r(~,j" LCOl1 

the burner tube} snd thus the base of the flame cone is dr[iVn cut oYe r 
th8 burner orif i ce. The pressure difference is, according to t h0 m~­
mentum theorem (reference 4, p. 44): 

henc0 for eXl)Eriment 47, illustre.ted in figure 10, 
Vii th 

-3 -3, ) 1 
Pa 1. 50xlO gram centtmeter ,1vf == lI Lt . ~ centim0ter f1 <':: -

-&e + 273 3273 
----- == 12: 

273 

-3 4 dyn 
Pa - . Pe :::: 1. 50 xlOx 1. 3lxl0 ».JJ. ----

equare c entin8t ers 

== 216 == 0.22 centimet~r H2 0 
squ~e centime ters 

This pressur e: difference is quite considerable . If it is r 0garde d as 
d;yr.i.lm:Lc pressure e.t densi t;y Pa J a velocity :If . can be correlate d} l-Thich 
should r epresent {l_Tl approximate me a sure for the r adial} outWardly 
dire c·l:,ed VGloci ty 1rrJL"1eciiate1y above the bUTner tube rim. Hence from 
equation en) 

lFor a s toichiometric mixture of 16.7 percent Dropans ) 
oxygen) it 1-Tould g:L ve 

IJa, - Pe 1425 dyn 

cm2 
1.45 cm 

the rest, 
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--) 

I 
or > (39) 

I 
I 
I 

The last relation js as yet n()t to be found in the . lit.e.raturB • .3t:"ll, it 
is important, ·be cause it makes it poseible to decide forth;vitt whE.t.be r 
or not 8J.r from the outside can diffuse in the inside of the c one t rlYOllf;h 
the free slit between burner tUDe rtm and flame cone base. In ge ne::'al , 
the n egative seems to be the case. For on assuming even the very small 
val ue x == 0.01 c entimeter for the r-'3.dial thickne ss of the diffusion 
layer and D == 0.2 8,luare centi meter j?fil;C s~cond for the diffus i on co-·· 
efficient of air, the imrard r a te of d.iff u ", ton of the air part ~ cJ.e s 

would be 

== = 20 cent ime ter s per second (40 ) D 0.2 

x 0 . 01 

against the r 3.dially out'lBJ::d. flow velocity of v,:: 4.7:.:114 == 536 centi·­
Dlf'! t ers· per . secon o .. 

Natural'-y, it is also conceivable that the gas portions flm-ring 
radtal1y out \vard above the burner tUDe rim reach combustion only af·ce r 
ap:9r e ciabl e mi x i ng vIi th the surrounding air. The y ,",ould burn slowe r or 
faster ( slmve r fox' initially poor mixtures, faster for ini t.i.alJ.y r i ch 
mi xtures). The recorded flame velocities COUld. be so much more f a ulty 
as the gas port ion, converted in the lowest border zone C'lf the 0x:;:;eri­
mentally surveyed flame cone, is greater. This effect should b e ;·ratc:-::.e d 
partj.cularly on small burner tube diameters , althouGh it did not seem 
to have E'Jly part in the previously reported measurements. The le.mi nar 
f ·18rne s needs obtained ",i th burner tu.bes I (d. := 0.1385 centimeter) and II 
(ci. := 0. 218 centimeter ) are satisfactorily groupe(l Ivi thin the limit of 
error of about ±10 perctmt about the do.shed. cu.rve of figure 5. 

Finding (b ) ) the rounded off and lower posi t i on of the upper end of 
the experimental flame cone (cf. fig. 10 ) :i.s perhaps clue to the fact 
that the flame speed vlf at the cone tip is higher than on the rest of 
the surface elements of the cone envelope . The gas particle s ",h+ch 
reach combust i on in t he cone tip recei V B heat amI active chaip. cElrl1 iers 
not only from this tip itself but also from .the i mmediately adjacent 
parts of the erweloping surface, so that ignition and hence comrJustion 
itself are f acilitated . This interpretation is particularly supported 
by the fact that the curvature radii at the upper end of the measure d 
flame cones are of the·e·ame order :of mag:Qi"tude as the thicknesses of the 
lluni nous zones, namely, 0.01 centimeter . 
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4. frand t lt s E".,{change Qua.,T"]. ti t y and lv'iixing Length 

in the Turbulent Free J et 

(Nuclea r ,and Marginal Turbulence) 

cx.. G.~~r~l cons_icieratioIlI?.!- Accprdi n,g toPrandt l the d.eveloped tur­
bul ence of a statj,cnary flml can be i dentified in every point of the 
f ieJ..d of flO'll by tlw locally dependent quanti ties, that is, the mix ing 
length l and the turbulent exchange quant i tJT The former is cie-
fineel as l ength and represents the approxJ,mate mean d.iameter of t h e tur­
bulence bodies (that is) areas of closely spaced particles, ,V'hich oc­
c asionally manHest a uniform vector of the flO\'r ve l ocity); , the latter. 
is an ef'fecti ve diffusion coefficient of the dimen sion square centimeters 
per seco:r.d (reference 13). 'J'he , introduction 0f these two quanti ties is 
based upon the analogy of all transport pro ce8ses in a gas at r est and 
in a turbulently flovring me dium) 80 far as they are superposed at leaGt in 
the latter case, on the pr i nCipal flow. These tra:lsport proce sses (that 
is, diffusion = transport of a certain type of rarticle , viscosity = 
transport of momentum, thermal conduction = transport of energy) are re­
duc ed in both case s to irregul{j.r motions, in the case of still gas to 
the gas mole,cule, in the case of turbulent medium to that of the turbu-·­
lence body. In still gas the indi vid.ua], gas molecules move irregularly 
at a mean velocity col<- and traverse the mean fre e path length 1-1(' be­
t ween tvo collisions . In t urbulent flm. the individual turbulence bodies 
posse ss) asj,de from the stationary mean flmV' velocit.y R, an irregular, 

rapidly changing additional velocity lit) and they maintain these speeds 

on the a verage occasiOnally over a path l (;mgth 2, tLe mixing length. 

Just as the diffusion coefficient in the kinettc gas the "'lry, is de­
fined a s 

1 D = l* c* 
3 

so Prandtl define s his excha~ge quantity at 

EO = l li' (42) 

I ~ I I is the time average value (denoted by upper dash) of the abs91ute 
amount of li'~. The kinetic gas factor 1/3 in equation (41) is included 

~Averaging over I , ~I! . is necessary; because the time average value 

of w t disapp e ars by defini tien', 
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in eg.uation (l~2) in the quanti ties '2; and [;!l} which is physically COT­

rect, since, the mixing length 'Z in the turbulent flow must, . for 
r easons of continuity, be of the SaIne order of ma.gni tud.e as the diameter 
of the turbulence bodies, and this diameter cannot be arbitrarily de­
fined, because everyone of these gas bodies is enveloped by a mora or 
less thick margina.l 7.one in which the different flow alti tudes of the 
adjacent bodies are continuously adopted. 

