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NATTONAL ADVISORY COMMITTEE FOR AERONAUTICS

TECENICAL MEMCRANDUM NO. 1112

THE EFFECT OF TURBULENCE ON THE FLAME VELOCITY IN GAS MIXTURESY

By Gerhard Damkohler

The present report dealg with the effect of turbulence on the propa-—
gation of the flame. Being based upon experiments with laminar as well
ag turbulent Bunsen flames, both the physico-chemical and the hydro—
dynamical aspects of the problem are analyzed.

A number of new deductions, interesting from the point of view of
engine combustion and other very rapidly changing fleme reactions, are
made . :

SUMMARY

1l. By use of the Bunsen burner method on various pronane—oxygen mix-—
tures, a number of flame velocity measurements were made in the range of
Reynolds numbers Re= 612 to 17300 (referred to inside diameter of burner
tube),so that the appearance of the turbulent Bunssn fleme could be com—
pared with that of the laminar. The inside diametere d of the employed
tubes I, II, and III were 1.385, 2.18, and 2.718 millimeters, respectively.

2. The laminar Bunsen flame burned completely without noise. It
showed a sharply defined bell-shape flame surface, the base of which ex—
tended a little over the inside cross section of the burner tube. The tip
of the cone was rcunded off with a curvature radius of the same order of
magnitude as the luminous thickness &y, of the flame surface itself; the
thickness of the luminous zone ©Os was measured from time to time just a

little below the cone tip and amounted to 0.10 #0.02 millimeter in all
the laminar tests.

3. The turbulent flame was recognized acoustically by loud whistling.
The zone of the flame, which in its base, also extended over the internal
cross section of the burner tube, was no longer sharply defined, but

1"Der Einfluse der Turbulenz aur die Flammengeschwindigkeit in
Gasgemischen . ," Zeitschrift fiur Tlektrochemie und angewandte
Physikalische Chemie. vol. 46, no. 11, Nov. 1940, pp. 601 — 626,
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washed out. The zones were no longer bell--shape except on the narrcw-
est tube I; they were already rather bolt-shape on the wider tube 11,
and on tube IIT its upper part was considerably enlarged with reapect
to its base.

i, From the boundary surfaces of the turbulent flame zone, even
though blurred, the cxisting maximum and minimum flame velocities,
VP max and Wp pips ©on be approximately computed.

With exception of two tests the minimum flame Spcods Wi s
agrecd consistently with the corresponding flame speed Wil for laminar

flow. The two unsuccessful tests can, however, be interpreted likoivisc.
ﬁ} max
At small Reynolds numbers the ratio ————-= increases (tubc I and
/ W.
Tomidg et
IT with Re = 2300 to 5000) approximately proportionally to, Re at large
Reynolds numbers (tubes IT and III with Re = 5000 to 18000) approxi--
mately linsarly with Re.

5. The theory of laminar, stationary flame zone ig briefly dis—
cussed. The terms "preparation zone", "reaction zone", "ignition tem—
perature", "rate of chemicul reaction", and "flame epeed, "are explainca
and the mathemutical relations existing between these quantities de-
duced. Numerical values for the quantities are given on the basig of
the experimental materisl.

6. The mean chemical decomposition velocity in the reaction zone
amounts to about 0.2 mol of fuel per cubic centimeter times seconds
in the tests, so that every fuel molecule receives approximately 10°
impulses before being completely burned.

T. Comparison of the computed thicknesses of the preparation and
reaction zones, fy and O8R, respectively, with the experimentally
established luminous zone thickness &, gives the fairly arbitrary
alternative: .the ignition temperature 'uw, = 500 C in the flame eilther

agrees approximately with the autoignition temperatures determined for
the particular mixture by the method of adiabatic compression or with
the Dixon burner arrangement; in which case 6L R SV-+ 6R; or else with

1Z:'EOOO C the ignition temperature in the flame lies considerably

lower than the cited autoignition temperatures; in which case & ~ 8.
The second possibility appears more likely at the present time. Inves—-
tigatien of the intensity distribution of the individual emission spec—
trums in ¥, would also afford insight into the time sequence of its
occurrence and thus contribute considerably to the elucidation of the
chemical reaction mechaniem in the flame.
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8. The propagation of a laminar free jet is numerically estimated
after an article by H. Schlichting and found to be compeletely negligi--
ble for the interprstation of the laminar Bunsen cone. However, the
experimentally observed laminar flame cones do not completely agree in
form with cones computable on the assumption of a parabolic velocity
profile and equal flame speed at every point of the flame cone. The
discrepancies can be explained. Directly above the burner tubes rim a
horizontal, outwardly directed flow must exist, which can be numeri-
cally appraised, and which effectively prevents air from the outside
being diffused into the cone of the flame.

9. Prandtlfs characterization of the turbulence of a flow by two
numerical quantities is briefly outlined: by the mixing length 1,
which indicates the approximate magnitude of the turbulence bodies, and
by the exchange quantity e, which, ag a type of diffusion coefficient,
permits a quantitative statement concerning the amplified transport
processes in turbulent flow. With these two quantities the turbulence
in the free Jjet issuing from a tube orifice is numerically estimated,
it itself being divided into & nuclear zone with the flow and turbu--
lence properties as in a simple pipe (explored by Nikuradse) and a bor-
der zone with particular characteristics (investigated by W. Tollmien).

10. The theoretically conceivable influences of the turbulence on
the propagation of flames are discussed. Two types of turbulence with
totally different effects must be distinguished: "coarse-body turbu-—
lence with a great mixing length compared to the thickness of the lami-
nar combustion zone, with roughened and ultimately scattered flame
front, in which, as a result,the surface of the flame is enlarged, and
the flame speed referred to the flow cross section rises beyond the
laminar value wpy. On the extremely "fine—body" turbulence with very
short mixing length compared to laminar fleme zone thickness, there is
no roughening of flame surface. On the other hand, all transport pro-
cesses in 1t are greater; hence also the rise in turbulent flame speed
wpy beyond the laminar weq , which is, according to the formula,

b €

W v

The values of Wft computed with it (averaged over the total flow
crose section) are only about 30 percent higher than the experimen-—
tally established maximum flame speeds in the turbulent flame. -Hence
in the tests, besides the rough—+body turbulence, the fine-body turbu-
lence also must have played a part; especially since the greatest mix—
ing lengths in the three burner tubes amounted to 0.11, O.l7)and

0.21 millimeter respectively, while the luminous zone thickness was
fixed at 81? 0.1 millimeter.
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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 unpredict-
able; because turbulence bodies of the order of 1 = 0,1 millimeter can
be produced only for gas issuing from very narrow flow cross sections,
and such are always to be avoided for reasons of the high flow resiet-
ances involved.

11, In turbulent interchange or mixing processes it is always nec-
essary to distinguish between transport lengths that are greater or
smaller than the mixing length 1. In the latter case the Prandtl inter-
change quantity is =ffuctive only with a fracticnal amount of ite mucre-
scopic value e,

 INTRODUCTION

The earlier reports on flame speed (ignition velocity) in gas mix-
tures deal exclusively with the propagation of flames in static or lam--
inar gas flow (in the bomb, in the pipe closed at both ends, in the sosp
bubble,or in the Bunsen burner, etc). The reports further define the
physical and chemical influences (pressure, initial temperature, type
of containcr walle, chemical composition of initial gas) and attempt
to explain the phenomenon 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 flow, although this case is of
considerable importance for the technique. In the Ottc-cycle engine,
for instance, fleme speeds of from 10 to 50 meters per second occur,
which are due solely to turbulence effect (measured relative to cylinder
head), that is, from 10 to 100 timee the amount of the value measured
on the same gas mixture without turbulence. However, it still 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 real-—
ly higher flame speeds are involved, the cause of which might be found
in the turbulent motion, but likely also in dynamic gas effects.

The little knowledge 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 flow guantitatively.
So far thie has been successfully accomplished only for the developed
turbulence in stationary flow. (Cf. the fundamental works by L.
Prandtl and his school as well as the more recent British and American
wind—tunnel investigations on the subject.) On top of that these re-—
ports are scarcely known to engineers and physilco-chemists interested
in the problem of flame spesed.
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The subsequent report is a first attempt to measure exagtly the im-
fluence of turbulence on flame propagation and to interpret it theoreti—
cally. To this end comparable flame speced measurements were made in
laminar and fully developed turbulent flow on various uniformly flowing
gas mixtures. It is true thet the latter case corresponds only in part:
to the conditions encountered in the QOtto engine, but it also msakes it
possible to give numerical data on the state of turbulence of the flow
which are indispensible for a deeper insight into the processes involved.

The theoretical treatment of the experimentil deta begine with the
development of the general theory of the stationary flame zone in lami--
nar flow; then follow the numerical data on preparation zone, reaction
zone, ignition temperature, and chemical reaction speed in the cone of
the laminar Bunsen burner, the enlargement of a laminar gas Jjet issuing
into the open and the form of Buncen cone burning in it, quantitative
appraisal of the conditions of turbulence in the free jet in the light »
of the Prandtl school, discussion of the theoretically conceivable tur—
bulence effects on the flame speed, and lastly, comparison with the
test data of the present study.

TEST METHOD AND TEST DATA

1. Brinciples

The measurement 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
well-known flow conditions exist and in which wall effects are also ex—
cluded as far as possible, is the Bunsen burner method. Here a flame
cone stands stationary in an open Jjet that igsues from a burner tube
and in its core still manifests the same 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 jet, as investigated mathematically by W. Tollmien (refer-
ence 2), showed good agreement with Gottingen wind--tunnel measurements.
Through these studies the turbulence in the free jet is known.

Admittedly, the simple burner tube has the drawback of a locally
dependent flow velocity and turbulence, hence necessitates integration
over the entire flow cross section. But then the turbulence ig known
and need not be measured first.
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2. Experimcntal Setup

The setup, is diagrammatically shown in figure 1. The gases from
storage tanks A; and Ay pass, at first, separately across the bubble
valves By and Bs (with controlled immersion depth) filled with water or
mercury, depending upon the flow veloclties, into the calibratcsd £low
meters st; and stp. From there they pass across the pressure-egual--
izing flasks Dy and Dp and the reduczing valves Vi and Vs into the mixing
piece T, topped by the actual burner tube B. Pressure fluctuations were
avoided by the control of valves V; and Vo in conJunction with flacks
Dy and Dp; hence the flame burned perfectly still. A glass tvbe R (80
ma in diameter, 300 mm long) slipped over the burner providsd protectiom
igginsi draft., The dimensions of the brass burner tubes are given in
wible L,

TABLE 1

DIMENSIONS C* BURNER TUBES

: . s JE D WL
i Diameter (mm)
Tube Length Outside Ingide Wall thickness L
at mouth d
T 500 2,0 | 1.385 0.30 361
II 500 4.0 2,18 L - JiE0G
TR 1000 550 | 2,718 N 368

Tubed T and IT were tapered at the upper end over a 20-millimeter
length so that the outside diameters and hence the wall thicknesses de--
creased to the figures cited in the table. The relative entrance
lengthe exceed the value of 150 end 50 necessary to produce devel-
oped flow several times over in leminar flow (reference 3) as well as
in turbulent flow (reference 1). Theee lengths were intentionally
chosen greater in order to ensure complete mixing of the gases, which
was further aided by the T piece. In the preliminary teste the flame
cones neceszary for the calculation of the flame speed were measured.
direct with the small telescope of a cathetometer, in the principal
tests by photographic recording and subsequent measuring of the positive
prints. A scale near the burner orifice (fig.: 1) wae also photographed
(1 division = 1/2 mm). After coneiderable trials the Afga-Kontrast
plate 6.5 X 9 square centimeters proved the most suitable.




