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CATALYTIC COMBUSTION OF METHANE/AIR MIXTURES OVER PLATINUM:

HOMOGENEOUS IGNITION DISTANCES IN CHANNEL
FLOW CONFIGURATIONS
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Paul Scherrer Institute
Combustion Research
CH-5232 Villigen-PSI, Switzerland

The homogeneous ignition of fuel-lean methane/air mixtures is investigated numerically in laminar plane
channel configurations with platinum-coated isothermal walls and uniform incoming properties. Parametric
studies are carried out to determine the dependence of the homogeneous ignition distance (x,-g) on the
fuel-to-air equivalence ratio (¢), the wall temperature (Tyy), the inlet temperature (Try), the inlet velocity
(Upx), and the channel wall separation (2b). Computations are performed with elliptic and parabolic two-
dimensional numerical codes, both with elementary heterogeneous and homogeneous chemical reaction
schemes. The applicability of the parabolic approach (boundary layer approximation) in assessing homo-
geneous ignition is investigated. The elliptic approach yields shorter x;, compared to those of the parabolic
approach, but as Uy increases, their difference diminishes, and for Upy greater than a minimum value
Unn, both computations give the same x;. Uy, v depends strongly on ¢ and ranges from 8 m/s (¢ =
0.35) to 15.5 m/s (¢ = 0.55) at atmospheric pressure. An analytical homogeneous ignition criterion based
on activation energy asymptotics, a one-step gaseous reaction and a mass-transport-limited surface reaction,
is presented for catalytic channel configurations and adapted to lean methane/air combustion. The mass-
transport-limited assumption is shown to be valid only at atmospheric pressure. A one-step gaseous reaction
with a methane order of —0.33 and an activation energy of 243.4 k]J/mol yields, in conjunction with the
analytical ignition criterion, homogeneous ignition distances at atmospheric pressure within 9.2% of those
numerically predicted over a wide range of operating conditions (0.35 = ¢ = 0.55, 1380 K = T\, = 1600
K, 623 K = Ty = 743 K and 1.5 mm = b = 15 mm). The negative methane reaction order (methane
self-inhibition) results in shorter x;, for the leaner mixtures. The apparent activation energy is higher than
that of purely homogeneous combustion (~200 kJ/mol) due to catalytic inhibition via radical adsorption.

Introduction

Catalytically stabilized combustion (CSC) is inves-
tigated for potential application to gas-fired turbines.
The current efforts are directed toward the hybrid
approach whereby nearly half of the fuel is burned
heterogeneously in staged catalytic modules and the
rest is combusted in a postcatalyst gaseous reactor
[1]. The temperatures reached at the gaseous reactor
outlet are those required by current generation tur-
bines (1450 to 1775 K). The onset of homogeneous
ignition within the catalytic modules is detrimental
to the catalyst integrity, and this problem is further
accentuated by the current trend to use higher-tem-
perature catalysts. The coupling of heterogeneous/
homogeneous chemical reactions leading to homo-
geneous ignition is hence one important aspect in
CSC research.

The homogeneous ignition in catalytic combustion
has been investigated primarily in one-dimensional
stagnation point flows [2-4]. Extending previous
studies, we investigated numerically [5] the homo-
geneous ignition of methane/air mixtures in channel

CSC using a two-dimensional elliptic model with el-
ementary gaseous and surface reactions. Predictions
with this model were successfully compared to mea-
surements at atmospheric pressure [6], strengthen-
ing the confidence on the CSC applicability of newly
developed surface reaction schemes [7]. Recently
[8], we investigated homogeneous ignition in lami-
nar channel CSC using matched activation energy
asymptotics and simplified chemistry; an analytical
ignition criterion was obtained for the homogeneous
ignition distance in terms of the relevant geometri-
cal, flow, transport, and chemical parameters. In the
present study, we undertake a detailed numerical in-
vestigation of homogeneous ignition of lean meth-
ane/air mixtures in channels with platinum-coated
isothermal walls and uniform incoming properties.
Parametric studies are carried out by varying the
channel hydraulic diameter, the fuel-to-air equiva-
lence ratio, the wall temperature, the preheat tem-
perature, and the incoming velocity. The main ob-
jective is to provide an analytical ignition criterion,
based on the established functional form [8], that
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can predict with good accuracy homogeneous igni-
tion distances in methane/air CSC. A particular ob-
jective is to assess the adequacy of the boundary
layer approximation in determining homogeneous
ignition.

