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The present study aims to gain fundamental understanding on the structure and 
response of steady and unsteady laminar premixed and nonpremixed flames in reduced 
and elevated pressure environments/ and relate these understanding to the practical 
issues of flame extinction and turbulent combustion. The investigation herein has been 
conducted via the use of laser-based diagnostics, computational simulation of the flame 
structure with detailed chemistry and transport, and asymptotic analysis with reduced 
kinetic mechanisms. During the reporting period progress has been made in the 
following projects: (1) An analytical and experimental study of unsteady diffusion 
flames. (2) A computational and experimental study of the effects of thermophoresis on 
seeding particles in LDV measurements of flames. (3) A re-examination of the accuracy 
of the counterflow flame technique for the determination of laminar flame speeds. (4) 
Review articles written covering research performed under AFOSR support in recent 
years. A total of six reprints are appended. 
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STUDIES ON HIGH PRESSURE AND UNSTEADY FLAME PHENOMENA 

(AFOSR Grant No. F49620-95-1-0092) 

Principal Investigator: Chung K. Law 

Princeton University 
Princeton, NJ 08544 

SUMMARY/OVERVIEW 

The objective of the present program is to study the structure and response of steady and 
unsteady laminar premixed and nonpremixed flames in reduced and elevated pressure 
environments through (a) non-intrusive experimentation, (b) computational simulation using 
detailed flame and kinetic codes, and (c) asymptotic analysis with reduced kinetic mechanisms. 
During the reporting period progress has been made in the following projects: (1) An analytical 
and experimental study of unsteady diffusion flames. (2) A computational and experimental study 
of the effects of thermophoresis on seeding particles in LDV measurements of flames. (3) A re- 
examination of the accuracy of the counterflow flame technique for the determination of laminar 
flame speeds. (4) Review articles written covering research performed under AFOSR support in 
recent years. 

TECHNICAL DISCUSSIONS 

1. Studies on Unsteady Diffusion Flames 
An important influence on the flame behavior which so far has not been adequately 

addressed is the effect of unsteadiness of the environment on the flame behavior. This issue is of 
particular relevance to the modeling of turbulent flames through the concept of laminar flamelets. 
These flamelets are subject to fluctuating flows with various intensities of straining, and it is 
reasonable to expect that the flame would respond differently in an oscillating strained flow field 
than in a steady strained flow field. 

During the reporting period we have first extended a previous asymptotic analysis on 
counterflow diffusion flames subject to small-amplitude, sinusoidal strain rate perturbations 
(Publication No. 1) to arbitrary strain rate as a function of time, with the assumptions of constant 
density and unity Lewis number. When specialized to the case of an impulsively-applied strain 
rate, the characteristic relaxation time as well as the extinction delay time are derived. For the 
sinusoidal strain rate, the reaction sheet oscillation is found to be asymmetrical with respect to its 
initial location, protruding more toward the freestream side. Furthermore, the amplitude of the 
oscillation decreases with frequency, and its phase delay approaches 7t/2 in the high frequency 
limit, as observed in previous experimental and numerical studies. For a given amplitude of 
oscillation, the flame is more easily extinguished when the characteristic time of oscillation is 
sufficiently long. When this result is applied to the current understanding of turbulent flames, it 
suggests that the laminar flame sheet can be sustained at higher Reynolds numbers. This is 
because there exists a range of eddies which, while possessing a sufficiently large strain rate to 
extinguish the flame in the steady limit, do not have sufficiently long characteristic time to effect 
extinction. Thus it seems reasonable to suggest that the applicable range of the laminar flamelet 
regime may be wider than can be expected from quasi-steady considerations. 

The above concept is schematically shown in Fig. 1, in which we have plotted a normalized 
Damkohler number of an eddy versus the characteristic eddy size. The solid line represents the 
variation based on steady state considerations such that extinction of the eddy is expected when it 
crosses the maximum extinction Damkohler number line. However, allowing for unsteadiness, the 



dotted lines show that crossing of this limit either is delayed or may not occur at all. Results from 
the above theoretical study are reported in Publication No. 2. 

Experimentally, we have constructed a counterflow burner with strain rate oscillations 
being applied by loud speakers. An important consideration here is the ability to independently 
vary the frequency and amplitude of the oscillation. Preliminary results seem to indicate that, for a 
given frequency, extinction occurs at a constant maximum strain rate regardless of the steady-state 
strain rate. This would imply that extinction is a quasi-steady process, with the reaction zone only 
affected by the instantaneous strain rate it experiences. Unsteadiness, however, does seem to have 
a second order effect in that the instantaneous extinction strain rate is found to increase with 
frequency, as shown in Fig. 2. 

2. Thermophoretic Effects on Seeding Particles in LDV Measurements of Flames 
In a recent experimental and computational study on the detailed dynamic, thermal, and 

chemical structure of adiabatic, laminar counterflow premixed flames, we noticed that while close 
quantitative agreement between the measured and computed results exists for the scalar structure of 
the flame, the LDV-measured axial velocity profile consistently lags the calculated values by 
substantial amounts in the preheat zone of the flame, as shown in Fig. 3. Order of magnitude 
estimates showed that such a lag could be due to the influence of thermophoresis on the LDV 
seeding particles in the high-temperature-gradient environment of the preheat zone. Indeed, when 
detailed calculations were performed for the motion of the seeding particles, under the influence of 
drag and thermophoresis and by using the computationally-determined flame structure to evaluate 
the various transport coefficients, the computed particle trajectory agreed well with the measured 
LDV velocity profile, as shown in Fig. 3. 

Since temperature increases monotonically in the direction of the flow in an adiabatic 
premixed flame, the effect of thermophoresis can be readily visualized as in Fig. 3. However, for 
a counterflow diffusion flame, the temperature peaks in the flow field such that the thermophoretic 
force acts in opposite direction in the fuel and oxidizer sides of the flame. Furthermore, since the 
flow is uni-directional in crossing the flame, and the direction also switches when the flame moves 
across the stagnation surface, the net dynamic response of the LDV particles can be very rich. 
Figure 4 shows the evolution of the measured particle velocity profiles and computed gas velocity 
profiles for flames with the same calculated adiabatic flame temperature but different stoichiometric 
mixture fractions and hence locations relative to the stagnation surface. The richness and 
complexity with which the particle velocity can be modified by thermophoresis is quite evident. 

There are several implications of this finding. First, thermophoresis appears to be a factor 
that needs to be estimated and possibly accounted for when measuring flame properties and 
responses using LDV and PIV, especially for thin flames in local flow field of low convective 
velocities. Its potential influence on measuring the velocity statistics in turbulent flames also needs 
to be examined. Furthermore, caution is also needed in the study of flame chemistry by directly 
extracting the local temperature profile from the local LDV-velocity profile, without considering 
thermophoresis. 

The above work is reported in Publication Nos. 3 and 4. 

3. Re-Examination of the Counterflow Technique in Laminar Flame Speed Determination 
The accuracy of the laminar flame speed determination by using the counterflow twin flame 

technique has been computationally and experimentally examined in light of the recent 
understanding that linear extrapolation of the reference upstream velocity to zero strain rate would 
yield a value higher than that of the laminar flame speed, and that such an over-estimate can be 
reduced by using either lower strain rates and/or larger nozzle separation distances. A systematic   ~ —7 
evaluation of the above concept has been conducted and verified for the ultra lean hydrogen/air W    J 
flames which have relatively large Karlovitz numbers, even for small strain rates, because of their O   ■f 
very small laminar flame speeds. Consequently, the significantly higher values of the previous □   „• 
experimentally measured flame speeds, as compared to the independently calculated laminar flame 
speeds, can now be attributed to the use of nozzle separation distances which were not sufficiently 
large and/or strain rates which were not sufficiently small. Thus by using lower strain rates and 
larger nozzle separation distances the experimentally and computationally re-determined values of     ______ 
these ultra lean hydrogen/air flames agree well with the calculated laminar flame speeds (Fig. 5). - ? 0O(J@S 
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The laminar flame speeds of methane/air and propane/air mixtures have also been experimentally 
re-determined over extensive ranges of the equivalence ratio and are found to be slightly lower than 
previously reported experimental values. Figure 6 shows the data and comparison for the 
propane/air flames. 

This work is reported in Publication No. 5. 

4. Review Articles 
Two major review articles have been written on combustion phenomena whose 

understanding has been made possible through several long-term research programs including the 
present one. The first is on microgravity combustion (Publication No. 6) in which interpretation of 
the flame structure and aerodynamic response reached fruition through the present program. The 
second is on the role of chain mechanisms in combustion phenomena (Publication No. 6) in which 
chemical and aerodynamic effects on the flame structure and response are discussed from a unified 
viewpoint. 
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Response of Counterflow Diffusion Flames Appendix A 

to Oscillating Strain Rates 

H. G. IM and C. K. LAW 
Department of Mechanical and Aerospace Engineering 

Princeton University 
Princeton, NJ 08544 

J. S. KIM and F. A. WILLIAMS 
Department of Applied Mechanics and Engineering Sciences 

University of California, San Diego 
La Jolla,CA 92093 

The response of counterflow flames to oscillating strain rates is analyzed by using large activation energy 
asymptotics, as a potential application to turbulent combustion and acoustic instability of rocket engines. The 
characteristic oscillation time of practical interest is found to be of the same order as the characteristic 
diffusion time of the flame, so that the flame structure consists of a quasi-steady reactive-diffusive layer 
embedded in the outer unsteady-diffusive-convective zone. A linear analysis is conducted by assuming that 
the amplitude of the strain rate oscillation is small relative to the mean strain rate. Results show that the 
flame response is controlled mainly by two effects: (a) the response of the convective mass flux into the 
reaction sheet, which is directly related to the flow-field variation applied at the boundary, and (b) the 
response of the reaction sheet to adjust the reduced residence time due to finite-rate chemistry. For flames 
near equilibrium, the former effect tends to be dominant, so that the response of the net heat release is in 
phase with the strain rate oscillation. For flames near extinction, however, the finite-rate chemistry effect 
overtakes the fluid-dynamic effect such that increasing strain rate leads to a reduction of the reactivity of the 
flame during the oscillatory cycle. As such, the net heat release response of the near-extinction flame 
becomes out of phase with the strain rate oscillation in the sense of the Rayleigh's criterion. Results of the 
present study suggest the possibility that the unsteady characteristics of the near-extinction diffusion flame 
can be significantly different from those in the Burke-Schumann limit. 

INTRODUCTION 

Effects of unsteadiness on the laminar flame 
characteristics have recently received attention 
in an attempt to understand unsteady phenom- 
ena occurring in turbulent combustion [1-4]. 
Since a turbulent flow consists of eddies with a 
wide spectrum of length and time scales, it is 
expected that if a turbulent Reynolds number 
is sufficiently large, there exists a range of eddy 
sizes in which the characteristic eddy turnover 
time becomes comparable with the longest 
characteristic time, i.e., the diffusion time, of 
the laminar flamelet. Typically, the eddies with 
sizes near the Gibson scale of turbulent pre- 
mixed flames [5], or eddies that can cause 
extinction of diffusion flames [6] fall into this 

Presented at the Twenty-Fifth Symposium (International) 
on Combustion, Irvine, California, 31 July-5 August 1994. 

COMBUSTION AND FLAME 100: 21-30 (1995) 
Copyright © 1995 by The Combustion Institute 
Published by Elsevier Science Inc. 

category. Under these situations, the unsteadi- 
ness begins to show its effect on the character- 
istics of laminar flamelets. As a first step to 
address such an effect, it is appropriate to 
analyze the behavior of laminar flames modi- 
fied by unsteadiness arising from a small am- 
plitude, monochromatic oscillation of the strain 
rate with respect to its mean value, recogniz- 
ing, however, that the inherent randomness 
involved in turbulence may significantly com- 
plicate the direct application of the present 
result to the laminar flamelet regime of turbu- 
lent combustion. 

The response of diffusion flames to a 
monochromatic oscillatory strain rate is also 
relevant to acoustic instability phenomena oc- 
curring in liquid-propellant rocket engines. The 
condition under which acoustic instability oc- 
curs is well understood through the Rayleigh's 
criterion, which states that acoustic amplifica- 
tion occurs if, on the average, heat is added in 

0010-2180/95/$9.50 
SSDI 0010-2180(94)00059-2 
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phase with the pressure increase during the 
oscillation. Since acoustic pressure oscillations 
always accompany the corresponding velocity 
oscillations, acoustic waves normally influence 
flames through both pressure and velocity ef- 
fects. The response of strained diffusion flames 
to acoustic pressure oscillations has recently 
been studied by Kim and Williams [6]. The 
present investigation then aims to complement 
this previous study by providing the corre- 
sponding velocity responses. In particular, we 
examine the flame response coupled with fi- 
nite-rate chemistry, so that the present study is 
distinguished from some previous works [7, 8] 
in which the flame is only treated in the 
Burke-Schumann limit. 

In this study we analyze the laminar coun- 
terflow diffusion flame subject to an oscillating 
strain rate with small amplitude. We use 
asymptotic analysis employing a one-step irre- 
versible Arrhenius reaction with a large activa- 
tion energy, which corresponds to a large 
Zel'dovich number ß. For such a system, 
chemical reaction is confined to an asymptoti- 
cally thin layer of 0(ß~l) compared with the 
diffusive transport zone, and thus the charac- 
teristic time for reaction is much shorter, by 
0(ß~2), than the characteristic diffusion time. 
If we focus attention on flames near extinction, 
the characteristic diffusion time of the laminar 
diffusion flame can be estimated by the extinc- 
tion strain rate of the stoichiometric hydrocar- 
bon/air flame in the range of 10"3 s, which 
turns out to be of the same order as the 
characteristic unsteady time often encountered 
in practical problems such as acoustic instabil- 
ity in rocket engines or turbulent reacting flows 
[6, 9]. Therefore, in the present analysis the 
time scale of the unsteadiness is chosen to be 
comparable to that of diffusive transport, such 
that the outer diffusive-convective layer is 
modified to include the unsteadiness caused by 
the oscillating strain rate, while the inner reac- 
tive-diffusive layer remains quasi-steady. The 
effect of finite-rate chemistry will then influ- 
ence the unsteady flame response through in- 
stantaneous matching conditions. We particu- 
larly wish to predict the response of the reac- 
tion sheet and the burning rate to time-varying 
strain rates in terms of their magnitude and 
phase. It will be demonstrated that such re- 

sponses become very sensitive to flow unsteadi- 
ness as the mean flame approaches the extinc- 
tion condition. 

ANALYSIS 

Formulation 

As illustrated in Fig. 1, we consider an un- 
steady, axisymmetric counterflow diffusion 
flame in the vicinity of the axis of symmetry. In 
terms of the mean radial velocity gradient in 
the external oxidizer stream ax, the nondimen- 
sional similarity variable for the axial coordi- 
nate and the nondimensional time are, respec- 
tively, defined as 

/ 1        \1/2 
fzp(z',T) 

dz',   T = 2a J, 

(1) 

where t is the time, p the density, v the 
kinematic viscosity, zs the location of the stag- 
nation plane, and the subscripts "°°" and " -°°," 
respectively, denote conditions at the external 
oxidizer and fuel streams. 

Since the radial velocity component u is 
proportional to the radius r, u is related to the 
mean radial velocity gradient in the external 
oxidizer stream aK and to the nondimensional 
unsteady stream functions /(17, T) by u = axrfn, 
where ( )  = d/d-q, etc. The oscillation of the 

Oxidizer 

Reaction Sheet 

Fuel 

z,v 

r,u 

Fig. 1. Schematic of the counterflow diffusion flame. 
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strain rate is then imposed as the boundary 
condition for the radial velocity at the external 
oxidizer stream given by 

/„.X=/„KT) = 1 + ae (2) 

where a is the relative amplitude of strain rate 
fluctuation to the mean strain rate, and w the 
dimensional frequency divided by 2ax. The ra- 
dial velocity in the fuel stream also oscillates in 
a manner that the momentum balance is main- 
tained across the viscous boundary layer. 

Assuming unity Prandtl number, constant 
P/JL, and constant average molecular weight, 
the conservation equations for radial momen- 
tum, species and temperature can then be writ- 
ten as 

= 0, (3) 

— Ylvv+fYiri-YT = W       for       i = F,0, 

(4) 

e^+fe^-e^ -w, (5) 

where 

0 = cp(T - TJ/Q = {T- Tj/(qTx) (6) 

is the nondimensional temperature, cp the spe- 
cific heat, Q the heat release per unit mass of 
fuel, q = Q/cpTx the nondimensional heat re- 
lease, YF the fuel mass fraction, Y0 the oxi- 
dizer mass fraction scaled by the stoichiometric 
oxidizer-to-fuel mass ratio er, and F(T) = 
(fv.y~ + 2

(/T,,*)T 
is a function determined by 

the imposed boundary condition in Eq. 2. The 
chemical source term in Eqs. 4 and 5 is 

w = DaYFY0&xp(-E/RT), (7) 

where E is the activation energy, Da = 
Ba/2ax the Damköhler number, and B the 
frequency factor. The reaction orders with re- 
spect to both fuel and oxidizer are taken to be 
unity. 

The above system of equations is subject to 
the boundary conditions 

fl + 2/„T - F(T),   1>»0,   Y0^Y0^, 

0 -> 0,   as 7) -> °°, 

fl + 2fVT -» (1 + qd_ JF(T),    yf-Y,.-, 

Yo-*0,   6 -+ 6U,   as rj -* -«.   (8) 

In addition, / = 0 at TJ = 0 because the origin 
of the TJ coordinate is placed at the stagnation 
plane. 

Analysis of the Outer, Nonreactive Field 

For a system with a large activation energy, 
reaction is confined to an asymptotically thin 
reaction sheet, and the rest of the transport 
zone is nonreactive to all algebraic orders of 
the small parameter ß~\ The flame response 
in this outer, nonreactive zone can be studied 
by conducting a linear analysis for a srnall 
oscillation amplitude, a «: 1. Given the oscil- 
lating boundary condition in Eq. 2, the reac- 
tion-sheet location r]r is expected to respond 
as 

Tjr= 7J/+ aeiaTT)f+0(.a2), (9) 

where fjy is the complex amplitude of the reac- 
tion-sheet oscillation of 0(1). Any dependent 
variable y is also expanded in a form [6] 

x[^(ij;%) + rifPiviVf)] + 0(a2), 

(10) 

where 5^77; -qf) = d<F/d-qf. Here the term in- 
volving ST represents the direct influence of 
the oscillatory strain rate, while the term in- 
volving T}^ represents the indirect effect that 
arises through oscillation of the reaction sheet. 
Substituting the above expansions into Eqs. 
3-5, and collecting terms of the same order in 
a, we obtain the governing equations for the 
mean and oscillatory states. 
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At the leading order in a, the conservation 
equations for the mean state become 

1 
/™+£, + 7(1+9*-/,2) = o, 

1  _ 
—y.+/y, -o, 

(ii) 

(12) 

^+/fl, = 0, (13) 

which are subject to the boundary conditions 

/, = 1,   YF = 0,   Y0 = Y0^ 

0 = 0,   as 7] -> =o, 

/„ = ü + <?0_ J,/2,  ^ = ^,-=0,  F0 = o, 

0 = 6_x,   as I? -» -oo, (14) 

and the jump conditions across the reaction 
sheet 

*> + L^ 
i/ 

= 0,   for i = F, O, 
ji/ 

Yf \TI7 — if 17)/ — jfUf,   ^oUr     *oU/     u, 

lTv "7/ IT,/- (15) 

At the next order in a, we have the govern- 
ing equations for the unsteady fluctuations as 

f     + ff    + ff J 777717 J J 77T7 J J 7777 
(1 + /w)(l +<?0) 

(16) 

(17) 

0,,, + fev +f\ - /«(e + vfe) = 0,      (is) 

with the boundary conditions 

/„ = 1,    Yj = 0 = 0,    as 77 -» 00, 

. _ (1 +ico)(l +qO_J 
fv ~ T7~.     I    si/2  .   .    >    Yt- 6 -0, 

(1 + q6_y/2 + ico 

as 77 -> -co. (19) 

The jump conditions are identical to those for 
the steady system, Eq. 15, obtained by replac- 
ing 0, Yt by 0 and % 

To close the system of Eqs. 16-18, an addi- 
tional condition to determine the eigenvalue rjj- 
for a given rjf is provided by analyzing the 
reactive-diffusive layer. 

Analysis of the Inner, Reactive-Diffusive Zone 

Within the thin inner layer, reaction and dif- 
fusion are balanced in a quasi-steady manner. 
In addition, for most practical diffusion flames 
employing hydrocarbon or hydrogen as fuel 
against air, the stoichiometric mixture fraction 
is so small that the reaction sheet is situated 
far into the oxidizer stream. Under this condi- 
tion, we adopt Linän's premixed flame regime 
analysis [10], in which the abundant species, 
namely the fuel, is assumed to leak through 
the reaction sheet by an 0(1) amount. 

In the inner reactive layer, the appropriate 
stretched variables are defined by 

■'in        u,nf - ß-](d + m£), 

YOM = ß-*Le04>,YF,iB = YF\Vf + 0(/3-'), 

(20) 

and 

£=/3Le3% !„;(% - TJ) + (#- 4>)*/m, 

(21) 

where the small parameter of expansion is the 
reciprocal of the Zel'dovich number 

£ = <?£/ RTX(1 + qdl^y (22) 

The parameter m in Eqs. 20 and 21 is 

m = he0(er)\vF)/(Y0v\v;), (23) 

which is the fractional amount of the total heat 
release lost to the fuel side. 

Substituting the inner variables into the gov- 
erning  equations,  we   obtain   the   canonical 
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equation and boundary conditions for the in- 
ner structure as 

4>(( = A<£exp[-(<£ + m£)], 

<j>£ -> 0 as £ -» oo, 4 -» -1 as £ -> (24) 

where A is the reduced Damköhler number 
defined as 

A = Da- 
L^QYF if 

ß2{y0vw) 
;exp 

-ß 
1 + q6\V/ 

(25) 

which is an eigenvalue of the problem. Equa- 
tion 24 has been solved numerically, and the 
eigenvalue A is found to be a function of the 
parameter m, which has been numerically fit- 
ted [10] as 

A = (1 - 1.344/« + 0.6307m2)/2. (26) 

Finally, the additional eigenvalue rjf can be 
determined by equating the unsteady parts of 
Eqs. 25 and 26, which is equivalent to the 
requirement that the Damköhler number Da 
does not vary with time [6]. This leads to 

(27) A + Vfb = 0, 

whe 

Ä = 

it 

m dh. 

A dm \k 
Yo-qUf 

YoM 

YoM YFk,      1+qOUf 

A = 
m dh 

A dm \k Yo-nUf 

2Y0 qUf YF\V, Wkr 

ßek,, 

Y, 07,'Vf YF\ i/ 
1 + qek -ßek Vf 

1/ 

(28) 

Here """ denotes the total derivative of a 
quantity with respect to r\s at r)f, i.e., 

d? 
■^{vf;vf)+^jif;vf),   (29) 

so that Ä represents the fractional variation of 
Da due to the fluctuation of the unsteady field 
and Ä due to the unsteady response of the 
reaction sheet. 

In summary, the calculation procedure is the 
following: first we select a mean reaction-sheet 
location rjy and solve the steady system Eqs. 
11-15. Then using the results of the inner 
structure analysis, Eqs. 22, 23, 25, and 26, we 
find the corresponding Damköhler number, Da. 
Next, we proceed with the unsteady system, 
Eqs. 16-19, plus the additional constraint, Eq. 
27, to determine the oscillatory field and rif 
simultaneously. By repeating the same proce- 
dure for different values of r\s, the flame struc- 
ture as well as its response to the oscillating 
strain rate can be calculated as a function of 
the system Damköhler number. 

RESULTS AND DISCUSSIONS 

The parameter values used in the present cal- 
culations are q = 50, E/RTa = 50, 6_m = 0, 
YF _„ = 1.0, and Yo>00 = 0.1. The Lewis num- 
bers for both fuel and oxidizer are taken to be 
unity, except for the last case in which we 
compare the results for various LeF. 

Figure 2 shows a typical result of the steady 
reaction-sheet response as a function of Da. It 
is seen that for large Da, the steady reaction- 
sheet is close to the Burke-Schumann limit, so 
that neither reactant leaks through the reac- 
tion sheet by O(l) amount. As the strain rate 
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Fig. 2. Steady reaction-sheet location as a function of the 
strain rate, showing the sensitivity of the flame response 
near extinction. 
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increases, the reaction sheet moves toward the 
stagnation plane and finally exhibits a turning 
point that corresponds to the static extinction 
point. In the present calculation, the static 
extinction occurs at ru — 0.653, Tf/Tx = 4.953 
and Da = 1.952 X 10 . The well-known steady 
S-curve behavior in Fig. 2 illustrates that, for 
the same amount of the fractional variation of 
the Damköhler number S Da/Da, shown as 
vertical bars, the near-extinction flame yields 
much larger reaction-sheet displacement and 
the flame temperature variation, as marked by 
horizontal bars, than the near-equilibrium 
flame. Figure 2 therefore provides useful in- 
sight on the sensitivity of the flame response to 
the oscillatory strain rate, even the reaction 
sheet does not exactly follow the steady S-curve 
when oscillatory strain is imposed. 

Figure 3 shows the behavior of the real part 
of the reaction-sheet fluctuation, ReCrjy), as a 
function of the normalized Damköhler number 
for various w, where Da£ is the static extinc- 
tion Damköhler number. It is first noted that, 
for all a, Re(r]f) is negative throughout the 
entire range of the Damköhler number, indi- 
cating that the reaction sheet moves toward 
the stagnation plane when the strain rate is 
increased with time. Specifically, during a pe- 
riod of strain rate oscillation, an increase in 
strain rate results in reduced residence time in 
the reaction zone, thereby reducing the reac- 
tion rate. In order to compensate for the re- 

Da/Da, 
Fig. 3. Real parts of the magnitudes of reaction-sheet 
fluctuations as functions of steady Damköhler number for 
various frequencies. 

duced reactivity, the reaction sheet migrates 
toward the stagnation plane such that the local 
convective flux normal to the reaction sheet is 
reduced. Therefore, the negative values of 
ReCrjy) indicates the reduced/increased reac- 
tivity when the strain rate is increased/ 
decreased during the oscillatory cycle. 

As expected from the steady flame response 
in Fig. 2, Fig. 3 shows that the reaction-sheet 
fluctuation is greatly amplified as the steady 
flame nears extinction. The reaction-sheet re- 
sponse, however, does not grow indefinitely at 
the extinction point because the increase of r\f 
is fed into the source terms in the unsteady 
equations 16-18, resulting in a smaller value of 
A. Therefore, both A and Ä in Eq. 27 vanish 
at extinction, and a finite value of rjf is 
achieved, provided that co is not identically 
zero [6]. We also remark that, although not 
shown here, the absolute magnitude of rjf ex- 
hibits behavior similar to the real parts plotted 
in Fig. 3. As for the dependence on frequency, 
the sensitive behavior of the reaction sheet 
near extinction is seen to be more prominent 
for lower frequencies, because the flame has 
sufficient time to respond to the external fluc- 
tuation as its frequency becomes smaller. 

We next examine the response of the heat 
release rate, or equivalently reactant consump- 
tion rate, to the unsteady strain rate. The 
normalized net heat release rate can be de- 
fined by the instantaneous reactant gradient at 
the reaction sheet, namely 

"net *OT,U/ • (30) 

Then the oscillating part of the heat release 
rate scaled by a can be decomposed into 

hr hr = Y0n\v + Vf{Y07,v + Y0v 

(31) 

where hc represents the contribution by fluc- 
tuations of the concentration field itself, 
whereas hr is caused by oscillations of the 
reaction sheet. 

Variations of the h's as functions of co are 
plotted in Fig. 4, where solid and dotted curves, 
respectively, denote the near-equilibrium 
(Da/Da£ = 5.12), and the near-extinction 
(Da/Da£ = 1.02) cases. The upper figure plots 
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the behavior in a phase plane of real and 
imaginary parts, showing the variation of the 
absolute magnitude as well as the phase angle 
of the it's as a function of frequency. The 
arrows on the curves indicate the direction of 
the frequency increase. The lower plot of Fig. 
4 is the projected view of the real part of the 
/?s with varying frequency along the y axis. To 
extract information from Fig. 4, first we select 
a value of w on the y axis of the lower plot, 
then move horizontally to obtain the real value 
of the h's. Subsequently by moving vertically to 
the corresponding curves in the upper plot, the 
magnitude and the phase can be obtained. 

As observed from Fig. 3 that the reaction- 
sheet response is such that the reactivity be- 
comes weaker as the strain rate increases with 
time during the oscillatory cycle, the upper 
plot of Fig. 4 shows that the hr's for both 
near-equilibrium and near-extinction cases take 
negative real values for low frequencies. On 
the other hand, the hc's for both cases have 
positive real values and are therefore in phase 
with the strain rate oscillation, in the sense of 
Rayleigh's criterion, because the net reactant 
flux at a fixed location of the mean reaction 

Near-Equilibrium 
Near-Extinction 

-0.2 -0.1 0 0.1 0.2   Re 

-0.2 -0.1 0 0.1 
Real Parts 

Fig. 4. Variations of heat release fluctuations as functions 
of frequency for near-equilibrium case and near-extinction 

case. 

sheet is directly related to the strain rate im- 
posed at the boundary. As the frequency in- 
creases, each of the heat release responses 
spirals around the phase plane, showing the 
increase of phase lag and the variation of the 
magnitudes. 

Next we observe the behavior of only the 
real parts of the h's, shown in the lower plot of 
Fig. 4. In interpreting the results, we first rec- 
ognize that w is the ratio of the characteristic 
diffusion time to the characteristic oscillation 
time. That is, when w <K 0(1), the burning 
rate is expected to respond quasi-steadily to 
the imposed oscillating strain rate because the 
characteristic oscillation time is much longer 
than that of diffusion in the flame structure. 
Consequently, the magnitudes of the h's are all 
directly proportional to the amplitude of the 
strain rate oscillation, and are independent of 
the increase in w. As w approaches 0(1) 
value, the unsteady time becomes comparable 
to the diffusion time. Thus there is a lag be- 
tween the imposed strain-rate variation and 
the response of the reaction sheet. For exam- 
ple, with an increase in the strain rate, the 
flame will not move to the new equilibrium 
position instantaneously. The reaction zone 
therefore experiences a higher concentration 
gradient which consequently leads to a higher 
burning rate. As w continuously increases to 
very large values, however, the flame eventu- 
ally stops responding to the oscillating strain 
rate as it approaches the steady-state limit. 

We now consider the near-equilibrium 
flames in Fig. 4. Here starting with w «: 1, 
increasing w leads to an increase in hc due to 
the increase in the instantaneous concentra- 
tion gradient. The hr also suffers a larger 
reduction in its response because the increased 
gradient causes more incomplete reaction. 
However, these amplifying behaviors are ar- 
rested and reversed around w = 0(1) with fur- 
ther increase in a>, producing the extrema in 
the respective responses. Near extinction, ex- 
trema are not observed because the reaction 
zone can respond more readily with increasing 
w, thereby minimizing the aforementioned ef- 
fects of amplification around co_ = 0(1)._ Con- 
sequently, the magnitudes of hc and hr de- 
crease monotonically with increasing <o, ap- 
proaching the quasi-steady limit for large w. 
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Based on the above understanding, the net 
response hmt can now be assessed. The lower 
plot of Fig. 4 shows that, in the near-equi- 
librium case, hc governs the behavior of /znet, 
so that the net amount of heat release fluctua- 
tion hnet is in phase with the strain rate oscilla- 
tion for all frequencies. In the near-extinction 
case, however, negative real values of hr be- 
come dominant in the hnet behavior, reflecting 
the fact that response of the reaction rate to 
strain rate oscillation becomes more sensitive 
near extinction, as shown in Fig. 3. Conse- 
quently, for frequencies around 0(1) or less, 
the net burning rate response for the near-ex- 
tinction flame could be out-of-phase with the 
imposed strain rate, implying that the net 
burning rate actually decreases as the blowing 
at the boundary increases during the unsteady 
oscillation. This contrasts with the common 
understanding of diffusion flame that the burn- 
ing rate usually increases with the increase of 
reactant supply, based on the Burke-Schumann 
limit concept. 

We next note that, from the standpoint of 
Rayleigh's criterion in acoustic instability, since 
acoustic velocity is TT/2 phase shifted _ from 
acoustic pressure, the imaginary part of /zne, is 
important to determine whether acoustic pres- 
sure will be amplified or attenuated by the 
acoustic velocity response. Figure 5 shows that 
Im(/znet) is negative for most of the range of 
Damköhler numbers, while it becomes large 

DalDaE 

Fig. 5. Imaginary parts of the heat release fluctuations as 
functions of steady Damköhler number for various 
frequencies. 

positive in the near-extinction case, suggesting 
the possibility that the existence of a sufficient 
number of near-extinction flamelets may 
change the acoustic instability of a rocket en- 
gine. Because an acoustic velocity cannot be 
uniquely determined unless the whole acoustic 
pressure field is known, inviscid considerations 
to relate the acoustic pressure with the un- 
steady strain rate should be pursued to better 
estimate the contribution of the velocity effect 
to acoustic amplification. 

Finally, the effect of Lewis number of the 
fuel on the net heat release fluctuation is shown 
in Fig. 6. A previous steady-state analysis [11] 
has shown that the flame-sheet temperature 
can vary with strain rate depending on the 
Lewis number, which suggests that this influ- 
ence will be carried over to the unsteady flame 
responses. Figure 6 demonstrates that this is 
indeed the case, with the response of hnet in 
general more significant for small L&F, because 
of the relatively higher reactant diffusivity. 

CONCLUSIONS 

In the present paper, we have studied the 
response characteristics of a counterflow dif- 
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Fig. 6. Effect of the Lewis number of fuel on the net heat 
release fluctuations as functions of frequency. 
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fusion flame to a periodically oscillating strain 
rate, using large activation energy asymptotics. 
In particular, the responses of the reaction 
sheet as well as the heat release rate, in terms 
of their magnitude and phase, have been inves- 
tigated for the near-extinction and the near- 
equilibrium flames. As suggested by the static 
S-curve behavior, the reaction-sheet response 
was found to be more sensitive to the flow-field 
unsteadiness when the steady flame is closer to 
the extinction condition. Consequently, the 
heat release behavior of the near-extinction 
flame is dominated by the reaction-sheet re- 
sponse rather than by the otherwise important 
fluid-dynamic effects, resulting in a significant 
difference in the heat release response of the 
two flames. It was also observed that there 
exist a nonmonotonic behavior in the heat 
release response of the near-equilibrium flame, 
consistent with a previous study [7], confirming 
that the flame behavior is mainly controlled by 
fluid dynamics when chemistry is sufficiently 
fast. Results of the present study suggest the 
possibility of a qualitative change in the char- 
acteristics, such as the stability response, of the 
near-extinction flame from that of the conven- 
tional flame in the Burke-Schumann limit. 
Lastly, the effect of Lewis number on the 
unsteady heat release response was shown to 
be consistent with our previous understanding. 

As application to combustion instabilities in 
aero and rocket engines, the present linear 
perturbation analysis for the velocity response 
of the diffusion flame can be combined with 
the previous analysis on the pressure response 
[6] by superposition principle, which will then 
provide complete information of the flame re- 
sponse to the acoustic perturbation. 

We finally comment that the present analy- 
sis is restricted to flames with sufficiently thin 
reaction zone with a single time scale. If de- 
tailed chemistry is considered, different flame 

structures may emerge. For instance, the hy- 
drogen/air diffusion flame near extinction 
consists of a radical recombination zone as 
thick as the diffusive transport layer so that the 
quasi-steady reaction zone is no longer valid. 
In such a situation, direct coupling of unsteadi- 
ness and recombination reaction may lead to 
an even larger finite-rate chemistry effect. 
More advanced analytical study for such flames 
can perhaps be achieved by the use of reduced 
mechanisms. 
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Comments 

D. Lozinski, University of Illinois, USA. Could 
you please comment on the anticipated stabil- 
ity of your model's solution. Specifically, Peters 
[1] demonstrated that Linan's premixed regime 
is unstable to a fast time instability when the 

Lewis number (Le) is 1. Stewart [2] determined 
that the fast time instability could arise when 
Le > 1 with no heat loss (your m = 0). How- 
ever, our recent work on smouldering required 
a re-examination of the fast time instability [in 
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preparation] where we found Le < 1 has a 
stabilizing effect even when heat losses are 
present. 

