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Computational Studies of End-Wall Flame Quenching at Low Pressure:
The Effects of Heterogeneous Radical Recombination and Crevices

THOMPSON M. SLOANE
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and

ANDREW Y. SCHOENE

Mathematics Department University of Michigan Dearborn, M

A computational study of the effect of heterogeneous radical destruction and crevices on end-wall flame quenching in a
lean CH,~O,~Ar mixture at low pressure has been performed. The unsteady conservation equations for a chemically
reacting multicomponent gas have been solved with the commercially available partial differential equation solver
package PDEPACK. Heterogeneous radical destruction at a cooled surface was found to have a minor effect on flame
quenching compared to homogeneous destruction in the cooled flame gases near the surface. These results are in
qualitative agreement with experiments performed in a side-wall geometry. Cooled crevices, however, had a much
greater etfect on the postquench oxidation of the fuel. Whereas the fuel layer left after quenching near a flat wall burns up
more rapidly as the pressure is increased. unbumed fuel left in a crevice after quenching bums up more slowly as the
pressure is increased. This reaffirms the potential importance of crevices as sources of unburned hydrocarbons in an

engine.

INTRODUCTION

Combustion calculations which involve solving the
unsteady conservation equations with a detailed
chemical kinetics model have been used with
considerable success in advancing our understand-
ing of combustion processes [1-3]. Tested chem-
ical models now exist for combustion of methanol
[4], CH, [4], methane-ethane mixtures [5],
CO [6], and H, [6]. Potential applications for
these calculations are numerous and are well
described in a recent review [3]. We have begun
to develop a code to perform these calculations
because of their usefulness for conducting com-
puter experiments on such combustion phenomena
as flame quenching, propagation, inhibition,
ignition, and pollutant formation and destruction.
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These calculations should help us understand at
least in a qualitative way laboratory experiments
we perform on combustion phenomena. They
should also provide a rational and efficient basis
for suggesting further experimental work.

The first problem we have chosen for study is
the flame-quenching problem in a mixture of
methane, oxygen, and argon. This phenomenon
has interested us for a long time, and has recently
been the subject of a number of experimental and
computational studies. Recent experimental work
[7] has indicated that laminar end-wall quenching
by a clean, cooled surface may not be nearly as
important a contributor to hydrocarbon emissions
from automobile engines as once thought. In
simple systems it has been shown [8, 9] that the
fuel is completely consumed in a flame burning
near a cooled surface. The computational study of
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Westbrook et al. [10] and in-cylinder sampling
measurements [11] have confirmed these re-
sults. However, three other possible sources of
hydrocarbon emissions have been identified by
various laboratories. It has been shown that by
reducing or eliminating crevices in a combustion
bomb ‘[12] or an engine [13], the unbumed
hydrocarbons can be reduced significantly. An oil
film on the surface of a combustion bomb has also
been identified as a source of residual hydrocar-
bons [14]; this phenomenon has been investi-
gated by mathematical modeling [15]. In ad-
dition, there is the question of how turbulence
might affect flat-wall quenching. There is no
direct evidence as to how turbulence might
affect wall quenching, but we can speculate that
turbulence might increase the quench layer thick-
ness. It might also increase the rate of transport
of fuel away from the surface and radicals toward
the surface, resulting in fast oxidation of quench
layer hydrocarbons. How turbulence affects flat-
wall flame quenching is an interesting area for
future research.

Our aim in the work reported here is two-
fold. The first goal is to determine the importance
to flame Jquenching of homogeneous destruction
of radicals compared to heterogeneous destruc-
tion. The latter might be possible on the surface
of engine deposits, whose mode of chemical inter-
action with the flame is unknown. Complete rad-
ical destruction at the surface represents the maxi-
mum chemical effect’ which could contribute to
flame quenching. The second goal is to approxi-
mate the effect of a crevice at the surface and to
compare the rate of fuel disappearance with the
rate found for flat-wall quenching.

Our previous experimental paper [8] describes
experiments we have performed to determine the
relative effect of cooled catalytic and noncatalytic
surfaces on quenching a CH4-O,-Ar flame in a
side-wall geometry at constant pressure. The cal-
culations reported here involve a comparison of
the effectiveness of catalytic with that of non-
catalytic cooled surfaces on end-wall quenching at
constant volume. Although the physical arrange-
ment is different, there are some similarities in the
chemistry involved, and the calculations will aid
us in interpreting the ways in which chemical

changes which we observed in the gas near the
quenching surface are departures from the chem-
istry of a free-burning flame.

