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Abstract

. A computer program has been developed to solve.the boundary
layer equations for laminar flow over a heated plate with Hz/air
combustion. The objectives are to investigate the importance of homo-
geneous as opposed to catalytic surface reactions during the combus-
tion process, and to determine the roles of heat and mass transfer and
their effect on combustion. Results are presepted for combustibn
of Hz/air at an equivalence ratio of 0.1 for flow over a noncatalytic
plate at a surface temperature of 1100 K. A detailed mechanism
involving 8,chemica1 species and 13 reactions has been used to
“describe the kinetics. The reactions leading to the initiation
of combustion and the effect of the large diffusivity of hydrogen are
discussed. The boundary conditions for a catalytic surface and a
simplified model to account for catalytic wall reaction are formuiated.
Resuits are presented for combustion over a catalytic surface and

compared with the non-catalytic case.



INTRODUCTION

Interest in the use of catalytic surfaces to promote combustion
reactions has increased greatly over the past several years. A
number of studies have been undertaken which indicate that cataly-
tically supported combustion makes efficient burning of a variety of
fuels possible under fuel lean conditions with a substantial reduc-

(1,2)

While initial emphasis was based on the
(1,3)

tion in NOy levels.
use of catalytic combustors for aircraft gas turbine application
its potenfial appliéation to stétionary power sources has ‘also been
studied with favorable results.(4)  .

Much of the work to date has involved parametric investigations
of prototype catalytic combustor configurations. The results of such
studies are both necessary to the long term development of catalytic
combustors and have been very promising. However, such studies are
somewhat limited in terﬁs,of deriving an understanding of catalyti-
cally supported combustion. Two such areas where a greater knowledge
would be desirable are the role of internal heat and mass transfer in
the catalytic combustion prdcess; and the role of homogeneous as
opposed to catalytic surface reactions during the combustion process.
An understanding of these and related processes is necessary for the
optimum evaluation and application of the catalytic concept to prac-

tical combustion system design.
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An experimental and fheoretical investigation has been under-
taken of combustion over heated noncatalytic and catalytic flat
plates. Such a system is desireable from the standpoint of the
simplified geometry and the relatively well characterized flow-
field it érovides. As part of this study a computer program has
been developed to solve the boundary layer equations for flow over

a heated plate with Hz/air combustion. Comparisons with experimental

(5)

-results over a noncatalytic surface are ﬁade in a companion paper
to verify the model. In the present paper the model and numerical
procedure are discussed. A detailed reaction mechanism involving 8
species and 13 reactions is used in the program to examine the develop-
ment of the combustion process along the piate boundafy layer. Results
are presented for the combustion of Hz/air at an equivalence ratio

of 0.1 over a heated noncétalytic plate with a wall temperature of

1100 K. Observafions are made concerning the role of kinetics and

the importance of realistic transport properties. In tﬂe final

section the boundary conditions for a catalytic surface are formu-
lated, and a model for surface ctatlyzed reaction rates, taking into
account both forward and reverse reactions, is discussed. Results

for combustion over a catalytic surface are presented and discussed.



NUMERICAL MODEL FOR BOUNDARY LAYER COMBUSTION

Governing Equations

The boundary layer equations for laminar flow over a flat plate
of a multicomponent mixture of chemically reacting gases can be written
as follows:

Continuity equation

2 D e = 0
Momentum equation
Ju du _ 9 au
Puze + oVEs = 5')7(113}, + pgB(T - T ) (2)
Energy equation
30.
oh dh = 3 ¢y roh 005 Su. 2
Pusx ¥ Vay T oy {Pr dy %; he (Le, - 1)*§§]} + U(g;i (3)
Species equation
0. 90. 90,
i i 3 i
Pux Py T ‘E{};Leiﬁy’} * Syinetic (4)

Also, assuming ideal gas behavior, the equation of state provides an
additional relation

P = == ' (5)

The diffusion coefficients used to evaluate the Lewis number in Eq. (3)
are trace diffusion coefficients for the ith specie in N2. Actual diffu-

sion coefficients which are a function of mixture composition and the
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binary diffusion coefficients of all species pairs. However, sincé
the principle constituent in the present system is N2, trace diffu-
sion coefficients were used to simplify the calculations(6),
Equations (1) through (5) form a set of NS + 4 equations for the
dependent variables u, v, h, p, and o, (i - 1, NS)

