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The effects of stretch on the determination of the laminar flame speed are experimentally 
studied by using the positively-stretched stagnation flame and negatively-stretched bunsen 
flame, and by using lean and rich mixtures of methane, propane, butane, and hydrogen with 
air whose effective Lewis numbers are either greater or less than unity. Results demonstrate 
that flame speed determination can be influenced by stretch through two factors: (1) Pref- 
erential diffusion which tends to increase or decrease the flame temperature and burning 
rate depending on the effective Lewis number, and (2) Flow divergence which causes the 
flame speed to assume higher values when evaluated at the upstream boundary of the pre- 
heat zone instead of the reaction zone. Recent data on flame speed including the present 
ones are then examined from the unified viewpoint of flame stretch, leading to satisfactory, 
resolution of the discrepancies between them. The present study also proposes a method- 
ology of determining the laminar flame speeds by using the stagnation flame and linearly 
extrapolating the data to zero stretch rate. 

Introduction 

The laminar flame speed S~, defined as the ve- 
locity of steady, one-dimensional, laminar propa- 
gation of a planar, adiabatic combustion wave into 
a uniform fuel-air mixture at rest (Fig. la), is an 
important combustion parameter because it indi- 
cates the reactivity and exothermicity of the given 
mixture. Consequently extensive efforts have been 
expended to experimentally determine its value for 
different mixtures. Despite such efforts, however, 
irreconcilable differences still exist between the ex- 
perimental data determined by different research- 
ers using different techniques, even for such a com- 
mon mixture as hydrogen-air. Thus the primary 
motive of the present study is to examine the var- 
ious factors which can influence the determination 
of S ~ and therebv, provide a unifying explanation 
for the experimental differences. 

*Present address: Department of Mechanical En- 
gineering, University of California, Davis, Califor- 
nia 95616. 

To facilitate the following discussions, we shall 
replace SL by the mass flux FL (Fig. lb), hereafter 
called the laminar buring rate, as the primary pa- 
rameter of interest. It is well established that be- 
cause of thermal expansion, the determination of 
SL depends on the specific location where it is 
evaluated. On the other hand FL remains a con- 
stant in the planar one-dimensional situation of Figs. 
la and lb, and therefore is a more fundamental pa- 
rameter indicating the consumption rate of the mix- 
ture. We further differentiate FL1 and Fm to be 
the values of FL evaluated at the upstream bound- 
aries of the preheat and the reaction zones respec- 
tively. For one-dimensional flame propagation FLI 
= F m =  F~. Note that SL and FL designate any 
laminar flame while S~, and F[  are used only for the 
one-dimensional planar case.. Furthermore, except 
for Fig. la, these quantities are positive when di- 
rected downstream. 

While I~L is defined for the strictly one-dimen- 
sional situation, most realistic flames are subjected 
to stretch due to either flow nonuniformity, flame 
curvature, or flame acceleration. 1-3 It is then of in- 
terest to examine the extent FL can be affected by 
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FIG. 1. Schematic of various flame-flow configu- 
rations: a. One-dimensional planar flame propaga- 
tion in laboratory frame; b. One-dimensional planar 
flame propagation in flame-stationary frame; c. Planar 
flame in divergent flow, FLI > FL2. 

The third effect is due to the fact that the area 
of the streamtube can change appreciably in a non- 
uniform flow field. Thus if we consider the flow in 
the preheat zone to be quasi-one-dimensional, then 
since puA = FLA is constant where A is now the 
area of the streamtube, we would expect FL1 > 
Ft~ in a divergent flow. Therefore unlike the strictly 
one-dimensional case, in a stretched flame the plane 
for the definition of FL is important, as pointed out 
by Dixon-Lewis and Islam 9 through computer sim- 
ulation. In particular, their results show that, in the 
absence of preferential diffusion which they did not 
consider, FL2 instead of FL1 is to be identified as 
the laminar burning rate Ft. This is an important 
result because experimentally the laminar flame 
speed is usually determined at the upstream 
boundary of the preheat zone. This results in FL1 
which is not F ~ L. 

