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Abstract

Monolithic catalysts have received increasing attention for application in the small-scale steam methane
reforming process. The radial heat transfer behaviors of monolith reformers were analyzed by two-
dimensional computational fluid dynamic (CFD) modeling. A parameter study was conducted by a large
number of simulations focusing on the thermal conductivity of the monolith substrate, washcoat layer,
wall gap, radiation heat transfer and the geometric parameters (cell density, porosity and diameter of
monolith). The effective radial thermal conductivity of the monolith structure, k..; showed good
agreement with predictions made by the pseudo-continuous symmetric model. This influence of the
radiation heat transfer is low for highly conductive monoliths. A simplified model has been developed
to evaluate the importance of radiation for monolithic reformers under different conditions. A wall gap
as thin as 0.05 mm significantly decreased ke, while the radiation heat transfer showed limited
improvement. A pseudo-homogenous two-dimensional model combined with the symmetric model has
been developed for a quick evaluation of geometric parameters for a monolith reformers. Monolithic
reformers based on highly conductive substrates e.g., Ni and SiC showed great potential for small-scale

hydrogen production.
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1. Introduction

Steam methane reforming (SMR) is well-established method and is currently the preferred route for
large-scale hydrogen production which is used as the raw material for the production of ammonia and
methanol and for hydrotreating in refineries [ 1, 2]. For the distributed generation of hydrogen on a smaller
scale (e.g., for hydrogen fueling stations), SMR is also economically attractive since it takes advantage
of the existing natural gas supply infrastructure [3]. More attentions have been paid to the study on small-
scale SMR reformers for hydrogen production in the power system (combined with fuel cells) for

commercial and residential application [4-7].

Unlike large-scale SMR, small-scale SMR requires a smaller and more compact reformer in cramped
conditions with limited space (e.g., for the use of micro-combined heat and power systems in a home)
and a quick response for frequent start-up, shut-down, and transient operations [8—9]. These requirements
can be better fulfilled by structured reactors such as monolith reactors than by fixed-bed reactors, which
are typically applied to large-scale SMR [10]. Monolith reactors have been successfully used in
environmental applications, especially for the treatment of exhaust gas in automobiles. In recent years,
these reactors have gained more interests due to their potential applications in fuel processing, such as

steam reforming of hydrocarbons for small-scale hydrogen production [10-11].
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Fig. 1. Schematic of a typical monolith structure.

A catalytic monolith has a honeycomb structure with parallel channels (Fig. 1) and regular channel shapes
(e.g., square, triangle, rectangle, or hexagon). The geometric parameters of the monolith include cell
density, porosity, and dimensions of the monolith segment and thickness of the catalyst layer. The
substrate material for the monolith can be ceramic or metallic and usually contains a thin layer of catalytic

washcoat on the surface of the monolith channels.

Compared with conventionally packed pellets in a fixed-bed reactor, metallic monoliths have a larger
void fraction, resulting in a pressure drop of up to two orders of magnitude lower, better heat transfer
performance by using monolith substrate with a higher thermal conductivity, and a higher catalyst
effectiveness factor (lower diffusional resistance due to thin catalyst layers on monolith surface) [12—-13].
These advantages, especially the good heat transfer performance by heat conduction, make metallic
monoliths very attractive for the strongly endothermic SMR process. This is despite the fact that
improvements are still needed to lower the cost and develop proper methods for catalyst loading and
design and assembly of the metallic monolith [14]. Early experimental [15] and modeling [16] studies
compared the radial heat transfer between FeCralloy metal monoliths and pelletized catalysts in the
absence of chemical reaction. A higher overall heat transfer coefficient, wall heat transfer coefficients,
and lower effective radial thermal conductivity were observed in the modeling studies. The potential of
metallic monoliths for use in a strong exothermic reaction was investigated by Groppi and Tronconi [17]
using a pseudo-continuous heterogeneous 2D model. Good catalytic conversion and limited hot spot
temperatures have been achieved through the proper design of monolithic catalyst parameters (e.g.,
volume fraction of washcoat and inert support, catalyst activity, and thermal conductivity of the support).

With respect to the highly endothermic SMR process, Giroux et al. [10] reviewed the early studies on



monolith steam reformers and discussed the design and potential of a novel monolith reformer. FeCralloy
metal monoliths have been used in experimental studies that investigated the catalyst preparation and
characterization of supported nickel catalysts [18—20]. Comparative studies have also been performed
between monolithic and other catalysts (powder [21, 22] and pellets [23]), where better performances
have been observed for the monolithic catalyst. Recently, support materials with higher thermal
conductivities than FeCralloy (16 W/m-K [23]), such as nickel (71 W/m-K [24]) [25-26] and SiC (350
W/m-K) [27] were investigated and good performance was achieved. The application of these highly
conductive materials can further facilitate the development of novel monolithic steam reformers for
small-scale hydrogen production.