Introducing the similarity variables

£(x) = (ou) UX

(6)
u Y.

n(,y) = —— [ ody
N2 ©

considerably simplifies the numerical computations. The governing equa-
tions (1) through (4) then become

Continuity equation

aft 1 of! _ 7
28— + — — + f' =0 (7)
3T Ne oM -
Momentum equation

Y L1 1 9% e 80T - T ) -

2Ef-8—-2;_;— +(V-Q/)—2‘§ﬁ——n?az'u—'oog oo
Ne e 9N
Energy equation
2
o1 oo Weoarr2  © 9%

oh
28f1 =+ (V- )o— o= - —5{sz ) - (—)
9 cp ne on n2 on necp 8n2
© (9)

1 3 [xp 905
5 EH[E“Z (Le; - Dhysp ]
(o) e Pi



Species equation

90. 1 30. b. 370

4 (V-b)m et o 2 L 25 =0 (10)

1
2ef 9& i ne an n2 2 p o1
e

The following dimensionless quantities have been introduced:

RGO RS e
c = gp— ;0 by o= ﬂ;j
YL ¢ T
€T g 2§g ;

w(aia

N, represents the value of n at the outer edge of the boundary layer.

Boundary Condition

Boundary conditions are required at the wall and at the edge of the
boundary layer. In the present case these are given for velocity and

enthalpy at the wall as

£'(£,0) =0 ; h(g,0) = h (x) (11)



" The species boundary condition depends on whether the wall is non-

catalytic or catalytic. For a non-catalytic wall
J -
5ﬁ{oi)i =0 (12)

Boundary conditions at the outer edge of the boundary layer for the

dependent variables are given by the following:

£1(€,n) =1 5 h(En) =h,

0, (&,n.) = 05 (13)

where free stream conditons are assumed to be constant along the plate.

A value for N, of 9.0 was found sufficient in the present calculations.

Gas Properties

The mixutre viscosity and thermal conductivity are calculated from

single component transport properties using the semi-empirical expres-

(7)

sion of Wilke

ms Xiul
u = = (14)
i=1 X2,
j=1J J
and
ms xiki
k = i—]a§~——~— (15)



where

M. M.
1 -4 L i Ll2
¢i. = —(1 + Mla 11+ (E*JZ(QJJ4
> /8 o i i

Single component properties U s and the binary diffusion coefficients

(7)

Dij were calculated from the Chapman -Enskog theory where

5 (W Ty

(16)
2a(%2)
1y

My o= 2.6693 x 10

3
1 ,1Y¥s 5
0.01883\Mi ~ Mj/ T

157 7 oD
1] 1)

(17)

The molecular parameters o and €/k and the collision integrals
22 ang o{t:

3

were evaluated using a Lennard Jones potential
8 .
model( ). The single component thermal conductivity was evaluated

(6)

from viscosity data using the modified Euken correction

s .
k = (0.4312R + 1.328Cpi)ﬁ%- (18)
1

Expected errors in using the above equations to predict viscosity
and thermal conductivity are on the order of 2% for nonpolar mole-
cules and 5% for polar molecules and radicals. The general lack of
diffusivity data at higher temperatures means that molecular para-
meters must be estimated from viscosity data. The resulting discre-
pancy can range from within 5% at room temperature to 20% as 2000K is

approached for some species.



The thermodynamic data for specific heat and enthalpy were calculated
from JANAF data using a formalism based on the NASA Complex Chemical
(9

-Equilibrium Code

Chemical Kinetics

The general set of reactions occurring in the system can be

written for the ith reaction as

a,.0. + a.M a..0., + o.M, j =1,2...T
foss IR Y 1 ] izl.lj 1 | ] v

where o.. is the stoichiometric coefficient for the ith species
ij o , . ;
in the ith reaction and 6% is the stoiciometric coefficient of
the third body M. The forward and reverse reaction rates of the ith

reaction can be written

o. NS o)

a, .
R.=k.(po ) m(poy ™, j=1,2...7
iR S
o, NS ui{
R_; = k_;(o0)) o (p0,) J 3 =1,2...3 -
i=1

kj is an Arrhenius rate coefficient of the form

- N'
k; = 108917 - exp (-E; /RT).

