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EXPERIMENTAL STUD"?S ON TURBULENT
FLAMES

_ o

~a

~

ArcH C. ScurLock and jOHN H: GrovER

S Atlantic Research Corporation N \

Both turbulent diffusion ﬂames and turbulen? flames ﬁbpagat’z’rz{g in homogeneous
mixtures are considered. ~For turbulent diffusion flames, typical experimental
results are reviewed which establish that mixing, principally by eddy diffusion,
controls the burning process. For both confined and unconfined turbuléni jiames
propagating in homogenesus mixiures, the limited experimental results useful for
comparison with theory arc reviewed. Demonstrated are: ihe magnitude of the
increase in flame velocity resulting from turbulence, the tncrease in flame distortion
and in turbulent flame velocity with distance downstream Srom the stabilizer, the
characteristic structure of the instantaneous flame front, and, for confined flames,
the presence of flame-generated turbulence. The experimenial resuiis are conpared
with a theory for the effect of large-scale turbulence, previously developed by the
authors, which assumes that turbulence only wrinkles the flame front wiihoui
changing S, and relates St[Sp to the dimensionless parameters v'[Sr, eu/ps,
and Sitfly. Three effects are taken into account in the theory: eddy diffusion,
Sflame propagation, and flame-generated turbulence. Agreement of theory and
experiment is acceptable in some instances, but in others the need for further refine-
ment oy the theory is evident. Indicated refinements include provision for qﬁcts of
flame curvature and of flame front instability (when it exzsts) on St, provisien for
effect of ¢ flame Reynolds number * on perceatage conversion of available energy to
turbulence, and provision for the effect on St of nonisotropy of the flame-generated
turbulence. Additional experimental work is necessary to establish the exact
nature of these effects. Experimental approaches which should yield usgful data
are suggested. Cunsideration of the effect of rate of increuse of turbulent fame area
in decreasing Sy indicates only a very smail reduction even under extreme conditions.
The possibility is discussed that at very high, but obtainable, volumetric heat
release rates the combustion process may apprcack trat of homogeneous chemical
reaction and that under these conditions chemical reactian rate may becomne controlling.

THAT turbulence increases the ratc of burning in combustible mixtures has
long beern kniown, receiving qualitative recogaition by MALLARD and
LE CHATELIER!® as early as 1883 on the basis of their flame studies, and the
enormous volumetric burning rates often attained in jet and internal
combustion engines are attributed to the presence of turbuience.

Turbulent flames may be divided into two broad categories—turbulent
diffusion flames and turbulent flames propagating in homogeneous mixtures.
Although in practice mixed flames which are some sort of combination of
these two flamie types are frequently encountered, the effects of turbulence on
the two types appear to be quite different.

* This paper was prepared under the auspices of Project SQUID, jointly sponsored by the Office of Naval
Research and the Office of Air Research under Coutract NOnr-485(01 ;
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TURBULENT COMBUSTION

TURBULENT DIFFUSION FLAMES

-‘

In a diffusion flame the tuel and oxidant gases are initially separated. Thus
for combustion to take place, mixing of the two components is first necessary.
For laminar diffusion flames, the importance of molecular diffusion in
effecting this mixing process has been demonstrated by Burke and
ScHuMaNN® and by HorTeL and HAWTHORNE!®,

It may also be concluded from the literature that the mixing of fuel and
oxidant by eddy diffusion is the principal controlling factor determining the
rate of burning of turbulent diffusion flames. The work reported by
HAwTHORNE, WEDDELL and HOTTELS, by Wom., GazrLey and KaPrpr?2, and
by HOTTEL9 with turbulent fuel jets issuing into stagnant air and with
fiquid jets of alkali discharging into a reservoir of acid has greatly enhanced
our knowledge of turbulent diffusion flames, and several important conclu-
sions may be reached from these investigations. Fig. 7, after Hottel and
Hawthorne!?, is a schematic diagram showing the progressive change in the
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Fig. 1. Progressive change in ﬂamz with increase in port velocity ( from
HoTtTeL and HAWTHORNE!?)
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Flame height

diffusion flame with increase in burner port velocity. As port velocity of
the laminar diffusion flame is increased, the flame length also increases until
eddies begin to appzar at the flame tip. Further increase in velocity causes
the point of initiatior: of the eddies to move down along the flame, causing
the overall flame length to shorten and dividing the flame into a laminar
section near the burner port and a turbulent brush. Fig. 2, after Hottel?®
based on the data of Gaunce? for city-gas flames, shows the etfect of burner
port velocity on flame height to near sonic velocity. Fig. 3 from Wohi,

Gazley and Kapp3®¢ shows the relationship between flame height, port
diameter, and port velocity for 50 per cent city gas issuing into stagnant air.
The insensitivity of the height of fully-developed turbulent diffusion flame
jets to burner port velocity is clearly illustrated.
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EXPERIMENTAL STUDIES ON TURBULENT FLAMES

g & Horzontal l 1
. scale changes o
here oS- gbove b‘”;—
. withpilo!
e tip w et B e o
20 Flom =L
: \ - ‘T [ #burﬂ
pA—ass) pilot pos
# 1P
a1 A1)
w W B1ow=af V[l Above 7875 G,
3. 8 | |, no ypper flome
s P 7 R }-Fm'Moaf pilo! ring
S S
3 On-port flame} | < |l
¥ 10 Break point T é 1
-a -{Oj-porfﬂame ?‘.i
= Bose \ e |
5 2N gl Re
p 2| a! port
FANe T ~ 60,000
Lominar =2 -+
;;fu.ﬂbn A \ 9 1y
lomes H R l
o 50 700 150 200 400 600 800 7000 7200
Por! velocitly f-/sec

Fig. 2. Effect of port velocity on flame height ( from HorTEL® based on data of GAUNCE?
Jor city gas flames: burner port diameter § in.)

Observation of the remarkable similarity of the jet structure of turbulent
diffusion flames, of similar jets in the absence of combustion, and of alkali
jets d:sch::rgmg intc a reservoir of acid led Hawthorne, Weddell and
Hottel®, and Hottel® to conclude that for fully-developed turbulent diffusion
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TURBULENT COMBUSTION

flame jets tne process of mixing, which is a function of the momentum and
buoyancy of the jet, is the controlling factor in determining the progress of
the combustion. There is no evidence with these flames that the combustion
process itself results in additional turbulence generation.

If mixing by eddy diffusion is the controlling factor determining the height
H of the fully-developed turbulent jet, then H should be inversely propor-
tional to the eddy diffusivity e, directly proportional to volumetric flow rate
from the jet which is in tura proportional to the product of port diameter D
squared and port velocity U, inversely proportional to the fuel-oxidant
interface area per unit of jet length which is proportional to D,
and inversely proportional to the concentration gradient normal to the area
across which eddy diffusion proceeds which is inversely proportional
to D.

In accordance with the theory of turbulent mixing, it may be assumed that
eddy diffusivity is proportional to the product of turbulence intensity v’ and
scale ,. In a turbulent jet the assumption that /; at any point is proportional
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to the port diameter D, and that v’ is proportional to the jet veticity U s
known to be a good approximation®, Thus the following may be written:

2 2
el 3 _UDLOD
D 1/D € UD

A turbulent jet height invariant with port velocity and which increases
directly with port diameter is predicted. This essentially conforms with
experiment.