Modeling methods such as computational fluid dynamics (CFD) can help further understand the heat
transfer behaviors in monolithic catalysts with the aim of achieving better designs for application in
various chemical processes. Chen et al. [28] reviewed the modeling methods for monolithic catalysts for
gas phase reactions focusing on modeling in a single channel. With respect to multi-channel systems,
Hayes et al. [29] performed 2-D CFD simulations for a quarter circular cross section of a monolith
structure. The effective thermal conductivities under different conditions (channel shapes, with and
without washcoat) have also been investigated. Schereth and Hinrichsen [30] compared a
pseudocontinuous heterogeneous 2-D model with a 3-D CFD model (one-eighth of the monolith) for a
monolith catalyst with a low channel number and exothermic reaction, and the 2-D model demonstrated
results close to the 3-D CFD model under moderate reaction conditions. Cao et al. [31] investigated the
effect of washcoat properties of 10% Ni catalyst for SMR in a plate microchannel reactor by using a two-
dimensional CFD model. The SMR process is controlled by both internal mass transfer and reaction rate.
An optimal washcoat thickness of around 75um was found for washcoat layer. With respect to the design

of a small-scale monolith steam methane reformer, however, there is still lack of relevant studies



regarding the selection and optimization of monolith configuration parameters, catalysts, and operating
conditions.

The present study is aimed at providing quantitative analysis of the radial heat transfer performance for
monolithic catalysts with an endothermic gas/solid reaction and different configuration parameters, for
investigating the influence of the radial heat transfer on the potential and optimal design of a novel
monolith steam methane reformer. Both pseudo-continuous and heterogeneous 2-D CFD simulations
were performed, and the effective radial thermal conductivity and reforming capacity were investigated
by considering the influence of the thermal conductivity of the monolith substrate, geometric parameters
(cell density, porosity, and diameter), wall gap (between monolith and reactor wall), and radiation heat

transfer.

2. CFD model and simulation approach

2.1 Geometry and the basic parameters

As shown in Fig. 2, one-eighth cross section of the monolith was investigated due to its symmetric
structure. The “pizza bite” shape (Fig. 2(a) and (b)) was used for the simulations without chemical
reaction (see section 3.1), whereas the shapes shown in Fig. 2(c)—(f) were used for the simulations with
the endothermic gas/solid reaction. Fig. 2(b) and (d) show the pure solid without channels, which was
used for calculating the effective thermal conductivity of the monolith structure and the parameter
optimization by the pseudo-homogenous model (see section 3.5). The temperature and symmetry
boundary conditions are presented in Fig. 2(b). Especially, the thickness of washcoat layer on the surface
of the monolith channels was considered in Fig. 2(e) (see section 3.3). For monolith structures in Fig.

2(c) and Fig. 2(f), the thin-wall boundary condition in ANSYS FLUENT was set on the surface of the
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monolith channels with a virtual washcoat thickness of & wasx = 0.3 pm. The wall gap between the reactor
wall and the monolith was considered in Fig. 2(f) (see section 3.4). Only the monolith structures with a
porosity of 75.1% and cell density of 100 cpsc (cells per square centimeter) are illustrated. Monolith
structures with other geometric parameters (porosity and cell density) were also investigated, but are not

shown in Fig. 2.

In the square channels, a thermal conductivity of 0.1 W/m-K was set for the gas phase in all the CFD
simulations, while much higher thermal conductivities (1-100 W/m-K) were assigned to the monolith
substrates in the parameter studies. For a monolithic structure with square channels and a given radius,
the number of the monolith channels is determined by the cell density Cd, and then the inner dimension
of the square channel can be calculated by a given porosity ¢ and thickness of washcoat layer. In this
study, the radius of the monolith R = 9.9 mm (i.e., a bench-scale tubular reactor), outer wall temperature
Tw=973 K (within the industrial SMR operating temperature range 723—1223 K [2]), porosity & = 75.1%,
and cell density Cd = 100 cpsc (645 cells per square inch (cpsi)) were selected as the basic parameters
for the following simulations if not stated otherwise. In industrial applications, a cell density of up to

1600 cpsi can be achieved with very thin walls in the monolith channels [32].
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Fig. 2. Schematic of model geometries (porosity of the monolith substrates was 75.1%): (a). Monolith structure without
chemical reaction; (b). Pure solid without chemical reaction; (c). Monolith structure with endothermic reactions; (d). Pure
solid with endothermic reactions; (e). Monolith structure with washcoat and endothermic reactions; (f). Monolith structure

with wall gap and endothermic reactions;

2.2 Mathematical model

2.2.1 Model assumptions
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The 2-D model presented in this study focused on the radial heat transfer at the cross section of the

monolith steam methane reformer with the following simplification and assumptions:

(1) A fully developed laminar flow was usually assumed for the gas phase due to the small diameter
of the channels for a monolith structure [33], where the radial heat transfer (normal to the gas
flow direction) for the gas phase in the channels of the monolith mainly occurs by molecular
motion or heat conduction [34]. In the present 2-D model, the gas phase was set as static without
consideration of the influence of the gas flow. In addition, the radial heat transfer are mainly
through the highly conductive monolith substrate which has a much higher conductivity (e.g, 16
W/m-K) than that of the gas phase (e.g., 0.1 W/m-K).