REFERENCES 

1. N. Peters, Comb. Flame, 33:315 (1978). 
2. D. S. Stewart, Comb. Flame, 64:157 (1986). 

Authors' Reply. There is some controversy 
about the interpretation of the results of Pe- 
ters [1] that you cite, in particular concerning 
the form of expansion required and the need 
to match to possible perturbations in outer 
zones when m is near zero. It is interesting 
that similar questions arise even for stability of 
diffusion flames in the diffusion-flame regime 
(besides the premixed-flame regime addressed 
in the paper and your comment) at these 
shorter time scales, as we are finding in work 
yet unpublished, where we too conclude that 
Lewis numbers less than unity have a stabiliz- 
ing effect. However, as discussed in the written 
paper and more fully in its Ref. 6, these time 
scales are shorter than those commonly en- 
countered in turbulent flames and acoustic in- 
stability, and therefore we have not analyzed 
that high-frequency regime in the present pa- 
per. 

A. Ghoniem, MIT, USA. In the previous sym- 
posium, we presented a numerical study of a 
similar problem in which we showed that the 
flame is most responsive to oscillations when 

their mean is close to the steady extinction 
strain, i.e., when chemical rates are important, 
with their concomitant non-linear dependence 
of the gas dynamic variables. In a linearized 
theory like yours, do you expect to recover this 
effect? 

Authors' Reply. We are aware of your paper in 
the previous Symposium and in fact referenced 
that, in the written paper, as a source of refer- 
ences to previous works on the subject. Our 
linear theory of course does not include non- 
linear effects but surely does show that the 
flame is most responsive close to steady extinc- 
tion, as fully demonstrated in the written pa- 
per. 

G. Kosaly, University of Washington, USA. Your 
first transparency shows that you assume that 
the dynamics of the molecular mixing is quasi- 
steady. This assumption may break down at 
high frequencies. Have you looked into this 
possibility? 

Authors' Reply. On the contrary, the analysis 
accounts for unsteady molecular mixing but 
assumes that the chemistry in the reaction 
zone is quasi-steady. This assumption, of 
course, breaks down at sufficiently high fre- 
quencies, but these frequencies are higher than 
those commonly encountered, and we have not 
analyzed that regime. More information on 
this can be found in the written paper and 
especially in Ref. 6. 
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Appendix B 

Thermophoretic Effects on Seeding Particles in LDV 
Measurements of Flames 

C. J. SUNG and C. K. LAW   Department of Mechanical and Aerospace 
Engineering, Princeton University, Princeton, NJ 08544 

and R. L. AXELBAUM   Department of Mechanical Engineering, Washington 
University, St. Louis, MO 63130 

(Received May 5,1993) 

ABSTRACT—The motion of LDV seeding particles under the influence of viscous and thermophoretic 
forces in the rapidly-accelerating, high-temperature-gradient flame environment was studied via the 
counterflow premixed twin-flame configuration. Results demonstrate that thermophoretic force can induce 
significant lag between the fluid and.particle velocities in the active preheat zone of a flame, and suggest that 
caution should be exercised when interpreting LDV data obtained in this region. A thermophoretic velocity 
correction to the LDV-determined velocity, with known experimental or computational temperature profile, 
is proposed. Additional considerations of LDV diagnostics and its determination of laminar flame speed are 

also presented. 

INTRODUCTION 

The application of laser-Doppler velocimetry (LDV) for velocity measurements in 
flames and the imaging of reacting flows by laser sheet light scattering require the 
introduction of seeding particles as light scatterers. The accuracy of these measure- 
ments therefore depends critically on how closely the seeding particles follow the flow. 
In addition to viscous drag, which causes the particles to follow the fluid motion, there 
are other forces which can cause the motion of the seeding particles to depart from it. 
Examples are the electrostatic, gravitational, centrifugal, acoustic, diffusiophoretic, 
photophoretic and thermophoretic forces (cf. Durst et al., 1981; Gomez and Rosner 
1993). Among them, thermophoresis is of particular significance for flame-related 
measurements (Rosner et al, 1992; Gomez and Rosner 1993) because of the presence of 
high temperature gradients in the narrow thermal expansion region. Since the particles 
experience a thermophoretic force in the direction opposite to that of the temperature 
gradient, the velocity measured by LDV can be higher or lower than the actual value 
depending on the direction of the flow relative to that of the temperature gradient 
(Talbot et al., 1980). Similarly, for instantaneous flame surface imaging techniques, the 
information obtained from transient light scattering can be used, without correction, 
only if the so-called thermophoretic displacement criterion is met in addition to the 
more obvious criterion of characteristic particle stopping time (Gomez and Rosner 
1993). 

Recently this concern with LDV became apparent in studies involving counterflow 
diffusion and premixed flames (Chelliah et al, 1991; Sung and Law 1993). Here the 
LDV measurements agreed well with the computed values in the cooler, decelerating 
part of the flow upstream of the flame, but were found to significantly lag the calculated 
values in the rapidly-accelerating preheat region of the flame in which substantial 
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thermal expansion occurs over a very short distance. Estimates (Sung and Law 1993) 
showed that the difference could be satisfactorily accounted for by the influence of the 
thermophoretic force on the seeding particles. 

The objective of the present study is to further explore the importance of ther- 
mophoretic force on particles in the rapidly-accelerating, high-temperature-gradient 
environment of flames by analyzing in detail the dynamics of the seeding particles in the 
counterflow flames of Sung and Law (1993). The advantage of using these particular 
flames is that for the present purpose they have been completely characterized 
experimentally as well as computationally. Specifically, profiles of the velocity, tem- 
perature, and major species concentrations across the flame have been determined by 
using non-intrusive laser diagnostic techniques, while the flame structure has also been 
computationally simulated with detailed transport and chemistry. Furthermore, the 
measured and computed values agree closely, except for the velocity lag in the rapidly 
accelerating region just mentioned. This well-characterized flame environment there- 
fore allows accurate calculations of the various transport coefficients needed for the 
determination of the particle dynamics. 

In the following we shall first present formulation of the equation of particle motion, 
which is followed by the solution and discussion of the results. Additional consider- 
ations of LDV diagnostics will also be presented. 

FORMULATION 

The equation of motion for a spherical particle relative to an infinite, stagnant, viscous 
fluid was first derived by Basset (1888). For a moving fluid, Basset's equation can be 
expressed as (Hjelmfelt and Mockros 1966; Durst et al, 1981): 

ndj     dvP _ ndl    dvp      1^1     d{vP - vF) 
PF- dt Tpp—. = -3niidp{Vp-VF) +-^PF-F —2-6 

Accelerating Stockes drag Pressure gradient        Fluid resistance to 
force force force on fluid accelerating sphere 

\d2Mm)112 d(vP - vF)     dt, 

dt      {t-Z)1'2 

Drag force associated with (1) 
unsteady motion 

where dP is the particle diameter, v the velocity, p the density, y. the fluid viscosity, t the 
time, and subscripts "P" and "P" respectively designate the particle and the fluid. 
External forces, such as gravitational, centrifugal and electrostatic, are neglected. Since 
the densities of the solid particles used for seeding flames are normally much greater 
than that of the gas mixture, terms involving pF in Equation (1) can be neglected 
compared with those involving pP. The particle motion therefore is governed by the 
first two terms in Equation (1), and corresponds to the Type III approximation of 
Hjelmfelt and Mockros (1966). Furthermore, since the no-slip boundary condition 
ceases to be accurate for the small, sub-um particles used in seeding, a slip correction 
factor is needed to modify the Stokes' law. The Knudsen-Weber form of the slip 
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correction factor C for all Knudsen number, Kn, is given by 

C=l+Kn[a + /?exp(-y/Kn)], (2) 

where a, ß, and y are characteristic parameters determined by fitting the Knudsen- 
Weber formula to the experimental data. For solid particles these values are 1.142, 
0.558, and 0.999 respectively (Allen and Raabe 1985). Furthermore, the particle 
Knudsen number is defined as 

KnJ^, (3) 
dp 

where X, the mean free path of the gas molecules, is related to the coefficient of viscosity 
by (cf. Kennard 1938; Hirschfelder et al., 1954) 

;z = OpfAc. (4) 

Here c is the mean velocity of the gas molecules and $ is a constant which approaches 
0.491 for repulsive intermolecular forces. Thus the Stokes drag force on a particle with 
slip is given by 

_ -3K4Pp-Pf) (5) 
SD' 

In the near-continuum regime, the thermophoretic force on a spherical particle due 
to temperature gradient V T was obtained by Brock (1962) (cf. Talbot et al, 1980) as 

(k \VT 

F" = f^—k '- Y ^ 
(l + 3CmK«)(l + 2^ + 2C,Xnj 

where r, = p/p, k is the thermal conductivity, and Cm, C„ and C, are respectively the 
momentum exchange, thermal slip, and thermal exchange coefficients specified by the 
kinetic theory of gases. Talbot et al. (1980) suggested CM=1.14, Cs=1.17, and 
C = 2 18 such that this fitting formula appears to be reasonably satisfactory for the 
entire range of Knudsen numbers. We also note that particle nonsphencity could in 
general play an important role in determining the thermophoretic properties (cf. 
Williams 1986; Williams 1987; Garcia-Ybarra and Rosner 1989). For instance, an 
elongated particle will thermophoretically drift faster than a sphere when it is oriented 
parallel to - VT(Garica-Ybarra and Rosner 1989). The present assumption of particle 
sphericity is justified by the close agreements between the predicted and experimental 
results to be presented later. 

Combining the above, the particle motion is governed by 

»/^ = F„ + F„. (7) 

where mP = pPnd3
P/6 is the particle mass. This is the equation of motion for the seeding 

particles. 
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In Sung and Law (1993), numerical calculations of the symmetric counterflow, 
premixed, nitrogen-diluted methane/air flames were performed with potential flow 
boundary conditions and detailed reaction mechanisms and transport properties. The 
reaction mechanism used was a complete C2 scheme consisting of 28 species and 151 
elementary reaction steps. The subroutine library CHEMKIN was used to evaluate the 
thermodynamic properties of the mixture (Kee et al., 1980). In conjunction with 
CHEMKIN, a transport package provided the transport properties of the mixture 
(Kee et al, 1983), with the combination averaging formula and the Wilke formula used 
to respectively evaluate the thermal conductivity and viscosity of the mixture. The 
alumina seeding particles used in the experiments had a density of 3.97 g/cm3 and 
a nominal diameter of 0.3 urn. The variation of particle conductivity with temperature 
was fitted from standard tables (Rohsenow et al, 1985). Using local values of the 
mixture and the particle, and appropriate interpolation between values at mesh points, 
the finite-difference form of Equation (7) was solved for vP. 

RESULTS AND DISCUSSIONS 

The gaseous environment in which the particles traverse is a nitrogen-diluted 
methane/air flame (0 = 0.95, N2/02 = 5) at one atmosphere pressure and 300 K 
upstream temperature. We first consider only the viscous drag force FSD in Equa- 
tion (7). Figure 1 shows the calculated particle motion for different particle sizes with 
the initial condition vP = vF. The strain rate K, defined as the negative of the axial 
velocity gradient just upstream of the thermal mixing layer, is 568 sec"1 for this 
strongly-strained situation. The local Reynolds number based on the relative velocity 
between the particle and the fluid, Re = pFdp(vP - vF)/fi, was also calculated to ensure 
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FIGURE 1    Solutions of particle motion under the influence of the viscous drag force for various particle 
sizes in a given counterflow flame (K = 568 sec"1). 
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FIGURE 2   Solutions of particle motion under the influence of the viscous drag FSD and the thermo- 
phoretic forces FTP for various particle sizes in a given counterflow flame (K = 240sec"l). 

that its value is less than unity such that Stokes drag law is applicable. It is seen that, for 
this strain rate, seeding particles with diameters greater than 2 urn substantially lag the 
gas flow. However, particles smaller than, say, 1 urn have been found to readily follow 
the flow both ahead of and inside the flame. 

Figure 2 shows the particle motion in the presence of both drag and thermophoretic 
forces, with K = 240 sec" \ for which experimental data exist. For the 0.3 um particle, 
which'readily follows the flow when subjected only to the drag force, significant velocity 
lag develops in the preheat zone when thermophoresis is considered. In the worst 
situation the lag is more than 15 cm/sec, which corresponds to a local vF of about 
60 cm/sec. This clearly demonstrates that thermophoretic effects should be considered 
in LDV measurements of flame dynamics and structure, especially when the measure- 
ment is conducted in the rapidly-accelerating thermal expansion region. It is also of 
interest to note that although particles with dP > 2 urn fail to follow the flow well ahead 
of the thermal mixing layer because of their inertia, the particle motion in the flame 
zone is however similar for particle sizes even upto 5 urn. This is due to the combined 
effects of drag and thermophoretic forces, as will be discussed later. 

In Figures 3 and 4 we compare the calculations with the available LDV data of sung 
and Law (1993) for K = 240 and 348 sec"1 respectively. In performing these calculations 
we have noted that while agglomeration could have caused the actual particles in the 
flow to be larger than the individual particles, their exact size is not essential as long as 
dP is less than 2 urn, as shown in Figures 1 and 2. Thus we have used dP = 0.3 urn in the 
calculations. It is seen that the calculated values agree well with the experimental data, 
hence again demonstrating the importance of thermophoresis. 

It is of interest to correct the measured LDV data so that the flow velocity can be 
accurately evaluated. Since particles of sufficiently small sizes, and hence small inertia, 



124 

u o 

> 

100 

40 

C. J. SUNG, C. K. LAW AND R. L. AXELBAUM 

K=240 sec"1 

-•••  vP(0.3 \xm) 

O     v^ (Experimental) 

-5.0 -4.0 -3.0 -2.0 

Axial Distance (mm) 
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FIGURE 4   Comparison between the experimental and computed velocity profiles, for K ~ 348 sec"'. 

can readily adjust their motion in accordance with the local force field, it is reasonable 
to expect that the net force acting on them are much smaller than the individual forces 
due to either drag or thermophoresis, that is \mP{dvP/dt)\ «\FSD\ and \mP(dvP/dt)\ « 
\FTP\. From Equation (7) we can therefore make a "steady-state" approximation by 
setting FSD = - FTP. Using Equations (5) and (6) for these two forces then readily yields 
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FIGURE 5   Comparison between FSD, FTP, and FSD + FTP, for <fp = 0.3 um and K = 240sec  '. 

an expression for the actual flow velocity as 

vF = vP + vTP 

where the thermophoretic velocity vTP is given by 

C 
JTP ■ 

371/idp 
TP 

(8) 

(9) 

Equations (8) and (9) allow approximate extraction of the flow velocity vF from the 
LDV measurements of the particle velocity vP. It may be noted that this steady-state 
assumption was implicitly used by Brock (1962) and Talbot et al. (1980), who provided 
the same expressions for the thermophoretic velocity. 

The above steady-state approximation is expected to be adequate for particle sizes 
which are smaller than the maximum acceptable particle diameter for given velocity 
and temperature gradients. This is demonstrated for dP = 0.3 and 1 urn in Figures 5 and 
6 respectively, which show that (FSD + FTP) is about two orders smaller than either 
FSD or FTP. Figure 7, for dP = 5 urn, shows that the accuracy of this approximation 
decreases for larger particles because they fail to closely follow the flow even without 
considering FTP. 

An alternate approach to determine the thermophoretic velocity is to experimentally 
measure the thermophoretic diffusivity, DTP, in high temperature combustion environ- 
ments, as was done by Gomez and Rosner (1993) for the DTP of titanium dioxide 
particle by applying the phase separation phenomenon. The local particle thermo- 
phoretic velocity vTP is then simply equal to DTPVT/T, and the local flow velocity can 
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be again corrected by using Equation (8). Since titanium dioxide particle is quite often 
used in seeding flames and its experimentally-determined DTP is available, it is of 
interest to roughly estimate the maximum vTP if the alumina particles of 0.3 um 
nominal diameter in the experiments of Sung and Law (1993) were replaced by titanium 
dioxide particles. For the case of K = 240sec-1 with (VT)max a 2000K/mm at 
T* 1300K, applying the result of Gomez and Rosner (1993), DTPx0.5rj, which is 
applicable to particle sizes covering a diameter range between 2 nm and 0.4 urn, and 
assuning rjmixtuIC ~ rjail, the maximum vTP is estimated to be about 14 cm/sec. This 
further demonstrates the importance of thermophoresis in combustion-related LDV 
measurements. 

The above results demonstrate that if both temperature and velocity can be 
experimentally measured, the actual flow velocity profile can be evaluated by correct- 
ing the LDV-determined velocity by the corresponding local thermophoretic velocity 
vTP. This approach is of course also applicable if computed rather than measured 
temperature profile is instead available. Since the need for the temperature profile is 
only for a reasonable evaluation of the transport properties and the temperature 
gradients, only an approximate profile would suffice for this purpose. For example, we 
have found that the temperature profile determined for the adiabatic one-dimensional 
flame is quite adequate for the evaluation, by overlaying the point of initial temperature 
rise of the one-dimensional flame at the minimum velocity point of the counterflow 
flame. 

It is also of interest to note that, while the two competing forces, FSD and FTP, as well 
as the net force (FSD + FTP) increase with increasing particle size within the thermal 
mixing layer, as shown in Figures 5-7, the acceleration of the particle, dvP/dt, have 
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FIGURE 8    Comparison of the particle acceleration, dvF/dt, for various particle sizes in a given counterflow 
flame (K = 240 sec"1). 

similar magnitudes for the diameter range of particle sizes studied herein. This pqmt is 
demonstrated in Figure 8, and would explain the result of Figure 2 that particles of 0.3 
and 5 urn closely follow each other in the thermal expansion zone. 

In closing this section, it is therefore suggested that, for flame-related LDV measure- 
ment we should first choose the seeding particle which is small enough to have a good 
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responsivity to a given velocity gradient in the uniform temperature situation. Subse- 
quently, when interpreting the experimental data within the rapidly-accelerating 
thermal mixing layer, the thermophoretic correction proposed by Equation (8) can be 
applied to substantially improve the accuracy of the LDV-determined data. 

ADDITIONAL CONSIDERATIONS 

There are several ancillary points worth further discussion. First, we consider the 
maximum particle size for which the steady-state approximation is applicable to 
turbulent flows. Here we note that for LDV applications in uniform temperature 
turbulent flows, it is convenient to specify the desired amplitude response for a given 
turbulence frequency, from which the maximum acceptable particle diameter can be 
deduced. Hjelmfelt and Mockros (1966) solved the equation of particle motion, 
Equation (1), by expressing vP and vF as Fourier integrals. Their solution shows that, in 
order to have a frequency response of 1 kHz, the maximum acceptable particle 
diameters for Ti02 in air and MgO in a post methane/air flame, with an assumed 
uniform temperature of 1800 K, are 1.3 and 2.6 urn respectively (cf. Durst et al, 1981). It 
was further concluded that a diameter of 1 um is an appropriate particle size to be used 
in a wide variety of gas flows with turbulence frequencies exceeding 1 kHz. 

In order to correlate the strain rate with the "turbulence frequency", we simply 
consider a stagnation flow field whose axial velocity is given by v = vs — KX, for which 
the integration constant vs can be written as vs = KXS with xs being the location of the 
stagnation surface where v = 0. This relation can be readily integrated to yield 
v(t) = ysexp( — Kt). Further taking the Fourier transform of v(t), which is assumed to be 
zero for t < 0, yields the frequency spectrum of the velocity variation with time, V(co). 
This spectrum has a magnitude of \V(co)\ = VJ(K

2
 + co2)112 and a phase angle 

tan" \ — CO/K). It indicates the frequency content of v(t) and can be thought of as the 
amount of v per unit frequency increment. This also allows us to interpret V(co) as an 
amplitude density (cf. Doebelin 1980). For situations where the physical domain has 
a fixed dimension, namely xs = constant, then |K(co)| is proportional to K/(K

2
 + co2)112. 

If we define the characteristic turbulence frequency co* as the high-frequency cutoff 

occurring at half of the maximum spectrum amplitude, then co* = N/3K. Thus, the 
corresponding co* for the case of K = 568 sec~l shown in Figure 1 is about 1 kHz. The 
result of Figure 1 also agrees with the solution of Hjelmfelt and Mockros in that, for 
good frequency response above 1 kHz, seeding particles should have diameters less 
than 1 urn. Thus, to correct for thermophoresis with Equations (8) and (9), particles of 
1 urn or less should be used. 

The responsivity of the particle motion in the stagnation flow can also be assessed by 
considering Equation (1) for the uniform temperature situation. Here 

dvP    vF-vP . 

"'-df—BT' (10) 

where B = (3nndP)~1 is the particle mobility, with C= 1 for simplicity. Since our 
attention is restricted to the situation where vF « vP »(vF — vP), then it is reasonable to 
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assume that 

dvP    dvF       dvF ,,1A -7*-x-1
L = vF-r

L = vFK. (11) 
dt      dt dx 

Thus 

(vF - vP) ,19, 
mPBK = —, 114 

which is the fractional lag of the particle. Equation (12) yields the convenient result that 
the particle lag is governed by the dimensionless group mPBK. For example, a 1 um 
seeding particle subjected to a strain rate of 800 sec " * in air would lag the flow by about 
1%, and would thus be an acceptable seeding particle for most counterflow flame 
studies. 

The second point of interest is the potential error associated with velocity bias as 
a consequence of the nonuniform velocity profile of the counterflow flame within the 
finite probe volume, causing velocities to be weighted nonuniformly when measuring 
the average velocity. Specifically, if the particles were distributed uniformly, then the 
presence of a velocity gradient through the probe volume would cause the higher 
velocities to be weighted more than the lower velocities because of the larger flux 
associated with high velocity particles. Consequently, the measured average velocity 
will be greater than the velocity in the center of the probe volume. When there is 
a temperature gradient across the probe volume, as there is in the preheat zone, the flux 
of particles can also be influenced by the gradient in the particle number density. The 
significance of these issues will be briefly discussed as they pertain to the counterflow 
premixed flame. 

For purposes of discussion it is useful to divide the flame into three distinct regions: 
Region 1 is the cold unburned side of the flame where the temperature is constant at the 
freestream value; Region 2 is the preheat zone where the temperature increases rapidly; 
and Region 3 is the burned side where the temperature is constant at the flame 
temperature. We will consider each region separately. 

The probability that a Doppler signal will be detected at a location x is most simply 
expressed by 

WM.M/M  _ (13) 

N{x)v{x)I(x)dx 

where N is the particle number density and / is the laser intensity distribution within 
the probe volume. For simplicity, we shall assume that / is constant, which will lead to 
an overestimate of the velocity bias. Assuming that data is averaged over sufficiently 
large times, we can integrate P(x)v(x) over the probe volume to obtain the LDV 
measured velocity DLDV by substituting in v(x) = KX. The unbiased velocity is that at the 
center of the probe volume vm. The results in Region 1 show that the greatest velocity 
bias occurs at the lowest velocity and that in the limit of v-*0 we obtain 
(vLt)y-vm) = KÖ/6 where <5 is the probe diameter, lim„^0 uLDV = 2/c<5/3, and 
lim„_0 vm = KS/2. For S = 0.03 cm and K = 600sec" \ lim^0(uLDV - vm) = 3 cm/s. The 
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actual velocity bias will be considerably less than this because v > 0 and I(x) is 
a Gaussian function, not a constant. Under most circumstances, then, velocity bias can 
be neglected in this region. 

In Region 2, where the temperature and velocity are increasing, the velocity bias is 
even less than in Region 1 because the increase in v with x is offset by a nearly 
corresponding decrease in p v (i.e., Nv). Estimates of the velocity bias in this region show 
that for typical flame studies, the bias is less than 1 cm/s which is within the experimen- 
tal uncertainty of the LDV measurements. 

Measurements in Region 3 have the greatest potential for error from velocity bias 
because the gradient in v is greatest and N is constant. However, dv/dx in this 
region is typically only 2-3 times that in Region 1, i.e., K3X2K1, SO the bias can 
again be neglected except for regions close to the stagnation point where v-*0 such 
that the error could be substantial and corrections due to velocity bias would be 
appropriate. 

The third ancillary point concerns the various methodologies used to determine the 
laminar flame speeds of combustible mixtures. In particular, there has been discussions 
on the relative merits of determining these values based on the flow velocity either 
upstream or downstream of the preheat zone. For example, in the twin-flame counter- 
flow methodology, the former would correspond to identifying the reference velocity as 
the minimum in the velocity profile (Wu and Law 1985) while the latter the maximum 
(Mendes-Lopes et al., 1983; Mendes-Lopes et al, 1985). In light of the present under- 
standing, it is clear that the thermophoretic force could significantly reduce the 
downstream reference velocity, thereby lead to lower values of the laminar flame speed 
eventually determined if thermophoretic correction is not made. The same concern also 
applies to using the flow velocity upstream of the luminous zone as a reference because 
significant thermal expansion has already taken place as the flow reaches the state of 
active chemiluminescence. It is therefore suggested that use of LDV instrumentation in 
flame measurements should be limited to the flow region upstream of the active preheat 
zone, unless thermophoretic effects are properly taken into account. 

CONCLUDING REMARKS 

The present study has yielded the following points of interest on the accuracy of LDV 
measurements, especially those related to stagnation flows and to flames. 

1. For a uniform-temperature stagnation point flow, the strain rate K can be 
defined as the characteristic turbulence frequency of the system. The respon- 
sivity of the particle motion and the maximum acceptable particle diameter for 
a given turbulence frequency can be assessed by using either the solution of 
Hjelmfelt and Mockros (1966) or Equation (12) demonstrated herein. The 
results show that 1 urn would be an acceptable seeding particle size for most 
stagnation point flow studies of hydrocarbon/air flames. The particle size 
would need to be smaller for flames with much higher flame speeds such are 
those of hydrogen or enriched with oxygen. 
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2. Concerns with the potential error of velocity bias due to the finite probe volume 
as shown to be negligible for counterfiow flames except for regions close to the 
stagnation point where t>->0. 

3. For flame-related LDV measurements, significant velocity lag develops within 
the rapidly accelerating thermal expansion region due to the presence of the 
high temperature gradient. The agreement between the available experimental 
data of Sung and Law (1993) on counterfiow premixed flames and the present 
calculations demonstrate the importance of thermophoretic forces imposed on 
the LDV seeding particles. 

4. If both temperature and velocity can be measured in an experiment, the actual 
flow velocity profile can be obtained by correcting the LDV-determined 
velocity with the corresponding local thermophoretic velocity vTP given by 
Equation (9) or DTPVT/T if the information on DTP is available. This approach 
can improve the accuracy of the velocity measurement as long as the particle 
size is smaller than the maximum acceptable particle diameter for a given 
velocity gradient or characteristic turbulence frequency. If an experimental 
temperature profile is not available, a representative calculated profile can also 
be used. 

5. When using the twin-flame counterfiow methodology to determine the laminar 
flame speed of combustible mixtures, LDV measurements should be limited to 
the flow region upstream of the active preheat zone if thermophoretic correc- 
tion is not made. 
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FURTHER CONSIDERATIONS ON THE DETERMINATION OF LAMINAR 
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The accuracy of the laminar flame speed determination by using the counterflow twin-flame technique 
has been computationally and experimentally examined in light of the recent understanding that linear ex- 
trapolation of the reference upstream velocity to zero strain rate would yield a value higher than that of the 
laminar flame speed, and that such an overestimate can be reduced by using either lower strain rates and/or 
larger nozzle separation distances. A systematic evaluation of the above concepts has been conducted and 
verified for the ultralean hydrogen/air flames, which have relatively large Karlovitz numbers, even for small 
strain rates, because of their very small laminar flame speeds. Consequendy, the significantly higher values 
of the previous experimentally measured flame speeds, as compared with the independently calculated lam- 
inar flame speeds, can now be attributed to the use of nozzle separation distances that were not sufficiendy 
large and/or strain rates that were not sufficiendy small. Thus, by using lower strain rates and larger nozzle 
separation distances, the experimentally and computationally redetermined values of these ultralean hydro- 
gen/air flames agree well widi the calculated laminar flame speeds. The laminar flame speeds of methane/air 
and propane/air mixtures have also been experimentally redetermined over extensive ranges of the equiva- 
lence ratio and are found to be slightly lower than the previously reported experimental values. 

Introduction One of such efforts was the development of the 
counterflow twin-flame technique for the determi- 

Because of the fundamental and practical impor- nation of S° [3,4]. Specifically, a twin-flame config- 
tance of the laminar flame speed, S°, commonly uration is established in counterflow created by un- 
known as the laminar burning velocity, extensive ef- pinging two identical, nozzle-generated flows of the 
forts have been expended over the years toward combustible mixture of interest onto each other. By 
achieving accurate determinations of their values, mapping the flow field using laser Doppler veloci- 
The early efforts, however, have resulted in data with metry (LDV) and identifying the minimum in the 
substantial scatter, even for experiments apparently velocity profile as a reference upstream burning ve- 
conducted with great care. Furthermore, the extent locity, Sujeb and the velocity gradient ahead of the 
of scatter also did not improve with time, as dem- minimum point as the strain rate experienced by the 
onstrated by the summary plot of Andrews and Brad- flame, KS (can be plotted for various K (see inset 
ley [1]. While it was recognized quite early that the of Fig. 1 for definition) Based on the behavior of the 
laminar flame speeds could be substantially modified experimental data and the results from theoretical 
by aerodynamic stretch, with or without the addi- studies it was suggested that S fshould vaiy hne- 
tional influence of preferential diffusion [2], it was ^rly with K, for sufficiendy small values of K such 
not until recently that systematic efforts have been that a linear extrapolation to K =0 should yield the 
mounted toward eliminating these stretch effects ei- Su° of the unstrained flame (see Fig. 2 for represen- 
ther during experimentation or through further data tative extrapolations). The extrapolated experiment^ 
processing. A strong motivation for such efforts was values thus determined appear to agree quite weU 
the recent interest in partially validating chemical with those obtained through independent numerical 
kinetic schemes through numerical simulation of the computation of the unstrained planar flame with de- 
flame structure and hence the associated S°. tailed transport and chemistry, for systems whose 
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FIG. 1. Spatial variation of the nu- 
merically determined flow velocity 
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FIG. 2. Variation of the numerically determined Suml 

with K and Karlovitz number for <j> = 0.3 atmospheric 
hydrogen/air mixture and L — 7, 14, and 22 mm. 

chemistry is considered reasonably well known as far 
as the computation of S° is concerned. 

The technique discussed above is based on the as- 
sumption of a linear relation between Su rer and K for 
small K. Tien and Matalon [5], however, subse- 
quently showed through asymptotic analysis that the 
relation is actually not linear as K -* 0, and that a 
linear extrapolation would yield a slightly higher 
value than the true S°. This point was further sub- 
stantiated by Dixon-Lewis [6] through detailed nu- 
merical simulation of the counterflow flame with a 
finite separation distance L between the nozzle exits. 
The difference observed [6], however, was again 
small in that, for stoichiometric methane/air flames, 

the extrapolation yields S° = 39.6 cm/s, while direct 
computation yields 36.7 cm/s. The results of Ref. 6 
also did not show any dependence on the separation 
distance of the nozzle. 

Chao et al. [7] subsequendy performed an asymp- 
totic analysis of the counterflow problem, allowing 
for the plug flow boundary condition and a finite noz- 
zle separation distance, L. The solution again yields 
the nonlinear variation as K -» 0, although it also 
showed that, for a given flame thickness, the over- 
estimate can be reduced by either decreasing K or 
increasing L such that perturbation of the flow field 
by the flame is minimized. Note that, since a larger 
L implies the use of a proportionally larger nozzle if 
the ratio of L to the nozzle diameter is to be kept 
fixed, this requirement could have practical experi- 
mental limitations due to either inadequate flow rate 
or safety considerations when working with a large 
flow rate of combustible gas. Chao et al. [7] further 
performed detailed numerical simulation and exper- 
imentation with methane/air flames of selected stoi- 
chiometries. Results demonstrate that, contrary to 
the finding of Ref. 6, the overestimate indeed can be 
progressively reduced by using larger values of L. 
Furthermore, for the mixtures and hence the range 
of burning velocities studied, results obtained with 
nozzle separation distances of 14 and 22 mm show 
litde difference, indicating that the use of L within 
this range should yield laminar flame speeds of rea- 
sonable accuracy, at least for methane/air mixtures. 

The objectives of the present study are to further 
explore, computationally and experimentally, the in- 
fluence of the separation distance on the accuracy of 
the laminar flame speed determination, and to re- 
determine the laminar flame speed values for the im- 
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portant fuel/air mixtures of hydrogen/air,  meth- 
ane/air, and propane/air. Based on the results of 
Chao et al. [7], we expect the revision from previ- 
ously reported S° to be small for methane/air and 
propane/air flames. The revision, however, is needed 
because recent advances in the kinetic database re- 
quire an increased accuracy for resolution. For hy- 
drogen/air flames, we shall limit our study to ultra- 
lean mixtures for safety considerations. For these 
very weak flames, however, the influence due to the 
finite separation distance is also expected to be the 
greatest because they are most susceptible to stretch 
effects. We are especially interested in resolving the 
discrepancy observed in our previous work [8] that 
the experimentally measured S° for these flames 
were substantially higher than the calculated values 
based on apparently reliable hydrogen oxidation ki- 
netics. In light of the new understanding that linear 
extrapolation tends to result in overestimates, it is 
possible diat these previous experimental values 
could indeed be too high. Thus, for these flames, the 
revision is crucial because of the substantial discrep- 
ancy in the earlier data and because of its fundamen- 
tal implications on the hydrogen oxidation kinetics. 

The numerical and experimental methodologies 
will be presented in the next two sections, which will 
be followed by results on hydrogen/air, methane/air, 
and propane/air flames. 

Numerical Methodology 

Numerical solutions for the one-dimensional and 
counterflow flames were obtained using well-estab- 
lished formulations and computer codes [6,9-12], 
The counterflow code was further modified for more 
efficient convergence, more accurate calculation of 
the mass diffusion velocities, and the ability to obtain 
solutions for increasing and decreasing nozzle sepa- 
ration distance through continuation. Both codes 
were integrated to the Chemkin-II [13] and Trans- 
port [14] subroutine packages, which provide the de- 
tailed chemistry and transport information. The ki- 
netic scheme used was a hierarchically developed C2 

mechanism [15,16], which satisfactorily predicts a 
wide range of oxidation properties of hydrogen, car- 
bon monoxide, methane, ethane, ethylene, acetylene, 
and methanol [15,16,17-19]. For the numerical de- 
termination of the propane/air laminar flame speeds, 
the C3 kinetics of Pitz and Westbrook [20] were 
added to the C2 mechanism. 

In addition to solving the one-dimensional un- 
strained laminar flames of hydrogen/air, methane/air, 
and propane/air mixtures, the counterflow flame was 
also solved for lean hydrogen/air mixtures in order to 
identify the influence of the separation distance on 
such weak flames. For the counterflow solutions, zero 
velocity gradient was used at die nozzle exit, and the 

nozzle separation distances were 7, 14, 22, and 50 
mm. 

Typical numerically determined velocity profiles 
of the counterflow flame are given in Fig. 1 for a fixed 
strain rate of K = 308 s_1. Upon exiting the nozzle, 
the velocity gradually develops an increasing slope, 
which becomes maximum just before the minimum 
velocity point at which the heating starts. This max- 
imum velocity gradient in the hydrodynamic zone is 
defined as the imposed strain rate, K, and the mini- 
mum velocity is a reference upstream flame speed, 
Su ref, as mentioned earlier. Typically, a numerical so- 
lution is obtained at the lowest possible strain rate K 
required for convergence, and then, by using contin- 
uation for the nozzle exit velocity, the dependence 
of Su ref on K is determined. 

The calculations were performed by using upwind 
differencing for the convective terms since conver- 
gence with the central difference has been found to 
be difficult in our computational facilities. Similarly, 
it was found in an earlier study [8] that the effect of 
numerical diffusivity, introduced by using upwind 
differencing, can be minimized by further refining 
the computational mesh. Thus, by increasing the 
number of grid points, N, the calculated flame speed 
decreases for the methane/air and propane/air 
mixtures and increases for the ultralean hydrogen/air 
mixtures. The reported data were obtained by plot- 
ting S° vs 1/N and extrapolating to 1/N = 0, which 
corresponds to the limit of infinitely large N. This 
approach reduced the stoichiometric S„ values for 
methane/air and propane/air mixtures by about 3 
cm/s and increased the S„ value for the <j> = 0.35 
hydrogen/air mixture by 5 cm/s. 