Volumetric heat release rates for the turbulent jet of Fig. 2 have been
calculated and zr= shown in Fig. 4*. At port velocities below about 250 ft/sec
heat release rates may be said to be proportional to port velocity, which
indicates that under these conditions mixing by eddy diffusion controls the
rate of burning. At higher velocities the heat release rate coatinues to
increase, but at a lower rate. This may be attributable to the assertion at
these higher velocities of the influence of mixing by molecular diffusion,

* For these calculations the volume occupied by the flame was assumed to be that of a cylinder with height

equal to the turbulent flame height and diameter equal to the maximum flame width, The linear relation
betwezn turbulent flame height and flame width given by Hottel® was assumed.
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EXPERIMENTAL STUDIES ON TURBULENT FILAMES

always necessary in achieving the intimate mclecular mixing of fuel and
oxidant required for combustion. The Leat release rate at the maximum
port velocity of 1100 ft/sec reaches approximately 1-15 million B.T.U. per
hour per cubic foot—a relatively low value in comparison with those often
obtained with turbulent confined flames in homogeneous mixtures. Even
at the highest heat release rates there is no evidence with these flames that
factors other than mixing control the burning rate.*

TURBULENT FLAMES IN HOMOGENEOUS MIXTURES

As compared with turbulent diffusion flames, where mixing by eddy diffusion
is the controlling factor, the mechanism of propagation of turbulent flames
in hcmogenecus mixtures is more complex and is at the present time less well
understood. The physical picture of the mechanism of propagation of such
flames held by workers ir: the field has, in fact, until recently been so rudi-
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Fig. 5. Results of BOLLINGER and WILLIAMS® for open bunsen flames disturbed by
pipe turbulence, replotted as Sy versus U

mentary and the influence of the various important parameters so poorly
known that theoretical considerations have been of only small assistance in
planning controlled experiments. As a result of this and of the considerable
difficulty involved in cbtaining good data under controlled conditicns with
turbulent {lames, the existing experimental results considered suitable for
quantitative comparison with theorv are extremely limited and inadequate.
The principal results, those of BoLLiNGER and WiLLiams®, Karvrovrrz,
DennistoN and WELLs!4, WoHL and co-workers2®33, and of ScurLock 21, 22
are presented in Figs. 5-9. From these figures, an idea of the importance of
turbulence in increasing the rate of flame propagation may be obtained.

* And, indeed, it should not be surprising in view of the work of Avery and HART® and of Lonowszry 1%
(see later discussion) that chemical reaction rate exerts no controlling influence at these moderate heat release

rates.
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open bunsen flames disturbed by pipe turbulence plotied as Sr[SL
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Experimetniial Results

Fig. 5 presents the data of Bollinger and Williams® obtained with bunsen
flames disturbed by fully-developed pipe turbulence. Acetylene, ethylene,
and propane were emjsloyed in mixtures with air yielding maximum laminar
flame velocity, and tube diameter was varied from 0-25 to 1-125 inches.
The data have been replotted as S7 versus U, where ST is the propagation
velocity of the turbulent flame averaged over its entire surface. Values of
laminar flame velocity S, that were heliecved by Bollinger and Williams to be
approximately those of the mixtures employed are also indicated. These
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Fig. 7. Effect of tube velocity on turbulent flame velocity, after WOHL3* 33
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investigators were the first to recognize that turbulent flame velocities based
on the inner or outer boundary of the flame brush are more or less arbitrary*,
and their determinations were thus based on the mean position of the flame,
taken to be midway between the inner and outer flame boundary a
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Fig. 9. Variation of Sr/Si with distance from stabilizer for several
Sflow velocities, after ScCURLOCK??

¢ For example, most of the early results of DAMKOHLER® with turbulen bunsen flames were so based.
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TURBULENT COMBUSTION

determined from flame photographs. Their results may be expressed
approximately in terms of tube diameter D, flow velocity U, and S7/SL
by the empirical relation:

S1/Sy = kDAU? 46 s 0 2

where £ is a constant of proportionality. Values of St for the flow velocities
employed are found to range up to about twice the laminar flame velocity.

Karlovitz, Denniston and Wells!4 also studied open bunsen flames
disturbed by pipe turbulence. Measurements of S7/S. versus distance from
the burner tube center for stoichiometric natural gas—air and acetylene-air
flames at several flow velocitics and using a 3-16 cm tube are reported. These
data are shown in Fig. 6 as S7/S. versus distance from the tube center
expressed in tube radii. S7/S. is observed to increase rapidly from near
unity close to the tube rim, with the rate of increase becoming less rapid as
distance from the tube rim increases. Values range up to above four and are
higher at the higher flow velocities.

ST at any point along the flame front was obtained from measurement
of the sine of the included angle B between the tube axis and the mean
position of the flame, as denoted by maximum brightness on flame photo-
graphs, by means of the relation ST = U sin B, where U is taken as the local
flow velocity in the tube. Values of §7 determined in this way are incorreci
to the extent that the flow of the unburned gases entering the flame front
at a given distance from the burner rim differs from that in the tube. The
pressure drop AP through any seciion of the flame brush is a direct function
of the local value of S7*. Since St increases from the burner rim upward,
the local pressure drop across the flame front also increases. Thus, since the
static pressure on the burned gas side of the flame front is essentially atmo-
spheric at all heights above the rim, the static pressure in the unburned
gases must increase from the tube exit upward. This results in a reduction in
velocity and a divergence of flow in the unburned gases which introduces
an error of unknown magnitude in Karlovitz’s results.

WoHL and his co-workers3? have recently obtained data with bunsen
flames disturbed both by pipe turbulence and by turbulence gcnerated by
grids placed near the tube outlet. Butane-air flames were studied over a
range of mixture ratios and at different flow velocities, Data were taken
using 2:55 ecm and 101 cm tubes. Wohl determined the average flame
velocity £7 based on the mean flame surface taken as the surface of maximum
luminosity on flame photogravhs. His results in the presence of pipe
turbulence are therefore comparable to those of Bollinger and Williams.
Plots of flow velocity versus St as founr. by Wohl are shown in Fig. 7. The
increase in ST with U is clearly shown. The effect of mixture ratio is shown
in Fig. 8, where St is plotted versus the generalized oxidant fraction, Og, for
several conditions of turbulence using the 2:55 cm tube. Fig.8(a) is at a
flow velocity of 540 c¢m/sec and Fig. 8(b) is at 1495 cm/sec. A substantial
increase in ST with turbulence intensity is fourd, with maximum ST at the
highest turbulence intensity and flow velocity ranging up to about four times
the maximum value of S7. A marked shift of the maximum further toward
the rich side with increasing turbulence intensity is cbserved for these

* Actually, AP = puSp* (:-: - 1)
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Fig. 10. Photograph of flames stabilized in high-velocity flows tn constant cross-section duct
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EXPERIMENTAL STUDIES ON TURBULENT FLAMES

butane-air flames, the maximum observed St of 165 cm/sec which occurs
with the four-mesh screen thus being found at Og = 0-42 where S. is less
than 30 cm/sec (S7/8;, =~ 6-0).

The forcgomg results are for open flames. ScurLock2!'22, WILL1AMS,
HorTEL and ScurLock??, and WoHL, SHORE, VON ROSENBERG and WEIL33
have studied turbulent flames confined in constant-cross-section ducts. The
original results are believed to be of only limited value because the upstream
extremity of the flame brush was employed for determination of S7.
Re-analysis of some of these data using the mean flame front is, however,
possible.

In Fig. 9, calculated from some of the flame photographs of Scurlock?},
plots of the ratic of turbulent to laminar flame velocity S7/S. versus the
distance from the stabilizer (measured along the flame front) are given under
comparable conditions for lean Cambridge city gas-zir flames confined in a
1 > 3 inch duct for several inlet velocities varying from about 59 to 300 ft/sec.
Flames were stabiliz:ed in the wake of a 0-038-inch rod oriented normal to
the flow and across the short dimension of the chamber. Gases entered the
combustion chamber from a calming section through a nozzle. Turbulence
in the gases approaching the combustion zone was thus below 0-:5 per cent
and the flow was uniform. Values of §7 are based on the mean flame
position determined from maximum Iuminosity on the flame photographs*,
and calculation of S7 is by the method devcloped by Scurlock?2 which takes
flow dwcrgcncc of gases approaching the flame front intc account.