Method of Approach

The plane channel consists of two catalytically ac-
tive parallel walls placed at a distance 2b apart. Both
walls have temperature Ty, and the incoming flow
has uniform properties (temperature Ty, velocity
Urx, and species mass fractions Y; 1y).

Analytical Approach

The key elements of the analytical approach are
presented next (details are given in Ref. [8]). The
approach is based on matched activation energy
asymptotics in conjuntion with the boundary layer
approximation, a one-step gaseous reaction (F +
V0O - vpP), and an infinitely fast catalytic reaction.
The Prandtl (Pr) number, Lewis (Le) number, and
Cp are constant. For a gaseous reaction rate (see no-
menclature section),
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The Damkohler number (Da) is the ratio of a char-
acteristic transverse diffusion time to a characteristic
gaseous chemical time, Da = 74/74,, with
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Finally, 4% in equation 2 is the critical ignition Dam-
kohler number defined as the value of 4., for which
equation 6 gives a unique solution for the tempera-
ture perturbation gradient (dp/dy), _ o corresponding
to thermal runaway:

Ay .
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subject to ¢(0) = 0 and (8p/9y), ... = 0 (6)
with
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A% is a function of { (albeit weak) due to the { de-
pendence of . Equation 2 is valid over the param-
eter range

0.002 = ¢ =< 0.16, 1.5 = T\/Tixy = 3.0,
and 0.9 < Le = 2.0 (8)

The temperature and Lewis number ranges are of
particular interest to hydrocarbon CSC. The left-
hand side of equation 2 is a monotonically increasing
function of { (see Ref. [8]), resulting in an increase
of i, with decreasing Da. The chemical and trans-
verse diffusion time scales appearing in Da demon-
strate the competition between surface and gaseous
reactions. Short diffusion times (small channel half-
widths b) favor catalytic depletion and therefore in-
hibit gaseous ignition, while short chemical times (or
large b) favor gaseous ignition.

Numerical Approach

Computations were performed with elliptic and
parabolic two-dimensional codes, both with elemen-
tary surface and gaseous reaction schemes. The el-
liptic code (Navier—Stokes equations) is a finite-vol-
ume approach and has been described in detail
elsewhere [5,6]. In the parabolic approach (bound-
ary layer approximation), the computer program
DASSL [9] was employed. DASSL was used with
detailed surface chemistry in purely heterogeneous
combustion [10] and with one-step gaseous reaction
in our earlier work [8]. For lean combustion, the C,/
H/O gaseous mechanism by Warnatz [11] was em-
ployed (108 reactions and 17 species). For surface
chemistry, the Pt scheme by Deutschmann et al. [7]
was used (26 reactions, 7 gaseous species, and 11
surface species). The surface site density was 2.7 X
10~ mol/cm?, simulating polycrystalline platinum
[6,7].

The inlet temperature ranged between 623 and
743 K (typical combustor inlet temperatures in gas
turbines), and the fuel-to-air equivalence ratio (¢)
ranged between 0.35 and 0.55, resulting in adiabatic
flame temperatures (T,) of 1428 to 1930 K, a range
encompassing the inlet temperatures of gas turbines.
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The highest wall temperature Ty, was 1600 K, an
upper limit already high for catalyst stability. The
lowest Ty was determined by the requirement of
ignition at the longest distance of equation 8 ({ =
0.16) with b not exceeding 10 mm. The independent
control of Tyy and ¢ is of practical interest as Ty, can
be lower than T, due to finite-rate surface kinetics
and non-adiabatic operation. The employed isother-
mal wall boundary condition has wider application
than the adiabatic wall boundary condition; under
the mass-transport-limited assumption of equation
2, and for a diffusionally balanced fuel with Le = 1
(methane has Le =~ 0.95), the latter boundary con-
dition yields Tyy equal to T,. In the approach of this
study, the wall temperature is allowed to be lower
(or higher) than T,

In the elliptic approach, successive grid refine-
ment led to a grid-independent solution; up to
20,000 control-volumes were used. In the parabolic
approach, up to 400 transverse grid points were
used; forward integration (marching in x) provided
the solution up to the desired x distance. The CPU
time was ~28 h for the elliptic and ~15 min for the
parabolic code in an a-cluster machine.