Experimental Methodology 

The counterflow opposed-jet technique for the de- 
termination of laminar flame speeds and extinction 
strain rates is well documented [3,4,15,16,21]. In the 
present study, the nozzle separation distance was var- 
ied, and in agreement with our previous study [7], it 
was found that, by using L larger than about 14 mm, 
the experimental data on S° are minimally affected 
for methane/air and propane/air mixtures. Thus, the 
flame speeds for these flames were all obtained with 
L = 22 mm. For lean hydrogen/air flames, values of 
L equal to 7, 14, and 22 mm were used to demon- 
strate the influence of the finite separation distance. 
Efforts were made to obtain data under very low 
strain rates so as to minimize the stretch effect. Ex- 
periments were conducted under atmospheric pres- 
sure for the entire flammable range of methane/air 
and propane/air mixtures, and for lean hydrogen/air 
flames. For all cases, L was equal to the nozzle di- 
ameter, D, although additional measurements with 
the maximum D = 22 mm and L = 7, 14 mm in- 
dicated no effect on the flame speed data. This is due 
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to the fact that measurements were taken along the 
centerline, in the vicinity of which the nozzle diam- 
eter effect is not important. Furthermore, formula- 
tion of the counterflow equations realistically models 
our data because these equations represent an as- 
ymptotic expansion around the centerline of the sys- 
tem. Deviations would be expected if measurements 
were taken at radial distances of the same order as 
die nozzle radius. The uncertainty of the reported 
experimental data is limited by the accuracy of the 
LDV, which is estimated to be about ± 1 cm/s. 

Results on Ultralean Hydrogen/Air Flames 

The effect of the finite domain on S° was first nu- 
merically examined for the ultralean, <j> — 0.3 hy- 
drogen/air mixture at L = 7, 14, and 22 mm. This 
range of die nozzle separation distance is represen- 
tative of that adopted in previous experiments. We 
expect that the influence of L is most severe for these 
mixtures. Figure 1 clearly shows that the reference 
velocity, S„ ref, increases with decreasing L for the 
same value of K. That is, since the influence of the 
finite flame thickness on the flow velocity increases 
with decreasing L [7], as the freestream flow ap- 
proaches die flame, the effect of thermal expansion 
is more readily felt by the flow for small L. This leads 
to an earlier turnaround in the velocity profile and 
hence a higher Su ref, as well as a higher strain rate 
within the reaction zone {22]. It is further seen that 
die influence is especially significant for L = 1 mm 
and diminishes for larger values of L. 

In Fig. 2, S„ ref is plotted vs the strain rate K for 
die diree separation distances. It is seen that overall 
the data show a curved behavior, which becomes 
more prominent at the lower K values, and that Suref 
is uniformly higher for smaller separation distances. 
The dependence on L, however, diminishes with in- 
creasing L such that the differences between the re- 
sults for L = 14 and 22 mm appear to be quite small. 
A linear extrapolation of the L = 7 mm and 22 mm 
data would yield flame speeds of about 15 and 10 
cm/s, respectively. Such a significant difference was 
not observed for the previous study of methane/air 
flames [7], which showed only about 10% difference. 
Furthermore, even the 10 cm/s data for L = 22 mm 
substantially overpredict the independently calcu- 
lated one-dimensional laminar flame speed of 6 cm/s. 

In order to identify the observed sensitivity on the 
separation distance, we have evaluated the Karlovitz 
number experienced by the flame, defined as Ka = 
KS/S°, where 5 is a characteristic flame thickness. 
Since Ka represents the ratio of the characteristic 
residence time in the flame zone to that of the hy- 
drodynamic zone, a smaller Ka implies a thinner 
flame and hence a correspondingly smaller influence 
of the finite separation distance. To evaluate <5, the 
basic laminar flame structure requires that 5 be re- 
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FIG. 3. Variation of the numerically determined S„ „f for 
low values of K and Karlovitz number, for <p — 0.3 atmo- 
spheric hydrogen/air mixture and L = 22 and 50 mm. 

lated to S° through ö(puS°) = (/l/cJu, where pu is 
the density of the unburned gas, X the thermal con- 
ductivity, and cp the specific heat, and the subscript 
"u" designates the unbumed mixture. It represents 
the characteristic diffusion thickness and is well de- 
fined once S° is given. Alternatively, an empirical 
flame thickness can also be defined by measuring 
some effective thicknesses of the experimentally or 
numerically determined temperature profile across 
the flame, for example by using the tangent definition 
[23], which would yield a flame thickness typically 
larger than the diffusion thickness by a factor of 
about 3 and more for the present flame. Either def- 
inition can be used for the present purpose, as long 
as it is used consistently in the comparisons. Thus, 
by using the tangent method, the Karlovitz numbers 
for the strain rates of Fig. 2 have been evaluated and 
indicated. It is seen that, even for the lowest strain 
rate of K = 50 s'1 obtainable in the experiments, 
the Karlovitz number is still 0(1). This is to be con- 
trasted with the values of 0.1-0.2 (for the same range 
of strain rates) obtained for methane/air flames [7], 
for which linear extrapolation yields values close to 
the independendy calculated laminar flame speeds. 
This exceptionally large Ka is due to the very small 
flame speeds and larger flame thicknesses for these 
lean mixtures. 

In order to further improve the accuracy of the 
extrapolation, we have extended the calculations for 
L = 22 mm down to lower rates of strain such that 
Ka is around 0.2, as shown in Fig. 3. It is seen that 
the extrapolation now places the flame speed to 8.5 
cm/s, which is closer to the laminar flame speed of 6 
cm/s. 

An alternate approach to increase the accuracy is 
to further increase the separation distance. Hence, 
by using L = 50 mm and very small strain rates, Fig. 
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3 shows that the extrapolated value is now 6.6 cm/s, 
which is within 10% of the laminar flame speed. 

Figure 4 shows the corresponding case of $ = 
0.35. Here, even though the change in <t> from 0.3 is 
slight, the calculated S° increases to 14.5 cm/s. Thus, 
the Karlovitz number is reduced for the same phys- 
ical strain rate. A linear extrapolation with L = 22 
mm and K = 50 s"1 in this case yields 15.5 cm/s, 
which is close to the laminar flame speed. 

Figures 5 and 6 show the experimental results for 
the 4> = 0.3 and 4> = 0.35 hydrogen/air mixtures, 
respectively, with L = 7, 14, and 22 mm. The min- 
imum strain rates that could be established for <f> = 
0.3 and 0.35, with L = 22 mm, without inducing 
flashback in our system were about 50 and 100 s~l, 
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FIG. 7. Experimentally and numerically determined lam- 
inar flame speeds, S°, as a function of the equivalence ratio, 
<j>, for lean atmospheric hydrogen/air mixtures. 

respectively. It is seen that, since the minimum Ka 
is about 1 for the <j> = 0.3 flames, accuracy of the 
linear extrapolation is not assured. Indeed, extrapo- 
lation yields 9 cm/s, which still substantially overpre- 
dicts the calculated S° of 6 cm/s. This overprediction 
was anticipated from the numerical solution of Fig. 
2. However, for the <p = 0.35 flame, the minimum 
Karlovitz number is about 0.4. Consequently, the ex- 
trapolation is quite accurate, again in agreement with 
the numerical results. 

Figure 7 compares the experimentally measured 
laminar flame speeds with the independendy com- 
puted ones over the range of <f> = 0.3-0.55. It is seen 
that, apart from the $ = 0.3 value, which shows a 
relatively higher experimental value, comparisons for 
all the other cases are very close in terms of the rel- 
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ative extent of deviations. We have also plotted the 
experimental values determined previously [8] with 
larger strain rates. It is seen that these values are 
substantially higher than the calculated values. Thus, 
the present result provides a satisfactory resolution 
of this previously observed discrepancy. 

Results on Methane/Air 
and Propane/Air Flames 

Figures 8 and 9, respectively, compare the present 
experimental data, all obtained with a nozzle sepa- 
ration distance of 22 mm, with the previous data 
[4,15,16,21], obtained mostly with L = 7andl4mm, 
for methane/air and propane/air mixtures. The com- 
parison shows that the present experimental flame 

speeds are indeed lower than the previous values, 
particularly for rich propane/air mixtures. The dif- 
ferences, however, are much smaller than those for 
the ultralean hydrogen/air flames. This is reasonable 
based on considerations of the Karlovitz number for 
the experimental conditions. In addition, we have 
also compared the present experimental data with 
the calculated data by using the one-dimensional 
flame code. The comparison also shows close agree- 
ment, especially for the methane/air flames. 

It may be noted that, in our previous studies for 
the methane and propane flames [4,15,16,21] using 
smaller separation distances, reasonably good agree- 
ments between computed and experimental values 
were also obtained. Such an agreement is a conse- 
quence of the higher experimental flame speeds due 
to the small L used, and the higher computed flame 
speeds based on previously accepted kinetic data. 
Agreement is again found in the present study be- 
cause, while the experimental flame speeds are now 
reduced, the computed values obtained by using re- 
cent kinetic data and improved numerical accuracy 
are also reduced. The important points to note are 
that the computation and experiments were always 
independently conducted, that the differences be- 
tween the previous and present values are actually 
quite small, that the present results are consequences 
of improvements in chemical kinetics and the exper- 
imental and numerical techniques, and that the pre- 
sent agreement also includes the rich propane/air 
flames. 

Concluding Remarks 

In this study, we have provided further insight into 
the accuracy of the linear extrapolation associated 
with the determination of laminar flame speeds by 
using the counterflow twin-flame technique, and 
identified approaches toward minimizing the inac- 
curacies. Specifically, it is shown that the accuracy of 
the linear extrapolation increases with decreasing 
Karlovitz number, that the Karlovitz number needs 
to be reduced to O(0.1), based on the tangent defi- 
nition of the flame thickness, in order for the linear 
extrapolation to be accurate, and that the accuracy 
can be improved by either reducing the strain rate 
or increasing the nozzle separation distance. Perhaps 
the most significant consequence of the above con- 
siderations is that our redetermined laminar flame 
speeds of ultralean hydrogen/air mixtures now agree 
well with the independently calculated values, 
thereby satisfactorily resolving the previously ob- 
served discrepancy of the much higher values of the 
experimental data. The redetermined values of the 
methane/air flames also show closer agreement with 
the calculated values obtained with the recent kinetic 
data of methane oxidation. 

Under most common situations, the counterflow 
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technique with linear extrapolation is expected to 
yield flame speeds of sufficient accuracy, provided 
the lowest strain rate is not too high while the nozzle 
separation distance is also not too small. However, 
since strain rate reduction can be limited by flash- 
backs while increasing the nozzle separation dis- 
tance, and hence nozzle diameter can also be com- 
plicated by buoyancy-induced flame instability and 
other experimental difficulties, the accuracy of this 
technique may decrease for the determination of the 
laminar flame speeds of very weak flames. We are 
currently developing nonlinear extrapolation ap- 
proaches to circumvent such limitations. 
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Abstract-This review considers the opportunities for enhanced fundamental combustion understanding 
from experiments where effects of buoyancy are eliminated, and the new challenges of fire safety 
considerations in nonbuoyant (spacecraft) environments. The following specific microgravity combustion 
phenomena are considered: stretched flames, flamefront instabilities, flammabihty limits and near-limit 
phenomena of gaseous premixed flames; structure, stability and soot processes in gaseous nonpremixed 
flames- flame propagation, smoldering and materials synthesis in heterogeneous premixed flames; flame 
spread gasification and combustion in heterogeneous nonpremixed flames; flame-inhibiting atmospheres, 
fire detection and extinguishment in spacecraft environments; and ground-based (drop tower and 
aircraft), sounding rocket and space-based (shuttle, space station) microgravity combustion research 
facilities that are either available or anticipated. j,,„.i„„m(.„t «f 

The findings of the review highlight how buoyancy has impeded the rational development of 
combustion science, precluding observations of fundamental one-dimensional configurations low Rey- 
nolds number flows and other limiting conditions that have been invaluable for developing understanding 
in other areas of science. Thus, experiments at microgravity provide an opportunity to finally merge 
theories and experiments for classical problems in order to advance the fundamental understanding of 
combustion phenomena. Additionally, combustion processes have been shown to be very ditierent at 
normal gravity and microgravity so that improved understanding of combustion at microgravity is 
needed in order to address fire and explosion safety considerations for spacecraft. 
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NOTATION 
molar concentration 
specific heat at constant pressure 
burner exit diameter 
drop diameter 
flame diameter 
mass diffusivity 
base of the natural system of logarithms 
soot volume fraction 
acceleration of gravity 
Grashof number, Eq. (1) 
flame stretch 
Karlovitz number 
Kolmogorov length scale of turbulence 
characteristic length, flame length 
Lewis number 
Markstein length 
Markstein number 
normal gravity 
Peclet number for liquid mass diffusion 
Prandtl number, a/v 
pressure 
radial distance 
flame radius 
Reynolds number, Eq. (5); burner exit Reynolds 
number, du„/v0 

turbulence Reynolds number, ü'A/va 

flame radius 
Richardson number, Eq. (3) 
Schmidt number, D/v 
laminar burning velocity 
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temperature 
flame temperature 
adiabatic flame temperature 
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characteristic forced convection velocity 
characteristic natural convection velocity 
flame spreading velocity 
reaction rate per unit volume 
streamwise distance 
cross stream distance 
oxidant mass fraction 
combustion product mass fraction 
reactant mass fraction 
streamwise distance 
thermal diffusivity 
increment of flame surface area 
flame thickness 
density difference 
rate of dissipation of turbulence kinetic energy 
thermal conductivity 
integral scale of turbulence 
microgravity 
kinematic    viscosity;    stoichiometry    parameter, 
YoJc 
density 
stoichiometric mixture ratio 
Kolmogorov timescale of turbulence 
fuel-equivalence ratio 
characteristic time of a laminar flame 
transport parameter, XF/(cDe) 

Subscripts 
combustion products or burned gas property 
fuel property 
unreacted gas property 
burner exit condition; initial condition 
ambient condition; negligible stretch condition 

Superscripts 
(") mean value 
(")'     rms fluctuating value 

1. INTRODUCTION 

The availability of improved microgravity (pg) fa- 
cilities and increased manned space activities offer 
unprecedented opportunities and challenges to com- 
bustion science and technology: opportunities to 
study many combustion phenomena whose funda- 
mental understanding has been handicapped thus far 
by the buoyant flows that accompany flame pro- 
cesses on Earth, and challenges to develop rational 
preventive guidelines and control strategies for fire 
and explosion hazards for spacecraft.1"5 The objec- 
tives of this review are to discuss progress toward 
both exploiting the opportunities and meeting the 
challenges of combustion at /ig conditions, conclud- 
ing with a description of available and anticipated 
facilities for //g combustion research. 

Both terrestrial and space applications provide 
motivation for advancing fundamental understand- 

ing of combustion science. In particular, we are 
currently confronted with a long list of either unre- 
solved or emerging combustion problems that have 
strong economic, social, political and defense-related 
relevance on Earth. Examples are energy conserva- 
tion and utilization, air pollution, surface-based trans- 
portation, aircraft and spacecraft propulsion, munici- 
pal and hazardous waste incineration, materials 
processing and synthesis, and atmospheric change 

and global warming. Furthermore, uncontrolled fires 
and explosions continue to cause loss of life and 
property—problems that will only become worse as 
our population and the application of novel technolo- 
gies increase. Finally, our inadequate understanding 
of fire and explosion phenomena on Earth is exacer- 
bated by the novel nonbuoyant environment of space- 
craft; clearly, combustion research must merit high 
priority in the space program in order to avoid 
combustion-related tragedies in the future. 
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Several reviews of aspects of fig combustion science 
have appeared recently.'"' References 1 and 2 are 
overviews of the U.S. Microgravity Combustion 
Science Program up to 1989 and 1992, respectively. 
Law3 provides a review emphasizing the advantages 
of combustion experiments at fig conditions and 
highlighting the need for studies of spacecraft fire 
safety due to documented effects of gravity on the 
properties of flames. Faeth4 reviews studies of lami- 
nar premixed and nonpremixed gas flames at fig, 
updating aspects of Refs 1 and 2. Finally, Sack- 
steder5    describes    available    ground-based    and 
spacecraft facilities for fig combustion research and 
provides a summary of current experiments using 
these facilities. The present paper synthesizes and 
updates these reviews up to 1993, emphasizing accom- 
plishments and issues for both homogeneous and 
heterogeneous flames. The discussion is limited to 
fundamental laminar flame processes, basic to both 
laminar  and  turbulent  flames,  because  practical 
turbulent flames will remain an empirical aspect of 
combustion science for some time to come due to 
computational and experimental limitations. 

The paper begins with a discussion of the intrusion 
of buoyancy during normal gravity (ng) measure- 
ments of flame properties, in order to highlight poten- 
tial research opportunities using fig environments. 
Completed and active studies of the following com- 
bustion phenomena at fig are then considered in 
turn- stretch, flamefront instabilities, flammabihty 
limits and near-limit phenomena of gaseous premixed 
flames; structure, stability  and soot processes in 
gaseous  nonpremixed  flames;  flame  propagation, 
smoldering and materials synthesis in heterogeneous 
premixed  flames;   flame   spread,   gasification  and 
combustion in heterogeneous nonpremixed flames; 
and flame-inhibiting atmospheres, fire detection and 
fire extinguishment in spacecraft environments The 
paper concludes with a description of available 
ground-based (drop tower and aircraft), sounding 
rocket and space-based (shuttle, space station) fig 
combustion research facilities and a summary of 
recommendations for future fig combustion research 
based on the needs of combustion-related technolo- 
gies and the capabilities of available fig combustion 
research facilities. 

2. INTRUSION OF BUOYANCY 

The intrusion of gravitational forces is a greater 
impediment to combustion studies than most other 
areas of science. By its nature, combustion involves 
chemical energy releases which typically cause the 
temperature of reactive mixtures to increase from an 
unreacted ambient state of roughly 300 K to totally 
reacted states at 2000-3000 K. These large tempera- 
ture differences yield corresponding density differ- 
ences, which in the presence of gravity invariably 
cause buoyant motions that vastly complicate both 

the execution and interpretation of measurements. 
Buoyant motion also prevents some fundamenta 
phenomena-like most laminar one-dimensional 
premixed and diffusion flames, low Reynolds number 
heterogeneous flames, flame spread in dispersed het- 
erogeneous media, etc.-from being observed at all. 
Perversely, the problems of buoyancy are greatest 
for fundamental laboratory experiments where accu- 
rate temporal and spatial resolution are important 

factors. . . 
Simple phenomenological considerations help to 

quantify the limitations caused by buoyancy during 
fundamental flame experiments and provide insight 
concerning the focus of current fig combustion re- 
search. Molecular transport (as manifested by the 
diffusion of mass, momentum and thermal energy) 
and forced motion are the relevant collateral proper- 
ties to chemical energy release for most combustion 
phenomena; in contrast, buoyant motion generally is 
an unwanted intrusion. The relative importance of 
the collateral properties and buoyancy can be repre- 
sented by two dimensionless parameters: the ratio ot 
buoyant to molecular transport, called the Grashof 
number, and the ratio of buoyant to forced convec- 
tive transport, called the Richardson number. 

The Grashof number, Gr, is defined as follows: 

Gr = (Aplp)gLilv2 0) 

where Ap and p are the characteristic density differ- 
ence and mean density of the process, respectively, g 
is the acceleration of gravity, L is a characteristic 
length scale of the process, and v is a mean kinematic 
viscosity. Noting that Aplp * 1 for flames, because 
the density of the reactants is generally large in 
comparison with the density of the combustion prod- 
ucts, and that Gr < OOO-1) for effects of buoyancy 
to be small,7 we find that 

L<O(100^m) (2) 

for typical values of v (ca. 10 mm2/s) in atmospheric 
pressure flames. Unfortunately, it is not possible to 
resolve experiments on such scales using either exist- 
ing or anticipated combustion apparatus and instru- 
mentation. Experiments at subatmospheric pressures 
can increase allowable flame sizes before buoyancy 
intrudes, and this has been exploited by some work- 
ers, for example, Law et al* for studies of droplet 
burning in quiescent environments. However, re- 
duced rates of chemical reaction at low pressures, 
even with oxygen enrichment, allow only small in- 
creases in scales (L~p~2li from Eq. (1), where/» 
denotes pressure) before flame extinction eventua y 
occurs. Furthermore, subatmospheric tests generally 
have reduced relevance because most applications 
involve pressures equal to or greater than atmos- 
pheric pressure, while extrapolation of low-pressure 
results to the range of interest is uncertain due to 
complex effects of pressure on the large number of 
individual reaction steps normally involved in com- 
bustion chemistry. 
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Experiments in the presence of finite flow velocities 
offer a way of circumventing the Grashof number 
limitations. The Richardson number, Ri, is a measure 
of the relative importance of buoyancy and a 
characteristic velocity associated with the flame, 
such as the laminar burning velocity of premixed 
flames, SL, or the forced convection velocity of non- 
premixed flames, uF. The physical basis for this pa- 
rameter can be seen by finding the characteristic 
natural convection velocity, «N = (ApgL/p)1'2, when 
a low-density gas rises a distance L? This character- 
istic natural convection velocity is based on a balance 
between buoyant and inertial forces; the effects of 
viscous forces will be considered subsequently. Form- 
ing the ratio of the square of these velocities we 
have: 

Ri = (Ap/p)gL/(SL or u¥f. (3) 

In the following, we will consider the implications of 
Eq. (3) for premixed and nonpremixed flames in 
turn. 

Reasonable flame dimensions to provide adequate 
spatial resolution for measurements within premixed 
laminar flames are in the range 10-100 mm, while 
Ri < O(10_1) for effects of buoyancy to be small. We 
then find that 

5L>0(lm/s) (4) 

is required to avoid significant effects of buoyancy. 
This regime is comparable with maximum laminar 
burning velocities. However, it is not possible to 
study the region of small laminar burning velocities 
near flammability limits on Earth (typically a few 
centimeters per second as discussed later) without 
the intrusion of buoyancy. Additionally, studies of 
flamefront instabilities, which tend to be most impor- 
tant near flammability limits and for turbulent 
flames, are constrained by the criterion of Eq. (4) 
because effects of instabilities tend to be weak near 
high burning velocity conditions.9"12 We will return 
to this issue later. 

The convective limitation due to buoyancy also 
affects nonpremixed flames. Effects of diffusional 
transport of heat and mass are central issues for 
nonpremixed (diffusion) flames. We can conveniently 
interpret these effects in terms of momentum trans- 
port, however, because ratios of heat, mass and 
momentum diffusivities are nearly unity for gaseous 
environments of interest to combustion, that is, the 
Prandtl, Pr, and Schmidt, Sc, numbers are nearly 
unity for gases. It is then convenient to interpret 
transport effects through the kinematic viscosity by 
defining a characteristic Reynolds number of these 
flames, Re, as follows: 

Re = LuF/v = (Gr/Ri)1'2 (5) 

where Gr and Ri have been introduced from Eqs (1) 
and (3). Noting that Gr = O(103) for a flame length 
of 10 mm (which provides reasonable spatial resolu- 
tion   for   measurements)   from   Eq.   (1),   while 

Ri < 0(10"') for forced motion to dominate buoy- 
ancy,7 we have as a consequence 

Re > 102. (6) 

This implies that the Stokes flow regime (Re < 1), 
which is a natural limit that has been invaluable for 
understanding fluid mechanics, cannot be reached 
for flame studies on Earth without the intrusion of 
buoyancy. Thus, buoyant, nonpremixed flames are a 
common experimental configuration, for lack of an 
alternative, although buoyancy causes complications 
and introduces phenomena that have little relevance 
to most studies. Furthermore, the large buoyant ve- 
locities cause flames to develop thin boundary layer- 
like structures typical of large Re conditions that can 
significantly limit the spatial resolution of measure- 
ments, in comparison with low Re conditions achiev- 
able at fig. 

The effect of buoyancy is so ubiquitous that we 
generally do not appreciate the enormous negative 
impact that it has had on the rational development 
of combustion science. For example, aside from lim- 
ited exploratory work at fig conditions, we have 
never observed the most fundamental processes of 
combustion without substantial disturbances of 
buoyancy—precluding simple one-dimensional con- 
figurations, low Reynolds number flows and other 
limiting conditions that have been invaluable for 
developing understanding in other areas of science. 
This prevents the rational merging of theory, where 
buoyancy is frequently of little interest, and experi- 
ments, which are always contaminated by effects of 
buoyancy at ng conditions. 

Turbulent flames, one of the most important unre- 
solved problems of combustion science, provide 
graphic examples of the impediment that buoyancy 
causes to the parallel development of theory and 
experiment. Three-dimensional time-dependent nu- 
merical simulations of turbulent flames offer a logical 
way to study some of the phenomena of turbulence; 
however, due to computer limitations, such calcula- 
tions can only consider low-speed flows having a 
relatively limited range of length scales, that is, low 
Reynolds number flows.6 Unfortunately, such condi- 
tions cannot be duplicated in the laboratory at ng 
because buoyancy immediately accelerates the flow 
from any initial low-speed condition, resulting in 
high-speed flows with a large range of length scales, 
that is, high Reynolds number flows. The inability to 
measure combustion properties in low-speed two- 
phase flows, because particles and drops settle at ng 
conditions, is another obvious example of the experi- 
mental limitations caused by buoyancy. In these cir- 
cumstances, theory and experiment tend to go their 
own way—to the detriment of both. Furthermore, 
even the most optimistic estimates of rates of compu- 
ter development imply no merger of theoretical capa- 
bilities and experimental conditions for simulations 
of turbulence and practical multiphase flows for the 
foreseeable future.6 These are only examples, and 
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similar buoyancy-induced gaps between theory and 
experiment exist in virtually ever area of combustion 
science. With no massive breakthrough in computer 
technology in the offing, rapid expansion of combus- 
tion experiments at fig conditions offers the most 
promising approach toward resolving this theoreti- 
cal/experimental dichotomy of combustion science. 

The same features that make the fig environment 
attractive for fundamental combustion experiments 
introduce hazards of fires and explosions that have 
no counterpart on Earth. Thus far, activities in space 
have been limited and have only involved carefully 
selected and highly trained individuals. As the space 
environment is exploited, however, a larger range of 
activities and individuals will be involved—vastly 
increasing the potential for unwanted fires and explo- 
sions in a highly public arena. The main concern is 
that virtually all existing information concerning 
design procedures to control fires and explosions is 
based on experience with ng environments. Of neces- 
sity, current qualification procedures for materials 
used in space involve tests at ng, justified by rather 
limited measurements from fig environments.5 Since 
we know that combustion processes are very different 
at ng and fig conditions, there is little basis for 
confidence that this practice is sufficient. 

Thus, the Earth's gravity has impeded combusion 
science, somewhat analogously to the way that the 
Earth's atmosphere has impeded optical astronomy; 
additionally, there is virtually no technology base for 
fire and explosion safety considerations for space- 
craft. To circumvent these difficulties, a variety of 
facilities for reduced gravity combustion research 
have been developed, including drop towers provid- 
ing 1-10 s at 10^-KT6 g, aircraft-based facilities pro- 
viding 5-15 s at 10_1-10"3 g, sounding rockets provid- 
ing up to 200-900 s at 10^ g and spacecraft facilities 
providing times of 103-104 s at 10"5 g.5 In the follow- 
ing sections we shall discuss some combustion phe- 
nomena that are strongly influenced by the presence 
of buoyancy, the progress using available fig facilities 
to study fundamental combustion processes, and 
some issues that remain to be resolved. 

3. GASEOUS PREM1XED FLAMES 

3.1. Introduction 

The large reaction rates per unit volume required 
for efficient and compact combustion in flowing 
premixed gases, as well as the large velocities caused 
by buoyancy for flames in still gases, imply that 
most practical gaseous premixed flames are turbu- 
lent. Thus, an important issue that must be addressed 
is the relevance of laminar premixed flame studies to 
applications involving turbulent premixed flames. 
This issue has been resolved by the development of 
the laminar flamelet concept in recent years and the 
finding that most practical combustion systems are 

in the laminar flamelet regime.13,14 The laminar 
flamelet concept implies that premixed turbulent 
flames can be considered to consist of quasi-steady 
premixed laminar flamefronts, that is, flame surfaces 
that are distorted by turbulence when certain condi- 
tions are met as discussed in the following.13"15 First, 
the laminar flamelet concept applies when the small- 
est scales of turbulence (which can be represented by 
the Kolmogorov microscale, /K, because scales rele- 
vant to mass, momentum and energy transport are 
comparable in gases, as noted earlier) are larger than 
the characteristic flame thickness, of öL, that is, 
when /K > SL. This criterion can be expressed in 
terms of the velocity fluctuations of turbulence in the 
unburned gas relative to the laminar burning velo- 
city, ü'/SL, and the turbulence Reynolds number of 
the unburned gas, w'A/vu, where A is the integral 
scale of the turbulence, as follows:13 

ü'/SL < Re]l2, laminar flamelet regime.       (7) 

Additionally, the quasisteady requirement can be 
met when the Kolmogorov microtime scale of the 
unburned gas, rK = (vu/e)1/2, where e is the rate of 
dissipation of turbulence kinetic energy, is greater 
than the characteristic residence time of the flame, 
TL = SJSL, or TK > rL. It is easy to show, using an 
argument similar to Bray,13 that the quasisteady 
approximation also requires the conditions specified 
by Eq. (7). Thus, the laminar flamelet regime involves 
distortion of the laminar flame sheet at scales that 
are larger than the thickness of the flame and at 
rates that are slow in comparison with the response 
capabilities of the flame. When these conditions are 
satisfied, the properties of laminar flames are relevant 
to turbulent flames. Furthermore, the flame thickness 
requirement expressed by Eq. (7) is not very restric- 
tive; for example, even the intense turbulent premixed 
flames found within automotive spark-ignition en- 
gines are largely within the laminar flamelet regime.16 

Thus, the effects of turbulence for a significant range 
of practical conditions can be viewed in terms of 
enhanced or retarded (quenched) laminar flamelet 
propagation due to turbulence-induced flame distor- 
tion. These distortions involve wrinkling of the propa- 
gating laminar flamefront by the nonuniformities of 
the turbulent flow field, which introduces variations 
in the curvature of the flamefront, as well as regions 
where the flamefront is compressed or expanded 
(strained) along its surface. These dynamical effects 
of turbulence on thin laminar flamefronts are re- 
viewed by Peters14 and Law,15 where it is shown 
that the combined effects of curvature and strain on 
a propagating thin laminar flamefront can be conveni- 
ently represented by the flame stretch. Flame stretch, 
which was introduced by Karlovitz et a/.,17 is defined 
as the local fractional rate of increase of flame surface 
area. Thus, effects of distortion of laminar premixed 
flames, characterized as effects of flame stretch, are 
receiving significant attention, including work at fig 
conditions. 
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FIG. 1. Variation of the properties of freely propagating 
turbulent premixed flames in H2/02/N2 mixtures due to 
effects of preferential diffusion. From Tseng and Faeth.18 

Another aspect of the relevance of properties of 
laminar flamefronts to turbulent premixed flames 
involves potential effects of laminar flamefront insta- 
bilities. As discussed subsequently, the interaction 
between flow nonuniformities in a turbulent flow 
field and a laminar flamefront generally is not pas- 
sive, with effects of flamefront instability acting to 
either enhance or retard the turbulent distortion of 
the flame surface for unstable and stable conditions, 
respectively. There are three main mechanisms of 
laminar flamefront instability, as reviewed by 
Clavin18 and these will be discussed in more detail 
subsequently. These three mechanisms include: (i) 
hydrodynamic instability, which is caused by accelera- 
tion of low-density combustion products toward a 
high-density reactant mixture; (ii) preferential-diffu- 
sion instability, which is caused by different heat and 
mass transport rate response to effects of flame 
stretch; and (iii) Rayleigh-Taylor instabilities, which 
are caused by accelerations, mainly due to gravity, 
normal to a density discontinuity such as a flame. 
All three mechanisms are present to some extent for 
laminar flamefronts at ng, however, the preferential- 
diffusion mechanism appears to be most important 
for premixed turbulent flames. 

Recent observations for a variety of turbulent 
premixed flames suggest that effects of preferential 
diffusion, analogous to those associated with 
preferential-diffusion instability of laminar flame- 
fronts, generally affect the properties of turbulent 
premixed flames. For example, Clavin and cowork- 
ers18 have found that flamefront stability phenom- 
ena, due to effects of preferential diffusion, influence 
turbulent flames having large length scales and low 
turbulence intensity, with unstable and stable condi- 
tions, respectively, causing chaotic enhancement and 
damping of flame surface distortion by turbulence. 

While these findings were for weak turbulence, recent 
experimental work supports similar behavior for highly 
turbulent, rim-stabilized and freely-propagating 
flames.9"12,19 An example of this behavior is illus- 
trated in Fig. 1, which is a plot of mean flame 
position as a function of time for freely propagating 
flames in H2/02/N2 mixtures within the laminar 
flamelet regime at ReA = 1200 and ü'/SL - l.19 Re- 
sults are illustrated for three flames having nearly 
identical laminar burning velocities and unburned 
gas turbulence properties, which involve unstable, 
nearly-neutral and stable preferential-diffusion stabil- 
ity conditions, respectively. Barring effects of 
preferential-diffusion instability, these flames should 
have identical properties because test conditions were 
remote from quenching limits; instead, the unsta- 
ble (stable) flame propagates substantially faster 
(slower) than the neutrally-stable flame. This be- 
havior clearly shows that effects of preferential 
diffusion are important even for highly turbulent 
conditions. Although effects of preferential diffusion 
in turbulent flames are just beginning to receive 
attention in the literature, they are important for 
most practical applications. For example, premixed 
flames in spark ignition automotive engines and air- 
craft propulsion systems all are within the strongly 
stable preferential-diffusion regime where distortion 
of the flame surface by turbulence is damped. Cou- 
pled with the laminar flamelet concept, this has moti- 
vated new interest in the classical problem of laminar 
flamefront instability. 

The preceding discussion suggests that laminar 
premixed flames are relevant to turbulent premixed 
flames and has highlighted the importance of stretch, 
flamefront instability and limits (quenching) for prac- 
tical flames. Studies of these topics at //g will be 
considered in the following, concluding with some 
near-limit phenomena—self-extinguishing flames 
(SEF) and stationary spherical flames (SSF)—that 
appear to be unique to ßg conditions. 

3.2. Stretch 

Effects of flame stretch, K, are important for under- 
standing flamefront stability and aspects of limits; 
they will, therefore, be discussed in this section. As 
noted earlier, flame stretch collectively represents the 
effects of flow nonuniformity, flame curvature and 
flame motion. It is defined in the context of a laminar 
flame surface element of incremental area, 8A, as 
follows:: 7 

K~d In (SA)ldt (8) 

where changes of 5A are observed in a Lagrangian 
reference frame that moves with the flame surface, 
that is, the boundary oföA moves in a tangent to the 
flame surface at the local tangential velocity of the 
gas, and normal to the flame surface at the sum of 
the local normal velocity of the gas and the local 
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FIG. 2. Variation of laminar burning velocity with flame 
radius for positively-stretched propane-air flames. Data 

from Palm-Leis and Strehlow27 as replotted by Law.15 

laminar burning velocity of the flame.14,15 Dynamic 
effects due to stretch and the extent of preferential 
diffusion alter the relative rates of transport of gas 
species and thermal energy within the preheat zone 
of the flame structure, consequently modifying the 
temperature, composition and reaction rates within 
the reaction zone. The corresponding modification 
of laminar burning velocities yields the response of 
the flame to stretch. 

Simplified theories of stretched laminar 
flames15,18"23 frequently adopt a global one-step 
reaction whose rate is controlled by the 
stoichiometrically-deficient reactant: the fuel for 
fuel-lean conditions or the oxidant for fuel-rich condi- 
tions. Preferential diffusion of heat and mass is al- 
lowed by considering a nonunity Lewis number, Le, 
which is interpreted to be the ratio of the thermal 
diffusivity of the bulk mixture to the mass diffusivity 
of the stoichiometrically-deficient reactant. For near- 
stoichiometric mixtures an effective Le can also be 
identified.24 For these approximations, the flame 
temperature, T,, in the linearized limit of Ka{\ — 
Le)/Le< 1, is related to the adiabatic flame tempera- 
ture, r,d, as follows:15 

TfT.d = 1 + ÄB.(1 - Le)ILe. (9) 

The parameter Ka in Eq. (9), is the Karlovitz number 
which is the stretch of the flame surface normalized 
by the characteristic residence time of the flame: 

Ka = K/rL = KSJ5L (10) 

and the subscript „ designates conditions near the 
unstretched state of K = 0. The use of Kax instead 

of Ka in Eq. (9) indicates the linearized nature of the 
solution. Equation (9) implies increased flame tem- 
peratures (7> > T,A) for either Kam > 0 and Le < 1 
or Kaw < 0 and Le > 1, and reduced flame tempera- 
tures (T, < r,d) otherwise. This result has been exten- 
sively verified experimentally15 for both counterflow 
and Bunsen flames, for which the stretch effect is 
manifested through flow straining and flame curva- 
ture, respectively. 

