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Abstract—A numerical investigation of a catalytically stabilized thermal (CST) combustor was conducted for a multi-
channel catalyst bed, and both the catalyst bed and thermal combustor were simultaneously modeled. The numerical
model handled the coupling of the surface and gas reaction in the catalyst bed as well as the gas reaction in the thermal
combustor. The behavior of the catalyst bed was investigated at a variety of operating conditions, and location of the
flame in the CST combustor was investigated via an analysis of the distribution of CO concentration. Through pa-
rametric analyses of the flame position, it was possible to derive a criterion to determine whether the flame is present
in the catalyst bed or the thermal combustor for a given inlet condition. The results showed that the maximum inlet
temperature at which the flame is located in the thermal combustor increased with increasing inlet velocity.
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INTRODUCTION bustor. In this design, a fraction of the fuel and all of the air are fed
to the catalyst bed, and the fractional feedstock is completely com-
The application of catalytic combustion to gas turbine combustordusted over the catalyst bed. The remaining fuel is introduced sep-
has been a subject of interest for the last two decades [Beebe et akately into the thermal combustor, which is located downstream
2000; Kolaczkowski, 1995; Pfefferle and Pfefferle, 1987; Trimm, from the catalyst bed. An advantage of this design is that tempera-
1984]. Thermal NQrepresents the main pollutant produced by gastures of the catalyst bed can be easily controlled at a low level, be-
turbines using LNG as a fuel. The maximum temperature of thdow 1,000°C, by simply adjusting the fraction of fuel fed to the cat-
combustion gas entering the turbine blades of the gas turbine is basalyst bed. This enables the use of commercial catalysts in the cat-
on the thermally allowable temperature of the turbine blades, whiclalytic combustor of gas turbines. However, this design also has a
is about 900C for blades constructed of a super alloy metal or aboutweak point. Since the nozzle for feeding the fuel should be placed in
1,300°C for ceramic turbine blades. The flame temperature in a conthe thermal combustor, non-uniform mixing of fuel and air may take
ventional gas turbine combustor using flame combustion is typi-place, which produces hot spots and high levels of thermal NO
cally above 1,508C, which leads to the generation of significant ~ Another type of catalytic combustor for gas turbines is the cata-
thermal NQ emissions. However, if catalytic combustion is em- lytically stabilized thermal (CST) combustor where the entire mix-
ployed, the flame temperature can be easily controlled to temperaure of fuel and air is fed to the catalyst bed. The fuel is partially
tures below 1,50%C. It is well known that, since catalytic combus- combusted over the catalyst bed, and the partially burned mixture
tion enables ultra lean combustion, M@issions can be controlled then flows to the thermal combustor, which is located downstream
to low levels, frequently in the single digits, i.e., less than 10 ppmfrom the catalyst bed. In the case of the CST combustor, the cata-
[Beebe et al., 2000; Schlegel et al., 1996]. If the temperature of thigst bed plays a role in supporting flame combustion of the mix-
combustion gas is reduced to below 18Dy catalytic combus-  ture in the thermal combustor. This design is considered to be the
tion, thermal NQemissions will be nearly at the zero level accord- most reasonable system for use with commercial catalysts, and has
ing to the Zel'dovich mechanism of thermal N@mation. been widely studied by numerous researchers [Beebe et al., 2000;
In order to develop a gas turbine combustor using catalytic comSeo et al., 2000b; Dalla Betta and Nielsen, 1999].
bustion, several types of design concepts have been proposed. SaStudies of the CST combustor have been conducted by both nu-
damori [1999] reported on the development of a catalytic combusmerical and experimental investigations. In the numerical study, only
tor in which the entire mixture of fuel and air is combusted within one channel is typically selected to analyze the surface and gas reac-
the catalyst bed. The temperatures in the catalyst bed increase tton in the catalyst bed [Seo et al., 2000a; Mantzaras et al., 2000; Raja
the adiabatic flame temperature of the mixture, about 1C3@mHd et al., 2000; Wanker et al., 2000; Kim et al., 1989]. However, since
new types of a high temperature catalyst, hexaaluminate, was usdiek catalyst bed is composed of a monolithic honeycomb with muilti-
[Inoue et al., 1999; Jang et al., 1999]. This type of design requireshannels, a numerical analysis using only a single channel cannot
a reliable high temperature catalyst even though its structure is reldeld accurate, precise information on the CST combustor. More-
atively simple. over, most studies have focused only on the catalyst bed, and the
Furuya et al. [1995] developed an alternate type of catalytic comthermal combustor, which is located downstream from the catalyst
bustor comprised of two parts: a catalyst bed and a thermal conbed, is excluded. In fact, the catalyst bed has a direct effect on the
characteristics of the flame combustion in a thermal combustor. The
To whom correspondence should be addressed. catalyst bed is intimately associated with the thermal combustor.
E-mail: ysseo@Kkier.re.kr Thus it would be more profitable to simultaneously treat both the
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catalyst bed and the thermal combustor. In Egs. (3) and (4), the gas reaction rate fof, &, is calcu-
The goal of present study was to investigate a CST combustdated for the following two-step reactions.