Numerical values for the exchange quantity € can be secured. :'-n 
several ways. For very rough el2,ttr,nates it is sufficient, for j.nstance, 
to determine quantity 7; and lJi.! i separately in equation (42) (for 
instance, by hot-wire mee.6urements and determination of the correla tj.on 
coeff':i.cient for the concurrent velocity fluctuations at -ViTO ad~lacent 

pOints)l and then simply mulMply these values ~'Tith each other. But 
this affords only the order of magnitude of € , since the turbulence 
body diameters Z I:1ust be indicated ",ith wider margin. Exact value s 
for € are q,b tainable by surveying a 8p (~ Gific transport process in the 
turbu1,ent flov-,. Only such E: values as those obtained by the latter 
me thod are us ed in the following study. 

Consid.Br th,? specific cas.t"l of a one-dimensional principal flow 
(~ = ul + vj + Rk with v = w = 0), superposed by the turbulent veloc-

ity fluctuati ons li' = uti +vt,J + w'k, and assume that the unit ma8s ~:of 

the flowing medium at anyone point has the additive property R 

expressible by a digit - of varying from place to place . Then, J.f 

os 10 conformably to figure 11, a "property flm, s" transverse to the 
oy ~y 

principal flm·r dj.rection i can be computed, that is) the amount of 

prpperty s which is transported in unit time per unit surface in the 
j-diJ ·e l ;t~ ;...,n 

Ps Z o(Ps) l 
2 oy j 

j -'-j~! _Z (Ps) --I 
- VI : Po + 

2 dy _i 

=- z·M o(ps) 

dy 

or, with equation (42) taken into consideration: 

l.On a wheat field waving in the wind the turbulence bodies of the 
air current are directly delineated, S~ t hat for thia case the magnitude 
of the bodies and -- by allowance for the mean ,-lind velocity - the 
mean velocity fluctuatiop : ~fi can be given. 
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(44 ) 

If, f0r instance, s signifies the mean momentum per lmi t lliE'-Fl8 jn ;rin­
cipal fImr d.Irection (hEmce s = 11)) t h en - _f3_y bc: cGmt5 8 t Lr) 8hec.::'" ~L{~ 

strrJ 8s-=itra.'1smi tte d transverse to the principal flm., direc ·~j c :c .. s~.i 

iVith it for incompressible fluid 

dU r = pc: 
dy 

( 45) -

"Thic!! means ) ho,.Tever, that the exchange quanti t y € can be immed _~.:; t.e Iy 
£pec ·~f::. ed, . :hen the l ocal shearing stress dis t ribution f or ttepart:!. ·'; ~_llar 

f ::Lor,r end t he ·'-e l oci ty distribution 11 have · bee:::-. meas1.J'ed . I :: s in 
in Ao ua tion ( J+4) indicates the -enthalpy _ B=cp-v ' r~f a prac~ically in,:; c\1L: 
p r688::. t -;'13 fluid referred to any on'~ zer" point, 

d " fly = -cp~\: -S- (h6 ) 
oy 

repre s ent", a heat fImT , and hence yip-Iels an eff ec tive ther:nal Gonrluct1vi·­
ty coeffici ent. in the t urbulent floyT: 

A 
turb 

c P E 
P 

Lae t lJT) ' if the number -Nk ~f particle s of type k.. Kti ch a~on0' 
;i s trancp orte(l b,Y turbulent mixing motion in a concentratio;r,. v e sse l -

.dnk in Y--dire ction per unit time arld surface is of interes t ) then 
\rty 

~>' -
~y :: Nk and PR :: nk are ;.Tritten in equati on (1.~4 ), so. t1;lat 

. -· , 1 

I ,. ; .'.' (48) 

TIlis equati cn makes it particularly plain that· € is a ({uanti ty of the 
type of a diffusion coeffic i ent. 

But in the following not only the exchange quantity E: -' but a l so 
the mixing l ength i is of inte r es t) although it g ives the turbuIeEc~ 
body diamete r only -in order of magnitu&e j f 0 r 1 _ un&oubtedly r0~re8ents 
a characteristic length for the turbulent flow; _ just as the pr '3paratory 
zons thiskne ss 'ov and t he r eaction Z"lne. t hickness cR constitutdd 

charactc>ris t ic lepgths of the stationary flame f~ont in lamina r flow . 
Quanti ty 1 can be determined frcnithe c orrelatien of the ve loc i ty 
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fluctuations on two adjacent pOints, as previously stressed. However, 
Prandtl and his school used in part a different method. Prandtl had 
found from continuity considerations that in the one-~imensional prin­
cipal flow 

must approximately apply; whence for the exchange quantity 

E = l2 I~ I (50) 

or by inserticn in equation (45): 

T (51) 

I th 1 t t · r'I and d. ~ n e as equa lon, T, ..... 
dY. 

are experimentally accessible) Be 

that l can be computed immediately. 

Equations (45) a11d (51) formed the initial equations by "'hich the 
quantities E and l, in the subsequently discussed rcpo~ts, were 
determined. 

13. N.uclear and mr-:nZ€$inal turbulence ina free .~.- The interpreta­

tion of the flame phenomena observed in turbulent flm., stipulatea E 

and Z as functions of the location for the turbulent free jet issuing 
stationarily from a tube. Although this case has up to now no t been 
explored experimentally in its entirety, tyro other cases are knmvn: 

fl. The turbulence in a cil~cular pipe in stationary flo'i' ,"as ex·­
perimentally investigated by J. Nikuradse and the E and 2 value s 
determined (reference 14·). 

b. The turbulence in the mlxlng zone bet,.,een a turbulent fre e Jet 
and the bord.s ring still air was theoretically explored by Tollmien 
(reference 2)j he found the sole constant still unde termined in the 
theory by comparison wi th G~ttinge):l I.ind-tunnel measurements (reference 
15), so that here also, the b.o factors Z and E ) are known. Thus 
the turbulenc e cond.itions in the free jet can "be imme<iiately surveyed. 
when assuming that the Jet can be decomposed. in a nuclear and a marginal 
flmT, and that in the former the unchangecl turbulence cond.i tion of the 
simple pipe flmr is still maintained (accordin~ to a). 'I'his deoompo·­
sitian cannot, of course, apply to any desired great <iist3nc6 x from 
the tube orifice, because ' the marginal zone expands continuousJ,y, while 
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the nuclear flow shrinks conically. But it "'ill be seen that an essen­
tial part of the turbulent combustion phenomena (and this is precisely 
the most interesting part) still falls in the zone of the nuclear flm!. 

Figures 12 and 13 shm! the nuclear tnrbulence in a free jet iIi dia­
grarmnatlc representation. In figure 12 the dimensionless exchange quan-

ti ty ..s_ (u is flml veloei ty averaged over the tube cross section and 

liB 
",ith respect to time; R, tube radius) is plotted against the relative 

I' _~ distance from the tube axis _;J.. in figure 13 the mixing length 
R R 

r 
made nondimen~ional with the tube radius is aloe plotted age.iIlet It 

R 

is seen from figure 12 that E is not maximum a t the tube center line 

but approximately at distance 
1 

r = 2 R. This fact can be regarded as 

an experimental confirmation of the approximate formula (49); for the 
closer the approach to the tube axiS, proceeding from the wall, the 

!dU I greater the reduction in -- and. since 7, cannot grm. indefinitely, dy , 
E must again decrease. 