The precision with which the location of any one point is determined is
rather low (estimated to be about 4 0-5 ft/sec for S7), but general trends of
the data are unmistakable. The flame velocity tends toward higher values as
flow velocity and distance downstream from the stabilizer increases.
Maximum values of $7 range up to above four, being of the same order as
those observed for unconfined flames.

onornh nf fuy 1lonre 1 19
oene? <

ﬂamnc stabilized 1n ducts

Fig. 70(a) is one of Scurlock’s?2 photogiaphs (0-4 second exposure) of a
flame stabilized in a high-velocity stream at U = 301'7 ft/sec and
O¢ = 0-553. The extreme turbulence present in such a flame is revealed in
Fig. 70(b) which is a spark Schlieren photograph of a similar flame from the
paper by WiLLiamMs and SHIPMANZS,

In Fig. 77, flame width (reduced) of the mean flame front versus distance
from the stabilizer is shown for the Fig. 70(a) fiame. This curve has becii
extrapolated to the wallt. From these flame widths, a curve showing the
increase in ST/Sr with distance from the stabilizer has bzen computed (by
the method of Scurlock?4) and is also included. S7/S¢ is estimated to rise to
the remarkably high value of 17 near the wall. These high flame velocities
could only be the result of high turbulence at the flame front and this is
corrohorated by the Fig. 70 photographs. Since the approach stream
turbulence was kncwn to be very low, the existence of turbulence must be

* The original values of Sy given by Scurlock®® were based on the upstream extremity of the Aame instead
of its mean position. Values obtained by the two methods vary roughly by a factor of two, those based on the
outer extremity being, of course, the greater.

Confidence in the approximate correctness of this extrapolation is enhanced by a knowledge of the chamber
length necessary substantially to complete combustion.
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TURBULENT COMBUSTION

attributed to the presence of the stabilizer, to generation of turbulence by
the flame, or to both.

Scurlock??, and Williams, Hottel and Scurlock?” have shown how
turbulence can be generated in such a flame and have obtained experimental
and theoretical results which are believed to document adequately their
explanation. Flow in the vicinity of the combustion zone is shown
schematically in Fig. 72. Immediately downstream from the stabilizer, high
veiocity gradients exist across the flame front betwecn e fast-flowing
unburned gases and the relatively slow-moving burned gases in the eddy
region tr the rear of the stabilizer. Such gradients are under certain
conditions responsible for generating a high level of turbulence which
results in the observed high local rates of combustion. Just downstream of the
eddy region the mean velocity of the burned gases is much lower than that of
the adjacent stream of unburned mixture. Under the influence of the large
pressure drop resulting from the combustion process, however, the slow-
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Fig. 11. Flame width, S3]Sz, and 3 S oersus distance from stabilizer
Jor Fig. 16(a) flame extrapolated to 1wall

moving low-density burned gases accelerate more rapidly than does the
unburned mixture until their velocity equals, and finally exceeds, that of
the adjacent unburned gases. In the region where the velocity of the burned
gases approximates that of the main stream, generation of litile new turbu-
lence would be expected, although that previously in existence would
maintain a high rate of combustion. As velocity gradients are again crcated
by the greater acceleration of the burned gases, additional turbulence may
under suitable conditions be generated and the rate of combustion continue
to increase.

The amount of turbulence generated in the region imi.cdiately down-
stream of the flame stabilizer increases rapidly with stream velocity. Turbu-
lence generation in this region depends, however, not only on the magnitude
of the velocity gradients but also on the distance over which the gradients
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EXPERIMENTAL STUDJES ON TURBULENT FLAMEFS

exist. Larger flame stabilizers thus tend to encourage turbulence generation.
Since the rate of increase in relative velocity of the burned gases from their
low-velocity just downstream of the eddy region is a direct function of the
pressure drop in the duct which is in turn a direct function of the rate of
increase of gas voluiaic, the higher the rate of volume increase in this region
the shorter the distance over which velocity gradients exist and thus the
smaller the turbulence generation. An increase in flame temperature or
flame speed would, therefore, be expected to tend to suppress the gencration
of turbulence in this region.

Burned gas
y 1 1 Second region of high
\ I T velocily gradient's

—~——

Intermediate region V
low velocily gradients

First region gf‘ﬁ;;g/;
velocily gradients

T

Combustible mixture

Fig. 12. Schematic diagram of flow in vicinity
of combustion zone for flame stabilized in a
constant cross-section duct, after SCURLOCK3?

The effects of flame velocity and flame temperature are opposite in the
second region of high velocity gradients further downstream where the hot
combustion products move ati a higher velocity than the unburned mixture,
since faster burning and higher temperature result in higher wvelocity
gradients. An increase in stream velocity, however, tends to increase the
turbulence in this region just as in the first region.

Although the first region of velocity gradients is associated with the
presence of the stabilizer and turbulence generation is greatly influenct i by
stabilizer size and shape, the existence of the second region of gradients is
independent of the stabilizer, and turbulence produced in this region is truly
flame generated.

Discussion of Theory

Gerhard DAMKOHLER® was the first important worker to study quantitatively
the effects of turbulence on flames. He postulated a basic distinction
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TURBULENT COMBUSTION

between the effects of turbulence on the flame depending upon whether the
turbulence scale was very large or very small relative to the thickness of the
laminar flame front.

For a turbulence scale very small relative to the laminar flame front thickness, it was
proposed that the only effect of turbulence was to increase the flame velocity
by increasing the transport of heat and active species by eddy diffusion.
SHELKIN?4 concurred in this view, and on the assumption that transfer of heat
was the controlling factor in determining flame velocity proposed the
following relation:

c . (3)

where ¢ is the eddy diffusivity and x is the thermal diffusivity. Present
workers are tentatively willing to accept this picture although experimentally
no flaines disturbed by turbulence of a scale very small relative to the flame
front have ever been investigated; and, in fact, such a situation would in
practice be very unlikely. Perhaps, however, at very low pressures where the
flame front thickness is greatly increased such a situation could be obtained
and would probably be worthy of study.

For a turbuience scale very large relative to the laminar flame front thickness, the
situation which appears on the basis of experimental evidence to correspcnd
most closely to that generally encountered in practice, Damk hler concluded
that the observed increase in burning rate is due only to wrinkling of the
flame surface. Embodiment of this picture in a guantitative relation
expressing St in terms of the parameters of the turbulence and the flame was
early recognized to be of importance and has received attention from several
workers. Thought was hampered, however, for a number of years by
failure to recognize (a) the statistical nature of the flame distortion by
turbulence, and (4) the importance of time under ail practical conditions in
determining the extent of flame distortion. Karlovitz et al'* have made
important contributions to this problem, and Scurrock and Grover?3 have
recently published work which, while still subject to refinement, is
believed to embody ihe principal necessary elements of a quantitative
theory.