Results and Discussion

Comparison Between Elliptic and Parabolic
Predictions

The adequacy of the boundary layer approxima-
tion in assessing homogeneous ignition is investi-
gated. Computed elliptic (al to j1) and parabolic (a2
to j2) OH distributions are presented in Fig. 1. The
ignition locations indicated by arrows were deter-
mined from Fig. 2. The local catalytic fuel conver-
sion C, the integrated (over b) gaseous fuel conver-
sion G, and the average (over b) OH mass fraction
Yop are plotted in Fig. 2 for flame a2 of Fig. 1. The
sharp rise in either G or Yoy yields essentially the
same ignition distance; the rise in Yo is used hence-
forth to define x;,. In Fig. la—c, only ¢ was varied.
The leaner mixtures ignite earlier in both elliptic and
parabolic computations. The self-inhibiting role of
methane is already established [12,13] for purely ho-
mogeneous combustion. The presence of a catalytic
surface does not alter the self-inhibition. The elliptic
computations (Fig. lal-cl) yield shorter Xy CcOM-
pared to their parabolic counterparts (Fig. 1a2—c2),
but as ¢ decreases their discrepancy diminishes. The
key parameters determining the agreement between
both types of computations are ¢ and Upy. The flame
stabilization in CSC involves the near-wall homo-
geneous/heterogeneous chemical interactions and
the flame propagation inside the boundary layer. The
average flame sweep angle (acute angle of the fla-
mefront with respect to the x axis) increases with
increasing ¢ due to the corresponding increase in
the local laminar flame speed. Therefore, the richer
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mixtures have a larger axial flame component, lead-
ing to a considerable contribution of upstream prop-
agation in the flame stabilization process. The last
aspect is suppressed in the parabolic approach (no
axial diffusion).

The effect of inlet velocity is discussed separately
in Fig. 1d and e, with Uy = 5 and 12 m/s, respec-
tively, and b = 2 mm, ¢ = 0.50, Ty, = 1600 K, and
Ty = 623 K. The parabolic predictions in Fig. 1d2
and e2 yield exactly the same (;,, while x;, are linearly
proportional to Upy. The former is evident from
equation 2 (independent of Upy), and the latter from
equation 3 (for a fixed {j,, x;, are proportional to
Un). The increase in Uy reduces the flame sweep
angle (note the x-scale change in Fig. 1d and e) and
hence improves the agreement between parabolic
and elliptic predictions. At Uy = 12 m/s, both com-
putations in Fig. le yield essentially the same x;g.
The minimum Upy required to reach the parabolic
limit is further denoted as U, jn. Although for all
Urx = U, 1x the parabolic limit is obtained, the pres-
ent laminar formulation holds for Re = 1000 (Re is
based on b).

The influence of Ty, Tyw and b on Uy, 1y is weaker.
In Fig. 1f, Tyy is increased to 743 K (the other pa-
rameters are as in Fig. le). The elliptic Cig is ~3%
lower than its parabolic counterpart, indicating an
increase of Uy, 1y with increasing Tyy. In Fig. 1g, the
halfwidth is increased to b = 6 mm (the other pa-
rameters are as in Fig. le). Increasing b results in
shorter {ig which, in turn, leads to a flame with
higher effective gaseous fuel concentration (the cat-
alytic fuel conversion increases with £, as will be dis-
cussed in Fig. 5) but with reduced bulk gaseous pre-
heat due to reduced contact with the hot wall; both
effects do not balance exactly, since the system is
non-adiabatic leading to an elliptic i, that is ~5%
shorter than the parabolic one and, hence, to some-
what increased requirements for U, . Finally,
U1 decreases with reduction of Tyy; in Fig. 1h (Tyy
= 1450 K, b = 10 mm), U,, 1y is shown to be 11.5
m/s. For atmospheric pressure combustion, Uy, x
were calculated under the most stringent conditions
(Tw = 1600 K, Ty = 743 K). For ¢ = 0.35, 0.40,
0.45, 0.50, and 0.55, the computed U,, ;x were 8.0,
11.0, 13.0, 14.5, and 15.5 m/s, respectively. Atmo-
spheric CSC test rigs have usually high Uy, but they
do not always meet the U,, 1y requirements (20 m/
s = Uy [14], 10 m/s =< Uy [15]). The determination
of Uy, 1y is of prime interest in CSC modeling due
to the substantially lower parabolic CPU require-
ments. It is emphasized that the controlling param-
eter in the above comparisons is the absolute mag-
nitude of Upy and not geometrical factors (b) or
non-dimensional groups (such as Re) with an explicit
geometric dependence.

