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Distributed parameter models of the single channel of a monolith combustor have
been derived from progressively simplified assumptions. Simulation results are com-
pared to assess the importance of the different physicochemical phenomena occurring in
the combustor and to identify the simplest adequate model. For typical operating condi-
tions of the hybrid combustor (gas and wall temperature not exceeding 1,073 and 1,273
K, respectively, high flow rate and pressure, natural gas as fuel), the results show that
variations of gas properties have to be considered while homogeneous combustion can
be neglected. Assumption of the approximate radial profile of axial velocity with invari-
ant parabolic shape, rather than the rigorous solution of momentum balance and the
continuity equation, provides accurate results. Moreover, for simulation of ceramic
monoliths, backward heat transmission by wall conduction can be neglected with a

substantial saving of computational labor.

Introduction

Catalytic combustion is currently considered a promising
method for the simultaneous reduction of NO,, CO, and un-
burnt hydrocarbons (UHC) emissions from gas turbines.

The process is based on the catalyst capability to lower the
ignition temperature of fuel—air mixtures and to operate with
low fuel concentrations (Trimm, 1983; Prasad et al., 1984;
Pfefferle and Pfefferle, 1987). This process has been realized
and tested at an early stage with different combustor configu-
rations. In the so-called catalytically stabilized thermal (CST)
combustor (Pfefferle and Pfefferle, 1987) a premixed and
preheated fuel-air stream passes through a catalyst bed
where combustion proceeds till complete fuel consumption,
first via heterogeneous reaction, and then downstream in the
bed, where temperatures are high enough to ignite gas-phase
combustion, via simultaneous catalytic and homogeneous re-
action. Despite the ultralow emissions achieved in prelimi-
nary tests ( < 2 ppm of NO, with a few ppm of CO and UHC),
this configuration appears too demanding from the stand-
point of midterm industrial development: the catalyst should
guarantee stable performances for long-time operation at
1,573 K and in the presence of severe thermal shocks. The
hybrid combustor (Furuya et al, 1987; Ozawa et al.,, 1991)
aims at the reduction of the thermal stresses of the catalytic
materials. In this configuration the catalytic and the homoge-
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neous reactions are carried out in two distinct sections. Only
a fraction of the fuel is fed to the catalyst after being pre-
mixed with preheated air, while the remaining fraction is fed,
by premixing nozzles, to a downstream homogeneous section.
The fuel-to-air ratio in the catalyst feed is constrained to pre-
vent the catalyst temperature (the adiabatic reaction temper-
ature) to exceed 1,273 K, thus softening catalyst thermal
stresses. The hot gas stream exiting the catalyst enhances the
stability of the gas-phase combustion in the downstream sec-
tion so that high combustion cfficiencies can be attained at
lower temperatures than those allowable in current gas tur-
bine combustors, resulting in very low NO, emissions.

In all the combustor configurations the catalytic reaction is
carried out in monoliths in order to meet the gas turbine
requirements on pressure drop. In principle the following
phenomena occur in the monolith channels: (1) heteroge-
neous reactions at the catalyst wall and homogeneous reac-
tions in the gas phase; (2) heat, mass, and momentum trans-
fer by convection and diffusion in the gas phase and at the
gas—solid interface; (3) mass diffusion in catalyst pores; (4)
heat transfer by conduction and radiation in the solid. Strong
interactions occur between these phenomena due to the in-
tense thermal effects associated with the heat of combustion.

Multidimensional models have been described and solved
(Young and Finlayson, 1976; Heck et al., 1976; Lee and Aris,
1977; Bruno et al., 1983; Hayes et al., 1992). In some of these
articles (Young and Finlayson, 1976; Heck et al. 1976; Lee
and Aris, 1977) constant physicochemical properties of the
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gas are assumed in spite of significant temperature varia-
tions. These works refer to the analysis of catalytic mufflers
where T-gradients are less severe than in catalytic combus-
tors for gas turbines. The effect of wall conduction was stud-
ied by Young and Finlayson (1976) and by Lee and Aris
(1977), who also addressed the effect of radiation, showing
that radiative heat transfer can be accounted for by properly
increasing the wall heat conduction. However the results re-
ported therein cannot be directly extended to the simulation
of catalytic combustors for gas turbines because of the
markedly different operating conditions, which affect the rel-
ative importance of heat transport mechanisms.