The above discussions show that for a fiat flame 
in a nonuniform flow, FL2 = F~ if Le = 1. When 
Le # 1, not only FI~ r F~, FL1 is also affected by 
preferential diffusion through the change in F~. 
However, in the limit of vanishing stretch rate, then 
both preferential diffusion and flow divergence ef- 
fects should also vanish such that 

stretch, and whether the F~ corresponding to the 
one-dimensional situation can be determined from 
measurements carried out on stretched flames. 

For stationary flames, there are three factors that 
could influence the determination of FL. Take the 
fiat flame stabilized in a divergent flow as an ex- 
ample. 

The first effect is due to pure stretch as repre- 
sented by the divergence of the flow when it tra- 
verses the reaction region. That is, an increase in 
the (negative) velocity gradient F = - du/dx in- 
creases the reaction volume and thereby reduces 
the burning intensity represented by FL2. This ef- 
fect, however, is expected to be significant only for 
states close to extinction and therefore will not be 
further considered. Note that F is simply the flame 
stretch factor t'2 defined as D(enA)/Dt, where D /  
Dt is the material derivative and A the flame sur- 
face area. 

A stronger effect on FL2 in the presence of stretch 
is that caused by preferential diffusion. 4~ Figure lc 
shows that since diffusion of heat and mass occurs 
normal to the flame while convective transport is 
along the (divergent) streamline, then for mixtures 
whose effective Lewis number is Le > 1, an in- 
crease in the stretch rate would reduce the flame 
temperature "If and consequently FL2. The con- 
verse holds for a Le < 1 mixture; Le is defined 
herein as the ratio of thermal diffusivity to mass dif- 
fusivity. Note that for a Le = 1 mixture or if the 
flow has no stretch, Tf is simply the adiabatic flame 
temperature. Typical values of Le can be found in 
Ref. 7. 

FL1 -~ FL2 ~ F~ as F ~ 0. (1) 

Reiation (1) provides the basic methodology for the 
determination of F ~ L in the present investigation, to 
be discussed later. 

In the above example the flame is subjected to 
positive stretch. However, if the flame possesses a 
sufficiently strong concave curvature towards the 
approach flow, as in the case of the bunsen flame 
which is a recommended configuration for flame 
speed determination, then the flame suffers nega- 
tive stretch such that the preferential diffusion ef- 
fects just discussed are completely reversed. 1~ 11 
That is the flame intensity is enhanced for a Le > 
1 mixture and reduced for a Le < 1 mixture. For 
this curved flame the flow divergence effect is also 
greatly enhanced when the radii of curvature be- 
comes comparable to the preheat zone thickness. 

In view of the above discussions, it is clear that 
care needs to be exercised in attempts to deter- 
mine F ~ L from stretched flames. Not only one should 
measure FL2 instead of FL1, but the effect of pref- 
erential diffusion also needs to be "subtracted out" 
from Fu.  Without these corrections, discrepancies 
exceeding the experimental error would result. One 
such example is the spread of 3.1 to 3.6 m/s in the 
maximum burning velocity of hydrogen-air mixtures 
determined from well-executed experiments. 12-14 

In the present experimental investigation we have 
systematically substantiated the above concepts by 
studying the dynamic structure of flames with dif- 
ferent extents of stretch and preferential diffusion. 
The model systems adopted are the stagnation flow 
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and the bunsen flame, which respectively manifest 
stretch effects due to flow nonuniformity and flame 
curvature. Consequently we are able to explain the 
discrepancies in the existing data from the unified 
viewpoint of flames under stretch. Furthermore, 
from the stagnation flow results we also propose a 
new methodology for the determination of the lam- 
inar flame speed from stretched flames. 

The experimental methodology is presented in 
the next section, which is followed by discussion of 
the results. 