numerically. To achieve this, a numerical simulation was carried out

for a multi-channel catalyst bed, and models were simultaneously

developed for both the catalyst bed and the thermal combustor. This

would be expected to provide more practical information regard-

ing the effects of the catalyst bed on flame combustion in a thermal co+0.50, - CO, (7-2)

combustor. The numerical simulation for the CST combustor is per- ~ E., Lo 0 os

formed in an axisymmetric two-dimensional, steady state. The nu- Reo _AgvzeXpE_EQfBCCO] [Col™TChol

merical model handles the coupling of the surface and gas reac-

tions in the catalyst bed as well as gas reactions in the thermal coihere parameter values are:

bustor. The flows in each of the catalyst bed and the thermal com- A =5 012x16} kg-mt“kmol*-s

bustor are treated as a laminar and turbulent flow, respectively. The A =2 239x16¢kg-n#2kmot-"s

governing equations are solved by using the FLUENT software [Flu- £ =2 0x16 Jkmol

ent, 2002] and surface reactions on the catalytic surface are calcu- g, ,=1.7x16 Jkmol.

lated by means of a user-defined function provided by the FLU-

ENT program. In the case of the CST combustor, it is very imporIn Eq. (4), the diffusion fiux Jis given by

tant to control the operating parameters so that only surface reac- om

tions occur on the catalytic bed and the thermal combustor main- 3 :‘PDi,ma—X' ()

tains flame combustion. For this purpose, the issue of whether gas :

reactions take place in the catalyst bed or the thermal combustdhe boundary conditions are given as follows:

for a given operating condition was investigated. Inlet conditions:

CH, +1.50, - CO+2H,0 (7-1)

E
Ren, =Ag1EX ﬁg-'l'-lH Cen) 0'7[ Col e

T:TO’ = o1 = o]
MATHEMATICAL MODEL o MM,

where the subscriptrefers to the initial value of each parameter
The numerical simulation for the CST combustor was performed

in an axisymmetric two-dimensional and steady state. The mode utlet conditions:
handles the coupling of the surface and gas reactions in the catalystaT _ = dy, o m_,
bed, and the gas reactions in the thermal combustor. The flows in ax ' ax ' ax

each of the catalyst beds and the thermal combustor are treated as .. _ _

laminar and turbulent flow, respectively. Cihd air were used as Conditions at the catalytic surfaces in the catalyst bed:

the fuel and oxidant, respectively. The governing equations of the jm=R,, )
mixture can be written as follows.

KELmdryh(3m =3 hR,, (10)
Continuity equation X ‘ ‘
3 _ Conditions at the wall of the thermal combustor and the outmost
ax; (pu) =0 @) wall of the catalyst bed are set to an adiabatic condition.