We first discuss our numerical model, which is
similar to that used previously [10] except for the
boundary conditions, which allow radical destruc-
tion at the quenching surface and modification of
the energy equation to simulate the presence of a
crevice. We then discuss the method of solution of
the equations with the commercially available
partial differential equations solver package
PDEPACK. Flame speed calculations are used to
test the reliability of the equation solution method.
Results and discussion will then be presented for
calculations on a lean CHy-O,-Ar mixture burn-
ing at constant volume. We compare heterogeneous
and homogeneous radical destruction and show
that heterogeneous destruction is much less im-
portant than homogeneous destruction near a
cooled surface under the conditions of our cal-
culations. A discussion of the similarities between
these calculations and our experiments is included.
We then demonstrate the drastic effect on the fuel
disappearance rate due to the presence of a cooled
crevice.

MATHEMATICAL MODEL

The equations to be solved are the equations for
conservation of mass, momentum, and energy in
a chemically reacting gas. These equations can be
found, for example, in Hirschfelder et al. [16].
Their derivation and the approximations made to
obtain the equations are well described there.
The equations used are the following:
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where p is the mass density and » is the flow veloc-
ity;
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where C; is the concentration of component i,
D; is the diffusion coefficient for component i,
C is the total concentration, and K; is the net rate
of production of component i/ due to chemical
reaction (We have assumed in this expression that
p/My, =~ C, where M, is the molecular weight
of argon);
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where R is the gas constant, T is the temperature,
and 7 is the coefficient of viscosity;
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where C, is the heat capacity at constant volume,

A is the coefficient of thermal conductivity, €;
is the internal energy of component i, h; is the
enthalpy of component i, Q, is the enthalpy
change for reaction k, and R,, is the rate of reac-
tion k. The Dufour and Soret effects have been
neglected, as has been the rate of change of energy
due to radiation.

The chemical mechanism used in this study is
similar to that used previously [4], and is given
in Table 1. Twenty-four components are involved
in 76 forward and reverse reactions. The rate coef-
ficients were taken from either of two secondary
sources [17, 18], and were checked with original
references to allow for a choice between conflict-
ing values.

The transport coefficients D;, n, and A were
determined using expressions similar to those
used by Lund [1]. The diffusion coefficient D;
is a binary diffusion coefficient for diffusion of
component i in a bath of the diluent, Ar. The

expression we used is as follows:

_ D0 T
c MiAr

D;
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where D;0 is a constant and u;,, is the reduced
mass of the component i-Ar pair. The value of
D,® was determined by performing several test
runs on a stoichiometric CH,-0,-N, mixture at
a constant pressure of 4.0 kPa and T = 300K in
the unburned gas. Different values of D, were
used to determine which value resultedin the cal-
culation of the predicted flame speed. The value
of D,% so obtained was then kept constant through-
out all further calculations. The expressions for
1 and X also contained a parameter:

n° A0
"=C"E VT, >\=c,,—c VT,

where C,, is the total heat capacity at constant
pressure of the mixture and n° and A9 are con-
stants determined in a similar manner to D,°.
Table 2 gives some representative values of the
calculated transport coefficients and comparisons
with transport coefficients of known mixtures
obtained either from experiments or from calcula-
tions using the Chapman-Enskog formulas [16].
The good agreement we find gives us confidence
in the values obtained from these approximate
expressions. It also gives us some assurance that
our calculations are not adversely affected by nu-
merical diffusion.

An article appeared after the completion of
these calculations describing simplified models
for the transport coefficients [19] which do not
involve adjustable parameters such as D, 70,
and A%, Even though the transport coefficient
model used by us is somewhat crude by compari-
son, we point to the work of Westbrook and Dryer
[4] as an example of how well this model works
when the parameters are adjusted to give agree-
ment with flame properties at a single flame con-
dition. We shall discuss when appropriate the
consequences of inaccuracies in our treatment of
the transport coefficients. It should become clear
that our conclusions will not be adversely affected.
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TABLE 1