Modification of the flame temperature through 
stretch implies a corresponding modification of the 
reaction rate, w, and hence the laminar burning 
velocities, flammability limits and quenching condi- 
tions. In particular, phenomenological analysis 
shows that SL ~ wil2, where w increases with increas- 
ing temperature in the Arrhenius manner (see Ref. 
23). This behavior is illustrated by measurements of 
laminar burning velocities for free spherical flames 
propagating radially outward from a centrally lo- 
cated spark source in an initially motionless combusti- 
ble mixture. If the burned gas has negligible motion, 
if the flame is thin in comparison with its radius, 
ÖL < rf, and if the rate of change of flame thickness 
with flame radius is small, dSJdrr <3 1, which usually 
is the case, Eq. (8) yields:15,25,26 

K = {2lrs)dr(jdt (11) 

where rf is the radius of the flame surface. Further- 
more, a simple mass balance between the rate of 
consumption of the unburned mixture (~ Sj)u) and 
the rate of growth of the burned mixture (~pbdr(/dt) 
yields: 

SL = (pjpa)drt/dt. (12) 

Then, eliminating drr/dr between Eqs (11) and (12), 
we have: 

K = 2(SJrt)(pJPb). (13) 

For the outward propagation of a spherical flame, K 
is positive and decreases monotonically toward zero 
as r, increases. Then Eqs (9) and (10) imply that 
Tt > T,d for Le < 1, and vice versa for Le > 1. 

While the transition Le for T( is unity, the transi- 
tion Le for the laminar burning velocity deviates 
from this value.15 Thus, flame curvature and flow 
nonuniformity still have an influence on the laminar 
burning velocity when Le = 1 and Tt = T,6. To 
further illustrate this effect, early measurements of 
the laminar burning velocities of spherical outwardly 
propagating flames, due to Palm-Leis and 
Strehlow,27 are plotted as a function of flame radius 
in Fig. 2. These results are for propane-air flames at 
various fuel-equivalence ratios, <p. For these condi- 
tions, the laminar burning velocity increases with 
increasing flame radius when <p < 1.43 and decreases 
with increasing flame radius otherwise. Since the 
experimental transition <p for 7> is near unity for 
propane-air flames, the fact that the experimental 
burning velocity changes its behavior for <p > 1 sup- 
ports the theoretical result that its transition Le also 
deviates from one. 

JPECS 20:1-F 
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Palm-Leis and Strehlow,27 Fristrom29 and Deshaies and Cambray30 as plotted by Kwon et at.25 

While theories15'20"23 of stretched flames yield 
basically the same result concerning the flame tem- 
perature response, differences exist concerning the 
predicted response for the laminar burning velocity. 
However, recent experimental measurements of the 
effects of flame stretch on laminar burning velocities 
using outwardly-propagating spherical flames,25,26 

have been found to correlate conveniently, based on 
an early proposal of Markstein,28 as follows: 

SL LUK (14) 

where 5Leo is the laminar burning velocity for an 
unstretched flame (K = 0) and LM is a measure of 
the response of the flame to stretch called the Mark- 
stein length. Then, basing the characteristic flame 
thickness on a characteristic mass diffusivity of the 
unburned gas, SL = DJSL, and introducing the Kar- 
lovitz number, Eq. (14) becomes:25,26 

SLJSL = 1 + MkKa (15) 

where Mk is the Markstein number which is defined 
as the Markstein length normalized by the current 
characteristic flame thickness, that is, the flame thick- 
ness at the local stretched condition, as follows: 

Mk = LJSL = LUSJDU. (16) 

The Karlovitz number in Eq. (15) is defined in a 
corresponding manner, based on current flame prop- 
erties, as follows: 

Ka = KDJSl (17) 

The stretched burning velocities of propane-air 
mixtures are plotted according to Eq. (15) in Fig. 3, 

from Kwon et a/.25 Results are shown for the meas- 
urements of Palm-Leis and Strehlow,27 Fristrom,29 

and Deshaies and Cambray.30 (Note that questions 
raised in Ref. 25 about the Palm-Leis and Strehlow27 

data have been resolved by recent measurements,26 

as discussed later.) It is seen that over the range of 
the measurements, which do not approach either 
quenching conditions with Ka = 0(1),15 or flamma- 
bility limits, the correlation between SLx/SL and Ka 
is linear for a given <p, implying a constant Mk from 
Eq. (15). As pointed out earlier, the neutral-stability 
condition, Mk = 0, is reached near tp = 1.4, with 
laminar burning velocities decreasing with increasing 
Ka (Mk > 0) for (p < 1.4 and increasing with increas- 
ing Ka (Mk < 0) otherwise. 

The large variations of laminar burning velocities 
with stretch is a striking feature of the results of Fig. 
3, for example, SLx/SL varies in the range 0.6-3.1 
even though Ka < 0.37 for the test range. Applying 
Eq. (15), Mk ranges from -2.2 at <p = 1.878 to 5.5 
at <p = 0.775 for the measurements of Palm-Leis and 
Strehlow;27 notably, recent results for H2/02/N2 

and hydrocarbon-air flames also yield comparable 
values of Mk.2ia6 These large values of Mk show 
that effects of preferential diffusion cause laminar 
premixed flames to be very sensitive to modest levels 
of stretch, even well away from quenching condi- 
tions: this helps explain the importance of 
preferential-diffusion effects for strongly turbulent 
flames discussed earlier (see Fig. 1 and Refs 9-12). 
Additionally, Mk is significantly greater than unity 
for hydrocarbons at <p < 1 (methane is an exception 
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where unstable conditions are in the range 
(f < 0.726), suggesting strong effects of preferential- 
diffusion stability on fiamefront properties for practi- 
cal applications at these conditions, for example, 
furnaces, automobile engines and aircraft propulsion 

systems. 
The large effects of stretch on laminar burning 

velocities also raise questions about existing data in 
the literature for this important fundamental prop- 
erty. In particular, the laminar burning velocity for 
an unstretched (planar) flame, SLoo, is the fundamen- 
tal property of interest, however, in spite of efforts 
to minimize and correct for stretch, the database 
generally involves finite and unspecified values of 
Ka. Thus, effects of stretch combine with other experi- 
mental uncertainties to yield considerable uncertain- 
ties about SL„. 

An indication of potential problems with existing 
measurements of fundamental laminar burning veloci- 
ties can be obtained by comparing measurements 
from various sources. Results of this type for meth- 
ane, ethane, ethylene and propane-air flames are 
presented by Tseng et al.;26 a typical example for 
propane-air flames is illustrated in Fig. 4. Results 
that are plotted include measurements for outwardly 
propagating spherical flames from Tseng et al.,26 

Palm-Leis and Strehlow27 and Taylor31 (the latter 
two re-analyzed in Ref. 26 as discussed in connection 
with Fig. 3), measurements for stagnation point 
flames from Law and coworkers32-35 and Yamaoka 
and Tsuji,36 and several other measurements using a 
variety of techniques: original sources cited in Ref. 
26 should be consulted for the details of these experi- 
ments. The outwardly-propagating spherical flame 
results of Tseng et al.,26 Palm-Leis and Strehlow27 

and Taylor31 have been corrected as discussed in 
connection with Fig. 3 in order to provide estimates 

of SLoo. Similarly, the stagnation point measurements 
of Law and coworkers32'35 involve techniques where 
effects of stretch are quantified and subtracted out 
so that SLoo can be estimated (see Ref. 35 for a 
complete compilation of measurements based on this 
approach). The remaining measurements have not 
been corrected for stretch. 

The results illustrated in Fig. 4 are not very encour- 
aging with respect to current knowledge concerning 
fundamental laminar burning velocities, even consid- 
ering results where corrections for stretch have been 
made. Among the corrected measurements, the re- 
sults of Palm-Leis and Strehlow27 probably involve 
an error in reported fuel-equivalence ratios, as 
discussed in Ref. 26, and will not be considered 
further. The remaining measurements only are in fair 
agreement for <p near 1.4, which corresponds to 
near-neutral conditions for propane-air flames where 
values of Ma, and thus effects of stretch, are small 
(see Fig. 3 and Ref. 26). At both fuel-lean and fuel- 
rich conditions where Ma is large for propane-air 
flames,26 there are substantial differences between 
the various measurements which are probably mainly 
attributable to effects of stretch and the procedure 
through which the stretch effects are subtracted out 
(see Refs 26, 32-35 and 38, and references cited 
therein, for discussions of this methodology). Clearly, 
resolving the uncertainties of laminar burning veloci- 
ties must have high priority because this fundamental 
property impacts the interpretation of a variety of 
flame phenomena. Additionally, these uncertainties 
compromise the development of methods to numeri- 
cally simulate premixed laminar flames using detailed 
chemical-kinetic and transport models because they 
generally are calibrated using laminar burning veloc- 
ity data (see the recent review by Warnatz,39 and 
references cited therein). 



74 C. K. LAW and G. M. FAETH 

FIG. 5. Thermal-expansion-induced steady folds of fully- 
developed   hydrodynamic   instability.   Predictions   from 

Sivashinsky.43 

Measurements at fig offer opportunities to resolve 
problems of laminar burning velocities. For example, 
effects of buoyancy-induced stretch for the 
outwardly-propagating spherical flame technique 
can be eliminated in this manner, increasing the 
reliability of determinations of both SLa> and Mk. 
Work along these lines has been carried out by 
Ronney and coworkers, and will be discussed in 
connection with near-limit phenomena, but much 
remains to be done. An alternative approach involves 
consideration of one-dimensional premixed flames 
around porous cylindrical and spherical burners at 
/ig. This configuration is attractive because the 
flames are steady and the flow is normal to flame, 
which implies that the flames are stretchless.15 Work 
with cylindrical flames of this type has been 
initiated.40 

Other implications of effects of stretch on reaction 
intensity, flamefront instability and fiammability 
limits are addressed in the following. 

3.3. Flamefront Instability 

Laminar premixed flames do not always exhibit 
smooth flame surfaces. Various types of instabilities 
can develop over flame surfaces, causing wrinkling 
and fundamental changes of flame topography and 
structure.25,26,41-48 When effects of instabilities are 
present, the burning intensity varies over the flame 
surface, leading to local regions of high reactivity (or 
hot spots) as well as extinguished regions through 
which reactants can leak. It has also been suggested 
that flamefront instabilities could lead to self-turbuli- 
zation of flames.43 Other interactions between stabil- 
ity phenomena and turbulent flamefronts have al- 
ready been discussed in connection with Fig. 1. 

As briefly noted earlier, there are three major 
mechanisms of flamefront instability of interest to 
laminar and turbulent premixed flames: hydro- 
dynamic, preferential-diffusion and Rayleigh-Taylor 
instabilities. Hydrodynamic (or Landau-Darrieus) 
instability involves the growth of disturbances due to 
pressure fields caused by density changes across the 
flame surface. The linear stability analysis of Landau 
and Darrieus treats the flame like a structureless 
density discontinuity propagating through an other- 

wise incompressible medium and shows that the 
flame is unstable to perturbations of all wave- 
lengths.28 This analysis presents a dilemma, however, 
because smooth flames are routinely observed in the 
laboratory. A nonlinear analysis has shown that 
such instabilities will evolve into folds having substan- 
tial dimensions relative to the disturbances as illus- 
trated in Fig. 5.43 This mechanism has been observed 
for large-diameter spherical laminar flames,25-44 but 
it is probably not of primary interest for either 
laminar premixed flame studies, where flame sizes 
are generally smaller, or most practical applications 
involving turbulent flames, where momentum fluctua- 
tions from turbulence tend to dominate the distortion 
of flame surfaces. 

Preferential-diffusion instability is the mechanism 
of major interest for turbulent flames, due to its capa- 
bility to enhance or retard turbulent distortion of the 
flame surface in the laminar flamelet regime.5"12,19 

Two classes of preferential-diffusion instabilities 
have been analyzed in the past: diffusive-thermal 
and diffusive-diffusive instabilities. The diffusive-ther- 
mal instability mechanism was first described by 
Zel'dovich and coworkers,45,46 and has received 
substantial subsequent theoretical attention using 
activation-energy asymptotics of a one-reactant 
flame.18,43,47 Diffusive-thermal instabilities involve 
preferential diffusion of mass and heat, affecting 
flame temperatures as discussed in connection with 
Eq. (9), and accordingly the local burning velocities. 
In this case, the flame bulges into the reactant yield 
Ka > 0, similar to freely propagating spherical 
flames, while the flame bulges into the combustion 
products yield Ka < 0, similar to the tips of Bunsen 
burner flames.15 Then for Le < 1, bulges into the 
reactant (product) have Tf/T^ > 1 (< 1) through 
Eq. (9), causing the bulges to grow and the flame to 
be unstable. The opposite behavior occurs for 
Le < 1. Thus, fuel-lean premixed flames of heavy 
hydrocarbons are stable, as noted earlier, because 
the fuel is the deficient reactant and its large molecu- 
lar weight implies a low mass diffusivity so that 
Le > 1. More detailed analysis shows that diffusive- 
thermal effects are stabilizing for small wavelengths, 
thereby partially resolving the Landau-Darrieus di- 
lemma.43,47 At longer wavelengths, the diffusive-ther- 
mal effect is destabilizing for small Le, leading to the 
formation of cellular flames, stabilizing for intermedi- 
ate values of Le, and destabilizing for large Le, 
leading to pulsating flames or travelling waves over 
smooth flame fronts. A nonlinear analysis further 
shows that the cells evolve in time in a chaotic 
manner (see Fig. 6.43). 

Diffusive-diffusive instability was first described 
by Manton et a/.:48 it involves the preferential diffu- 
sion of reactant species. Figure 7 is a sketch illustrat- 
ing the mechanism, involving a perturbed thin flame 
propagating at its local burning velocity with respect 
to the unreacted mixture. The flame surface is a sink 
for reactants; therefore, the relative mass flux of the 
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FIG 6 Diffusive-thermal unstable cellular flames in a state 
of chaotic self-motion. Predictions from Sivashinsky. 
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FIG. 7. Sketch of the diffusive-diffusive preferential-diffu- 
sion instability mechanism. 

fast-diffusing reactant increases at bulges projecting 
into the reactant and decreases at bulges projecting 
into the combustion products, modifying the reactant 
mixture ratio at bulges accordingly. If the laminar 
burning velocity increases (decreases) with increasing 
concentrations of the fast-diffusing reactant, the 
bulges projecting into the reactant have larger 
(smaller) burning velocities than the bulges projecting 
into the product so that the bulges grow (decay) 
yielding an unstable (stable) flame. For example, 
hydrogen is the fast-diffusing reactant in H2/02/N2 

flames which have a maximum burning velocity near 
p = 1.8: therefore, these flames should be unstable 
for <p< 1.8 and stable for <p > 1.8 according to 
diffusive-diffusive stability theory.10"12 However, 
diffusive-diffusive theories do not predict the transi- 
tion condition between stable-unstable conditions 
very well since recent observations find this transition 

near«? = 1.4." . 
The deficiencies of simplified diffusive-thermal and 

diffusive-diffusive instability mechanisms arise be- 
cause preferential-diffusion instability generally in- 
volves combined effects of preferential diffusion of 
the various species with respect to one another and 
with respect to thermal energy. This combined behav- 
ior can be related to effects of stretch through Eq. 
(15) if Mk is known. For Ka > 0, Mk can be found 
from results such as Fig. 3. In contrast, Ka < 0 is 

problematical due to the difficulties of reliably meas- 
uring SL for these conditions. On the other hand, 
limited existing measurements suggest that plots for 
Ka > 0 at a particular <p can be extrapolated at least 
qualitatively into the region where Ka < 0.    Thus, 
bulges into the reactant have Ka > 0 so that for 
Mk < 0 (> 0) the burning velocity increases (de- 
creases), the bulges grow (decay), and the flame is 
unstable (stable). However, additional theoretical 
and experimental  studies  are needed to  resolve 
preferential-diffusion behavior and the properties of 
Mk when Ka < 0 and when flammability limits and 
quenching conditions are approached. As discussed 
earlier, experiments at fig are particularly valuable to 
study behavior near limits and quenching conditions 
where 5L is small in comparison with the criterion of 
Eq. (4); existing results of this type will be discussed 

in Section 3.5. 
Rayleigh-Taylor instability involves accelerations 

normal to a density discontinuity like a flame.    In 
general, acceleration of the heavier fluid toward 
(away from) the lighter fluid is unstable (stable). 
This kind of instability has been observed for flames 
in shock tubes, where gravity has little effect,    but it 
is most significant for gravitational acceleration. 
Thus    upward   (downward)   propagating   flames, 
where the heavier reactant gas is above (below) the 
lighter combustion products, are unstable (stable) to 
gravitationally-induced Rayleigh-Taylor instability. 
Such instabilities yield a convex shape to upward 
propagating flames and a somewhat planar shape 
for downward propagating flames, for flames that 
are otherwise stable.49-50 This mechanism influences 
burning velocities and limits, and obscures other 
instability   mechanisms   at   ng.   Eliminating   the 
gravitationally-induced  Rayleigh-Taylor instability 
is an additional motivation for combustion experi- 

ments at ng. ...     J 
Studies   have   shown  that  the   gravity-induced 

Rayleigh-Taylor instability interacts strongly with 
the preferential-diffusion instability. The classical ex- 
ample51 is shown in Fig. 8 which is an illustration of 
the observed flame shapes of upward propagating 
flames in very lean hydrogen-oxygen mixtures with 
inerts having different molecular diffusivities. It is 
seen that the flame can either form a closed surface 
covered by brightly luminous streaks (Fig. 8a), or is 
composed of a large number of flamelets rising in a 
zig-zag motion (Fig. 8b), or assumes a 'jelly-fish 
like structure (Fig. 8c), as the mixture mass diffusivi- 
ties are varied. The corresponding downward propa- 
gating flames do not exist in these situations because 
the mixtures are too lean. 

Kailasanath and coworkers52"58 have completed 
several computational studies of the interactions be- 
tween Rayleigh-Taylor and preferential-diffusion in- 
stabilities. These studies considered a flame tube 
configuration, like that of Strehlow et «/.,s9 where 
flames propagate upward or downward at ng, or 
propagate at //g (taken to be 0 g). The computations 
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FIG. 8. Sketches of lean hydrogen flames propagating 
upward m a closed vertical tube, demonstrating the effects 
of preferential diffusion interacting with Rayleigh-Taylor 
instability. Reactant concentrations by volume are- (a) 6% 
H2, 94% dry air; (b) 6% H2, 20% 02, 74% S02; (c) 6% H2° 
84% 02, 10% SiCl4. From Böhm and Clusius.51 

were limited to the two-dimensional, time-dependent 
propagation of flames in H2/02/N2 mixtures, with 
chemistry involving 24 reversible reactions, diffusion 
using Fick's law, and consideration of variable ther- 
mochemical and transport properties. The initial con- 
ditions were found by computing the properties of a 
purely one-dimensional flame and then perturbing 
the solution by displacing the central portion toward 
the reactant side of the flame. 

Typical results from the computations of Kailas- 
anath and coworkers52"57 are illustrated in Figs 9 
and 10. The premixed flame sheet is indicated by 
contours of the radical OH because radial species 
generally are confined to regions where chemical 
reaction is significant, for example, near the hot 
boundary of the flame surface. The contours are 
illustrated at various times after perturbation of the 
flame surface for upward and downward propaga- 
tion at ng and at 0 g, for lean H2/02 flames that are 
subject to preferential-diffusion instability. Condi- 
tions illustrated in Fig. 9 are for a rapidly propagat- 
ing flame with strong preferential-diffusion instabil- 
ity. In this case, the effects of Rayleigh-Taylor in- 
stability are relatively unimportant during the period 
of the computations (up to 60 ms), although they 
would become important at longer times. The effects 
of preferential-diffusion instability are seen by the 
flame surface breaking up into cells with negligible 
reaction between the cells due to both reduced H2 

concentrations  and  temperature levels caused  by 
stretch within the cusp-like regions projecting into 
the combustion products.  Depending upon the mix- 
ture ratio, the time of propagation and the width of 
the computational domain, the cells can divide and 
their number will vary. 

The effect of Rayleigh-Taylor instability at ng is 
much more dramatic for the more slowly propagating 
flame illustrated in Fig. 10. To begin with the Og 
results, the cell structure due to preferential-diffusion 
instability is qualitatively similar to Fig. 9; however, 
evolution of the cell structure is slower due to the 
lower reactivity of this flame. For upward propaga- 
tion, however, Rayleigh-Taylor effects remain about 
as strong as before so that a strong buoyant cell is 
produced. Regions of negative stretch near the cusps 
into the burned gas cause the flame to quench or 
extinguish, behavior that also is associated with flame 
extinction due to buoyancy near the flammability 
limits at ng.15 Conversely, Rayleigh-Taylor effects 
act to stabilize the flame during downward propaga- 
tion at ng, completely eliminating the growth of 
diffusional instabilities for the conditions of Fig. 10. 
More extended calculations for the conditions of 
Fig.  10 show that preferential-diffusion instability 
cells are overwhelmed by Rayleigh-Taylor effects 
at ng:  upward propagating flames evolve into a 
bubble-like  surface  while  downward  propagating 
flames oscillate between mildly concave and con- 
vex flame surfaces." These studies have also shown 
that the diffusive-thermal mechanism has a much 
stronger effect on flamefront instability than the 
diffusive-diffusive   mechanism   for   this   reactant 
mixture. 

The work described above52"57 clearly establishes 
the importance of diffusive instabilities near limits. 
A recent study58 has further shown that chemical 
oscillation   can   also   occur   for   near-limit   rich 
hydrogen-air flames, causing pulsating instability. 
Specifically, as the hydrogen concentration in a rich 
mixture is gradually increased for a planar flame, 
damped and then undamped oscillations in the flame 
velocity appear (Fig. 11). This persists until the mix- 
ture becomes too rich to support flame propagation. 
This oscillation is thought to be caused by the crucial 
H-02 branching-termination chain, although the pre- 
cise mechanism has not been explained. The potential 
influence of such chemical instability on flamefront 
cellular instability, especially for near-limit mixtures, 
merits further study.  Furthermore,  the chemical- 
kinetic and transport aspects of the computations 
described above involve more approximations than 
contemporary simulations of this type,33'60 and real- 
world processes are three dimensional. Thus, more 
work is needed, involving both numerical predic- 
tions  as  computational  capabilities  increase  and 
experiments   to   provide   direct   measurements   of 
preferential-diffusive instability effects at fig. These 
results will be useful for developing and evaluat- 
ing   approximate   numerical   predictions   of these 
processes. In particular, because buoyancy interac- 
tions are most prominent for near-limit mixtures, 
experiments at ng eliminate the buoyancy interaction 
and allow detailed study of the preferential-diffusion 
effects that are most relevant for practical premixed 
flames.1'42'61"63 
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3.4. Flammability Limits 

Flammabiiity limits are a fundamentally and practi- 
cally important concept in combustion.41,42 Empiri- 
cally, it has been found that sufficient dilution of a 
combustible mixture with excess fuel, oxidant, or 
inert gas can render the mixture nonflammable. The 
critical composition at which this occurs is the flam- 
mability limit. When there is a fixed relationship 
between the concentrations of the inert gas and the 
fuel or oxidant, for example, the fixed relative oxygen 

and nitrogen concentrations in air, there are only 
two flammability limits at a particular pressure and 
temperature: the lean flammability limit where there 
is excess oxidant and the rich flammability limit 
where there is excess fuel. Naturally, a knowledge of 
the lean and rich flammability limits of a given fuel 
in air is important for assessing fire and explosion 
hazards in, for example, mine galleries, chemical 
refineries, and manned spacecraft. This information 
also is relevant to the design of lean-burn engines 
and the use of low-BTU gases. 
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FIG. 10. OH radical number density contours (xlO14) for near-limit H2/02 flames (10% H2/air by 
volume). Reactants are toward the top. Predictions from Patnaik et al.5i 

Studies of fiammability limits generally are con- 
cerned with the numerical values of these limits and 
the mechanism(s) responsible for their existence. 
Fiammability limits determined at ng exhibit signifi- 
cant effects of buoyancy, causing much wider limits 
for upward-propagating flames than for downward- 
propagating flames, and limits are different from 
both at ßg. Experimental studies addressing this issue 
include Strehlow et al.59 and Ronney and co- 
workers.64""72 Strehlow et al.59 used a configuration 
where the flame is ignited by a spark and propagates 
inside a tube, either upward or downward at ng or 
ßg, similar to the results illustrated in Figs 9 and 10. 
Ronney and coworkers64-70 consider spark-ignited 
flames propagating from the center of a chamber, in 
an initially still gas, as a more or less spherical flame. 

In the latter work, upward and downward propaga- 
tion limits at ng were defined differently than for 
tubes: the upward limit implied flame propagation to 
the top of the vessel, the downward limit implied 
flame propagation throughout the vessel. These meas- 
urements employed a drop tower to reach fig, except 
for recent experiments in aircraft.69 

Typical lean fiammability limits at ng and ßg, 
from Ronney and Wachman,64 are plotted as a 
function of pressure in Fig. 12. The results are for 
lean methane-air flames so that Mk < 0.26 The re- 
sults indicate that fiammability limits at ßg generally 
fall between those for downward and upward propa- 
gation at ng: downward propagation is the most 
difficult because buoyancy sweeps the flame to the 
top of the chamber at the low burning velocities near 
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tively stretched upward propagation of the 
propane-air flames causes reduced burning velocities 
and flame temperatures, in contrast with the lean 
methane-air flames where Mk < 0 and burning ve- 
locities and flame temperatures increase.26 Then in- 
creased stretch rates for upward propagation at ng 
in comparison with fig, due to buoyant motion, 
causes a correspondingly higher lean flammabihty 
limit. The same argument implies that rich flamma- 
bility limits for methane-air mixtures, where 
Mk > 0, would be broader at ng than at ng, but 
measurements   in   this   region   have   not   been 
reported. 

Other observations supporting effects of stretch 
on near-limit behavior will be discussed subse- 
quently. However, the broader lean flammabihty 
limits at ng for reactants with Mk > 0 have impor- 
tant implications for spacecraft fire and explosion 
hazards because most lean hydrocarbon-air flames 
are in this regime, as noted earlier. Thus, any 
notion that flammability limits for gases at ng are 
applicable to conditions at n% is erroneous. Addi- 
tional measurements of lean flammability limits for 
a wider range of reactants are clearly needed to 
provide the technology base required for safe space- 
craft operation with respect to fires and explosions. 

The fact that flammability limits do seem to exist 
at /ig resolves a controversy regarding the role of 
buoyancy in limit phenomena. That is, previous theo- 
ries relating such limits to natural convection predict 
that no limits should exist in the absence of gravity. 
Thus, the fig experiments that have just been dis- 
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FIG  12 Lean flammability limits of methane-air mixtures 
as a function of pressure for upward and downward propa- 

gation at ng and ng. From Ronney and Wachman. 

limits so that the chamber walls quench the flame. 
The different flow conditions and flammability defini- 
tions for the flame tube experiments of Strehlow el 
al.59 yielded somewhat different results: lean limits 
for methane-air mixtures at atmospheric pressure 
were 5.25, 5.25 and 5.85% for upward, pg and down- 
ward propagation, which are higher with less differ- 
ence between upward and n% propagation than for 
the results shown in Fig. 12. Additionally, Strehlow 
et al.59 find conditions where lean limits at ng are 
outside those at ng; for example, propane-air flames 
at atmospheric pressure had lean limits of 2.15, 2.06 
and 2.20% for upward, n% and downward propaga- 
tion. This probably occurs because Mk > 0 for lean 
propane-air flames, as seen in Fig. 3, so that posi- 
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cussed have ruled out buoyancy as a controlling 
mechanism for the occurrence of flammability limits. 

There also have been disagreements about whether 
the flame should have a finite or vanishing speed at 
the flammability limit. Previous studies at ng cannot 
answer this question satisfactorily due to the large 
buoyant flow velocities or heat loss to the burner. 
Recent ßg experiments, however, show that these 
flame speeds assume finite, albeit very small, values 
of around a few centimeters per second.66,67 

The fundamental controlling mechanism(s) of flam- 
mability limits are as yet unidentified, although valu- 
able insights have been gained in some recent stud- 
;es 23.73,74 clearly, if the flammability limit is a viable 
concept, and its value is a unique property of a given 
combustible, then the mechanism(s) should be inde- 
pendent of external influences and thereby predict- 
able from first principles. At present it appears that 
there are two major classes of fundamental flamma- 
bility limits that can be defined from first principles, 
depending on whether the flame is stretched or not. 
For the unstretched flame, the relevant phenomenon 
is the failure of propagation of the one-dimensional, 
planar flame in the doubly-infinite domain. The in- 
trinsic, omnipresent mechanisms which can cause 
extinction of such a flame are radiative heat loss and 
chemical-kinetic chain termination. Radiative heat 
loss decreases the flame temperature which in turn 
exponentially reduces the heat generation rate in the 
flame. Extinction can be expected when the heat loss 
rate becomes excessive. On the other hand, chemical- 
kinetic flammability is based on the consideration 
that the two-body chain-branching reactions are tem- 
perature sensitive while the three-body chain-termina- 
tion reactions are usually temperature insensitive. 
Thus, by continuously reducing the concentration of 
the lean reactant, the corresponding reduction of the 
flame temperature progressively weakens the inten- 
sity of the branching reactions relative to that of the 
termination reactions. It is therefore reasonable to 
expect that at a certain concentration the overall 
reaction rate would have been so weakened that the 
flame is readily extinguished by unavoidable perturba- 
tions in the system. 

Recently, the separate concepts of flammability 
due to heat loss and chain termination have been 
unified through a numerical simulation of the non- 
buoyant (planar) flame in the doubly-infinite 
domain, with radiative heat loss and detailed chemis- 
try, for methane-air and hydrogen-air flames.74 It is 
shown that as the flammability limit is approached, 
the flame response exhibits an extinction turning 
point which is characteristic of extinction due to heat 
loss. Furthermore, near this turning point, the nor- 
malized sensitivity of the rate of the dominant chain- 
termination reaction to that of the dominant chain- 
branching reaction becomes 0(1), indicating that the 
chain-termination reaction starts to have a control- 
ling influence on the flame response. These results 
therefore suggest that at the flammabillity limit, 

the branching reaction is so weakened relative to the 
termination reaction that the overall heat release rate 
is rapidly reduced. Extinction occurs when the heat 
release rate cannot keep up with the radiative heat 
loss rate. The theory also shows that the laminar 
flame speed has a finite value at the flammability 
limit. 

Since practically all realistic flames are subjected 
to stretch, it is then necessary to consider whether 
fundamental flammability limits can also be defined 
for stretched flames. For these stretch-affected limits 
the intrinsic mechanisms of heat loss and chain termi- 
nation identified for the nonstretched flames should 
obviously still be operative. In addition, it is reason- 
able to conjecture that a unique stretch rate may also 
exist at such a limit. The flammability condition 
could therefore be expressed as a critical flame diam- 
eter for spherically propagating or stationary flames, 
or a critical strain rate for aerodynamically stretched 
flames. The possibility of defining flammability limits 
through spherical flames will be discussed next. 

3.5. Near-Limit Phenomena 

Due to their ability to sustain extremely weak 
flames having small propagation rates, fig experi- 
ments have identified some premixed flame phenom- 
ena that have not been previously observed. These 
include self-extinguishing flames (SEF) and station- 
ary spherical flames (SSF). Both SEF and SSF are 
associated with conditions near flammability limits 
and involve preferential-diffusion effects. Thus, SEF 
and SSF have the potential to provide insight con- 
cerning the mechanism of flammability limits and to 
highlight the unique combustion properties of non- 
buoyant fig conditions. 

3.5.1. Self-extinguishing flames 

Ronney65"67 made the first observations of SEF 
during his experiments on outwardly propagating 
spherical flames near flammability limits. The nature 
of SEF can be seen from the plots of flame radius as 
a function of time for lean ammonia-air mixtures 
illustrated in Fig. 13. The two cases shown are for 
conditions just above and just below the lean flamma- 
bility limit, both ignited using sparks having similar 
energies. This reactant system involves Mk < 0 with 
a progressively decreasing positive stretch as the 
flame radius increases. Thus, in agreement with the 
discussion associated with Eq. (9), and the results 
illustrated in Figs 2 and 3, the slope of the flame 
radius as a function of time, which is proportional to 
the burning velocity through Eq. (12), decreases with 
increasing radius as the flame temperature, and thus 
its reactivity, decreases. Propagation continues for 
the normal flame, with the burning velocity eventu- 
ally approaching a constant value at large radii where 
the effects of stretch become small because the flame 
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FIG   13  Measured flame radius as a function of time for near-limit ammonia-air flames at fiS. From 
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is nearly planar. In contrast, propagation ends 
abruptly before a constant burning velocity is 
reached for the SEF. Notably, SEF are not caused 
by the added energy of the spark. Conventional 
nonpropagating flames normally consume some reac- 
tant due to the thermal disturbance of the spark 
before extinguishing, typically releasing reaction ener- 
gies roughly 10 times larger than the spark energy. 
SEF, however, release 100-1000 times more chemical 
energy than the spark energy before extinguishing, 
so that their presence is not solely associated with 
initial overheating of combustion products by the 
spark. 

Theoretical studies of SEF indicate that they are 
due to the interaction of stretch and radiative heat 
losses from the flame.67-70"72 First, SEF are ob- 
served for conditions where Mk < 0, for example, 
fuel-lean ammonia, methane or hydrogen-air flames, 
or fuel-rich propane-air flames. This suggests that 
the tendency for positive flame stretch to increase 
the flame reactivity for Mk < 0 compensates for the 
tendency of radiative heat losses to reduce flame 
temperatures. Since the effect of stretch decreases 
with increasing flame radius, radiative heat losses 
eventually dominate the process and the flame is 
quenched. Thus, for these conditions, the normal 
flammability limit can be attributed to thermal ef- 
fects. However, whether such limits are a fundamen- 
tal property of the reactants, which would be helpful 
for establishing universal limits, is still an open issue 

due to the numerous effects that influence radiative 
heat losses from flames, for example, the dimensions 
of the combustion products, the radiative boundary 
conditions, etc. 

Predictions of flame propagation and SEF behav- 
ior are currently based on approximate theories in- 
voking simplifed descriptions of the chemical and 
transport processes. 67,70-72 Thus, their quantitative 
accuracy is limited. Nevertheless, the theories do 
provide support for the thermal mechanism of extinc- 
tion, and represent the qualitative behavior of SEF. 
Typical predictions for lean methane-air flames are 
illustrated in Fig. 14 where the flame radius is plotted 
as a function of time for various mixtures near the 
flammability limit. By definition, all SEF operate 
outside the normal flammability limits. Additionally, 
reduced concentrations of the fuel near this lean 
limit (reduced (p) cause the SEF to extinguish at a 
progressively smaller radius. Thus, the normal lean 
limit is the flame where radiative heat losses just 
remain above critical levels over the entire region in 
which stretch is finite and flame reactivity exceeds 
the planar-flame limit. 

Other features of SEF are also consistent with 
interactions between stretch and radiation. In particu- 
lar, SEF are not observed when Mk > 0, which 
corresponds to Le > 1 within the context of the 
simplified theories of premixed flames, where the 
discussion of Eq. (9), or the results illustrated in Figs 
2 and 3, indicate that flame temperatures, and thus 
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burning velocities, increase with increasing flame 
radius. Then the flammability limit becomes strongly 
influenced by ignition conditions because once the 
flame is established the flame zone reactivity tends to 
increase until the flame surface becomes planar.66 

Due to the variation of ignition properties with the 
magnitudes and rates of spark energy deposition, 
whether flammability limits for these circumstances 
are a fundamental property of the reactants is also 
an open issue.41'42 The absence of intrusive effects 
of buoyancy at fig provides a useful environment to 
address this issue and should continue to receive 
attention by both experiments and analyses. 

The previous discussion indicates that the study of 
SEF provides a new perspective on the interactions 
between preferential diffusion, stretch and radiative 
heat losses relating to flame propagation and limits. 
Notably, SEF behavior was never established at ng 
because buoyant motion strongly distorts these 
flames due to their low burning velocities (ca. 1-10 
cm/s). Thus, experimental studies at fig clearly pro- 
vide valuable new directions and insights concerning 
the properties of homogeneous premixed flames. 

trated in Fig. 8; this involves cap-shaped flamelets 
that rise through the mixture but do not seem to 
grow before being quenched by contact with the 
surfaces of test apparatus—behavior that was attrib- 
uted to stabilization by convection.41 Similar flame 
systems are encountered at fig, however, where they 
develop into SSF whose radius remains constant, at 
least for the test times available for study at fig (up 
to 10 s during recent work).69'70 As will be discussed 
subsequently, the failure of SSF to continue outward 
propagation, and instead reach a stable fixed size, 
occurs due to heat losses in the burned gas. The 
mechanism involves radiation from the burned gas 
to the surroundings with steady temperatures main- 
tained in the burned gas due to conduction (and 
perhaps some contribution from radiation) from the 
region of the flame surface. In a sense, this behavior 
is analogous to the stabilization of a premixed flame 
by heat losses near the surface of a flat flame burner, 
with the main differences between SSF and burner 
flames being the direction of energy flow from the 
flame to the stabilizing heat sink and the fact that 
SSF attain the unusual limit where mean velocities 
approaching the flame are zero. 