The surface reaction of Cldan be written as the following one-

Momentum equation step reaction [Eg. (11)]. The surface reaction rate fqrdver the

d __0p 9%, catalytic surface deposited with a Pd catalyst is calculated by using
ax PUU) =55 * o, TPY @ Eq.(12), proposed by Hayes and Kolaczkowski [1997].
Energy equation CH,+20, - CO, +2H,0 (11)
0 __0r, 0T
S lPU(PE D] == kS + TR Fu(m) [+3hR, (3 R, =nAuexpl 224 Yc, ] (12)
Species equation where parameter values are:
9 __9 A,=2.84x10kmol/n?-s and
—(pum; ___\]'i +R. . 4
axi(p ) ox ® E,=1.31x16Jkmol.
State equation The effectiveness factor in Eq. (18),addresses the diffusion
v effect of reactants in the catalyst, which can be calculated by Egs.
P=PRTY W ®)  (13)and (14), as derived by Leung and Hayes [1996].
In Eq. (3), the stress tenspis given by n=(1+0.87¢*) " (13)
[, U, 0u0) 2 du _OLKRT (5° “
By [” Lox; +axi|:ﬂ 3H X, % © ¢ D.pyi a4
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! Fig. 2. (a) Computational domain for the numerical simulation of
Fig. 1. Schematic of a CST combustor using (a) monolithic ceramic a CST combustor with an axisymmetric two-dimensional
honeycomb and (b) corrugated metal honeycomb. The CST system and (b) its grid system.

combustor is composed of a catalyst bed, placed upstream,
and a thermal combustor, placed downstream.

to make the calculation quite easy even though it is likely to pro-

where L, is the thickness of the catalyst (=20.0% h@), and vide a less accurate prediction in comparison with the practical cat-
alyst. To model the catalyst bed without any simplification requires
K. :AweXpE"E'WfE (15) a computational memory of extremely large size, which makes a

numerical calculation nearly impossible.
1. 14t The computational domain and grid system for the CST com-
Deff:0-12%' 5.0 (16) bustor are shown in Fig. 2(a) and (b). The radius of the CST com-
* bustor is set to 25 mm, and the length of the catalyst bed and the

In EqQ. (15), A and E, are the same as were used in Eq. (125ard thermal combustor is set to 78 mm and 500 mm, respectively. The
D, in Eq. (16) are the bulk diffusion coefficient (=9.87%107) gap between the catalytic surfaces in the catalyst bed is kept to 1.5
and the Knudsen diffusion coefficient (=6.0625%10) in the cat- mm, which corresponds to a ceramic honeycomb having a cell size
alyst, respectively. of 300 to 400 cellsfinch. A grid system is composed of about 16,400

Fig. 1 shows a schematic for the CST combustor, where (a) anduadrilateral and triangular cells. The grids in the catalyst bed are
(b) correspond to an example employing a monolithic ceramic honmade by using a non-uniform grading scheme so that the grids near
eycomb and a corrugated metal honeycomb, respectively, in theatalytic surfaces are closer to one another. To solve the governing
catalyst bed. The present numerical simulation simultaneously modegs. (1)-(5), the FLUENT software [Fluent, 2002] is used and the
els both the catalyst bed and thermal combustor. This method isurface reaction on catalytic surface is calculated by means of its
expected to provide more practical information on the effects of thauser-defined functions.
catalyst bed on flame combustion in the thermal combustor. Most Surface reactions are initiated only if the temperature of the cat-
studies of CST combustors have been conducted by separately ialytic surface reaches the ignition temperature of surface reaction.
vestigating the catalyst bed and the thermal combustor, which makéghus, the mixture of air and fuel supplied to the catalyst bed must
it difficult to collect accurate information regarding the coupling of be heated to the ignition temperature of catalytic reaction by means
the catalyst bed with the thermal combustor. Furthermore, the presf a pre-heating device. Once the surface reaction starts, the mix-
ent study models the entire catalyst bed with multi channels as ture flowing over the catalytic surface is heated by the heat gener-
computational domain. Studies to date typically treat only one chanated from surface reactions. If the mixture is heated higher than the
nel for the catalyst bed, which makes the calculation relatively easflame ignition temperature, a gas reaction is initiated. In this case,
However, the modeling of only one channel is unlikely to provide the gas reactions and surface reactions proceed simultaneously in the
detailed information on the coupling of the surface reaction in thecatalyst bed and the thermal combustor. For this reason, the catalyst
catalyst bed and the gas reaction in the thermal combustor. bed is modeled by taking both surface and gas reaction into con-