At higher pressures, the reduction in the laminar
flame speed resulted in lower U, ;x. In Fig. 1i (p =
2 bar) and 1j (p = 4 bar), velocities of 5.5 m/s and
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FI1G. 1. Two-dimensional maps of the OH mass fraction. For each flame (a to j), the upper half of the channel (al to
j1) corresponds to elliptic predictions and the lower half (a2 to j2) to parabolic predictions. Streamwise distances are
given in physical (x) and nondimensional ({) coordinates; the { distances are indicated with blue color. All physical
distances are in millimeters. The green arrows indicate the location of homogeneous ignition. The color bar in each figure
part indicates the OH mass fraction levels. (a) ¢ = 0.50, Uy = 5 m/s, Tyy = 1500 K, Tjy = 623 K, b = 3 mm, and
p = lbar. (b) ¢ = 045, U = 5m/s, Tyy = 1500 K, Ty = 623K, b = 3mm, andp = 1 bar. (¢) ¢ = 0.35, Uy =
5m/s, Tyy = 1500 K, Tiy = 623 K, b = 3 mm, and p = 1 bar. In (a), (b), and (c) the x and { distances are the same;
the change in Re and Pr (due to variation in ¢) results in a small (~1%) change in { which is, however, not shown. (d)
¢ = 0.50, Uy = 5m/s, Tyy = 1600 K, Ty = 623K, b = 2mm, and p = 1 bar. (e) ¢ = 0.50, Uy = 12 m/s, Ty =
1600 K, Tyx = 623K, b = 2 mm, andp = 1 bar. (f) ¢ = 050, Upy = 12 m/s, Ty, = 1600 K, Tyy = T43 K, b = 2
mm, and p = 1 bar. (g) ¢ = 0.50, Uy = 12 m/s, Tyy = 1600 K, Try = 623 K, b = 6 mm, and p = 1 bar. (h) ¢ =
0.50, Uy = 11.5m/s, Tyy = 1450 K, Tjx = 623 K, b = 10 mm, andp = 1 bar. (i) ¢ = 0.55, Uiy = 5.5 m/s, Tyy =
1500 K, Tyx = 623 K, b = 21213 mm, and p = 2 bar. (j) ¢ = 0.55 Uy = 1.25 m/s, Ty, = 1500 K, Tyx = 623 K, b
= 1.5 mm, and p = 4 bar. The b values in flames (i) and (j) are such that the diffusion times 74 are equal (ay, ;x *
1/p).
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FIG. 2. Streamwise profiles of local catalytic (C, solid
line) and gaseous (G, dotted line) fuel conversion rates for
the flame a2 of Fig. 1. The catalytic conversion refers to
one wall, and the volumetric gaseous rate has been inte-
grated over the channel halfwidth b. The average (over b)
OH mass fraction (Yqy;, dashed-dotted line) is also given.
The onset of homogeneous ignition is defined by the sharp
rise in the OH profile. Both in physical (x) and non-di-
mensional ({) streamwise distances are given.
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FI1G. 3. Streamwise profiles of the ratio of wall (Y;y) to
channel-center (Y;c) methane mass fractions for Ty, =
1500 K, Try = 623 K, two equivalence ratios (solid lines
¢ = 0.35 and dashed lines ¢ = 0.55), three b values, and
two pressures: (a) p = 1 bar and (b) p = 4 bar. The com-
putations of Fig. 3 pertain to purely heterogeneous com-
bustion. The solid symbols are the corresponding ignition
distances (ig (calculated with both surface and gaseous
schemes) for ¢ = 0.55. In Fig. 3a, for b = 3 mm {;, >
0.16.
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1.25 m/s, respectively, were sufficient for good
agreement between both computations. U,y at
high pressures are not reported since, as discussed
next, the ignition criterion is applicable at atmo-
spheric pressure.