The effect of property variation on the behavior of the
monolithic catalyst has not been completely assessed yet.
Hayes and coworkers (Hayes et al., 1992) have considered
the temperature dependence of gas density, heat capacity,
mass, and thermal diffusivity, but they have neglected the ef-
fect of viscosity variation on the shape of the velocity profiles.
They refer 1o leaner fuel-air mixtures than those typical of
gas turbine combustion, and in any case they do not report
any comment on the effects of property variations. Bruno and
coworkers (Bruno et al., 1983) have developed a model of a
monolith combustor for power applications that includes mo-
mentum balance equations and rigorously accounts for the
variations of the gas properties with temperature. However,
they have assumed an infinitely fast reaction at the catalytic
wall; thus their model does not provide any indication of the
effect of gas property variations on the location of the cat-
alytic light-off. Anyway they report that model predictions are
sensitive to the exponent of the power law dependence of
mass diffusivity on temperature, which indicates that prop-
erty variations significantly affect the simulation results.

The computational labor for the solution of the governing
equations of rigorous models is sufficiently heavy to make
any reasonable approximation attractive. This work addresses
the importance of different physicochemical phenomena for
modeling the catalyst section of a hybrid combustor, aiming
at the identification of the simplest adequate mode. The re-
sults of rigorous and simplified multidimensional models have
been compared for this purpose. The effects of hydrodynami-
cal development, gas property variations, wall heat conduc-
tion, and radiation (and homogeneous reaction) have been
investigated. Simulations have been performed for parameter
values corresponding to typical operating conditions and ge-
ometry of the channels of the monolith combustor (Table 1).
Assumed gas velocities correspond to the lower values of the
typical operating range (10 m/s), so as to remain in laminar
flow conditions.

Table 1. Typical Operating Conditions and Geometric
Parameters for the Catalytic Section of Hybrid Combustors

T gas inlet at the catalytic section 623-773 K
T gas outlet at the catalytic section 1,073 K
Maximum catalyst temperature 1,273 K
% fuel (CH ) molar fraction at catalyst inlet 1.8-2.3
Pressure 10-15 atm
Inlet gas velocity* 7-40 m/s
Open frontal area (€) 0.65-0.68
Diameter of the channel 1-3 mm
Channel length 7.5-12cm

*Referred to the cross section immediately upstream the catalyst inlet.
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Model Development
Assumptions

The monolith is composed of a large number of parallel
channels whose conditions are supposed to be identical when
assuming global adiabaticity and uniform distribution of vari-
ables at the monolith inlet. Under these hypotheses the simu-
lation of the whole monolith reduces to the analysis of a sin-
gle channel. Accordingly multidimensional models of the sin-
gle monolith channel have been developed.

For the study of the effects of the hydrodynamical develop-
ment and of the gas property variations, four different two-
dimensional (2-D) models for channels with circular cross
section have been developed. The most detailed one, re-
ferred to in the following as IId, considers the temperature
dependence of the gas properties and includes momentum
balance and continuity equations in addition to mass and en-
thalpy balances. The boundary layer approximation (Schlicht-
ing, 1955) has been adopted, Peclet numbers in the monolith
channels of a hybrid combustor being typically > 1,000. Ac-
cording to the a posteriori analysis performed by Worsde-
Schmidt and Leppert (1965), for such Peclet numbers the
boundary layer approximation is correct after a heated length
of 0.5 diameters. Buoyancy forces have been neglected in the
momentum balance, being Gr/Re <3 (Wors¢e—Schmidt and
Leppert, 1965). The equations of state of ideal gases have
been used and the temperature dependence of the gas prop-
erties has been approximated with power laws (the T-depen-
dence of heat capacity has been neglected):

0.75 : .
S (L1 2L (I
k,[; T° I-L? 9

The simplest 2-D model (ITa) has been developed under the
assumptions of fully developed laminar flow and constant gas
properties.

Intermediate models I1b and Ilc consider the temperature
dependence of gas density (ideal gas), mass diffusivity, and
thermal conductivity. Due to the temperature rise, gas den-
sity decreases along the axial coordinate, so that the axial
velocity has to increase to satisfy the global mass balance on
the cross sections. In order to significantly reduce the compu-
tational effort, Models IIb and IIc do not include momentum
balance and continuity equations, and the variations of the
axial velocity profiles are calculated under the following hy-
potheses.

