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HEAT TRANSFER DURING LAMINAR FLOW FLAME QUENCHING: EFFECT OF FUELS*
W.M. Huang, S.R. Vosen* and R. Greif
Department of Mechanical Engineering and
Applied Science Division, Lawrence Berkeley Laboratory
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ABSTRACT

Wall heat fluxes were obtained in a constant volume combustion chamber for
methane-air, ethylene-air and propane-air mixtures. The experiments were per-
formed at pressure near atmospheric over a range of equivalence ratios from 0.8
to 1.2. THe unsteady heat fluxes for the three fuels were all correlated by

'using the heat release rates of the flames prior to quenching and the thermal
diffusivity and the flame speed.

The ca1;u1ations were made using a finite difference method and an integral
method. Two step chemical kinetics was used in the finite difference calcula-
tions and a simplified ignition temperature approach was employed in the
integral method. The results from the finite difference calculation were in
good agreement with the experimental data. In the integral method, choosing a
single value for the dimensionless ignition temperature for all three fuels also
yielded good agreement with the experimental data.

The maximum wall heat flux accounts for one third of the steady laminar

flame heat release rate for three fuels.

* This work was supported by the U.S. Department of Energy, Office of Energy
Utilization Research, Division of Energy Conservation and Ut111zat1on
Technology under contract number DNE-AC03-76SF00098.

Present address, Sandia National Laboratories, Livermore, CA 94550



HEAT TRANSFER DURING LAMINAR
FLAME QUENCHING: EFFECT OF FUELS.

INTRODUCTION

There are many factors which influence quenching and previous studies have
examined; for exampie, one dimensional turbulent flames quenching on walls [17,
two dimensional laminar flames quenching on walls [2], one dimensional flames
propagating through stratified mixtures 3], flames in which radiation is impor-
tant 4] and two dimensional laminar reacting boundary layers with a reaction at
the surface [51. Results from these investigations have elucidated the impor-
tance of such parameters as the Pe@let number fdr determining a length scale and
the steady state heat release rate for determining the heat transfer.

In an earlier study [6], it was shown that the unsteady heat transfer from
Taminar methane air flames follows the same scaling rules as in steady flames;
namely, that the h2at transfer was proportional to the laminar flame heat
release rate rate prior to quenching. It was also shown that the time scale for
quenching was related to the tfme scale of the thermal propagation of the_f1ame
prior to quenching. In the present work, measurements are reported and corre-
lated for the heat flux for three fuels over a broadArange of test conditions.
In addition, results for the heat transfer were obtained from solutions of the
governing equations when formulated in a finite difference'form and in an

integral form,
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EXPERIMENTAL SYSTEM
The experimenfa1 apparatus consisted of a constant volume combustion
chamber, a mixture preparation unit, a power supply and an optical system,
Nuring a test, measurements were made of the chamber pressure, the surface tem-
perature at one location and the motion of the flame using schlieren or sha-
dowgraph photography.
The shape of the combustion chamber waé that of two cylinders intersecting
at right angles. Both cylinders have a 3.50 inch inside diameter and are 7
inches long. Two quartz windows were located in the ports comprising one axis
of the cylinder. In the other cylinder, tungsten spark electrodes pass through
one port and a thin film resistancé thermometer was mounted on the other port.
Along the-third axis (vertical), instrumentation ports were also available. A
piezoelectric pressure transducer was located on the bottom port to measure the
chamber pressure, The air and fuel were metered to produce the desired mfxture
ratio and the mixture was ignited with a 8 kilovolt, 200 millijoule spark. A
more detailed description of the experimental procedure and the apbaratus is
given in Ref. 6.
CALCULATION METHODS

Finite Difference Method

The experiment was modeled as the interaction of a steady laminar flame
with an impervious wall of very large heat capacity. The conservation equations
for mass, momentum, energy and the mass fraction of each chemical species are
written for one-dimensional unsteady conditions [7]. The chemical reaction
rate constants are tabu]ated in Arrhenius forms. Two step chemical kinetics
reaction were used and are shown in Table 1. These give good agreement with the

experiménta] values of the flame speed and the flame temperature [8].



