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Characteristics of surface reaction and heat transfer
in a catalytic heat exchanger
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Abstract

The characteristics of a catalytic heat exchanger which can integrate heat generation and heat exchange were numerically investigated.
The catalytic heat exchanger was modeled in a three-dimensional, steady state and laminar flow system, including the surface reaction
on catalytic fins. The surface reaction was modeled with one-step reaction incorporating the diffusion effect on the catalysts. The surface
reaction on catalytic fins was significantly influenced by the heat transfer rate in fin tubes. In order to achieve both the complete conversion
of the mixture and the efficient recovery of heat generated, the results suggest that the surface reaction should be completed in the first stage
of the catalytic heat exchanger and the second stage should function only as a heat recovery. The effects of the catalytic fin configuration
on the catalytic combustion performance were also investigated at a variety of operating conditions.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

To supply hot water or air at various places, a boiler and
a heat exchanger are basically required. These two facili-
ties are essential to obtain the necessary heat energy from
the primary fuel. The catalytic heat exchanger can, however,
integrate heat generation and heat exchange into one equip-
ment and can replace the boiler and heat exchanger. For in-
stance, the catalytic fin tube that is a key component in the
catalytic heat exchanger can play roles of the heat generation
as well as the heat exchange. The mixture of fuel-air reacts
on the surface of catalytic fin tubes and then the generated
heat is transferred from the catalytic surface to air or water
inside catalytic fin tubes. Accordingly, the catalytic heat ex-
changer can be more compact and cost-effective compared
to the conventional boiler and heat exchanger system. It is
also expected that the catalytic heat exchanger barely emits
pollutants because the catalytic combustion has the advan-
tage of ultra-low NOx emission[1–4].

The catalytic heat exchanger can be fabricated into sev-
eral types of configurations. One is shown in the early patent
[5], which is very similar with a shell-and-tube heat ex-
changer except employing the catalyst bed. As an example, a
shell side is packed with catalytic pellets or spheres through
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which catalytic combustion occurs, and the generated heat
is transferred to the working fluid in the tube side. Other
type is the one employing form-type catalysts in a double
piped heat exchanger. To increase the rate of heat transfer
in this type of catalytic heat exchanger, metal form catalysts
are mostly preferred. Ismagilov et al.[6] have developed
the metal form catalyst and used it to fabricate a compact
catalytic heat exchanger.

Another type of the catalytic heat exchanger is the one
comprised of fin tubes whose fin surfaces are catalyzed.
The work done by Seo et al.[7] is a typical example of
the catalytic heat exchanger using catalytic fin tubes. They
have developed the catalytic heat exchanger adopting high
fin tubes made of SUH 409 (11.0 Cr, 1.0 Ti, 0.06 C, Fe bal-
ance). One of the core technologies in developing catalytic
fin tubes is to select the metal suitable to coat catalysts on
its surface, and to catalyze its surface. Once the fin tube is
successfully catalyzed, then the appropriate design technol-
ogy for the catalytic heat exchanger is required to obtain the
best performance in both the heat generation and the heat
transfer. To investigate the characteristics of heat generation
and heat transfer in catalytic fin tubes, the catalytic fin has
been studied by some researchers[8–12].

Griffin and Wood [8] investigated experimentally the
heat and mass transfer over a catalytic plate surface, where
there is no heat extract. They classified the kinetic control
and mass transfer control regions at a variety of operation
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conditions by analyzing the temperature distribution at the
catalytic plate. Recently, they extended the investigation to
a catalytic fin from whose one side the heat is extracted
by attaching a cooling pipe[11]. They found that the heat
flux from the fin edge to the cooling pipe was sensitive to
the fuel concentration, free stream temperature, sink tem-
perature and free stream velocity, and all these parameters
must be considered in the design of an industrial catalytic
heater.

Another research group[12] investigated numerically on
gas-phase ignition over a wedge-type catalytic plate, whose
temperatures were assumed to be adiabatic or external cool-
ing. They derived an explicit criterion of ignition including
the properties of working fluid and flow system, and showed
that the ignition region for an adiabatic wall is greater than
that for external cooling. Their results imply that the exter-
nal cooling is an influential parameter for catalytic ignition
and catalytic combustion performance, which stimulates one
to investigate in more depth about the effect of heat transfer
from the catalytic fin where surface reaction occurs.