Scurlock and Grover in their development consider an initially flat flame
of infinite extent oriented normal to the y-axis propagating into a combustible
mixture agitated by isotropic turbulence with an intensity ' ( = ¥’ = w’)
and scales /, and /; defined in the Lagrangian and Eulerian manner respec-
tively. Only turbulence with a scale very large compared with the thickness
of the laminar flame front is considered, the turbulence being assumed only
to wrinkle and extend the fiame surface, the laminar flame velocity remaining
constant and unaffected by any increase in transport properties or by flame
curvature. As time passes, the flame becomes wrinkled by eddy diffusion of
flame elements away from the mean position cf the flame, and the flame area
is increased as shown schematically in I"ig 73. Assuming, as indicated in
Fig. 13(c), that the depth of the wrinkles is proportional to the root-mean-
square dlsplacement of a flame element from the mean flame front, (¥?)
or equal to K,(¥?)}, where X is a proportionality constant, and that the
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average base width of these wrinkles is proportional to /i, or equal to
K,l, where K is a second constant of proportionality, the following relation
for the ratio of wrinkled to initially flat flame area Ar/A4. is obtained frcwa
simple geometric considerations:

4 _st [ (B)]

\ g%/

where 4K,2/K,? has been replaced by the constant ¢,.

As time passes and the mmally flat flame becomes wrinkled, three effects
are believed to be of unportancc in determining 72 and thus the flame area:
(7) eddy diffusion associated with the turbulence present in the flame,
(2) flame propagation, and (3) flame-generated disturbances.

N

. (4)

!fgan flome p_m}‘rbn

Mean flame position

Kl

rind— N

—
(a) (b) (c)
initially flat flame Flame after passage Flame after passage
of short time of longer time
Sr_Ar _ {[ Kh)® + [K, (TP _ [1+ ]
S 1 Ky

F}g 13. Schematic diagram showing wmzlcllef with passage
time of an initially flat flame element exposed to turbulence®®

Eddy diffusion tends to increase Y2 and thus the flame area without bound
with time. Under the hypothetical conditions where the flame propagates
at a very low velocity so that ¢'/S. is very large (thus eliminating the second
zffect) and no change in density occurs upon passage of gases through
the flame {ront (thus eliminating the third effect), TavLor’s % theory of
diffusion by continuous movements applies to diffusion of flame elements
in the field of turbulence and yields the following relation between 13,

’, and time ¢:

2"2 !
_E“_) _ J‘OR,d: .. (5)

where R, i1s the correlation coefficient defined as the mean value of the
preduct of the fluctuating velocity in the y-direction of a fluid particle, in
this case coinciding with a flame clement, at zero time and the fluctuating

227



TURBULENT COMBUSTION

velocity of the same fluid particle at time ¢, divided by the mean square
fluctuating velocity of the particle.

Removal of the restricticn that v’/S; is very large requires modification of
Eq. (5). In the absence of flame propagation the correlation coefficient R,
may be employed, because the assumption is valid that a diftusing flame
element is bound during the diffusion process to a single fluid particle. If
the Qame propagates during diffusion, the fluctuating velocity of a single
flame element is aftected not only by passage of time but by its movement
from one fluid particle to another as the burning process proceeds. A mixed
correlation coefficient R,, which take: into account flame propagation must
thus be defined for use in Eq. (5) which measures the correlation between the
fluctuating velocity of a flame element at zero time and that of the same
flame element at a later time after the flame has propagated ints the un-
burred gas a distance y = S§;t. R, may be represented as the product
of the correlation coefficient R; expressing the correlation of the fluctuating
velocities of single fluid particles at zero time and after passage of the time ¢,
and the correlation coefficient R, expressing the correlation of the fluctuating
velocities at the same time of fluid particles separated by a distance y.

Eq. /5) thus becomes

d(7%) B .
. =zv'2J R,,dt=2v’“J' RRdt .... (6
¢ (1] (1]

Recalling Taylor’s definition of Lagrangian scale, !}, = v J': Rdt and
Eulerian scale, [, = I o fydy, and accepting after Dryden® the approxima-
tions R, = exp -~ V't/;, and R, = exp — Sit/l,, Eq. (6) becomes

"1

d(T?) il o 8L ,2( ‘s
I =20 fcxp (l +la)tdt—20 v’ 4.0k

\ iy iy

X[‘"""P (11+SL)‘] RO

Replacing !, by the more easily measurable /; by assuming on the
basis of TAvLOR’s?* discussion of data for turbulence behind grids that

=~ 4% [; and puttmg in dimensionless form in terms of a reduced dis-
placcment (T2}, a reduced turbulence intensity v’/Sz, and a reduced
time Syt/ly, Eq. (7) may be rewritten as follows:

(T)h v’ S\ (Sut
d ]_»"‘""P(‘s:)(z‘*’?)(x)

qu St @ (, S\
Intcgrarion yxel!;s K ( ’ } - (8)
— SLt &‘ _IE. .,

e (9)
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EXPERIMENTAL STJDIES ON TURBULENT FLAMES

The importance of time of exposure to the turbulence in determining 73
is clearly indicated. On the basis of these relations, it may be concluded
that eddy diffusion, in the absence of other effects, would continue to in-
crease 2, and thus the flame area and S7/S; without bound witk time,
the rate of area increase being made greater by increasing v’ by decreasing
Sz, and by decreasing /,.

In order to apply these relations to a real situation such as a flame
stabilized on the rim of a burner tube where the flame is oriented obliquely
to the flow of unburned gases and a component of velocity exists normal to
the flame front, it is necessary to ki.ow not only Sg, v’, and /;, but also the
time of exposure of any small segment of the mean flame to the turbulence.
If B is the included angle between the direction of flow of unburned gascs
and the mean flame front and U is the local flow velocity, initially flat
flame segments generated at the rim move along the flame front with a
velocity U cos B untd they disappear upon re~ching the wall or upon inter-
secting another flame front. The time of exposure of any flame segment to
the turbulence may be expressed as¢ = I f; (dL/U cos B) where Lis the distance
measured along the mean flame front from the burner rim to the flame
segment under consideration. It would thus be expected on the basis of the
above relations that for a turbulent bunsen flame, or any other flame extend-
ing downstream from a stabilizer and disturbed by turbulence, that a thicken-
ing of the turbulent flame brush and an increase in flame wrinkling
would occur as L increases. This conforms with exnerimental observations
of turbulent flames and is clearly indicated in the ~oark Schlieren photo-
graphs of WoHL and SHORE?® shown in Fig. 74.

The tendency for flame propagution to flatten and decrease the surface of
a turbulent flame was first pointed out by Karlovitz, Dennistcn, and
Wells!t, This effect is demonstrated schematically in Fig. 16 where a
wrinkled flame no longer disturbed by turbulence is propagating into
stagnant unburned gas. It is further assumed that no change in gas
density occurs due to combustion, which climinates motion in the
unburned gas due to approach of the flame. The flame has propagated in
the time interval d¢ from its initial position represented by the solid line to
the new position represented by the broken line ; and as demonstrated by
Karlovitz, the flam« area has clearly been reduced by propagation with
sharp edges now only protruding into the burned gases and curved
surface elements extending into the unburned mixture. This corresponds
to the appearance of actual turbulent flames such @s those shown in
Fig. 74.

Again representing the distance from the mean flame position to the
mean apex of the protrusions by K,(T?)}, the distance in the y-direction
from the apex of the protrusion into the burned gas to that into the unbuined
gas is 2K,(T), The rate of change of this quantity due to propagation
consists of two terms, a positive term representing the increase at the apex
of the protrusion into the untuined gas which equals Sz, and a negative
term representing a decrease at the apex of the protrusion into the burncd
gas which geometric considerations reveal to be — St[1 + ¢,(T3/l32)]t.
combining these terms, rearranging, and replacing 4K, by the constant c,,
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TURBULENT COMBUSTION

the following dimensionless approximation expressing the effect of flame
propagation on 73 is obtained :

]

e Y ) R

The effects of eddy diffusion and flame propagation together on (T?) are
given by addition of Egs. (8) and (10) as follows :

TP e L) [ 5]

_52“—1 +c,(£)]* —1} . (11)

where Sit/l; on the right-hand side of Eq. (8) has been rcplaccd by
v ( I‘ﬂ)i v t v’

i i
T ;,—] a function of ( ] ) and 3, obtained (in praciice graphically)
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Fig. 15. Schematic diagram demonstrating ‘-r:demy of flame propagation to reduce
flame area (in absence of eddy diffusior and for p.,/pa =1)"

from solution of Eq. (9). This evpression may be integrated graphically
to determine (¥?)¥/l, versus the dimensionless time parameter Syifl, for
various values of v'/St. The presence of the propagation term reduces

(T’)*/l, at any given time under a fixed set of conditions and limits it to a
maximum. The effect on 47/4; is similar.