Finite-Rate Surface Kinetics

Equation 2 was derived for mass-transport-limited
surface reactions. To assess the importance of finite-
rate surface kinetics, computations were performed
with the gaseous chemistry turned off. The ratio of
the wall-to-center methane mass fraction Yy w/Y; cis
plotted in Fig. 3 (Ypw/Y¢( is identically zero under
mass-transport-limited conditions). Finite-rate sur-
face kinetics are more pronounced at shorter (,
smaller b, lower pressures, and lower ¢. The purely
heterogeneous computations of Fig. 3 were virtually
independent of Uy and model type, while the influ-
ence of ¢ was weak. The lowest and highest b in Fig.
3 are representative values for ignition at the low ({
= 0.002) and high ({ =~ 0.16) ends, respectively. The
loci of Cig (parabolic predictions) is also shown in Fig.
3 for q’) = 0.55; at ignition, Yw/Y;, is always less
than 6.5% at p = 1 bar and less than 4.5% at p =
4. To assess whether such levels are sufficiently low
for the mass-transport-limited formulation of equa-
tion 2, ignition was studied with full gaseous and
surface reactions but with the heterogeneous rates
artificially increased by a factor K ranging from 2 to
40. The adsorption/desorption radical reactions
were kept at their normal values (K = 1) to elimi-
nate promotion/inhibition on gaseous ignition. The
last step, however, proved unnecessary since the si-
multaneous increase by a factor of up to 40 of the
adsorption and desorption of the cardinal OH radical
[5] did not produce noticeable changes 1n {ig- The
calculated Clg, further denoted as {,(K), 1ncrease
with increasing K for K up to 10 an(i’ then remain
essentially constant. Moreover, {;(K = 10) are only
moderately larger than {,(K = 1) In Fig. 3a and
forb = 3 mm, for example Cl(,(K = 10) is 7.2%
higher than {,(K ). In all atmosphenc pressure
applications, ggl(, = 10 is 1%-12% higher than
(if(K = 1). At hlgher pressures, however, the cor-
respondmg increase is significantly larger (up to 28%
at p = 2 bar and up to 40% at p = 4 bar). This
happens despite the fact that Y/Y is smaller at
high pressures. The reason is illustrated in Fig. 4, in
which computed transverse profiles (with normal
surface rates) of Ycp,, You, and the methane gase-
ous reaction rate are presented at {; = (g for three
pressures. As pressure increases, the gaseous com-
bustion moves closer to the wall in regions of sub-
stantially lower fuel levels; such low levels are sen-
sitive to the particular surface reaction rates.
Finite-rate surface kinetics must be thus included
explicitly in a high-pressure ignition formulation.
Therefore, the ignition criterion of equation 2 will
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FIG. 4. Transverse (y) profiles of the methane mass frac-
tion (solid lines), the OH mass fraction (dotted lines), and
the methane gaseous reaction rate (R, dashed lines) at ig-
nition ({ = jy): (a) p = 1bar, (b)p = 2bar,and (¢) p =
4 bar. The other parameters are ¢ = 0.50, Ty, = 1500 K,
Tiy = 623, Uy = 5 m/s, and b = 3 mm. The wall is
located at y = 0, and only the region extending 0.6 mm
away from the wall is shown. The points A, B, and C in-
dicate the methane mass fractions at the location of maxi-
mum methane reaction rate Ry. With increasing pressure,
the transverse location of the maximum reaction rate ap-

proaches the wall.

O
20 (a)p = »1,}ba‘r{ ‘ iy
D = E

N B
o=

—_

% Catalytic fuel conversion

b= 5,,25 and6mm

1 ' ' i
0.002 001 ¢

I
i
|
|
|
\
|
\
!
I
T

>

ot
i
\
i
i
i
i
!
\
I
1
\
i
}

0.10 0.16

FIG. 5. Percentage of methane catalytic conversion for
three halfwidths b and two pressures: (a) p = 1 bar and
(b)p = 4 bar. The arrows indicate the direction of increas-
ing b. Purely heterogeneous computations for Ty, = 1500
K and Ty = 623 K.
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be examined at p = 1 bar. In any case, experimental
verification on homogeneous ignition with the pres-
ent reaction schemes exists only at p = 1 bar [6].

The streamwise range 0.002 = C,U = (.16 is suf-
ficient for CST. This is illustrated in the catalytic
fuel-conversion plots of Fig. 5 (computed with the
gaseous chemistry turned off). The catalytic conver-
sion is virtually independent of Uy and ¢ and mildly
dependent on b; the conversion at { = 0.16 is in the
range of 39.6%-41.9% (p = 1 bar) and 40.6%—42%
(p = 4 bar). When Ty, = 1600 K and p = 1 bar,
the conversion ranges from 38.4%-42.1%. Since hy-
brid CST designs employ a sequence of two modules
with a combined ~50% conversion [1], it is unlikely
that each module exceeds the above-determined
~40% conversion.