Reverse rate coefficients were assumed to be related to the forward

rate constants through the equilibrium constant ch
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TABLE 1

Reaction Mechanism

T : %K

Reaction k Ref.
1. O0+H, 7OH+H 107'255T1'Oéxp(—4479.O/T) 7
2. Hy,+ OH 7 Hy0 + H 1010-3%exp (-2617.0/T) g
3. H+ 0,720+ OH 10113421 (-8450.0/T) 9
4. OH + OH 2 H,0 + 0 10890 exp (-550.0/T) 9
5. Hy+MZ>H+H+M 109'348 TO'Sexp(—48414.0/T) 20
6. H+OH+M>HO+M 1016-342 =20 19
7. 0+0+Mz20,+M 1011410 T'l‘oexp(-171.5/T) 21
8. H+O0,+M7>HO, + M 109'350exp(500.0/T) 19
9. HO2 + H e OH + CH 1011'4ooexp(-950.0/T) 19
10. HO2 + OH zHZO + O2 1010'699exp(—503.3/T) 22
11. HO, + O > OH + 0, 1019-999 xp (-503. 3/T) 29
12. HO, + H >H,0 + 0 1010'699exp(—503.3/T) 29
13. HO, + H > H, + 0, 1010'398exp(—350.0/T) 22

*Units - k (m3 kg mole_l)n'lsec'1 where n is reaction order
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K.
kK5 =%
cj

The reaction mechanism chosenvfor Hz/air combustion consists of‘13
reactions involving 8 chemical species (HZ’ 02, OH, 0, H, N2’ HéO,
and HOZ). These are shown in Table I. The mechanism consists of

four propagation reactions, four recombination/dissociation reac-

tions, and five reactions involving HOZ'

Numerical Procedure

The above system of‘equations was solved,using‘an implicit
finit difference approach. The above boundary layer equations,
with the exception of the continuity equation, can be written in

the following general form

where F represents any. dependent variable. Expressions for the

a. coefficients are given in Table II.

(19).
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TABLE I1

Coefficients in Governing Equation

vV -2y -1 egB(T - T )
U

oo

W - E'_) S - Ly (Le, - 1)h?_g_i_
¢p cp (QU)OO on | cp - i i9m

(V- bi) -b,
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Finite Difference Procedure

The boundary layer is divided into a grid of increments A
and An . Denoting current locations in the & and n directions

by £=mn+« A and n =m * An the following finite difference

expressions can be introduced

OF _ “m+l,n m,n

0 AE

oF

an - alFm+1,n+1 * bl Fm+1,n * C1Fm+1,n—1
2

3%F

nZ 8oF et ne1 T PoFnir,n * S2Fmet o1

where
4. =

L= Ann_l/(Ann . AnT)

o
i}

p = n - 4n  3/(@n e B g)

o
I

1 -An_/(&n, 1 ¢ Ang)
a, = 2/Ann . AnT)

b2 = -2/(Ann "Ann—l)
¢, = 2/(An _; ¢ Ang)
AnT N Ann * Ar]n—l

An, = Ann+1 - Ann
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Substituting the above expressions into Eq. (19) results in a set of

implicit finite difference equations of the form

AFm+1’n+1 + BFm+1’n + CFm+1,n =D (20)
where
a,a o a
Ao L1, 7272
Ny 2
ne
agbyanby 28 L E
B = + +
e o =
(&}
c %€ %%
= +
Ne 2
ne
26 £
m+1
D=0+ —r—

The difference equations (20) and the boundary conditions férm
a system of equations of the tridiagonal type. Variables in the coefi-
cients of Eq. (20) are evaluated at the known step. The transformed
velocity V is obtained fromthe finite difference form of the continuity

equation
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- _ m+1 1 . ,
Vm+.1,n - Vm+1,n—1 Ann—l(Ag * 2> (f m+l,n * f'm+1,n'_v1)ne

" (21)
gmtl 1
¥ Ann~1 ( AE 2) (f'm,n * f'm,n—l)ne

When the source terms are linear or mildly nonlinear such a system can
be solved quite easily usiﬁg standard techniqueé. However, for the
species conservation equations convergence problems are often encountered
due to the strongly coupled and highly nonlinear kinetic source terms.
The approach of the present investigation was to use a standard tridia-
gonal matrix solution algorithm for solving the hydrodynamic equa-

tions for conservation of mass and momentum. -The procedure followed

(10)

and the fofmalism are due largely to Blottner The coupled

energy and species conservation equations are then solved using a com-

(1)

putational scheme developed by Pratt The latter involves forming

a set of Newton Raphson correction equations of the form
N Bfi _

~—)Ax. = -f, i =1
z:(gx.)AxJ £, i=1N
j=1 ) '
for-an N dimensional system of equations fi and unknowns xj.
ij represent a set of correction variables. The dependent variables
in the present case are the temperature, T, the inverse molecular

weight o_, and the species mole numbers, . . The above system
ght, n v i :

of equations is solved interatively by pivotal Gausian elimination for
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the simultaneous determination of all the thermochemical variables
across a particular grid row.