Reaction Mechanism

Reaction LogA4 n E, (kcal/mol)
1 CH4+H“’CH3+ H2 14.1 0 11.8
2 CHy +OH - CHg + Hy0 12.5 0 3.75
3 CHy+0-CHg+OH 132 0 9.2
4 HCO+OH-CO+Hy0 14.0 0 0.0
5 OH+CO—+COy+H 7.22 1.3 -0.66
6 H+0y,—>OH+0 14.3 0 16.7
7 O+Hy—~OH+H 10.3 1.0 8.8
8 O+HyO—OH+OH 13.8 0 18.2
9 H+Hy0-OH+H, 14.0 0 20.3
10 OH+OH- Hy + Oy 13.4 0 26.6
11 €Oy +0—CO+0, 12.4 0 43.7
12 H+HCO—-CO+H, 14.3 0 0.0
13 O0+HCO—-CO+OH 14.0 0 0.0
14 OH + HsCO - HCO + HoO 14.7 0 6.26
15 H+ HyoCO— Hg + HCO 13.1 0 3.74
16 O+ HsCO—OH + HCO 13.7 0 4.57
17 CHjz + OH— HoCO + Hy 12.6 0 0.0
18 CH3+0—HyCO+H 14.1 0 2.0
19 CHz+0,—CHzO+0 13.7 0 28.8
20 CHg + HyCO - CHy + HCO 10.0 0.5 6.0
21 CHg +HCO - CHy + CO 11.5 0.5 0.0
22 0+HOp—~ Oy +OH 13.7 0 1.0
23 HCO + HOp — HyCO + O, 14.0 0 3.0
24 CH3gO+ Og—~HOg + HoCO 12.0 0 6.0
25 CHjz+HOp—CHy + Oy 12.0 0 0.4
26 HCO +0gy—CO + HOy 12.5 0 7.0
27 H+HOy-OH+OH 14.4 0 1.9
28, H+HOp—Hy+ 0y 13.4 0 0.7
29 OH+HOy —~ HyO + Oy 13.7 0 1.0
30 Hy0p + Og— HO, + HOp 13.6 0 42.3
31 Hy0g+ H— HOp + Hy 122 0 3.8
32 CH4+ HOz*CH3+H202 13.3 0 17.9
33 HqCO + HOg — HCO + HyOy 12.0 0 6.3
34 CO+HOg—COg+OH 14.0 0 23.0
35 Hy0p + OH — Hy0 + HO, 13.0 0 1.8
36 CHjz+HOy~CH3O + OH 13.3 0 0.0
37 CyHg+ CHg — CoHg + CHy -0.26 4 8.3
38 CyHy + 0 — CHg + HCO 13.5 0 5.0
39 C2H6+H"C2H5+H2 14.1 0 9.4
40 C2H5 + 02 - C2H4 + H02 12.0 0 5.0
41 C2H6 + OH — C2H5 + H20 13.0 0 24
42 C2H6 +0 - C2H5 +OH 13.4 0 6.4
43 CyHg + C2H3 —-CoHy + C2H4 17.5 0 35.6
44 C2H4 +H-— C2H3 + Hz 13.8 0 6.0
45 CZH4 +OH—~ C2H3 + H20 14.0 0 3.5
46 CyHg+0—H,CO+CH, 13.4 0 5.0
47 CyHg+ Oy~ HCO + HCO 14.0 0 38.0
48 C2H2 +H— C2H + H2 14.3 0 19.0
49 CgHg + OH - CoH + Ho0 12.8 0 7.0
50 CyHy+0— CoH +OH 15.5 -0.6 17.0
51 CyHg+0—CHg+CO 13.8 0 4.0
52 CyH+0y—HCO+CO 13.0 0 7.0
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TABLE 1 (Continued)

Reaction LogA n E, (kcal/mol)

53 CaH+0—-CO+CH 13.7 0 0.0
54 CHgy + 04— HCO +OH 14.0 0 3.7
55 CHy+0-~CH+OH 11.3 0.68 25.0
56 CHy+H-—CH+H,y 11.4 0.67 25.6
57 CH+ 04— CO+OH 11.1 0.67 25.6
58 CHy+OH—CH+ Hy0 11.4 0.67 25.6
59 CH+OQ0y~HCO+O 13.0 0 0

60 CHy+M—-CHzg+H+M 17.1 0 87.8
61 HCO+M—->H+CO+M 14.4 0 18.9
62 H+O+M—-OH+M 15.9 0 0.0
63 03+M—-0+0+M 15.7 0 115.0
64 Ho+M->H+H+M 14.3 0 96.0
65 HyO+M—-H+OH+M 16.3 0 104.5
66 H+Ogy+M—->HOy+M 15.2 0.0 -0.1
67 CO+0+M-—=COy+M 15.8 0 4.1
68 HyCO+M-H+HCO+M 16.7 0 72.0
69 CHz3O+M-—-HyCO+H+M 13.7 0 20.9
70 O+OH+M->HO;+M 17.0 0 0.0
71 Hy03+M-~OH+OH+M 17.1 0 45.5
72 CyH4+M—->CoHg+H+M 17.6 0 98.2
73 CyHg+M-—CyoHy +H+M 14.9 0 31.6
74 CoHy +M—->CoH+H+M 14.0 0 114.0
75 CoHg—+CoHg+H 13.6 0 38.0
76 CyHg—CHg+ CHg 16.3 0 87.2

The thermodynamic properties of the com-
ponents used in this calculation were calculated
from heat capacities of the individual components.
These heat capacities were used in the form of

fifth-order polynomial fits to the temperature, and -

were taken from the compilation of Westbrook
and Chase [17].