Ignition Distances

Extensive parabolic computations were performed
at atmospheric pressure. Five ¢ (0.35, 0.40, 0.45,
0.50, and 0.55), three Tyy (623, 683, and 743 K) and
six Ty (1600, 1550, 1500, 1450, 1400, and 1380 K)
were examined. The lowest Ty was 1380 K, set by
the requirement of {;, = 0.16 with b not exceeding
10 mm (for all ¢ anﬁ TiN); at Ty = 1350 K, for
example, {;, = 0.16 for b = 11 mm. The particular
Uy is not televant in the parabolic approach; Uy
= 15 m/s was chosen for all computations. For
every set of computations (fixed ¢, Ty, and Ty) up
to fourteen b were used. The minimum, bmm,
yvielded {;; = 0.16. The maximum, by, gave (i
0.002 as long as by = 15 mm, otherwise the short—
est {;, was calculated for b, = 15 mm; channels
with im 4 > 15 mm are, in any case, of little interest
to confined configurations.

The full parabolic computations were compared
to analytical predictions with a one-step reaction
CH, + 20, —» COy + 2H,0. The parameters in
equation 2 were Le = 0.95, Pr = 0.706, ¢ = 50028
kJ/kg, Wi = 16 kg/kmol, Wg = 32 kg_)/kmol W =
28.2 kg/kmol, and vy = 2. The ¢, at a given ¢ was
the average between Tyy and Ty; ¢, ranged from
1.196 kJ/kgK to 1.267 k]/kgK. The gaseous kinetic
parameters (equation 1) were determined as follows.
For atmospheric-pressure combustion, the oxidizer
order ng was set to zero (for fuel-lean combustion,
ng is of main use to give the correct pressure de-
pendence via the total reaction order n). The fuel
reaction order ng was determined by fitting equation
2 to computed {, at different ¢ and fixed Ty, Ty,
and b. An iterative process was established since ny
is included in 4% and Da. A value of ny was initially
guessed, equatlon 6 was solved to provide 4%, and
finally an updated value of ny was sought in Da so
that equation 2 gave the best fit to the numerically
predicted (.. The iterative process is illustrated in
the insert ofg Fig. 6, with a converged value of np =
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FIG. 6. Streamwise profiles of local catalytic fuel con-
version (C and Cj, solid lines), gaseous fuel conversion (G
and G, dotted lines) and OH mass fraction (Yo and
Yon.1, dashed-dotted lines) for ¢ = 0.45, Tyy = 1500 K,
Tix = 623 K (parabolic computations). Two cases are pre-
sented: full surface reaction scheme (C, G, Yqy) and sur-
face scheme with adsorption/desorption of OH and ad-
sorption of O and H removed (C}, Gy, Yoy 1). In the inset,
the iterative procedure for calculating the fuel reaction or-
der is illustrated. The horizontal axis is the initial guess of
ny, and the vertical axis the updated one; convergence is
at np = —0.33. In the inset, the plot of 4% versus a is
shown (for np = —0.33). A polynomial fit is also provided
for A%:

6
(@) = X Adk!
k=1

A, = 0.5664, A, = —0.1465, A; = —4.638 X 1074 A,
= —0.0701, A; = —0.0105, and Ag = 0.0332.

—0.33. The calculated ng is consistent with litera-
ture values (np = —0.33 [12] and —0.30 [13]).
4% is plotted in the insert of Fig. 6 versus a (equa-
tion 7). A polynomial fit is provided for 4% in the
legend of Fig. 6.

The activation energy and the pre-exponential fac-
tor were calculated by varying Ty and fixing the
other parameters. The slope and offset of the log
[(F()/(A4E)] versus 1/Ty plot yielded E = 243.4
kJ/mol and B = 4.36 X 10° (kmol/m®)'*3s !, re-
spectively. The activation energy is considerably
higher than the accepted E =~ 200 kJ/mol [12,13].
The catalytic wall is, however, a sink for radicals and
inhibits ignition; the wall flux of OH is net-adsorptive
well before homogeneous ignition (see Ref. [5] and
the OH profiles of Fig. 4). The fluxes of H and O
are also adsorptive (there is no O or H desorption in
the surface mechanism [7]). The inhibition is illus-
trated in Fig. 6; fuel conversion and OH profiles
(similar to those of Fig. 2) are presented under two
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F1G. 7. Damkéhler (Da) versus ignition distance ({ig)
plots for Ty = 623 K and two wall temperatures. The Ty,
= 1600 K plot refers to the left Da axis and the Ty, =
1400 K plot to the right axis. The lines are analytical pre-
dictions from equation 2. Solid lines, ¢ = 0.55; dashed-
dotted lines, ¢ = 0.35. The symbols are full parabolic com-
putations; solid circles, ¢ = 0.55; open circles, ¢ = 0.35.
The halfwidth b ranges from 2 to 8 mm for the Ty, = 1600
K, ¢ = 0.55 case, and from 1.5 to 7 mm for the Ty, =
1600 K, ¢ = 0.35 case; the increment between successive
b is 0.5 mm. The dashed lines join symbols with the same
Ty and b.