The governing equations were formulated in finite difference form.
The resu]ting coupled gﬂuations were solved implicitly in time usiné a block
tridiagonal matrix inversion method. An adaptive algorithm was used which
generated a large number of nodes in the region where there are large tem-
perature gradients, The calculations were carried out using the HCT code [9].
We assume for simplicity that the pressure was constant and equal to the

value at the time of quenching, p The wall temperature, being much less than

q.
the flame temperature, was taken to be constant at the value of the unburned gas
temperature, Tu' The unburned gas temperature Tu was calculated by assuming an
isentropic compression from the initial conditions [10]. Radiative heat

transfer was neglected in this calculation,

Integral Method

An integral method, similar to that employed to solve the steady state .
boundary layer equations, was used to solve the conservation equations for
unsteady reacting gases as applied to flame quenching. “he following simplifi-
cations were made:

1) viscous terms were neglected,

?2) the total derivative of the pressure, Np/Dt, was taken to be zero,

3) radiative heat transfer was neglected, and

4) specie diffusion was assumed to be caused by Fickian diffusion only.
The gas properties were simplified by assuming:

1) equal mass diffusivities, D, and

2) constant specific heats cp.
The reaction terms were simplified by assuming:

1) a one step unimolecular reaction,
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'2) a reaction rate of the form w

rE - A pYr F(T), and

3) an ignition temperature specification for the reaction; i.e. F(T) = 0

The equation of continuity is satisfied by introducing a stream function vy,

defined by
W . oL v _pu
3 X P, at P, (1)

where P is the gas density at the wall. The governing equations in y,t
coordinates become:

Conservation of Energy;

Y Ah
3T _ 3 | ko aT_, AY A |
E 17 Wt F( 2) g
c p kst
w
A
Conservation of Reacting Specie: -
dY 2n 3Y°
r _ 2 p°D %' r |
T W |Gz | AR . (3) .
" ,

The boundary conditions are that the wall temperature is fixed at the unburnt
gas temperature, that no specie penetrates into the wall, and that the con-
ditions far from the wall are uniform,

Defining v = tS %/a , z = ySy/a,, 8 = (T, - TV/(Ty = T,) and y = Y /Y,
and using the conditions across the flame prior to quenching c¢ (Tb - Tw) = YriAh

P
yields

-
2_6_ = 3__ kp 2—.6- - W F(S) (4)
v T 57 | Fpy az:] Z -
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The two parameters in this analysis, A and eig’ result from simplifications
to the chemistry and were introduced in the definition of w.. From the so1utfon

for a steady adiabatic flame, A may be expressed as a function of eig and the
flame speed Su. In analyzing the results from this model, the flame speed was
taken as the experimentally accepted value, and the temperature eig was taken as
an adjustable parameter.

The Integral Equations

It is now assumed, for simplicity, that the Lewis number is equal to one,
although it is'emphasized that the analysis could be readily extended to Lewis
number not equal to unity. To apply the integral method, four regions were
defined:

I) uniform gas temperature, 8 =-1, and composition y = 1, in front of the
flame (0 < z < zp)

1I) a preheat region where 1< 8 < 8, (z.< z < Z¢)

g p

II1) a reaction region where 8., < 9 < 0 (zf < 2K zb) and

ig
IV) a product region of uniform gas temperature ¢ = 0, and composition y

1]
o

(zb < z2<=),
These regions are shown in Figurevl, along with the reaction rate we. If non-
unity Lewis number were used, then the specie and temperature profiles in front
of the flame would have different length scales, and this would be included by
the addition of another region, analogous to the preheat region.

Equations (4) and-(5) are integrated over each of the four zones. The

equations for regions I and IV are trivial, leaving:
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dIeII dzf -dzp
o) —m— -%g& *& = 9 " %W (6)
Uy dz¢ 2 L.
II,.Y) _a'.'t'-"’ Y(Zf(T), T)afr_’"'y (Zp(T)’ T)'a',r— = Jf , (7)
11,8 dlem;e i A 8
»0) “dr igﬂr_' qf myIII . ()
d
I3’111 dz
III,.Y) - + y(zf(r), 1) T - Jf - waIII (9)
where
Zf Zf Zb Zb
Ie = r edz , I = r ydz‘,Ie = r adz ,Iy = r ydz (10)
1noJ m J 11 J 111 4
Zp Zp Zf Zf
q, = 28| q = 20
w 3z 'z = zp f Ewpw 9Z 'z = z¢
i = kepfay | o = Ao,
S v L TR Tz

Prior to quenching the propagation is steady (dzp/dr = dzf/dr = dzb/dr = -1,

dIe/dr = dIy/dr =0, q, =0, y(zp(r),r) = 1) and solving the equations yields

W
=j. =-1+98 (z (t),t) =0 A=Suz 1
Q¢ “Jf = o= ig"y FlT )T ig® a-w—-r;'l—;

When quenching occurs, zp = 0, and the profiles change with time. The beginning

of quenching is defined to occur at v = 0.

g
P



Solution of the Integral Equations

Polynomial temperature and specie profiles where chosen for the four
regiéns with the profi1es satisfying continuity of the variable and its slope at
the interface between the regions. Specifically, quadratic profiles were chosen
for 8 in regions II and III, while a quadratic profile was chosen for y in
region II and a cubic profile in region III. The profiles were then used to
evaluate Equations (6)-(10) which gave four equations for the variab1es*yw, Yo

Z¢, and zy. The initial values were obtained from the steady state conditions;

2k .p 2k
_ “hfPr IERE ik SR | _ -
Zf(O) = W $ Zb(o) - kwpw T - 919 » yw(o) = 19 yf(o) = e'lg

The equaitons were solved by matrix inversion and a Runge-Kutta fourth order
integration scheme., The results for the profiles for °1g = (}J,7 are shown in
Figs. 2a and ?2b. Note that 8 and y are identical when t = 0 (steady state).