The existence of SSF was proposed many years 
ago by Zel'dovich,45 and subsequently studied by 
Buckmaster and Weeratunga,75 however, SSF were 
never observed due to buoyant disturbances at ng. A 
sketch of the structure of these flames, based on 
current theories,76 appears in Fig. 15. The conditions 
pictured involve a thin reaction zone at a radius, rt, 
for an overall reaction that is complete, that is, all 
reactants become products. The mass fractions of 
reactants and products, YR and Yr, the temperature, 
T, and the reaction rate per unit volume, w, are 
plotted as a function of radius from the flame center, 
r. The reactant diffuses toward the flame, is con- 
verted to product within a thin reaction zone, and 
finally the product diffuses radially outward into 
the ambient environment. The SSF postulated by 
Zel'dovich45 did not involve radiative heat losses. 
Recent analysis shows, however, that adiabatic SSF 
are unstable at their equilibrium radius, either 
collapsing or propagating outward for small distur- 
bances.76 Thus, radiative heat losses are depicted in 
Fig. 15, where the temperature decreases within the 
reacted core of the flame due to the balance between 

3.5.2. Stationary spherical flames 

Another unique flame configuration experimen- 
tally observed at fig—the SSF—also provides valu- 
able insights concerning premixed flame properties. 
SSF, often called flame balls, are observed in reactant 
mixtures near limits having very small Lewis num- 
bers, such as lean hydrogen-oxygen flames. For such 
systems, preferential-diffusion instability occurs even 
near flammability limits causing the flames to break 
up into cells, similar to those illustrated in Figs 9 
and 10. Examples from experiments at ng are illus- 

FIG.  15. Sketch of the structure of stationary spherical 
flames (SSF). 
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radiation to the surroundings and heat conduction 
from the flame zone. Thus, the thermal energy release 
at the flame surface divides into two parts: one part 
flowing into the core to compensate for radiative 
heat losses to the surroundings, and the other part 
flowing directly outward toward the unburned gas 
similar to a conventional premixed flame. 

The unique behavior of SSF has prompted analysis 
of conditions for their existence and stability.75"79 

The initial theories, 75"78 while simple in terms of 
chemistry and transport properties, yield predictions 
which are consistent with experimental observations. 
The predicted stability properties of the flames are 
illustrated in Fig. 16, in which the flame radius 
normalized by the radius of a corresponding adi- 
abatic SSF, called the Zel'dovich radius, is plotted as 
a function of dimensionless heat loss (see Ref. 76 for 
definitions of these variables). There are two 
branches of the solution of flame radius as a function 
of heat loss. One is for a dimensionless flame radius 
less than <?1/2 which is unstable to one-dimensional 
(radial) disturbances. This branch includes the 
Zel'dovich SSF, which has a dimensionless radius 
of unity, highlighting the requirement for finite 
radiative heat losses to stabilize SSF. Similarly, the 
flames are unstable to three-dimensional distur- 
bances for values of dimensionless radius greater 
than e5'2. However, the branch of the solution with 
radii between e1'2 and eil2 yields stable SSF with 
finite radiative heat losses similar to experimentally 
observed SSF. 

Recently, a numerical simulation of SSF in 
hydrogen-air mixtures with detailed transport, chem- 
istry and radiative loss has been conducted.79 The 
simulation shows lean and rich limits beyond which 
no solution exists. It has been suggested that these 
limits can be identified as the corresponding flamma- 
bility limits of the mixture. However, stability analy- 
sis of these numerically-generated flames, especially 

the rich flame which is believed to be unstable based 
on Lewis number considerations from simplified 
analysis, needs to be conducted. 

Due to the mathematical simplicity associated 
with the analysis of SSF, much can be learned 
about the structure and limits of flames by using 
SSF as a model flame problem. Furthermore, it 
has also been suggested that the appearance of SSF 
in limit situations could precede the onset of flam- 
ing combustion of fires in space environments. 
Thus, the study of SSF commands both fundamen- 
tal and practical interest in U8 combustion 

research. 

4. GASEOUS NONPREMIXED FLAMES 

4.1. Introduction 

Studies of gaseous nonpremixed flames at fig have 
also largely been limited to laminar flames, even 
though most practical nonpremixed flames are turbu- 
lent. This is motivated by a desire to control the 
complexity of already complicated combustion pro- 
cesses, for experimental circumstances where diagnos- 
tics must be rudimentary by ng standards. However, 
the tactic also is justified to some extent by the 
evolution of laminar flamelet concepts for non- 
premixed flames, somewhat analogous to those devel- 
oped for premixed flames. 

Ideas about laminar flamelet concepts were pro- 
posed for turbulent nonpremixed flames by Haw- 
thorne et al.80 not very long after the structure of 
laminar diffusion flames was described by Burke and 
Schumann.81 The main premise was that relation- 
ships between scalar properties in turbulent flames 
were the same as in laminar flames, that is, a turbu- 
lent flame corresponded to a distorted or wrinkled 
laminar flame. It also was assumed that preferential- 
diffusion effects were not significant, so that the 
scalar properties in laminar flames could be described 
by a variety of conserved scalars, related to the 
extent of mixing at a point. A popular choice for the 
conserved scalar is the mixture fraction, which is the 
mass fraction of elemental fuel species in a sample, 
independent of the current chemical composition. As 
a result, relationships between various scalar proper- 
ties and the mixture fraction, called state relation- 
ships, can be found.82"91 Then, predictions of the 
properties of mixture fractions in turbulent flames 
using a turbulence model, a large-eddy simulation, 
for example, yield all scalar properties—an approach 
called the conserved-scalar formalism.82 

The reason that state relationships can be found 
is that nonpremixed flames are often diffusion con- 
trolled with thin flame sheets, where the fuel and 
oxidant react to form combustion products. For 
such conditions, reaction rates are fast enough to 
approach local thermodynamic equilibrium at vari- 
ous local mixture fractions over a range of stretch 
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rates. Thus, reactants involving simple molecules 
that have fast chemistry, for example, hydrogen-air 
and wet carbon monoxide-air flames, exhibit rea- 
sonably good state relationships, in spite of poten- 
tial effects of preferential diffusion, that approach 
estimates assuming local chemical equilibrium for 
conditions not too near points of flame attachment 
or extinction.90 

The existence of state relationships for complex 
fuels such as hydrocarbons is more questionable due 
to potential fuel decomposition in the high-tempera- 
ture region on the fuel-rich side of the flame sheet. 
However, Bilger82 noticed that major gas species in 
laminar hydrocarbon-air flames also satisfied state 
relationships. In this case, slow processes of fuel 
decomposition and soot chemistry caused departures 
from local thermodynamic equilibrium predictions 
for fuel-rich conditions; however, these departures 
are relatively universal over wide ranges of stretch 
rates. This behavior is illustrated in Fig. 17, where 
state relationships based on measurements in buoy- 
ant coflowing ethylene-air jet flames are shown along 
with predicted properties based on the assumption of 
local thermodynamic equilibrium.84 These results are 
for various positions in the flames and burner exit 
Reynolds numbers, and thus a range of stretch rates, 
and still yield reasonably universal state relationships 
for these soot-containing flames. Subsequently, gener- 
alized state relationships have been developed for 
alkane and alkene-air flames, covering molar H/C 
ratios in the range 1-4, that exhibit relatively small 
effects of the wide variations of soot concentrations 

within the flames.86 Additionally, the use of state 
relationships has proved to be effective for estimating 
the structure and radiation properties of both nonlu- 
minous and luminous nonpremixed turbulent flames 
having modest stretch rates.87 

Similar to the laminar premixed flames, preferen- 
tial diffusion could also modify the flame response 
through its influence on the flame temperature as 
well as through coupling with stretch.88'89 Such influ- 
ences have not been addressed to the same extent as 
for premixed flames, possibly due to the fact that the 
influences are likely to be modest for diffusion flames 
because, in the limit of near-equilibrium combustion, 
the bulk flame response is basically decoupled from 
the reaction rate, which is sufficiently fast in any 
event, and hence only weakly dependent on the flame 
temperature. Furthermore, it has also been sug- 
gested90 that preferential-diffusion effects are fre- 
quently being masked by experimental uncertainties 
even for flames involving H2. Thus, although the 
limitations of state relationships and laminar flamelet 
concepts are still being debated, and the fact that the 
methodology relies on the assumption of equidiffu- 
sion and also cannot treat finite-rate processes lead- 
ing to pollutant emissions,91 the relevance of an 
understanding of laminar nonpremixed flames to 
turbulent nonpremixed flames of practical impor- 
tance is widely accepted. 

Studies of nonpremixed flames at ßg have been 
limited to the laminar round jet flame. Although 
spherically symmetric diffusion flames would be sim- 
pler geometrically, and a burner-generated steady- 
state spherical flame is currently being planned for ßg 
experimentation,40 research with this configuration 
has centered on heterogeneous drop combustion 
which will be discussed later. Nevertheless, the jet 
flame is a fundamental configuration at ßg due to the 
absence of complications from buoyancy and capa- 
bilities to vary stretch and reaction rates by varying 
burner diameters, jet exit velocities, fuel and ambient 
compositions, and the ambient pressure. Notably, 
simplified analyses of forced laminar jet diffusion 
flames have been available for some time,81,92 al- 
though measurements needed to evaluate predictions 
have only appeared recently.93"109 Results concern- 
ing the structure, stability and soot properties of these 
flames will be considered in the following sections. 

4.2. Flame Structure 

The earliest measurements of jet diffusion flames 
emphasized effects of gravity on their structure and 
stability properties in terms of extinction and 
stability.93"99 These experiments involved round fuel 
jets directed vertically upward in still air, with the 
flame ignited by a spark. In some instances, provision 
was made for a coflowing air stream around the fuel 
jet.99 Tests were conducted at ng and ßg, the latter 
using drop-tower facilities. 
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Some typical measurements of the properties of jet 
flames at fig are illustrated in Figs 18 and 19. These 
tests involved igniting the flames at ng and then 
releasing the apparatus to reach fig. The adjustment 
of the flame to ng causes it to become much shorter 
for a time and then to gradually lengthen toward its 
nonbuoyant configuration. In some instances, the 
flame extinguishes during this transient development 
process (Fig. 19). This behavior has been attributed 
to the accumulation of combustion products in the 

flame region, due to loss of the buoyant convective 
flow, which excessively limits diffusion of oxygen 
to the flame sheet—particularly at the points of 
flame attachment near the jet exit.101'103 This view 
is supported by observations that even small levels of 
air coflow serve to sustain flames that would nor- 
mally extinguish in the absence of coflow during 
transition to ^g." For conditions where the flame 
does not extinguish after entering fig, its length in- 
creases and eventually approaches a constant value 
that is consistent with steady flame structure (Fig. 

18>- •     j-w   • Although theories of nonbuoyant jet dillusion 
flames have been available since the original studies 
of Burke and Schumann,81 evaluation of predictions 
even for this fundamental flame configuration has 
been hampered by the complications of buoyancy at 
ng. The increasing availability of flame structure 
measurements at fig is beginning to rectify this situ- 
ation, however, allowing theories of varying complex- 

. i      ,„j 95.100,108-110 
ity to be evaluated.   • 

The earliest models of nonbuoyant jet diffusion 
flames, aside from simple constant-property ^treat- 
ments of the qualitative features of the flow,92 are 
typified by the models of Edelman et al.95 and Klajn 
and Oppenheim.100 Major assumptions of these 
models are functionally the same: boundary-layer 
flow, neglect of radiation, thin flame sheet, equal 
diffusivities of all species and heat, and state relation- 
ships developed assuming complete oxidation of fuel 
species to products at the flame sheet. Other details 
differ somewhat, particularly the state relationships 
(see the original sources for more complete informa- 
tion). Bahadori et al.10* report an evaluation of the 
models of Refs 95 and 100, based on flame length 
measurements at fig for methane, propane, ethylene 
and propylene flames burning in air. The results are 
illustrated in Fig. 20 where flame lengths are plotted 
as a function of the burner exit Reynolds number. 
The range of burner exit Reynolds numbers for these 
results is sufficiently high so that flame lengths in- 
crease nearly linearly with Reynolds number, in 
accord with simple boundary layer treatments of jet 
diffusion flames.92 Additionally, flame lengths m 
this regime are largely controlled by stoichiometnc 
fuel-oxidant mass ratios, which are not very different 
for the fuels considered in Fig. 20. The two predic- 
tions are similar to each other and yield good results 
except for propylene-air flames that are considerably 
shorter than predicted. This difficulty is attributed to 
larger effects of radiative heat losses from the propyl- 
ene flames.104 This is plausible because propylene- 
air flames are known to have considerably higher 
radiative heat losses than the other fuels tested (see 
Ref. 87 and references cited therein), and increased 
radiative   heat   losses   tend   to   decrease   flame 
lengths.108'109 However, the effect seen in Fig. 20 is 
surprisingly large, and experimental difficulties may 

also be a factor. 
More recent theories have addressed the limita- 
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FIG. 21. Predicted and measured shapes of weakly-buoyant 
ethylene-air laminar jet flames at various burner exit Rey- 

nolds numbers. From Mortazavi et al.ios 

tions of the boundary layer and the negligible radia- 
tive heat loss approximations.108"110 The approach 
of Mortazavi et a/.108 and Köylü et al.109 attempts 
to address the difficulties of soot-containing flames 
by using the conserved-scalar formalism in conjunc- 

tion with the state relationships discussed in connec- 
tion with Fig. 17. The flames were taken to be 
axisymmetric and steady, while radiative heat losses 
were treated in an approximate way by assuming 
that they were a fixed fraction of the chemical energy 
release, similar to treatments used with some success 
for turbulent diffusion flames.87 Measurements to 
evaluate the predictions were carried out for weakly- 
buoyant laminar jet flames at ng. This involved 
measurements at reduced pressures, exploiting the 
fact that effects of buoyancy for laminar diffusion 
flames scale like (p/p0)

2g, where p and p0 are the test 
pressure and normal atmospheric pressure. Thus, 
flames at pressures of O(0.1 atm.) have buoyancy 
effects of 0(0.01 g) and can be made weakly buoyant 
by controlling the jet exit velocity if they are not too 
long. Predicted and measured flame shapes using a 
3 mm diameter burner for ethylene-air flames are 
illustrated in Fig. 21; results for acetylene-air flames 
were similar. The measurements denote the position 
of the blue portion of the flame and are terminated 
when yellow soot luminosity obscures the blue flame 
sheet; the predictions denote the corresponding locus 
of the stoichiometric mixture fraction. Predictions 
include effects of buoyancy, but they are nearly 
negligible for these conditions; this behavior is evi- 
dent from the small change of flame shape when 
the pressure is halved. The predictions are reason- 
ably good, including the trends of the flame shape 
with varying Reynolds number and the attachment 
of the flames below the burner exit. In particular, 
capabilities to predict features near the burner exit 
and the shapes of low Reynolds number flames 
demonstrate the value of allowing for streamwise 
diffusion rather than using the boundary layer ap- 
proximation. 

The evaluation of the approximate approach for 
computing the properties of soot-containing diffu- 
sion flames was continued by Köylü et al}09 In this 
study, distributions of velocities, mixture fractions 
and the concentrations of major gas species were 
considered for weakly-buoyant laminar jet diffusion 
flames. Typical predictions and measurements are 
illustrated in Fig. 22 for an acetylene-air flame at 
0.250 atm. The state relationships used for these pre- 
dictions were drawn from results at atmospheric 
pressure from Gore and Faeth;85 nevertheless, 
concentration measurements in the low-pressure 
flames indicated the small effect of pressure on the 
state relationships over the range of interest. The 
weakly-buoyant nature of the flame is indicated by 
the rapid decay of velocity near the burner exit; 
velocities for more buoyant atmospheric pressure 
conditions would begin to increase almost immedi- 
ately. Nevertheless, a gradual increase of velocity is 
still observed at larger distances from the burner exit 
which is caused by buoyancy—highlighting problems 
of ng observations of flames of reasonable size 
having negligible effects of buoyancy discussed in 
Section  2.  In  any event,  the  approach  of Refs 
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FIG. 22. Predicted and measured velocities, mixture frac- 
tions and mole fractions of acetylene, nitrogen and oxygen 
along the axis of a weakly-buoyant acetylene-air laminar 

jet diffusion flame at 0.250 atm. From Köylü et al.109 

108 and 109 handles the mild effect of buoyancy 
reasonably well, and predictions are in reasonably 
good agreement with measurements. Evaluations 
of temperature distributions in the fuel-lean por- 
tions of the test flames were also reasonably 
satisfactory.108-109 

The results of Refs 108 and 109 are promising; 
however, predictions of this type still have consider- 
able uncertainties. First, the flame shape is sensitive 
to radiative heat losses that are crudely modeled; this 
sensitivity to radiation would present greater difficul- 
ties for atmospheric pressure ethylene and acetylene 
flames that have much higher soot concentrations, 
and thus much larger continuum radiation heat losses 
from soot. Second, the variation of soot concentra- 
tions with pressure raises questions about the rele- 
vance of state relationships measured at atmospheric 
pressure to these low-pressure conditions, although 
pressure effects on state relationships have proven to 
be small for ethylene and acetylene-air flames for 
pressures in the range 0.125-1.000 atm.,109 and the 
existence of generalized state relationships for 
hydrocarbons having a wide range of sooting tenden- 
cies provides some justification for this procedure.86 

Finally, additional structure measurements for a 
wider range of conditions, including effects of coflow, 
are needed for a definitive evaluation of the pre- 
dictions. 

Interest in reliable predictions of the structure of 
nonbuoyant laminar jet flames goes beyond the gen- 
eral objective of understanding this fundamental 
flame configuration. For example, laminar jet diffu- 

sion flames at fig provide a useful experimental envi- 
ronment, capable of addressing a wide range of 
pressures, for studies of fuel decomposition, soot 
processes and pollutant production in diffusion 
flames. However, diagnostics available to character- 
ize the flame environment at fig will be limited in 
comparison with typical laboratory conditions at ng 
for some time to come. As a result, reliable methods 
to predict the main features of flame structure—con- 
centrations of major species, temperatures and 
velocities—are needed in order to supplement limited 
measurements to define the flame environment. 
Thus, additional experimental and theoretical work 
for nonbuoyant flames is needed to establish reliable 
prediction methods. In particular, similar to 
premixed combustion at fig, radiation plays a strong 
role in the properties of nonbuoyant jet diffusion 
flames and will require greater attention than in the 
past to achieve this goal. 

4.3. Flame Stability 

Gaseous diffusion flames involve mixing between 
fuel-rich and oxidant-rich streams, with a flame zone 
appearing in the mixing region between the two 
streams. Various configurations of these streams are 
used in practice, however, they are canonically simi- 
lar to the jet diffusion flame configuration. Thus, jet 
diffusion flames will be used to simplify the discus- 
sion of flame stability issues in the following. The 
main problems of stability for nonpremixed flames 
involve maintaining the flame attached at the jet 
exit, local extinction of the flame sheet due to exces- 
sive stretch, and transition to turbulence. 

The stability of flame attachment determines 
whether the flame remains attached near the jet exit, 
whether the flame is lifted or separated to some 
distance from the jet exit, or whether the flame 
blows off entirely and is extinguished. In the presence 
of buoyancy at ng, or for strong forced-convection 
conditions, the mechanism of attachment is consid- 
ered to involve local premixing of fuel and oxidant 
which provides a small premixed flame region. This 
behavior comes about because the flame attachment 
point is generally separated from the burner exit, 
providing a region where the fuel- and oxidant-rich 
streams can mix without reaction to form a flamma- 
ble gas mixture. Propagation of the resulting 
premixed flame is then stabilized by local gas veloci- 
ties, which must be low enough so that the flame can 
maintain a fixed position. Additionally, for attached 
flames, where the premixed flame is close to the 
burner exit, heat loss to the burner provides an 
additional stabilization mechanism, similar to the 
behavior of fully premixed flames stabilized on flat- 
flame burners. Finally, the premixed flame region 
can be viewed as providing a continuing ignition 
source that anchors the position of the rest of the 
flame. 

JPECS 20:1-G 
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This traditional view of flame attachment could 
very well be modified for low Reynolds number 
flames at fig. For example, observations of laminar 
jet diffusion flames in a stagnant environment at fig 
show that the points of flame attachment advance 
below the burner exit,86"88 similar to the predicted 
flame shape plots for weakly-buoyant flames illus- 
trated in Fig. 21. In the complete absence of buoy- 
ancy, and for negligible jet momentum, diffusion in 
all directions is equally probable so that the flame 
shape would become spherical and the attachment 
points would move farther down the tube. In this 
case, conventional attachment is no longer required, 
any more than it is required for the envelope flame 
around a motionless burning drop at ßg, and the 
attachment points would simply be areas where 
quenching occurs due to the relatively cool burner 
surface. Clearly, the evolution between the spherical 
flame and the more conventional attachment of 
flames having large velocities involves progressive 
increases of stabilization due to premixing effects, 
and can offer useful insights about the mechanism of 
attachment. 

The attachment process is at least two-dimen- 
sional; therefore, attachment cannot be described by 
boundary-layer approximations because streamwise 
transport acts to fix the attachment point, and attach- 
ment involves complications of evolution from a 
premixed to a diffusion flame. In view of these 
complexities, current understanding of attachment 
and extinction is very limited—largely consisting of 
empirical correlations of measurements based on 
phenomenological theories.41,42 Experimentation at 
fig, however, should advance our understanding of 
processes of attachment and extinction because the 
absence of buoyant velocities allows the stretch of 
the premixed region to be controlled by jet exit 
velocities, and modified systematically by controlled 
coflow velocities, while capabilities to operate at 
low jet exit Reynolds numbers expands the premixed 
flame region so that adequate spatial resolution for 
measurements can be provided. Models allowing for 
streamwise diffusion and finite-rate kinetics (for ex- 
ample, Ref. 110) can potentially treat the attachment 
regions, but corresponding measurements have not 
been addressed as yet. 

Problems of local extinction of diffusion flame 
surfaces are important as potential sources of pollut- 
ants in turbulent flames.91 Thus, stretched laminar 
flame surfaces are receiving a great deal of attention 
using experiments at ng. Companion tests at fig 
would also be helpful, due to the potential for im- 
proved spatial resolution and the need to address 
the low stretch rates of spacecraft environments 
for fire safety concerns. However, measurements 
at fig will require development of instrumenta- 
tion comparable with methods available at ng, as 
well as extended access to spacecraft fig facilities. 
Thus, instrument and facility development must 
precede   significant   contributions   of  fig   experi- 

ments  to  a  better understanding  of local  flame 
quenching. 

Issues of transition from laminar to turbulent 
flames are long standing due to problems of buoyant 
disturbances in the transition region. Bahadori et 
al.lli report initial results concerning transition to 
turbulence in round jet diffusion flames at fig, finding 
significantly different behavior in the transition 
region for nonbuoyant and buoyant conditions. In 
particular, large-scale slow-moving wrinkled flame 
structures are observed near the flame tip at fig, 
rather than the brush-like flame tip seen at ng. Addi- 
tionally, transition to a turbulent flame at fig is 
characterized by the appearance of intermittent dis- 
turbances that are generated near the flame base and 
convected downstream, in contrast with ng flames 
where disturbances are first observed at the flame 
tip. These fundamental differences are probably re- 
lated to the different velocity distributions in non- 
buoyant and buoyant laminar diffusion flames. In 
particular, velocities decrease with increasing stream- 
wise distance for nonbuoyant flames (Fig. 22), but 
increase with increasing distance for buoyant flames. 
This behavior would tend to move regions of high 
velocity, which are most unstable to transition, down- 
stream toward the flame tip at ng in agreement with 
the observed behavior. However, the actual mecha- 
nism for different transition behavior at ^g and ng 
still is unknown. Finally, flame lengths increase mo- 
notonically with increasing burner exit Reynolds 
number at fig, rather than the abrupt reduction of 
the flame length at transition seen at ng. Clearly, 
existing fig facilities are capable of addressing issues 
of transition to turbulence in flames and they deserve 
consideration due to the importance of turbulent 
flames to practical applications. 

4.4. Soot Processes 

Understanding soot properties in diffusion flames 
is important because soot affects the performance of 
propulsion systems and furnaces, the hazards of un- 
wanted fires, and the pollutant emissions from com- 
bustion processes. For example, continuum radiation 
from soot is the main heat load to the combustor 
components of propulsion systems and controls their 
durability and life, while it also serves as the main 
heat transfer mechanism in many furnace designs.112 

Similarly, continuum radiation from soot is the domi- 
nant mechanism for the growth and spread of un- 
wanted fires, particularly for spacecraft conditions 
where effects of buoyancy are absent, while soot- 
containing clouds emitted from these flames obscure 
fire-fighting efforts.87'113 Finally, black soot-contain- 
ing exhaust plumes and the carbon monoxide emis- 
sions intrinsically associated with soot emis- 
sions114,115 represent objectionable pollutants and 
are also the main source of fatalities in unwanted 
fires.116 Thus, soot properties within diffusion flames 
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are unusually significant for practical applications, 
and they represent a major unresolved problem of 
combustion science in spite of significant efforts in 
the past.117'118 

Similar to other flame phenomena, while soot pro- 
cesses in turbulent flames are of greatest practical 
interest, the direct study of soot in turbulent flames 
is not feasible using either existing or anticipated 
technologies. In particular, the unsteadiness and dis- 
tortion of turbulent flames limit available residence 
times and spatial resolution in regions where soot 
properties are most important. Thus, laminar diffu- 
sion flames are generally used as more tractable 
model flame systems to study soot processes relevant 
to turbulent diffusion flames, justified by the known 
similarities between the gas-phase processes in these 
two-flame systems.86,90 This is appropriate only if 
the buoyancy in laminar diffusion flames at the 
ambient pressures of interest, generally atmospheric 
pressure and greater, does not directly affect soot 
processes. Unfortunately, this is not the case because 
soot particles are too large to diffuse like gas mol- 
ecules and are primarily transported by local convec- 
tive flows, modified somewhat by effects of 
thermophoresis. 

The problems associated with using buoyant lami- 
nar flames to study soot processes can be seen by 
comparing the configurations of the soot production 
regions in buoyant and nonbuoyant laminar jet diffu- 
sion flames as illustrated in Fig. 23. Soot production 
regions occur for fuel-equivalence ratios roughly in 
the range <p = 1-2,118 which is marked on the plots. 

The locus of points where the radial velocity, v = 0, 
which approximates the dividing streamline, is also 
shown on the plots, along with some typical soot 
pathlines in the flow. Soot particles follow the flow 
along streamlines, ignoring effects of thermophoresis; 
therefore, they move toward the dividing streamline 
in the radial direction. For buoyant flows, the divid- 
ing streamline is inside the soot production region 
except near the flame tip. Thus, except for a small 
region near the axis, soot particles form near the 
flame sheet and then move radially inward toward 
cooler and less reactive regions before finally revers- 
ing direction, in mixture fraction space, and eventu- 
ally crossing the flame sheet close to the flame tip in 
a narrow soot layer near the dividing streamline. 
However, the process is completely different for non- 
buoyant jet diffusion flames because the dividing 
streamline crosses the flame sheet close to the burner 
exit; as a result, soot begins to form near the cooler 
core of the flame and is drawn directly toward and 
through the flame sheet for most of the flame. An- 
other important difference between buoyant and non- 
buoyant diffusion flames involves the variation of 
velocities along soot pathlines. For buoyant flames, 
velocities progressively increase with increasing 
height above the burner exit, for example, similar to 
the discussion leading to Eq. (3), (Apgz/p)1'2 is 
roughly the scale of streamwise velocities. Thus, resi- 
dence times near the upper end of the soot reaction 
zone are shortest for buoyant flames, which reduces 
the effectiveness of soot oxidation processes in com- 
parison with soot production processes nearer to the 
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burner exit. In contrast, streamwise velocities are 
roughly inversely proportional to the distance from 
the burner exit for nonbuoyant flames, as discussed 
in connection with Fig. 22.10SU09 This tends to in- 
crease the effectiveness of soot oxidation processes 
relative to soot growth processes for nonbuoyant 
flames in comparison with buoyant flames. Finally, 
as will be discussed later, residence times in nonbuoy- 
ant flames are significantly longer than for buoyant 
flames of comparable size, providing longer absolute 
times for soot nucleation, growth and oxidation. 
Thus, any resemblance between soot processes within 
nonbuoyant and buoyant laminar diffusion flames 
i-Jo.irly is fortuitous. Aiiiiition;iIlv. Kv;il olVivtx ^1' 
buoyancy are generally insignificant for turbulent 
flames; thus, the largely unstudied nonbuoyant lami- 
nar jet diffusion flame configuration provides a better 
simulation of soot processes relevant to the turbulent 
flames of practical interest than buoyant laminar jet 
diffusion flames. 

Aside from their practical relevance, nonbuoyant 
jet diffusion flames at ßg also provide improved 
spatial resolution for studying soot processes. This 
can be seen from the results illustrated in Fig. 23. In 
particular, the flame surface and the dividing stream- 
line are close to one another for buoyant flames so 
that soot collects in a narrow layer. Furthermore, 
soot oxidation is confined to a narrow region where 
the soot layer crosses the flame tip for buoyant 
flames, because effects of strain and relatively high 
velocities in the flow near the flame tip introduce 
large radial gradients as well as rapid quenching of 
reactions in the soot layer. In contrast, both soot 
formation and oxidation are spread along most of 
the flame surface for nonbuoyant conditions, and 
these regions are broad with relatively low velocities 
for the low Reynolds number conditions that are 
accessible at ßg. In particular, the breadth of the 
soot-containing region is evident from the significant 
flame widths seen in Fig. 21. 

Flexibility to control overall flame residence times, 
defined as the time required for a parcel of fluid to 
convect from the burner exit to the flame tip, is 
another advantage of nonbuoyant jet diffusion 
flames for studying soot processes. For example, 
flame residence times for buoyant laminar diffusion 
flames are primarily controlled by effects of buoy- 
ancy and are relatively insensitive to burner diameter 
and initial gas velocity variations, with the residence 
time roughly proportional to the square root of the 
flame height.114,115 This behavior implies a variation 
of residence times of approximately 3:1 over the 
range of typical laminar smoke point flame lengths 
for buoyant flames, for example, 20-200 mm, at at- 
mospheric pressure.117"120 In contrast, residence 
times tend to be proportional to burner diameter 
and inversely proportional to burner exit velocity for 
nonbuoyant laminar jet diffusion flames having di- 
mensions typical of laminar smoke point conditions 
at atmospheric pressure, that is, burner exit Reynolds 

numbers of 0(100) and ratios of flame length to 
burner exit diameter less than 50.108 Based on simple 
constant property analyses using the boundary layer 
approximations, the effect of diameter is expected; 
however, the effect of burner exit velocity is surpris- 
ing because simplified analyses show that residence 
times are independent of the burner flow rate.117 

The difference between the two results is caused by 
effects of streamwise diffusion and variable proper- 
ties; actually, due to the large property variations 
within flames, rather large burner exit Reynolds num- 
bers, 0(1000), are required before the boundary layer 
approximations are appropriate for laminar jet diffu- 
sion (liimos.'"" Thus, it is n relatively simple mutter 
to vary the residence times of nonbuoyant jet diffu- 
sion flames by orders of magnitude through varia- 
tions of burner exit diameters and velocities for the 
range of conditions normally considered during stud- 
ies of soot processes. 

Recent studies of soot processes in laminar jet 
diffusion flames at ßg have confirmed the anticipated 
differences between soot processes at ng and ßg 
conditions, and have demonstrated the advantages 
of experiments at ßg. A portion of these studies was 
devoted to measurements of the laminar smoke point 
flame length, which is defined as the length of the 
luminous portion of the flame at the condition where 
soot just begins to be emitted from the flame, that is, 
all longer flames which have larger fuel flow rates 
will be soot emitting. The laminar smoke point flame 
lengths of buoyant jet diffusion flames at ng are a 
valuable global measure of the sooting tendencies of 
fuels, because these lengths, and the corresponding 
residence times for a particular length, are relatively 
independent of burner exit conditions. 114~120 It was 
suggested earlier117 that laminar smoke point flame 
lengths might not be observed for nonbuoyant lami- 
nar jet flames because simplified boundary layer 
analysis indicated that their residence times were 
independent of burner flow rate, or flame length for 
a particular burner, as discussed earlier. However, 
laminar smoke point flame lengths were recently 
observed for nonbuoyant flames at ßg which provide 
a useful contrast to existing observations at ng.121 A 
portion of the results is summarized in Table 1, 
which provides laminar smoke point luminosity 
lengths and residence times for ethylene and 
propane-air flames at atmospheric pressure. Lumi- 
nosity lengths are somewhat longer than flame 
lengths because the soot oxidation region is relatively 
large; however, the ratios between flame and luminos- 
ity lengths are comparable at ng and ßg, ca. 0.6.121 

On the other hand, the basis for residence times 
differ somewhat because they were computed using 
the approach of Mortazavi et a/.108 at ßg, while they 
were measured as the time required for flame luminos- 
ity to disappear after abruptly ending the burner 
flow at ng.19 It is unlikely, however, that the different 
definitions of residence times significantly affect the 
following observations. 
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TABLE 1. Laminar smoke point properties for nonbuoyant and buoyant 
diffusion flames 

Burner Luminosity Residence 
Buoyancy diameter length time 
condition (mm) (mm) (ms) 

Ethylene-air flames 
Nonbuoyant (fig) 1.6 32 180 
Nonbuoyant (fig) 2.7 25 280 
Nonbuoyant (fig) 5.9 24 750 
Buoyant (ng) 14.3 135 41 

Propane-air flames 
Nonbuoyant (jig) 1.6 42 230 
Nonbuoyant (/ig) 2.7 38 420 
Nonbuoyant (fig) 5.9 42 1310 
Buoyant (ng) 14.3 169 48 

Nonbuoyant and buoyant round jet flames in air at 298 ± 3 K and 1 atm. 
Nonbuoyant results from Sunderland et a/.121 with residence times estimated 
from Mortazavi et a!.10" Buoyant flames from Sivathanu and Faeth119 with 
measured residence times. 

There are several interesting features about the 
comparison between laminar smoke point luminosity 
lengths and residence times at fig and ng summarized 
in Table 1. First, the nonbuoyant flames exhibit 
laminar smoke point luminosity lengths, in contrast 
with the implications of simplified theories of flame 
structure,117 because their residence times vary with 
flame length as discussed earlier. Second, varying the 
burner exit diameter at fig has little effect on the 
laminar smoke point luminosity length. While this 
behavior is superficially similar to buoyant flames, 
the mechanism must be different. In particular, the 
residence times increase substantially over the range 
of burner diameters at fig listed in Table 1; however, 
similar variations of burner diameter would have 
little effect on residence times at ng.117 Additionally, 
the smoke point luminosity lengths are roughly four 
times shorter at fig than ng. Finally, residence times 
at the laminar smoke point are appreciably larger at 
fig than at ng—180-1310 ms in comparison with 41- 
48 ms. About the only feature that is similar for 
results at fig and ng is the tendency for luminosity 
lengths and residence times to be somewhat larger 
for propane-air than ethylene-air flames. The differ- 
ent soot paths and the different relative residence 
times and sizes of the soot formation and oxidation 
regions for nonbuoyant and buoyant jet diffusion 
flames undoubtedly contribute to this behavior. How- 
ever, the specific mechanisms are neither adequately 
quantified nor understood. Furthermore, the greater 
propensity to soot at fig than ng is problematical for 
fire safety in spacecraft. Clearly, much remains to be 
done to establish the behavior of smoke point proper- 
ties at fig, but it is already evident that experiments 
at fig provide a valuable new perspective for gaining 
a better fundamental understanding of the global 
soot properties of diffusion flames, as well as informa- 
tion needed to address fire safety concerns for 
spacecraft. 