NACA TM No. 1112 7

3. Experimental Gasges

The gases consisted of various blends of technical oxygen and
technical propane, which is essentially a propans-buteane mixture
taining about 6 percent of unsaturated hydrocarbons (olefins).
might be suspected that more rapid vaporization of the easicr boiling
propane in the original steel flask would graduwally eniich the roct of
the butane; but this was not the case as proved by several molar weight
determinationsl, which, while manifesting fluctuations, indicated no
systematic time process. It is likely that the inferior diffusion coef:
ficient of the fluld propane—butane mixture provided for practically
totul vaporization on the surface of the liquid. The meun mole waight
of »ropane in the tests was M = 46.1 £0.5 corrcspoinding %o a propane
content of 85 «~ 5 percent, if the rest is regarded as butonc.

SOLe-

)
It

The Reynolds number in the burner tube was computed by mesng of
the viscosity of the gas mixtures with the apparatus shown in figvre 2.
It consisted largely of a glass tube spiral of about l-millimetecr inside
diameter. The entrance length . AB was about 500 millimeters, the actual
test length BC, 1000 millimeters. The flow is laminar at Reynolds
numbers ranging between 100 and 500, hence the following relation for
pPregeure drop betwsen B and C:

Np =k nG
where

n dynmmic viscosity

G flow volume

k - constant

The latter was empirically determined by calibration measurements with
pure oxygen at Wix13x10%,with nog = 2.05¢ X10* grams per centi-

neter™1 gsecond™ 1!,

The recorded viscosities are reproduced in table 2 and figure 3;
they were all made at 18+ 1° C with a propane of density

1.92 x 10~3 grame per cubic centimeter (M = 45.9).

i, Experimental Results

The subsequent data refer almost exclusively to the principal
tests, because in the preliminary tests in which the flame cones were

lwWith the Kahle type gas sweep obtained from Linde’s Eismuaschinen
(Hollriegeliskreuth, near Munich).
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measured visually with cathetometer, the extent of dispersion of the
observed flame velocities amounted to 20 percent, as against less than
* 10 percent on the averaeged main test curves (fig. 5). Particulorly
uncertain in the preliminary tests was the gaging of the blurred turbu-
lent flame zones, since the field of vieion of the esmall telsscope cov—
ered only part of the flame; whereas the pogitive print of the phoio-
graphs in the principal tests always presented the entire flame end made
it mmuch easier to identify individual zones. These zones were then out-
lined by pencil and measured with the telescope of the cathetometer.

The photographs of the individual flames are reproduced in Figure 4 and
tabulated in table 3. The flame phenomena obteined were distinctly
different, depending upon whether the flow in the burner tube was lomi--
nar or turbulent. .

The laminar flow (Re<< 2300) burnt absolutely without noise. It
revealed a sharply defined bell-shape flame surface, the base of which
extended over the internel cross section of the burner tube. The tip
of the cone was rounded off with a curvature radius of the same order -
of magnitude as the thickness of the luminous flame smi:ice. This
luminous cone thickness was measured from time to time juet a little be-
low the tip of the cone and ranged between 0,1040.02 millin.ter through-
out all laminar tests.

The turbulent flame (Re >» 2300) was accompanied by a loud
vhistle. The zone of flame, which in its base also extended over the
internal cross ssction of the burner tube, was no longer sharply de—
fined but blurred. Only the narrowest tube I disgclosed a bell -shane
form; on tube II it became bolt-shape and on tube III the upper part
was already congiderably wider than at the bage.

For the guantitative interpretation of the test dat:
. 4
velocity wr (cm/sec) avVeraged over the flame cone was

Y Has
A e
flow. According to Gouy the following relation (reference k) is
asplicable:
; . \
7e = G/F (1)
where
G amcunt of gas supplied to burner, cubic centimelers per second
B surface of flame cone, square centimeters
With F computed as the surface of a body of rotation by Passus' . «
theorem F = 27R'S from the length S cof the enveloping line of the
combustion cone outlined by pencil end the distance R' of its center

o

of gravity from the center line, the outer or innsr boundary surface
of the flame zone can be used as a basis. The former served in the
preliminary tests becauss it was easier to measure by the visual
observation of the flame, while in the principal tests one Tlame
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velocity each was determined for both luminous zone boundaries, the in-
tention being to evaluate laminar and turbulent tests as nearly alike

a8 poscible. Closer examination of figure U4, especially the comparison
of photogravhs 4G and 50 with 51 and 53 reveals that the turbulent flame
zone issues from the laminar in such a manner that the boundary surfaces

of the laminar luminous zone shift farther apart and at the same time be-

come hazy. But in the turbulent flame these fairly distant and, in
addition, blurred boundary surfaces are the only definite areas that can
be measured and both of them must therefore be considered if a somewhat
guantitative picture of the total flame phenomenon is to be secured.

Both boundaries have, moreover, a physical significance also; the
imner is the Jlocus of the speediest combustion, the outer, of the slow-
est combustion. The slowest flame velocities of the turbulent flame
for all three tubes agreed with the flame velocity for laminar flow
(identical mixture presumed) according to table 3 and figure 5. This
result is very obvious; for a flame velocity slower than for laminar
flow can be visuwalized only when the initial gas, before its complete
combustion is d.:uted by incombustible gas additions (for instance,
products of combustion), which would be conceivable in the upver parts
of a flame for strongly turbulent mixing moticn. This condition prob—
ably takes part in tests 52 and 45 which alone fell out of line.
Possibly the "marginal turbulence" of the free jet exerts here such a
delaying effect., In test 52 Wwf pin is smaller than the corresponding
laminar flame velocity (cf. fig. 5) and test 45 disclosed an irregu-—

larity in the ratio S X (cB. Fig. 6).
Ll
Yf max
So, since the ratio = is a measure for the increase
;. F min
in flame velocity due to turbulence, it was plotted in figure 6(a) and

6(b) against the Reynolds number Re = %9 of the tube flow and against

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

W
diemeter), —M2%X jincreases spproximately propcrtionately to ,/Re,
Y min

for 5000 < Re < 18000 (tube diameters 2.18 and 2.78 mm) approximately
Ilinearly with Re. For the present, these experimentally obtained re—
lations should be regarded as approximate formulas, because of the mar ad
scattering of the test points.

Lastly, it may be mentioned that when using a burner tube of only
500-millimeter length and 2.718-millimeter diameter, hence with.a
relative entrance length I/d = 184, the outer boundary of the turbu—
lent flame zone revealed from “ime to time single, plainly distinguish—
able gas bodies, wbich burned by themselves. But this phenemenon was not
repeated on the twice—as—long tube III. Therefore the entrance length
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i
of the 500-millimeter tube was apparently insufficient for complete mix--
tnre of the original gases.

III. THEORY -~ DISCUSSION OF TEST DATA

1, Theory of Stationary Flame in Laminar Flow

The flame front is divided into a preparatory zone (in the litera-
ture usually termed "preheating zone") (refererce %) and a reaction zous.
At the boundary surface of these two zones the ignition temperature 4,
prevailg., This demarcation is also useful as approximation for the mod-
ern conception of the combustion processges; for these always have, as
chain reactions, a certain induction period, during which the mixture,
by forming or diffusion of active intermedlate products as well as by
heat input, must first be propered for ignition. Here the entire chemi-
cal decompogition remaine at firat guite emall, usually less than 1 per-
cent. At the place of the ignition temperature J, the concentrations
of the active chain carrlers and the reaction velocities of the individ-
ual elementary reactions have by then become so great that the total de-
compogition velocity suddenly speeds up: here the reaction zone starts.

Only in one respect do the modern concevntions show an essential
difference from the earlier ones: the ignition temperature may not be
regarded as a characteristic phygical constant of the initial mixture,
as pointed out by Jost and Von Muffling (reference 6). WNeither can the
ignition temperature ¢, occurring in the flame on the border between
preparatory zone and reaction zone be expected to agree with the igni-
tion temperatures that are obtained for the same initial mixture by the
Nernat method of adiabatic compression or Dixon's burner tube. It is
likely that the ignition temverature <, in the flame is lawer, because
ignition takes place under more favorable conditions than in the other
two cases, in which the intermediate products necessary for ignition
must be formed pursly thermally. In the preparatory zone of the flame,
on the other hand, these substances are supplied by diffusion from the
reaction zone. Thus the new thermal formation of active subetances can
be smaller or be absent altogether. That the diffusion flow of these
active intermediate products against thg actual gas flow is substantial,
has been demonstrated by Jost and Von Muffling.

The conditions in the flame front in stationary flow are defined by
the following equation system (reference 7). . Conservation of momentum:

P(wv) w= ~ VpHn[l ¥ +i grad div w) (2)-
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Conservation of energy:

0= QU - aiv (cp Pud  div (-1 grads) (3)

Conservation of atom type:

0 = —ys W~ dlv (nJ W) — aiv (”DJ grad nj) , (4)
where:
W flow velocity
P density
D pressure
§ temperature
Cp gspecific heat of mixture
n dynamic viscosity
A thermal conductivity
Q heat of reaction
U chemical reaction speed (mol/cm® sec)
nJ number of mols of the particle type Jj per unit of volume
V3 stoichiometric conversion factor

Dj diffusion coefficient of the particle type J

The solution requjires the integration in the preparatory zone with
U = 0 and in the reaction zone with U # O.

Assuming the same total pressure at all points (which holds gcod
accurately enough in the slow combustion of normal flames, but not in
detonation processes, of course) and limited to one-dimensional flow,
equation (2) cancels and w ie eimply defined by the equation of ¢/ ni—-
tinuity

—~
1
~

P w = constant = P w,
T a —a

subscript a denoting the initial state.
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Lagtly, there is the equation defining the laminar flame velocity

vey = |ugl (6)
Integration of equation (3) over the preparatory zone (U'= 0) be-
tveen the initial stateegt X = —o and the point of ignition (subscript
z) at x = 0, where MY =0 for x = —», gives
ox
_ 39\
Cp‘pa Ka ("SZ—’Ba) = )»2,(6;/ (7)

with cp denoting the mean specific heat of flowing ges between Jg

end J7. Assuming the thermal conductivity in the preparatory zone as
being constent, or computing with a suitable average value A = A, the

integration of equation (3) gives the temperature variation in the pre—
paratory zone: ‘ Ef P Mg X

9 Vg = (V-9 ) e 3 (8)

(alec given in reference 4, p. 20). From this a thickness of the pre-—

paratory zone Oy, = -x can be estimated when assuming for this x,

for example: 2ixde o

9z —Vg 100"

It then yields
(-8y)

2= —® a"a_ g% e (9)
A
or, with allowance for equation (6): .
: B~ i S5\ (10)
Cp Pg Wey '

The thickness of the preparatory zone is thus reduced to the deter—

mination of the laminar flame velocity wpi. Unfortunately it hasg not
been possible up to now to check the thus computed values of & by
actual experiment. But they will be useful for the understanding cf the
turbulence effect on the flame velocity.

An integration of equation (4) (there is one equation each-foir
each type of molecule) over the preparatory zone would result in rela—
tions similer to equation (7), except for the concentrations ny sub-
stituting for temperature § and the diffusion ccefficients Dj re-
placing the thermal conductivity A. Several additional assumptions
would even efford equations corresponding to equation (8), and which
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would describe the penstration of the active intermediate products fron
the reaction zone into the preparatory zone, so far as a new thermal
formation of these intermediate products in the preparatory zone itself
can be excluded.