The idealized physical situation we simulate in
these calculations consists of a 4-cm-long container
filled with a 4.0-kPa mixture of CHg, O,, and Ar
at an equivalence ratio of ¢ = 0.85. The mixture
is ignited near the left boundary of the container,
and the flame propagates toward the right bound-
ary. Three different boundary conditions are used
at the right boundary: (1) isothermal at 373K and
inert; (2) adiabatic and 100% efficient at destroy-
ing radicals; (3) isothermal at 373K and 100%
efficient at destroying radicals. These three possi-
bilities will be henceforth referred to as cases I,
II, and III. The mathematical expressions at the
boundaries and their corresponding physical mean-

ings are summarized in Table 3. This configuration
can be modeled in one spatial dimension if it is
assumed that there are no gradients of the system
variables along coordinates orthogonal to the
single spatial coordinate employed in the calcula-
tion. This condition would be satisfied in a rectan-
gular box if the flame propagated across the box as
a plane wave over at least part of the flame front.

The mixture is ignited with an initial tempera-
ture and H atom distribution which is described
by the function exp (—32.5x2). The induction
period in our calculations is reduced by the
addition of H atoms much more than by either an
initially high temperature or a time-dependent
energy source.

A crevice is introduced by adding a heat loss
term in the one-dimensional energy equation
which accounts in an approximate way for the
effect of the cooled crevice wall on the gas in the
crevice. The form of this heat loss term can be
demonstrated by referring to Fig. 1. The crevice
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TABLE 2

Comparison of Transport Coefficients

Coefficient of Diffusion (cm2 s—1)

is constructed by adding one mesh point in the +y
direction and one point in the —y direction adja-
cent to mesh points on the x axis. These extra
points begin at the right boundary and extend in

Mixture T(X) p Dy (CE)  Dj(calc) the —x direction for a distance equal to the de-
sired depth of the crevice. We then require that
Ar-Hy 746 latm 3.65 3.6 the temperature at these points off the x axis be
Ar-Hgy 1492 1 atm 11.5 10.3 R .
Ny-Hop 739 1atm 3.45 3.62 equal to the wall temperature, and we introduce in
Ng-Hy 1478  1atm 11.0 10.2 the temperature equation the third-order accurate
Ng-O4 988 1atm 1.57 1.98 finite difference approximation to describe heat
N2-Oy 1976  1atm 4.98 5.6 transfer in the y direction:
Coefficient of thermal conductivity (cal cm—1 s—1 deg—1)
Mixture T (K) A (exptl)X 107 A (calc)x 107 < _a— ) \ 3_T~ » (T — TOO) 6
15.9% Hy-No 273 800 673 ay/ oy Ay?
Ho-Ar . 273 2010 2305
9.0% Hg-Ar 273 550 512
28.85%HyinCO2 893 2930 1980 Here A is the coefficient of thermal conductivity
10% Ha0 in Ny 603 1130 1087 of the gas for T = T(x) and for simplicity is as-

Coefficient of viscosity (g cm—1 s—1)

Mixture T (K) n(exptl)X 107 n(calc)x 107

10.8% CO,, 2% Oy,

sumed to be independent of the y coordinate.
T an is the wall temperature of the crevice and of
the wall in which the crevice is located (373K),
and T(x) is the temperature of the gas along the

2.2% Hy,85% Ny 973 4117 5191 x axis which is to be determined by the simulta-
:2';‘2‘ g;g ;g;’g ?%2(7) neous solution of the conservation equations
274t (1)-(4). Other y derivative terms in Eq. (4) were
TABLE 3
Boundary Conditions
Right boundary Left boundary
Case I:  cooled inert ?_C_’ - Eﬂ =0
surface ax ax
v=0 v=0
aT
T=373K —_—=
ax
. ; ; O = aC
Case II: adiabatic Cy=Co=Con T
catalytically =6.67 X 10—13 mol cm—3 ax
active surface
v=0 v=0
T aT
— =0 =
ax ax
Case III: cooled catalytically Cy=Co=Con aC;
active surface =6.67 X 10—13 mol cm—3 _a_x =
v=0 v=0
oT
T=373K —=




COMPUTATIONAL STUDIES OF FLAME QUENCHING 115

Cooled Wall
T=373K —

Flame Propagation—m- .

b L.

T=373K

Y

T=373K

Fig. 1. Crevice diagram, including the physical location of the cooled wall (solid lines)
and the mesh points used in the calculation (dots).

neglected because their contribution to the right-
hand side is negligible for the conditions we are
considering.