Other experiments carried out at fig further con- 

firm fundamental differences between soot processes 
in nonbuoyant and buoyant jet diffusion flames.93"107 

These experiments involve jet diffusion flames for a 
variety of hydrocarbon fuels in still air with the 
measurements limited to flame photographs. The 
results were generally obtained using drop towers 
where short available test times preclude reaching 
fully-developed flame conditions; however, the re- 
sults are still qualitatively useful.106 It was observed 
that fig conditions yield enhanced sooting, which 
was attributed to the longer residence times of fig 
flames than ng flames of comparable lengths.103 The 
region where soot was present was much wider at fig 
than at ng, with the luminous region due to con- 
tinuum radiation from soot having a blunt tip, called 
tip-opening behavior, rather than the familiar conical 
tip of buoyant flames such as candle flames. Further- 
more, the luminosity near the tip of nonbuoyant 
flames progresses from yellow to red to dull red with 
increasing distance from the burner exit, near the 
end of the visible portion of the flame. This behavior 
can be attributed to the absence of buoyancy as 
discussed in connection with Fig. 23. For nonbuoy- 
ant and weakly-buoyant conditions, soot crosses the 
flame sheet over a broad region and passes into an 
extended soot oxidation region where gas tempera- 
tures progressively decrease; this yields a blunt 
appearance to the luminosity emitted from the soot- 
containing region with the color shifting toward the 
infrared as the mixture cools. In contrast, the soot 
layers in buoyant flames at ng are confined to a 
region near the axis as the flame tip is approached, 
which yields a conical tip because the oxidation 
region is rapidly quenched. 

Recent measurements of soot concentrations in 
weakly-buoyant laminar jet diffusion flames at low 
pressures help to quantify the structure of the soot- 
containing region when the effects of buoyancy are 
small.108 These experiments were feasible because 
even though soot concentrations are reduced at low 
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FIG. 24. Soot volume fraction distributions in a weakly- 
buoyant laminar jet diffusion flame (acetylene/02/N2 mix- 
ture at 0.125 atm. and an ambient oxygen mass fraction of 

0.75). From Mortazavi et a/.108 

pressures,122,123 longer residence times in nonbuoy- 
ant flames help to compensate for this reduction. A 
typical example of these results is illustrated in Fig. 
24, which involves an acetylene flame issuing from a 
3 mm diameter burner having a burner exit Reynolds 
number of 250, an ambient oxygen mass fraction of 
0.75 and an ambient pressure of 0.25 atm. The soot 
volume fraction is plotted as a function of radial 
distance at various distances from the burner exit. 
An annular soot layer is evident near the burner exit, 
corresponding to the region that is sufficiently heated 
for soot to form with possibly some additional resist- 
ance to the soot crossing the flame sheet due to 
effects of thermophoresis. However, the soot layer 
becomes less prominent as soot begins to form along 
the axis of the flow near the tip of the flame (ca. 
x/d = 9.35, based on the stoichiometric mixture frac- 
tion). Soot oxidation extends to the axis beyond the 
flame tip, where soot concentrations become rela- 
tively uniform. Finally, the soot is completely oxi- 
dized at a nearly constant distance from the burner 
exit in this nonsooting flame. The large width of the 
soot-containing region, and its rather uniform disap- 
pearance at all radial locations, helps to explain the 
blunt luminous zone (or tip-opening process) ob- 
served for jet diffusion flames at fig. Finally, the 
breadth of the soot-containing region and the large 

size of the soot-oxidation region clearly provide 
excellent spatial resolution for studying soot 
processes. 

Behavior similar to Fig. 24 at all pressures at fig, 
coupled with significant flexibility to vary flame resi- 
dence times, provides unprecedented opportunities 
for significant progress towards an understanding of 
soot processes in diffusion flames. The differences in 
soot behavior at fig and ng have important implica- 
tions for spacecraft fire safety because continuum 
radiation from soot significantly affects fire growth, 
flame spread and burning rates,87 providing an addi- 
tional incentive to study soot processes in nonbuoy- 
ant diffusion flames. 

5. HETEROGENEOUS PREMIXED FLAMES 

5.1. Introduction 

Aside from the limited case of double-base solid 
propellant combustion, denoting a class of combus- 
tion phenomena as heterogeneous premixed flames is 
an oxymoron because these flames normally involve 
nonpremixed combustion on small scales, that is, 
individual dispersed phases (particles or droplets) are 
generally dominated by either fuel-like or oxidizer- 
like reactants. In keeping with normal usage, how- 
ever, we shall consider a variety of flame phenomena 
under the heading of heterogeneous premixed flames, 
where gross mixing between the fuel-rich and 
oxidizer-rich phases has already occurred before 
flame propagation begins. This includes flame propa- 
gation in suspensions, smoldering and materials syn- 
thesis in flames. 

5.2. Flame Propagation in Suspensions 

The propagation and extinction of flames in parti- 
cle and droplet suspensions are relevant to the com- 
bustion of sprays and coal dusts, and to accidental 
explosions in mine galleries and grain elevators. How- 
ever, it has proven to be far more difficult to develop 
reliable information concerning such important fun- 
damental combustion parameters as the minimum 
ignition energy, flame propagation speeds, flammabi- 
lity limits, and quenching distances in particle and 
droplet suspensions than in homogeneous gas mix- 
tures. The primary reason for the difficulties is the 
inability to produce a uniform suspension due to 
particle settling. This problem is caused by two fac- 
tors, namely particle settling during combustion, and 
particle settling during the preparation of a combusti- 
ble heterogeneous mixture.124"130 

First consider the effects of particle settling during 
combustion. The particles of interest to combustion 
have sizes which typically vary from 10—1000 (zm. 
This implies terminal velocities within the range 
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10-100 cm/s. This range, however, basically brackets 
the rate of flame propagation in particle suspensions 
so that settling can seriously modify the flame be- 
havior. For example, for a downward-propagating 
flame, rapid settling may make the suspension too 
dilute to support combustion. In contrast, an 
upward-propagating flame may also fail to propagate 
because the dense particle cloud can either make the 
heterogeneous mixture too rich for flame propaga- 
tion and/or can absorb too much heat from the 
flame and cause extinction. By the same reasoning, 
there may also exist situations in which settling can 
make an initially nonflammable suspension combusti- 
ble. Finally, even if a flame can successfully propa- 
gate through the suspension, its motion will be highly 
transient due to the stratified particle concentration. 

The second factor concerns the creation of particle 
or droplet clouds. Effective methods to mix particles 
and gases frequently produce strong turbulent 
motion within the gas (see Kumar et a/.130 and 
references therein). Since it is desirable to initiate the 
experiment only after the turbulent motion has de- 
cayed, substantial settling can take place during this 
decay period. Practical operational compromises 
imply that measurements at ng involve combined 
disturbances of turbulence and settling except for the 
very smallest particulates or droplets.130 In view of 
these considerations, the need for long duration fig 
experiments in space is warranted for this class of 
phenomena. These experiments will provide valuable 
data for comparison with existing theories based on 
uniform suspensions (see Seshadri et a/.131 and refer- 
ences therein), and will serve as new standards for 
the evaluation of fire hazards in particle suspensions 
for both Earth- and space-based applications. 

Earlier //g studies on flame propagation in suspen- 
sions in a tube have focused on a so-called 'chatter- 
ing flame' phenomenon.125"128. Specifically, the 
structure of near-stoichiometric flames appears to be 
spatially discontinuous in a rib-like manner, while it 
is continuous for rich mixtures. It was speculated 
that the chattering flame propagation was associated 
with a Kundt's tube-type phenomenon,132 which 
causes the unburnt mixture to segregate into alternate 
fuel-rich and fuel-lean layers. Upon ignition, the 
flame would then propagate in a pulsating mode as 
the layers of particles are ignited in turn through 
radiation. More recent experiments, however, cast 
doubt on this mechanism because segregated layers 
in the unburnt mixture were not observed.133 It is 
now believed that the chattering nature is simply 
caused by the flame-acoustic interation for flame 
propagation in a tube. 

Theoretical studies for flame propagation in sus- 
pensions have been performed for both the steady 
mode of flame propagation,131 and for the acoustic 
instability characteristics in the tube.133'134 In all 
these analyses the particles are assumed to completely 
gasify in the preheat zone so that the reaction zone is 
equivalent to a premixed flame. Results presented 

for acoustic instability characteristics in Ref. 133 
show that the growth of the instability is damped by 
the particle velocity lag, as is well known, with the 
damping being stronger for the higher loading cases 
of stoichiometrically-rich mixtures. 

Concerning future research, it seems that if the 
chattering flame phenomenon is strictly a flame- 
acoustic interaction problem peculiar to the use of 
the tube as the flame propagation chamber, then 
investigators can simply use either a homogeneous 
gaseous mixture for studies on acoustic instability 
alone, or a gas mixture with inert particle seeding to 
allow for viscous damping. By the same reasoning, 
studies of flame propagation in fuel particle suspen- 
sions should use a combustion chamber which would 
not produce such instabilities. In terms of theoretical 
work, active particle gasification and burning should 
constitute part of the reaction zone structure, similar 
to 'spray flame' analysis,24 so that the heterogene- 
ous nature of the flame structure is completely 
incorporated. 

5.3. Smoldering 

Accidental fires and explosions are frequently pre- 
ceded by smoldering, which is the slow heating and 
pyrolysis of organic materials with the release of 
combustible vapor and particles. Without buoyancy 
for dispersion, the pyrolyzate will stagnantly accumu- 
late so that a flammable concentration can be easily 
reached. In addition, safe toxicity levels in the envi- 
ronment could be exceeded due to accumulation of 
these preflame pyrolyzates. Therefore, the formation 
and dispersion of pyrolyzates for smoldering in fig 
environments needs to be understood, primarily moti- 
vated by spacecraft fire safety concerns.135,136 

Smoldering frequently takes place in the interior 
of a porous material through the creeping propaga- 
tion of a smoldering front supported by the exother- 
mic, heterogeneous reaction that takes place at the 
surface of the pores. Radiative transport may become 
important because heat conduction can be relatively 
ineffective in a porous medium. Furthermore, be- 
cause the porous material inhibits convective and 
diffusive transport to the smoldering front, oxygen 
supply is frequently the rate limiting factor. Smolder 
front propagation has been studied for cigarettes, 
Polyurethane foams, wood, wood products, coal ma- 
trixes in underground coal gasification and fires in- 
volving coal heaps.135 

The influence of gravity on smoldering is primarily 
through the mechanism and rate of air supply, with 
past considerations generally limited to downward 
and upward propagation (see Refs 136-138 and refer- 
ences therein). For example, in a downward-propaga- 
tion mode, the supply of oxidizer is augmented by 
the buoyancy-induced upwardly-rising air. Since 
both the fuel and oxidizer are supplied upstream of 
the front, the spreading mode is similar to a premixed 
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flame and is termed cocurrent spread. On the other 
hand, for an upwardly-propagating flame, fuel and 
buoyancy-induced oxidizer are supplied from oppo- 
site sides of the flame. Then the spreading mode is 
similar  to  a  nonpremixed  flame  and  is  termed 
counter-current spread. The above situations are 
analogous to those of flame propagation in the verti- 
cal tube, considered previously, except that the flow 
is in a porous medium. The spreading of the smolder- 
ing front can also take place through natural convec- 
tion boundary-layer flows over nonporous surfaces 
for the analogous cocurrent and counter-current situ- 
ations. It is clear that, in spite of the small pore size 
of the smoldering material, buoyancy plays an impor- 
tant role in the rates of flame propagation and spread- 
ing in these situations. In the absence of buoyancy, 
the rates of oxidizer supply, and thereby front propa- 
gation, are expected to be considerably reduced. De- 
tection of smoldering occurrence will also be more 
difficult when buoyancy is absent, leading to greater 
danger of transition to flaming combustion. 

The fig environment also provides an opportunity 
for systematic study of smoldering processes that 
cannot be carried out at ng. For example, detailed 
measurements of the locally heterogeneous combus- 
tion processes of smoldering requires reasonable spa- 
tial resolution. However, this is difficult at ng because 
gas passage sizes must be small to prevent effects of 
natural convection flows that are not relevant to 
practical smoldering processes (see Section 2 for a 
discussion of these limitations). This difficulty is 
circumvented at ßg because the size of both the fuel 
elements and the gas passages can be scaled up so 
that conventional temperature and  gas  sampling 
probes can be used to determine flame structure. 
Unfortunately, smoldering processes are normally 
slow and become even slower upon scale-up. Thus, 
ground-based fig facilities, that have test times in the 
range 1-100 s, do not offer much potential for studies 
of smoldering. However, progress in this area should 
be rapid when spacecraft environments become avail- 
able for smoldering experiments. 

5.4. Materials Synthesis 

Materials synthesis in flames is a growing field due 
to potential applications for a wide range of novel 
and useful products. There are three general classes 
of materials synthesis in flames: film deposition, con- 
densation of nanoparticles and self-propagating 
high-temperature synthesis (SHS). Flame deposition 
of films has a long history and is commonly used to 
produce coatings of refractory materials, including 
recent interest in the production of industrial dia- 
monds. Significant effects of buoyancy on deposition 
processes are normally not a factor, however, because 
relatively high flow velocities are used in order to 
minimize the boundary layer thickness along sur- 
faces so that high deposition rates can be achieved. 

Thus deposition will not be considered in the 
following discussion. However, materials synthesis 
by condensation of nanoparticles and SHS will be 
considered because they are related to flame propaga- 
tion in suspensions and smoldering so thatpg environ- 
ments can impact these processes as discussed in 
Sections 5.2 and 5.3. . . 

A common method of materials synthesis in flames 
involves condensing the desired product in the post- 
flame region, somewhat analogous to the way that 
soot is formed in premixed flames. This tactic can be 
used to produce highly purified refractory materials 
like silicon dioxide or technological fumes like carbon 
black and fullerenes.139 In a general way, this is the 
inverse process of flame propagation in suspensions 
and it involves similar limitations. First of all, the 
growth of dispersed-phase elements is limited by 
settling and available flame residence times at ng. At 
ag conditions, both these restrictions are modified, 
thereby   allowing   for   the   production   of  larger 
dispersed-phase elements, providing a range of prop- 
erties of the materials that is beyond current capabili- 
ties and reducing problems of phase separation (or 
product collection). However, the properties of these 
processes are not understood at fig; in particular, it 
is likely that available residence times will ultimately 
be limited by radiation effects, rather than convection 
effects which control residence times at ng. Thus, the 
kinds of products that can be made, and the structure 
and stability of the flame environments used for 
their production, will require extensive experiments 

SHS is related to thermite processes that have a 
long history, and is receiving new interest due to 
capabilities to produce novel and valuable products 
(see Refs 140-142 for a summary of recent work in 
this field). SHS involves mixing and compacting con- 
trolled amounts of solid phases of reactant materials 
and igniting the mixture, with the final product pro- 
duced upon flame propagation through the mixture 
A desired shape of the product also can be achieved 
by appropriate shaping of the compacted reactant 
There are two main classes of SHS processes: (i) 
solid-fluid and (ii) solid-solid. Solid-fluid processes 
involve one reactant as a solid matrix that is sub- 
merged in a second reactant that is fluid. An example 
is the suspension of titanium particles in liquid nitro- 
gen to produce titanium nitride.143 Solid-solid pro- 
cesses involve mixtures of solid phases, typically of a 
metal and a nonmetal, with the surrounding gas 
playing a minor role, or with operation even in a 
vacuum, yielding a unique class of combustion phe- 
nomena. Solid-solid SHS processes are sometimes 
called gasless reactions because both reactants and 
products are solids; however, one of the reactants 
frequently melts or gasifies upon passage of the 
flamefront so that the resulting combustion process 
could resemble heterogeneous flame propagation in 
sprays and dusts.144 Including both classes, there is 
a rich variety of SHS processes of interest, and the 
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FIG. 25. Schematic of (a) a downward-propagating opposed flow flame, and (b) an upward-propagating 

concurrent flame. 

mechanisms of SHS are not well understood. In fact, 
most past work has been limited to general thermody- 
namic considerations to define conditions needed to 
achieve SHS having appropriate properties, and stud- 
ies of the mechanical properties of the product for 
various reactant properties.140"1*2 Thus, there is sub- 
stantial scope for fundamental experimental studies 
of SHS, with the advantages of experimentation at 
ßg being very similar to those already discussed in 
connection with heterogeneous premixed flames. 
There are some additional distinct advantages of 
conducting the SHS process at fig. For example, for 
solid-solid synthesis in which the flame speed could 
be low (say 0.1 cm/s), and one of the solids melts 
upstream of the reaction front, the melt could drip 
due to gravity and consequently modify the unre- 
acted mixture composition. Furthermore, for liquid- 
solid synthesis involving a suspension, the problem 
of settling could be circumvented at ßg in the same 
manner as for gas-particle suspensions discussed in 
Section 5.2, provided a uniform dispersion can be 
initially achieved.143 

6. HETEROGENEOUS NONPREMIXED FLAMES 

6.1. Introduction 

As noted earlier, the combustion process of hetero- 
geneous flames generally involves nonpremixed com- 
bustion between a gaseous phase and a solid or 
liquid phase. Therefore, heterogeneous nonpremixed 
flames include many classical problems that have 
had significant attention in the past. In the following 
we shall consider two main classes of heterogeneous 
nonpremixed combustion, namely, flame spread 
along solid and liquid surfaces and the combustion 

of droplets. The corresponding problems of the com- 
bustion of solid particles has attracted surprisingly 
little attention at /ig conditions, and will not be 
considered. 

6.2. Flame Spreading 

Flame spreading over fuel surfaces is a crucial 
process in fires both on Earth and in space. The 
relevant issues are understanding the mechanisms 
governing spreading, determining the spreading rate 
as a function of the fuel properties and environmental 
parameters, and identifying the limiting situations 
when spreading is not possible. 

Flame spreading can be classified into two broad 
categories;146 namely, opposed-flow spread (Fig. 
25a), in which the spreading direction is opposite to 
that of the external flow, and concurrent-flow spread 
(Fig. 25b), in which the spreading direction is the 
same as that of the external flow. For a vertically- 
oriented fuel surface in the presence of gravity, the 
flame induces a buoyant flow and these two spread- 
ing modes correspond to downward and upward 
flame spread, respectively. In concurrent spread, the 
hot combustion products form a plume that bathes 
the unburnt fuel, leading to rapid rates of flame 
spreading. If the fuel plate is also thermally thick,146 

then spreading is generally accelerated as a greater 
depth of the solid fuel becomes heated. For a ther- 
mally thin fuel, a steady rate of spread may be 
possible when complete fuel burnout can be achieved 
near the leading edge. Opposed spread is slower in 
general and a steady state can be achieved more 
readily. Due to its relative experimental and theoreti- 
cal simplicity, most research has been conducted on 
opposed spread of laminar flames over thin fuels. 
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FIG. 26. Schematic of flame propagation with different 
opposed flow velocity profiles in the flame-stationary refer- 
ence frame: (a) fig stagnant environment, (b) fig forced- 
convection environment, and (c) stagnant buoyant 
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FIG. 27. Flame spread rates at ng and fig as a function of 
ambient oxygen concentration for a thin solid fuel. From 

Olson.152 

Recently, however, work has been initiated on flame 
spread over thick fuels,147,148 concurrent 
spread,147'149 and turbulent flames.150 There is a 
growing body of literature on flame spread related 
to fire research (see Refs 146-163, and references 
cited therein, for additional information). 

Figure 26 is a more detailed schematic showing an 
opposed spread configuration. Recognizing that the 
flame has a finite spreading speed, Fig. 26 shows 
that, in the flame-stationary reference frame, the 
flame experiences different upstream velocities 
against its motion if it is situated in (i) a zero-gravity, 
stagnant environment, (ii) a zero-gravity, forced con- 
vective environment, and (iii) a stagnant, buoyant 
environment. Spreading is accomplished through 
highly coupled convective-diffusive heat and mass 
transport, as well as radiative heat transport, near 
the leading segment of the flame. Here the forward 
diffusive and radiative heat transfer from the flame 
heats and pyrolyzes the solid fuel ahead and in the 
vicinity of the leading edge of the flame. The pyro- 
lyzed fuel vapor then mixes with the fresh oxidizing 
gas from the freestream, forming a combustible mix- 
ture which subsequently reacts. Since the mixture 
around the leading edge of the flame is premixed, 
this flame segment resembles a premixed flame. Thus, 
spreading of such a global diffusion flame is achieved 
through propagation of this premixed flame seg- 
ment that forms the leading portion of the flame. 
Fundamentally, we also recognize the similarity of 
flame spread to the stabilization of jet diffusion 
flames by a premixed flame segment. A comprehen- 
sive theory, yet to be formulated, should be able to 
describe both phenomena. 

Microgravity experiments have been conducted in 
order to study flame spread without the complica- 
tions from heat and mass transport processes associ- 
ated with the induced buoyant flow.151"155 It is also 
of particular interest to assess the influence of the 
convective environment on fire safety, especially 
under limit conditions. In general, it is found that as 
the external convective flow is reduced to values near 
zero, the flame temperature is reduced, and the flame 
becomes thicker and is located farther away from the 
surface. Figure 27 is an illustration of measurements 
of the flame spread rate over a thin paper sample as 
a function of the ambient oxygen concentration at 
ng and fig for a stagnant environment.152 It is seen 
that while the flame spread rate is basically not 
affected by buoyancy in highly-enriched oxygen envi- 
ronments, as the oxygen concentration is reduced the 
flame spreads more slowly at fig. Consequently, the 
flame fails to spread at a comparatively higher 
oxygen concentration at fig. The substantial differ- 
ence between the spread rate at fig and ng also 
indicates the need to conduct these experiments at 
fig, as well as other intermediate gravity levels, in 
order to accurately assess the influence of buoyancy. 

Figure 28 is an illustration of the flame spread 
velocity over thin paper samples as a function of the 
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characteristic relative velocity experienced by the 
flame.152 The correlation considers all possible 
modes of convection, including quiescent and forced 
convection at fig, with and without forced convection 
at ng, and buoyant convection at elevated gravity. It 
is seen that the spreading response is nonmonotonic, 
with the spread rate exhibiting a peak value at a 
certain characteristic relative velocity. Such a nonmo- 
notonic behavior is further demonstrated in Fig. 29, 
which is a plot of the limit of flame spread in terms 
of the oxygen concentration and the characteristic 
relative velocity. The results demonstrate that spread- 
ing is inhibited beyond a low and a high limit of the 
relative velocity. It is suggested152 that in the high 
velocity limit, relevant to buoyant or highly forced 
convective situations, the flame is simply blown off 
because a balance cannot be maintained between the 
local flow velocity and flame propagation speed at 
the leading edge of the flame. In the low velocity 
limit, relevant to stagnant fig situations, the reduced 

convective rate of oxygen supply causes the burning 
rates, and thereby the heat release rates, to be too 
slow relative to that of the radiative heat flow, and 
the flame is quenched. The possible existence of such 
a dual extinction behavior was originally suggested 
by T'ien and Foutch and T'ien,156"158 based on 
numerical solutions of counterflow diffusion flames. 
Recent analytical studies of nonpremixed and 
premixed flames with flame and surface radia- 
tion159'160 also substantiate such a phenomenon. 

The above results demonstrate that the complete 
suppression of convective flows does not necessarily 
lead to the most favorable situation to retard flame 
spread. In fact, it is seen that flame spread can be 
significantly promoted in a fig environment having a 
gentle breeze, somewhat lower than the lowest possi- 
ble characteristic velocity for opposed-flow flame 
spread at ng, which is typical of the working environ- 
ment in spacecraft. It is, however, also shown that 
an absolute minimum oxygen concentration of about 
15% exists, below which opposed-flow flame spread- 
ing is not possible, at least for the materials used in 
the experiments of Fig. 29. These results are highly 
significant for fire prevention considerations and will 
be discussed again in Section 7.2. 

The opposed-flow spreading of flames over thin 
fuels has also been numerically simulated.154,161"163 

The predictions appear to quantitatively agree well 
with measurements at fig, especially at the leading 
edge.154 Such agreement emphasizes the importance 
of the leading edge region and radiative transfer on 
opposed-flow flame spread. 

A schematic diagram illustrating flame spread over 
a pool of liquid fuel appears in Fig. 30. The reference 
frame in Fig. 30 is the flame, so that both air and 
liquid approach the flamefront, with local modifica- 
tions of surface tension and effects of buoyancy 
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FIG. 30. Schematic showing flame spread over a liquid surface in the flame-stationary reference flame, 
with spreading being aided by surface tension. From Sirignano.164 

contributing to the formation of recirculation or 
separated-flow zones in both the gas and liquid. In 
this reference frame, the region near the leading 
edge of the flame resembles the flame attachment 
point of gaseous jet diffusion flames, discussed 
earlier. Thus, the leading edge involves a small pre- 
mixed region fed by vapor leaving the fuel surface in 
its vicinity, in the same manner as that of flame 
spread over a solid surface discussed previously. 

Flame spreading over the surface of a pool of 
liquid fuel (Fig. 30) possesses several distinctive 
characteristics which are different from the behavior 
of flames for solid fuels. First of all, since liquid fuels 
are more volatile than solid fuels, substantial 
amounts of fuel vapor can be generated in the region 
near the leading edge of the flame which controls the 
flame spread rate. Flame propagation is therefore 
sensitive to the vapor pressure (and thus the tempera- 
ture) of the liquid, leading to the use of the flash 
point of the liquid fuel as an indicator of the different 
modes of spreading. It is reasonable to expect that 
with a moderate increase of the fuel vapor 
concentration, the premixture at the leading edge 
will be rendered more combustible and hence will 
propagate a flame faster when compared with a solid 
fuel. However, excessive enrichment could make the 
leading edge too fuel rich and consequently retard 
the spreading rate. Such a dependence has not been 
sufficiently studied. 

There are two main reasons for the study of flame 
spreading over liquid pools at pg. First, since the 
surface tension in the flame region is now much 
smaller than that far upstream of the flame, because 
of the higher liquid temperature in the flame region, 
thermocapillary forces induce a surface velocity in 
the direction of flame propagation.164 This effect 
subsequently increases the overall flame spread rate. 
Since the inherent flame spread rate in a stagnant ßg 
environment is very small, as just shown, this 
surface tension-induced flow can become the control- 
ling factor in flame spreading. The second considera- 
tion is that if the pool is sufficiently deep, then 
buoyancy will also affect the fluid motion within the 
liquid, and thus the flame spread rate. A complete 
understanding of the flame propagation process will 

therefore involve studies of both gas- and liquid- 
phase processes. 

Microgravity experiments using both shallow and 
moderately deep pools165,166 have shown that when 
flames at ng spread uniformly, the spreading rates at 
pg are almost identical to those at ng. This implies a 
minimal influence of buoyancy on the motion in 
either liquid or gas phases for this horizontally-ori- 
ented fuel surface. The spreading behavior, however, 
is markedly different under limit conditions of, say, 
low liquid temperatures. For these situations, spread- 
ing assumes a pulsating mode at ng, and is not 
possible at p.g. It is reasoned that at ng a gas-phase 
recirculation cell is present ahead of the leading 
edge, being formed by the concurrent gas flow next 
to the liquid surface due to the no-slip boundary 
conditions and the opposed flow above it induced by 
buoyancy.167 The gas-phase recirculation cell also 
induces a liquid-phase recirculation cell. The gas- 
phase recirculation cell facilitates fuel-air mixing, 
especially near limit conditions, and therefore pro- 
motes combustion. At ng, such a recirculation cell 
may not exist (due to hot gas expansion) and flame 
spreading is therefore not possible under the same 
limit conditions. However, when an opposed flow is 
externally applied at /ig, the flame is sustained under 
otherwise extinguished conditions.166 

6.3. Droplets 

Droplet vaporization and combustion is an essen- 
tial process during spray combustion in liquid-fueled 
engines and combustors. It is also a classical model 
problem of heterogeneous combustion because, by 
assuming quasisteadiness and spherical symmetry, 
the mathematical aspects of the problem can be 
greatly simplified. 

The basic droplet combustion model,168 depicted 
in Fig. 31, describes the gasification of the, liquid fuel 
at the droplet surface and its subsequent outward 
transport to meet inwardly-diffusing oxidizing gas in 
a thin flame region. The classical d1 law, derived by 
assuming spherical symmetry (Fig, 31a), quasisteadi- 
ness, and flame-sheet combustion, then predicts that 
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32. Theoretical predictions of spherically symmetric 
drop combustion according to the d1 law. 

the square of the droplet diameter, d2, decreases 
linearly with time, and that the ratio of the flame 
diameter, dt, to the droplet diameter, d{/d„ is a 
constant, as illustrated in Fig. 32. 

Numerous attempts have been made to verify the 
d2 law. Normal gravity experimental results show 
that d2 indeed varies approximately linearly with 
time, with the deviation from linearity depending on 
the extent of second-order influences. Attempts to 
quantify the behavior of the flame size, however, 
proved futile because it is meaningless to define a 
flame diameter when the flame is severely elongated 
by the presence of buoyant flow (Fig. 31b). Further- 
more, since the intensity of buoyancy continuously 
changes because of the steadily decreasing droplet 
size, an unsteady effect is also introduced. Thus, fig 
experiments are needed to better understand droplet 
combustion. 

Kumagai and coworkers 169'170 pioneered the use 
of the drop tower to study droplet combustion at fig. 
A spherically-symmetric droplet combustion configu- 
ration was observed during these experiments. The 
period of free-fall in Kumagai's experiments, how- 
ever, was fairly short and therefore only covered the 
early portion of the droplet lifetime. 

An alternative approach to minimize buoyancy 
during droplet burning is to conduct the experiment 
in ng environments at reduced pressure,8 down to 
about 0.1 atm., as mentioned earlier. Since droplet 
burning is a diffusion-controlled process, and since 
the density-weighted mass diffusivities are pressure 
insensitive, this approach is suitable to study certain 
small-scale (say 1 mm or less), low-velocity, steadily- 
burning diffusion flame phenomena. The reduced 
chemical reactivity can also be partially compensated 
by using oxygen-enriched environments, which have 
the additional advantage of reducing the flame size 
and hence the extent of buoyancy experienced by the 
flame. Results from such a study show that while d2 

still varies approximately linearly with time, the be- 
havior of the flame diameter completely disagrees 
with the d2 law prediction.8 Specifically, the flame- 
front standoff ratio dt/d, continuously increases with 
time for low to moderate ambient oxygen concentra- 
tions, but increases and levels off for higher ambient 
oxygen concentrations (Fig. 33). This behavior has 
recently been substantiated by experiments con- 
ducted at fig.111,112 Theoretical results8 showed that 
this behavior is caused by transient phenomena, that 
have been called "fuel vapor accumulation effects." 
That is, at the moment of ignition, the amount of 
fuel vapor in the region interior to the flame is low 
compared with the d2 law value, being constrained 
by the amount which existed for the vaporizing drop- 
let prior to ignition. Thus, subsequent to ignition, 
only part of the fuel that is gasified is used to 
support burning at the flame, the rest is used to 
build up the fuel vapor concentration in the inner 
region of the flame. The flame diameter consequently 
grows with increasing amounts of fuel vapor accumu- 
lation. The growth of di\dl continues with time for 
low ambient oxygen levels where the flame is rela- 
tively large, while it levels off for higher ambient 
oxygen levels where the flame is relatively small and 
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FIG. 33. Behavior of spherically symmetric drop combustion 
demonstrating the effect of fuel vapor accumulation on 

flame sheet location. 

there is less need for fuel vapor accumulation. The 
phenomenon can be completely described by con- 
sidering gas-phase quasisteadiness, treating the fuel 
vapor accumulation process at the same slow times- 
cale as that of droplet surface regression. Indeed, by 
suppressing fuel vapor accumulation, through the 
use of the d2 law concentration profile as the initial 
condition, a separate analysis173 allowing for gas- 
phase transient diffusion shows that fuel vapor accu- 
mulation has only minor influence on the flame 
response. Further discussion of this effect can be found 
in Ref. 168. 

Gas-phase unsteadiness is also important during 
droplet vaporization and combustion in high-pres- 
sure environments when effects of forced convection 
are absent, because the droplet approaches its thermo- 
dynamic critical point where the liquid and gas densi- 
ties are comparable. When the liquid reaches or 
exceeds its critical point, liquid properties are lost, 

the droplet acts like a puff of gas, and it is meaning- 
less to talk of droplet combustion. Experiments at 
low gravity have been used to identify droplet proper- 
ties at high pressures and the conditions for the 
onset of supercritical combustion.174 These experi- 
ments involved igniting droplets within a pressure 
vessel at various ambient oxygen concentrations and 
using a free-fall facility to provide low-gravity condi- 
tions. It was found that the increased solubility of 
the liquid to gases at its surface at high pressures has 
an important effect on droplet surface properties 
and the conditions required for supercritical combus- 
tion. Some typical results are illustrated in Fig. 34, 
which is a plot of the liquid temperatures during the 
steady burning phase (where the droplet has reached 
its wet bulb temperature) as a function of the ambient 
pressure for n-octane droplets burning in air. The 
plot includes measured liquid temperatures, the stand- 
ard boiling point curve and predictions both ignoring 
(low-pressure theory) and considering (high-pressure 
theory) effects of dissolved gases in the liquid. The 
plots are terminated at high pressures at the point 
where supercritical combustion conditions are 
reached. The high-pressure theory is in reasonably 
good agreement with the measurements, and shows 
that the dissolved gases tend to reduce liquid tempera- 
tures at each pressure. Additionally, the dissolved 
gases also tend to increase the ambient pressure 
required for the droplet to exceed its thermodynamic 
critical point, beyond both the critical pressure of 
the pure fuel and the predictions of the low-pressure 
theory.174 

Effects of unsteady combustion in convection-free 
environments at high pressures have also been stud- 
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FIG. 36. Schematic showing the soot formation phenom- 
enon during combustion at fig. 

ied at low-gravity conditions, using a pressure vessel 
in a free-fall facility.175 Combustion lifetimes (de- 
fined as the time between the droplet exceeding its 
thermodynamic critical condition and the end of 
combustion) were measured at high pressures where 
most of the combustion process occurs after the 
droplet exceeds its thermodynamic critical point. 
These measurements were compared with predictions 
of Spalding176 and Rosner,177 who treated unsteady 
combustion from point and distributed sources of 
fuel vapor, respectively. Predicted and measured re- 
sults for n-decane droplets at 68 atm. and various 
ambient oxygen concentrations are illustrated in Fig. 
35, where v = Y0m/a, and a is the stoichiometric 
mixture ratio. The distributed source theory yields 
better agreement with the measurements, but there is 
little to choose between the two in view of uncertain- 
ties in estimating transport properties in flame envi- 
ronments. Additionally, predictions of the maximum 

flame radius during combustion were in good agree- 
ment with measurements for various ambient oxygen 
concentrations and pressures.175 Subsequently, addi- 
tional experiments on high-pressure droplet combus- 
tion at fig have been completed, as well as the develop- 
ment of advanced theories allowing for unsteady and 
real-gas effects in both cases (see Shuen et a/.178 and 
Faeth179 for discussion of this work). These reviews 
indicate that much remains to be done to resolve the 
thermochemical and transport issues of droplet va- 
porization and combustion at the near-critical and 
supercritical conditions that are relevant to numerous 
high-pressure combustion processes. Thus, signifi- 
cant opportunities remain to exploit the demon- 
strated capabilities of combustion at fig for studies 
of high-pressure droplet combustion phenomena. 

Recent fig experiments180"182 have also revealed 
an unexpected, interesting aspect of droplet combus- 
tion, namely the formation of a soot layer between 
the droplet and the flame (Fig. 36). This phenomenon 
is caused by the back-diffusion of soot particles that 
are formed near the flame toward the droplet as a 
result of thermophoresis. Since this back-diffusion is 
opposed by the outwardly-transported fuel vapor, 
the soot particles eventually stagnate before reaching 
the droplet surface. The continuous accumulation of 
these soot particles eventually forms the shell as 
observed. The role of gravity here is apparent: soot 
layer formation, as seen at fig, has not been observed 
at ng for envelope flames, with such 'clean-burning' 
hydrocarbons as n-heptane in the presence of even 
very weak convective motion. Apparently the weak 
convection continuously sweeps the soot precursors 
and particles towards the flame segment in the wake 
on the leeward side of the droplet, causing their 
burnout.183 This phenomenon can have a profound 
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influence on our understanding of soot formation 
with and without external convection. It is also of 
interest to reassess the sooting tendencies of those 
fuels which are usually considered to be nonsooty. 