230



EXPERIMENTAL STUDIES ON TURBULENT FLAMES

Fig. 16 is helpful in enabling one to visualize the effects of eddy diffusion
and flame propagation acting together on a flame extending dowiustream
fromn a stabilizer. The distortion of such flames upon passage of single

VG'_ ?_t?
S, V3

Fig. 16. Distoriion of stabilized flames during passage of single eddies

turbulent eddies of a specialized nature has been graphicaily determined
for cases correspording to several values of ¢'/S;. The two-dimensional
disturbing eddy is assumed to be in rotary motion with the intensity of
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velocity components superimposed on the mean flow along any diameter
corresponding to a sine wave, the center and outer extremities of the eddy
moving at stream velocity as indicated. The root-mean-square value of
these superimposed velocities averaged along any diameter equals /37,
the component of superimposed velocity in one direction averaged over the

(At

Burned goses afYer mixin,

|

Vs, P, Pb

hl 1

Burned gases befbre mixin
(sz) vr.. Pb ] pb

fiit

M

teon flame
position

WL

“.I.Lm.n 1100008440 0140 |
mw&&nm _ 9
Vs Ber Pu

Fig. 17. Flow pattern in neighborhood of wrinkled flame element
eonstructed in accordance with Scum.{;cx’s calculations’® for
pulps = 6
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entire eddy thus equaling v. The considerable effect of '/S, on the degree
of flame distortion, the initial increase in the distortion with time, and the
movement of the distortion downstream away from the stabilizer with
time are all cleariy shown. The growtn and movement downstrcam of
flame distortions caused by single eddies similar to those shown in Fig. 76
were observed experimentally by MARksTEIN'? with an open bunsen flame
stabilized on the rim of a rectangular tube. Marxastein, however,
interpreted the growth of the distortions with movement downstream as
evidence of the presence of flame-generated turbulence.

Flame-generated disturbances may be produced by velocity gradients
induced by the pressure drop across the combustion zone associated with the
density decrease of the gases upon passage through the flame front, and in
most instances are believed to be of importance in distorting the flame.
The work of Scurlock®® %7 establishing the existence and importance of
this effect for confined flames has already been discussed.

The effect is demonstrated in Fig. 77 where the two-dimensional flow
pattern in the vicinity of a wrinkled flame element has been constructed
on the basis of Scurlock’s steady-state flow calculations for p./ps = 6, where
pw and py are the densities of the unburned mixture and of ihe burned gases
respectively. The combustion pressure drop causes the low-density burned
gases to accelerate more rapidly than the unburned gases. The uniform
flow is thus converted upon passage through the combustion zcae into a
non-uniform flow with large velocity gradients. These gradients are a
potential source of turbulence and under conditions where the Reynolds
number of the flow is sufficiently high, all of the energy decrease resulting
from mixing of the gases issuing from the combustion zone might con-
ceivably appear in the form of turbulence. Such flame-generated turbulence
would be available for further distortion of the flame by eddy diffusion.

The following relation for this maximum energy available for turbulence
generation E, has been derived by Scurlock and Grover by combination
of a momentumz balance between the unburned gases and gases issuing
in non-uniform flow from the combustion zone, and a mass balance and
momentum balance between the unburned gases and gases issuing in
uniform flow from the combustion zone after complete mixing :

2
By =LtV ("—" — 1)
2 o \p»

o & o (12)

where ¥, is the approach velocity of the unburned gases normal to the
mean flame front and K = [(AP/AP') — 1] where AP/AP’ is the ratio of
pressure drops between the unburned and burned unmixed gases and
unburned and burned mixed gases. Scurlock and Grover have given
calculated maximum values of K designated K, for S7/S. = . Values
oi Ka in the range of prime interest—p,/p; from about four to ten—were
found to equal approximately p,/100p;, and ine following approximate final
reclation was suggested for E,, :

©

|
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TURBULENT COMBUSTION
Assuming isotropy of the generated turbulence, E,, is related to the maximum
turbulence intensity that could result from the third effect v,’ as follows :
3v,'2

En=—3 c ... (14)

Solving for v,/ and substituting for E,, its approximate value from Eq. (13),

= () [ (3) e-sr (2]

Thus in instances where V,2 > S;? the maximum turbulence intensity that

could be generated increases approximately as the first power of V, and as
the three-halves power of p./p;.
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Fig. 18. Maximum possible flame-generated turbulence under various
conditions of Vu, pulps and Sy in accordance with Eq. 15

Egs. (13) and (15) may be applied either to open flames or to flames
confined in ducts. With unconfined flames, V, is the normal velocity
of the unburned gases relative to the mean flame front, thus equaling St.
For confined flames, V, is the normal flow velocity relative to the confined
combustion zone, which generally corresponds to the flow velocity in the
duct and would in most instances be much greater than St of the oblique
flame fronts. Several solutions of Eq. (15) are given as plots of »,’ versus
V., as shown in Fig. 78. These maximum turbulence intensities are observed
to be of the same order as V,. The discovery by Scurlock that the effect of
approach turbulence on confined flames stabilized in high-velocity flows
is generally unimportant compared with that due to flame-generated
disturbances is not surprising in the light of Eq. (15), and would be expected
for such flames even if only a small fraction of the available energy were
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converted to turbulcnce. For open flames where V, = §r, the situation
in practical instances is such that both the approach turbulence and that
generated in the flame might be expected to play important roles.

The above theoretical discussion of the effects of flame-generated
turbulence was limited to the conversion of available energy to isotropic
turbulence. In view of the mechanism of turbulence generation at regions
of shear between fluid streams, which first requires the development of
instability followed by formation of a more or less systematic eddy street,
it is likely that turbulence gererated in the wrinkled flame is far from
isotropic. What effect this probable absence of isotropy has on the previous
discussion is not known ard remains to be determined by experiment.
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Fig. 19. Sr/Si versus Sit[ly calculated for several different conditions taking ini> accouni
eddy diffusion, flame propagation, and fame-generated turbulence®®

Solutions of Eq (11) have been obtained by Scurlock and Grover by a
trial-and-error stepwise method for open flames taking into account eddy
diffusion, flame propagation, and flame-generated turbulence for a range
of values of v4'/S, where v’ is the turbulence intensity in the approach stream
and for p.fps of eight and ten, and these solutions have been combined
with Eq. (4). The results are shown in Fig. 79 as plots of S7/S8L versus
Sitfly.  For the purpose of these calculations, it was assumed that 100
per cent of the available energy was transformed into turbulence in
accordance with Eq. (15), and that the scale of the generated turbulence
is the same as that of the approach stream. Flame-generated turbulence
intensity determined from Eq. (15) was combined with that in the approach
stream, v,’, by means of the relation ' = 4/[(v,')? + (v)?] to obtain a
v’ for use in Eq. (11). Both K, and K, were assigned the values of 2*,
thus making ¢, = 4 and ¢, = 1/4.