The value used for Ay is 0.02 cm, the same
spacing as for Ax in that region of the mesh. This
results in a crevice 0.04 cm wide which is bounded
by a layer of inert gas (rather than a solid bound-
ary) held at T = T, ,;, through which no material
passes. Since the coefficient of thermal conductiv-
ity is greater for heat transfer to a surface than to
a gas, this expression deliberately underestimates
the effect of the low crevice wall temperature on
the temperature of the combustible mixture inside
the crevice. This is compensated for to a limited
extent by evaluating A at 7(x) and assuming that
it is independent of y.

The 0.02-cm-mesh spacing in the y direction
inside the crevice should adequately describe the
gradients which will be present there. The reason
for this is that since the flame cannot penetrate
the crevice, .the temperature and concentration
gradients in the y direction can be no steeper than
the gradients in the x direction near a flat cooled
surface. A mesh spacing of 0.02 cm describes very
well the gradients near the end wall in the absence
of a crevice, so the same spacing should be ade-
quate in the y direction inside the crevice. We
know that the flame does not penetrate the crevice
because Friedman and Johnston [20] have shown
that a flame will not penetrate between two plates
unless the single-wall quench distance is less than
about 40% of the spacing. This means that the
quench layer in our calculations would have to be
less than 0.016 cm in order for the flame to pene-

trate the crevice. As will be seen, however, the
quench layer thickness is about 0.06 cm. There-
fore the thermal boundary layer at the wall will
completely cover the opening of the crevice.

This model assumes that the crevice extends
indefinitely in the z direction. Although we have
not done so here, we could easily define the crev-
ice to be a hole with a square cross section 0.04
cm high and 0.04 cm wide. The appropriate ex-
pression to be included in Eq. (4) would then be
two times the right-hand side of (5).

METHOD OF SOLUTION

The equations are solved with the partial differen-
tial equations solver PDEPACK [21]. This package
uses the method of lines to solve problems de-
scribed by time-dependent partial differential
equations with one spatial dimension. The spatial
derivatives are discretized with centered differ-
ences which give third-order accuracy for second
derivatives and second-order accuracy for first
derivatives. The resulting set of ordinary differen-
tial equations is then solved with a modified ver-
sion of the Gear integrator. We employ an analytic
Jacobian matrix and restrict the maximum order
of time integration to two.

PDEPACK requires that the chosen mesh be
constant in time. For these low-pressure calcula-
tions we have chosen a mesh spacing of 0.033 cm
for all of the mesh except for x = 3.90 cm tox =
4.00 cm where the mesh spacing is 0.02 cm. This
gives us a little more resolution near the right
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boundary, where the quenching is taking place, at
the expense of a small loss of accuracy in the im-
mediate region of the mesh change. Test calcula-
tions with a uniform mesh spacing of 0.02 cm
exhibited no significant differences, supporting
our choice as a good trade-off between accuracy
and computation time.

Higher-pressure calculations will require finer
spatial resolution in the high-gradient region (the
flame front). As a uniformly fine mesh is computa-
tionally very expensive, a preferable strategy is
to allow the mesh to change in time, with a region
of high resolution progressing with the front—the
so-called dynamic rezoning. This device is em-
ployed with considerable advantage in the HCT
[1] code. We are presently attempting to imple-
ment a dynamic rezoning algorithm in PDEPACK
in the hope of combining the efficiency of HCT
with the flexibility and ease of use of PDEPACK.

The second-order centered difference approxi-
mation to 3/dx is known to result in spurious
oscillations in some solution components for
problems which involve fluid flow [22]. Oscilla-
tions in the velocity profiles are apparent early in
the calculations, but by the time the flame reaches
the quenching surface the oscillations have been
damped considerably because of the viscous
dissipation. Therefore we were able to carry out
the calculations without using an artificial viscos-
ity. Further computations showed that increasing
the viscosity parameter n° by up to a factor of 10
would damp out these oscillations without appreci-
ably changing the results. We avoided various first-
order upwind differencing schemes because tests
showed them to be insufficiently accurate.

A more rigorous treatment of the mathemati-
cal model defined by Eq. (1)-(4) would require
use of an appropriate higher-order difference
approximation for 9/dx (and possibly for the
second-derivative terms as well) to improve the
stability of the solution. Substantial internal
modifications to PDEPACK would be necessary
to carry this out, however.

The calculations performed here typically re-
quire about 600 min of CPU time on the GMR
IBM 3033 computer system for a complete burn
across 4.00 cm. We have implemented a restart
capability in PDEPACK to allow us to carry out

these computations in segments spread out over
several days. For each mixture a complete calcula-
tion beginning with ignition was performed only
for cases I and II. The calculations for case III
were restarts of the case I calculation with the
flame at x = 3.50 cm with different boundary
conditions. Such abrupt changes in the boundary
conditions are allowed with PDEPACK, and are
also physically reasonable because with the flame
at x = 3.50 cm the concentrations of H, O, and OH
were effectively zero at the right boundary.