RESULTS AND NISCUSSION

Experimental Results

The experimental results from this study are the unsteady wall heat fluxes
during the quenching of a planar, laminar flame. The wall heat flux was deter-
mined from the solution of the unsteady conduction problem in the solid using
the transient surface temperature recorded from a thin film resistance thermo-
meter [(11,12]. The results for the heat flux were averaged over 3 to 10 runs.

In all cases the run to run variation in the data produced an error in the heat

Y= y(0,1) , yp = y(ze(e),0)

v



flux that was only 5% of.the value of the maximum heat flux. It is noted that
the thickness of the thin film was measured and determined to be of the order of
5 microns [13]. The schlieren system was used to confirm the one-dimensional
geometry of flame quenching near the resistance thermometer. Data were obtained
for premixed ethylene-air and propane-air mixtures at pressures near atmospheric
for equivalence ratios varying from ¢ = 0.80 to ¢ = 1.20 (cf._Tab]e 2).

The data (and calculations) were rendered Jimension]ess by utilizing the

heat flux, q. (cf. Table 2):

q. = (pSu) r épdT=pu Su Cp ATf R _ (11)

Values for the flame speeds for propane-air and ethylene air mixtures were
obtained from [14,15,167. Values of the thermal properties were obtained from
riz,1sl.

The variations of the dimensionless heat flux are presented in Figs. 3 and
4 where t=0 corresponds to the maximum flux. It is seen that the data are suc-
cessfully correlated using the characteristic time, tc, and heat flux, q., over

the range 0.80 < ¢ < 1.20. Note the large variation of the maximum flux Gumax

in contrast to the small variation of q (cf. Table 2). It is important

wmax/ 9c

to point out that g '--const. = 1/3 for three mixtures; namely, ethylene-

wmax/qc
air, propane=-air and from [6] for methane air. This is valid over the equiva-

lence ratio range from about 0.80 to 1.20 at pressures near atmospheric.
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The experimental results for the heat flux, qw/qc, as a function of time,

t/t_, have also been brought together for three mixtures; ethylene-air, propane-

c?
air and from [6] for methane-air. The range of the experimental data is con-
tained between the solid curves of Fig. 5. To characterize the shape of the
curves, the interval of time, tq, required_for the heat flux to increased from
50% of the maximum value to the maximum is used. The values, tq/tc, are tabu-

lated in Table 2.

A length scale for quenching, §;, may be defined as in [6] according to

§; = AT, kw/qwmax (13)
where it was shown to be proportional to the conventional measurement of the

quenching distance. Values are reported in Table 2.

Finite Difference Calculations

The numerical results for q

wmax/ 9c te/tc and §1 are presented in Table 2

and are in good agreement with the experimental data. The numerical results for

the temporal variation of the heat flux for ethylene-air and propane-air mix-

tures, are contained within the dashed lines of Fig. 5 and are in good agreement

with the experimental data. It is noted that in a previous study with methane-
air mixtures both detailed kinetics and single step kinetics, were used and both
gave good agreement with the experimental data [6].

Integral Method

The results from the integral method are obtained from the solution to the
matrix equation, Eq. (6)-(9). A constant value for the specific heat was eva-

luated at the temperature of the unburned gas. The calculated heat fluxes for

il
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the thrée_fue1s are virtually the same* and a single curve is obtained for a

ge Four curves are presented in Fig. 6 for values of 8ig =
0.5, 0.6, 0.7 and 0.8. A value of eig = 0.7 gives good agreement with tHe

experimental data. Note that t/tC =1,

given value of 8,

That the results of this method agree so well with botﬁ the experimental
data and the more detailed finite difference calculations may seem a bit
surpfising in view of the rather drastic ;ssumptions concerning the kinetics
(although the assumptions for gas composition and properties are more
reasonable). This simple model seems to indicate that for flame quenching at a
cold wall the heat transfer is dominated by the diffusion of heat to the wall
through a preheated gas layer, The parameters introduced are chosen to give
the correct flame speed and temperature, and hence the correct driving force for
heat transfer,

Comparison wifh Steady State Heat Transfer Data

It is instructive to compare the maximum heat flux during unsteady .
quenching with the maximum value for a steady flame, as determined from a porous
plug burner [19,20]. For the three fuels considered in this study, the maximum

heat flux is approximately qwmax/qc = 1/3, For steady state flame quenching,

the results are g ¢ = 0.084 for propane [19] and q,.. /q. = 0.07 for

wmax/q

butane [20]. Thus q for porous plug flames is approximtely 1/4th of the

wmax/ 9¢
value which results during unsteady quenching.