The objective of the present study is to numerically inves-
tigate the characteristics of the catalytic heat exchanger fab-
ricated with catalytic fin tubes. Most of previous works on
catalytic fin tubes have treated only a single fin tube, but the
present study handles a multi-fin tube system. As described
above, the catalytic heat exchanger may have quite differ-
ent features from the conventional heat exchanger because
the heat transfer is coupled with the surface reaction. When
designing the conventional heat exchanger without surface
reaction, the heat transfer and the mechanical strength are
important factors. However, when designing the catalytic
heat exchanger, besides the heat transfer and the mechanical
strength, the surface reaction should be carefully considered.

In the present study, the numerical simulation were con-
ducted to investigate the characteristics of the surface re-
action and the heat transfer in the catalytic heat exchanger.
Because the heat generation and the heat transfer are cou-
pled each other, the influence of the rate of heat transfer on
the catalytic combustion is investigated in detail. The effects
on the catalytic combustion performance of the catalytic fin
configuration such as fin thickness and fin number are also
analyzed. For the numerical calculation a commercial soft-
ware FLUENT[13] is employed and the surface reaction
on catalytic surface is treated by means of its user-defined
function.

2. Mathematical model of the fin tube

The numerical simulation of the catalytic heat exchanger
is performed in a three-dimensional, steady state and laminar
flow system, including the surface reaction on the catalytic
fin. The numerical model handles the coupling of the mixture
flow in gas phase and the surface reaction on the fin tube.
The governing equations for the mixture flow are written as
follows.

Continuity equation:

∂

∂xi
(ρui) = 0 (1)

Momentum equation:
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Species equation:
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State equation:

p = ρRT
∑
k
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(5)

In Eqs. (1)–(5), ρ is density,ui velocity,p pressure,τij stress
tensor,gi gravitational force,E internal energy,c thermal
conductivity, T temperature,hk the enthalpy of speciesk,
Jk the diffusion flux of speciesk, mk the mass fraction of
speciesk, Rg,k the gas reaction rate of speciesk, R universal
gas constant,Yk the mole fraction of speciesk, andWk the
molecular weight of speciesk.

In Eq. (3), the stress tensorτij is given by

τij =
[
µ

(
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)]
− 2
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whereµ is the molecular viscosity and the second term on
the right hand side is the effect of volume dilation.

In Eq. (3), the internal energyE is given by

E = h− p

ρ
+ u2

i

2
(7)

In Eq. (4), the diffusion fluxJk,i is given by

Jk,i = −ρDk,i ∂mk
∂xi

(8)

whereDk,m is the diffusion coefficient for speciesk in the
mixture.

Boundary conditions are given by the followings.
Inlet conditions:

T = To, ui = ui,o, mk = mk,o

where the subscript ‘o’ refers to the initial condition.
Outlet conditions:

∂T

∂x
= 0,

∂ui

∂x
= 0,

∂mk

∂x
= 0
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Conditions at the catalytic surface:

Jk · n = Rw,k (9)

k

(
∂T

∂xi
· n

)
+
∑
k

hk(Jk · n) =
∑
k

hkRw,k (10)

wheren is a unit vector normal to the catalytic surface and
Rw,k the surface reaction rate of speciesk.

The surface reaction of CH4 can be written as the follow-
ing one-step reaction (Eq. (11)). The surface reaction rate
of CH4 over the catalytic surface deposited with Pd cata-
lyst is calculated withEq. (12), proposed by Hayes and Ko-
laczkowski[14]:

CH4 + 2O2 → CO2 + 2H2O (11)

Rw = ηAw exp

(
−Ew

RT

)
[YCH4]0.72 (12)

whereη is the effectiveness factor,Rw the surface reaction
rate of CH4 (kg/m2s), Aw the pre-exponential coefficient
(2.84 × 105 kmol/m2s), Ew the activation energy (1.31 ×
108 J/kmol),R the universal gas constant andYCH4 the mole
fraction of CH4.