Model IIb. The specific mass-flow rate in each radial an-
nulus is maintained constant throughout the reactor. Assum-
ing a parabolic, fully developed laminar profile at the chan-
nel inlet, and considering ideal gas behavior, this assumption
results in the following equation:

o ry\4| T
u=20 1—(E) 70 @)

which implicitly satisfies the global mass balance.
Model IIc. The axial velocity profile maintains a parabolic
shape throughout the reactor:
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Table 2. Characteristics of y -Al,0; Washcoat

Thickness of active catalyst layer 0=20 um
Pore radius r, =100 A
Void fraction €, =05

a2
=2u|1-| = 3
u u[l (%) ] ®
and the average velocity & increases to satisfy the global mass
balance

2[Rpurdr = p%u°R2. 4)
0

Both these models neglect the radial convective transport
associated with radial velocity components.
The following additional assumptions have been adopted:

1. Steady-state conditions.

2. Heterogeneous reaction at the catalytic wall with irre-
versible first-order kinetics in the fuel concentration and ze-
roth-order in O, concentration. These dependencies are in
line with indications in the literature of lean fuel-air mix-
tures (Anderson et al. 1961; Spivey, 1987).

3. The effects of intraporous diffusion have been ac-
counted for by the effectiveness factor approach for an
isothermal catalyst. The validity of this hypothesis has been
verified by a posteriori calculation of T-gradients in the cata-
lyst depth (Smith, 1977). A typical morphology for noble metal
catalysts dispersed on a y-Al,O, washcoat (Table 2) has been
assumed, along with an infinite slab geometry.

4. Uniform pressure along the monolith channels in line
with the conclusions of Stevens and Ziegler (1977) on the
negligible effect of pressure drop on reactant conversion in
monoliths reactors. Only in model IId has pressure gradient
been included in the momentum balance.

5. Negligible axial diffusion (Pe, > 1,000) (Michelsen and
Villadsen, 1974).

Moreover heat transfer by solid wall conduction and radia-
tion and the contribution of the homogeneous reaction have
been initially neglected. However, their effect on simulation
results will be addressed in the following sections.

Governing equations

The assumptions adopted for model IId result in the fol-
lowing set of equations:

Continuity equation

dpu 1 dpur
PR, 5)

dz r or

Momentum balance in the axial direction

du du dP 1 a( &u) ®
—t—|=—— - — —1.
p(u z+v dz r or Hr ar
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Enthalpy balance

T oT 1 ¢ (k oT @
—_—ty— === — .
pcp(u gz ' ar r ar \"% oy
Fuel mass balance
omy amy 1 0 D am @
—_— + _ — — R
P 0z or r dr 7P ar
Equation of state for ideal gas
M, P
p= E_. )
RgT
Global mass balance
ZTrprw'dr =7Rp%°, 10)
0

with the relevant boundary conditions:
Inlet conditions (z = 0)

T=T° mg=mj, v=0 Vr, PO=P° (1D

u=u" ¥r flat inlet velocity profile 12)

u=2a%1-(r/R)’]  parabolic inlet velocity profile. (13)

Symmeiry conditions at the channel axis (r = 0)

oT 3mf du
—=—Tto—0, w=0 (14)

ar ar ar

Wall conditions (r = R)
6’mf
pr7= —nK_ 8pm; (15)
T pmy
— = - AHmK 65— 16

ktg or AHrn 4 Mf ( )
u=0 no slip condition an
v=0  wall impermeability. (18)

For computational reasons the equations have been trans-
formed into the following dimensionless form before numeri-
cal solution.

Continuity equation

*

av* ap
+uvr——1. (19)
ar*

+u = + p*
P az* 0z* rx p

*&u* *dp*—— (p*U*
ar*
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Momentum balance in the axial direction

Ju* P ap* v* Ju*
e, + - 2—
az*  p*ur dz* u* or*
4Pr 4 Ju*
=— ( *0.67 r* ) (20)
prurr* ar* r
Enthalpy balance
Pe or + U_ T = 4 _¢9_ T*0.75 r* oT .
E\ gz* u* ar* prurrt ar* ar*

Fuel mass balance

amy v* amy 4Le
Pe, +2— =
az* u* or* prurr*

(22)
Equation of state for ideal gas
p* = P*/T*. (23)
Global mass balance
1 1
f prurrt dr* = —. (24)
0 2
Inlet conditions (z* = 0)
T*=mi=1 o'=0 Vr, P ©O=1 (25
u*=1  ¥r* flatinlet velocity profile (26)
or
w*=2[1—r*?]  paraboiic inlet velocity profile (27)
Symmetry conditions at the channel axis (r* = 0)
oT*  omy ou*
= = =0, v*=0 (28)
ar* or* ar*
Wall conditions (r* =1)
my ~1.75 rr-i )
= ~05DaT*"" = (29
o 0.5DaT exp|y = my  (29)
o 05DapLeT S exp | y [ il | R
ar* ’ T !
u*=0  noslip condition 3D
v* =0  wall impermeability 32

In models IIb and Ilc the continuity equation, Eq. 5, and the
momentum balance, Eq. 6, are replaced by Eqgs. 2 and 3, re-
spectively, and boundary conditions for u, v, and P* are no
longer necessary. Moreover convective terms in the radial di-
rection are neglected in Egs. 7 and 8.
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Figure 1. Effect of hydrodynamical development.