CATALYTIC AND NONCATALYTIC
RECOMBINATION AT THE
SURFACE

Typical mole fraction profiles of many of the im-
portant flame components and the temperature
under conditions where the flame is unaffected by
the right boundary are shown in Figs. 2 and 3.
At this time the pressure has risen from 4.0 kPa
to approximately 9.5 kPa.

When this calculation is continued with T =
373K at the right boundary, the flame reference
position (defined as the point where T = 1500K)
approaches the boundary no closer than 0.07 cm
The time when the flame stops propagating
toward the right boundary will be referred to as
14, the quenching time, and the distance from the
flame front to the right boundary at ¢, will be
referred to as X, the quench distance. This is
a purely operational definition since the criterion
for the flame position is, within limits, some-
what arbitrary. Figures 4 and 5 show profiles of
the same components shown in Figs. 2 and 3, but
at ¢4 for case I. The pressure at 7, is about 11 kPa.
Qualitatively the profiles are very similar to those
described previously at higher pressure [10]. A
layer of unburned fuel remains near the right
boundary; the intermediates CO and H, peak
near the boundary. Other hydrocarbon mole
fractions are considerably lower than the methane
mole fraction.

The value for X obtained for this flame seems
to be too small for such a low pressure. No experi-
mental results are available for the quench distance
of the flame we are modeling here, however. We
shall discuss later the consequences of possible



COMPUTATIONAL STUDIES OF FLAME QUENCHING 117
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Fig. 2. Mole fraction profiles of the major stable compo-
nents of the mixture and the temperature profile at a time
of 1.7 ms before the quenching time 74.

errors which could lead to an X which is too
small.

For case II, where the radicals H, O, and OH
are destroyed at the right boundary but 87/0x =
0 is the only temperature requirement, the flame

t=1q- 1.7 msec

OH
A
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Fig. 3. Mole fraction profiles of the major radical compo-
nentsat¢ =t5 — 1.7 ms.
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Fig. 4. Mole fraction profiles of the major stable compo-
nents and the temperature at ¢ = tq for case I (7 is fixed
at 373K at the right boundary). Pressure = 11 kPa.

does not stop short of the right boundary. Instead,
the flame burns all the way to the right boundary
in the same amount of time as when the concen-
trations of H, O, and OH are not fixed. Radical
destruction alone therefore has no perceptible ef-

t=1q
H
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5 OH
4
« 103
w
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(=}
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38 40
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Fig. 5. Mole fraction profiles of the major radical compo-
nents at t = ¢4 for case L. Pressure = 11 kPa.
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fect on the burning. This conclusion remains un-
changed when all the flame radical concentrations
are fixed at 6.67 X 10—13 mol cm—3.

The mole fraction profiles for case III at the
time of closest approach of the flame to the right
boundary were also obtained. The quenching time
tq for case III is identical to 7, for case I within
the time step resolution. There are significant
differences in the CH,, H, O, and OH mole frac-
tions for the two cases. Although the radical mole
fractions decrease near the boundary for case I,
they decrease even more for case III. H, O, and OH
are less for case III than for case I between 3.80
and 4.0 cm. The mole fraction of CH, is every-
where greater for case III than for case I. The
major hydrocarbon remaining is CHy in both
cases, as was found previously at higher pressure
[9, 10]. All other hydrocarbon mole fractions are
more than a factor of 10 less than CH,.

An important measure of the relative effects of
case I verses case III is the difference, if any, in
the rate of disappearance of CHy after ¢,. The
mole fraction of CHy for both cases is shown in
Fig. 6 for t > 1. In case I, the CHy is completely
consumed by time 7z, + 0.7 ms, whereas in case
III the CH, is not completely consumed until
t = tq + 1.6 ms. The computation shows that case
IIT boundary conditions retard the disappearance
of CH, compared to case I, but in either case the
CH, is reduced to a very low level in less than 1
ms.

To determine how this methane disappearance
time changes with pressure we have performed a
calculation at a terminal pressure of 25 kPa. For
this pressure X, is about 0.04 cm. Although the
methane disappears more slowly for case III than
for case I, the disappearance times are less than
for the equivalent calculation at lower pressure.
The effect of radical destruction at the surface on
the mole fractions of H, O, and OH is also less
pronounced at this higher pressure.