Several types of catalysts can be used in a CST combustor. Tygideration, and the thermal combustor is modeled for a gas reaction.
ical examples are the monolithic ceramic honeycomb and the cor-
rugated metallic honeycomb, as shown in Fig. 1. To model these RESULTS AND DISCUSSION
types of catalysts, the catalyst bed is simplified as multi-layered cat-
alyst surfaces (see Fig. 2). This simplification would be expected.. Behavior in the Catalyst Bed
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Fig. 3. Temperature profiles at each inlet velocity. For this calcula-
tion, the inlet temperature and methane/air volume ratio
were set at 450C and 3.08%, respectively. (a) wall tem-
perature at the catalytic surface and (b) mixture tempera-
ture at the channel center.

The catalyst bed, located in the fore part of the CST combustol
is considered to strongly affect the characteristics of the entire CS
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ties. As expected, the temperatures of the mixture are lower than
the corresponding wall temperatures. This is because the surface
reaction occurs first at the catalytic wall before the start of the gas
reaction, and the heat generated from the surface reaction is trans-
ferred to the mixture flowing through the channels. At a sufficient
distance in the channel, the wall and mixture temperatures then be-
come the same, shown in case of 10 m/s inlet velocity.

Fig. 4 illustrates mass fraction profiles for methane, a feedstock,
at the channel center. The mass fractions of methane drop expo-
nentially along the axial distance at each inlet velocity. However,
the rate of decrease in the mass fraction of methane is higher with
less inlet velocity, which is in agreement with the trend of the wall
temperature at the same inlet velocity. For surface reactions, the
reactants diffuse into the catalytic surface, which induces a gradient
for the reactants across the radial direction of the catalytic channel.
Thus, examining mass fractions of methane at both the channel cen-
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Fig. 4. Predicted mass fraction of methane at the channel center
for various inlet velocities. Inlet conditions for the calcula-
tion were set at the same as those in Fig. 3.
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combustor, and the behavior in the catalyst bed was first investi%
gated at a variety of operating conditions. Included among the or:%
erating conditions for the CST combustor are inlet temperature, inla.g
velocity and fuel concentration (fuel/air volume ratio). 5

The influence of inlet velocity on surface reaction in the catalyst'*g
bed was first investigated, and these data are plotted in Fig. 3. TH:
higher inlet velocity shifts the ignition position of the surface reac-
tion in a downstream direction. Here the ignition of surface reac-
tion is defined as the state where the wall temperature begins to ri
steeply, which can obviously be seen at an inlet velocity of 40 m/
in Fig. 3(a). In the case of a 10 m/s inlet velocity, the surface reac
tion begins when the mixture enters the catalyst bed, and the we