Experimental Methodology 

The Stagnation Flow Experiment 

This apparatus mainly consists of a uniform flow 
nozzle and a stagnation plate positioned about one 
nozzle diameter above the exit. The plenum cham- 
ber was 100 mm diameter and reduced to inter- 
changeable nozzles with exit diameters of 40, 30, 
20, 10, 7 and 5 mm. Variation of flow rate through 
the burner at constant fuel-air ratio was accom- 
plished with bypassing part of the mixture without 
changing the rotameter settings. Flow velocity was 
measured by a TSI LDV system in the back-scat- 
tering mode, with 1 Ixm MgO particle seeding and 
a measuring volume of 0.1 mm dia. x 0.9 mm 
length. 

Figures 2a and 2b respectively show typical mea- 
surements in the stagnation flow setup without and 
with combustion; the coordinate system is also de- 
fined in the figure. The presence of the stagnation 
plate modifies the pressure field and the velocity 
profile, producing a slightly dish-shaped flame when 
it is not close to the stagnation plate. The center 
portion of the flame, however, can be considered 
planar and perpendicular to the central streamtube. 
Typical flame photographs can be found in Refs. 6 
and 15. Velocity profiles were mapped at down to 
0.1 mm intervals. To ensure that the experimental 
results were not affected by the specific nature of 
the stagnation surface, the cooled brass plate was 
replaced by the counterflow of either cold air, cold 
nitrogen, or an opposed flame. In all these cases 
the minimum velocity at the flame and the burned 
gas temperature immediately after the flame were 
not changed. Boundary layer effects were also found 
to be negligible as long as the flame is not too close 
to the stagnation surface, as reported previously.15 

The velocity profile along the centerline can be 
considered the superposition of the effects of the 
flame and the stagnation flow field, shown in Fig. 
3 with an actual profile of a CH4-air flame. The ve- 
locity at the point of ifiitial temperature rise is the 
point where the curve starts to depart from the de- 
scending line of unburned gas velocity. It was de- 
termined that this velocity is very close to the min- 
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FIC. 2. Velocity profiles in stagnation flow (D = 
40 mm, L = 24 mm): a. Cold flow, (1) u vs (L-x), 
centerline, (2) u vs r at (L-x) = 4.5 ram, (3) v vs 
r at (L-x) = 4.5 ram, (4) v vs (L-x) at r = 12.7 ram; 
b. With flame, (5) u vs (L-x), centerline (6) u vs 
(L-x) at r = 12.7 mm (7) v vs r at (L-x) = 4.5 mm 
(8) v vs (L-x) at r = 12.7 mm. 

imum velocity in the entire traverse, especially when 
the velocity gradient F is low. Thus for all practical 
purposes the measured minimum velocity can be 
used to represent the velocity at the beginning of 
the preheat zone to a good degree of approxima- 
tion. We thus define this to be the propagation ve- 
locity SL1 of the flame with the stretch rate F. We 
also note that this definition appears to be a some- 
what more rational choice than that adopted in Ref. 
16. 

The experiment then involved the determination 
of SLI as functions of F as well as the nature and 
extent of preferential diffusion; the latter effect was 
manifested by using different fuels (H2, CH4, C3H8, 
C4Hlo) and inerts (N2, He, Ar). 

Finally, it is important to recognize that our ex- 
perimental measurements depend only on the local 
velocity distribution across the flame. Therefore as 
long as the flame is locally fiat, the bulk structures 
of the flame and the flow field are relatively un- 
important. The experiment can thus be set up with 
relative ease. 
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FIG. 3. Velocity across flame in stagnation flow il- 
lustrating the definition of the flame speed. 