We now discuss the quench distance and the
consequences for our results of calculating an X
which may be too small. By extrapolating the
calculations of Westbrook et al. [10] to the ter-
minal pressure in our calculations, we find that X
at 25 kPa for a stoichiometric CH4-03-N, mix-
ture with a 300K wall temperature should be
about 0.1 cm. A number of our conditions are
different from this reference calculation, so a
direct comparison is difficult. Also, it is clear that
the flame properties of methane change at pres-
sures lower than 1 atm [23], so an extrapolation
to low pressure of high-pressure calculations is
particularly dangerous. In order to assess the
sensitivity of our comparison between case I and
case III to changes in the computed quench dis-
tances, we increased the constant A9 by a factor of
three, and as a result the quench distance in-
creased from 0.04 to 0.07 cm. The quenching time
occurred earlier and the CH, remaining at £,
persisted longer after z,, but the total burning

CHy
"¢ |— CASEII
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Fig. 6. Methane mole fraction profiles for cases I and Ill at ¢ = (a) 14; (b) g + 0.2 ms;
(c) tq + 0.4 ms; (d) 14 + 1.0 ms. Pressure = 11 kPa.
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time was nearly independent of A9, The compari-
son between cases | and III remained unchanged.
This result gives us confidence that our compari-
son of cases I and III is valid even if our quench
distances are not exactly correct. We might also
add that, for a given pressure, the closer the flame
approaches the surface, the more important re-
combination at the surface should be. If our
quenching distance is too small, then we have
exaggerated an effect which turned out to be small
anyway.

It is interesting to examine the fate of another
pollutant, carbon monoxide, after time z,. This
molecule disappears much more slowly than meth-
ane. Although it is also diffusing rapidly away
from the surface, it is being constantly produced
by the oxidation of CH,, suggesting that laminar
-end-wall flame quenching might be a significant
source of CO emissions from engines.

COMPARISON WITH OTHER EXPERIMENTAL
AND NUMERICAL RESULTS

Our results are in general agreement with our pre-
vious experimental results [8] and the experi-
ments of other workers [7, 9]. Although the
physical arrangement of our previous experiments
differs from that of the mathematical model, there
are important qualitative similarities in the results.
Foremost among these are the slow disappearance
of CH4 near the cooled surface compared to an
undisturbed flame and the eventual complete
consumption of CH,. The methane disappearance
rates for convection, expansion, reaction, and
diffusion which are available from the calculations
show that diffusion is the dominant means for re-
moving CH, from the vicinity of the cooled sur-
-face, a conclusion which is not directly obtainable
from the experimental data. Rapid oxidation of
the methane takes place when it diffuses into the
radical-rich high-temperature region.

Radical concentrations also exhibit similar
trends in the experiments [8] and the calculations.
In both cases the radical mole fractions are low
near the surface. The recombination reaction 66
and the reverse of the important chain-propagating
reaction 6 are two of the fastest reactions in that
region. In the undisturbed flame location at the

same temperature, the chemistry is quite different.
Reactions 1 and 2, and the reverse of 76 are the
fastest reactions there. The rates of reaction 66
and the reverse of reaction 6 are much lower than
near the surface. The positive rate of change in the
concentrations of H, O, and OH near the boundary
is due to the dominance of diffusion of these radi-
cals toward the boundary over the net reduction
in their concentrations due to chemical reaction.
This rate of change is much smaller, however, than
at a comparable distance downstream of a free-
burning flame.

Westbrook et al. [10] discussed in some detail
the drastic change in the chemistry of a methane
and methanol flame near a cooled surface at higher
pressure. Their paper raised the hypothesis that
laminar end-wall quenching may not be an import-
ant source of hydrocarbon emissions in engines.
Since fuel oxidation in a laminar flat-wall quench
layer depends on diffusion of the fuel, our results
and those of Westbrook et al. [10] need to be
verified for a fuel having the diffusion properties
of an actual engine fuel. We did this in an approxi-
mate way by stopping at time ¢, the calculation
with a terminal pressure of 25 kPa, changing the
mass of methane from 16 to 118, and then con-
tinuing the calculation leaving the chemistry un-
altered. This caused a moderate (~20%) increase
in the amount of time necessary to consume
all the fuel. This moderate increase offers evidence
that the hypothesis of Westbrook et al. [10]
should apply to heavier fuels having reaction rates
with flame radicals not appreciably smaller than
the rates for CH, and CHgOH. However, the valid-
ity of this hypothesis is contingent on the oxida-
tion rate of intermediate hydrocarbons formed in
the oxidation of gasoline because many more
steps are required to oxidize completely a typical
hydrocarbon component of gasoline than to
oxidize completely methane or methanol,

This work and the work of others [10-15]
point very strongly to other causes of hydrocarbon
emissions than laminar end-wall or side-wall
quenching by cooled inert or radical destroying
surfaces. Crevices may be a likely source of these
emissions because of the rapid rate of heat transfer
to the cooled surface which would occur in a crev-
ice and because of possible restrictions on diffu-
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Fig. 7. Mole fraction profiles of the major stable compo-
nents and the temperature at ¢ = ¢4 with a crevice 0.04 cm
deep and 0.04 cm in diameter at the right boundary. Pres-
sure = 11 kPa.

sion rates out of the crevice. Computational studies
of the effect of crevices on flame quenching for
these low-pressure methane-oxygen-argon flames
will now be discussed.