n

Mass

temperature rises to a maximum, the adiabatic temperature of trﬁg_

mixture. As the inlet velocity increases to 40 m/s, the catalytic igni-
tion point moves about 0.02 m downstream in the catalyst bed. Fig.
3(b) shows the temperature of the mixture at different inlet veloci-
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5. Mass fraction profiles for methane at (1) the catalytic sur-
face and (2) the channel center for the case of an inlet ve-
locity of 40.0 m/s. Other inlet conditions for the calculation
were set at the same as those in Fig. 3.
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ter and the catalytic surface can provide in-depth information orexists the largest difference between mass fractions of methane at
the behavior of the catalytic reaction. Fig. 5 compares mass fraghe channel center and the catalytic surface. The reason for this is
tion profiles at each of the channel centers and the catalytic suthat the reaction rate at the catalytic surface becomes higher than
face, and a considerable difference is evident. Near the inlet of ththe diffusion rate of methane to the catalytic surface. Such a region
catalyst bed, the mass fraction at the catalytic surface, line (1) iis called a kinetically controlled region. The last zone appears at a
Fig. 5, is gradually reduced along the axial distance. In the regiomlistance of 0.057 m, where the mass fraction of methane is its low-
from 0.05 mm to 0.057 mm distance, it drastically drops, and thereest. In this zone, the rate of the surface reaction is maintained high
after it decreases very slightly along the axial distance. even though the diffusion rate barely increases. As a result, the large
The mass fraction profile at the catalytic surface, line (1) in Fig.difference between the surface reaction rate and the diffusion rate
5, can be divided into three zones. The first zone is the region frorof methane is maintained, resulting in the large difference between
0.03 to 0.05 m in axial distance, where the mass fraction of methmass fractions of methane at the channel center and the catalytic
ane decreases gradually along the axial distance. This zone is whesarface. Such a region is called a diffusion- controlled region.
the surface reaction begins and methane molecules begin to be oxi-In the next step, the effect of inlet temperature on the surface re-
dized over the catalytic surface. The second zone includes the raction in the catalyst bed was investigated, Fig. 6. The inlet tem-
gion from a distance of 0.05 to 0.057 m, where the mass fractioperature, that is, the preheating temperature of the mixture, is a cru-
of methane drops steeply to the lowest level. The drastic decreasial parameter in terms of initiating and maintaining the surface reac-
in the methane mass fraction indicates that the rate of methane oxien over catalysts. For a given inlet condition, 30.0 m/s of inlet ve-
dation at the catalytic surface sharply increases. In this zone, thehecity and a 3.08% fuel/air ratio, the surface reaction appears to be-
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Fig. 6. Temperature profiles at each inlet temperature. For this cal-

culation, the inlet velocity and methane/air volume ratio
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Fig. 7. Predicted mass fraction of methane at (a) the channel cen-

were set at 30.0 m/s and 3.08%, respectively. (a) wall tem-
perature at the catalytic surface and (b) mixture tempera-
ture at the channel center.