The effectiveness factor inEq. (12), η, addresses the diffu-
sion effect of reactants in the washcoat, which can be calcu-
lated byEqs. (13) and (14), as derived by Leung and Hayes
[15]:

η = (1 + 0.87φ1.33)−0.75 (13)

φ =
(

LcksRT

Deff pY0.28
CH4

)0.5

(14)

whereLc is the thickness of the washcoat (20.0×10−6 m), p
the pressure,R the universal gas constant,ks the rate constant
based on catalyst surface area (Eq. (15)) and Deff is the
effective diffusion coefficient in the washcoat (Eq. (16)):

ks = Aw exp

(
−Ew

RT

)
(15)

Deff = 0.125

(
1

Dab
+ 1

Dk

)−1

(16)

In Eq. (15), Aw andEw are the same as those used inEq. (12).
Dab and Dk in Eq. (16) are the bulk diffusion coefficient
(9.87× 10−10T 1.75) and the Knudsen diffusion coefficient
(6.0625× 10−8T 0.5) in the washcoat.

The computational domain and grid system for the cat-
alytic heat exchanger are shown inFig. 1(a) and (b). In the
domain,x-coordinate corresponds to the stream-wise of the
mixture, y- andz-coordinate along the height and width of
the catalytic heat exchanger. A grid system is composed
of hexahedron and triangular prism cells, whose number
amounts to about 85,000. To solve governingEqs. (1)–(5),
FLUENT software[13] was used. The stream-wise velocity
and temperature at the inlet boundary of the computational

Fig. 1. (a) Computational domain used to model the catalytic heat ex-
changer and (b) grid system shown inxy-plane. Only one fin array is
selected to model the catalytic heat exchanger of which thex-coordinate
is along the main stream-wise.

domain are assumed to be uniform. The velocity compo-
nents in they andz directions at the inlet boundary are as-
sumed to be zero. It is also assumed that the radiation heat
transfer from the catalytic surface is negligible.

The surface reaction is initiated when the temperature of
the fin surface reaches the ignition temperature of the surface
reaction. Thus, the mixture of air and fuel supplied at the
room temperature should be heated to the ignition temper-
ature of catalytic reaction by means of an external heating
device. Once the surface reaction starts, the mixture flowing
over the catalytic fin surface is heated by the heat generated
from the surface reaction. If the mixture is heated higher
than its flame ignition temperature, the gas reaction is initi-
ated. In this case, the gas reaction and the surface reaction
coexist in the flow. However, if most of the mixture is burned
by the surface reaction before the gas reaction starts, the gas
reaction can be neglected. The present numerical calcula-
tion treats only the surface reaction as the gas reaction can
be negligible.

3. Results and discussion

Before proceeding with the analysis, we checked the
validation of model predictions with the experimental data,
which is provided elsewhere[16]. Fig. 2(a)shows the com-
parison between the calculation and the experiment about
the catalytic combustion performance as a function of the
inlet velocity. Comparing the predicted values with the
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Fig. 2. (a) Comparison between the predicted and experimental conver-
sions as a function of the inlet velocity at an inlet temperature of 500◦C
and an equivalence ratio of 0.267 and (b) predicted conversions with re-
gard to pre-exponential coefficient at an equivalence ratio of 0.267 and
an inlet velocity of 0.19 m/s.

measured data shows quite a lot of discrepancy except
for the agreement only in their trends. The measured con-
versions decrease drastically at an inlet velocity >0.2 m/s,
whereas the calculated data maintain 100% until an in-
let velocity of 1.0 m/s, followed by gradual decrease. The
calculation shows much higher catalytic combustion perfor-
mance at the inlet velocity of over 0.2 m/s than the exper-
iment. Many parameters can be regarded as the reason for
this discrepancy. However, the present study checked only
the effects of the pre-exponential coefficient inEq. (12)on
the catalytic combustion performance, since previous stud-
ies reported very different values for the pre-exponential
coefficient. For example, Lyubovsky and Pfefferle[17] re-
viewed that the pre-exponential coefficient varied by orders
of magnitude, while the activation energy for the reaction
varied by a factor of 3.

Fig. 2(b)shows the predicted conversions as a function of
the pre-exponential coefficient. The pre-exponential coeffi-
cient has a significant effect on the conversions. Especially,
the conversion is very sensitive to the pre-exponential coeffi-
cient in the range of 200–1000 kmol/m2s. These suggest that
to obtain the reliable results in the numerical calculation in-
cluding surface reaction, the appropriate empirical formula

on the rate of surface reaction is one of critical factors. The
analysis hereafter usesEq. (12) in calculating the rate of
surface reaction, since no kinetic data is provided for the
Pd catalyst related with the experimental data inFig. 2(a).
Eq. (12)was derived from the Pd catalyst deposited on the
ceramic honeycomb, whereas the catalyst related with the
experimental data inFig. 2(a) is the Pd catalyst deposited
on the metal surface.