In the present scheme the boundary layer grid can be either uni-
form or allowed to vary across the boundary layer. For the case of a

nonuniform grid, An ‘is calculated from the following expression

k

-1
N=1 ( WVAX-T

An An. = An « k (22)

N-1

Eq. (20) is second order accurate in the n direction and first order

accurate in the streamwise direction. For the results presented here

40 points across the boundary layer between n'= 0 and n, = 9.0

where found to be sufficient. To improve accuracy near the wall where

the steepest gradients occur a nonuniform grid was used with An given

by Eq. (21) with k = 1.07. Since the proéedure is first order accurate

in the streamwise direction, the solution is quite sensitive to step

size in this direction. Thus, step size in the streamwise direction,

Ag , was adjusted continuously to meet the desired accuracy of 5%.

Minimum step size corresponded to a time step on the order of 10—7 sec.
At the plate leading edge (& = 0) the partial differential equa-

tions become ordinary differential equations in the transformed coordi-

nate system and can be solved using the same procedure as is employed

for the partial differential equations. In this case, however, the species

source terms are set equal to zero. This solution thus provides the ini-

tial profile to start the solution along the plate surface.
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RESULTS AND DISCUSSION

Noncatalytic Heated Plate

The results of th¢ numerical Calgulations for the case of Hz/air
flow over a heated plate with combustion at an equivalence ratio of
0.1 aie shown in Figs. 1-4. In the case presented the wall tempera-
ture was assumed constant at 1100°K. The free stream velocity and
temperature were 3.17m/s and 293°K respectively. Boundary layer velocity
profiles (normalized by the free stream velocity) are shown in Fig.'l
for distances of 2, 4, and 6 mm downstream of the plate 1eadiﬁg edge..
The velocity profiles are nearly similar both upstream and downsfream
of the combustion zone showing little effect of combustion on the
profiles. This result is in agreement with that found by Peters(ls)
in a laminar flat plate Boundary layer diffusion flame Qtudy.
Temperature profiles are plottéd against the nondimensional
boundary layer coordinate n in Fig. 2 for distances of x = 0.60,
1.89, 2.00, and 2.80 mm downstream of the plate leading edge. The
temperature profiles are seen to remain similar until a distance of
approximately 0.6 mm along the plate. Prior to this point little
heat release due to chemical reaction has occurred. At x = 1.89 mm
combustion has occurred near the wall as can:be seen by the peak in thé
temperature profile. A short distance downstream (x'= 2.00 mm)bsigni—

ficant combustion has occurred, with the temperature rcaching a maximum
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of 1470°K. The combustion has also spread farther out into the boundary
layer. At x = 2.80 mm the heat release rate due to combustion has
decreased in regions near the wall and heat transfer has resulted in
cooling of the hot combustion gases near the wall. Combustion of
incoming reactants continues to occur farther out in the boundary

layer but at a decreasing rate due to the lower temperatures.

Energy release rates are shown as a function of n in Fig. 3
for a distance of 2 mm downstream of the plate leading edge. The
resulting increase in temperature can be seen in the corresponding
curve of Fig. 2. Negative values correspond to a net energy release.
It can be seen that the primary.energy release reactions are the bi-

molecular reaction

H, + OH 7 H)0 + H (2f)

due to its large forward rate at this point in the combustion zone,

and the three body recombination reaction

H+ 0, + M3 HO, +M (8f) .

It is noteworthy that the HO2 destruction reactions 9 through 13 also
contribute significantly to the overall energy release mechanism. The

importance of the HO, system in energy release was also noted by

2

Miller and Kee(14) in a numerical study of a hydrogen-air laminar

diffusion flame. Of the three-body recombination reactions which
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typically dominate the energy release in many combustion systems,

only the reaction
H+ OH +M72 HZO + M : (61)

contributes in the present case.