ter and (b) the catalytic surface for various inlet tempera-
tures. Inlet conditions for the calculation were set at the
same as those in Fig. 6.
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gin at an inlet temperature of more than 673 K. Once the surfacehich determines the adiabatic combustion temperature of a mix-
reaction starts, the higher inlet temperature moves the position dfire and also affects the surface reaction in the catalyst bed. The
the surface reaction in an upstream direction on the catalyst betlel concentration in the CST combustor was selected according to
For example, in the case of a high inlet temperature of 773 K, théhe maximum temperature required in a device to utilize the hot
surface reaction starts near the inlet of the catalyst bed. When desmbustion gas. A typical example of the use of a CST combustor
signing a CST combustor, the selection of the appropriate inlet temis a gas turbine, which normally requires a turbine inlet tempera-
perature which keeps the surface reaction stable in the catalyst béare of 900 to 1,308C. According to this requirement, the present
for other given operating conditions is very important. The loweststudy selected the range of 2.0 to 4.0% in methane/air volume ratio,
inlet temperature should be selected on the basis of the ignition temavhich corresponds to an adiabatic combustion temperature of about
perature of the surface reaction, while the highest inlet temperaturs200 to 1,600 K. Fig. 8 illustrates the temperature profiles at the
is limited by the thermal stability of the catalysts. catalytic surface and the channel center for various fuel/air (F/A)
Fig. 6(b) represents temperature profiles of mixtures at the charratios. As the fuel/air ratio increases, the ignition of a surface reac-
nel center, which are lower than those at the catalytic wall, Fig. 6(a)tion takes place further upstream of the catalyst bed and the max-
This is because the surface reaction first takes place at the catalytimum temperature increases. The surface reaction rate for methane
surface and the generated heat is then transferred to the mixture ov@iproportional to the methane concentration [see Eq. (12)], so the
the catalytic surface. The mass fractions of methane at channel cehigher fuel/air ratio generates a larger amount of heat, thereby the
ter are also calculated with regard to inlet temperature at the same cagnition point of catalytic reaction is maintained more upstream of
ditions as those shown in Fig. 6, and these results are shown in Fig.the catalyst bed. Meanwhile, Fig. 9 denotes the mass fractions of
Like Fig. 6, the position where the surface reaction begins to mow
upstream of the catalyst bed as the inlet temperature rises, and 1
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Fig. 8. Temperature profiles at each fuel/air ratio. For this calcu-
lation, the inlet velocity and inlet temperature were set at
20.0m/s and 45€C, respectively. (a) wall temperature at
the catalytic surface and (b) mixture temperature at the
channel center.
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tures. Inlet conditions for this calculation were set at the
same as those in Fig. 8.
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methane for various fuel/air ratios. Upstream of the catalyst bedaction without a flame. The location of the flame can be obtained
the higher fuel/air ratio shows a higher mass fraction of methaneyia an analysis of CO concentration distribution, because the CO
but downstream, the situation is reversed, that is, the higher fuel/atoncentration in premixed combustion always rises sharply in the
ratio contains a lower mass fraction of methane [see Fig. 9(a)]. Eslame front. Thus, the present study also regards the peak position
pecially, the cases of a fuel/air ratio of more than 3.08% encountenf CO concentration to be a flame position.
the kinetically controlled region just near the inlet of the catalyst First, the temperature distribution in both the catalyst bed and
bed [see Fig. 9(b)]. However, as the fuellair ratio decreases, the kihe thermal combustor is plotted qualitatively in Fig. 10. In the anal-
netic control region moves toward the downward area of the catysis, the inlet temperature is changed stepwise frotCA400600C,
alyst bed. while other operating conditions are fixed to 20.0 m/s in inlet veloc-
Here it may be interesting to check the lean limit of the mixtureity and 3.08% in fuel/air ratio. At an inlet temperature of @0
of methane and air. In the case of flame combustion, the lean limiEig. 10 (a), only the rear part of the catalyst bed shows a high tem-
for a methane mixture is normally about 5.35% in fuel/air ratio atperature of more than 1,000 K, whereas the entire thermal com-
atmospheric conditions [Lewis and Elbe, 1961]. The present invesbustor has a high temperature in excess of 1,000 K. This tempera-
tigation, however, shows that catalytic combustion can burn stablyure distribution implies that the flame exists mainly in the thermal
with much leaner mixture in comparison with flame combustion. combustor, which can be checked, along with the CO distribution,
Fig. 8 shows that even at a low concentration, such as a fuel/air ratiater. As the inlet temperature increases t6¢@5Big. 10(b), a high
of 2.0%, catalytic combustion takes place stably. Thus, catalytidemperature prevails in almost all the catalyst bed. In this case, the
combustion can be effectively used in combusting very lean mixflame seems to be located within the catalyst bed, which can also
tures and the combustion temperature can also be controlled by abde checked, along with CO analysis, later. When the inlet tempera-
justing the fuel concentration entering the combustor. ture rises further to 50C, the temperature distribution looks the
2. Behavior in the Thermal Combustor same as that for a 430 inlet temperature except for the higher
To stably combust a lean mixture in a CST combustor, the catmaximum temperature.
alyst bed should support flame combustion in the thermal combus- Fig. 11 describes CO distributions in both the catalyst bed and
tor via surface reactions. In a favorable system of the CST comthe thermal combustor at the same operating conditions as Fig. 10.
bustor, the catalyst bed is required to have only a surface reactioft an inlet temperature of 400, the peak for CO distribution is
so that the catalytic wall temperature can be maintained within théocated in the rear part of the thermal combustor. The level of CO
thermally durable temperature range for the catalysts. The thermabncentration in the catalyst bed appears to be nearly zero, which
combustor is required to burn fully the partially burned mixture flown explains the existence of a flame in the thermal combustor. As the
out of the catalyst bed. Thus, to design a CST combustor, it is verilet temperature rises to 4%D and 500C, the peak positions for
important to predict whether the flame exists in the catalyst bed o€O concentration move within the catalyst bed. At these inlet tem-
the thermal combustor for a given operating conditions. Using a preperatures, the flame is in the catalyst bed. Out of these two cases,
diction for the presence of flame in the CST combustor, it is posthe higher inlet temperature, 5@) shows that the peak position
sible to design a CST combustor such that the flame is only in thef CO concentration moves toward a more upstream location in
thermal combustor, so that the catalyst bed keeps only a surface e catalyst bed. These analyses demonstrate that the position where
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Fig. 10. Temperatures in the catalyst bed and thermal combustor at an inlet temperature of (a) 4@ (b) 450°C and (c) 500C. Other
inlet conditions for this calculation were set at 20.0 m/s in inlet velocity and 3.08% in fuel/air ratio.
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Fig. 11. CO distributions in the catalyst bed and thermal combustor at an inlet temperature of (a) 4€0, (b) 450°C and (c) 500C. Other
inlet conditions for this calculation were set at the same as those of Fig. 10.