Tmportant T0r Thne supsequent study is the integration of
tion (4) which refers to the fuel particle itself (subscript b
of j) the integrations being directly extended to cover the en
fleme zone, or preparatory zone + reaction zone. DNow, if the
metric conversion factor for the fuel particle is standardized to
vy = 1, that is, if U indicates the nunwber of molsof fuel per volume per
unit tlF converted at a point of the reaction zone (with U = 0 In tie

preparatory zone as before), and it is borne in mind that at uCIQ Timite
x = —{xZ -8y, respectively), and x = dg (end of reacticn zoms) the ex-

8nb
ox
np = 0 at finish,

pressions Dy disappear, and further that ny = nyy; at start and

/-,5R . -
Nbg ¥g = / Udx = /[ Udx =Ux 38y (11)
v Js
or with equation (6):
npa w1 = U 8R (12)
U represents the mean chemicaT reaction speed (mol/ecm® sec fuel) in the
reaction zone. Hence U dlreﬂt17 linked with the thickness of the

reaction zone BR and tne lamlnar ignition velocity W e Naturally,

equation (12) could also have been posted immediately for continuity
reasons, but this method affords a better picture of the physical view
points that play a part in the solution of the ccmplicated system of egqua—
tions (3) and (4) by approximation. In the preparatory zone it was the
temperature risel; in the reaction zone it was the disappearance of the
fuel with a mean chemical conversion speed U.

The relation ensuring the continuous CODuthlCn betwsen reaction
zone and preparatory zcne is obtained as folloms. putting, similar
to A. Fucken (reference 8)

d Vg — 1
(g;)z=_e——v%f (13)

BR

1For which reason the earlier reports always spcke only of the pre—
heating zone, whereas the term "preparatory zone" fits the nature of the
phenomenon much better.
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f signifying, for the time being, an open numerical factor, but which
cannot be overly far from unity, and . §¢ denoting the terminal combustion
temperature. This becomes apparent on the actual temperature curve in
the flame zone, which is plotted to scale in figure 7(&) and 7(b) on the
basis of subsequently computed numerical values. From (6), (7) and (13)
the thickness of the reaction zone follows

£ x 2, (9579;) (i)

B =
cp Pa Wrl(dz —3da)

Flimination of B®g from (12) and (14%) leaves essentially a relation

between flame velocity Ve, thermal conductivity A, and mean chemical
reaction speed U:

fA’Z U (‘(}9 oad .‘(}Z)
wE1= (1)
Cp Pa gy (97 —9a)

Naturally, equaticn (15) can also be solved with respect to U; hence U

in the laminar flame can be obteined from experimentally accessible quan—
tities. This will be done later, at which time it will alse be ceonsid-
ered wvhether U in the normsl flame is actually so small that — from the
pure kinetic reaction point of view — still substantially higher U
values can be visualized, which should appear then, for example, in dete—
nation processes.

Formula (15) is essentially agreeable with the relations of Jouget,

Nusselt and Daniel, but rather than assume a special law for the chemical
reaction speed U, the factor f is introduced.

2. Numerical Values Tor Preparatory Zone, Reaction Zone, Ignition
Temperature and Chemical Reaction Speed in the Cone
of the Leminar Bunsen Flame
The dats for a mixture of 15 percent propane and 85 percent oxygen
are according to the foregoing test data and the literature, respective—
ly, as follows:
molal weight: M = 34.1

~

density: P,= 1.52 X 10 g cm~ at N.T.P. (=760 mm Hg, and 0° C)
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initial concentration: By = O X 107° mol/em® fuel N.T.P.
flame velocity: wey = (300 30)cm/sei) gt NaTPBs

‘nitial temperature: 85 = 0° C

1}

terminal temperature: U 3000° ¢ (hypothetical value)

ignition temperature: iy

500° C and 200° C, respectively
nean temperature in preparatory zone: 9 = 250° ¢ and 100° €,
respectively

Since it was not possible to make any predictions about the actual
amount, beforehand, two ignition temperatures were tentatively assumed.
The specific heats CP wers additively computed from the mol heats (
of the single gases, The assumed values arve contained in teble 4, in

which the limit of error of the vropane values was intentionslly put
very high:

TABLE L
. ! reference 9) s i i
L i G0, ( Cp propans” Cp mixture |
% cal/mol grad : cal/mol grad |  cal/mol gred |
s e SSCTREN. SNV L, o ISR, oY
| |
00 | 7.15 16.4 £ 3.0 8.54 = 0.43 g
250 | 7.50 2,8+ 4,0 | 10.1 = 0.60 :
_ | 1] RNt LY
9.? mixture
Hence for Bty 5 P the numerical values
Fhel
at & = 100° C: Gp = 0.252 0,01 cal g~ grad~1
v = 250° C: Ef = 0.30= 0,02 cal g~ grad™

The thermel conductivities of the mixture were computed additivaly
from the values for the pure components by means of the following

*Chemical Ing. vol. III, 1 p. 102 gives for 327° C for CH,, C,Hg
and n— C H, , the mol/heats Cy = 1l2.61—> 20.98 - 38,0, hence the value

29 B for propane at the same temperaturs is entirely plausible. For
0° ¢ thp propane value wag assumed at Qp 1k 3. .The Cn values

for temperatures between 0° C and 327 C are linearly interpolated.
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numerical values (M in kcal m* bt grd™'), the limit of error being
again made very wide.

TABLE 5
5S¢ ' A Os A propanel A mixture
100 0.027 0.027 + 0.003 0,027 % 0,000
200 .031 040 & ,015 ,032 £ .002
250 .033 .0k7 % ,020 .035 + .003
i
500 Lokl + 006 ° 80 % .0kO 0ko + ,010° |

Hence for A in c.g.s. units:

9, = 500° C g =(136 + 28) X 107° cal cm * gec ™t grad *
-— O —
9 =25 A= (97 £9) x 107°

-6
6) x 10

1+

3, = 200° Ay = (8¢

8

!
o
f

9 = 100 M. (75 £ 2) %10~

From equation (10), (7), (12), and (14) then follow for the two
assumed ignition tcmperatures = 500 and 200° C the data of table 6.

1For propane, M\ weag linearly interpolated between 0.013 at 0° C
and 0.080 at 500° C. The first figure was interpolated from the sgeries
CHy4 CzHg, i—CsHip with A = 0.026 -»>0.0155- 0,0105 (Chem. Ing. I, 1,
1933, p. 323) and is 1n agreement with the Tandolt-Bornstein data.

The vaWue 0.080 at 500 C wae estimated from the kinetic gas formula
A o= dox 1% Pcy, (c*, mean molecular velocity, 1*, mean free wave length,

¢y, effective specific heat (cf. reference 8, vol III, 2, 1925, vp. 92) on
the assumption that at transition from 0° C to 500° C the expression
% c*¥1* p  is doubled (exactly as for oxyegen, where the effective specific

heat c; remains practically constant) and that c; is tripled.

2For oxygen, A at 500° C is not known, for nitrogen, it is 0.0LO.

The oxygen values are a little higher on the whole; so the value
0,0Lk4 +0.006 is probably correct. :
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TABLE 6 B
’ s ahes i —
v | (a8 L

0@ cm |\ /; mol fuel/cm3 | cm j
e =SS Lm—:—wmm'ﬁﬂm A T R T T o S
! ! e
500  (3.5£0.6)x10™° | (5.0%1.3)x10° i%-x(o.uoﬂ:o.lo) £x(5.0+1.5)x10
‘ f s : [ : -3
200 | (3.3:0.3)x10 ° | (2.640.3)x10° X x(0.1840.02) | £X(10.9%1.3)X10

*

i

A

The cited limits of error correspond to the uncertainty of the em—
ployed Cp, A and Ay values.

An objection may be raised against the thus computed values: for

fer it is guestionable whether these c¢p and A values, obtained expcrimen-—
tally on slow processes, are still applicable to the speedier processes
in the flame. On the one hand, the preheating takes place within about

—3
3IX10 -5 5
1366~— = 1.0 sec, whereby a single molecule receives only about 10

impulses. On the other hand, it is a known fact that a molecule, in
order to change its vibrational gquanta to translation energy must receive
frem 10* to 10° impulses, and that this figure is never less except -in
special cases; and that is, when at the Impulse, so to say, the complex
of a chemicel compound able to exist is preparatorily formed (reference
10). It is therefore entirely conceivable that smaller ¢, and A \
values with only partial or not at all excited vibraticnal heats are
valid for the flames. The latter case can be guantitatively computed,
when it is remembered that, by kinetic gas thecry, molal heat QP and

thermal conductivity A are represented in the follewing manner: for
complete adjustment of the vibrational guanta:

C,=Ct +Cpn+Cq +R (16)

-

AM=kC =k | 250, +C. +C.° (17)

for unadjusted vibrational quanta:

g}’\ = .Q.t + Qr 9 B (18)

M =kCy = k| 2.5Cf + Cp. | (19)

where K 1is a conetant solely dependent on the mean molécular speed c¥,
the free path length 1%, and the density P(reference 8), and R
is the gas constant Ct the translational psition, €, the rotaticnal

portion and Cg the vibrational portion ef the molal heat. Quantity G
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identifies the effective molal heat to be inserted in the kinetic gas
term for thermal conductivity according to Chapman and Enskog. There—
fore, in general:

C1 -G v :
=0{-0) =1.5C~R=25 cal/mol grad (20)

The numerical values cbtained by thig method are reprocduced in tadle T;
the values for the gas mixtures were computed additively from the
values ¢f the individual components by the mixing rule.

TABLE T

C l Propane Oxygen

'
1Q
. -
Q
’_:
aQ

oY @ g5
D > M

: ML s WS
i Mixture: 15 percent prepan

! 85 percent oxygen
' ;

100 ! 16.4 8.0 18.9 10.5 | 7.15 7.0 9.65 9.5 8.54 7:15 11.04 0,65
200 22.0 8.0 24,5 10.5 17.38 7.0 9.88 9.5 | 9.57 7.15 12,07 9.65 ;
250 2L.8 8 0 27.3 10.5 ;7.5 7:0 10,0 9,5 |10.1  7T.15 12,59 9.65 i
e | sfte ] e T T AT = il |
Noting that according to equations (1Q)and (1k4)
By -_i\_:__,VM-g_]; o (21)
9 & '
and
A g.lZ /
fgp e T L (22)
EP s
and identifying the quaatities computed with the unadjusted vibraticn
gquanta by a dash as before gives for the calculated mixture values of
Yable 7
E Stv - OA Cy. 5
for «wvg=500° C: — = —280_"Paso_ 1 08 (23}
8  Cpago. Claso
and _
oR c]._ ¢
2 :
&G 500 P 50 _ 0.5L (24)
o Cp25C1 500
, 3t ct Ch, .
at vz - = 200°c: 2T = Lioo “Piso_ 1 ou (25)

Bv
C13100 Clwo
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and
¥ 3 1
-b_-B- = C_%gag %pigo - .96 (26)
°R CPioo C1200

Thus the calculated thicknesses of the vreparatory and the reaction
zone vary very Llittle,if in place of the complete vibration adjustment
only a limited one or none at all is assumed.