According to figure 13 the mixing length is l es8 than 8 percent of 
the tube diameter, hence less than 0.16 millimeter for a 2--millimeter 
burner tube. Accordingly the turbulence bodies WOUld, in consideration 
of the ponarbitrary definition of their diame ters, definitely come 
vri thin the order of magnitude ,,,hich had. been found for the thickness of 
the laminar flame zones. 

./c'. 
The nondimensional quanti tieB~ and./ ~ e:ruployed later,2 are re-

produced in table 8 for nuclear flow at different Reynolds numbers and 

different r 
R 

~------.---. -------.. __ .. 
J..Nikuradse 1 s graphical r epre sentation could not be used direct, be­

cause he used the so--·called II shearing stress velocity V·* II to make E 

dimensionless, ",hieh, hm.ev~r, is not so suitable for the present purpose 
as the mean flm" veloei ty u. 

2According to the kinetic gas theory the Idpematic viscosity 1) -. is approximately eQua.l to the diffusion coefficient D; for a pure gas 
the agreement is complete. 
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The ml;l.rginal turbulence at the bovnda.ry <'f a free jet ",·as exp lored 
by Tollmien on the streamline pattern illus trate d in figure lL~ . This 
d.oes not completely correspond to the boundary conditions of the pre-sent 
t ests, which involved the exit of a free jet from a tube of f inite ",all 
thickness and tapered at the orifice, rather than the discharge of a fre e 
jet from a straight w~ll (visualized as being placed perpendicular t o the 
plane of draving through the yo-axis) as in fi gure 14. Nevertheless, an 
analysis of Tollmien's case is interesti ng. The tv,o-djJ1lensional p l ane 
problem w·hich Tollmien first investigated and "'hich presents tho greetest 
interest, involved the solution of the differential equa ti ons 

and 
du. ell 

u - + v-
dX ey 

vri th the shearing stress 

1 d~xy ----
p ey 

eu 
dy 

Herein ' k is a temporarily unkno,m constant in the fOl'mula for the mix­
ing length 

The di fferen t i al equ ations ",ere solved by means of a stream funcUon f or 
the veloc:ities u and v, yTi thoLl.t going into any further d.etails. OnJ,y 
t he mos t import ant r esult is repeated he r e : nam61y, the entir e margir.al 
zone lies in a sector, the tip of which is l ocated at the t.ube end. (in­
side wall of tube) fu'1d this is bounded by the t ,,,"o stra i ght lines 

3 

y~ = 0. 981 v'2k2 x ;: ti (56) 
3 

Y2 -- -2.04 V 2k2x = - b a (57) 

For y > y~ the flo", veloei ty is 11 = U, for y < Y2 } u = o. Hence for 
the t otal yTidth of the· mixing zone distant x from the mouth of the tube 

3 

b = b t +ba = 3.02y!2k2 x (52, ) 

The best agreement '-lith the experiments of the Gotkngen l-1ind-tunnel meas­
urements "TaS obt ained VIi th 
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' ~2k2 =0.845 and k ~ 0.0174 (59) 

which gj.ves a mixing l ength 

2 = 0.0174 x = 0.0682 b (60) 

The IDJ.xlng length i n the marginal zone 
cent of its momentary thickness, while 
free · ,je t vas establishe d at less than 8 
In addition 

therefor A amounts t o abcut 7 per-
2 in the nuclear zone of the 
percent of t1:e tube d~ar:J.eter . 

b i ~ 0.83xj ba = 0.172xj b = 0.255x (61) 

From the f irst equation (61) it follovTs that f or x = 12 R = 6 d th':; ir...r~tr 
part b l of the marginal zone is equal to . R) that is, the marginal zone 
here reaohes the original tube axis) so that the area of the nuclear f]OI{ 

vith the original turbulence conditions in the tube disappears. 

Inside of the mixing zone b the [lovi velocity u drops in first 
a:;:'l[l roximat:'on from its original value u in nuclear flOl" to the value 
o in still air, thus re.:).lizihg the trapezoidal veloci t3' profiles for the 
fr ee jet, as experimentally obServed. VIi th this the tU.Tbu1ent exchange 
qU2.nti ty i s 

€ = 22 
dU ~ 22U 
dy ~ b'-

0.01742 u.x .. 
= -O~255 

_3 = 1.188 X 10 u x (62 ) 

or nondJ.mensional1y expressed., when the Reynolds nc;mber of the tube fl:!n'r 

ud R = i s introduced: 
1) 

-L = 1.188 X 10-3 
X Re x 

d 
(63 ) 

This treatment of the free-jet marginal zone is, of course, not COill-­

pletely exact, inasmuch as the calculation was based upon the pla~e case 
in contrast to the really interesting marginal zonA which is curved at 
right angles to the x, y-p1ane of fi gure l~· . Hence, the closer the 
inner part bi of the marginal zone approaches the rCidhw of the tub,,, , 
the greater the di screpancies bet,-reen the computed € and 2 values 
that must be expected. Cving to this very uncertainty the exact 1~'4-I' 

! oy 

values were not 1,rri tten in equation (62 ), al t...':lough it vO"J.ld have been 
entirely possible on the basis of TOllm.1en f s results) but tt.e average 

\
dU/ U value -, ::::: -. This also meant a great saving in paper 1mrk . On the 
" I Idyl b 
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other hand, the exchange quanti ties aDd_ mixing lenGths calculated by 
e(luations (62) and (60) cann.ot be too far Hrong, faT in the r eI,or-t c::.ted. 
To1linien also treated the case of the rotational.ly symmetrioa1 free. jet 
that emerges from an infinitely small orif18e. The mixing zone tb.en 
aSSUL1es the shape of a cone with straight enveloping surface. The wixing 
length at distance x f rom the point of o_ischarge is 

If = 0.0158 x (61-:- ) 

and the momentary cone radius 

r' = 0.214 x 

This mixing length differs fruID that used above ' ( 2 = 0.0174 x) by only 
9 percent, ,,,hile the cone radius r r differs py a mere 16 percent freID 
the previous ';.rid th of marginal zbne b = 0.255' x '.l And the exchane e 
quantities cOIDFlted ,-lith the value.:! (64.) and (65 ) differ even lese from 
the others, that is, only 2 percent: lor the insertion in equ&tion (62) 
gives 

E (66) 
r' 0.214 

Z E 
The va lues of IT and V computed -by e(~UaVLOns (60) and (63) are 

gi vS\,?- in table 8 for different Reynold8 numbers cf tube flQ", .:mel for 
diff\lrent relative distances 2£ from the mouth of the tUDe. Column 2," 

containing b:5,., 8hOl-18 immed.iat~lY the extent to v1h::'ch the margina l zone 
R 

has pene tra ted into the area of the Original nuclear f 101-;. vJi th the 
data of the m.l.clear zone on top, and the data on the marGinal zone 
belov, the turbulence properties in the t1vo--flm·r regions can be directly 
comparecl. An even better insight is afforded from figUl~e 15, "here the 
nondimensional exchange quantity ~ (solid curve ) and the n ond.imensi olJ.al 

Z 
mixing length R (dClrshed curve) i'r:lr nuclear and marginal flm; are sho,{ll. 

plotted agalnst differ,mt ~ .2 It is interesting t o note tha t in Lhe 
x 

vicini ty of the t;lJ_be orifjce (for R < l~) the turbulence in the nuclear 
-~ ___ - __ ~_._. __ • ______ - _ _ __ ._. _ • . ___ -;-____ c ___ ____ • • ______ , •• 

lThe cone radius r! must be compared with the thickness 1) for 
the reason that at the place vThere the region of the m;.clear flow is ab-­
sorbed by that of the marginal rIm" the total v.tidth of the free jet :i.e 
exactly 2 r' and 2 b, respectively. 