1 A0 related to the inlet temperature of the mixture. Moreover, the CO
concentration drops to zero more quickly with increasing inlet tem-
120003 perature. Therefore, as long as the flame exists within the catalyst

bed, the level of CO emission from the CST combustor would be
expected to decrease with higher inlet temperature.
When the inlet temperature decreases further t6G}@e peak
point of CO concentration moves to the thermal combustor from
the catalyst bed. In this case, the flame exists in the thermal com-
bustor of the CST combustor. When this CO profile is compared
with the temperature distribution in Fig. 10(a), it is clear that the
=g K flame is located in the thermal combustor. An interesting issue here
is that if the flame is in the thermal combustor, the maximum level
: of CO concentration increases more rapidly than the case where
ol oa D 03 04 08 'l% im) the flame is present in the catalyst bed. If we attempt to reduce CO
L | emissions in the CST combustor, it is preferable to maintain the
Gyt feec)[| ]| s Eombsslr gas reaction in the catalyst bed. However, this requirement is dif-
Fig. 12. CO profiles in the catalyst bed and thermal combustor for  ficult to achieve in practice because of the thermal durability of com-
various inlet temperatures. Other inlet conditions for this  mercially available catalysts which force the flame to be maintained
calculation were set at the same as those in Fig. 10. in the thermal combustor.

The effects of other inlet conditions on gas reactions are also in-
the flame exists can be determined through an analysis of CO disestigated at a variety of operating conditions. Fig. 13 shows a plot
tribution. of CO concentration at each inlet velocity. At a #@S@let tem-

Meanwhile, Fig. 12 shows a guantitative profile for CO in the perature and a 3.08% fuel/air ratio, the flame is located in the cat-
catalyst bed and the thermal combustor at the same operating coalyst bed with an inlet velocity of less than 20 m/s. On the con-
ditions as Figs. 10 and 11. These data show that the inlet tempertiary, as the inlet velocity increases to more than 20 m/s, the flame
ture significantly affects the CO concentration profile. As the inletis located in the thermal combustor. Like Fig. 12, the maximum
temperature rises, the peak position for the CO mass fraction moveglue of CO concentration is much higher when flame is in the ther-
from the thermal combustor to the catalyst bed. With a further in-mal combustor rather than in the catalyst bed.
crease in inlet temperature, the peak point within the catalyst bed Fig. 14 shows CO concentration profiles with regard to fuel con-
shifts upstream. For the cases where the peak point for CO corentration. This prediction demonstrates that the fuel/air ratio also
centration is in the catalyst bed, the maximum value of CO con-has a significant effect on the flame position and the maximum value
centration increases further with higher inlet temperatures. The reaf CO concentration. When the fuel/air ratio is more than 3.08%,
son for this is that the conversion rate of methane to CO is relatetihe flame is located in the catalyst bed. On the contrary, as the fuel/
directly to the temperature of the mixture [see Eq. (7-1)], which isair ratio decreases to less than 3.08%, the flame exists in the ther-
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Fig. 13. CO prdfiles in the catalyst bed and thermal combustor for
various inlet velocities. Other inlet conditions for this cal-
culation were set at 450C in inlet temperature and 3.08%
in fuel/air ratio.