The catalytic combustion performance was first investi-
gated with respect to the heat transfer rate in the fin tube.
Figs. 3 and 4show the mass fraction distribution of methane
on the catalytic fin surface at each heat transfer rate. The
heat transfer rate is set to the internal surface of fin tubes in
convective heat transfer rate (W/(m2 K)), which is a part of
the boundaries in the computation domain. The calculation
is performed in the range of 0.0–200.0 W/(m2 K), which cor-
responds to the heat transfer rate for the air or water flow
inside the fin tubes as a working fluid.

In the case of 0.0 W/(m2 K), (a) in Figs. 3 and 4, the
conversion is calculated to be 99.3% and most of the mixture
is burned in the front part of fin tubes as shown in the figures.
It means that only the front part is functioned as a catalytic
surface to generate heat, whereas the rear part participates
only in heat transfer with no surface reaction. This is not
desirable from the point of view that the catalytic fins should
be fully used for catalytic reaction without any redundant
part. On the other hand, (b) and (c) inFigs. 3 and 4refer
to the cases of 100.0 and 200.0 W/(m2 K) in heat transfer
rate, respectively. The mass fraction of methane at the rear
part rises with increasing heat transfer rate. The reason for
this is that as the rate of heat transfer increases, the rate of
surface reaction on fin surface is suppressed due to the lower
surface temperature dropped by more heat removal. Thus,
the excessive heat removal from catalytic surface may cause
the mixture to be incompletely burned, resulting in unburned
hydrocarbons and the low conversion of mixture. This fact
is clearly shown inFig. 4(c), where the last catalytic fin tube
(Fin #5) has some degree of methane on its surface. As a
result, in the case of (c) where the rate of heat transfer is set
to 200.0 W/(m2 K), the conversion declines to 93.6%, not
reaching the complete conversion. Through the analysis for
three different rates of the heat transfer, it can be known that
there is an optimal condition satisfying both of the complete
conversion of the mixture and the efficient recovery of the
generated heat.

Fig. 5 shows the predicted conversions at a variety of
operating conditions. As seen in theFig. 5(a), the con-
version declines with increasing heat transfer rate at each
inlet temperature. At the lower inlet temperature, the conver-
sion is more significantly affected by the heat transfer rate.
This is because when the heat removal from the catalytic fin
at each inlet temperature is assumed to be the same for a
fixed heat transfer rate, the case of lower inlet temperature
has lower surface temperature, so that the rate of surface
reaction drops more significantly with lower inlet tempera-
ture. Fig. 5(b) represents the influence of the heat transfer
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Fig. 3. Mass fraction distributions of methane on the catalytic fin surface at each heat transfer rate. The inlet temperature, inlet velocity and equivalence
ratio are set to 500◦C, 1.0 m/s and 0.267, respectively, (a) heat transfer rate,h = 0.0 W/(m2 K); (b) h = 100.0 W/(m2 K) and (c)h = 200.0 W/(m2 K).

rate on the conversion of the mixture at each inlet velocity.
In the case of an inlet velocity of 0.19 m/s, the conversion
reaches a maximum, ca. 100%, at the low heat transfer rate
of 0.0–50.0 W/(m2 K), but it decreases steeply with the heat
transfer rate of more than 50 W/(m2 K), and finally it drops
to zero, the extinction of the surface reaction. The cases of
an inlet velocity of 1.0 and 5.0 m/s show different pattern
in the conversion from the previous one, 0.19 m/s. For these

two cases, even if the heat transfer rate affects the conver-
sion, its influence is very slight. The inlet velocity is a pa-
rameter determining the quantity of mixture flow to which
the chemical reaction energy is proposal, so the higher in-
let velocity contains larger chemical reaction energy. There-
fore, the case of higher inlet velocity is less affected by the
heat transfer rate, which leads to nearly constant conversion
as shown in theFig. 5(b).