Another interesting phenomenon observed during 
recent ßg single-component droplet combustion is 
that the droplet burning rate appears to be substan- 
tially lower than previously observed. Specifically, 
the classical result of Kumagai et a/.170 showed that 
the burning rate constant of n-heptane droplets in 
air is 0.78 mm2/s, while the recent determination181 

showed a lower value of around 0.6 mm2/s, which 
also decreases with increasing initial droplet size.184 

The tentative explanation for this burning rate retar- 
dation is that soot formation acts as a chemical heat 
sink in reducing the total amount of fuel mass to be 
oxidized, and that the soot shell could also act as a 
partial barrier for heat transfer from the flame to the 
droplet surface. The fact that Kumagai et a/.170 

obtained a higher burning rate, and indeed did not 
observe any soot shell at all in their ßg experiments, 
was postulated to be caused by the dispersion of the 
soot particles by the convective motion formed when 
the suspension fiber was abruptly pulled at the start 
of their particular experiment. Results of this nature 
demonstrate the sensitivity of ßg experiments to small 
currents of air movement and the care needed to 
prevent their occurrence. 

Spherically-symmetric droplet combustion also 
serves as a good model problem for the study of 
diffusion flame reaction kinetics.185-188 Recently 
there has been considerable effort to extract funda- 
mental kinetic information by comparisons between 
theoretical and experimental results for certain flame 
processes. The accuracy of these comparisons, how- 
ever, is frequently compromised by inaccurate de- 
scriptions of the flow field. This difficulty does not 
exist for the simple spherically-symmetric droplet 
combustion configuration. Since droplet burning is 
basically diffusion controlled, kinetic effects are best 
manifested by the ignition and extinction events. In 
particular, recent studies at ßg have made frequent 
observations of drop extinction before all the liquid 
hasevaporated.172'182'187'188 

A complication that can result from droplet studies 
of flame kinetics is the potential influence of liquid- 
phase processes on gas-phase behavior. For example, 
when methanol is used as the fuel, it can potentially 
dissolve the water generated at the flame.190,1 

Thus, shortly after ignition, the droplet becomes a 
bicomponent mixture, whose amount and spatial 
distribution are not only unknown but also vary 
with time. While these quantities could conceivably 
be determined by numerical simulation, it is difficult 
to be quantitatively accurate due to the uncertainties 
of liquid-phase transport properties. Due to the com- 
plications as a result of water dissolution, the reliabi- 
lity of determining the gas-phase kinetics is corre- 
spondingly compromised. 

A droplet ignition study at ßg has also been con- 

ducted by rapidly submerging a drop in a heated gas 
within a furnace, with the apparatus contained in a 
free-fall facility, yielding ignition delay times for 
various liquid fuels and ambient conditions.192 This 
test configuration provides a convection-free environ- 
ment that simplifies both kinetic analysis and the 
interpretation of measurements which deserves addi- 

tional consideration. 
Several jig multicomponent droplet combustion 

programs are also currently underway. The most 
important factors which distinguish multicomponent 
droplet combustion from pure liquid droplet combus- 
tion are that the volatility differentials among the 
various components are an essential factor, and that 
liquid-phase mass diffusion can be very slow com- 
pared with either the surface regression  rate or 
liquid-phase thermal conduction.168-193'194 The pa- 
rameter which characterizes the efficiency of liquid- 
phase mass diffusion is a Peclet number, Pe, defined 
as the ratio of the surface regression rate to the 
liquid mass diffusivity. For droplet combustion, Pe 
is usually a large number because liquid-phase mass 
diffusivities are small. Consequently, after the initia- 
tion of gasification of an originally uniform droplet 
consisting of, say, two components having different 
volatilities, there exists an initial period when the 
volatile component in the surface layer is preferen- 
tially gasified and the droplet temperature is control- 
led by the boiling point of this volatile component. 
This preferential gasification, however, will eventu- 
ally slow down due to the reduction of the volatile 
concentration in the surface layer and the extremely 
slow rate with which it can be replenished from the 
core of the droplet. A steady state will then be 
reached at which the rate of supply of the compo- 
nents is equal to the rates with which they are vapor- 
ized. Furthermore, since the surface is now more 
concentrated with the less volatile, higher-boiling- 
point component, the droplet temperature will also 
become correspondingly higher. It is therefore clear 
that between the initial and the steady states a transi- 
tion droplet heating period must exist, during which 
the droplet temperature increases while the droplet 
gasification rate becomes slower because most of the 
heat it receives is now diverted to effect droplet 
heating. 

Experimental results at ng, but for weakly-convec- 
tive situations, substantiate this three-stage behav- 
ior.195'196 Figures 37 and 38 respectively show the 
variations of d\ and the normalized flame diameter 
with time for a bicomponent droplet initially consist- 
ing of 70%-heptane and 30%-hexadecane. The exist- 
ence of the transition heating period, characterized 
by a slow gasification rate and a simultaneous shrink- 
ing of the flame diameter, is particularly noteworthy. 
The above behavior has also been observed during 
recent microgravity experiments.197 

The combustion of multicomponent droplets is 
sometimes accompanied by a microexplosion phe- 
nomenon, which involves either mild fragmentation 
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or violent rupturing of the droplet as it burns. The 
fundamental cause of microexplosion is the superheat- 
ing of the more volatile components trapped in the 
inner core of the droplet whose temperature is con- 
trolled by the higher boiling points of the less volatile 
components. Thus, when these more volatile compo- 
nents are locally heated to the limit of superheat, 
instantaneous gasification and thereby droplet ruptur- 
ing occurs. The tendency to microexplode has been 
experimentally observed at ng, but with weakly-con- 
vective environments,198 to increase with increasing 
system pressure, due to the corresponding increase 
of the liquid boiling point and the nonideality of the 
mixture. These results were again recently confirmed 
by fig experiments.'" 

A heterogeneous burning problem which is some- 
what similar to droplet combustion is the candle 
flame,200,201 in which a diffusion flame is established 
between the inwardly-diffusing oxidizer gas and the 

outwardly-diffusing vaporized wax. Since the length 
of the wick is fixed, the phenomenon is basically 
steady, in contrast with quasisteady droplet burning 
situations in which the droplet size continuously 
shrinks. At fig, the flame appears to be somewhat 
spherical, in spite of the axisymmetric nature of the 
fuel source, probably due to the large flame size in 
comparison with the length of the wick. However, 
the soot shell which was present for the droplet 
flame was not observed for the fig candle flame. 
More experiments are needed to draw conclusions 
about the characteristics of these flames. 

The combustion of metals at fig has also received 
some attention, motivated by concerns about hazards 
associated with high-pressure oxygen systems in 
space applications.202 This work involved the com- 
bustion of rods of aluminium alloy, stainless steel 
alloy, iron and titanium, as well as sheets and meshes 
of stainless steel alloy. Combustion was studied in 
pure oxygen at various pressures. The experiments 
involved upward propagation at ng, in order to 
avoid irreproducible results due to molten metal 
flowing along the sample surface, as well as tests at 
ftg. The combustion of these materials involves the 
formation of molten balls at the end of the sample, 
which serve as the fuel source for the flame. It was 
found that the regression rate of the melting interface 
was significantly greater at ^g than ng and that some 
sample shapes, such as thin sheets, that extinguish at 
ng burn to completion at fig. Much remains to be 
done, however, in order to exploit the use of fig to 
study metal combustion: in particular, the high melt- 
ing and boiling points of metals and their combustion 
products, their capabilities to form complex con- 
densed phase mixtures, and the variety of combustion 
mechanisms for various metal-oxidant combina- 
tions, provides a host of theoretical and experimental 
problems. 

The combustion of solid materials other than 
metals has received only limited attention at micro- 
gravity, for example, the study of the combustion of 
carbon rods by Spunkier,203 and additional work 
should be encouraged. In particular, investigation of 
solid particle combustion, analogous to drop combus- 
tion, should provide valuable background informa- 
tion needed to gain an understanding of more com- 
plex processes such as flame spread along surfaces 
and heterogeneous flame propagation through 
suspensions. 

7. SPACECRAFT FIRE SAFETY 

7.1. Introduction 

The previous discussion has amply demonstrated 
that the flame spread rates and flammability limits 
at fig and ng are not the same, and that information 
gained during ng studies may not be accurately 
transferable to ftg situations even as limiting case 

JPECS 20:1-H 
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criteria. For example, no solid or liquid material 
has yet been studied to find the lean flammability 
limits (or the limiting oxygen concentration for 
flame propagation) in all the obvious configura- 
tions, for example, upward and downward flame 
spread at ng, and quiescent, opposed and concurrent 
flow at fig;20* therefore, it has not been possible to 
quantitatively demonstrate the relationship between 
fire safety properties at ng and ng. Furthermore, ßg 
flame sizes are expected to be large while the en- 
vironment on board manned space facilities such as 
the space station is compact, both of which tend to 
aggravate the consequence of a fire. Thus, specific 
information relevant to spacecraft fire safety is dis- 
cussed in the following, treating flame-inhibiting at- 
mospheres, fire detection and fire extinguishment, 
in turn. 

7.2. Flame-Inhibiting Atmospheres 

The control of fires within isolated inhabited 
compartments such as spacecraft, aircraft cabins, 
submarines, medical chambers, etc. involves novel 
problems in comparison with conventional 
systems.205"218 In particular, any fire must be pre- 
vented or extinguished in a way that does not endan- 
ger the occupants, interfere with operations, or 
damage operating systems in a very confined environ- 
ment. This is particularly critical for spacecraft opera- 
tions because the occupants may have to live and 
function in the postfire environment for a consider- 
able period of time. Some of the problems of fire 
control for these circumstances will be considered 
subsequently; the following discussion will address 
available tactics for the prevention of fires, emphasiz- 
ing the potential use of flame-inhibiting atmospheres 
that might be able to entirely eliminate fire hazards 
in spacecraft. 

The most common method of fire control is to 
eliminate potential ignition sources and to select 
materials that minimize the risk of incidence of fires, 
for example, 'design to preclude' fire.207'211 This is 
effective up to a point, however, the potential for 
fires cannot be completely eliminated in this manner 
and the required modifications of system design and 
materials are costly and inevitably involve excessive 
compromises of performance and flexibility of space- 
craft operations.205'207 These problems will only in- 
crease as the exploitation of space proceeds and a 
greater range of manned spacecraft operations are 
undertaken. Thus, more effective alternatives must 
be sought. 

The fact that the environment within spacecraft is 
completely under human control offers a novel ap- 
proach toward avoiding fires by using flame-inhibit- 
ing, or 'fire-safe,' atmospheres as an approach 
toward design to preclude. In particular, a property 
of fire-related phenomena is that they tend to be 
functions of the fractional amount of oxygen in the 

atmosphere. In contrast, human comfort and per- 
formance seem to depend mainly on the absolute 
amount of oxygen in the atmosphere (or the oxygen 
partial pressure). Thus, the potential exists to find a 
composition of the atmosphere that will not support 
combustion but that will support normal human 
activities indefinitely. This approach has been advo- 
cated by Carhart,208 based on experience with under- 
sea systems such as submarines and Sealab.3 

Underwater systems provide several examples of 
fire-safe atmospheres.207'208'210 For example, the at- 
mosphere within Sealab was rendered completely fire 
safe by pressurizing the vehicle to 7 atm., while keep- 
ing the partial pressure of oxygen at the standard sea 
level value of 0.21 atm. This reduced the oxygen 
mole fraction to only 3%, which is well below flamma- 
bility limits, both on Earth and in space. This was a 
very natural solution for Sealab because normal op- 
erations required the pressurized atmosphere in any 
event; however, this specific technique is not immedi- 
ately transferrable to spacecraft, where similar pres- 
sure increases would cause substantial structural 
weight penalties. Nevertheless, it seems likely that 
similar fire-safe atmospheres, having operationally 
acceptable properties, can be found for spacecraft. 
They certainly should be sought due to the enormous 
advantages of eliminating fire hazards for manned 
space activities, with minimal limitations on materials 
properties. 

Fire-safe atmospheres for spacecraft would be 
unique from other applications; nevertheless, existing 
information on flammability limits, studies of fire- 
safety parameters such as minimum oxygen indices, 
and specific studies of flame-inhibiting atmospheres, 
can provide some general guidelines.3,205"211 For 
example, the flame spread limit illustrated in Fig. 29 
for thin fuels at fig is roughly 15% oxygen by volume. 
On the other hand, it is generally agreed that an 
oxygen partial pressure of 16.5 kPa, equivalent to an 
altitude of 1800 m, is acceptable for long-term human 
activities,21' for example, such conditions are compa- 
rable with those of high-altitude cities such as Mexico 
City and Denver. Thus, satisfying both requirements 
with an oxygen-nitrogen atmosphere would imply a 
total pressure of 118 kPa. Another reduced oxygen 
atmosphere was identified by studies sponsored by 
the Navy that showed acceptable performance of 
spacecraft crews in an atmosphere having an oxygen 
partial pressure and mole fraction of 16.0 kPa and 
11%.212 This mole fraction is thought to retard most 
fires, based on ng data, and would require a total 
pressure of 145 kPa. These reduced-oxygen atmos- 
pheres are not major departures from the atmosphere 
planned for space stations; namely, air at atmos- 
pheric pressure (101.3 kPa).213 Naturally, these pre- 
scriptions are only suggestive because limited data 
for a single material and ignition mode, etc. such as 
the results of Fig. 29, or test results limited to ng, are 
certainly not sufficient to make a judgement concern- 
ing fire-safe ambient oxygen mole fraction levels at 
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TABLE 2. Fire-safe atmosphere tests at atmospheric pressure* 

o2 Inert c. 
(%byvol) (%byvol) (kJ/kg02K) Fuel Remarks 

40.5 59.5 C2F6 5.77 filter paper ignition flame only 
21.1 20.2 C2F6> 58.9 He 5.91 filter paper 

raw cotton 
Polyurethane foam 

ignition flame only 

21.0 10.0 C4F6, 69.0 He 5.68 filter paper ignition flame only 
21.0" 21.0 CjF6, 69.0 N2 6.68 filter paper 

cotton cloth 
Polyurethane foam 
kerosene 

ignition flame only 

16.9 19.0 CF4 in air 6.49 cotton flannel no combustion 
18.4 12.0C2F6inair 6.49 cotton flannel no combustion 
19.0 9.0 C3F8 in air 6.51 cotton flannel no combustion 
17.8 15.0 CF4 in air 5.95 kerosene no combustion 
19.2 8.0 C2F6 in air 5.72 kerosene no combustion 
19.4 7.0 C3F8 in air 5.99 kerosene no combustion 

"From Huggett.205 
bElectrically heated solid rocket propellant as ignition source; remainder ignited using an electrically- 

fired match. 

fig. Additionally, there are numerous human factors, 
and spacecraft design and operational requirements, 
that must be taken into account. Nevertheless, these 
very preliminary results do suggest that potentially 
fire-safe atmospheres may not be particularly unu- 
sual or hard to provide. 

Research carried out by Huggett205,206 provides 
other general guidelines for selecting fire-safe atmos- 
pheres. In particular, he found that flame spread 
over solid surfaces could be correlated with the heat 
capacity of the gaseous environment per mole of 
oxygen, and that when this heat capacity reached the 
range 5-6kJ/kg 02 K (40-50 cal/g mol 02 K) or- 
ganic fuels ceased to burn at atmospheric pressure. 
This prompted the study of fully fluorinated com- 
pounds of carbon as diluents for suppressing combus- 
tion because they have unusually high heat capacities 
among known inert gases.205 Table 2 gives a sum- 
mary of data on atmospheres that did not support 
combustion for various fuel samples ignited by either 
an electrically fired match, or a small piece of solid 
propellant, placed at the bottom of the sample at 
atmospheric pressure. All of these mixtures are char- 
acterized by a specific heat capacity in the range 5.7- 
6.7 kJ/kg 02 K, while mixtures having lower specific 
heats sustained combustion. The results also indicate 
flexibility for meeting the specific heat criterion: some 
mixtures involved 02 concentrations greater than 
normal atmospheric levels, while the use of helium 
as a diluent yielded overall molecular weights and 
densities similar to normal air. Additionally, limited 
testing with animals—mice, rats, rabbits and dogs— 
did not indicate significant physiological problems 
when subjected to at least some of these environ- 
ments.205 Other saturated fluorine compounds, such 
as sulfur hexafluoride, offer similar advantages.207 A 
potential problem with fully fluorinated compounds, 
similar to those listed in Table 2, however, involves 
potentially harmful emissions of HF in the confined 
fire environments of spacecraft.215 

The previous results suggest that there is potential 
for fire-safe atmospheres with acceptable properties 
for spacecraft operations. However, available infor- 
mation is woefully inadequate in view of the impor- 
tance of this selection. Obvious test variables such as 
fuel type, fuel configuration, method of ignition, 
ignition energy, flow properties, the presence of a fig 
environment, and the effect of total pressure have 
not been examined. Furthermore, fundamental under- 
standing of flammability is incomplete so that ex- 
trapolation of limited data is unreliable, as discussed 
earlier. Finally, effects of fire-safe atmospheres on 
the performance and health of humans and other 
biological systems, on the quality of voice communi- 
cations due to changed acoustic properties, and on 
spacecraft design and operations, certainly have not 
been adequately evaluated. In view of the potential 
importance of fire-safe atmospheres to manned space 
flight, however, this problem clearly merits a compre- 
hensive interdisciplinary research program involving 
specialists in combustion, space medicine, human 
performance, and spacecraft design and operations, 
in order to resolve these issues. This task represents 
long-term research and it is doubtful that the results 
could apply to current plans for Space Station Free- 
dom where the decision to use air at atmospheric 
pressure was made some time ago, based on a desire 
to have an atmosphere similar to sea level air so that 
ng ground data can be compared directly with n% 
flight data (see J. H. Kimzey in Appendix C of 
Ref. 218). Nevertheless, it would be desirable to 
gain a better understanding of fire-safe atmospheres 
for application to manned space activities in the 
future. 

7.3. Fire Detection and Extinguishment 

Problems of fire detection and extinguishment in 
spacecraft have been recognized  for some time. 
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prompting several recent studies and reviews of this 
technology (see Refs 207 and 214 and references 
cited therein). Methods of fire detection have pro- 
gressed from the crew serving as fire detectors during 
the first manned space programs, to multiple ioniza- 
tion smoke detectors in the Space Shuttle, to propos- 
als for multiple smoke, UV flame and thermal detec- 
tors for Space Station Freedom.207 The main con- 
cerns are the slow rate of response of detectors at ßg 
(except for radiation sensors), the modified convec- 
tion patterns of flames at ßg as opposed to ng, and 
the requirements for high sensitivity to compensate 
for the relatively slow response of ng environments 
to smoldering and flames. Locating detectors to ex- 
ploit the spacecraft ventilation system helps to miti- 
gate these difficulties to some extent, but fault condi- 
tions where the ventilation system is inoperative, 
must still be addressed. Finally, the technology base 
for fire detection in spacecraft is very limited due to 
the difficulties and costs of arranging full-scale tests 
at//g. 

Problems of fire extinguishment in the confined 
environment of spacecraft were mentioned earlier in 
connection with fire-safe atmospheres. Thus, the use 
of techniques developed for underwater applications, 
by temporarily flooding the environment with an 
inert atmosphere, deserve consideration.207,208,210 

For example, Halon 1301 effectively prevents flamma- 
bility at concentrations less than 6%. Additionally, 
Navy applications, where fluorinated compounds are 
not acceptable due to problems with the life support 
system, have used nitrogen flooding for years.208,210 

A better understanding of systems of this type for 
spacecraft at ng is closely related to research on fire- 
safe atmospheres, and merits study on the same 
basis. 

Fire extinguishing systems on early manned space- 
craft were primitive, involving the backup use of the 
water dispenser and aqueous gels.207 This has 
evolved to multiple Halon 1301 dispensers on the 
Space Shuttle, similar to aircraft fire protection sys- 
tems.207,214 Unfortunately, Halon 1301 is less effec- 
tive for smoldering fires (which are a common sce- 
nario for fires in spacecraft) and presents environ- 
mental problems due to emissions during ground- 
based activities (alternatives are being sought for 
aircraft as a result), as well as potentially harmful 
postfire emissions of HBr and HF.215 The use of 
other gases, such as carbon dioxide which has been 
proposed for the space station, and venting the 
space where combustion is occurring, are being stud- 
ied. Problems with less effective extinguishing 
agents, or venting, involve enhanced combustion, 
at least for a short time, due to increased convec- 
tion from forced flows associated with the opera- 
tion of these systems.207 Thus, much remains to be 
done in order to establish a proper technology base 
for fire extinguishment on board spacecraft, even 
for relatively near-term applications such as the 
Space Station. 

8. MICROGRAVITY FACILITIES 

8.1. Introduction 

Experimental research under controlled gravity 
conditions is constrained in many ways. The most 
obvious constraints are the small number of facilities 
that can provide low gravity conditions, the long 
development times required to prepare experiments 
for these facilities, the large costs associated with the 
use of the most flexible facilities, the limitations 
concerning the instrumentation that can be used, the 
available test times at low gravity, and the availabi- 
lity of the facility to experimenters. These issues, as 
well as the capabilities of available facilities, will be 
discussed in the following sections, considering drop 
towers, aircraft facilities, sounding rockets and space- 
craft, in turn. 

8.2. Drop Towers 

Drop towers provide the easiest access to a ßg 
environment and many facilities of this type have 
been developed by individual workers. These facilities 
generally involve test times less than 1 s, which re- 
quire free-fall distances less than 5 m. The capabilities 
of drop towers to sustain low-gravity conditions 
varies with the specific design, but it is not difficult 
to achieve values smaller than 10~3 g. Improved per- 
formance can be obtained by using a drag shield, 
where the actual test chamber falls within an outer 
freely falling chamber so that the relative velocities 
of the test chamber, and thus the drag forces, are 
minimized. A simpler approach, acceptable when 
only short test times are needed, is a short-drop 
tower where a drop shield is often not needed, for 
example, a 1.2 m free-fall distance that involves rela- 
tively small drag forces can provide 0.5 s test times 
at good low-gravity levels. 

Longer test times require more sophisticated facili- 
ties with drop towers at NASA Lewis and elsewhere 
in the United States and Europe providing 2-5 s at 
Hg down to 10^-10"6 g, and a new facility in Japan 
providing 10 s test times at similar conditions (see 
Lekan216 for a detailed description of major drop- 
tower facilities available in the United States). Addi- 
tionally, these facilities can provide substantial test 
chamber volumes (10-1000 L). A disadvantage of 
most free-fall facilities having longer test times, how- 
ever, is that the test apparatus is subject to a consider- 
able shock load, of the order of 100 g, at the end of a 
drop test. The 10 s drop tower in Japan is an excep- 
tion, however, and has relatively modest deceleration 
rates. 

The facilities at NASA Lewis are representative of 
drop-tower technology for test times in excess of 
2 s.5,216 Designs of test chambers, plumbing systems, 
data acquisition and control electronics, and film- 
and video-based imaging equipment are mature for 
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this environment, and a number of somewhat stand- 
ard test rigs are being used in both 2.2 and 5 s drop 
towers. Quiescent chambers with volumes of ~ 40 L 
are available in which various atmospheric mixtures 
up to more than 2 atm. pressure can be formulated. 
These chambers have optical access principally de- 
signed for photography and video records and have 
electrical connections for conventional transducers. 
A combustion tunnel is being used in the 2.2 s drop 
tower. The tunnel provides an unvitiated blowdown 
flow of preformulated atmospheres at 1 atm. pres- 
sure, and flat inlet velocity profiles haying velocities 
of 0-300 mm/s. The tunnel has been used for flame 
spreading experiments with solid fuels, but could be 
adapted for experiments in other combustion sys- 
tems. The tunnel provides orthogonal views across 
the 200 mm diameter test section, which have been 
used for visualizing flames and cold forced flow. 
Development of a tunnel for the 5 s drop tower has 
been initiated. 

Due to the rather severe impact loads, adapting 
common optical diagnostic methods to drop-tower 
experiments has been slow. Currently, workers at 
NASA Lewis are attempting to introduce a rainbow 
schlieren technique into a drop-tower package. Simi- 
lar to conventional schlieren photography, refractive 
index gradients are detected, but are encoded here as 
variations in visible wavelength rather than the less- 
sensitive variation in monochromatic intensity. Rain- 
bow schlieren methods will provide a visualization 
technique for the refractive index fields of fig flames. 
If constituent, and temperature influences on density 
can be distinguished, then the method could be used 
as a quantitative measure of temperature fields. Meas- 
urement of sooting characteristics of fig flames are 
being pursued in drop-tower experiments at NASA 
Lewis with the introduction of simultaneous 
absorption-scattering measurements and cold-probe 
thermophoretic sampling of soot particles. These 
measurements are intended to provide spatially dis- 
tributed measurements of soot particle number den- 
sity and size distributions. 

Velocimetry at fig is being attempted in drop-tower 
experiments at NASA Lewis that will use particle 
imaging velocimetry (PIV) methods. In PIV, a se- 
quence of computer enhanced images of thin, laser- 
illuminated sheets from within a flowfield are corre- 
lated to establish the path of seed particles and 
thereby their velocities. This method is limited in its 
ability to measure large velocities by the intensity of 
the illumination source and the sensitivity of the 
image detector. Current source and detector technolo- 
gies were vulnerable to the impact loads experienced 
in the past in drop towers, which limited this measure- 
ment scheme to low-velocity flows (up to 100 mm/s) 
in, for example, liquid-fuel pools. Recently, however, 
drop rigs outfitted with shock isolation platforms 
have been developed, which reduce landing loads to 
30 g, a level that a wide array of commercial instru- 
mentation can sustain without damage. Thus, a 

broader range of application of PIV, and other 
shock-sensitive instruments such as rainbow schlieren 
deflectometers, can be anticipated in the future. 

Thus, at the current time, an interesting array of 
test facilities and instrumentation are available for 
fig combustion tests in drop towers, with more ad- 
vanced laser diagnostics in the offing. A frustrating 
feature of these facilities, however, is that 2-10 s is a 
perilously short time to develop combustion pro- 
cesses and to achieve the steady-state conditions for 
combustion experiments that are easiest to interpret. 
This has prompted the development of aircraft and 
space facilities—in spite of their attendant costs and 
more limited availability. 

8.3. Aircraft 

Aircraft-based experiments provide longer dura- 
tions for experiments without the impact loads seen 
in drop towers. However, aircraft are normally not 
able to execute adequately precise free-fall trajecto- 
ries, and buoyant motion and other accelerative dis- 
turbances are usually not entirely suppressed. Thus, 
while aircraft experimentation is a valuable source of 
low-gravity test time, the test results generally only 
indicate trends with reduced buoyancy, and are not 
representative of true fig behavior. With the excep- 
tion of a multiuser chamber developed by the Euro- 
pean Space Agency, aircraft-based combustion experi- 
ments have generally been performed in test appara- 
tus tailored to single programs. See Lekan216 for a 
description of aircraft fig facilities in the United 
States. 

Perhaps because of the cost of operations and of 
designing man-rated experimental hardware for the 
aircraft, these facilities are just beginning to be ex- 
ploited by combustion experimenters. While funda- 
mental studies of all types may benefit from the 
extended test time available in aircraft, a major use 
involves the development of diagnostic techniques in 
order to extend initial work being done in the drop 
towers. The PIV method of quantifying two-dimen- 
sional flow fields can be enhanced by the introduc- 
tion of intensified detector arrays for the low-g loads 
of aircraft, so that higher velocity flows can be 
observed. The intensified array cameras will also 
provide improved visualization of dim, near-limit 
flames, as well as potential for measurements of 
species concentrations when fitted with bandpass 
filters. 

Another aspect of aircraft-based facilities that has 
been used to some extent by combustion workers is 
the ability to free-float experiment payloads within 
the cabin volume, and thereby reduce the ambient 
accelerations by at least an additional order of magni- 
tude. Unfortunately, this advantage has been limited 
by problems of free-floating test containers striking 
objects during free flight due to the limited space 
available in the aircraft cabins. If this problem can 
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be resolved, the aircraft facilities could provide an 
effective test platform for fundamental combustion 
studies. For the present, however, these facilities are 
best suited for the development of experimental tech- 
niques to be used during space-based tests. In particu- 
lar, access to these facilities is reasonably good with 
each flight providing up to 40 test periods of 15-20 s 
duration. 

8.4. Sounding Rockets 

Sounding rockets can provide 200-900 s test times 
at low gravity, ca. lO^g, which is sufficient to 
achieve steady-state conditions for most combustion 
systems.217 Facilities of this type have been exploited 
by the European Space Agency and are just coming 
into use in the United States for combustion experi- 
ments, with two experiments involving flame spread 
across liquids and solids, respectively, currently 
under development at NASA Lewis. Available test 
volumes are in the range 0.5-0.8 m3 with payloads of 
200-300 kg; however, generally only a portion of the 
space and weight is allocated to any one user. The 
available test period with sounding rockets is attrac- 
tive but the experiment must withstand significant g 
forces (10-40 g) during takeoff and landing which 
places limitations on available instrumentation. 
There is also concern that acceleration levels will be 
impulsively raised by the rate control systems of the 
spin-stabilized rockets. Thus, while development of 
sounding rockets is to be encouraged as a possibly 
less expensive and more accessible facility than space- 
craft, the value of this approach for ng combustion 
experiments has not been established at this time. 

8.5. Spacecraft 

Many combustion processes demonstrate the most 
interesting effects when the propagation velocities 
are at their lowest. This often occurs near the limit 
of flammability in terms of either fuel-air or 
oxygen-inert gas ratio. While ground-based experi- 
menters have been creative in identifying systems 
that propagate quickly enough to observe low- 
gravity behavior in very short duration tests, most 
combustion processes will not be fully explored 
without the longer test times of low Earth orbit. 

Condensed-phase fuels are limited during ground- 
based tests to very thin or shallow fuels, because 
conducted heat into the depth of the fuel retards the 
progress of the spreading flame. Consequently, experi- 
ments directed toward understanding the spreading 
of flames over thermally thick fuels, which represent 
nearly all engineering materials, cannot be attempted 
under any near-limit conditions in the ground-based 
facilities. While a series of engineering tests were 
conducted during the 1973-1974 Skylab era,218 the 
first flight experiments to provide extended duration 

flame spreading data compatible with modeling ef- 
forts have involved several solid-surface combustion 
experiments during recent Space Shuttle missions. 
The apparatus involves a quiescent chamber having 
a volume of 40 L. The test samples consist of ther- 
mally thin ashless filter paper and thermally thick 
polymethylmethacrylate (PMMA), ignited by a hot- 
wire filament coated with nitrocellulose, in selected 
gaseous environments. The facility is instrumented 
with two cameras to provide side and top views of 
the combustion process, thermocouples on and near 
the sample to measure solid and gas temperatures, 
and temperature and pressure sensors to monitor the 
chamber environment. The results are being used to 
evaluate theories emphasizing the mechanism of 
flame propagation.153'161"163 

A second series of experiments on the space shuttle 
were flown in connection with the United States 
Microgravity Laboratory (USML) in July 1992 
(USML-1), using a glove box facility. This arrange- 
ment provides a working and storage volume of 25 L 
and allows considerable interaction between the ex- 
periment operator and the apparatus using two glove 
ports. Instrumentation consists of video and film 
visualization, and pressure, temperature and gas com- 
position sensors. Three combustion experiments were 
flown, as follows: smoldering combustion of Poly- 
urethane, the ignition and combustion of electrical 
wire insulation, and the combustion of candle flames. 
All three experiments were operated successfully but 
results at this stage are preliminary and further experi- 
ence with the ßg environment will be required to 
fully exploit the glove box facility. 

Other experiments are being developed for flight 
testing in the late 1990s, involving gaseous premixed 
and diffusion flames, and drop diffusion flames. De- 
veloping experiments of this type for the manned 
space environment, however, is a long, complex and 
costly process. Additionally, flight opportunities are 
limited so that each experiment involves substantial 
risk. Thus, much remains to be done to achieve a 
more or less conventional laboratory environment 
allowing full exploitation of the long duration fig, 
and the experiment-operator interaction, of manned 
space flight. As a result, the potential of reduced- 
gravity environments to clarify fundamental concepts 
of combustion will remain incomplete for some time. 

In summary, we feel that long-duration experi- 
ments at ng offer great potential for developing a 
fundamental understanding of combustion phenom- 
ena, and the technology base needed for fire-safe 
spacecraft operations. To achieve this potential, how- 
ever, efforts need to be made to increase access to 
space for combustion experiments, which could in- 
volve the use of sounding rockets, Space Shuttle 
facilities involving minimal crew interaction, and un- 
manned orbiting spacecraft. In this regard, recent 
interest in exploiting sounding rockets by various 
space agencies—worldwide—should provide an op- 
portunity to assess the potential of this resource for 
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combustion experiments. The advantages of using 
such intermediate facilities with greater frequency 
would be to provide a means of developing combus- 
tion experiments for the unfamiliar fig environment, 
and thus reduce the risk and enhance the impact of 
the more complex and costly experiments using 
manned spacecraft. 

9. CONCLUDING REMARKS 

Historically, progress in combustion research can 
be divided into several periods. In the pre-1950s 
period, many of the basic combustion phenomena— 
deflagration and detonation waves, diffusion flames, 
flame quenching, flamefront instability, and chemi- 
cal kinetic effects—were observed and attempts were 
made to describe them. The 1950s was a truly robust 
period when the theory of aerothermochemistry was 
formulated and systematic study of various combus- 
tion phenomena was undertaken by a dedicated 
group of researchers. Combustion became a separate 
scientific discipline during this period. The period 
from the early 1960s to the mid-1970s involved contin- 
ued exploitation of this technology, with notable 
progress in environment and aerospace-related re- 
search. From the mid-1970s and throughout the 
1980s, combustion research was unusually active. 
These intensified activities were motivated by con- 
cerns about energy efficiency and environmental qual- 
ity, and facilitated by the appearance of the various 
'tools' needed for rigorous study. These tools included 
activation-energy asymptotics for analytical studies, 
computational advances for numerical studies, and 
laser-based diagnostics for experimental studies. 

While sophisticated tools have been developed for 
combustion research, truly significant progress has 
been hindered by the lack of 'clean' and well-defined 
combustion and flame phenomena, through which 
individual processes can be isolated and studied in 
depth. A major cause of difficulty has been buoy- 
ancy. It is therefore not unrealistic to anticipate that 
the current interest in fig combustion, if sustained, 
could usher in the fifth period of combustion re- 
search, during which many of the fundamental issues 
of combustion and fire safety are finally resolved in 
a rigorous manner. The extremely interesting fig re- 
sults reported here provide a strong indication of the 
potential. In order to accomplish this goal, however, 
experimental investigations will have to be conducted 
nonintrusively, most likely via optical diagnostics. 
For certain experiments sufficient run time also is 
needed in order to achieve a steady state and to 
perform an adequate number of tests to achieve 
statistically significant results. These requirements 
suggest that many more combustion experiments will 
have to be conducted on board sounding rockets, 
the Space Shuttle and future space stations, in order 
to fully realize the potential benefits of fig combus- 
tion research. 

Finally, while fig offers new opportunities for fun- 
damental studies of combustion phenomena, there 
now is ample evidence that our current understand- 
ing of fire and explosion hazards at ng has question- 
able relevance at fig conditions. This is a serious 
matter due to the extraordinary value of spacecraft 
facilities and the high visibility of accidents in space. 
Thus, there is strong motivation for a comprehensive 
program of fire research for spacecraft environments, 
to avoid both fire-related accidents and overly strin- 
gent fire safety regulations that could excessively 
increase the cost of spacecraft operations and limit 
capabilities for the beneficial exploitation of space. 
Among the fire safety issues that need to be ad- 
dressed, the possibility of providing fire-safe space- 
craft environments deserves greater priority than in 
the past. In particular, there may be a potential to 
leave Earth-bound fire hazards behind in the control- 
led environment of spacecraft, which has substantial 
implications for manned space activities. The feasibi- 
lity of this potential must be understood by wide- 
ranging interdisciplinary research involving the ef- 
fects of various environments on flame properties as 
well as the health and performance of humans and 
other organisms in these environments. 
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Extinction of Premixed Methane-Air Flames 
With Reduced Reaction Mechanism 

J. K. BECHTOLD and C. K. LAW   Department of Mechanical and Aerospace 
Engineering, Princeton University, Princeton, New Jersey 08544 

(Received December 15,1993; in final form May 2,1994) 

ABSTRACT—We examine the extinction characteristics of premixed methane-air flames subject to 
volumetric heat loss with a reduced reaction mechanism. A combination of rate-ratio and large activation 
energy asymptotics is employed to resolve the multi-layered flame structure, and an expression for the 
non-adiabatic burning rate is obtained. Extinction turning points are reproduced and extinction conditions 
are found explicitly as a function of the various kinetic parameters. In particular the flame is found to 
extinguish when the burning rate (scaled by its adiabatic value) is reduced to a nearly constant value, roughly 
0.6, over the entire range of system parameters, in agreement with previous asymptotic and numerical studies. 
The reduction in flame temperature at extinction is found to be less than that predicted by one-step models. 