Egq = 21,550 cal/mol; Kc%=125 57!, 79=673 K, ¥}"=
0.0218; upee =775 m/s; PO =10 atm; € = 0.68; d., = 1.2 mm.

Model I1a consists of enthalpy and fuel mass balance equa-
tions only, with constant gas properties and fully developed
laminar velocity profile.

Numerical solution

The set of PDEs of the distributed parameter model was
solved numerically using orthogonal collocation techniques,
based on symmetric Jacobi polynomials, for the discretization
of the dimensionless variable profiles on the radial coordi-
nate of the channel cross section (Finlayson, 1980). The Ii-
brary routine LSODI (Hindmarsh, 1980) was used for inte-
gration of the resulting set of initial-value ODEs along the
axial coordinate of the monolith reactor.

In order to validate the numerical methods, both the prob-
lem of isothermal developing of laminar flow and the Graetz
problem in a circular tube with gas property variations with
temperature have been solved. Comparison with results in
the literature in terms of friction factors, Nusselt numbers,
velocity, and temperature profiles (Worsge-Schmidt and Lep-
pert, 1965; Shah and London, 1978; Bankston and McEligot,
1970) was completely satisfactory. Global momentum and en-
thalpy balances were satisfied within an error of +1% all
along the channel.

Results and Discussion
Effect of hydrodynamical development

The effect of hydrodynamical development has been inves-
tigated by comparing the simulation results obtained with
model IId, assuming flat and parabolic velocity profiles at the
catalyst inlet, respectively (boundary conditions 12 and 13).
Figure 1 gives the axial profiles of wall and bulk tempera-
tures calculated under these assumptions. Typical calculated
profiles show that the wall temperature increases along the
axial coordinate, with most of the temperature rise confined
in a narrow zone, while the gas bulk temperature shows a
smoother increment starting from the catalytic light-off due
to heat transfer from the ignited catalyst.

A short delay of the light-off is predicted when assuming
the velocity profile is flat at the catalyst inlet. Generally, the
literature shows that monoliths with worse transfer proper-
ties have better light-off performances (Young and Fin-
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layson, 1976; Heck et al., 1976; Wilson et al., 1992; Groppi et
al., 1993). The reason for this is that in the kinetically con-
trolled regime, which prevails upstream of the catalytic light-
off, the gas phase cools the catalytic walls where heat is re-
leased due to the occurrence of the exothermic reaction. The
enhancement of heat-transfer properties improves the cool-
ing effect, thus delaying and smoothing the light-off process.
Thus, the predicted delay is related to the enhancement of
the local heat-transfer coefficients due to the hydrodynamical
development of laminar profiles, which is well known from
the heat-transfer literature (Shah and London, 1978). The gas
temperature profiles resulting from the two initial velocity
distributions gradually converge downstream of the catalytic
light-off, where differences of 10-20 K confined in a limited
zone (AZ =1-2 cm) have been calculated.

Complete agreement between the predictions of the two
models can be obtained by assuming, in the case of parabolic
inlet velocity profile, an inlet temperature that is lower by
3-5 K or an activation energy that is lower by 400-600
cal/mole. Since these values are within the experimental un-
certainty on these parameters, the assumption of fully devel-
oped laminar flow at the catalyst inlet appears to be reason-
able.

The results just described show that, despite the short
length of the monolith channels (10 cm = 0.75 of the length
required for complete hydrodynamical development calcu-
lated assuming Re = 2,000 (Shah and London, 1978)), the en-
hancement of gas—solid heat transfer due to the hydrodynam-
ical development is minor with respect to other controlling
phenomena, such as the variation of the gas properties with
temperature, which will be discussed in the following section.

Effect of gas property variations

The effect of gas property variations has been investigated
by comparing simulation results of models Ifa—IId, with IId
as the reference model. In view of the results discussed ear-
lier, a parabolic velocity profile at the catalyst inlet has been
correctly assumed for model I1d, thus uncoupling the effects
of gas property variations and of hydrodynamical develop-
ment.

The calculated axial profiles of the wall and cupmix aver-
age temperature are presented in Figures 2a and 2b, respec-
tively. The comparison of the wall temperature profiles pre-
dicted by model I1a and IId shows that the former estimates
the catalytic light-off to occur earlier than does the latter.
This behavior arises from the enhancing effect of tempera-
ture on the heat transport properties of the gas phase.