For ©R, of course, yet another possibility is involved, namely,
that in equation (14) the vibrational heat is ccmpletely adjusted for
cp but not for M\z. For according to the physical derivation of egqua-
tion (14) from equations (7) and (13), c, refers to the wholé pre—
paratory zone, and the gas particles remein longer in it than in the im-
mediate vicinity of the place of ign%tiontﬁmﬂe A, 1is to be formed.
For the reaction zone thicknesses ©Op computed with this scmevhal ex-

treme assumption the result is

5 r Efsoo Ssto

at d7 = 500° C: —'= T—mn - = 0,66 (27)
S5  Cposo Clsoc
at 5
. k3
9, = 200° c:a-—l3 = Lo0o 1o = 0.80 {28)
°R ‘g?loo leoo
In this instancs the 5', would therefore be smaller than the pre-

viously calculated &R, but by no means greater.

These considerations show that the zones of prevaration and re-—
action defined by equations (10) and (14) are still ccmparatively
accurately computable, although the data for the specific heats and
thermal conductivities are not too accurately kncwn, and although it
is not even decided whether the degrees of freedom of vibration of the
molecules during the brief intervals in the flame front are excited com—
pletely, 1little, or not at all.

A sgomewhal, closer observation is necessary for the rate of chemi-—-
cal reaction U on the one hand, and the thicknesses ©®r and &;+dy

on the other. The rate of chemical reachion

T 0.2 mol cm ~ sec *

is quite high; because, when it is remembered that in the reaction zons
on an average, fuel of the order of magnitude of 2X10°8 molecules per
cubic centimeter is present (at start Nypg = 6.7x1078 mol[@m5)
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2 x jome
O.

This period is extremely short compared with the reaction periods for
which investigation methods worked out so far, exist. For, in kinetic
reaction studies by the static method (closed off reacticn vessel in
thich the progress of the reaction is followed by observation of the
pressure variation or some other physical property) time intervals down
to only about 1 second. can be followed up; by the cenventicnal flow
method it succeeds only tc about 102 or 10~ 2 second; insofar as reason--
ably defined pressure and temperature conditions in the reaction zone
are demanded. Neverthelecss, a reaction period of 10~ 5 second is still
not the shortest one conceivable for a combustion process, because a Tfuel
particle still receives about 105 impulses during this pericd. Hence, if
102 impuleges on a fuel particle were sufficient for its complets decompo-
sition, which is entirely conceivable with correspondingly ensrgy-rich
and adequate impulse partners, the rate of combusticn would have tc be
103 times higher. Such enormously fast combustion processes have, in
fact, been actually observed, namely, at detonations, where the speed of
travel of the fleame front is counted by kilometers per sscond; while at
the normal speeds of ignition in the Bunsen flame a few millimeters per
second are sufficient.

& mean combugtion period of 10" ® sec is obtained.

N

Hydrodymamically a comparison of the thickness of the preparatory
zone Oy and the reaction zone OR with the size of the turbulence
bodies occurring in the turbulent flow (gas bodies with occasionally
uniform velocity veetor) is interesting.

Interesting from the point of view of chemical reaction is the com—

variscn of the theoretical guantities &y and &R with the experimentally

directly observed thickness of the luminous zone ©81. It was established
at (10£2) X 1073 centimeter in the previously reported tests, which is,
within the limits of error, independent of the propane concentration.

Nor was there any indication that these luminous zones were artificially
enlargsd for the eye or the photographic plate by any flickering motion
of the flame. In conseqguence the following possibilities exist accord--
ing to table 6: .

.~ Ean0
SL =~ dv + 6R ifv , = 5007 C .
agsumption A
and f =1 case I

8~ BR in cage thatv, = 500°C A
and £ = 2 case II t
assumption B
dr,= Op 1in case U, = 200°¢C
and f = 1 case IIT
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Which one of these three cases actually obtains has not been definitely
decided as yet, especially as it is not known in what manner the i

spectra are distributed over the individual sections of the
zone. > 3But tentatively two assumptions A and B may be made:

Al Luli 051tv extends over preparation and reaction zone:
case 500° C should be assumed ae ignition temperature, according t

" table 6, that is, a value which, in contrast to previocus arguuents, ap—
f“oximately ‘o”rebpondp to the ign;t’on tejneratu¢ s obiained by Nernst's
or adiabatic comnfGQS1on or wi h tue xon burner. Bu: it would

b i
there is practi CaTl no chemical conversion should 8Dﬁe"r with sbout-the
¥ J 3
same intensity as in the reaction zone.

B. Luminosity occure only in the reaction zene: in cas

e IT with
2,0, =~ 500° C would then have to be assumed as ignition 1

7 o=

(cf. table 6;, that is, the same high ignition terperature as with
tion A, or else &y & 200° C in csse IIT with £ = 1, that
gtantially lower ignition temperature. Case II is, however,

while it would yield a reaction thickness “R wh;ch sgres
thickness of the ex;erimcr al luminous zone dr, >

ness O would not be uniformly luminous, but 3 rﬂct;ﬂe‘T"
first half. For, when it is assumed that luminosity occurs
reaction zcne; its intensity is presumably parallel with the c

cecnversion and hence with the momenter; temperature gradisnt

the reaction zone ©Or2. But its course differs considerably

ases II and III; that is, in case II the high values of ths
rradient occur only on the first half of the reaction zorne,
III the temperaturs gradient is approximately constant over the

-

SR Tals is readily apparent when the temperature curve for both

is plotted (figs. 7(a) and 7(b))since absolute valus ané temperature grad—

ient for starting point end end point of 8pgare known. (See table &.

Vot the Qv at o == -~ 5
Note that =¥ muet equal O for x = dp2.)
1If, for instance, at the beginning of the luminous zons snectra
cther than those of OH, CH, and C2 were found in appreciable guantities,
17

an encroachment of the luminous zone upon the preparation zone would bs
guite probable.

20f course, 1t could be assumed for the present that a varticle is
laminous at a later nlace than where ib is energetically excited, and
that through it the luminous zone would be wider than the esg of the
gradienv. But this type of enlargement is surely
entirely n»211P;b782 becanse the excited particle has but a lifeti
about 107 ® second, after which it radiates its eneryy, and in this
interval it would have traversed exactly T/lOOO of the total reaction
zone thickness Op.
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Comparison of the expsrimental € with the theoretical By end
8r values leads to the very probable final result:

The experimentally defined luminous zone 8y either extende to

the preparatory zone &, and to the reaction zone Bg. In this case

he ignition temperature g, 1in the flame is almost exactly as high

as by Nernst's method of adiabatic compression or with the Dixon buraer.
Or the luminous zone dy, covers only the reaction zene Op, in which
instance the ignition temperature 9, in the flame ig lower then for

adizbatic compresgion or with the Dixon buimer

Of uhese two cases the latter is, for the time being, held to te
more likely. Further elucidation is, first of all, to be expected from
the spectroscopic side, where type and intensity distribution of the
spectra in the luminous zone would have to be sxplored.

2. Enlargesment of a Laminsr Free Jet and

~

Form of Bunsen Cone Posgsible in It

In order to obtain the form of the flame surface of a Bunssen flame
quantitatively, for laminar flow, the simple free Jjet without combustion
is considered and it is proved that, under the previously employed ex—
perimentsl conditions (Re > 600), its enlargement at & distance of sev—
eral tube diameters, corresponding to the height of the measured flame
cone is very insignificant.

According to an article on laminar Jjet expansion by H. Schlichting
(reference 11) the half-value width 2bl of the velocity profile (cf. .
fig. 8, which was teken from that report) depends only cn the kinematic
total momentum X, on the kinematic viscosity v, and on the distance
x conflormgbly to the equation

A6n
2 Wl 2
2 MBS 1 eV (29)
with
K = / 2n vwlr dr (z0)
b

1Tn the radial distance b the velocity ie occasionally half as
great as on the Jet axis, equal flow cress section being assumed.
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Of course, equation (29) applies, for the first, only to a jet that
issues from an infinitely emall orifice, but even so it can be applied
to the case of a Jjet from a finite pipe cross section, when the left—
hand side of equation (29) is regarded as a measure for the jet expan-
gsion. The kinemstic momentum which must be the same on all subsegquent
jet cross sections according to equation (30) cen then be summarily cal-
culated for the stationary pipe flow with parabolic velocity profile:

[ = v -
K = ‘J/ ern (2v)?[ 1 - (ﬁ)zj“ r dr
[e)

(31)
T =g PB =
= —»lt——}—l—w— = -—-ﬂ u2 d'—
3 3
By insertion in equation (29):
2b 2.57 //?TE“ - S _10.28 (32)
5 v 3 Tu2d2 Re

The relative expansion of the laminar free jet issuing at the Reynolds
number Re from a tube is therefore inversely proportional to it, and
at the lowest value Re = 612 of the present tests becomes

cb 10.28 1
ok, WP (33)

This is very little, so that there can be no perceptible variation of
the velocity profile at a distance of a few tube diameters from the
orifice. The combustion zone will, of course, modify the flow con—
ditions in the hot part beyond the cone of the flame very substantially.
But on its inside, that is, between this and the pipe orifice, the
original velocity profile is scarcely altered; for this would involve
the variation of a flow pattern before a center of disturbance (that is,
the surface of the flame), and such changes are usually small, unless
the center of disturbance necessitatecs a complete deflection of the flow,
which, however, is not the case¢ here.

Thus the assumption that all gas particles enter the surface of the
flame at the same rate of flow at which they have left the orifice of
the burner tube appears to be Justified.

Now the shape of the flame surface can be calculated when it is
assumcd that the flame speed weq 1s the same at all points and first
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becomes abruptly zero at the base. (See refercnce 4, p. 46; =lso rofer—
ence 12.)

For every single surface element of the flame cons with the Lorizon—
tal and vertical coordinates r and h there results in analcgy to
equation (1):

WY 2% I‘/ ?_{)\ dr = u 20 r dr : (:"h)

or, considering the parabolical velocity prefile in laminar flow (with
average flow velocity wu)

w = :-1; r AL —/?‘:\3 | (35) i
L R/
. S F 2 - =
a(n/R) f 2aN _<r"2 2
2 = T i ; SR ) \30)
a(r/R) J\Wﬁ; f R> R

The last relation was grophically integrated for various assumed values
o u 4 = s 5 3 <
of -——— and the cone ferms illustrated in figure 9 ascertained. They

are not in complste agreement with the experimental flame cones, asg is
especially noticesble from figure 10, vhere experiment no. 47 — for which

I %.98 and *bﬁ; = 6,33
Wil 126 100.6

is valid (cf. table 3) is compared with the theoretical curve

xactl
fOT —3— = 6. Twvo substantial differences were notea:
VE1

(a) The base of the experimental flame cone not only covers, as in
the theoretical case, the internal burncr tube cross section, but reaches
beyond it .

(b) The upper end of the experimental flame conc ig, in contrast to
the theoretical, rounded off and lies considerably lower.