2 
The discontinuous trans;i tlons bet"reen marginal and nuclear zone 

and between marginal zone and the outer quiescent medium maDJ.fested by 
the E and 7, curVe'S in figure 15 are attril)Utable to the s ::;. mpl:;'fying 
assumptions in the present estimation, which naturally describes the 
true conditions ortly in f:irst approximation. 
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zone is greater than in the marginal zone , both as regards exchange ' <luan­
tity E Rna udxi~g length Z. But as the distance from the tube orifice 
increa~es, the E values of the marginal ~one very quickly overtake 
those of the nuclear zone , that is, the more the latter , is absorbed by 
the first, the closer its mixing leng ths ap,proach . At the point iV'here 
the nuclear zane d.isappears the mixing lengths in the nuclear and mar­
ginal zone c;tre practically alike. This fact is notei-lOrthy, for it means 
,that the numerical values d.eri ved from tva entirely independent reports 
by Tollmien and Nikuradse are not merely compatible but even supplement 
each other . This is a necessary condit jon if the turbulence esti mate 
which is base d on the estimates in ti-lO partial zoneG is to r epresent the 
actual conditions to some extent . 

5. The Several Theoretically Conceivable Turbulence Effects on 

Flame Velocity and Interpretation of the ExperiJ)lental Test Data. 

To understand the flame phenomena in a meclium of turbulent flow it, 
is necessary to proceed from the fact that the turbulent flow contains 
individual gas bodies '\oTh ich execute an irregular vibrational moti on and 
with it enter the c ombustion zone. The approximate diameter of the gas 
bodies i s given by the mixing length Z, the approxlffiate vibratory mo­
tion by the mean velocity fluctuation I '~ r I. Tt:f) transport processes 
amplif'ied in the turbulent flow are identified by Prandtl l s exchange 
quantity 

E == Z ~i l 

defined as a diffusion coefficient . 

It is easy t c visualize two turbulent flmlS I and 2 which, in 
macroscopic transport processes (that i s such passing over the length 
of s eYeral diameters of turbulence bodies ) are identically effective; 
hence 

(68 ) 

but at the same time can differ s ubstantially in the hydro~ynamic struc­
tu.re of the t\VO flow's. For condition (68) cloes not as yet indicate 
that it be necessarJ' that 

and 
= (70) 



NACA 'I'M No. 1112 

Merely the equality of the prod.uct 1
- I 
vtr,! ! 
-"'- . is demanded. 

Thi s indicates that the turbulence of a flm. must b e identifi e d D;;r hro 
nwnerical values. PreviousJy these ",ere the Prandtl quanti ties. l a..'1d. 
€j now they are the quanti t ies l and ljil ! . It is ther efore necessary 
to distinguish bet",een a It coarse-bodylt turbulence with small velocity 
fluctuations and a Itfine-body" turbulence vi t,h great velocity fluctua-­
tione. The effect of these V.vo types of turbulence on the flame phe­
n omen;\. may be an entirely different one, although under p r actical t est 
c ondi tions -bo th orders of magnitude of turbulence bodies are lik6 1zr to 
b e always present. 

The effect of coarse-·body turbulence vi th 2» OL' 1 on a COJ'9bU8--

tion zone can be explaine d as follovTs : Consider a pure lamina r f 1.01·! 
wi th a veloci. t y profile as in figure 16 (a). In this flow a perfect13' 
smooth flame surface can exist at a place "'hen the floTtl veloei ty u 
and the laminar flame velocity 'I-/f l ' are exactly t he same. 'rhen 

visualize 1n the f l o", before enterlng the zone of t he flame, the 
sudden appearanc e of a felv turbUlence bodies, s o that for a m01:1ont the 
velocity profile shOlm in figure 16(b) i s created. The flame sur-
fac e at section a is nov! subjected to bulging in the flOY! dire ction 
similar to that on tl1e Bunsen burner) ivhere the l~inar flame cone be­
comes so much mere pointed a s the flow velocity (u + u ' in figure 16 (1:: )) 
at point a exceeds the normal flame velocity v1fl. But in section b 
W'here the gas enters the flame surface vri th a velocity inferior to vTfl, 
it speeds_against the gas (as in the flareback of a B1IDsen· ourner). An 
inverted flame cone begins to f orm which groW's contin-:.<ously aIld tnns 
speeds ever faster tmvard the gas flmv. A stoppage or r everoal of this 
flame motion (')ccurs only vrith the sudden appearance of gaa bodies a t con­
sider a.b ly greater floW' velocity in section b) ,.hich must s ubs ta..."lti a lly 
exceed bot.h u and u + u f, as assmued on point a. Thus tte coarse"....·body 
turbulence rougheps the }1erfectly e ven flame s urface ip laminar flm! and 
may leave it ruffle d. But at the same time the eff ec tive flame surface 
aIlDort ioned to a definite fImv cross section q in. the turbulent flc}T 
be;omes s ubstantially greater than in laminar rlm.r, as is ' r eadiiy a.pparent 
from a c ompari son of fi gures 16 (b) and 16 (a). In consequence the r ough­
ened or fringed flame surface can be kept stati0nary by a t.urbu.lent flOvr 
at a point in space only v!hen at that point the mean flov veloci t;y ' u, 
which, indeed must be . equal to the turbulent flame velcclty w,rt. . r eferred 
to mean-flm·r cross s ection, is greater than the l aminar flame veloel ty 
wfl-

lOL is the e:gJerimentally deter minable luminous zone thiclmes s in 

the flame and ind.icates the thickness of the laminar combusti on zone j.n 
order of magnitude . 
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Thus the coarse·-bcdy turbulence effects a rise of the fl D.me . v-31oc­
i ty referred to flOYl cross section, even if the flame velocity in the 
::'ndiv:Utual microscopic flame su-nace elements} which for the most are 
diagonal to the principal flow direction) is entire~y the same as in 
laminar flm, j namely} "'fl" 