Despite the delay of catalyst ignition, Figure 2b shows that
far enough from the light-off model IId predicts a higher gas
temperature than model IIa and that the difference increases
with the axial length. A temperature difference of about
30-70 K is attained at the monolith outlet for typical catalyst
lengths (10-12.5 cm). This result, which is in line with those
reported by Bruno et al. (1983), indicates that in the diffu-
sion-limited zone downstream the light-off, the enhancing ef-
fect of temperature on the gas transport properties, over-
comes the unfavorable effect of the reduced residence time
associated with gas speed up due to the temperature de-
pendence of gas density.

The observed discrepancies between gas temperature pre-
dictions indicate that the results obtained under the assump-
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Figure 2. Temperature profiles calcuiated with different
2-D models.

(a) Wall temperature; (b) gas bulk temperaturc. E = 21,550
cal/mol; Kc®=125s71 T =673 K Y0 = 0.0218; u, . = 7.75
m/s; PC=10 atm; € = 0.68; d., =12 mm.

tion of constant gas properties are not sufficiently accurate,
the outlet gas temperature of the catalyst section being one
of the most important parameters for determining the extent
of the stabilizing effect of the catalyst on the downstream
gas-phase combustion.

Figures 2a and 2b show that much more adequate predic-
tions are provided by model IIb and even more accurately by
model Ilc. In other words, model 1Ib predicts a slightly de-
layed light-off and a higher gas temperature (AT =10 K)
downstream of the catalytic light-off than model Ilc, which
shows only minor differences with respect to predictions of
mode! I1d.

Such deviations are related to the different velocity pro-
files assumed by models ITb—IId. The radial profiles of the
dimensionless specific mass rate (i.e., p*u*) predicted by
models ITb—IId at different axial positions are plotted in Fig-
ure 3. As imposed by Eq. 2, model 1Ib assumes a constant
specific mass flow at each radial position throughout the re-
actor. In reality, due to the increment of gas viscosity with
temperature, specific mass rates are lowered near the hot
catalyst wall, while in the center of the channel the specific
mass rate increases to satisfy the global mass balance as pre-
dicted by model IId. This eventually results in a decrement of
heat- and mass-transfer rates that is neglected by model IIb
and is responsibie for the delay of the light-off and overesti-
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Figure 3. Dimensionless radial profiles of mass-flow
rate at different axial locations.

E, = 21,550 cal/mol; Kc®=125 s7!; T9=673 K; ¥,"=
0.0218; 4, = 7.75 m/s; PO =10 atm; € = 0.68; d = 1.2 mm.

mation of the gas temperature predicted by this model. Fig-
ure 3 also shows that the specific mass rate profiles predicted
by model Ilc are only a little more narrow than those pre-
dicted by model IId. Thus, very accurate temperature predic-
tions are obtained with model Ilc.

The small differences between the results of models Ilc
and IId can be explained by considering the profiles of calcu-
lated radial velocity at the different axial positions plotted in
Figure 4. Upstream of the catalytic light-off (curves at z=0.5
cm and z = 1 cm), the radial velocities are close to zero, while
immediately after catalyst ignition (z = 1.65 cm), they become
appreciable and centripetal due to the steep increase of wall
heat flux and temperature, which result in a novel thermal
and hydrodynamical development. The magnitude of the ra-
dial velocity components in the light-off region are close to
those arising from cold hydrodynamical development in the
same axial position. A limited enhancement of transport
properties is associated with these centripetal convection
terms that lead to a slightly faster heating of the gas phase:
this can be observed in Figure 2b immediately after the light-
off. Further downstream from the light-off (z >4 cm), the
radial velocities rapidly diminish until inversion occurs and
velocities become centrifugal. Subsequently, the heat-transfer
rate is slightly decreased, and consequently the gas tempera-
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Figure 4. Radial profiles of dimensionless radial veloc-
ity at different axial locations.

E, = 21,550 cal/mol; Ke®=125 s=!; T0=673 K; Y=
0.0218; u ¢ = 7.75 m/s; P® =10 atm; € = 0.68; doq = 1.2 mm.

ture rise predicted by model 11d is a little slower than that
predicted by model IIc. However, the largest discrepancies
between model ITc and 11d predictions are less than 10 K.
Accordingly, model Ilc-type approximation can be adopted:
it provides reasonably accurate results with a saving of com-
putational time exceeding one order of magnitude.