"The gas is agssumed to be at rest at the pipe wall; whereas
Michelson, who made the first calculations of this kind, erroncously
took the possibility of a perceptible sliding into congideration.
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Finding (a) is probably explainable as follows: immediateiy abo.a
the rim of ths burner orifice where the gas, owing to adequate heat re-
mcval by the burner tube, cennot ignite, a considerable radial and
outwardly directed flow must exist, since there is always a highcr
pressure Dy inside of the flame cone than outside (pe). This rndizlly
discharging gas cannot ignite until it is a certain distance away fron
the burner tube, and thus the base of the flame cone is drawn cut over
the burner orifice. The pressure difference is, according to the
mentum theorem (reference 4, p. Lit):

hangsta p w.2 (SE - l). (37)
g "= Pg ™ Fagip b, L3

hence for experiment 47, illustrated in figure 10,

with
Pe = 1.50510 °gram centimeter °, we = 1lh.h centimcter aec™?

an

Pa de + 273 3273

i = = L

Pe  ¥g + 273 273

s v
Do — Dy 1.50X0521. 31104521 e — 2
square centinmeters
dyn ey 8
= 216 ) -— = 0,22 centimetor HxO0 (38

square centimeters

This pressure difference is guite considerable, If it is regarded as
dynamic pressure at density Pg, a velocity w .can be corrslated, which
should represent an approximate measure for the radial, outwardly
directed velocity immediately above the burner tube rim. Hence from
equation {37)

" 1For a stoichiometric mixture of 15.7 percent propens, the rest
oxygen, it would give

T

P, = 1. 44X10% g cm—3 wp = 300 cm 87} —2~12, and hence

)

o

= 1,45 cm Hs0!
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Py, W2 L iPE 1>

or

W o= wfw/ <~— -~ 1} % kT we

The last relation is as yet not to be found in the. litersturs, Still, it

is important, because it makes it poseible to decide forthwith whether

or not air from the outside can diffuse in the inside of the come through

the free slit between burner tube rim and flame cone base. In general,

the nagative seems to be the case. For on assuming even the very small

value x = 0.0l centimeter for the radial thickness of the diffuesion

layer and D = 0.2 sjnare centimeter per second for the diffusion co- i
efficient of air, the inward rate of diffusion of the air particles
would be

jo

o2

0 ;
~—— = 20 centimeters per second (40)
0.0%

ted
et

againgt the radially outward flow velocity of w = L.7:11k = 526 centi-
meters per.sscond.

Naturally, it is also ccnceivable that the gas poriions flowing
radially outward agbove the burner tube rim reach combustion only after _
aporeciable mixing with the surrounding air. They would burn slowsr or '
faster (slower for initially poor mixtures, faster for initially rich
mixtures). The recorded flame velocities could be so much more favnlity
as the gas portion, converted in the lowest border zone of the experi—
mentally surveyed flame cone, is greater. This effect should be watched
particularly on smell burner tube diameters, although it did not seen
to have any part in the previously reported measurements. The laminsar
fleme sneeds obtained with burner tubes I(d = 0.1355 centimeter) and II
(@ = 0,218 centimeter) are satisfactorily grouped within the 1limit of
error of about +10 percent about the dashed curve of figure 5.

Finding (b), the rounded off and lower position of the uppsr end of
the experimentsl flame cone (cf. fig. 10) is perhaps due to the fact
that the flame speed w¢ at the cone tip is higher than on the rest of
the surface elements of the cone envelope. The gas particles which
reach combustion in the cone tip receive heat and active chaip carrier
not only from this tip itself but also from the immediately adjacent
parts of the enveloping surface, so that ignition and hence combustion
itself are facilitated. This interpretation is particularly supported
by the fact that the curvature redii at the upper end cf the measured
flame cones are of the -eame order of magnitude as the thicknesses of the

luminous zones, namely, 0.01 centimeter,
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L., Prandtl's Exchange Quantity and Mixing Length
in the Turbulent Free Jet
(Nuclear‘and Merginal Tﬁrbulence)

a. General considerations.— Accerding to Prandtl the developed tur—
bulence of a staticnary flow can be identified in every point of the
field of flow by two leocally dependent guantities, that is, the mixing
length 1 and the turbulent exchange quantity . The former is de—
fined as length and represents the aporoximate mean diameter of the tur—
bulence bodies (that is, areas of closely spaced particles, which oc—
casionally maenifest a uniform vector of the flow velocity); the latter.
is an effective diffusion coefficient of the dimension square centimeters
per seccrnd (reference 13). The introduction of these two quantities is
based upon the analogy cof all transport processes in a gas at rest and
in a turbulently flowing medium, so far as they are superposed at least in
the latter case, on the principal flow. These transport processes (that
is, diffusion = transport of a certain type of particle, viscosity =
transport of momentum, thermal conduction = transport of energy) are re—
duced in both cases to irregular motions, in the case of still gas to
the gas molecule, in the cass of turbulent medium to that of the turbu--
lence body. In still gas the individual gas molecules move irregularly
at a mean velocity c¢* and traverse the mean free path length 1% be—
tween two collisiong. In turbulent flow the individual turbulence bodies
possess, aside from the staticnary mean flow velocity Q, an irregular,
rapidly changing additional velocity i’, and they maintain these speeds
on the average occasionally over a path length I, the mixing length.

Just as the diffusion coefficient in the kinetic gas thesry, is de—
fined as ;

1% o¥ (41)

Lo
i
w

80 Prandtl defines his exchange quantity at
e = Q* (k2)

| wt!l is the time average value (denoted by upper dash) of the abswlute
amount of w'l. The kinetic gas factor 1/3 in equation (41) is included

lAveraging over Lw'! - 18 necessary, because the time average value

of w' disappears by definition.
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in equation (42) in the guantities 7 and LK!', which is physically cor—
rect, since, the mixing length 7 in the turbulent flow must, . for
reagons of continuity, be of the same order of magnitude as the dizmeter
of the turbulence bodies, and this diameter cennct be arbitrarily de—
fined, because every one of these gas bodies is enveloped by a more or
less thick marginel zone in which the different flow altitudes of the
adjacent bodies are continuously adopted.

Numerical values for the exchange quantity ¢ can be secured n
several ways. For very rough egtimates it is sufficient, for instance,
to determine quantity I and |w'l separately in equation (42) (for
instance, by hot-wire measuremente and determination of the correlation
coeff'icient for the concurrent velocity fluctuations at two adjacent
! points)! and then simply multiply these values with each other. But
this affords only the order of magnitude of ¢, since the turbulence
body diameters 1! must be indicated with wider margin. Exact values
for ¢ are obtainable by surveying a specific transport procese in the
turbulent flow. Only such ¢ values ag those obtained by the latter
method are used in the following study.

_  Comsider the specific case of a one—-dimensional principal flow
(w =ul +vi+ ¥ with v =w = 0), superposed by the turbulent veloc—

ity fluctuations w?! = u'i +v'j + w'k, and assume that the unit mass :of

the flowing medium at any one point has the additive property s — = .
expregsible by a digit — of varying from place to place. Then, if

gg #.0 conformably to figure 11, a "property flow gy" transverse to the
Y

principal flow directicn i can be computed, that i1s, the amount of
property s which is transported in unit time per unit surface in the

J=direction

, =T | o L ) 1 [T ’Lps L1008 1 ()
. L 2 dy 2 oy .
o7 Tl 3es)
oy

or, with equation (L42) taken into consideration:

10n a wheat field waving in the wind the turbulence bodies of the
air current are directly delineated, sc¢ that for this case the magnituds
of the bodiss and — by allowance for the mean wind velocity — the
mean velocity fluctuation!{ w'} can be given.
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d(rs)

bl X
SroRef ap Ty 4

dy

If, for instance, s signifies the mean momentum per unit
cipal flow direction (hence s = u), then '8y Dbecomes tlie
stregs=~tranemitted transverse to the prlnolna] flow dlre
with it for incompressible fluid

Tope (45)-
oy :
which means, however, that the exchange quantity ¢ can be immsdiztely
gpecified, wvhen the local shearing stress distribution for tke particalar
fiow and the velocity distribution U have beer measured. IT 8§ in

in eguation {kl) indicates the ‘enthalpy. B=c;;¢ 'of a practically inocom-
preseible fluid referred to any one zern point,
v (16)

By = —CpPe Sy

represents a heat flow, and hence yieldé an effective thermal conductivi-
ty coefficient in the turbulent flow:

= > !” 2-_:.,...
Xturb (pp & : 2

[

Lagtly, i1f the number ﬁi ~f particles of type k, which a*one
ig transported by turbulent mixing motion in g concentratAJL VrsseL =

Ang :
~—§L in . ¥-ddrection per unit time and surface is of interesu, then
<y y ) y s y >
By é_ﬁ;‘ end Ps = ny. are written in eguation (L4), eo, that
anlr : ‘
qu = — € (14’8)
oy

This eguaticn 'makes it pafticularly plain that-¢ is a guantity of the
type of a dlf usion coefficient.

But in the following not only the exchange guantity ¢ , but also
the mixing length 1 is of interest, although it gives the turbulence
body diameter only in oxder of magnitude; for 1 undoubtedly represents
a characteristic length for the turbulent flow,. just as the preparatory
zone thickness ‘®, and the reaction znne thickness &y constituted

characteristic lengths of the stationary flame front in laminar flow.
Quantity 1! can be determined from the correlatien of the velocity
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fluctuations on two adjacent points, as previously stressed. However,
Prandtl and his school used in part a different method. Prendtl had
found from continuity considerations that in the one—dimensional prin-
cipal flow

W =li§l—;-| (49)
must approximately apply; whence for the exchange quantity
€ = 12 ’gi_;- (50)
or by inserticn in equation (45):
5 =pz'?fg_\‘§|%§ (51)

o

In the last equation, T, P and — are experimentally accessible, sc
oy

that 1 can be computed immediately.

Equations (45) and (51) formed the initial equations by which the
quantities ¢ and 1, in the subsequently discussed recports, were
determined.

B. Nuclear and marginal turbulence in 4 free jet.— The interpreta—

tion of the flame phencmena observed in turbulent flow stipulates ¢
and 1 as functions of the location for the turbulent free jet issuing
stationarily from a tube. Although this case has up to now not been
explored experimentally in its entirety, two other cases are known:

a. The turbulence in a circular pipe in stationary flcw was ex-
perimentally investigated by J. Nikuradse and the ¢ and 1 values
determined (reference 1L).

b. The turbulence in the mixing zone between a turbulent free Jjet
and the bordering still air was theoretically explored by Tollmien
(reference 2); he found the sole constant still undetermined in the
theory by comparison with Gottingen wind-tunnel measuremente (reference
15), so that here also, the two factors 1 and ¢ , are known. Thus
the- turbulence conditiocns in the free jet can be immediately surveyed
when assuming that the Jet can be decomposed in a nuclear and a marginal
flow, and that in the former the unchanged turbulence condition of the
simple pipe flow is still maintained (according to a). This decompo-
sition cannot, of course, apply to any desired great distence x from
the tube orifice, because the marginal zones expands continuously, while
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the nuclear flow ghrinks conically. But it will 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 flow.

Figures 12 and 13 show the nuclear turbulence in a free Jjet in dia—
grammatic representation. In figure 12 the dimensionless exchange quan—

tity £ (ﬁ is flow velocity averaged over the tube cross section and

uR
with respect to time; R, tube radius) is plotted against the relative

distance from the tube axis %31 in figure 12 the mixing length %

; : r
made nondimensional with the tube radius is alsc plotted against §° It
ie seen from figure 12 that € is not maximum at the tube center line

but approximately at distence r = = R. This fact can be regarded as

o=

an experimentel confirmation of the approximate formula (49); for the
closer the approach to the tube axis, proceeding from the wall, the
. . ¥ |

oy

éreater the reduction in , and since 1 cannot grow indefinitely,

€ muet again decrease.

According to figure 13 the mixing length is less 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 nonarbitrary definition of their diameters, definitely come
within the order of magnitude which had been found for the thickness of
the laminsr flame zones.