This co:ncludes. the qua litative discussion of the effect of c caree­
b ody turbulence . As to quantitative data it \olOuld en~ail the calcula­
tion of the extent to which the orj.ginally flat) l.amj r,.ar fl ame surfa c e 
(cf. f i g. 16) is enlarged by the sudden appearance of velo~i t~· fluc t ua­
tions of the order u I in the flow and 1{hen the turbulence b:>;Ues have 
on an c.verage the diameter 2 . Such a calculation .,ould) of cour s:) J 

be a lmost impossible in the case of · completely ruffled flame s urface . 
But as lone; a s the surf a ce is only slightly wavy or r ougtf::ne l; s uch Cl. S 

i s represen te d in figure 16(b), the flame surf ace could b a ap:,!r czimated. 
by a. ser i es of laminar Bunsen cones dispose d side by sicie "l-l i t h vari01~sly 

directed CO::1e tips) similar to the Meke r burner ",here tte e n tire S"J.r­

face of t!:e flame cons ists of a series of side-by--side E·.nall Buncen 
cone s but all arranged in the same direction. Just as the e nve lor i n,:: 
8urface of the flame cone on the Bunsen. burner is in first approximation 
prOl)Ort ~onal to the mean flmr velocity in the burner tube, so '?,lso i t 
must be a ssumed. that t he surfaces of the indi v:dual pos i ti ve and negati Y 8 

parti al cone s on the roughened flarr..e surface are proportiona l t o t h e ve­
loc i ty fluctuations ±u'. Averaging over the entire fIml cross section 
then ,vauld. y::'eld the proportionality 

w!'t rv I ~ I! 

or for c onstant turbulence--body diame ters ' 2} 1-/hieh iri gene r a l G.eper..d 
cnly on the vesseI1s boundary (cf. fig. l3)Vl1:.ich applies to turbulent 
tub e f l mr): 

(72) 

or finally) if E 
is approximately constant (as also holds true 

VRe 

approximately for tube flml = nuclear flow in free jet) fig. 12): 

Re 

On the se assumptions) about · the occurrence of \{hich in arbi.trari ly 
shaped rea ction cham.be~s nothing can) of course} be stated as y e t} the 
turbulent flame velocity should be proportiona l to the Re ynolG.s numb er Re ~ 

Wha t does the experiment say to this? ' Among the p revious l y db­
scribed experiments t h e coarse-body turbulence undoubt,f;dly plays the 
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earliest part in the larger burner tubes II and III ,,1'i th their maxim'JIll 
mixL.g l~ngth compu ted at I = 0.17 and I = 0; 21 mEL-me t er f or tube 
(Hamster d = 2.18 and 2.718 mi llimeters according to 'f igure (13) , vhHe 
the thj,ckness 0L of the eXperimental luminous zone in laminar f~o~,r 

anlounted only to about half, that is, 0.10 millimeter. Ccns:I. <ieri r,g the 
maximum flame speeds "Jfmax obtained for h~bes II and III, they l1anifest 

no direct prcportionali ty with Re, but st i ll an appro.x;imiOl,te linear re·­
la.tionship (fig. 6) 

wfmax -= A x Re + B (74 ) 

The first term qn the right- hand side poss i bly compri~es the effe ct of 
the coarse·-'body turbulence. But in addition t o that there is a second 
effect in term B, which also raises the flame speeC!. and vrhich carries 
particular vreight at the small Reynolds numbers such as occur on the 
narrmrest tube. Here, hmrever, the turbulence bodie~ "rere alreacly of 
the same order of magnitude as the thiclmess of the luminous zone 0L; 
the maximum mixing length compute d for tube diameter d. "" 1. 385 mHE·· .. 
met.ers "ras 7. = 0.11 millimeter according to fig~1Te (13). lIence it i s 
very likely that the "fine-body" turbulence , at )orhich the turbulence 
bodies are smaller than the thicknes's of the laminar Or" also played 

a part in these tests. 

In analyzing the effect of this tY}le of tur-bulence in the extreme 
limiting case I« 0v no further roughening of flame surface me.y be 

expected, because the twbulence bodies have much t oo small a diameter 
for it. But a different effect must occur, namely, an amplification 
of every microscopic transport process in the flame surface, especially 
bet"'~en the reaction zone and the preparatory zone. These transport 
processes, ",hieh, fo;t' example, effect the transf\3r 0f active particles 
or of heat from 'the reaction zone to the preparation zone, gov8rn the 
flame spe ed very decisively, as i s . readily apparent frcm equation (1) ). 
According to it the flame" speed is proportional to the squa!'e root of 
the transport quantity . ___ z_; hence 

cpPa 

"z 
Up to a f actor departing Ii ttle from unity this quantity is, 

for gases, equal to the diffusion coefficient D and the kinema tic vis-
cosity v. Observing, further, that in turbuJ,ent flo1V J accorcl-ing to -
equation (47), this transport quantity should be replaeed by the Prandtl 
eXChange quantity E, it follow's that ip the e.x;t:reme limj,ting case of 
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fine-body turbulence the ratio of turbulent to -laminar flame speed is 

= 
v 

This formula is suitable for a mathematical check of the present study, 
since it not only presents a proportionality like e(J.uatJ.on (73) (which 
represents a limtttng case of the' coarse-body turbulence), but also a 
real, numerically assessable eq.uation. In this insta..'1ce the conditions 
are much better for the f~Lne--body turbulence than for the coarse-body 
turbule nce. 

If this conc~pt that for small burner tube ciiameters the fine-'-body 
turbulence also played an essenUal part along w1 th the coaree--body tur­
bulence J is correct, the ma."Cimum flrone speeds 1'7~max observed in the tur-

bulent tests should not depart abnormally, in order of magnitude, from 
the fla:p18 speeds obtained by e(J.uation (76) and. from the cited ~ values 
in t~1E~ free ,iet. This calculation is made easier by the fact that only 
the 0-- values of the free jet nucleus neeel to be t aken Jnto aCGount, 
which by ass umption ,fere to agree v7i th the values in pipe flo"7; for the 
greatest flame speeds in the present tests are undoubtedly a s sumed on 
the 1nside boundary of the turbulent flame zone, and this inner boundary 
definitely li e s in all tests (exceJ:.t tests 52 and 45) "'ithin the nuclear 
zone of the free jet, as indic~ted by the dashed. li,nes of fi gure 15. 
According to table 3 the ratio of the corresponding experimental inner 
cone surface line s to burner tube dimneter, that .is to say, ~ was ,con-

sistently much below 6. Hence an inside boundary of the turbulent com­
bustion zone can be calculated by the d~fferential equation 

2-
------- ( ~ ( \ 2 

, / = '\ 2 1 "lmax \ u) 
'= (_.:.. 1 \~ U .!~_ .. §@x ~- -: 1 
1\1.rf l / ~ 

V 

d(h/R) 
~ ----

d(r/R) 

This equation is in perfect accord .. ii th e(J.uation (36) except for 

the difference that the ~ values f or turbulent fl<w replace the 
~ax 

pa.rabolic ve lOCity distribution in laminar flovT, and turbulent flrunA 
speed wfl of 8(J.ua tion (76) subst:L tv.tes fcr the laminar flame speed 

1fft· Equation (77) "'as gr aphically integrate d for such IT 

values and thone Reynl"llds numcers which app r oximately corr~~~onded 
to the f oregOing tests and f or ,,,hich ,the,J- value s c""uld be taken 
dir~ctlY from Nikuradse's r eport (reference 14). 1ne numerical values 

of Re and employed are contained in table 9. The flame cones Vfl 

obtained by integrating (77) a r e r eproduced in fi gure 17. As for the 
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eval'L\ation of the experimental cones the l ength S. (If the enveloping 
surfaces acd their center of gravity radius Rt (cf . the figs . in the 
4th and 5th c~ls . of table 9) '·Tere determined and f rom th es e data t:te 
flame speed Wft averaged over the entire cone, ,vas easily computed) 

because it is necessary that 

Wft 
~ R2 n 

:r;=---
2n S R r 

or, when formed in rat io t o t he l aminar f l ame speed : 

-
U 

:::---X-~ 

Wfl 2 R I S wfl 

The s e data a r e reproduced in the next . to the last column of table 9. 
11 They manifest no systematic motion with at constant Reynolds 

"Tfl 
numbers, so that averages are permissible {cf. l ast col .) fig. 9) l . 