Effect of wall conduction and radiation

In view of the steep axial 7-gradients that prevail in the
combustor, backward heat transmission by wall conduction
and radiation may be expected to affect model predictions.
To quantitatively assess this effect, the terms related to wall
conduction have been introduced in the governing equations
of model Ic. Accordingly Eq. 16 has been transformed into
equation

(1-e€) d, T X oT AH K(Spmf 0
€ 4 et s ar e Mf_

at r=R, (33)

which is derived from the enthalpy balance of the solid phase
under the assumption of constant temperature of the solid in
the radial direction and the imposition of the equivalence of
solid and gas temperatures at the phase interface. Equation
33 has been rewritten in dimensionless form before solution

9:T*  9T*

1 (1—¢€) Pe,
Iz*> Gt

8 € Pe

T*70'75

1 «=175 -1 -
+EDaLeBT exply e m; =0
at r=1. (34)

Moreover the following relevant boundary conditions have
been considered:

oT
—={ at

=L 35
pe z (35)

z=0 and
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Figure 5. Effect of solid thermal conductivity in ceramic
monoliths.
(@) TO=723 K; Y= 0.0200; AT,q =550 K; K) =175 s ;

) T° =673 K; Y°=0.0218; AT,; =600 K; K?=105 s~}
©T%=623K; Y =0.0230;, AT, =650 K; K0=85s"1. E,,
= 21,550 cal/mol; u,.; = 7.75 m/s; P® =10 atm; € = 0.68; d,q
=1.2 mm.

and in dimensionless form

-=0 at z*=0 and =L/, (36)
dz

It is worth noticing that according to Lee and Aris (1977)
the contribution of radiation also can be simulated by en-
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hancing the value of solid conduction to account for the addi-
tional backward heat transfer.

The resulting boundary value problem along the axial coor-
dinate strongly enhances the computational cost of the solu-
tion. Orthogonal collocations on finite elements (Finlayson,
1980) have been adopted for axial integration using third-
order polynomials over each finite element for profile simula-
tion. Convergence has been achieved with 10~-12 internal grid
points. Simulations have been performed for wall conductivi-
ties from 1.5 to 25 W/mK, that is, the typical values for ce-
ramic and metallic monoliths, respectively.

Figures 5a—5c present the axial profiles of T-wall and 7-
bulk calculated for three different gas inlet temperatures and
for three values of solid conduction k,:W/m-Kk, = 0 has been
included as a reference; k,=1.5 W/m-K corresponds to the
thermal conductivity of cordierite; k, =2 W/mK has been
calculated by enhancing the value of cordierite according to
the formula proposed by Lee and Aris (1977) in order to ac-
count for the contribution of radiative heat transfer:

16
k= orT¥(x) &)
with
3 2 2+1
W(p=14 X _XVXCHT

4 4

xi+1 9

+T—8—Xln(x+\/xz+1). (38)

In spite of the high temperature of the catalytic wall ( = 1,273
K), the calculated enhancement is noticeably small due to the
high aspect ratio of the monolith channels ( y = 100).

The results plotted in Figures Sa—5c¢ show that the effect of
wall conduction is also negligible for ceramic monoliths when
including the contribution of radiation. A slight upstream shift
of the catalytic light-off is predicted only for the most severe
case corresponding to the lowest inlet temperature (623 K).
On decreasing the inlet temperature both dimensionless acti-
vation energy and adiabatic temperature rise increase so that
T-gradients in the light-off region become sharper. However,
in this case the differences between predicted gas tempera-
tures are also limited and mostly confined near the light-off
region. Moreover, such an inlet temperature appears rather
optimistic with respect to reasonable values of catalyst activ-
ity in CH, oxidation.

In spite of the steep T-gradients of the profile, such a lack
of influence of wall conduction is at variance with the indica-
tions in the literature of the simulation of similar monolith
reactors used as catalytic mufflers. This discrepancy arises
from the high mass-flow rates prevailing in hybrid combus-
tors. For example, the values of mass-flow rates, herein as-
sumed in the simulations, correspond to the lower limit of
the operational range of the combustor and are one order of
magnitude higher than those typical of catalytic mufflers. For
such mass-flow rates, heat transfer along the axis due to wall
conduction is negligible compared to the convective contribu-
tion. It is worth noting that this result can be reasonably ex-
tended to the highest flow rates in the operational range of
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Figure 6. Effect of axial heat conduction in monoliths
with different solid thermal conductivities.
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the hybrid combustor corresponding to the transitional and
turbulent hydrodynamical regimes.