Species concentration profiles for several distances downstream
from the plate leading edge are presented in Figs. 4-6. Prﬁfiles at
x = 1.35 mm correspond to the induction period before any heat release
due to chemical reaction that has occurred. 0, H, OH, and HO2 radi-

cal concentrations are rapidly increasing in the high temperature

region near the heated wall. The H,0 concentration, while comparable

2
to the radical conéentrations, is still QUite low. The H2 has uhdérgone
little reaction at this point.

At x = 1.89 mm a small amount of chemical heat release has occurred
. near the wall (see corresponding temperatufe profile in Fig. 5). This

release corresponds to the reaction of H, and O2 near the wall, and

2
the formation of relatively large amounts of HZO' Radical concentra-
tions of H, O, and OH have attained their peak values near the wéll and
are beginning to decrease as recombination reactions become important.
At x = 1.98 mm the reaction of H2 and 02 is apparent much.farther

out into the boundary layer. Concentrations of 0, H, and OH continue

to decrease immediately adjacent to the wall. A region can be seen
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to exist away from the wall which is characterized by more intense
heat release rates and high radical concentrations. However, due

to the lower temperatures encountered here, heat release rates and
maximum radical concentrations have decreased below those values found
upstream and closer to the plate. Farther downstream this zone con-
tinues to exist but at increasingly greater distances from the wall.

The high concentrations of H,0 near the wall are, at first,

2
surprising since these levels are a factor of 2 greater than the
corresponding local equilibrium values. This is a consequence of the

rapid diffusion rates of H, into the region near the wall. Fig. 7

2
presents calculated local diffusion velocities of various species
across the boundary layer at x = 1.98 mm. Negative values of diffu-
sion velocity indicate diffusion .toward the wall. It can be seen

that the diffusion velocity for H2 is approximately a factor of 4
greater than other molecular species. A flux balance was carried

out at several points across the boundary layer to verify the accuracy
of the numerical calculations. The results indicated that O and H
atoms are conserved. In addition, previous calculations carried out
with a Lewis number of unity for all species indicated no such buildup
of H,0 above its equilibrium concentration. Thus, it appears that

2

the observed behavior of H,0 is attributable to rapid diffusion of low

2
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molecular weight H, into the high temperature wall region, followed

2

by the rapid conversion of H2 to HZO via reaction 2

H2 + OH 2 HZO + H ‘ (2f)
A better understanding of the above species concentration profiles

can be obtained by a more detailed examination of the reaction mechanism

during the combustion process. Referring to Table II the primary reac-

tion responsible for the initiation of chemical reaction is the reverse

of reaction 13, i.e.,

-5
H2 + O2 pe HO2 + H (137)
Once initiation has occurred, reaction (13) rapidly losses its impor-

tance and the following bimolecular branching reactions control the

observed radical concentration buildup

H + 02 20+ OH (31).
H2 + OH > HZO + OH (2£)
0 + H2 > OH + H ' - {10

In addition, the rapid increase in HO, is due primarily to the three

2

body reaction

H+0,+MzHO, +M (8£)

As one moves downstream, at x = 1.90 mm, the bimolecular reactions
(1), (2) and (3), approach partial equilibrium, along with reaction

(4).
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OH + OH 7 H,0 + O (4)

The three body recombination reactions

H+ OH + M 7 HZO + M (6)
H+H+M> H2 + M (51)
0O+ 0+ M2 O2 + M (71)

become important in the removal of H, 0, and OH, while reactions (9)

through (13) result in the destruction of HO

2
HO, + H 2 OH + OH (91)
H02 + OH 2 HZO + O2 (10£)
HO2 + 0 7 OH + Ozv (116)
HO, + HZ H,0 + 0 (12f)
HO, + HZ H) + 0, (13£)

The above HO2 destruction reactions also account for the.minimums
obéerved in thé H02 profiles of Figs. 5 through 8. It can be seen
that these minimums correspond to high levels of H, 0, and OH radicals.
A comparison between predicted and experimental hydrodynamic
boundary layer thickness is shown in Fig. 14 of the companion papercs)

for an experimentally measured wall temperature profile (average tempera-

ture of 1100 K) and a freestream velocity of 3.17 m/s. In both cases an
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increase occurs in boundary layer thickness over that expected without.
combﬁstion due to the high heat releasé associated with the onset of
combustion. However, the predicted increase in thickness is much
more abrupt, and occurs farther upstream (approximately 2 mm down-
stream from the leading edge) than is found experimentally. The
latter doesn't become apparent untii nearly 10 mm downstream from the
leading édge.