Fig. 15. Flame location in the CST combustor as a function of
inlet conditions. Zones | and Il correspond to operating
conditions at which flame exists in the catalyst bed and the
thermal combustor, respectively. The fuel/air ratio for this
calculation was fixed at 3.08%.

1.20e-03
1.000.03 FiA=4.0 bustor increases with inlet velocity. This criterion regarding flame
location, obtained on the basis of the peak position of CO concen-
8 8006041 tration, can be very useful in designing a CST combustor.
ks FIA=3.5
£ oove0s] |/ |V CONCLUSIONS
% F/A=3.08 . L )
@ 4.00e-04 - Numerical investigation of a CST combustor was conducted with
= a multi-channel catalyst bed and was also modeled simultaneously
2.00e-04 for both the catalyst bed and thermal combustor. The numerical sim-
ulation was performed in an axisymmetric two-dimensional and
0.00e+00 steady state. The numerical model handled the coupling of surface

0 I O‘} 02 03 04 05 0'62 (m) and gas reactions in the catalyst bed, and the gas reaction in the ther-
Catalyst bed Thormal combustor mal combustor. The flow in each of Fhe catalyst bed and the ther-
mal combustor was treated as a laminar and turbulent flow, respec-
Fig. 14. CO prdfiles in the catalyst bed and thermal combustor for tively.
various fuel/air ratios. Other inlet conditions for this cal- Behaviors in the catalyst bed were first investigated at a variety
i";lulztg:nwere tset at 20.0m/s in inlet velocity and 435G in of operating conditions. An analysis of inlet velocity shows that a
perature. higher inlet velocity shifts the ignition position for surface reaction
toward the downstream direction of the catalyst bed. A compari-
mal combustor. If the fuel/air ratio decreases to a very low valueson between mass fraction profiles at each channel center and cat-
2.0%, the combustion appears to be incomplete within a selectealytic surface shows that three distinct zones exist along the axial
length of the thermal combustor, 0.6 m. For this case, it becomedistance: surface reaction ignition region, kinetically controlled re-
necessary to lengthen the thermal combustor or to employ addgion, and diffusion-controlled region. Meanwhile, as the fuel/air ratio
tional devices to stabilize the flame. increases, the ignition of surface reaction takes place more upstream
When integrating the information obtained through the aboveof the catalyst bed and the maximum temperature increases. In the
analyses, it is possible to derive a criterion for deciding whether thease of flame combustion, the lean limit for the methane mixture is
flame exists in the catalyst bed or the thermal combustor for a givenormally about 5.35% in fuel/air ratio at atmospheric conditions.
inlet condition. Fig. 15 is a graph explaining the flame location in The present investigation, however, shows that catalytic combus-
the CST combustor. In the figure, Zones | and Il correspond to option can burn stably at much more lean mixtures, even at a 2.0%
erating conditions in which the flame exits in the catalyst bed anduel/air ratio.
the thermal combustor, respectively. As an example, when an inlet As a favorable system of the CST combustor, a catalyst bed is
velocity of 20.0 m/s is selected, the inlet temperature of the mixrequired to have only a surface reaction so that the catalytic wall
ture, i.e., preheating temperature, should be less than 673 K if themperature can be maintained within the thermally durable tem-
flame is maintained only in the thermal combustor. The maximumperature for the catalysts used. The thermal combustor is also re-
inlet temperature at which the flame is located in the thermal comeuired to fully combust the partially burned mixture flowing out of
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