conditions: normal surface reactions and surface re-
actions with the adsorption/desorption of OH and
the adsorption of O and H removed. The removal of
these reactions has no influence on the catalytic fuel
conversion [5]. The x;, is reduced by a factor of three
in the latter case, explaining the higher apparent ac-
tivation energy.

The proposed use of the ignition criterion is, un-
der the parabolic limit Uy = U, 1w, as follows. Fig.
5 is first used to determine, for a desired percentage
catalytic conversion, the required ¢ ({ is largely in-
dependent of b). Substituting { into equation 2, the
Da and hence b are obtained. The calculated b pro-
vides the maximum halfwidth of a channel with a
length ¢, for which homogeneous ignition is avoided.
This information is of great interest in CSC as ho-
mogeneous ignition may cause meltdown. The
agreement between analytical and numerical results
over the entire range of parameter variation is very
good. The b values calculated from equation 2 are
within 9.2% of the computed values. This is also il-
lustrated in the Da versus (i, plots of Fig. 7; analyt-
ical (equation 2) and full parabolic computations are
given. Equation 2 can be also applied to the reverse
problem, that is, to determine {j, given the b. Equa-
tion 2 is then implicit and is solved iteratively to pro-
vide (i (for {ig = 0.16). Criteria such as the above
have not been reported in the literature; moreover,
the accuracy is sufficient for engineering calcula-
tions.
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Conclusions o fuel reaction rate (equation 1)
The applicability of the boundary layer approxi-  Subscripts
mation in assessing homogeneous ignition in meth-  F, O, P fuel, oxidizer, product

ane/air CSC was investigated with parabolic and el-
liptic numerical simulations. The parabolic approach
is valid for inlet velocities Uy greater than a mini-
mum value Uy, ;n which depends mainly on the
equivalence ratio ¢; U, 1x have been calculated as a
function of ¢ at atmospheric pressure. An analytical
ignition criterion used in conjunction with a one-step
gaseous reaction B(Ccp,)"" exp(—E/RT) predicts
with accuracy better than 9.2% homogeneous igni-
tion distances in methane CSC. The three parame-

ters of the gaseous reaction are ng = —0.33, E =

2434 kJ/mol, and B = 436 X 10° (kmol/

m®)133 1,

Nomenclature

b channel halfwidth

B frequency factor of gaseous reaction
(equation 1)

cp specific heat at constant pressure

Da Damkohler number (diffusion over chem-
ical time)

E activation energy of gaseous reaction
(equation 1)

Le Lewis number of fuel (thermal over spe-

cies diffusivity)

reaction order (i = F, O), total reaction
order (= np + ng)

Re Reynolds number (equation 3)

n;, n

g heat of combustion per unit mass of fuel

W, W species molecular weight, average molec-
ular weight

Y; species mass fraction

Greek symbols

ay, thermal diffusivity (u/pPr)

Aoy, A% critical Damkohler number, critical igni-
tion Damkshler number

4 non-dimensional  streamwise  distance
(equation 3)

u viscosity

v species stoichiometric coefficient

p density

® perturbation parameter for temperature

(equation 6)
transverse stretched coordinate (equation
6)

X

IN, ig  inlet, ignition
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COMMENTS

John W. Daily, University of Colorado at Boulder, USA.
Please comment on the effect a non-uniform wall tem-
perature would have on the validity of your analytical ex-
pressions as would occur under realistic operating condi-
tions.

Author’s Reply. Under realistic operating conditions, the
front face of the channel exhibits lower surface tempera-
tures (T,,) due to finite-rate surface kinetics and upstream
surface radiation heat losses. These effects, along with heat
conduction in the solid wall—the latter is of importance
for lightoff—can be treated only with detailed computa-
tions such as those of our earlier work (Ref. [5] in paper).
A further complication in methane CST arises from the
implementation in practical devices of additional heat loss
mechanisms (e.g., alternated active/inactive channels [Ref.
1 in paper]) necessary to avoid catalyst overheat driven by
the nearly unity methane Lewis number.