TABLE 9 

r- I 

li Re ; 4x103 I 6.1xI03 i 16.7XI03 ; 23.j..'<103 
,-c::-"---- ~ .- . - . . -- ' , -- - - - -.- .~ - ~-.----+ .. ~- .- ... -~ -~-~ ----.. -"'T"---'- " ' " .. - . - .. . . . - -"' ''' . .. . - ....... - - ..... - •. -'I 
lv1ie : .. 63 . 2 j .78 . 0 : 129· :. ; ~52.7 

l0!'~~~~-~~~T_:o __ w 15 I 10 ----~ .. 2~~ _q-4~ -Ti ~~~_~_ 40j 
, , , . , 
I SiR ,3 . 925 5. 925 i 3. 265 4· 910 i 4,, 310 5.59: j .6: 7 . 41 I r·----·---· .... -- --r-------... . ------ i--_ .... - ... -..... --.-.. ----.. -.----.. -.. -_.-... -... " .... .. -.-..... ... - .-.-~ 

I R I /R ____ -.1 O. L. 35 O. 44~ o. 460 __ v~.450 1._.~_·_46~ .. __ (). ~JOi (\. ~60 . 0.460 ! 
I = i i f i 

I' Vlf~ = _. R2 ._~ j2 .93 2 .88 I 3.33 3.39 5 . 04 5. 17 ,; 6 . 03 5.87 i 
,"-!'f'l 2S R f Hfl.L i 

1 T 'r-
! VTft 'li 2. 90 
IAverage for -- 3.36 5.10 5 .95 j 
L_~ ___ wfl I. 1 _ _ _ ._1 .=--____ ~.-I_-- .. --.-

lThe departure of the 'individual values .!!f_t 
"1'1 

frvm the averages is 

even l e ss than 2 percent) hence lies definitely within the range of 
en'ors uf t he employed method 0f grapb,ical evaluation. 
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The turbulent flame speed thus computed therefore represents ~uan­
t~ties computable from the entire surface of a ~lrune cone located in the 
nuc16ar zone of the turbulent free jet and on ,'Thich the flame speed of 
every flame surface element j,s increased in the ratio -S_ relative 

v 
to the laminar flame speed. Flame speed "'ft should agree then in 
order of magni tud_e .Ti th the experimental values of wfmax, if a sub­
stantial effect on the flame speed ",'ere due 'to the fine-body turhulence. 

-'" 
And this actually appears to be the case: a cOIT"parison of the W~~ 

,vfmax 
values (dashed curve) fig. 6) ,'rith the experimental values 

Wfmin 
shows the l atter values to differ only by 30 percent from the former 
values; hence the order of magni t-ude of both ~uotients is definitely 
tb~ same . Complete agreement is) of course, not to be expec t ed; for 
t.he assumption of the extrenely fine-body turbulence) "here the tur­
bulence bocUes should be substantially inferior to the thickness of 
the laminar flame surface) is not fully com:plied with in the previously 
reported tests. 

Ii' igure 6 (b) further sho;,s that 

Wft 

Wfl 
~ I R;} a.s established in 

wfmax 
first approximation for the experimentally defj_ned values , 

"Tfmin 

at emall Re;ynolds numbers. .4dmittedly, thl? factor <,)f proportianaltty 
for both quotier.ts is (iifferent) ",hich proves again that ano ther effect 
besides' the fine-body turbulence, namel;v) the coarse-body turbu­
lence) wa:::; involved in the t ests. This is berne out by the fact that. 
thlCl form of computed inner boundary cones ) illustrated in figure 17, 
does not exactly agree with the experimental} with their more bulging 
cones, as is evident from the flame photographs rf figure 4. 

Wfrnax 
Another unusual fact is that the observed values are Sll18.11er 

"'ft ' "Tfmin 
tban the theoretically calculated values. But this meaLS that in 

"'f1 
transport processes over path lengths equal to or less than Prandtl1s 
mixing l ength 2) the exchange ~uantity € ~ is only partially effective. 
This finding may now seem pex'haps trivial) but up to now the author has 
run across no experiment from "'hich such could have been accurately 
deduced. 

In conclusion, a few words about the outer demarcation of the tur­
bulent flame zones. They extend in their upper part) especially on t~ 
largest of the employed tubes (III ) far beyond the inner cross sec­
tion of the tube. Here also the pressure difference before and after 
combustion may be involved as in the enlargement of the base of a 
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lamj,nar Bunsen cone. HO'\!Tever, some· ,:.ther factor beaid.es t1:tis potential 
presaure effect must also have been effectivej and this is very likely 
tr) bR found in the marginal turbulence of the free jet. For the outer 
boundary surfaces of the turbulent flame zones lie to a great extent 
in the area of the marginal turbulence in the tests vri th tubefJ II and 
III. This is readily apparent Ifhen comparing the forms of tr.ese !Sur­
faces of demarcation wi th the cone~shape nuclear zone of the .free je t 
of figure 15, and, further, when reflecting th&t the ratio .~ . for . d 

these boundary surfaces, on changing from tube 1-·9- tube II..;;", tv.b e III, 
moves continually nearer to the value 6 or even exceeds it (cf. 
tacle 3). The numeral 6, howey-er , describes the ratio of enve l (,Jping 
surface to tube diamater (cf. fig-. 15, also table 8) for the cone-·, 
shape nuclear zone of tbe turbulent free jet. In tests 52 and 45, 

where .§ = 12.5 and 7.3, tho C011€Hl extended especially far into tbe 
d. 

araa of marginal turbulence. 

Returnj.ng to the original question - that is, of the effect of the 
t\lrbuler~ce of a flow on the flame speed - the ansvrer can be worde d as 
follovrs: the turbulence ah,'ays increases the flame speed referred to 
the average flm{ cross sect~on, and in tvlOfold manner: for coarse-­
turbulepce bodies exceeding the laminar flame thicknes s , the flame 8ur­
f ace is effectively enlarg'3d, which is, by roughening or ultimate 
ruffling. For turbulence bodies smalle r than the laminar flame thick-­
ness this phenomenon probably recedes in the background, though the 
flame speed increases by rea son Qf the fact that all transport processes 
betvreen r eaction zone and preparatory zone in the flrune surf~ce are 
amplified, o,\>ling to the turbulept mixing motion. The effect of this 
fine--body turbulence can now be. determine d beforehand, but not that of 
the coal;'se.-body turbulence. In the engtne the coarse-·body turbu1.en ce 
is most likely to assume the controlling part. Fine,·-boc1y tu;r'bulence 
can be achieved only in flov8 issuing from very narrow tvbes or slits 
of less than 1 millimeter, and such cross sections are avoided as much 
as possible for high~flow velocity because of the substantial flow re~ 
sistances incidental to it. 