*Note that most fuels have approximately the same value (0.9) for the parameter

kep £/ Kyp e
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SUMMARY AND CONCLUSIONS

Measurements have Been made to determine the heat transfer to a wall from a
propagating laminar flame. The geometry of the interaction of the flame and the
wall was essentially one dimensional and the pressure was nearly atmospheric.
The experiments were performed with three different fuel-air mixtures (methane-
air, ethylene-air and propane-air) over a range of equivalence ratios from 0.8
to 1.2. The experimental data for all three mixtures are correlated over the
range of the test conditions,

The experimental data satisfy the relation qwmax/qc ~ 1/3 so that the maxi-
mum wall heat flux accounts for one third of the steady laminar flame heat
release rate. -

The finite difference calculations are in good agreement with the experi-
mental data for all three fuels. The. integral method yields results that are in

good agreement with the data for a value of ¢,

ig equal to 0.7,
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CAPTIONS

Definition of the four regions in the integral method

Dimensionless temperature profiles as functions of
dimensionless distance and time

Dimensionless specie mass fraction profiles as functions
of dimensionless distance and time

Experimental results for ethylene-air mixture: wall heat
flux versus time for five equivalence ratios. The values
of t. and g, are in Table II.

Experimental results for propane-air mixture: wall heat
flux versus time for four equivalence ratios. The values
of te and q. are in Table II.

Experimental and finite difference method results for
wall heat flux

Experimental and integral method results for wall heat
flux

Two step chemical reaction rates for ethylene and
propane : :

Experimental and finite difference method results
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f Integral Method

Figure 1.
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Figure 4.
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1
co +?02*C02.

1
C02~> co +?02

Fuels Chemical Process Reaction Rate (cm3-mole-sec-cal)
. 14_-40000/RT 0.1r, 11.65
Ethylene | C,H, + 20, + 20 + 2H,0 | 1.1x10'% £¢,H,1%10,
(CHy)  [2€0 + 2H,0 + CoH, + 20, | 10M4e40000/RT [co1ttH 01
co+Lo,+ co 2.656x1014e~40000/RT regqley 570.505 10.25
79> 9 2 2
1 9_-40000/RT 1
C0, + €O + 5 0, 10% [0,]
|Propane  |CoHg + % 0, » 3CO + 4H,0 | 2.4x1012730000/RT ey 10-1pq 1.65
A 7 12 =30000/RT rnnalry al
(CoHg)  |3C0 + 4H,0 » CoHg + 7 0, | 10'%e [¢01" [H,0]

2.656x1014e=40000/RT reoylry, 030+570,10+28

Table I.
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Calculated Calculated Experiment Finite Difference
(a) (b) t q t q
Fuels ¢ P Tu Tb Su tc q, q winax 6(C) lﬂ 'wina x 6(c)
’ 9 MM .t_C- qC T Cc qC T
(atmos) | (k) (k) (™) | (ms) () (um) (um)
m
Fthylene | 0.8  1.159 | 312 2165 64.6 | 0.046 2.268 | 1.885 0.308 70 | 2.196 0.347 60
0.9 1.188 | 315 2300 73.5 | 0.035 2.874 | 2.086 0.314 58 | ----e e-ee- -
(CoHy) ] 1.0 1,200 | 315 2380 79.9 | 0.029 3.330 | 2.007 0.351 46 | 2.414 0.339 49
1.1 1.209 | 316 2400 83.1 | 0.027 3.560 | 2.139 0.339 46 | 2.630 0.294 52
1.2 1.204 | 316 2370 80.0 | 0.029 3.385 | 2.174 .0.326 49 2.862 0.297 54
Propane 0.9 1.073 306 2120 36.8 | 0.143 1.25%5 1.884 0.354 109 | 1.909 0.382 98
1.0 1.086 | 307 2250 42.1 |0.108 1.590 | 1.813 0.350 92 | 1.926 0.350 91
(C3Mg) 1.1 1,091 | 307 2265 45.2 | 0.093 1.753 | 1.674 0.325 -89 | 2.204 0.307 95
1.2 1.090 | 307 2240 41.1 |o0.111 1.589 | 1.725 0.334 93 | 2.036 0.325 97
Table IT.
%Fram Eq. (12)
Perom Eq. (11)
“From Eq. (13)
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