The analytical criterion provides a conservative ignition
distance compared to that of the ideal T, -distribution, if
the maximum of the ideal distribution is used as the cri-
terion’s constant wall temperature. However, the ideal T -
distribution depends heavily on the particular system under
investigation and its heat-loss mechanisms. Experimental
input of an average T, is desired, and this information is
usually available even in realistic devices. Analytical igni-
tion distances calculated with an the initial temperature
ramp is short compared to the total channel length. This
condition is satisfied in ignition catalysts with high equiv-
alence ratio and/or high inlet temperature and especially
in mid- or high-temperature catalysts. The latter have sub-
stantially higher inlet temperatures and nearly no upstream
radiation heat losses resulting in a much more uniform wall
temperature profile compared to that of an ignition cata-
lyst. Finally, the criterion is currently extended to include
finite-rate surface kinetic effects.

Johan Andrae, Royal Institute of Technology, Sweden.
Have you considered effects of catalytic inhibition other
than radical adsorption on the surface?

Author’s Reply. Radical adsorption/desorption is the sec-
ond in importance to gaseous ignition inhibition mecha-
nism after the predominant near-wall fuel depletion inhi-
bition. Other mechanisms that could contribute to the
above inhibition are product formation (carbon monoxide
or water) and radical recombination reactions on the wall.
Discussion on these effects can be found, for example, in
our earlier work (Ref. [5] in paper) and for the hydrogen
system (Ref. [4] in paper), and in Markatou [1], to mention
a few references.

It must be clarified, however, that the particular inhibi-
tion mechanisms are not relevant for the ignition criterion.
The three gaseous reaction parameters presented in this
work include all the inhibition (or promotion) mechanisms
since they were determined by fitting analytical calcula-
tions to full gaseous and surface chemistry numerical pre-
dictions. In this respect, the precise nature of the inhibition

mechanisms is irrelevant for the derivation of the analytical
ignition criterion.
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David K. Zerkle, Los Alamos National Laboratory, USA.
You've stated that ignition parameters resulting from your
simulations are independent of the Reynolds and Peclat
numbers, yet the ignition location is highly dependentupon
whether combustion radicals such as hydrogen atoms are
quenched on the surface. This suggests that hydrogen-
atom diffusion plays an important role in the ignition phe-
nomenon. However, because P, = VL/D,,, your state-
ments suggest that the ignition phenomenon is
independent of D,. (mass diffusion coefficient). Can you
reconcile this apparent contradiction? Is there perhaps a
length scale for ignition that is more appropriate than the
channel diameter?

Author’s Reply. We repeat the relevant sentence of our
Results and Discussion section since the posed question
totally misinterprets our statement: “It is emphasized that
the controlling parameter in the above comparisons (ellip-
tic and parabolic predictions) is the absolute magnitude of
Uy and not geometrical factors (b) or non-dimensional
groups (such as Re) with an explicit geometric depen-
dence.” In summary, it was conclusively shown that the Re
or Peclet (Pe) numbers play no role in the applicability of
the parabolic approximation in assessing homogeneous ig-
nition. The controlling parameter is, for a fixed equivalence
ratio, Upy.

The posed question misinterprets our statement by sug-
gesting that the ignition parameters of our simulation (ig-
nition location) are independent of Re and Pe. This is, of
course, incorrect, as our ignition criterion of equation 2 has
a very direct dependence on Re via { (see equation 3, { is
inversely proportional to Re). In addition, the fuel mass
diffusion coefficient enters the criterion via the Lewis num-
ber (Le (see equation 5). Hence, there is no contradiction
of any kind in our initial statement. An additional Le or Pe
number based on radical mass-transport coefficients (apart
from the already-employed fuel Le) would require the
mathematical formulation to include at least two more re-
actions: one gaseous reaction to account for radical (H or
better OH) production or depletion and one surface re-
action to account for net radical adsorption. This is cer-
tainly not possible within the context of matched activation
energy asymptotics in non-homogeneous flows and, more-
over, not necessary because the radical inhibition has been
successfully accounted for in the determination of the gas-
eous reaction parameters (higher apparent activation en-
ergy). As to the final comment whether “there is a length
scale for ignition more appropriate that the channel di-
ameter,” the relevant non-dimensional parameter of our
analysis, { = x/(bRePr), includes not only the channel hy-
draulic diameter (b) but also the physical length scale, x.
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