 Since good agreement was obtained between predicted and experimen-
tal results when no combustion is present, it would appear that the
discrepancy in boundary layer thickness 1is due to thelkinetic mechanism
employed in the model. It is difficult to determine at this time
which reaction rates are fhe primary cause df the discrepancy since
the occurrence of combustion is a function of both the initial radical
buildup rate and energy release rates in the primary combustion zone.
As discussed above the initial radical buildup is controlled by the
bimolecular branching reactions (1), (2), and (3), whereas energy
release is due primarily to reactions (2) and (8). Rates for the
bimolecular branching reactions are relatively well known, for the
most part to within 30%. Expécted uncertainty in rates for the three
body recombination reactions (except for reaction (8) involving HOé)
is somewhat greater, but these reactions were found to be relatively

unimportant to the combustion process. = The greatest uncertainty in
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the present kinetic mechanism appears to exist in the HO, reactions,
the two most important being reactions (8f) énd (13r). An examina-
tion of reaction rates during the induction period indicates that
‘reaction (13r) is quite rapid relative to the other reactions and
results in high H atom levels prior to the combustion zone. These
high H atom levels, combined with the uncertainty in tHe rate constant
for reaction (13), could account for the high energy release rates
observed for the latter reaction (see Fig. 3). These comments are
somewhat speculative at this time, and a more detailed examination of
the reaction mechanism is needed before a definite conclusion can be

drawn.

Catalytic Heated Plate

While the general role of a catalyst in promoting chemical reac-
tion is well known, there is considerable uncertainty in many systems
concerning the kinetic mechanism involved. This is particularly
true at the high temperatures and pressures encountered in combustion
systems. In the case of H2 oxidation over platinum catalysts the

results of low pressure studies have led to several possible mecha-

(14)

nisms. Bond favors a Langmuir-Hirshelwood mechanism for d-metals

such as platinum which involves the adsorption of both H2 and 0, as

follows:

H, + 2% > 24

0, + 2% > Q -
*

*O
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2 + Q - Q > 20H + 2%

ZQH + 2H - 2H20 + 4%

Here the * 'denotes bonding with a surface atom. In more recent
work Netzer and Kneringer(ls) found in a study of H, oxidation on
a PtthO) surface at low pressures (’\110_8 torr) the existance of
three temperature regions. Up to a surface temperature of 420 K both
reactants are adsorbed on the surface and experimental results favor

a reaction mechanism of the above type. Between 420°K and 770 X
hydrogen tends to desorbvand only oxygen remains on the surface in

an appreciable concentration. In this case an Eley-Rideal mechanism

is the most probable in which reaction takes place between adsorbed
oxygen and H,. Above 770 K ﬁeither reactant is adsorbed to an appre-
ciable extent and the reaction rate is determined by the lifetime and
collision frequency at the surface.

While it is difficult to exten& the above results to cbnditions
encountered in catalytic combustion, several general observatioﬁs can
be made. A number of intermediate species exist in bound surface
states during H2 oxidation. In the above mechanism fhese include H, O,
and OH radicals. Since desorption is endothermic, a significant

percentage of these intermediate surface species could be expected

to desorb at high temperatures before surface reaction to HZO could

~occur. Thus, in the present system, the surface could act to initiate

radicals which diffuse out into the gas phase where homogeneous reac-
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tions occur, or reaction can proceed entirely at the surface as in
the above mechanism. It should be noted, however, that if radical
initiation is important at the surface, then radical termination
will also be important. The surface can never give radical concen-
trations greater than the equilibrium value.
In formulating a model for the present system the role of the
. . (17)
catalyst must be considered. As is stated by Benson s
"Its role is restricted to one of accelerating the rate
of approach to equilibrium. However, in most chemical sys-
tems, there are many unstable compositions intermediate
in free energy between reactants and the state of ultimate
equilibrium. We can describe the 'specificity' of catalysts
in terms of their property of accelerating the rate of

approach to one of these intermediate states rather than
a general, over-all acceleration toward the lowest state."