The nondimensional quantities -§& and /?} employed later,® are re—
produced in table 8 for nuclear flow at different Reynolds numbers and

different %,

INikuradse!s graphical representation could not be used direct, be—
cause he used the so-called "shearing stress velocity v*" to make ¢
dimensionless, which, however, is not so suitable for the present purpose
as the mean flow velocity u.

2According to the kinetic gas theory the kinematic viscosity
is approximately equal to the diffusion coefficient D; for a pure gas
the agreement is complete.



32 : NACA TM No. 1112

The marginal turbulence at the boundary of a free Jet was explored
by Tollmien on the streamline pattern illustrated in figure 1&. This
does not campletely correspond to the boundary conditions of the present
tests, which involved the exit of a free jet from a tube of finite wall
thickness and tapered at the orifice, rather than the discharge of a free
Jet from a straight wall (visualized as being placed perpendiculzr to the
plane of drawing through the y-axis) as in figure 1l4. Neverthelegss, an
enalysis of Tollmien's case is interesting. The two-dimensional plane
problem which Tollmien first investigated and which presents tho greatest
interest, involved the solution of the differential equaticns

du ov_ (52)
ox 9y
and . S
ou. S a1k
R (53)
ox oy P Oy
with the shearing stress
2 2\-.
Tey = Pk X o (54)
dy oy

Herein "k is a temporarily unknown constant in the formula for the mix—
ing length

l1=kx (55)

The differential equations were solved by means of a stream function for
the velocities u and v, without going into any further details. Only
the most important result is repeated here: namely, the entire marginal
zone lies in a sector, the tip of which is located at the tube end (in—
side wall of tube) and this is bounded by the two straight line

3

yi = 0.981 v 2k%x = ti (56)
3

y2 = —2.04 / 2k3x =

— ba (57)

For y > y1 the flow velocity is u =1, for y < y», u = 0. Hence for
the total width of the mixing zone distant x from the mouth of ths tube

[0}

8 ——
b = by +bg = 3.02/ 2k3x (58)

The best agrsement with the experiments of the Gittingen wind—-tunnel meas—

urements wasg obtained with
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ok =0.845 and k = 0,017k (59)
which gives a mixing length
17 = 0.017k x = 0.0682 b (60)

The mixing length in the marginal zone therefors amounts to abcut [ per—
cent of its momentary thickness, while 1 in the nuclear zone of the
free jet was established at less than 8 percent of the tube diameter.

In addition

bl = 0.83}(; ba = 0,172)(; b = 0'255}:— (61

From the Tirst equation (61) it follows that for x = 12 R =6 d ths irnar
part by of the marginal zone is equal to ‘R, that is, the marginal zone
here reaches the original tube axis, 80 tkat the area of the nuclzar flow
with the original turbulence conditions in the tube disappears.

Inside of the mixing zone b the flow velocity u drops in first
approximation from its original value 2 in nuclear flow to the value
0 in still ailyr, thus realizihg the trapezoidal velocity profiles for the
free jet, as experimentally observed. ¥ith this the turbulent exchange
quantity is

-

~ 2: =
B i S 017k uxe il & s
Sl a3 Fore Rammme o5 1.188 x 10 u x [62)
or nondimensionally expressed, when the Reynolds number of the tube fis
R = Eﬁ is introduced:
v
£ = 1.188 X 10 ° X Re X (63)
1 a

This treatment of the fres—jet marginal zone is, of course, not com-
pletely exact, inasmuch as the calculation was based upon the plane cass
in contrast to the really interesting marginal zone which is curved at
right angles to the x, y—plane of figure 1k. Hence, the closer the
inner part by of the marginal zone approaches the radius of the tubé,
the greater the discrepancies between the computed ¢ and 1 values
that must be expected. Cwing to this very uncertainty the exact ‘(3 ]

|
values were not written in equation (62), although it would have been
entirely possible on the basis of Tollmien's results, but the averags
oul,,
I
|

value . This glso meant a great saving in paper work. On the

= l

iy
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other hand, the exchange quantities and mixing lengthe calculated by
equations (62) and (60) cannot be too far wrong, for in the report cited
Tollmien also treated the case of the rotationally symmetrical free Jet
that emerges from an infinitely small orifice. The mixing zone then
assumes the shape of a cone with straight enveloping surface. The mixing
length at distance x from the point of discharge is

1t = 0,0138 x (&)
and the momentary cone radius

rh-e 0,214 x (65)
This mixing length differs from that used above (1 = % x) by only
9 percent, while the cone radius r' differs by a me lL ercent from

the previous width of msrginal zone b = 0.355'x.1 And the exchange
quantities computed with the values (5b) and (65) differ even less from
the others, that is, only 2 percent: for the insertion in equation (62)
gives

~ 1128 .0158%ux - -3 =
g Ialeie o GOIRGE Lo sl M0 (66)
! 0.214
7
The values of F and é computed by ecquations (60) and (63) are

given in table 8 for different Reynolds numbers ¢f tube flow and for

diffurent relative distances = from the mouth of the tube. Column ¢f

R
o s b : s : ;
containing §;, shows immediately the extent to which the marginal zone

has penetrated into the area of the original nuclesr flow. VWith the
data of the nuclear zone on top, and the data on the marginal zone
below, the turbulence properties in the two-flow regions can be direchl;
ccupared. An even better insight 1s afforded from figure 15, where the
nondimsnsional exchange quantity (sole curve) and the nondimeneional

mixing length é (dashsd curve) for nuclear and marginal flow are chown
plotted against different %—.2 It is interesting to note that in ths

- X
vicinity of the tube orifice (for : < 4) the turbulence in the nuclear

1The cone radius r' must be compared with the thickness b for
the reason that at the place where the region of the nuclesr flow is ab-
sorbed by that of the marginal flow, the total width of the free jet is
exactly 2 r' and 2 b, vrespectively.

2The discontinuous trensitions between marginal and nuclear zone
and between marginel zone and the outer quiescent medium man:fested by
the € and 1 curves in figure 15 are attributable *c the simplifying
agsumptions in the present estimation, which naturally describes the
true conditicns only in first approximation.
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zone is greater than in the marginal zone, both as regards exchange guan-—
tity € and mixing length 1. Bubt as the distance from the tube orifice
increases, the ¢ values of the marginal zone very quickly overtake
those of the nuclear zone, that is, the more the latter is absorbed by
the first, the closer its mixing lengths approach. At the point where
the nuclear zone disappears the mixing lengths in the nuclear and mar—
ginal zone are practically alike. This fact is noteworthy, for it means
that the numerical values derived from two entirely independent reports
by Tollmien and Nikuradse are not merely compatible but even supplement
each other. This is a necessary condition if the turbulence estimate
which is based on the estimates in two partial zones is to represent the
actual conditions to some extent.

5. The Several Theoretically Conceivable Turbulence Effects on

Flame Velocity and Interpretation of the IExperimental Test Data.

To understand the flame phenomens in a medium of turbulent f'low it
is necessary to proceed from the fact that the turbulent flow contains
individual gas bodies which execute an irrsegular vibrational motion and
with it enter the combustion zone. The aporoximate diamster of the gas
bodiees is given by the mixing length 1, the approximate vibratory mo—
tion by the mean velocity fluctuation Tﬁ’ . Tke transport processes
amplified in the turbulent flow are identified by Prandtl's exchange

quantity
e =1l (67)

defined as a diffusion coefficient.

It is easy tc visuwalize two turbulent flows 1 and 2 which, in
macroscopic transport processes (that is such passing over the length
of several diameters of turbulence bodies) are identically effective;

hence

€1= €2 (68)

but at the same time can differ substantially in the hydrodynamic struc-—
ture of the two flows. For condition (65) does not as yet indicate
that it be necessary that

o=l = (69)

and
lwg | = lm2l (70)
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Merely the ecuality of the product 11 li}[ = U5 ‘§£§ is demanded.

This indicates that the turbulence of a flow must be identified b{ o
numerical values. Previously these were the Prandtl quantities . and
€; now they are the quantities 1 and LH{!. It is thersfore necessary
to distinguish between a "ccarse—body" turbulence with small velocity
fluctuations and a "fine-body" turbulence with great velocity fluctua--
tions. The effect of these two types of turbulence on ths flame phe—
neomena may be an entirely different one, although undsr practical test
conditions both orders of magnitude of turbulence bodies are liksly to
be always present.

The effect of coarss-body turbulence with 1'»> &1 1 on a combus-
tion zone can be explained as follows: Consider a pure laminar flow
with a velocity profile as in figurs 16(a). In this flow a perfectly
smooth flame surface can exist at a place when the flow velocity u
and the laminar flame velocity wpy - are exactly the same. Then

visualize in the flow before entering the zone of the flame, the

sudden appearance of a few turbulence bodies, so that for a moment the
velocity profile shown in figure 16(b) is created. The flame sur—

face at section a is now subjected to bulging in the flow direction
similar to that on the Bunsen burner, where the laminar flame cone be—
comes so much more pointed as the flow velocity (u + u' in figure 16(b))
at point a exceeds the normal flame velocity wry1. But in section b
where the gas enters the flame surface with a velocity inferior to wfl,
it speeds against the gas (as in the flareback of a Bunsen burner). An
inverted flame cone begins to form which grows continuously and thus
speeds ever faster toward the gas flow. A stoppage or reversal of this
flame motion nccurs only with the sudden appearance of gasz bodies at con—
siderably greater flow velocity in section b, which must substantially
exceed both wu and u + u', as assmued on point a. Thus the coarse-body
turbulence roughens the perfectly even flame surface in lsminar flow and
may leave it ruffled. But at the same time the sffective flame surface
apporticned to a definite flow cross section g in the turbulent flow
becomes substantially greater than in laminar flow, as is reedily apparent
from a comparison of figures 16(b) and 16(a). In consequence the rough-
ened or fringed flame surface can be kept stationary by a turbulent flow
at a point in space only when at that point the mesan flow velocity u,
which, indeed must be equal to the turbulent flame velccity wrs referred

to mean—flow cross section, is greater than the laminar flame velocity
Wl

81, is the experimentally determinable luminous zone thickness in

the flame and indicates the thickness of the laminar combustion zone in
order of magnitude.
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Thus the coarse-bcdy turbulence effects a rise of the flaome vsloc—
ity referred to flow cross section, even if the flame velocity in the
individual microscopic flame surface elements, which for the most are
diagonal to the principal flow direction, is entirely the same as in
laminar flow; namely, wfj.- ;

This concludes, the qualitative discussion of the effect cf ccarze—
body turbulence. As to gquantitative data it would entail the calcula-—
tion of the extent to which the originally flat, Taminar flame surface
{ef. fig. 16) is enlarged by the sudden appearance of velocity fluctua—
tione of the order uw' in the flow and when the turbulence bodles have
on an average the diameter 1. Such a calculation would, of courss,
be almost impossible in the case of  completely ruffled flame surface.
But as long as the surface ies only slightly wavy or roughened, such as
is represented in figure 16(b), the flame surface could be approzimated
by a series of laminar Bunsen cones disposed side by side with veriously
directed cone tips, similar to the Meker burner where the entire sur—
face of the flame congists of 2 series of side-by-side small Buneen
cones but all arranged in the same direction. Just as the envelorinz
surface of the flame cone on the Bunsen. burner is in first approximation
proportional to the mean flow velocity in the burner tube, so also it
must be assumed that the surfaces of the individual positive and negative
partial cones on the roughened flame surface are proportional to ths ve-
locity fluctuations *u'. Averaging over the entire flow cross section
then would yield the proportionality

- ~ -l 4
wit ~ |utl (71)
or for constant turbulence-body diameters 1, which in general depend
cnly on the vessel's boundary (cf. fig. 13,which applies to turbulent

tube flow):