106 Y.-S. Seo et al. / Chemical Engineering Journal 95 (2003) 101–111

Fig. 4. Mass fraction distribution of methane plotted with scattered data at each heat transfer rate. The inlet conditions for the calculation are thesame
as those inFig. 3, (a) heat transfer rate,h = 0.0 W/(m2 K); (b) h = 100.0 W/(m2 K) and (c)h = 200.0 W/(m2 K).
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Fig. 5. Effects on the conversion of the heat transfer rate which is set to
the fin tube as a boundary condition.

The temperature of catalytic surface is one of important
factors in designing the catalytic heat exchanger, because the
surface temperature determines directly the thermal stability
of catalysts coated on fin surfaces.Fig. 6shows the tempera-
ture distributions on the fin surface at each heat transfer rate,
where (a) corresponds to the adiabatic condition, that is, no
heat transfer through fin tubes. In the case (a), temperatures
are the same all over the catalytic fins except for the start-
ing point of catalytic reaction that is located at the front of
the first catalytic fin, Fins #1 and #2. The constant temper-
ature distribution in the adiabatic condition would be easily
expected. Its maximum temperature reaches up to 1426 K,
which agrees with the adiabatic flame temperature for the
mixture of methane and air at an equivalence ratio of 0.267.
Such a high temperature is likely to damage the catalysts by
sintering catalytic material, so that an alternative to reduce
the high temperature on catalytic surface is required.

Fig. 6(b) and (c)represent the temperature distributions
on the fin surface for 100.0 and 200.0 W/(m2 K) in heat
transfer rate, respectively. The surface temperatures drop
significantly compared toFig. 6(a). Maximum temperature
appears at the first catalytic fins, Fins #1 and #2, and mini-

mum temperature does at the last catalytic fin, Fins #4 and
#5. Surface temperatures range 837–1269 K for the case (b)
and 606–1171 K for the case (c). When the maximum tem-
perature suitable to the Pd catalyst is assumed to be<800◦C
(1073 K), the case (b) seems to be too high in surface tem-
perature and the case (c) to be some reasonable even though
its maximum temperature is slightly higher than 800◦C. An-
other thing to consider here is about a minimum surface
temperature. If the surface temperature drops lower than
the temperature to sustain the catalytic reaction, the cat-
alytic combustion comes to extinguish. When investigating
whether or not the catalytic combustion is maintained on the
fin surface, the case (c) reveals to have catalytic fins where
the catalytic combustion is almost extinguished, which can
be confirmed fromFig. 4(c).

Fig. 7 shows the scattered plot of surface temperatures at
each heat transfer rate. The figure shows the overall view of
the temperature distribution at each operating condition. It
is shown that the larger heat transfer rate causes the wider
distribution of the surface temperature. When comparing the
temperature distributions in the Fin #2 between the cases
(a) and (b), it is revealed that the case (b) with the larger
heat transfer rate has the wider distribution in the surface
temperature. The same trend appears in other fins between
two cases. It implies that the excessive heat transfer rate can
decrease the surface temperature at such a low level that
the surface reaction is extinguished. This is found in the
rear part of the fin tubes in the case (b), where the surface
temperature drops to 606 K. Accordingly, the appropriate
heat transfer rate should be cautiously selected in order to
achieve both the complete conversion of the mixture and the
efficient recovery of the generated heat.

As a result of investigating the characteristics of the sur-
face reaction coupled with the heat transfer, it is found that
the previous design concept of the catalytic heat exchanger,
which was suggested by Seo et al.[7], should be modified
so that the surface reaction can be integrated successfully
with the heat transfer. The previous system was designed
in such a way that it was composed of two stages and the
surface reaction was maintained even at the second stage.
But this design is likely to bear the drawback in the heat
recovery even though the mixture is completely combusted,
because the surface temperature on fin tubes of the second
stage should be maintained at more than the minimum tem-
perature to sustain the surface reaction. Thus, it is recom-
mended that the catalytic combustion should be completed
in the first stage and the second stage be only in charge of
the heat recovery. In other words, the first stage is used for
the surface reaction coupled with the heat transfer and the
second one only recovers the heat produced in the first stage,
which can achieve effectively the complete combustion of
the mixture and the efficient heat recovery.