(2) that at

It has also been pointed out by Pfefferle and Carrubba
elevated temperatures and pressures, the rate of surface reaction
becomes rapid relative to the rate of diffusion of species into and
away from the surface. Under these conditions surface reactions are
essentially diffusion limited. Based on the above considerations, one
can then visualize as a limiting case an equilibrium wall condition.(lo)
In this case the catalytic wall is replaced by the condition that gas
immediately adjacent to the wall is in equilibrium at a temperature
corresponding to the wall temperature. While this is in keeping with
the above mentioned role of a catalyst as accelerating the rates of
approach of a system to equilibrium, a shortcoming is apparent in

that it is unlikely a catalyst would be sufficiently non-selective so

as to drive the system toward total equilibrium.
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The corresponding boundary condition for the numerical calcu-
lations must meet two criteria. First, species concentrations must
be those corresponding to an equilibrium composition. This equi-
librium is determined by both the loéal'wall temperature and the
local composition. It is important to note that the latter is deter-
mined by the local relative diffusion rates of species into the wall,
and. thus can vary with distance along the plate. The second criteria
is that the net flux ofrany element Jj must vanish at the wall. In

the present case this can be written as

,2...NS (23)

j.oo .
zi;BiJi 0 i=1

where Bg is the amount of elementb j in species i , and ji is the
flux of specie i 1in a direction normal to the wall. Since the
velocity is zero at the wall, ji is the flux due to diffusion, and
Eq. (23) relates the concentration gradients of the various species

at the wall. Since there are two elements involved in chemical
reactions, Oand H, Eq. (23) provides 2 equations for the 8 unknown

wall concentrations o - Five additional equations are provided by

the equilibrium relations

Son
(o}

Q

= K1 5 H

1}
~

o
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o %Ho
O - K 3 = K
00% 3 ? OH%GO 4
2 2 72
H,0
0. 0% Ky 3 (25)
Hy~0,

where Ki is the equilibrium constant based on species mole numbers.
Since N2 undergoes no reactions, the final equation is provided by

the condition

wall

Using the. above boundary conditions, calculations were carried
out for the same conditions as in the previous section for a non-
catalytic Qall with combustion. OH concentration profiles as a function
of n are shown in Fig. 8 for several distances downstream of the
leading edge. For distances less than 0.5 mm from the leading edge
the profiles are approximately similar. In this region convection
and diffusion are of primary importance due to the large gradients
existing near the leading edge. As a result, no concentration build-
up occurs in the boundary layer due to homogeneous reactions. At
X = 2.0 mm the boundary layer has become thicker with é resulting
decrease in convective and diffusive rates. At this point the genera-

tion of OH due to homogeneous reaction is sufficient to cause an increase
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in OH in the boundary layer, and the surface becomes a sink instead
of a source of radicals. As one moves downstream, peak levels of
OH increase, and the maximum concentrations occur farther out in the
boundary layer. Note however, due to the low equilibrium radical
concentrations maintained at the wall, peak levels are an order of
magnitude less than were found with the noncatalytic wall.

Typical H, and H20 profiles are shown in Fig. 9. Once again
the profiles are approximately similar up to a distance of 0.5 mm
from the leading edge. At X = 4.4 mm a small amount of gas phase

reaction is apparent as a reduction of H, in the boundary layer and

2

a slight increase in H20. At X = 6.3 mm and 7.8 mm combustion is
occurring farther into the boundary layer with a significant decrease
and corresponding increase in H20. The éorresponding temperature
profiles are shown in Fig. 10. Profiles up to 4.4 mm from the leading
edge are similar as expected and indicate the occurrence of little
heat release. Downstream of this location, increased homogeneous
combustion occurrs with a resulting increase in boundary layer tempera-
ture. However, combustion and heat release rates are significantly
lower than those found with a noncatalytic wall.

In summary, the equilibrium wall acts as a source of radicals

near the plate leading edge, and a sink for radicals farther down-

stream. Because of the thin boundary layer, radical buildup in
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the boundary layer near the leading edge is limited by rapid diffusion
and convection. Downstream of this initial region, the rapid combus-
tion and heat release rates found in the case with a noncatalytic

wall are surpressed by the low radical concentrations existing in.
high temperature regions near the wall due to the equilibrium wall
condition. With an equilibrium wall significant gas phase reaction
and heat release did not occur until approximately 4.4 mm downstream
from the leading edge. With a noncatalytic wall the primary combus-
tion zone occurred approximately 2 mm downstream from the leading
edge. . Since experimental results presented in the companion paper(s)
indicate that the presence of a catalytic wali enhances the combustion

process, it would appear that the model does not sufficiently account

for catalytic wall reactions.