CREVICE CALCULATIONS

The mole fraction profiles of some of the impor-
tant chemical components and the temperature
profile are shown in Figs. 7 and 8 at t = ¢, for a
flame propagating toward a wall with a 0.04-cm-
deep and 0.04-cm-wide crevice. The distance of
closest approach of the flame (T = 1500K) to the
surface is about 0.06 cm, or 0.02 cm away from
the mouth of the crevice. The pressure at 7, is
about 11 kPa. The most striking effect of the
crevice is shown in Fig. 9. The methane persists
in the crevice at a significant mole fraction level
even 2 ms after ¢z, and disappears atone-eighth
the rate for the flat wall case.

If the length of the crevice is extended to 0.1
cm, the time scale for removal of the CH, is cor-
respondingly increased. After 3 ms the mole

10-2 f-
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Fig. 8. Mole fraction profiles of the major radical compo
nents at t = ¢4 for a 0.04 X 0.04 cm?2 crevice. Pressure =

11 kPa.

fraction of CH, decreased near the closed enc
of the crevice by only a factor of five from it:
highest value.

Examination of the rate of disappearance of
methane in this region shows that methane re

10-2

103

MOLE FRACTION

104

Crevice W

1
38 39 40
X (cm) ‘
Fig. 9. Methane mole fraction for a 0.04 X 0.04 cm?
crevice at ¢ = (a) tq; (b) tq + 0.3 ms; (¢) 7q + 1.3 ms
(d) tq + 2.3 ms. Pressure = 11 kPa.
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moval from the crevice is limited by diffusion.
Since the dominant mechanism of transport of
CH, out of the crevice is diffusion, and the diffu-
sion coefficient varies as 1/p, based on this con-
sideration alone the methane should be removed
more slowly as the pressure is increased. To test
this, a crevice calculation at a terminal pressure of
about 25 kPa was performed. As expected, the
methane is consumed more slowly than in the
lower pressure case of Fig. 9.

The CH, consumption time after #;, near a
flat cooled wall has been shown here and at a
pressure of 100 kPa and above [10] to decrease
with increasing pressure. At the two pressures for
which we have done calculations in the presence
of a cooled crevice, the CH, consumption time
shows exactly the opposite trend. Although we
Jhesitate to extrapolate our conclusions to a higher
pressure without actually performing the calcula-
ion, our results strongly suggest that a cooled
crevice of dimensions comparable to the flame
quench distance can have a much greater effect
on the residual unburned hydrocarbon concentra-
tion in a combustion bomb or an engine than does
the laminar quench layer next to a flat, cooled
surface.

These conclusions do not apply, of course, if
the flame penetrates the crevice. At a high enough
pressure the flame can penetrate the crevice,
a possibility that was indicated in a previous
study [12] to explain the decrease of residual
unburned hydrocarbons with increasing pressure
in a combustion bomb containing a crevice. Ac-
cording to the results of Friedman and Johnston
[20], a methane flame will penetrate a crevice
0.04 cm across if its single-wall quench distance is
0.016. The pressure in a burning stoichiometric
~methane-air mixture with T, = 300K would
have to be greater than 100 atm for the quench
distance to be that small [23]. In the case of
methanol the pressure would have to be 70-80
atm [4].

CONCLUSIONS

We conclude from these calculations that hetero-
geneous radical recombination on a cooled surface
is of minor importance compared to homogeneous

recombination occurring in the cooled flame gases
near a surface. It is therefore unlikely that deposits
in an engine cylinder can contribute significantly
to flame quenching by chemically destroying
flame radicals which collide with a deposit-coated
surface. The potentially important role of cooled
crevices in quenching a flame and hindering
oxidation of residual fuel compared to quenching
by a cooled flat wall has been quantitatively de-
monstrated at low pressure. Flame quenching by a
cooled crevice is qualitatively different from
quenching by a flat wall at the same temperature
in that the thickness of the layer of unburned fuel
in the crevice case is approximately independent
of pressure until a high enough pressure is reached
so that the flame is thin enough to penetrate the
crevice. Otherwise, the unburned fuel can be re-
moved from the crevice only by diffusion, which
slows down as the pressure increases. In the flat-
wall case, the thickness of this unburned fuel layer
decreases with increasing pressure and is burned up
faster. These results reaffirm the important role
that crevices can play in hindering the complete
oxidation of fuel in engines.
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