Translation by J. Vanier, 
National Advisory Committee 
for Aeronautics. 
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Flow velocity 
Test I I C,H,+O,=G 

No. 
C,H, 0, 

N .T.P. cm'/s 

I 0,377 1,949 2,326 
2 0,659 1,475 2,134 
3 0.862 1,154 2,016 
4 1,269 0,754 2,023 
5 1,513 0,516 2,029 
6 1,897 - 1,897 
7 - 1,965 1,965 
8 - 1,656 1,656 
9 0,174 1,888 2,062 

10 1,412 0,383 1,795 
II - 1,658 1,658 
12 1,014 1,060 2,074 
13 1,913 0,212 2,125 
14 1,932 - 1,932 
15 - 2,000 2,000 

R e =4,O ·10' 
r 

I 
R l E y-;- l 

Ii: Ii: " 
0,0 0,161 (2,0) 1,41 0,157 
0,1 0,159 7,1 2,66 0,156 
0,2 0,152 9,9 3,14 0,152 
0,3 0,149 11,5 3,40 0,145 
0,4 0,142 12,7 3,56 0,137 
0,5 0,132 13,1 3,63 0,130 
0,6 0,118 12,9 3,59 0,116 
0,7 0,100 11,8 3,43 0,098 
0,8 0,076 9,6 3,09 0,075 
0,9 · 0,046 !,,2 2,48 0,045 
1,0 0,000 (1,0) 1,00 0,000 

For ony Re 
x 

I 
Tt ul un bl+b. I 

It R It Ii: 

2 0,17 0,35 0,51 0,035 
4 0,33 0,69 1,02 0,070 
6 0,50 1,04 1,54 0,104 
8 0,66 1,38 2,04 0,139 

10 0,83 1,73 2,56 0,174 
12,08 1,00 2,08 3,08 0,210 

Table 2. 

% C,H, 
LIp 

mm H,O 

16,2 203,7 
30,9 167,9 
42,8 147,2 
62,7 128,1 
74,6 119,0 

100,0 97,7 
0 188,1 
0 158,5 
8,4 191,0 

78,7 103,0 
0 164,0 

48,9 145,5 
90,0 114,8 

100 99,5 
0 191,0 

Tob~e 8 
Nuclear flow 

Re=6,1'10' 

• V;. -.. 
(2,0) 1,41 
10,1 3,17 
13,8 3,72 
16,2 4,03 
17,9 4,23 
18,7 4,32 
18,2 4,27 
16,7 4,08 
13,7 3,70 
8,6 2,94 

(1,0) 1,00 

Marginal flow 

Re = 4.0 ·10' 

E · y-;--v 

4,8 2,17 
9,5 3,08 

14,3 3,78 

I 
19,0 4,35 
23,8 4,87 
28;7 5,35 

NAOA TM No. 1112 

fj= 
G 2,122'10-" ,1:- ~ .. 

LIp g/cm' em'ls 
g Cln- I 8-1 

1,14'10-1 1,86'10-' 1,43.10-3 0,130 
1,27 '10-.- 1,67'10-' 1;52·)0- 3 0,110 
1,37 .10-1 1,55'10-' 1,59·]0- 3 0,098 
1,58'10-2 1,34'10-' 1,70'10-3 0,079 
1,71,10-1 1,24'10-' 1,77.10-3 0,070 
1,94,J0-2 1,09'10-' 1,92'10-3 0,057 
1.04~ 10-2 (2,05'10-') (1,34·)0-3) (0,153) 
1,04 ' 10-2 (2,05'10-') (1,34'10 - 3) (0,153) 
1,08'10- 2 1,96·]0-' 1.30.10- 3 0,141 
1,74'10-2 1,22'10- ' l.!lO·IO-3 O,06!! 
1,01'10-2 (2,05'10-') (1.34 , 10-3) (0,153) 
1,42·]0-2 1,49'10- ' 

I 

1.1;2,10-3 0,092 
1,84 .10- 2 

I 
1,15 ' 10-' l.!j(j. 10-3 0,062 

1,94'10- 2 1.0H·)o-' 1.1.12.10-3 o,om 
1,04'10-2 (2,05 ' 10- ') (1,34'10 -3) (0,153) 

MU· 

Re=16,7 ' 10' Re = 23,1)'.10' 

I • 1'+ I E 

y~ It - Ii: -.. .. 
0,154 (2,0) 1,41 0,148 (2,0) 1,41 
0,145 22,1 4,70 0,144 29,4 5,42 
0,143 30,9 5,56 0,143 41,2 6,42 
0,140 37,0 6,08 0,137 48,6 6,97 
0,130 39,8 6,31 0,129 52,6 7,25 
0,122 42,2 6,50 0;122 55,5 7,45 
0,112 41,9 6,47 0,109 54,5 7,38 
0,096 38,8 6,23 0,092 49,7 7,05 
0,072 31,2 5,59 0,070 40,4 6,35 
0,043 19,8 4,45 0,043 26,2 5,12 
0,000 (1,0) 1,00. 0,000 (1,0) 1,00 

Re=6,l'10' Re=16.7·10' Re = 23,3 · 10' 

.!... y~ E 

y~ E y~ -v v ,. 

7,3 2,69 19,9 4,46 27,7 5,26 
14,5 ·3,81 39,7 6,30 55,4 7,44 
21,8 4,66 59,6 7,72 83,1 9,1 
29,0 5,39 79,4 8,91 III 10,5 
36,2 6,02 99 10 138 11,7 
43,8 6,61 120 11 167 12,9 

82· 



Table 3 

Mole. cm% N.T.P. Gaqlnq of flame zone Llne~r Flol)'le _ Reynolds Flame 
Test 
No. ~ 

Flow velocity . . 

ei9ht '7c )I velocity velocity Wfmax number 
" of .. " " G= _ 0 cm2 S-Cone.sur- R'= c.p. F=cane u= 'iVt=.lL -- = 
propcone Propane I o~ lpon:~~ Propone y. Method.) foce line radiUS of S surface tl; F W,min Re= ~ Ivr<e INolsless ~histles 

:l cm~ em/s em/s ~ V 

II 
12 
22 
2;; 

4H 

.-,0 

tIl 

4:; .• 

46.5 

2.12 
Vi!' 
7.10 
!i.0!! 

21.54 
1!!,24 
50,85 
38,20 

41i.17 I 2.1i2tl I 13.0" 

3.1H I 10,33 

7.!l0 I 29,55 

23,66 H.!)6 0,140 
20,83 12.43 0,135 
57.95 12.2.5 0.135 
43.28 11.72 0,136 

K 
K 
K 
K 

lli.ti8 I Hi.75 I 0,12!) I Ph 

13.!17 I 2H.02 1 0.117 I Ph 

37,45 1 21.10 1 0.123 1 Ph 

t,;? I 1 10.34 I 27,!!5\ 3!!.l!' \27.07\ 0.116\ Ph 

53 4H.1O 7.5!) I 45,00 52,5!) 14.4!i 0.132 Ph 

2X 14Ii.:141 O.'i!i6114.litl 
:17 41i.lli );;.42 H!!.!) 0 

42 

43 

44 

4t, 

41i 

47 

4X 

r,4 

;;;, 

;;Ii 

;;7 

15,40 

1!i.liO 

I 
16.:l3 

17.XO 

H.:l3 

6.:;ti 

4.!!2 

1

M
':.: 

Xh." 