* This is in approximate agreement with the measurements of turbulent flame wrinkles made by Horrse,
WnLiams and Levine'! on the basis of which Xy would probably be assigned a value of 25, Assignment of
a value of 2 to X'y would appear to be a reasonable approximation on the basis of geometric considerations.
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Assuming that these curves cover the Sit/ly range of practical interest,
it is indicated that turbulent flame segments generally do not reach an
equilibrium condition of constant flame area but are continuing to
increase in area when their short existence ends either at a wall or upon
intersecting another flame front.

Several solutions taking into account eddy diffusion and flame propaga-
tion only are included for comparison as the broken curves in Fig. 79.
Considered as a percentage, the effect of flame-generated turbulence is
indicated to be of much less importance at high values of v,4'/S;.

Fig. 20 demonstrates individually the effect of eddy diffusion, flame
propagation, and flame-generated turbulence predicted by the theory for a
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Fig. 20. Cross section of stabilized unconfined bunsen flames constructed on
gl S e
Q H M’ X
turbulence (assumed c':ndihbn:: Sz =10 cmfsec, U = mgmc:nr/m,
5 per cent turbulence intensity, D = § cm, ly = 0-25 cm, flame brush half
width = 2 (733

typical open bunsen flame. Assuming S¢ = 10 cm/sec, v = 200 cmscc,
adpercent turbulence intensity [74’/S, = (200 x 0-05)/10 = 1], a uniform flow
velocity, D = 5 cm, /; = 0-25 cm, and 2 flame-brush width of 2(2*)}, Fig. 20(a)
h?s been constructed on the basis of Eq. (8), which takes into account eddy
diffusion only, and Eq. (4). The effect of addition of the term taking into.
account flame propagation is shown in Fig. 20(b). A reduction in flame
thickness, a decrease in St (as denoted by a smaller B) at a given distance:
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downstream from. the stabilizer, and the tendency of the flame thickness to
approach a constant value as distance from the stabilizer becomes large is
noted. The effect of adding flame-generated turbulence to the other two
effects is shown in Fig. 20(c) and is observed to cause an increased flame
thickness and flame velocity.

Comparison of theory with experiment
Let us now compaie ihe experimental resalts with those predicted by the
relations of Scurlock and Grover.

Shown in Fig. 27 as the solid lines are turbulent flame velocities computed
under conditions similar to those present in the experiments of Bollinger and
Williams. Values of St for Sz of 40, 70 and 150 cm/sec, corresponding
approximately to the flame vclocmw encountered by Bollinger and
Williams for propane, ethylene, and acetylene, are plotted versus U. 7,’ was
taken as 0-05U and I, as 0-05D for these computations—values considered

] o
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" —'-‘Edo’ d/h"u:/fn 04 jm_q prop_?qg on only
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Average tube velocily, U cmyfsec

reasonable averages for fully-developed pipe turbulence—and the gases were
assumed to issue from the tube at uniforin velocity. p,/p; for the propane-air
and ethylene-air flames was taken as eight, and for acetylene-air flames was
taken as ten. Similar results taking into account only eddy diffusion and
flame propagation aire shown as the broken curves. These curves are
included because of the inadequacy of the Scurlock and Grover relations in
predicting how much of the maximum available flame-generated turbulence
is actually effective in disturbing the flame. These calculated curves may be

compared with the experimental results of Bollinger and Williams given in
Fzg. J. Although the calculated and experimental curves are roughly
similar, and the relation between St and Sy, seems to be about the same in
both cases, the strong effect of scale (actually diameter) appearing in the
experimental data is absent from the calculated results. Further, except for

the largest burner tube, the calculated curves lie above the experimental
results.
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Twe explanations have been advanced fer this discrepancy23. The first
is that percentage conversion of available energy to turbuience may be
strongly influenced by turbulence scale and thus, in turn, tube diameter.
This was suggested by Scurlock’s?? studies of stabilized flames wrinkled by
favorable to the appearance of flame-generated disturbances*, the effective
chamber width associated with the stabilized flame, which corresponds to a
sort of scale, had a noticeable effect on the reduced flame¢ width. It was
reasonecd that conditions favorable to the conversion of available energy to
turbulence are those which increase the velocity difference between the
burned and unburned gases and increase the distance along which the burned
and unburned gas streams are adjacent. The velocity gradient tends to be
increased by increasing V,/Si, increasing [(pu/ps) — 1], and increasing V..
The distance along which burned and unburned gases are adjacent would
tend to be increased by increasing the scale ;.

Althougb these parameters, which may be combined with the kinematic
viscosity v to yield a sort of ¢ flame Reynolds number ’

% (- ()

undoubtedly are of importance in controlling the conversion of available
energy to turbulence, preliminary calculations?® have indicated that the
effect of turbulence scale in the flame (assuming its proportionality to tube
diameter) on this conversion is insufficient to account for the 0-5 power effect
of tube diameter on ST found by Bollinger and Williams.

The second proposed explanation for the discrepancy is the postulated
presence of a strong effect of flame curvature. This is considered by the
present authors to be the more plausible explanation, although changes with
tube diameter in percentage conversion of available energy to turbulence
would certainly be expected to occur. Qualitatively, the effect of flame
curvature under the mixture ratio conditions studied would be a tendency to
flatten the flame, the effect being similar to that existing at the tip of a
bunsen cone. Curvature would be greater at smaller scales and the effect
increased, which could explain the lower values of Sr with the smaller
diameter burner tubes.

The experimental results of Karlovitz are compared with curves obtained
from the theoretical relations in the five plots of Fig. 22. The solid curves are
those obtained from solution of the theoretical relations assuming a five per
cent mean turbulence level in the approach stream, uniform flow, and
l3 = 0-05D. The broken curves are calculated taking into account eddy
diffusion and flame propagation only. The chain-dotted curves are the
experimental results of Karlovitz shown previously in Fig. 6. Agreement
between calculated and exnerimental results in view of the several uncertain-
ties involvedf is considered acceptable. In general the experimental values
of S7/S. for natural gas-air flames fall between the two calculated curves
while those for acetylene fall slightly above the calcrlated curves. This

* Disturbances generated in Scurlock’s second region of instability {sce Fig. 12) correspond to the flame-
generated disturbances of interest Lere.

t Principal of these are (¢) unknown effect of flow divergence in the unburnsd gass« on the Karlovitz results,
(8) differer.ce in assumed and actual flow and turbulence conditions, {s) uncertainty about assignment of values
to K and Ky, and (d) uncertaiutizs about the aciual effect of lame-generzted disturbances previously discussed
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1aight be explained as resulting from a smaller effect of flame curvature with
acetylene-air flames because of the smaller thickness of its laminar flame
front.

Some of Wohl’s experimental results for butane-air flames are compared
with theoretical curves in the five plots of Fig. 23, where S7- is plotted versus
Og. The theoretical curves taking into account all three effects are again
represented as ihe solid lines, those taking into account eddy diffusion and
flame prepagation only as the broken lines, and the experimental results ac

the chain-dotted lines. For computing the theoretical curves the turbulence
intensities used were those given by Wohl. The turbulence scale for pipe
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Fig. 22. Experimental results of KARLOVITZ, DENNISTON, and WELLSS comprred with theory