Wpp o~ ¢ 4 (

or finally, if is approximately constant (as alsc holde true

V Re
approximately for tube flow = nuclear flow in free jet, fig. 12):
veg ~ Re (73)
On these assumptions, about the occurrence of which in arbitrarily
shaped reaction chambers nothing can, of course, be stated as yet, the

turbulent flame velocity should be proportional to the Reynolds number Re,

What does the experiment say to this? Among the previously de—
scribed experiments the coarse—body turbulence undoubtedly playe the
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<

earliest part in the larger burner tubes II and IIT with their maximum
mixiug length computed at 1 = 0.17 and 7 = 0.21 millimeter for tube
diameter d = 2.18 and 2.718 m"lllmpters accordlng to figure (13), while

-

the thicknsss 8y, of the experimental luminous zone in laminar Iiow

amcunted only to about half, that is, 0.10 millimeter. Considering the
maximum flame speeds Vgp.. Obtained for tubes II and IIT, they manifest

no direct proportiocnality with Re, but still an approximate linear re—
lationship (fig. 6)

Vemax = A X Re + B (74)
The first term cn the right-hand side possibly comprises the effect of
the coarse-body turbulence. But in addition to that there is & second
effect in term B, which also raises the flame speed and which carries
particular weight at the small Reynolds numbers such as occur on the
narrovest tube. Here, however, the turbulence bodies were already of
the same order cf magnitude as the thickness of the luminouws zone 9r;
the maximum mixing length computed for tube diameter & = 1,385 milli-
meters was 1 = 0.11 millimeter according to figure (13). Hence it is
very likely that the "fine-body" turbulence, at which the turbulence
bodies are smaller than the thickness of the laminar 8y, also played

a peart in these tests.

In analyzing the effect of this type of turbulence in the sextreme
limiting case 1<< &y, no further roughening of flame surface may be

expected, because the turbulence bodies have much toc small a diameter
for it, But a different effect must occur, namely, an amplification
of every microscopic transport process in the flame surface, especially
between the reaction zone and the preparatory zone. These transport
rocessses, which, for example, effect the transfer of active particles
cr of heat from the reaction zone to the preparation zone, govern tne
flame speed very decieively, as is readily apparsnt frcm equation (15} «
According to it the flame, speed 18 proportional to the sguare root of

the tramsport quantity -=Z-; hence
Cppa
¥ s
Wpq ™~ B {75)
1 C:ppa
A
Up to a factor departing little from unity this gquantity % p is,
pa

for gases, equal to the diffusion coefficient D and the kinematic vis—
cosity V. Observing, further, that in turbulent flow, according to
equation (47), this transport quantity should be replaced by the Prandtl
exchange quantity e, it follows that in the extreme limiting case of
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fine-body turbulence the ratio of turbulent to laminar flame speed is

APEL vxfe (76)

Ve, ¥

This formula is suitable for a mathematical check of the present etudy,
since it not only presents a proportionality like equation (73) (which
represents a limiting case of the coarse—-body turbulence), but also a
real, numerically assessable equation. In this instance the conditions
ars much better for the fine-bcdy turbulence than for the coarse—body
turbulence.

If this concert that for small burner tube diameters the fine-body
turbulence also played an essentlal part along with the coarse-body tur—
bulence, is correct, the maximum flame speeds Weyp., Observed in the tur-

bulent tests should not depart abnormally, in order of magnitude, from
the fleme speeds obtained by egquation (75) and from the cited 5 values
in the free jet. This calculation is made easier by the fact that only
the _3- values of the free Jet nucleue need to be taken into account,
which by assumption were to agree with the values in pipe flow; for the
greatest flame speeds in the present tests are undoubtedly assumed on
the inside boundary of the turbulent flame zone, and this inner boundary
definitely lies in all tests (except tests 52 and 45) within the nuclear
zone of the free jet, as indicated by the dashed lines of figure 15.
According to table 3 the ratio of the corresponding experimental innexr
cone surrace lines to burner tube diameter, that is to 2ay ‘% was con—

sistently much below 6. Hence an inside boundary of the turbulent com—
bustion zone can be calculated by the d4fferent1a1 equation

_am/R) / “”E“W = (ﬂﬁcﬁc“ 3 (77)

e = \

d(r/R) b/ uwflf/

This equation 1s in perfect accord with equation (36) except for

the difference that the —o
ax
parabolic velocity distribution in laminar flow, and turbulent flame

speed wey of equation (76) substitutes for the laminar flame speed
Wwpt. Equation (77) was graphically integrated for such _WB"

values and those Reynnlds numbers which approximately corregéonded
to the foregoing teste and for which the §~ values cmuld be taken

dlr@ctly from Nikuradse's report (refersnce 14). The numerical values

values for turbulent flow replace the

u . . N
of Re and ;;I employed are contained in table 9. The flame cones

obtained by integrating (77) are reproduced in figure 17. As for the
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evaluation of the experimental cones the length S of the enveloping
surfaces and their center of gravity radius R!' (cf. the figs. in ths
Lhth and 5th cols. of table 9) were determined and from theee date the
flame speed wry averaged over the entire cone, was easily computed,

because 1t is necessary that

uR?

_ﬂ 7 O\
W = CE 2\75'/'
o 2n S R!?
or, when formed in ratio to the laminar flame speed:
Wy, R? 1 ‘
X (79)

W1~2R'S W]

These data are reproduced in the next to the last column of table 9.

They manifest no systematic motion with ;E* at constant Reynolds

gl
numbers, so that averages are permissible (cf. last ceil ) " 9)1.

TABLE 9
| | 5 i
Re % T 6.1x10° T TT16.7x10° 1 23, 3%10°
nus pEy . o piseios a) SN (TNl STos eemhdl OF eSall - cosioom Wy
Re b 63,0 78,0 ! 129,1 § 152.7
g .10 15 10 15 | 20 WG1. g0 40
! ' g G ‘r
{ i
S/R 3:925 5.925 | 3.265 4.010 | k310 &350 ! 3.61 7.0
R!/R ‘0,435 0.440 | 0.460 U.450 i 0,L6O c.usoé 0.460 0.460 !
{ det i i
Wt R2 \:; : = Di : ‘ - .
o : 2,93 2.88 3433 3.39. .| 5.0 g i 6,03 15.87
w1 25 RY wpy § .
ey | | ;
Average for —- 2.90 3.30 % 5.10 : 2.95
n | !
’Wil. : l
L : ‘ B ini
1The departure of +the individual values %E%» frum the avsrages is

even less than 2 percent, hence lies definitely within the range of
errors of the employed method of graphical evaluation.
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The turbulent flame speed thus computed therefore represents quan—
tities computeble from the entire surface of a flame cone located in the
nuclear zone of the turbulent free jet and on which the flame speed of
every flame surface element is increased in the ratio ;f- relative

to the laminar flame speed. Flame speed ﬁft shoulg agree then in
order of magnitude with the experimental values of Wfpax, if a sub—
stential effect on the flame speed were due to the fine-body turhulence.

. W,
And this actually appears to be the case: a comparison of the G%%
' ' Vfmax
values (dashed curve, fig. 6) with the experimental values =
"fmin

ghows the latter values to differ only by 30 percent from the former
values; hence the order of magnitude of both quotients is definitely
the same. Complete agreement ig, of course, not to be expected; for
the assumption of the extremely fine-body turbulence, where the tur—
bulence bodies should be substantially inferior to the thickness of

the laminar flame surface, is not fully complied with in the previously
reported tests.

—

i
'igure 6(b) further shows that ———  ~ )/ Re, ag established in
ey Vimax

first approximation for the experimentally defined values

Vifmin
at emall Reynolds numbers. Admittedly, the factor of proportianality
for both guctienmts is different, which proves again that another effect
besides * the fine-body turbulence, namely, the coarse-body turbu—
lence, was involved in the tests. This is bcrne out by the fact that
the form of ccmputed 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 cf figure kL.

Wfmax
values are smaller

Another unusual fact is that the observed
WE Wimin
than the theorstically calculated ;EI values. But this means that in

transport processes over path lengths equal to or less than Prandtl's
mixing length 1, the exchange quantity ¢ is only partially effective.
This finding may now seem perhaps trivial, but up to now the author has
run across no experiment from which such could have been acburately
deduced,

In conclusion, a few words about the outer demarcation of the tur—
bulent flame zones. They extend in their upper part, especially on the
largest of the employed tubes (III) far beyond the inner cross ssc—
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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laminar Bunsen cone. However, some other factor besides this potential
pressure effect must also have been effective; and this is very likely
to be 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 with tubes II and
ITI. This is readily apparent when ccmparing the forms of these sur-—
faces of demarcaticn with the cone—shape nuclear zone of the free jet
of figure 15, and, further, when reflecting that the ratio g " for

these boundary surfaces, on changing from tube I-> tube II > tube IIT,
moves continually nearer to the value 6 or even exceeds it (cf,

takle 3). The numeral 6, however, describes the ratio of enveloping
surface to tube diameter (cf. fig. 15, also table 8) for the cone--

"

shape nuclear zone of the turbulent free Jjet. In tests 52 and h5,

where % = 12.5 and 7.3, tho cunesg extended especially far into the

arsa of marginal turbulence.

Returning to the originel question — that is, of the effect of the
turbulence of a flow on the flame epeed -- the answer can be worded as
follows: the turbulence always increases the flame speed referred to
the average flow cross section, and in twofold manner: for coarse—
turbulence bodies exceeding the laminar flame thickness, the flame sur—
face is effectively enlargzd, which ig, by roughening or ultimate
ruffling. For turbulence bodies smaller than the laminar flame thick--
nese this phenomenon probably recedes in the background, though the
flame speed increases by reason of the fact that all transport processes
between reaction zone and preparatory zone in the fleme surface are
amplified, owing to the turbulent mixing motion. The effect of this
fine-body turbulence can now be determined beforehand, but not that of
the coarse—body turbulence. In the engine the coarse-body turbulence
is most likely to assume the controlling part, Fine-bcdy turbulence
can be achieved only in flows issuing from very narrow tubes or elits
cf 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.