CONCLUSIONS
A computer program has been developed to solve the boundary layer
equatiéns for laminar flqw over a heated flat plate with Hz/air
combustion. A reaction mechanism which includes 13 reactions involving
8 chemical species has been adopted.
The numerical calculations indicate the existence of several
stages of combustion for a lean (¢ = 0.1) Hz/air mixture over a

heated constant temperature noncatalytic plate. An initial region
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near the plate leading edge corresponds to-an induction period during

which radical concentrations increase with little associated heat

release. In this region temperature and velocity profiles are approxi-

mately similar and the boundary layer thickness corresponds to that
for no combustion. Farther downstream heat release rates become

appreciable due to the reaction of H2. The boundary layer rapidly
thickens and gas temperatures greater than the wall temperature are

achieved. H,0 levels up to a factor of 2 greater than local equili-

brium values are also found to occur near the wall due to the rapid

diffusion of H2 from the outer boundary layer. Downstream of the
primary combustion zone heat losses to the wall result in lower gas

temperatures and the profiles again approach a similar solution.

A simplified model for a éatalytic surface based on an equili-

“brium wall was formulated. Radical buildup and the initiation of

combustion were limited near the plate leading edge by rapid diffué_

sion and convection in the boundary layer. Farther downstream gas

phase radical concentrations were surpressed by the low equilibrium

wall concentrations. This resulted in a delay of the onset of homo-
geneous gas phase_réactions and gave signifcantly lower héat release
rates thén were found for the case with a noncatalytic wéli. Basedv'
on expérimental results it appears that this equilibrium mddelldoes

not sufficiently account for catalytic wall reactions.
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Figure 1. Normalized velocity profile as a function of nondimensional distance XBL779..—ZOO4
above plate for a noncatalytic plate. Hp/air combustion. ¢ = 0.1,

Tya1y = 1100K, U_ = 3.17 m/s, T_ = 293K.
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Boundary layer temperature distribution for a noncatalytic plate. XBL779-2005
H,/air combustion. ¢ = 0.1, T = 1100K, U_ = 3.17 m/s
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Figure 3. Energy release rates as a function of nondimensional distance above XBL779-2013
plate for a noncatalytic plate. x = 1.98 mm downstream from leading
edge. Hy/air combustion. ¢ = 0.1, Tyg17 = 1100K, U_ = 3.17 n/s,
T = 293K.
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Figurc 4. Concentration profiles as a function of nondimensional distance
~above plate for a noncatalytic plate. x = 1.35 mm downstream from

leading edge. H,/air combustion. ¢ = 0.10, Tyay1 = 1100K, U= 3.17 m/s.
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XBL779-2006
Figure 5. Concentration profiles as a function of nondimensional distance above

plate for a noncatalytic plate. x = 1.89 mm from leading edge. H,/air

* combustion. ¢ = 0.1, Tyay1 = 1100K, U_ = 3.17 m/s.
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Figure 6. Concentration profiles as a function of nondimensional distance above
plate for a noncatalytic plate. x = 1.98 mm downstream from leading
~edge. Hp/air combustion. ¢ = 0.10, Tyay1 = 1100K; U_ = 3.17 m/s.
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XBL779-2012

Species diffusion velocites as a function of nondimensional distance
above plate for a noncatalytic plate. x = 1.98 mm downstream of
leading edge. Hp/air combustion. ¢ = 0.1, Ty,17 = 1100K, U = 3.17
m/s, T = 293K.
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XBL7710-2045

OH concentration profile as a function of nondimensional distance
above plate for a catalytic plate. Total equilibrium wall boundary
$onfi§g§2. Hz/air‘combpstion. ¢ = 0.1, T .97 = 1100K, U_ = 3.17 m/s,
0 - .
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Figure 9. H, and H,0 concentration profiles as a function of nondimensional
distance“above plate for a catalytic plate. Total equilibrium wall
boundary condition. H,/air combustion. ¢ = 0.1, Tygq1 = 1100K,
U, =3.17m/s, T  293K.
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Boundary layer temperature distribution for a catalytic plate
Total equilibrium wall boundary condition.
¢ = 0.1, Tygy1 = 1100K, U_= 3.17 m/s, T = 293K.
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