H7,4 

H!'.:l 

!)!1,40 

90.75 

4!l.25 

41.1 !) 

]5.15 

17,23 

13,70 

231.X 

:12H.' 

3;iH.I 

374.:1 

*) K = cothetometer 
measurements 

);i.
34

1
4

.
2

!! 10.1471 K 
114.32 13.411 0.133 K 

114.80 13,41 0.133 Ph 

10H.35 I 14.67 I tl.l32 I I'h 

tlS.5t! I 24,!1O 1 0.1I!! I Ph 

5S.95 1 30, I ii I 0.112 I I'h 

21,4!! 1 2!1.41j I O.II:l I I'h 

23,7!J 1 27.57 10.115 1 Ph 

1!!,52 126,01 10.117 I Ph 

317.3 I 26.!'1i 10,lltl I Ph 

41;'.2 I 20,H3 I H.12:l I Ph 

441i,5 1 HI,57 I 0.12,; I Ph 

41i:1.6 1 19.2fi I tl.12fi I I'h 

Ph = photogrophed 

Tube 
0,46ii 
0.312 
0.ti7!i 
O,66!i 
0.245 
0.24:1 
0.360 
0.3,,0 
O.!iH!i 
(I.;;3t! 

1.73 
0.560 
0,43!! 

I: d = 0.13X;; ( ' m 

OJ'40 0.117 
0.040 0.07H 
0.05;; 0,233 
0.041 0,171 
tl.037 
0.1l32 
H.1l42;; 

(0.031) 
H.O;'H 
(I,H3H 
0.07 
0.0;'7 
0.044 

0.057 
O.04HH 
11,096 

(0,068) 
0,177 
0,128 
0.76 
0.200 
0.121 

Tube II: d = 0,21H em 

H.4!' 
O.Ha 
0.61i 
0,435 
0.643 
0,420 
0.71!i 
0.4B 
1,5H 
1,0:1 
0.67 
0.64!! 
0.57!! 
0,57 
0,333 
0,320 

Tube 
2.050 
I. W:I 
1.500 
0.S83 
1,386 
0,815 
1,413 
O.HOO 

0.1I1i!) H.213 

O.W'2 0,364 
11.10 0,414 
0.07 O,l!ll 
1I.1I!)7 0.392 
1I.1I61i 0.174 
H.O!):; 0,427 
1I.1Ii:! 0.222 
II.IOH I,O!! 
1 W7:! 0,466 
0,OH7 0.282 

. H,05!i 0,224 
O,OM 0,256 
0,052 0,186 
0,061 0,127 
O,OM 0,110 

HI: d = 0,272 em 

0.194 2.50 
11.110 0,82r; 
O.IH6 1,754 
(1,103 0,572 

11.1 II I 1,5ili 
0,0!!1i 0.441 
O,I!!O 1,598 
n.OHS 0.443 

1571 
1383 
3860 
2874 

1042 

M!! 

24!!t! 

2537 

3500 

411 
3065 

3077 

2H48 

17tiO 

1580 

576 

638 

497 

5470 

7150 

7690 

79!1O 

202.0 
266,0 
24!!,5 
252.7 
275.0 
:121.0 
145,2 

(205.0) 
211,4 
2!H,U 

50.2 
262.0 
434,7 

72.2 
314.1 
277.3 
5!)9,0 
271,5 
610.0 
153,6 
2H6,0 

M,7 
126,6 
76.2 
!)6,0 

100,8 
128,0 
145,2 
167,5 

127,0 
381i,0 
237.0 
725,9 
283,0 

1011 
290.1 

1046 

1.17 

(1.41 ) 

1.3!! 

1,66 

2.16 

2.24 

1.1)3 

(2.31) 

1,26 

1,27 

1.1 Ii 

3,03 

3.06 

3,58 

3,61 

I ;')fifi 
1421 
3960 
2933 

1119 

10!)!! 

2!!00 

303,; 

3675 

612 
5020 

5036 

4711 

3250 

3075 

1116 

120!1 

!)25 

12850 

);i7110 

16700 

17300 

3!),4 

37.7 
62.9 
M.I 

yes 

" 
no 

" 

no .. 
yes 

" 
33.5 I yes I no 

:I:U I II 

52.!) I no I yes 
51i.1 

60.6 

24.7 
70.!1 

71.0 

ti8.6 

57.0 

5!l.;' 

33.4 

34,8 

30,4 

113 

126 

129 

132 

" 
" 

yes 
no 

" 

" 
II 

yes 

" 
.. 

no 

I, 

" 

/I 

" 

no 
yes 

II 

" 

" 
no 

" 

" 

yes 

" 

" 

s 
d 

3.31i 
2,2;' 

4,1l7 
4.110 
1.77 
1.7" 
2,1i0 
2,1i:J 
4.0H 
3.!!!! 

12,r; 
4,04 
3. iii 

2.2;' 
2.!!!l 
3.03 
2,00 
2.!J5 
LII3 
3,28 
2,21i 
7,29 
4.72 
3,07 
2.97 
2,6;' 
2,61 
1,53 
1,47 

7,53 
4,311 
fi .. !>l 
3.25 
!l,lO 
3,00 
5.20 
2.!)4 

!2: 
~ o 
~ 

>-3 
~ 

!2: 
o 

...... 

...... 

...... 
t\) 

~ 
(J1 
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Figure 1.- Diagrammat ic view of 
the test apparatus. 
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Figure 2. - Apparatus 
for measur­

ing the viscosity of 
gas mi xtures. 
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Figure 3.- Dynamic viscos ity, 
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Tube I (d = 0,1385 em) 

Tube II (d = o. em) 

Tube III (d := 0. 

Figure 4.- Flame photographs~ (tubes I, II and III). 
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Figure 8.- Expansion of a. laminar free jet according to 
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Figure 12.-

center line 
tion. 

Turbulent exchange quantity E: / uR in tube flow 
as function of the relative distance from tube 
r/R at several Re ,in dimensionless representa-
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Figure 13.- Mixing length Z/R 
in tube flow as 

function of the relative 
distance from tube center line 
r/R for several Re in dimen­
sionless representation. 

Figure 14.- Stream-line 
pattern of 

the turbulent marginal 
zone of a free jet 
(according to Tollmien). 
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Figure ' 15.- Values of £/v 
and Z/R for 

nuclear and margina~ zone 
of turbulent free jet at 
various relative distances 
x/R from the tube orifice. 
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Figure 16.- Representation 
of the effect 

of coarse-body turbulence 
on an originally smooth 
flame surface. 
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Figure 17.- Flame cones computed theoretically for the 

turbulence. 
extreme limiting case of fine-body 