Bunsen Flame Experiment 

The laminar flame speed of He-air and other hy- 
drocarbon-air mixtures were also determined by the 
schlieren cone angle-approach gas velocity method, 
using the same stagnation flow apparatus but with- 
out the stagnation plate. Only the smaller nozzles 
of 5, 7 and 10 mm dia. were used for the fast burn- 
ing mixtures because of the difficulty of maintaining 
a stable, laminar flame at the higher velocities with 
large nozzles. The flame speeds SLZ were deter- 
mined in the middle portion of the flame cone. 
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FIG. 4. Effect of F on Su, various mixtures. 

with F is consistent with the influence of prefer- 
ential diffusion in  that Le < 1 in these cases such 
that an increase in stretch should enhance the 
burning intensity. Also, the flow divergence causes 
FL1 to be larger than FL2. Both these factors will 
make the measured SL1 increase with increasing F. 

The lean mixtures of propane and butane with 
air have Le > 1, so preferential diffusion should 
decrease the burning rate with increasing stretch. 
Yet the measured SL1 either increases slightly or 
stays nearly constant. This can be caused by the 
cancelling of.the opposite effects of flow divergence 
which makes FL1 > FL2, and preferential diffusion 
which reduces FI~. To substantiate this possibility, 
Fig. 5 shows that the flame temperature Tf, and 
thereby the burning intensity represented by FLZ, 
indeed decreases with increasing F. 

To further demonstrate the relative nature of the 

Results and Discussions 

Effects of Stretch on Flame Speed and 
Temperature 

Figures 4 to 6 show the effects of F on SL1 and 
Ty, obtained in the stagnation flow apparatus; where 
Tf is the maximum temperature in the flame. Tem- 
peratures for the lean mixtures were measured by 
using uncoated 50 p,m Pt/Pt-10%Rh thermocou- 
pies, and hence were obtained only for the purpose 
of relative comparison. Furthermore, even though 
we conducted our introductory discussions on the 
basis of FL, the data are now presented as SL be- 
cause Pl is fixed in the experiments and because 
the extent of thermal expansion for the same mix- 
ture equivalence ratio are about the same for flows 
with different F. 

Figure 4 shows the variation of SL1 with F for 
lean mixtures of methane, propane, and butane with 
air. For the methane mixtures, the increase in SLI 
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influence of preferential diffusion versus flow di- 
vergence, preferential diffusion is boosted by sub- 
stituting N2 by He in the butane mixtures. Figures 
4 and 5 show thal~ preferential diffusion is now so 
strong that it overcomes the flow divergence effect 
to yield a decreasing SLX with F. The flame tem- 
perature also decreases with F as should be. 

Figure 6 shows the corresponding plot for the 
Hz-air system. It is seen that SLX increases with F 
for both the lean as well as the rich mixtures. Note, 
ho~vever, that the richest concentration of qb = 1.492 
is still on the lean side of qb = 1.8, at which the 
maximum laminar flame speed occurs. 

Methodology for Determination of Laminar Flame 
Speed, St 

Figures 4 and 6 show that Su varies linearly with 
the stretch rate F. Theoretical results x7 also reveal 
such a linear relation in the limit of small values of 
stretch. Thus by linearly extrapolating the values of 
SL1 determined for stretched flames to vanishing 
stretch rate (F = 0), the intercept on the ordinate, 
SL1 (F = 0), should then by definition be the lam- 
inar flame propagation velocity St defined for the 
one-dimensional unstretched flame. 

It is significant to note that except for the flat 
flame burner method for the determination of slow 
to moderate flame speeds, most other experimental 
techniques developed for flame speed measure- 
ments involve flames with stretch manifested through 
either flow nonuniformity, flame curvature, or flame 
acceleration. The present technique then provides 
a rational methodology at determining St, espe- 
cially for fast burning flames which cannot be easily 
stabilized bv the method of fiat flame burner with 
heat loss. 18" 

CH4-Air F/ame Speeds 

The results of SLI measurements from the stag- 
nation flame at low velocity gradients are presented 
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in Fig. 7 for CH4-air mixtures. Since the values at 
such low velocity gradients differ from the zero ve- 
locity gradient values by only a small amount not 
larger than the uncertainties of measurement, these 
values were not corrected to zero velocity gradient. 
Some data from recent measurements and numer- 
ical computation 13A9'2~ are also shown. It can be 
seen that the comparison is very favorable. It is also 
of interest to note that the behavior of our data at 
the rich end qualitatively agrees with that of the 
numerical solutions of Tsatsaronis. 2~ 