As might be expected, the picture gradually changes as the
solid conductivity increases. Figures 6a and 6b show the axial
profiles of T-bulk and T-wall calculated for k£, up to 25
W/mK, that is, the value reported in the literature for metal-
lic monotiths (Kolaczowski et al., 1988). The calculated light-
off position shifts gradually upstream on increasing the solid
conductivity due to the growing importance of backward heat
transmission. The improvement of the light-off performances
results in an increment of the gas bulk temperature due to
the enhanced heat released by the catalytic walls. The differ-
ence between calculated gas exit temperatures points out that
wall conduction cannot be neglected when simulating metal-
lic monoliths. Moreover the results in Figure 6a and 6b indi-
cate that the use of metallic monoliths would result in better
combustor performances in terms of gas heating in the cata-
lyst section and of the related stabilizing effect on down-
stream homogeneous combustion. At present, however,
metallic monoliths cannot withstand the severe thermal
shocks occurring in gas turbine combustors.

When simulating combustor monoliths, the problem of
multiple steady-state solutions (MSSS) should also be ad-
dressed. In principle, steady-state multiplicity can occur in
hybrid combustors due to the strong nonlinear interaction
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between thermal effects and chemical kinetics. Multiple
steady states were experimentally observed by Prasad and
coworkers (Prasad et al., 1981) for propane combustion in
monolith catalysts. With reference to this problem models
with and without wall conduction terms are intrinsically dif-
ferent. The former models may predict MSSS associated with
backward heat transfer, while the mathematical structure of
the equations of distributed parameter models without wall
conduction do not allow MSSS (Young and Finlayson, 1976).
To clarify the relevance of this problem, the occurrence of
MSSS has been investigated by means of the model including
wall conduction. Simulation results show that no MSSSs are
predicted for typical operating and kinetic parameters of the
catalytic channels. Thus, neglect of wall conduction does not
result in any loss of information (other possible steady-state
solutions).

The capability of the model including wall conduction and
the related method of numerical solution in predicting multi-
ple steady states has been checked by exploring parametric
regions outside the typical domain for hybrid combustor op-
eration. As shown in Figures 7a-7¢, multiple solutions have
been predicted for an activation energy of 25 kcal/mol (a
higher value than those expected for actual combustion cata-
lysts). Three steady-state solutions typically have been found
for intermediate values of k, (Figures 7a and 7b). Steady-state
multiplicity disappears both on decreasing k,, the three solu-
tions collapsing onto the lowest one, and on increasing k,,
the three solutions collapsing onto the highest one (Figure
7c).

The results described earlier suggest that the contributions
of wall conduction and radiation can be reasonably neglected
in the simulation of ceramic monoliths for hybrid combustor
applications. This approximation allows for a strong saving of
the computational time for numerical solution {about two or-
ders of magnitude). It has to be stressed once more, however,
that the validity of this conclusion is strictly limited to the
operating conditions of the hybrid combustor and to the use
of insulating material for monolith construction. In fact, im-
portant effects of backward heat transfer are predicted on
decreasing the mass-flow rate, on increasing the maximum
wall temperature, and on increasing the thermal conductivity
of the solid.

It is worth noticing that neglecting wall conduction with no
loss of accuracy may be of relevance when considering the
problem of the adequacy of simpler one-dimensional models.
Results in the literature (Young and Finlayson, 1976) demon-
strate that lumped models accounting for wall conduction al-
ways arrive at misleading results. The problem of the ade-
quacy of lumped parameter models in the simulation of the
monolithic catalyst in hybrid combustors is the subject of a
companion article (Groppi et al., 1995).

Effect of the homogeneous reaction

It has been experimentally demonstrated that homoge-
neous reactions play a fundamental role in monolith catalysts
of CST combustors. On the other hand, gas-phase combus-
tion is believed to be less important in the catalytic section of
the hybrid combustors. To verify this point the effect of the
homogeneous reaction on methane conversion and gas bulk
temperature within the catalytic bed has been investigated.
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Two-dimensional models appear to be particularly well suited
for this purpose because they account for the radial distribu-
tion of temperature, thus being able to predict the ignition of
the homogeneous reaction in the boundary layer of the cat-
alytic walls. The relevant terms for the homogeneous reac-
tion have therefore been introduced in the mass and heat
balance equations of meodel Ilc. The simplified two-step
molecular kinetics proposed by Dryer and Glassman (1972)
for methane lean combustion has been implemented.
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Figure 8 presents the axial profiles of bulk and wall tem-
perature calculated with and without the homogeneous reac-
tion contribution. No appreciable differences are observed
between the profiles, thus confirming that the homogeneous
combustion likely plays a negligible role in the catalytic sec-
tion of natural-gas-fueled hybrid combustors due to the com-
bined effects of limited temperatures (7-bulk < 1,073 K; 7-
wall < 1,273 K) and very short residence times (a few mil-
liseconds). Thus, these results can be reasonably extended to
the entirc operational range of gas-flow rates of the hybrid
combustor.