Appendix E 

INTRODUCTION 

In a recent study (Bechtold and Law, 1994a) we analyzed the basic structure of leanand 
stoichiometric premixed methane-air flames, and the dependence of the adiabatic 
burning rate on the dominant kinetic parameters was determined. The four-step 
C,-chain mechanism of Peters (1985) was adopted, and we employed a combination of 
rate-ratio and large activation energy asymptotics to resolve the flame structure. In 
particular, we retained the exponential temperature dependence of the reaction rates in 
the fuel consumption zone, where large activation energy asymptotics were employed. 
Thus our approach differs from that of several recent studies (cf. Peters and Williams, 
1987; Seshadri and Peters, 1990) that have used rate-ratio techniques in all the layers 
within the flame structure. Results obtained from the two approaches were found to 
compare favorably, and we commented that one advantage of our approach is that, by 
retaining the exponential temperature dependence of the reaction rate terms, we are 
able to systematically study the response of premixed methane-air flames to small 
perturbations. The purpose of this note is to illustrate that point by examining the 
response of these flames to small volumetric heat loss. 

A theory of flame extinction due to volumetric heat loss was first given by Spalding 
(1957) for a simple one-step kinetic scheme. Subsequent analyses using large activation 
energy asymptotics and a single overall reaction (Buckmaster, 1976; Joulin and Clavin, 
1979), as well as a two-step mechanism (Chao and Law, 1994) have shown that, at the 
extinction limit, the burning rate is reduced to e"1/2 ~ .61 of its adiabatic value. This 
result is insensitive to the nature of the heat-loss, and is in good agreement with both 
experimental measurements (cf. Ronney, 1988) and recent numerical studies of non- 
steady flames using a one-step overall reaction (Sibulkin and Frendi, 1990). Numerical 
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studies with detailed kinetic mechanisms (Lakshmisha et al., 1991; Law and 
Egolfopoulos, 1992) also predict that the burning rate will be reduced to about 60% of 
its adiabatic value at extinction. These results suggest a general condition for extinction 
that is insensitive to both the nature of the heat-loss and the reaction mechanism. 

Kennel et al. (1991) have studied the extinction characteristics oflean hydrocarbon- 
air flames using Peters' (1985) four-step mechanism, modified for propane. They 
employed rate-ratio asymptotic techniques, which assume all reaction rates to have 
a power law dependence on temperature and use the ratio of individual reaction rates 
as the small parameter to analyze the various layers within the flame structure. 
However, the power-law dependence does not exhibit the same sensitivity to tempera- 
ture variations as the Arrhenius approximation. Consequently, the computed burning 
velocities do not vary significantly with temperature perturbations, and the introduc- 
tion of small heat losses into the system does not dramatically alter the results. 
Therefore Kennel et al. (1991) first employed rate-ratio asymptotics to derive an 
effective overall activation energy by fitting calculated values of burning velocity to an 
Arrhenius form, and then carried out an analysis including heat loss for a one-step 
reaction with the effective overall activation energy. 

In the present study we use the same multi-step mechanism, but we employ 
activation energy asymptotics in the fuel consumption zone. We demonstrate how 
extinction of lean and stoichiometric premixed methane-air flames can be described in 
a systematic way using complex chemistry without having to calculate an effective 
overall activation energy for a subsequent one-step analysis. Thus extinction condi- 
tions are found explicitly in terms of the various physical parameters. 

SUMMARY OF ASYMPTOTIC ANALYSIS 

The multi-layered flame structure considered in the present study is identical to that 
analyzed by Peters and Williams (1987) and Bechtold and Law (1994a,b), which should 
be consulted for notation and details. The four-step mechanism derived by Peters 
(1985) is used, although it is further reduced to two steps by assuming steady state for 
the //-radical and partial equilibrium of the water-gas shift. Here we will only 
summarize the results of the analysis. 

A formula for the burning rate is obtained as an eigenvalue of the structure problem 
in the fuel consumption zone. This zone has width ö « 1 which is inversely proportional 
to the relevant activation energy. In terms of an appropriately stretched inner coordi- 
nate £ = öx the equation for the local fuel concentration y can be written as 

-^ = De»y^r^cxp\_-y(y + m^l (1) 

^ = —^ at ^ = — 1,   and   ;> = 0 as <!;-► oo. (2) 

The term sj\ —y represents the local concentration of//, and a separate analysis is 
needed near the upstream location f = -1 to demonstrate the smooth transition to 
zero of //-atom concentration. That analysis also provides the upstream boundary 
condition (2). The parameter m can be fixed at m = -2 for methane-air flames (Peters 
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and Williams, 1987), and the two remaining parameters are lengthy expressions that 
depend on all the physico-chemical parameters in the problem. Finally, we note that 
the exponential terms in Equation (1) represent the temperature perturbation, where in 
particular 0 is the reduction in flame temperature. These terms would be absent if rate- 
ratio asymptotics were employed in this region, and by setting y and 0 to zero we 
recover the structure problem first derived by Peters and Williams (1987). 

In general the above system must be solved numerically, and the adiabatic burning 
rate {pv)ad, corresponding to 0 = 0, was discussed in our previous paper (Bechtold and 
Law, 1994a). In the present paper our interest is in a qualitative description of the 
burning rate of nonadiabatic methane-air flames. Thus we avoid writing out the 
explicit expressions for Dee and y, and we simply note their dependence on pv as 

De9oc(pi>)"4/5exp[-L/(pu)2],)>ocl, lean mixture, (3) 

De6 oc exp[-L/(p«>)2], y oc Jpo, stoichiometric mixture. (4) 

The different dependence on pv in the two cases is due to the fact that these parameters 
depend on the local concentrations of various species, which in turn are proportional to 
the width of the oxidation layer. This layer was found to vary differently with the 
burning rate depending on whether the mixture is lean or stoichiometric. 

RESULTS 

For the lean mixture y is seen to be independent of pv. Therefore integration of the 
above system determines D, and hence the burning rate, explicitly as a function of y, i.e. 
Dee = T{y). An expression for the nonadiabatic burning rate in terms of its adabatic 
value follows immediately. In particular, we define the scaled burning rate/= pv/(pv)ad 

and the new heat loss parameter JT = -f2 0 such that jf is independent of pv. Thus our 
equation for/becomes 

/4'5exp(^//2)=l. (5) 

This equation possesses the characteristic dual response curve for burning rate as 
a function of heat loss, as shown in Figure 1. The turning point, which we regard as the 
extinction point, occurs at /„ = e"1/2, J?ex = (2/5)e"l. This is precisely the value off„ 
obtained in previous studies using one-step kinetics (cf. Buckmäster, 1976; Joulin and 
Clavin, 1979). However, we note that the critical value of the heat-loss parameter is less 
than that predicted by the one-step model. At extinction, the drop in flame temperature 
due to heat loss is 9ex = -2/5, which in dimensional form can be expressed as  . 

2R°Tl ,,. 
"      b    5    E 

Thus, the multi-step scheme, which accounts for several reaction layers, predicts 
a reduction in flame temperature that is forty percent the value obtained in one-step 
models. This further emphasizes the importance of small, inherent heat losses on the 
extinction characteristics of real flames. 
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FIGURE 1    Plot of burning rate, scaled by the adiabatic value, as a function of heat loss, as found by both 
one-step and multi-step chemistry models. 

For the stoichiometric mixture, y is proportional to the square root of the burning 
rate, while the adiabatic Damköhler number D is independent of pv. Response curves of 
y as a function of D, determined by numerically solving Equations (l)-(2), are shown in 
Figure 2 for several values of the heat loss parameter Jf = — y4d. 

By evaluating y at the turning point, and compring it to yad for the corresponding 
value of D, we find that, at extinction, the burning rate is again reduced to approximate- 

FIGURE 2 Plot of y, representing the burning rate for stoichiometric flames, versus the parameter, D. 
Curves are found by solving equations (1) and (2) for three different values of the heat loss parameter, Jf, with 
m= -2. 
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ly sixty percent of its adiabatic value over the entire range of D. For the stoichiometric 
mixture, it is not possible to write an explicit expression for the nonadiabatic burning 
rate in terms of the heat-loss parameter as was done for the fuel-lean case (i.e. 
Eq. (5)). However there are two limiting cases which yield such explicit relations. First, 
as demonstrated in Bechtold and Law (1994a), for D»l the structure becomes 
identical to the premixed burning regime of Linän's (1974) diffusion flame analysis. 
Thus we can use his correlation function to obtain the relation 

72exp(Jf/y4) = 2£>[0.6307m2 - 1.344m + l]"1 (7) 

In terms of the scaled burning rate/and the heat-loss parameter Jf defined earlier this 
equation takes the form 

/exppf//2) = l. (8) 

The turning point is now given byfex = e~m, jeex = e~ 72, and therefore the burning 
rate in this strongly-burning limit is again reduced to roughly .61 times its adiabatic 
value at extinction. Upon using the definition of jf we find Tex in this limit to be 

Tei=Th- 
R°T* 

'ex »—IT' W 

and the reduction in flame temperature at extinction is one half that predicted by 
one-step models. 

As D is decreased the flame slows down and the adiabatic burning rate reaches zero 
at D - 15/8. In this limit the structure reduces to that obtained using rate-ratio 
asymptotics (Peters and Williams, 1987), and the system (l)-(2) can be integrated to 
yield 

D = r(yJ~j(l+ßyad + ...), {10) 

where ß = (4/7 - m + 2ml) and / = J><B(1 -O>){1 + 2co + 3co2 + fcu3}1'2^ = 0.291.... 
The nonadiabatic burning rate, y, in this limit is therefore obtained from 

Dexp(^/y*) = r(y). (H) 

The solution of this equation possesses a turning point at &ex = -■y5r'(y)/4r(y), and 
when this is inserted into Equation (11) we obtain the following equation for'y at 
extinction 

öexp(-y„r/4D = r(yJ. (12) 

Upon expanding for small y and making use of the relation (10) we obtain yex = fyad. 
Recalling that y cc J~^v, this result implies that 

(PV)ex = 25&WL = M(PV)ad- (13) 
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This critical value, fex — .64, was also obtained for the lean hydrocarbon-air flames 
considered by Kennel et al. (1991) using a somewhat different approach. Thus, 
although/^ is not constant over the entire range 15/8 < D < oo, it varies only slightly, 
i.e. 0.64 >/> 0.61. 

The value of the heat-loss needed to extinguish the flame, however, is found to 
decrease with D, eventually reaching zero as D-+15/8. In particular, we find that 

J?tx ~ -J(Pv)adas tms lower limit of D is approached. This is in contrast to the fuel-lean 
case, as well as previous asymptotic studies by Joulin and Clavin (1979) and Chao and 
Law (1994), that predict a constant value of the extinction heat-loss parameter over the 
entire range of system parameters. In this limit, the flame temperature at extinction is 
found to be 

Tex=Tb-^^, (14) 

and therefore only a slight reduction in temperature is needed to cause extinction. 

FURTHER DISCUSSIONS 

We conclude our discussion of nonadiabatic methane-air flames by noting that 
phenomenological descriptions of extinction due to heat loss based on one-step 
chemistry, such as that given by Williams (1985), can be extended to include a broader 
class of multi-step kinetic mechanisms. 

When a multi-step kinetic scheme is employed, the reaction zone can consist of 
several regions of varying widths in which species are continually produced and 
consumed. If the dominant reaction rate fi(T) in one of the regions is extremely 
sensitive to temperature variations, then the burning rate can be expressed in terms of 
Qas 

pv~. Q(T)dT. (15) 

For the particular case of an Arrhenius temperature dependence, this integral can be 
evaluated for large activation energy to yield 

pv~y/A~exp(-E/2R°Tf). (16) 

When small heat losses are present in the system, an energy balance reveals that the 
flame temperature will be lowered by a correspondingly small amount that is propor- 
tional to the inverse of the square of the burning rate, i.e. Tf~Tad — S/(pv)2, where <5« 1 
is the magnitude of the heat loss. This expression for Tf is inserted into Equation (16) to 
determine the nonadiabatic burning rate. For one-step chemistry with a single deficient 
reactant, the pre-exponential term A in Equation (16) is independent of pv. Thus, the 
scaled burning rate/= pv/(pv)Bd can be introduced to yield the familiar result 

/exp(i?//2)=l, (17) 
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if we assume 5 = 0{l/E), where if is an appropriately chosen heat-loss parameter. The 
solution of this equation is known to possess a turning point at/ex = e~1/2. 

In asymptotic analyses such as ours that adopt more detailed chemistry models the 
pre-exponential term in W contains contributions from the local concentrations of 
additional species in the flow field. These species can be consumed and produced in 
broader reaction zones that surround the temperature-sensitive region. The asymptotic 
studies have demonstrated that, in some cases, the species concentrations are propor- 
tional to the width of these broader layers, which in turn vary with burning rate. 
Therefore the reaction rate term may have a dependence on pv of the form ß oc (pvf. 
When this is accounted for, the equation for the nonadiabatic burning rate / is 
modified to read 

/«2-"2exp(if//2)=l. (18) 

For all a < 2, this equation has a turning point at/ex = e~l'2, &ex = e~1 (2 - a)/4. Thus, 
only the value of the heat-loss coefficient at extinction is affected. 

It follows from Equation (18) that, for the particular case a = 2, no expression is 
found for the adiabatic burning rate, and the above analysis is not appropriate. It is 
interesting to note that this situation corresponds to the stoichiometric methane-air 
flame in the limit D->15/8. As this lower limit of D is approached, the temperature 
perturbation becomes vanishingly small, and the rate-ratio asymptotic flame structure 
is recovered. Nevertheless, we have shown that the value of the burning rate at 
extinction is still reduced to slightly more than sixty percent of its adiabatic value. 
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EFFECTS OF PRESSURE AND DILUTION ON THE EXTINCTION 
OF COUNTERFLOW NONPREMIXED HYDROGEN-AIR FLAMES 

P. PAPAS, I. GLASSMAN AND C. K. LAW 

Department of Mechanical and Aerospace Engineering 
Princeton University Princeton, N] 08544, USA 

To increase the understanding of the critical phenomena of ignition and extinction in high-speed pro- 
pulsion devices, an experimental and computational study has been conducted on the strain-induced ex- 
tinction of nonpremixed counterflow flames of diluted hydrogen against air. The study reports laser-Dopp- 
ler velocimetry- (LDV-) determined local extinction strain rates of these flames, with various amounts ot 
dilution and at pressures of 0.5 and 1.0 atm. The measured data compare well with results obtained from 
computational simulations with detailed chemistry and transport. Additional computational study on the 
effects of dilution and pressure shows that the extinction flame temperatures and strain rates exhibit a 
nonmonotonic variation with increasing pressure, which is characteristic of the explosion limits of homo- 
geneous hydrogen-oxygen mixtures. This behavior is explained on the basis of the intrinsic chain branching- 
termination kinetics of hydrogen oxidation. The similarity in the dominant kinetic steps responsible for 

both the ignition/explosion and extinction phenomena is discussed. 

Introduction 

Recent interests in high-speed aeropropulsion 
have led to considerable research on hydrogen-oxy- 
gen chemistry [1,2] and its coupling to fluid flows. 
Because of the high-speed nature of the flow, the 
available residence time for mixing and chemical re- 
actions is significantly reduced, leading to extreme 
difficulties in achieving ignition and preventing ex- 
tinction. Consequently, studies of the ignition and 
extinction phenomena involving hydrogen-air 
mixtures are of importance to the development of 
high-speed aeropropulsion. 

Recent studies on hydrogen-air flames have mostly 
been theoretical in nature, involving analyzing the 
structure and extinction limits of counterflow non- 
premixed flames. Prominent contributions include 
Dixon-Lewis's detailed computational study [3] of 
the chemical flame structure and extinction limits in 
terms of the strain rate and oxygen concentrations, 
Gutheil and coworker's [4,5] computational and as- 
ymptotic analysis with emphasis on reduced mecha- 
nisms, and Darabiha and Candel's [6] computational 
study of the temperature effects on the ignition and 
extinction limits. Experimentally, Pellett and co- 
workers [7,8] have determined the extinction strain 
rates of diluted counterflow hydrogen-air flames 
based on global experimental parameters such as the 
average air velocity and nozzle diameter. 

The present investigation aims to complement the 
previous studies along the following directions. Since 
the experimental extinction strain-rate data of Pellett 
et al. [7,8] are based on global parameters, there has 

been substantial uncertainty in comparing these data 
with results from computational studies based on lo- 
cal strain rates. Thus, there exists the need for sys- 
tematic, benchmark experimental data on hydrogen- 
air flame extinction based on local measurements. 
Consequently, local near-extinction strain rates of hy- 
drogen-air counterflow flames with different extent 
of dilution, and at 0.5 and 1 atm pressure, were meas- 
ured using laser-Doppler velocimetry (LDV). Com- 
parisons of these experimental data with results ob- 
tained from computational simulations utilizing 
detailed transport and chemistry are then appropri- 
ate. When making these comparisons, the effect of 
the imposition of the various boundary conditions at 
the reactant stream exits in the computational sim- 
ulation will be addressed. 

Furthermore, computational simulations permit 
the study of the influence of pressure on the extinc- 
tion states of hydrogen-oxygen flames. In this regard, 
it is to be noted that the combustion chamber within 
aeroengines will not only operate at different pres- 
sures, but the chamber pressure can also undergo 
strong fluctuations. Very few studies have been con- 
ducted on the effect of pressure on hydrogen-air 
flame extinction. Gutheil and Williams [5] have 
shown that the extinction strain rate increases with 
pressure. Because of the inherent chain nature of the 
hydrogen-oxygen chemistry, however, the explosion 
limits of homogeneous hydrogen-oxygen mixtures ex- 
hibit a nonmonotonic behavior with pressure, as 
shown in Fig. 4. Similar behavior has also been re- 
cendy observed for the counterflow ignition of a hy- 
drogen jet by a heated air jet [9]. Thus, it is of both 
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FIG. 1. Axial velocity profiles near extinction for a 16% 
hydrogen-84% nitrogen mixture impinging air at 1 atm. 
Reactant stream exit temperatures are 300 K. 

fundamental and practical interest to explore if non- 
monotonic behavior also exists for flame extinction 
of counterflow nonpremixed flames. 

In the next two sections, the experimental and 
computational aspects of this study are discussed and 
the results of the investigation reported. 

Experimental 

The extinction conditions of nonpremixed hydro- 
gen-air flames were experimentally determined in a 
nozzle- or tube-generated counterflow configuration 
[10]. The fuel streams consisted of 12.0-18.5 mole% 
hydrogen in nitrogen, and the oxidizer stream was 
air. The diameters of the converging nozzles and 
tubes were between 0.7 and 1.4 cm. The separation 
distance between the nozzle and tube exits ranged 
from 0.6 to 1.4 cm. For each fuel concentration stud- 
ied, extinction was accomplished by gradually in- 
creasing the velocities of both streams. Near-extinc- 
tion strain rates were determined by LDV from axial 
velocity profiles obtained along the centerline [10]. 
In this study, the strain rate, K, is defined as half of 
the measured axial velocity gradient upstream of the 
flame on the air side. Typical experimental measure- 
ments of axial velocities near extinction are given in 
Fig. 1. The case depicted is for a 16% hydrogen mix- 
ture impinging onto an air stream at 1 atm pressure 
and room temperature, where x is the axial coordi- 
nate, with x = 0 and 1 cm corresponding to the air 
and fuel stream exits, respectively. The open circles 
in this figure represent the average of many dual- 
beam LDV measurements (usually 30) at a particular 
axial location along the stagnation streamline. The 
accuracy of these experimental measurements is 
widiin 10%, with measurements near the stagnation 
plane having a higher degree of inaccuracy. As will 

be discussed, experimental axial velocity gradients 
were determined by fitting a straight line through the 
LDV measurements. 

Computational 

In order to allow for comparison with experimen- 
tal data, numerical simulations were conducted using 
a quasi-one-dimensional opposed jet nonpremixed 
laminar flame model along the stagnation point 
streamline of the axis of symmetry. The correspond- 
ing steady-state mass, species, momentum, and en- 
ergy conservation equations are solved using detailed 
chemical and transport schemes. The numerical code 
employed in this work is based on the scheme of 
Smooke and coworkers, which has been extensively 
described elsewhere [11]. Boundary conditions are 
applied at the air and fuel exits. The mass conserva- 
tion that applies at the exit boundaries is 2b = — (du/ 
dx), where u is the axial velocity. Conventionally, the 
outer frozen fields are assumed to be described by 
potential flow. The strain rate at the air boundary, K 
= b0, then describes the constant axial velocity gra- 
dient. Another boundary condition commonly ap- 
plied at the exit is that of plug flow (b0 = 0), where 
the radial velocity is zero. Typically, the experimental 
boundary conditions of counterflow burners he be- 
tween those of potential and plug flows [10]. The 
boundary condition imposed in such cases would be 
determined from the experimental axial velocity gra- 
dient at the exits, namely, b0 = — (du/dx)0/2 and hx 

= - (du/dx)i/2. The potential and plug flow bound- 
ary conditions may, therefore, be viewed as limiting 
cases [10]. The choice of boundary conditions for the 
outer frozen flow fields will be discussed further in 
the course of this paper. 

The detailed hydrogen-oxygen reaction mecha- 
nism used consists of 19 elementary reaction steps 
with reverse reaction rates determined from equilib- 
rium [1,2,12], This mechanism is based on the 
scheme of Yetter et al. [1,2], which has been used to 
predict a variety of experimental data over a wide 
range of conditions [1,12]. The scheme utilized in 
this study, listed in Table 1, includes pressure falloff 
for the reaction H202 + M = 20H + M. Ther- 
mochemical properties of the nine species in the re- 
action mechanism are also taken from Yetter et al. 
[2]. The molecular parameters used in the numerical 
simulation to evaluate the transport properties were 
obtained from the CHEMKIN data base [13]. 

Numerical simulations were conducted for various 
total pressures of a nitrogen-diluted hydrogen stream 
impinging an air stream. In particular, the steady- 
state condition just prior to extinction is examined. 
Figure 2 represents the variation of the maximum 
flame temperature of several mixtures as a function 
of the inverse of the air-side strain rate, 1/K. The 
numerical simulation shown in Fig. 2 utilizes poten- 



EXTINCTION OF COUNTERFLOW NONPREMIXED HYDROGEN-AIR FLAMES 1335 

TABLE 1 
Hydrogen/oxygen reaction mechanism" 

*1 
(mole cm3 s) "/ (KJ/moIe) (K)C Reference 

Chain reactions: 
1. H + 02 = OH + 0 1.92 X 10" 0.00 68.78 962-2,577 15 
2. H2 + 0 = OH + H 5.08 X 1004 2.67 26.33 297-2,495 16 
3. H, + OH = H + H20 2.16 X 1008 1.51 14.35 250-2,581 17 
4. OH + OH = H20 + 0 1.23 X 10« 2.62 -7.86 250-2,000 18 

Formation and consumption of H02: 
5. H + 02 + M = H02 + M< 6.70 X 1019 -1.42 0.00 200-2,000 19 
6. HO., + H = OH + OH 1.69 X 10" 0.00 3.66 298-773 20 
7. H02 + H = H2 + 02 6.63 X 1013 0.00 8.89 298-773 20 
8. H02 + OH = H20 + 02 1.45 X 1016 -1.00 0.00 298-1,400 20 
9. H02 + 0 = 02 + OH 1.81 X 1013 0.00 -1.66 200-400 20 

Recombination/dissociation reactions: 
10. H, + M = H + H + Mc 4.57 X 101B -1.40 436.80 600-2,000 20 
11. O + 0 + M = 02 + Mc 6.17 X 1015 -0.50 0.00 2,000-10,000 20 
12. H + OH + M = H20 + M° 2.25 X 1022 -2.00 0.00 1,000-3,000 20 
13. O + H + M = OH + Mc 4.72 X 1018 -1.00 0.00 20 

Formation and consumption of HOOH: 
14. HO, + H02 = HA + 02 300-1,100 

k = 4.20 X 10"exp(-50.13/RT), + 1.30E11 exp(6.816/RT) 
15. H202 + M = OH + OH + Mh* 

ka = 1.20 X 1017exp(-190.37/RT),       Fc = 0.5 
k. = 2.95 X 10"exp(-202.65/RT),       N = 1.13 

16. HA + OH = H20 + H02 

k = 1.00 X 1012 + 5.80 X 10" exp(-39.99/fir) 
17. H202 + H = H2 + HO, 4.82 X 1013 0.00 33.25 
18. HA + H = H20 + OH 1.00 X 1013 0.00 15.02 
19. HA + O = OH + H02 9.55 x 1006 2.00 16.61 

21 

22 

250-1,250 23 

283-800 20 
283-800 24 
250-800 20 

"k = AT" exp( — Ea/RT);f denotes forward rate value. 

*15 = *■[[! + tk/k)]f''X= U + [h^k-/U/N]2]"- 
'[M] = [NJ + [02] + 2.5[H2] + 12[H20] + [H] + [O] + [OH] + [H202] + [H02]. 

tial flow boundary conditions at the exits (300 K). It 
is seen that, for a given mixture and stream exit tem- 
peratures, as the inverse strain rate, 1/K, is decreased, 
the maximum flame temperature decreases until the 
characteristic extinction turning point is exhibited. 
Extinction is then identified as the state of the turn- 
ing point. 

Results 

Figure 3 shows the experimental and numerical 
density-weighted near-extinction strain rates, pK^, 
plotted as a function of the fuel-stream hydrogen 
mole fraction, where p is the exit air density and K^ 
is half the air axial velocity gradient. Overall, the ex- 

perimentally and numerically determined near-ex- 
tinction strain rates agree well. The only other ex- 
perimental values for hydrogen-air extinction were 
reported by Pellett and coworkers [7,8]. Their value 
for the extinction strain rate of a 21% mole fraction 
hydrogen (79% nitrogen) mixture (622/s), shown in 
Fig. 3, was obtained with global experimental param- 
eters, Uai/Dc, where U^t is the average air exit ve- 
locity and Dc represents an empirically selected 
weighting factor used to achieve agreement between 
opposed jet tubular and nozzle exit extinction results. 
Therefore, there is considerable uncertainty con- 
cerning this result. 

Also shown in Fig. 3 are the computed results of 
Gutheil and Williams [5] and Darabiha and Candel 
[6], using the potential flow boundary condition. The 
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FIG. 2. Maximum flame temperature as a function of 
inverse strain rate for 20, 17, 15, 13, and 12% hydrogen- 
nitrogen mixtures impinging and an air stream at 1 atm. 
Reactant stream exit temperatures are 300 K. 

extinction strain rates calculated by Gutheil and Wil- 
liams [5] are in close agreement with the calculated 
results of this study. Darabiha and Candel's extinc- 
tion strain rate for 16% mole fraction hydrogen in 
nitrogen, denoted by an arrow, is about 20% lower 
than the present value. Since the transport descrip- 
tions utilized by Darabiha and Candel and the cur- 
rent study are similar, the difference in the calculated 
extinction strain rates may be attributed to differ- 
ences in the reaction schemes used. 

At Ulis point, it is necessary to examine the sensi- 
tivity of the results to the boundary conditions 
adopted. As stated previously, the experimental 
boundary conditions lie between those of potential 

Extended Second 
Limit 

H2-Air    \ 

Explosion Limits 4 

Extinction Flame Temperatures 
(13% H2) 

J±±- 
500 650 800 950 1100        1250        1400 

Temperature, K 

FIG. 4. Explosion limits for a stoichiometric hydrogen- 
air mixture, the "extended second limit," and extinction 
temperatures of a nonpremixed 13% hydrogen/87% nitro- 
gen-air flame as a function of pressure. 

and plug flows. Plotted in Fig. 1 are the near-extinc- 
tion axial velocity profiles for a 16% hydrogen mix- 
ture issuing from a converging nozzle with diameter 
of 1.4 cm. The numerical simulations are the near- 
extinction axial velocity profiles using potential, plug, 
and an intermediate boundary condition. The inter- 
mediate boundary condition in Fig. 2 represents the 
extinction state for exit velocity values that are the 
average of the plug and potential flow cases. The 
strain rate defined from the experimental velocity 
profile over a region extending about 0.2 cm up- 
stream from the reaction zone (x ** 0.4 cm) is 200/s. 
Similarly, a strain rate of 245/s can be defined for the 
potential flow boundary condition. The extinction 
strain rates defined in the potential flow cases are 

.5 
£ 
in 
c 

I 
x w 

n X 
'3 

.r> 
a 
O 

— Numerical Simulations, Current Study (Potential Flow B.C.) 
• — Numerical Simulations, Current Study (Plug Flow B.C.) 
--- Numerical Simulations, Gutheil et al. (Potential Flow B.C.) 

Numerical Simulation, Darahiba et al. (Potential Flow B.C.) 
Experiment, Pellett et al. 
Experiments, Current Study 

0.10      0.12      0.14      0.16      0.18      0.20      0.22      0.24      0.26 

Hydrogen Mole Fraction in Fuel Stream 

FIG. 3. Experimental and numer- 
ical values of air density-weighted 
extinction strain rates as a function 
of hydrogen mole fraction in nitro- 
gen in the fuel stream. Reactant 
stream exit temperatures are 300 K. 
Unless specified otherwise, numeri- 
cal simulations incorporate poten- 
tial flow boundary conditions. 
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independent of the axial coordinate in the outer fro- 
zen flow field. Moreover, numerical simulations per- 
formed in this study have also demonstrated that the 
definition of the extinction strain rate for the poten- 
tial flow is, to a great extent, also independent of the 
stagnation point location. For the plug and inter- 
mediate flows, however, the axial velocity gradient 
varies throughout the domain between the bounda- 
ries. Essentially, the strain rate defined for these 
cases just upstream of the reaction zone on the air 
side is represented by the maximum strain rate over 
the air-side axial domain. The maximum strain rate 
defined for the plug flow case of 185/s is 25% lower 
than the potential flow extinction strain rate. The 
flame temperature profiles near extinction of the nu- 
merical simulations for the case represented in Fig. 
1, however, are largely independent of the type of 
boundary condition at the frozen reactant exits. 

Maximum density-weighted extinction strain rates 
at 1 atm, obtained with plug flow boundary condi- 
tions, are plotted in Fig. 3 as a function of the hy- 
drogen mole fraction in the fuel stream. The stag- 
nation point locations for these plug flow cases are 
midway between the exits (0.5 cm). As expected, the 
experimental extinction strain-rate results of this 
study lie between those obtained with the potential 
and plug flow boundary conditions. 

It is also important to realize that, similar to the 
computational results, the experimentally defined ex- 
tinction strain rates also depend on several secondary 
factors and, therefore, are not unique. These factors 
include the axial velocity gradients at the nozzle exits, 
the location of the stagnation plane, and the region 
over which strain is defined. Consequently, the ex- 
tinction strain rates reported here should be treated 
as approximate values. The experimental strain rates 
in Fig. 3 are based on local definitions obtained from 
least-squares fits of the experimental data immedi- 
ately upstream of the reaction zone on the air side. 
These data have an uncertainty of 10% for the 12- 
16% hydrogen mixtures at 1 atm, 25% for the 17.0 
and 18.5% mixtures at 1 atm, and 20% at 0.5 atm. 
Error bars for the 0.5-atm data also reflect uncer- 
tainties in the system pressure. In general, Fig. 3 
shows that the experimentally determined strain 
rates for the dilute mixtures studied herein are char- 
acterized well by the numerically calculated values. 

The effect of pressure on extinction of diluted hy- 
drogen-air mixtures was also numerically investi- 
gated, using the potential flow boundary conditions 
for simplicity. Calculated maximum flame tempera- 
tures at extinction for a 13% hydrogen mixture are 
shown in Fig. 4 as a function of the system pressure. 
The temperature at both exits is 300 K. The relation- 
ship of extinction temperatures with pressure for this 
system exhibits the familiar nonmonotonic pressure 
dependency as observed for the homogeneous hy- 
drogen-oxygen explosion limits. Specifically, the re- 
gion to the right of this curve represents burning 
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FIG. 5. Maximum reaction rate as a function of pressure 

for a 1% hydrogen, 0.5% oxygen, and 98.5% nitrogen mix- 

ture at initial temperatures of 1000,1100,1200, and 1500 K. 

13% H2/87% N2 vereus Air 

12% H2/88% N2 versus Air 

20 30 40 

Pressure, atm 

FIG. 6. Air density-weighted extinction strain rates as a 

function of pressure for 14,13, and 12% hydrogen-nitrogen 
mixtures impinging an air stream. Reactant stream exit 
temperatures are 300 K. 

states, while the region to the left represents extin- 
guished states. Thus, an increase in pressure could 
cause a mixture to change from an extinguished state, 
to a burning state, and back to an extinguished state. 

The above results can best be understood on the 
basis of the pressure effects on hydrogen oxidation, 
by examining the maximum hydrogen consumption 
rate for a homogeneous stoichiometric mixture re- 
acting in an adiabatic system without mass and heat 
transport [2]. The maximum reaction rate is defined 
here as the maximum slope on a hydrogen concen- 
tration vs time profile. The computational model de- 
scribing this closed system at constant pressure is de- 
scribed elsewhere [14]. Figure 5 shows that, for a 
given initial temperature, the maximum reaction 
rate, \dH2/dt]max, first rapidly increases with pressure 
until a pressure is reached that is indicative of the 
"extended second limit" [2] shown in Fig. 4. At this 
pressure, the reaction rate decreases rapidly but then 
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increases again with pressure. The kinetic details for 
this behavior are well documented [2], Specifically, 
as the pressure is increased at a given temperature, 
the well-known fast reaction proceeds through the 
bimolecular branching reactions such as H + 02 = 
OH + O. The subsequent drop in the maximum 
reaction rate is the result of the slow reaction that 
proceeds as a consequence of the chain- inhibiting 
reaction H + 02 + M = H02 + M. It is the com- 
petition between the chain branching and inhibiting 
reactions that explains the second explosion limit and 
defines the extended second limit. The third explo- 
sion limit is the result of the production of H202 via 
2H02 = H202 + 02 and H02 + H2 = H202 + 
H and the decomposition of H202 via H202 + M = 
20H + M. Thus, for a given temperature, the re- 
action rate for pressures above the extended second 
limit increases again as the reaction path H + 02 + 
M = H02 + M becomes propagating. The pressure 
dependency of the maximum reaction rate, as shown 
in Fig. 5, has been quantitatively confirmed in ex- 
perimental flow reactor studies of near-adiabatic di- 
lute hydrogen-oxygen mixtures [12]. The behavior of 
the overall reaction rate with pressure explains the 
explosion peninsula of the hydrogen-air system of 
Fig. 4. 

For the counterflow configuration studied here, 
the density-weighted strain rate, pK, defines the 
characteristic transport rate. Figure 6 shows the var- 
iation of the density-weighted strain rate with pres- 
sure for a 13% hydrogen mixture impinging onto an 
air stream. Similar to the overall reaction rate for the 
homogeneous hydrogen-oxygen system, the density- 
weighted strain rate initially increases rapidly with 
pressure, indicating the increase in the burning in- 
tensity. It then decreases at about 7 atm, which is 
relatively close to the extended second limit at the 
extinction temperature (1225 K), and eventually in- 
creases again. Consequently, for a given density- 
weighted strain rate, increasing pressure from a low 
value will bring the system from a state of extinction, 
to burning, to extinction again, and to burning again. 

The final point to note is that, since the above non- 
monotonic behavior of the explosion limits with pres- 
sure is usually associated with low-to-intermediate 
temperature hydrogen-oxidation kinetics, it may be 
surprising that it is also observed for burning situa- 
tions usually associated with high-temperature kinet- 
ics. The reason is that, for the highly diluted flames 
studied here, the flame temperatures are quite low; 
consequently, a similar change in the rate-controlling 
steps with pressure responsible for the behavior of 
the explosion limits is observed. This provides an ex- 
ample where the key reaction steps controlling igni- 
tion and extinction events are quite similar. 

Summary 

In this study, LDV has been employed to experi- 
mentally determine the local near-extinction strain 

rates for counterflow nonpremixed flames of diluted 
hydrogen against air at 1.0 and 0.5 atm. A numerical 
model incorporating a detailed hydrogen-oxidation 
mechanism was used to describe the experimental 
results and elucidate the important chemical pro- 
cesses near extinction. The predicted extinction 
strain rates agree with the experimental values to 
within 20%. A very important observation has been 
that the calculated extinction flame temperatures 
(and strain rates) for given hydrogen concentrations 
exhibit a nonmonotonic pressure dependence, which 
is similar to the homogeneous hydrogen-oxygen ex- 
plosion limits, as well as the calculated ignition tem- 
peratures of nonpremixed counterflows of hydrogen- 
nitrogen and air. The effect of pressure on 
homogeneous hydrogen-oxidation kinetics effec- 
tively explains the nonmonotonic pressure depend- 
ency. 
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