Hydrogen-Air Flame Speeds 

Because of the highly-diffusive nature of hydro- 
gen, the influence of stretch is more pronounced 
here. Measurements were made with both conical 
and stagnation flames. Results with conical flames 
on nozzles of 5 mm and 7 mm dia. are shown in 
Fig. 8, together with the data of Takahashi et al., 12 
and Liu and MacFarlane. x4 It is clear that there is 
an effect of nozzle size on Sm determined by the 
schlieren cone angle method. Data of Liu and 
MacFarlane, which were taken with the 3 mm noz- 
zle and therefore suffer the highest stretch, are the 
highest. Our 5 mm nozzle data falls between the 3 
mm and 7 mm nozzle data, while the 7 mm nozzle 
data also checks those of Takahashi et al. very well, 
especially on the lean side; lean being relative to 
the fuel concentration at maximum flame speed 
(d~ ~ 1.8). On the rich side there seem to be a 
little more uncertainty, but the rather unexpected 
turn in the curve at da = 2.6 probably does exist 
because it can also be seen both in the data of Tak- 
ahashi et al. 12 and some other curves quoted in their 
paper. 

As discussed previously, effects of stretch are due 
to flow divergence and preferential diffusion. While 
flow divergence increases the measured SL1, pref- 
erential diffusion tends to reduce (increase) the 
burning rate on the lean (rich) side of the present 
negativelv-stretched hydrogen-air flames. Thus the 

14 data of I~iu and MacFarlane show that flow di- 
vergence overwhelms the effect of preferential dif- 
fusion on the lean side. Flow divergence appears 
to have a somewhat weaker influence on the rich 
side because otherwise the flame speed would be 
very high here due to the simultaneous enhance- 
ment induced by preferential diffusion. We also note 
that the excessively small nozzle used here 14 can 
produce flames whose preheat zone thickness is of 
the same order as the radius of curvature. 

For the 7 mm nozzle the effect �9 of stretch ap- 
pears to be quite small in that the data agree well 
with those obtained by extrapolating our stagnation 
flame data to zero velocity gradient. Of course it is 
also possible that the flow divergence and prefer- 
ential diffusion effects approximately cancel out on 
the lean side for these 7 mm data. 



1946 LAMINAR FLAMES 

0.6  0.8 1.0 1.2 1.4 1.6 1.8 
0 . 6  , , , , , , , 

0 . 5  

.~ 0 . 4  

E0.3 

u~ 0 . 2  

0.1 

C H4-AIR 

/, \ 
/ /  ( ~ ~ I"~",~,~\ / (4) 

@ 

0 I I I I I I 
0.06  0 .08  0.10 0.12 0.14 0.16 0.16 

f ,  MOL FRACTION FUEL IN MIXTURE 
FIG. 7. Laminar flame speeds of CH4-air mixtures (1) Present work, stagnation flow, LDV (2) Andrews- 

Bradley, .9 double kernel (3) Giinther-Janisch, .3 button flame, particle track (4) Tsatsaronis, =~ computer 
modelling. 

Next we discuss the button flame data of Giinther 
and Janisch 13 obtained from a 4 mm nozzle, recog- 
nizing that the flame now suffers positive stretch. 
Thus on the lean side the simultaneous enhance- 
ment effects of flow divergence and preferential dif- 
fusion significantly elevates the measured burning 
velocity. It is worth mentioning again that by ex- 
trapelating to F = 0, our stagnation flame data ba- 
sically eliminates the Stretch effects in the button 
flame and thereby assume lower values as shown. 
On the rich side it is seen that preferential diffu- 
sion lowers the burning velocities to be less than 
those of the 7 mm nozzle conical flames which do 
not suffer much stretch. Thus all data appear to be 
explanable within the coherent viewpoint of flame 
stretch. 