Translatiocn by J. Vanier,
National Advisory Committee
for Aeronautics.
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Table 2.
Flow velocity n=
4 G Ap
TPNS: GHy¢ | 0, |CH+0,=6| % CH, | = ,p{’o dp 2,122-10~* g/:m’ crn,'/s
N.T.P cm?¥/s gem—! g~
1 | 0317 1,949 2,326 162 | 2037 1,14-10-* | 1,86-10-¢ | 143-10-3 | 0,130
2 0,659 1,475 2,134 30,9 167,9 1,27:10-2 1,67-10-% 1,52-10-3 0,110
3 0,862 1,154 2,016 42,8 147,2 1,37-10-2 1,55-10-4 1,69-10-3 0,098
4 | 1,269 | 0754 2,023 62,7 128,1 1,58-10-2 | 1,34-10-¢ | 1,70-10-® | 0,079
5 1,513 0,516 2,029 74,6 119,0 1,71-10-2 1,24-10-¢ 1,77-10-3 0,070
6 | 1.897 Al 1,897 100,0 97,7 1,94:10-2 | 1,09-10-¢ | 1,92:10-3 | 0,057
7 . 1,965 1,965 0 188,1 1.04:10-2 | (2,05:10-4) | (1,34-10-%) | (0.153)
8 — 1,656 1,656 0 158,5 1,04:10-2 (2,05-10-¢) (1,34:10-3) (0,153)
9 0,174 1,888 2,062 8,4 191,0 1,08-10-2 1,96-10-4 1,39-10-3 0,141
10 1,412 0,383 1,795 78,7 103,0 1,74-10-2 1,22:10-¢ 1,80-10-3 0.068
11 — 1,658 1,658 0 164,0 1,01-10-%2 | (2,05-10-%) | (1,34-10-%) | (0,153)
12 1,014 1,060 2,074 48,9 145,56 1,42-10-2 1,49-10-¢ 1.62-10-3 0,092
13 1,913 0,212 2,125 90,0 114,8 1,84-10-2 1,15:10-¢ 1.86-10-3 0,062
14 1,932 — 1,932 100 99,5 1,94-10-2 1,09-10-¢ 1,92:10-3 0,057
15 — 2,000 2,000 0 191,0 1,04-10-2 (2,05-10-9) (1,34:10-3) (0,153)
80*
Table 8
Nuclear flow
Re =4,0-10° Re =6,1-10° Re =16,7-10° Re =23,3:10°
ri l & e R £ e p 7 & P l £ =
i 5 VT R v V7 R v n R v V",.‘
00 | 0161 | (20 | 141 | 0157 | (20) | 1,41 | 0154 | (20) | 1,41 | 0,148 | (20) | 1,41
0,1 0,159 7,1 2,66 0,156 10,1 3,17 0,145 22,1 4,70 0,144 29,4 5,42
02 | 0,152 99 | 314 | 0152 | 138 | 372 | 0143 | 30,9 | 556 | 0143 | 41,2 | 6,42
0,3 0,149 11,5 3,40 0,145 16,2 4,03 0,140 37,0 6,08 0,137 48,6 6,97
0,4 0,142 12,7 3,56 0,137 17,9 4,23 0,130 39,8 6,31 0,129 52,6 7,25
0,5 0,132 13,1 3,63 0,130 18,7 4,32 0,122 42,2 6,60 0,122 55,5 7,45
0,6 0,118 12,9 3,59 0,116 18,2 4,27 0,112 41,9 6,47 0,109 54,5 7,38
0,7 0,100 11,8 3,43 0,098 16,7 4,08 0,096 38,8 6,23 0,092 49,7 7,05
0,8 0,076 9,6 3,09 0,075 13,7 3,70 0,072 31,2 5,59 0,070 40,4 6,35
0,9 0,046 6,2 2,48 0,045 8,6 2,94 0,043 19,8 4,45 0,043 26,2 5,12
1,0 0,000 (1,0) 1,00 0,000 (1,0) 1,00 0,000 (1,0) 1,00. 0,000 (1,0) 1,00
Marginal flow
For any Re Re =4,0-10° Re=6,1-10° Re=16,7-10° Re =23,3-10°
X
R by by by+by 2 £ -‘/T £ V'e_ & VT e s
i) ® R R v v v v T- > ]/';
2 0,17 0,35 0,51 0,035 4,8 2,17 7.3 2,69 19,9 4,46 27,7 5,26
4 0,33 0,69 1,02 0,070 9,5 3,08 14,5 3,81 39,7 6,30 55,4 7,44
6 0,50 1,04 1,54 0,104 14,3 3,78 21,8 4,66 59,6 7,72 83,1 9,1
8 0,66 1,38 2,04 0,139 19,0 4,35 29,0 5,39 79,4 8,91 111 10,5
10 0,83 1,73 2,56 0,174 23,8 4,87 36,2 6,02 99 10 138 137
12,08 1,00 2,08 3.08 0,210 28,7 5,35 43,8 6,61 120 11 167 12,9

82*



Table 3

Flow_ velocity Gagi of i
) ging of flame zone Linear Flame |_ Reynolds Flame
g wh::;:# cm¥% N.T.R . , - Vegei:l'y Xelocrry Wrmax number 3
No. of ° 2 S-Cone sur- |R’= c.p. F=cone u= We=§& ad \/’Re i =
! i A 6= Pro- em¥s f F i _ bd Noisless Whistles| d
propane’| Propane 0, pone _'; ‘62 Propane Methods) | face line | radius of S SucrIlo;e cm/s” s w'f‘rmn Re= 3 1
Tube 1:d =0.1385 ¢m
1| 45,7 2,12 | 21,54 | 23,66 | 8.96 | 0,140 K 0,465 0.040 0117 1571 202,0 1555 | 39,4 | yes no 3.36
12 2,59 | 18,24 | 20,83 | 12,43 | 0,135 K 0.312 0,040 0.078 1383 266,0 1421 3,7 n " 2,25
22 | 46,5 7.10 | 50,85 | 57,95 |12.2510,135| K 0.675 0,055 0,233 3860 248,5 3960 | 629 | no |yes 4,87
25 508 | 38,20 | 43.28 11,72 (0,136 | K 0,665 0,041 0,171 2874 262.7 2933 54,1 " " 4,80
e | woon!| 1308 | 1568 e 0.245 0.037 0,057 : 275,0 177
40 [ 4607 | 2.628 | 13.05 | 15.68 | 16,750,129 | Ph 0.243 0.032 0.0488 1042 3210 1,17 1119 | 33.5 | yes no 1.75
=0 364 | 10,38 3.97 | 26.02 0,360 0.0425 0,096 ; 145,2 Y 2,60
il 33 | 1397|2602 (0017 Ph ich ©0031) | (0.068) 928 @050y | (4D} 1008 33 | o "ol o253
5 700 | 2955 | 37.45 |3 o 0,565 0.050 0,177 . 211,4 g . 4,08
| 7 9,55 ' 37,45 | 21.10 [ 0.123 | Ph 0.538 0.038 0128 2488 2019 1.38 2800 | 529 | no |yes 3.88
a2 10.34 | 27,85 38,19 | 27.07 | 0.116 | Ph 1.73 0,07 0.76 2537 50.2 Y 3035 55,1 " a0 12,5
2 1600 | 7.59 i 52.5¢ : . 0,560 0,057 0.200 262,0 o . s e 4,04
53 il 7 45,00 52,69 | 1445 | 0,132 | Ph 0.438 0.044 0.121 3500 4347 1,66 3675 | 60.6 " " 3.16
Tube 11: d = 0,218 em
28 46.34 | 0.656 | 14,68 1534 | 4.28 | 0.147 K 0.49 0.069 0.213 411 2.2 612 24,7 yes no 2.25
37 46,16 | 15,42 98.90 | 114,32 13.49 |1 0,133 | K 0,63 0,092 0,364 3065 314,1 5020 70.9 no |yes 2,89
5 5 0,66 0,10 0,414 277,3 . 3,03
) 9¢ . g » D " '
42 15,40 | 99,40 | 114,80 | 13,41 | 0,133 [ Ph 0.435 0.07 0.191 3077 599.0 2,16 | 5036 71.0 ' 2,00
_— s y 5 0,643 0.097 0.392 % 271,5 o 2,95
43 15.60 | 90.75 | 106,35 | 14,67 | 0.132 | Ph 0.420 0.066 0.174 2848 610.0 2.24 | 4711 68.6 " " 1.93
17 g cera | ok 0,715 0,095 0,427 ; 153,6 OE = 3,28
44 16,33 49,25 | 65.58 | 24,90 [ 0.118 | Ph 0.49 0.072 0.222 1760 2060 1.93 3250 57.0 " " 2.95
= - = 1,59 0.108 1,08 54,7 7,29
; 5| 58 Slodiz) P g g ! 2 7 2
45 17.80 | 41.15 | 5895 | 30,15 | O.11 Ph 103 0072 0,466 1580 1266 (2.31)| 3075 55.5 te " 479
; s y o0 4fs " 0,67 0,067 0.282 . 76,2 . 3,07
( & 5,15 X 9, L1 2 ) l g 5 37 i
46 6,33 | 15,15 | 21,48 | 29,46 | 0,113 | Ph 0.648 0.055 0,224 576 96,0 1,26 1116 334 | yes no 2.97
- i i 09 g 0,578 0,065 0,256 " 100,8 2,65
_‘ ¥ .-)“ A (} 'l' 2 5 ) » 'y 5 11} "
7 6.56 17,23 | 23,79 | 27,57 | 0.115 | Ph 0.57 0,052 0186 638 128.0 1,27 1209 34,8 " 2.61
. - P 0,333 0,061 0,127 145,2 1,53
48 2 s R X ; 4 i 2 i ;s 2 !
4,8 13,70 | 18,52 | 26,01 | 0,117 | Ph 0,320 0.055 0110 497 167.5 1.15 925 30,4 " " 147
Tube 1III: d =0,272 cm
= ir J - 26 % 2,050 0.194 2,50 127,0 7,53
i L% 231. 317, ) ! i
4 855 | 2318 |317.3 | 2695 0116 | Pho | P o1td o825 5470 3850 | 303 | 12850 | 113 | no |yes | g5
55 05 _ i 5 > 1.500 0.186 1,754 237,0 " ok 5.51
) 86.5 328.7 | 415.2 [ 20,83 | 0,123 | Ph 0.883 0,103 0,572 7150 725.9 3.06 15790 126 " bk 395
S = S . 95 1,386 0,181 1,576 N 283,0 5,10
ot 59, ,0 9,5 ,12i 2 ; : i P >
i 87,4 359,1 | 446,5 | 19,57 10,125 | Ph 0.815 0,086 0.441 7690 1011 3,58 16700 129 " " 300
= 0 0 . & 5 1,413 0,180 1,598 290,1 5,20
57 89.3 3743 | 463,6 | 19,26 [ 0,126 | Ph 0.800 0,088 0,443 7990 1046 3,61 17300 132 " " 2,04

*) K = cathetometer
measurements

Ph = photographed
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Figs. 1,2,3
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Figure 1.~ Diagrammatic view of
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Figure 2.- Apparatus

for measur—
ing the viscosity of
gas mixtures.

the test apparatus.
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Figure 3.~ Dynamic viscosity,

kinematic viscosity

and density for "propane" -
oxygen mixture at 18 + 1 °0,
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Tube II (4 = 0.218 cnm)

Tube III (4 = 0.372 cm)
Figure 4.- Flame photographs, (tubes I, II and III).
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Figure 6.~ Experimental values
meax/wfmin (so01lid
curve) of the turbulent flame

cone and comparison with the
Wey/Wey velues (dashed curves)

theoretically computed for the
case of extremely fine-body
turbulence.

Figure 5.- Experimentally defined flame speeds Wy as
function of the propane concentration.
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Figure 7.- Temperature variation in the laminar flame
front at various hypothetical ignition
temperatures 9, and various f values.
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Figure 8.- Expansion of a laminar free jet according to

Schlichting.
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Figure 9.- Theoretically com- cone in laminar flow
puted Bunsen cone (test 47) compared with
in laminar flow. theoretically computed cone.

Figure 1ll.— Diagrammetic representation of & turbulent
transport process according to the Prandtl
mixing length theorem.
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Figs. 12,13,14
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Figure 12.- Turbulent exchange quantity ¢/4R in tube flow
as function of the relative distance from tube
center line r/R at several Re in dimensionless representa-

tion,
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Figure 13.- Mixing length 1/R
in tube flow as

function of the relative

distance from tube center line
r/R for several Re in dimen-

sionless representation.
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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 e/v
and 1/R for

nuclear and marginal zone
of turbulent free jet at
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Figure 16.— Representation

of the effect
of coarse-body turbulence
on an originally smooth
flame surface.
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extreme limiting case of fine-body