(approach stream vy’ taken as 0-05U assumed uniform pu/ps taken as 8 for natural g:zs flames and
10 for acetylene jﬁ;‘na)

turbulence was taken as equal to 0-05D. For determining the scale where
grids were used, the empirical relation suggested by DRYDEN® was employed.
Scale in the flame, when the 100-mesh screen was used, was assumed to be
that at one inch downstream from the tube exit. For the ten- and four-mesh
screens which were situated closer than 80 wire diameters from the tube exit,
the scale was taken as that predicted at 80 wire diameters by Dryden’s
relation. With the exception of Fig. 23(c) for the 100-mesh screen and
Fig. 23(e) for the four-mesh screen, the theoretical and experimental curves
are of similar shape and neight. As already noted in the discussion of Fig. 8,
however, the experimental curves are all shifted toward the rich side. The
lower than predicted experimental flame velocities with the 100-mesh screen
[Fig. 23(c)] can perhaps be attributed to the small scale of the turbulence
present. This could result in a low ‘ flame Reynolds number ’ and thus a
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low conversion of available encrgy to turbulence. Flame curvature effects
also might be expected under these conditions to tend to reduce flame area.
The discrepancy between the experimental and theoretical curves with the
four-mesh screen might be attributable to the lack of isotropy of the approach
stream turbulence. The turbulence-generating grid was situated only about
19 wire diameters from the tube exit, whereas Dryden® suggested that
motropy should not be assumed at distances from the grid less than about
80 wire diaineiers. A stil! more likely explanation for the anomalous
position of this curva, however, is developed in the following discussion.
Directing attention now to the shift of Wohl’s experimental curves toward

the rich side, the explanation advanced by Wohl and accepted by the present
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Fig. 23. Experimental results of WOHL and co-workers®® compared with theory

authors is that polygonal and cellular structures form on the rich-mixture
flame surfaces which augment extension of the flame surface by turbulence.
Formation of these cells on the surface of laminar flames of rich mixtures
of higher hydrocarbons with air is due to the higher diffusivity of the scarce
component and is presumably triggered and eqcouraged by the approach
turbulence. This inherent instability of such flames may be thought of as a
curvature effect, but one which acts to increase the flame area rather than
to flatten and decrease it as before. Another feature of such uastable flame
surfaces which has been studied extensively by MARKSTEIN!? 20 js their
tendency to break down into cells of a size dependent on the composition
and state of the mixture. Thus, it might be expected that although the
formation of such cells may be triggered by the approach turbulence, the
scale of the ceiis formed would be, at least to a large extent, determined by
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the mixture composition and not by the scale of the approach turbulence.
Experimental evidence that this is the case has been obtained by Wonr3!
who found the following results with butane-air bunsen flames disturbed
by pipe turbulence (D = 2:55 cm) by measuring the average size of the
flame distortions (cells) :

O¢ o s 0-521 0-489 0440 0-419
Average Cell
Diameter (cm) 0-54 0-50 0-38 0-39

It may tentatively be concluded from these results that the cells which
formed on the rich butane-air flame surfaces were smaller than the dis-
tortions resulting from eddy diffusion due to approach turbulence, and that
the mean cell size was thus reduced. Wohl also has made the observation
consistent with the above that the flame brush is, under similar conditions,
thinner for the rich butane flames than for those where the mixture ratio
is stoichiometric.

The theoretical curves of Fig. 23 were calculated assuming the size of the
flame wrinkles to be proportional to the scale of the approach turbulence.
No effect of mixture composition on wrinkle size was included as it would
appear unnecessary, at least for rich butane flames. The error toward the
low side introduced by failure to make this correction might be expected
on the basis of Wohl’s above cell-diameter measurements to be greatest
with the theoretical results for the four-mesh screen because the assumed
scale of the distortions as given by kyl; would in this instance be in error
on the high side by the largest amount. For the same reasons the calculated
results for the 100-mesh screen probably tend to be too high because dis-
tortion size based on scale of the approach turbulence would be too low.

Effect of rate of increase of flame area on laminar flame velocity

It has been shown that as a scgment of a turbulent flame orierted obliquely
to the mean flow moves downstream its area increases. KArroviTz,
DENNISTON, KNAPSCHAEFER, and WELLS!3| in considering a laminar flame
situated in a flow with velocity gradient, have recently shown that this
extension of the flame front tends to decrease the laminar flame velocity Sz
to a lowervaiue S;'. Itis desirable to determine quantitatively the importance
of this effect on turbulent flames encountered in practice. Karvrovirz ef al13
derive a relation between S.’/S;, the thermal diffusivity of the unburned
gases x, and (1/U) dU/dy which can be readily converted to the following
relationship between §;'/S;. and the rate of change of flame area per unit area,
(1/4) d4/d¢ :

f St :’.’:.‘ _)(A_.—_l_‘l.dA(‘r)) d?)__l
° S Lne 2812 S/S. A4 dt \ 9, 7o -
« ... (18)

where 7 is the distance from any point in the unburned gas to the reaction
zone of the combustion wave and 7, =x/S;. A plot of S'/SL versus

1 dA©
(é)( T obtained by numerical solution of Eq. (16) is shown in Fig. 24,
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To determine the importance of this effect in reducing §; under praciical
conditions, (1/4) 5z Versus distance from the stabilizer was calculaicd for the

high-velocity (v = 301-7 ft/sec) confined flame of Fig. 70(a) and is shown as

; 2 1N d4
the dotted curve in Fig. 77. The maximum value of ( Z) = = 522/sec

70

08 \\

06 - o ;
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o 7\ il L a4 JSrom Eq. 16 based on
% 0« N SL'A d‘
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et al?
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(based on $7/S. determined from the extrapolated flame width curve) occurs
at the greatest distance from the stabilizer. Taking S; as 33 cm/sec and x
as 0-2 cm?sec, the corresponding S.’/S. from Fig. 24 is 0-91. Thus, even
under these extreme conditions only a nine per cent reduction in S; due to
flame extension is predicted.

Chemical reaction rate may become controlling at very high heat release rates

LoNGWELLY® in a recent paper pointed out that at the high heat release
rates sometimes encountered in ram-jet combustionr chambers consideration
of the necessary flame area per unit volume assuming the high heat release
to be associated entirely with an increase in flarne area leads to the con-
clusion that flame front packing would necessarily be so close that inter-
ference may be considerable. It was further suggested that under such
circumstances the reaction might begin to approach homogeneity and that
treatment of turbulent combustion as simple extension of laminar flame
front area would no longer be expected to apply. This reasoning has been
developed by Avery and Hart? by theoretical consideration of combustion
characteristics for instantaneous homogeneous mixing, and it is understood
from Avery! that workers at the Esso Laboratories of Standard Oil
Development Company and the Applied Physics Laboratory of Johns
Hopkins University have operated combustion chambers at enormous
volumetric heat release rates in the neighborhood of 500 X 10¢B.T.U./
h.ftd.atm? where performance is approximately that predicted under
conditions of instantaneous homogeneous mixing and where chemical
reaction rate becomes controlling. This would appear to be a fruitful area
for further work.
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CONCLUSIONS

The effects of turbulence on turbulent diffusion flames and turbulent
flames propagating in homogeneous mixtures appear to be quite different.

_
Turbulent diffucion Aames

For turbulent diffusion flames, it may be concluded that mixing of fue)
and oxidant by eddy diffusion is the principal controlling factor determining
the rate of burning. The mixing process which controls the combustion
of turbulent fuel jets is principally a function of the momentum and buoyancy
of the jet, and there is no evidence that the combustion itself results in the
generation of additional turbulence. At very high jet velocities, there are
indications that mclecular diffusion exerts a small limiting effect on the
mixing process.

Turbulent flames in homogencous mixtures

As compared with turbulent diffusion flames the mechanism of propagation
of turbulent flames in homogeneous mixtures is more complex and is
presently less well understood. For these flames the experimental results
useful for comparison with theory are inadequate. Comparison of the limited
available results with the theory recently developed by the present authors
yields acceptable agreement in somic instances and in others the need for
further refinement is evident. It is concluded, however, that for the case
where the turbulence scale.is large compared with flame front thickness the
priacipal necessary clements of a quantitative theory relating the parameters
of the approach turbulence and those of the flame to ST are embodied. On
the basis that the increased flame velocity observed in the presence of
turbulence results only from an increase in flame area, the theory reiates
ST to Sz, {3, and 2% by Eq. (4). Three effects are assumed to be of im-
portance in determining the area of the wrinkled flame :

(7) Eddy diffusion associated with turbulence in the unburned gases,
which tends to increase the flame area (by increasing 7?) without
bound with time, the rate of area increase being made greater by
increasing v, by decreasing Sz, and by decreasing /,. The importance
of time has been overlooked in the development of previous theories.