Concluding Remarks 

In the present investigation we have first em- 
phasized the importance of stretch on the deter- 
mination of the laminar flame speed. In stationary 
flames stretch is manifested through two factors, 
namely preferential diffusion and flow divergence. 
Effects due to perferential diffusion are physically 
real, and can cause the flame temperature and mass 
burning rate to either increase or decrease, de- 
pending on the mixture effective Lewis number and 
whether the flame is positively or negatively 
stretched. The flow divergence factor is defini- 
tional. 9 That is, because of the increase in the 
streamtube area, the mass flux at the upstream 
boundary of the preheat zone is larger than that of 
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the reaction zone. Thus while the burning velocity 
should be evaluated at the reaction zone, practi- 
cally all existing techniques define the flame speed 
at the upstream boundary of the preheat zone, and 
thereby introduce a source of inconsistency into the 
data. This practice, however, need not be discour- 
aged because the preheat zone boundary is ex- 
perimentally well defined as compared with that of 
the reaction zone. The important point, then, is to 
be aware of this factor and account for it in actual 
comparisons. 

We have also conducted extensive experimenta- 
tion on flow and fuel-inert-oxidizer systems which 
exhibit both positive and negative stretch as well 
as Le > 1 and Le < 1 behavior. The results con- 
clusively substantiate the above concept. By further 
examining recent flame speed data including the 
present ones, the discrepancies can be satisfactorily 
resolved within the coherent explanation of flame 
stretch. 

As corollaries of the present investigation, we are 
able to propose a rational methodology for the de- 
termination of the laminar flame speed from 
stretched flames. Furthermore, the present results 
also emphasize the need to use the proper laminar 
flame speeds in fundamental flame structure stud- 
ies. An important example is the extraction of the 
dominant kinetic mechanisms of given fuel-air mix- 

21 22 tures through computer simulation ' by compar- 
ing the predicted dynamic and structural properties 
of one-dimensional flames with those of the mea- 
sured values. Thus if the experimental data contain 
systematic non-kinetic influences as a result of con- 
vective-diffusive transport, especially those of pref- 
erential diffusion which can have opposite effects in 
lean and rich mixtures, then care needs to be ex- 
ercised in drawing conclusions regarding the dom- 
inant, system-independent kinetic mechanisms. 
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LAMINAR FLAME SPEEDS FROM STRETCHED FLAMES 

COMMENTS 

1949 

G. Dixon-Lewis, University of Leeds, England. 
By means of detailed laminar premixed flame com- 
putations, I have recently I used flame speeds mea- 
sured by Andrews and Bradley a for spherically-ex- 
panding hydrogen-air  flames as benchmarks  for 
calibration of the hydrogen-air flame mechanism. 
These flame speed measurements are entirely ob- 
jective in character. The calibrated mechanism was 
then used in turn to calculate the normal burning 
velocities across the whole flammable range. The 
maximum predicted burning velocity was 300 cm /  
s, for a mixture containing 41% hydrogen. How does 
this value compare with your measurements? 
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Authors" Reply. The maximum flame speed, SLI, 
measured on the 7 mm diameter nozzle for hydro- 
gen-air mixtures was 3.1 m/s  at a hydrogen content 
of ~41%, which agrees with the data of Takahashi, 
et al. However, there is still a flow divergence ef- 
fect at this diameter. By extrapolating the data of 
the 3 mm, 5 mm and 7 mm nozzles down to zero 
curvature, the value of planar flame speed is roughly 
2.8 m/s.  In order to obtain a flame speed which 
can be considered truly one-dimensional and adi- 
abatic, more refined experiments need to be per- 
formed and the effects of flame stretch and other 
possible effects such as radiative heat loss taken into 
account. For the present, we would say that agree- 
ment with the 3.0 m/ s  value predicted by Dixon- 
Lewis is lair. 