Notice that the effect of the homogeneous reaction would
be no longer negligible in the case of fucls that can be more
easily oxidized than methane such as a CO/H, mixture from
coal gasification.

However, for natural gas fuel a role of the homogeneous
combustion also cannot be definitely excluded in view of pos-
sible interactions between the kinetics of homogeneous and
heterogencous reactions (such as catalytic walls acting as rad-
ical sources). Such effects have not been considered in the
simplified kinetic treatment adopted here.

Conclusions

Development and solution of rigorous and simplified 2-D
models of the single channel in the monolith combustors has
allowed a quantitative assessment of the importance of vari-
ous phenomena occurring in the catalytic section of a hybrid
combustor for gas turbines. Thus, the simplest distributed pa-
rameter model that can provide adequate predictions has
been identified.

In summary, simulation results point out the following ma-
jor aspects:

1. To obtain adequate predictions variations of gas prop-
erties have to be taken into account in view of the strong
T-gradients prevailing in the monolith channels. On the other
hand, the rigorous solution of momentum balance and conti-
nuity equations used to determine the actual gas velocity pro-
files can be avoided by assuming an invariant parabolic shape
of the radial profile of axial velocity. In fact, the effects of the
hydrodynamical development and of the deformation of the
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velocity profile associated with the variations of gas viscosity
are negligible.

2. Limited to the specific operating conditions of the hy-
brid combustors, the backward heat transfer by wall conduc-
tion can be neglected in the simulation of ceramic monoliths.
This allows for a significant saving of computational time.

The effect of wall heat conduction is of growing impor-
tance on increasing the maximum wall temperature (in CST
combustors), decreasing the mass-flow rate (in catalytic muf-
flers), and increasing the solid conduction (in metallic mono-
liths). No multiple steady-state solutions arise from backward
heat transfer for typical operating parameters of the hybrid
combustor.

3. The contribution of homogeneous combustion can be
safely neglected in the catalytic section of a hybrid combustor
fueled by natural gas.

Although the results herein reported refer to the mono-
liths with circular channels, the conclusion on mode! sensitiv-
ity to various chemicophysical phenomena can be reasonably
generalized to other channel shapes, such as square and tri-
angle.
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Notation

A =cross-sectional area
C = concentration, mol/cm®
¢, =heat capacity of gas at constant pressure, per unit mass,
kJAkg-K)
deq =4 (cross-sectional area of tube)Awetted perimeter), m
D =molecular diffusion coefficient, m?/s
Da=(nK{8d,,)/D" = Damkéhler number
E,, =activation energy, kl/kmol
Gr=(8¢ p;R3)/;Lg = modified Grashof number
A H, =heat of reaction, kJ/kmol
K, = intrinsic rate constant, s~
. =equivalent conductivity for radiation, W/ (m-K)
L =channel length, m
Le =D%a" = Lewis number
m =mass fraction
M = average molecular weight, kg/kmol
P = absolute pressure, atm
P =P/P" = dimensional pressure
P=pP(p'a")
Pe, =(i"dq)/a; = gas Peclet number
Pe, =(1"d,,)/0] = solid Peclet number
Pr=pcp/k, = Prandtl number
r =radial coordinate, m
r* =r/R = dimensionless radial coordinate
r, =pore radius, A
R =channel radius, m
Re =( pad . )/p. = Reynolds number
R, =gas constant, kl/Akmol-K)
T =temperature, K
u = axial velocity, m/s
% =average cupmix velocity, m/s
u* =u/u" = dimensionless axial velocity
u,.¢ =gas velocity at the cross section immediately upstream the
channel inlet, m/s
v =radial velocity, m/s
v* =u/" = dimensionless radial velocity
Y =molar fraction
z =axial coordinate, m
z* =z/d , = dimensionless axial coordinate

1
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Greek letters

a =k,/pc, = thermal diffusivity, m*/s
B =(m,AH,)/(MfcpT0) = dimensionless adiabatic tempera-
ture
y =E,,/R,T® = dimensionless activation energy
& =thickness of active catalyst layer
€ =open frontal area
€, =catalyst void fraction
7 =tanh ¢/¢p = effectiveness factor
= viscosity, kg/m-s
p =gas density, kg/m’
p* =p/p° = dimensionless gas density
o =St§:fan—Boltzmann constant, 1,355x107!? calAs-cm?-
K*)
¢ =84/K, /D4 = Thiele modulus
x =L/d = channel aspect ratio

Subscripts and superscripts

0 =inlet conditions
% =dimensionless variable
b =bulk conditions
w =wall conditions

f=fuel
g =gas
s =solid

§ = catalyst surface
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