As the next step, the influence of the catalytic fin config-
uration on the catalytic combustion is analyzed, for which
only one fin tube in the computational domain shown in
Fig. 1, which is composed of eight fin tubes, is modeled. As
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Fig. 6. Temperature distributions on the catalytic fin surface at each heat transfer rate. The inlet conditions for the calculation are the same as those in
Fig. 3, (a) heat transfer rate,h = 0.0 W/(m2 K); (b) h = 100.0 W/(m2 K) and (c)h = 200.0 W/(m2 K).

important factors in the configuration of the fin tube, there
are fin thickness and fin number. In the case of conventional
fin tubes without catalytic reaction, there are a lot of de-
sign data on its fin configuration. For the catalytic fin tube,
however, few design data is reported. Thus, we analyze the
effects of fin thickness on the catalytic combustion in the cat-
alytic heat exchanger. The calculated results about the con-
version of the mixture and the exit temperature are shown

in Fig. 8. As the fin thickness is raised while the fin number
is fixed to 6 pieces/in., the conversion appears to decrease.
For example, the conversion diminishes from 88 to 70% as
the fin thickness increases from 1.0 to 3.0 mm. If the thick-
ness becomes over 2.0 mm, the conversion diminishes more
steeply. From the point of view in designing the catalytic
heat exchanger, the results recommend that the fin thickness
should be as thin as possible within the allowable mechanical
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Fig. 7. Temperature distributions plotted with scattered data at each heat transfer rate. The inlet conditions for the calculation are the same as those in
Fig. 3, (a) heat transfer rate,h = 100.0 W/(m2 K) and (b)h = 200.0 W/(m2 K).

strength of the catalytic fin. The mixture temperature at the
exit also decreases with the increase of the fin thickness,
which agrees well with the trend of the conversion.

The influence of fin number on catalytic reaction is inves-
tigated with a fin thickness of 1.0 mm as shown inFig. 9.
The calculated results show that the conversion rises steeply

with increasing fin number in the range of 4–6 fin numbers.
However, in the fin number of over 6 pieces, the conversion
reaches a maximum and stays constant regardless of the fur-
ther increase of fin number. The exit temperatures also show
a similar trend with the conversion of the mixture. As a result
of these investigations on the catalytic fin configuration, the
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Fig. 8. The effects of the catalytic fin thickness on the conversion and the exit temperature of the catalytic heat exchanger. The fin number is fixed
to 6 pieces/in., and the inlet conditions for the calculation are set to a velocity of 0.19 m/s, an equivalence ratio of 0.267 and a heat transfer rate of
20.0 W/(m2 K).

Fig. 9. The effects of the catalytic fin number on the conversion and the exit temperature of the catalytic heat exchanger. The fin thickness is fixed to
1.0 mm, and the inlet conditions for the calculation are set to a velocity of 0.19 m/s, an equivalence ratio of 0.267 and a heat transfer rate of 20.0 W/(m2 K).

fin number and the fin thickness are revealed to be param-
eters affecting significantly the catalytic combustion perfor-
mance. In order to achieve the best performance in the cat-
alytic heat exchanger, the results ofFigs. 8 and 9recommend
that the fin number and the fin thickness should be designed
to be over 6 pieces/in. and less than 1.0 mm, respectively.

4. Conclusions

The characteristics of the catalytic heat exchanger which
can integrate the heat generation and the heat exchange into

one equipment have been numerically investigated. The cat-
alytic heat exchanger was modeled in a three-dimensional,
steady state and laminar flow system, including the surface
reaction on catalytic fins. The rate of surface reaction was
calculated with one-step reaction considering the effective-
ness within the catalytic washcoat.

The surface reaction on catalytic fins was significantly in-
fluenced by the heat transfer rate in fin tubes. The higher
rate of the heat transfer in the fin tubes causes more heat re-
moval from the catalytic fins, which suppresses the surface
reaction, resulting in the lower conversion of the mixture. In
order to achieve both the complete conversion of the mixture
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and the efficient recovery of heat energy generated, the re-
sults suggest that the surface reaction should be completed in
the first stage of the catalytic heat exchanger and the second
stage should function only as a heat recovery. The effects
of the catalytic fin configuration on the catalytic combustion
performance have also been investigated at a variety of oper-
ating conditions. The results show that the conversion rises
with increasing fin number and decreasing fin thickness.
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