(2) Flame propagation which tends to decrease the flame area (by decreasing
7?) and cause it to approach a limiting value which is a direct function
of v'/Sy. In practice, however, turbulent flame elements during their
short existence usually do rot reach this asymptote.

(3) Flame-generated disturbances which tend to increase the flame area
(by increasing 72). From an expression derived for the maximum
energy available for development of flame-generated disturbances
combined with the assumption that all of this available energy is
transformed into isotropic turbulence, it is indicated that the maximum
flame-generated turbulence v, in practical instances increases approxi-
mately as the three-halves power of p./ps and as the first power of V,.
For confined flames where generally ¥, > ST, it would he expected,
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assuming even a moderate conversicn of avaliabie energy to turbulence,
that v,’ would control in determining S7. This conforms with experi-
ment. For unconfined flames, on the other hand, the two turbulence
intensities are often of the same order.

Desirable refinements of the theory indicated by comparison of theory
with exneriment inclnde provision for effects of flame curvature and of flame
front instability (when it exists) on S7, and provision for effect of ‘flame
Reynolds number’ on percentage conversion of available energy to tur-
bulence. Additional experiments with turbulent flames are thus required
to establish the effects of flame curvature, to gain a more detailed knowledge
of the effects of flame front instability, and to determine the contribution of
flame-generated turbulence. Extension of existing results to larger scales,
results at various ratios of scale to tube diameter and at various values of
v'/Sz, and additional study of the instantanecous turbulent flame front
should yield needed information. For accurate point determinations
of ST, flow divergence in the unburned gases must be taken into account.
Consideration of the mechanism of turbulence generation at regions of
shear and experimental observations of flame-generated disturbances
suggest that disturbances generated in the wrinkled flame are likely to
deviate considerably from isotropy. How this modifies theoretical con-
clusions based on the assumption of isotropy is unknown and requires
experimental determination.

Indications are that flame stretching which generally occurs in flames
exposed to turbulence has only a slight effect on Sz, even under extreme
conditions.

At enormous voiumetric heat release rates of the order of, or above,
those sometimes encountered in ram-jet combustion chambers, consideration
of the necessary flame area per unit volume assuming the high heat release
rates to result only from extension of flame surface indicates that considerable
interference may result due to close packing of flame fronts. Treatment of
turbulent combustion as simple extension of flame front area may then no
longer apply. There are indications, in fact, that under these conditions
the reaction approaches homogeneity with chemical reaction rate controlling
the combustion process.

FRENCH SUMMARY

Les combustions turbulentes envisagées se rapporient & des flammes de diffusion et &
des flammes se propageant dans les mélanges homogénes. En ce qui concerne les
premiéres, on montre d’abord a la lumiére des résultats expérimentaux que le processus
de la combustion e:t contrélé par les phénoménes de mélange, par diffusion tourbillon-
naire. En ce qui concerne la propagation des flammes turbulentes en atmosphére
combustible homogéne finie, on se limite & passer en revue les résultats expérimentaux
qui se prétent & des conjrontations théoriques.

On montre Uaccroissement de célérité de la flamme & Uapparition de ia turbulence,
Paccroissement de la distorsion et de la célérité de la flamme quand on s’éloigne vers
Paval du stabilisateur, la structure instantanée caractéristique du front de flamme et,
pour des flammes en atmosphére limitée, la création de la turbulence par la flamme.
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On compare las vésultats expérimentaus & ceux d’une théorie établie précédemment bar
lés auteurs dans le cas a’une turbulence & grande échelle et dont on suppose que le seul
effet est de rider le front de flamme sans modifier la célérité St de la flamme ; dans

cetle théorie, qui rattache le rapport S;/ S (célérité apparente de la flamme turbulente)
r

aux paramétres adimensionnels V'/S1, pufpd et Sit/ls, on tient compte de trois
effess :  la diffusion tourbillonnaire, la propagation de la flamme et ia turbuience
créée par la flamme. L’accord entre la théorie et Dexpérience est satisfaisant dans
certains cas, mais il apparaft que dans d’autres cas <! ¢si nécessaire d’ajouter des
perfectionnements & la théorie en tenant compte notamment de Ueffet sur Sz de la
courbure du front de flamme, éventuellement de son instabilité, de I’anisotropie de la
turbulence créée par la flamme, enfin Ueffet du * Nombre de Reynolds de la flamme >
sur la proportion de Pénergie disponible pour créer de la turbulence. Des essais
supplémentaires sont nécessaires pour préciser Pimportance de ces divers effets : on
suggére des expériences qui devraient fournir des résultats intéressants. L’accroisse-
ment de surfacs de la flamme turbulente quand S. décroft n’agit que modérément dans
les cas extrémes. On discute si dans le cas ot la libération de chaleur par la réaction
chimique s’cffectue @& des vitesses trés grandes, mais expérimentalement réalisables, le
processus de la combustion ne devient pas trés proche Je celui d’une réaction chimique
homogeéne, la vitesse de la réaction devenant alors le facteur prépendésant.
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SYMBOLS

— area of a flame segment

— ratio of wrinkled to initially flat
flame area

= 4K,'/K;?

= 1/2K,

— tube or port diameter

— maximum energy available for
conversion to flame-generated

turbulence

— height of diffusion flame jet

= (&)
AP’

= K for §r/St =

— proportionality constant in
empirical relation correlating
results by Bollinger and
Williams

— proportionality constant relating

epth of flame wrinkies to

(r7)t

~— proportionality constant relating
width of scale of flame
wrinkles to /,

— distance from stabitlizer meas-
ured along mean flame front
~— Lagrangian scale of turbulence
— Eulerian scale of turbulence
-— generalized oxidant fraction
B oxidant
" oxidant4oxidant equiva-
lent of fuel

~— pressure drop across iame
front

APJAP’ — ratio of pressure drops between

the uanburned gases and
burned unmixed gases, oend
unburned gascs and burned
mixed gases

— correlation cceflicient expressing
correlation of the ﬂc:gmting
velocities of single fluid
particles at zero time and
after passage of titne ¢ used
in the Lagrangian description
of turbulence

Ry
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— correlation coefficient cxpressing
cerrclation of the fluctuating
velocities at the same time
of fluid particles separated
by a distance y used in the
Eulerian description of tur-
bulence

— mixed correlation coefficient
which expresses correlation
between the fluctuating
velocity of a flame element
at zero time and that of the
same element at a later
time ¢ after the flame has
propagated distarze y = Sit

— laminar flame velocity

—- laminar flame velocity reduced
by rapid increase in flame

area
turbulent flame velocity

average turbulent flame velocity

time

flow velocity

flow velocity normal to the

mean flame ‘ront

— turbulence intensity defined as
root-mean-square fluctuating
velocity normal to mean
flame front (= o = w’ for
1sotropic turbulence)

— flarne-gencrated turbulence in-
tequsity

— approach
tensity

—— mean-square displacement of
flame clements normal to the
mean flame front

— zngle included by flow velocity

vector and mean flame front

stream turbrulence

— eddy diffusivity

— distance into the unburned
mixture normal to com-
bustion wave

= x/81

— thermal diffusivity

— kincmatic viscosity

— density of burned gases

— density of unburned mixture
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