(2) The thermal conductivity of the monolith substrate and the gas phase was assumed to be
independent of temperature. At a high operating temperature (e.g., 973 K) for a monolith reformer,
the changes of the conductivities for potential monolith substrate materials, i.e., stainless steel
[35] and nickel [36], are within 5% when there is a temperature difference less than 100 K in the
monolith structure. It should be noted that this temperature dependence should be considered if
the conductivity of other selected materials which change strongly with temperature.

(3) In sections 3.2 and 3.4, the thickness of the catalytic washcoat was neglected and the thin-wall
boundary condition was used (also see section 2.1).

(4) The axial heat and mass transfer and detailed SMR kinetics were not included in the 2-D model.
Uniform catalyst layer or activity (at the same temperature) was assumed on the surface of the
channels. The SMR reaction heat in the monolith channels was approximately evaluated from an

industrial-scale reference value (see section 2.2.2). The height of the monolith structure in the 2-

13



D simulations was assumed to be 1 meter by ANSYS FLUENT for calculating the volumetric

heat transfer rate.

2.2.2 Energy equation

The steady state energy equation for heat conduction is expressed by:

V-(AVT) + Sz = 0 (D

Sr = —CQwasn (2)
v,

Qwash = Qmono,avg X % (3)
washYch

where Sk is the volumetric heat source (W/m?®), Owasn is the reaction heat based on the volume of the
catalytic washcoat, Qmono,avg 15 the average reaction heat for the bulk monolithic bed, and Viono 1s the
corresponding monolith volume. S, is the surface area of the monolith channels. In this study, a reference
value of Quash,rer= 3.6 x 107 W/m® was assumed as the value of Quus: at 973 K, which was evaluated by
equation (3) and according to previously reported values (average heat flux of tube wall 90 kW/m? [37],
catalyst effectiveness factor of 0.1 [38], porosity of 0.5, and tube diameter of 200 mm [2]) for industrial-
scale packed bed SMR tubular reactors. It should be noted that actual heat consumed by SMR also
depends on the axial position, i.e., being higher at the reactor inlet. In the present study, uniform heat
flux along the tube wall was assumed for the evaluation of Quwashrer. A thickness of dyasn = 30 pm was
assumed for the washcoat layer in the monolith structures. Note that for the CFD models in sections 3.2
and 3.4, the thin-wall boundary condition was used and a virtual washcoat thickness of & yasn = 0.3 pum

was set Qwash,rer Was adjusted with dyash / 6 wash and equal to 3.6 x 10° W/m>.
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The conventional endothermic SMR process for hydrogen production includes the following reactions

[2]:

CH4(g) + HZO(g) © CO(g) + 3H2(g) AH298K = +206 k] mol~? R1
CO(g) + HZO(g) A COz(g) + HZ(g) AH298K = —41 k] mol ™! R2
CH4(g) + ZHZO(g) s COZ(g) + 4H2(g) AH298 K= +165 k] mol~? R3

where part of the CO in the reforming process (R1) is converted to CO: by the exothermic water gas shift
reaction (R2). Under the investigated conditions (i.e., temperature, pressure and steam-to-carbon ratio of
3) in this study, the thermodynamic equilibrium composition and the total enthalpy change AH o7 for
the SMR reactions were evaluated by the commercial software Aspen Plus V9. The reaction rate of the
key component CHs (Rqs1) 1n the catalytic washcoat can be calculated by:

Qwash
R = — 4
wash AHtOtal’T ( )

In the monolith channel, the internal mass transfer resistance in the thin washcoat layer (30um) is
neglected. At the high operating temperature (e.g., 973 K), the external mass transfer rate of the key
component CH4 from the bulk gas phase to the channel surface has been evaluated which is in the range
of 1010 mole/m?-s, while the evaluated reaction rate of CHs according to equation (4) and the reference
reaction heat Quash rer is around 0.5%10 mole/m?*s. Therefore the external mass transfer resistance can

be also neglected. Assumed that the reaction rate is simply first order in CHas, R,us» can be expressed by

[39]:

Rwash = kcrarPena (5)
where Pcry is the partial pressure of CHa, kcny 7 1s the reaction constant at certain temperature. According

to equations (4)—(5) and the Arrhenius equation, the temperature dependence of R,qs» can be given by:
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E 1 1 l_ Qwash,ref ex l E 1 1 )l (6)

Ryasn = Kcnar,, €xXp I_ =(=- =
et AHtotal,Tref

where R is gas constant, Ty.r1s the reference temperature (7,.r = 973 K), E is the activation energy, in
this study £ = 96100 J/mole was selected [39]. Considering equations (4) and (6), the temperature

dependence of the volumetric heat source, Sg, can be derived:

AHyota1,rQwash,ref E1 1
Sr = —Qwash = RwasnBHiotarr = AOI-‘;tOtal‘,:‘C:f "L exp |— E (T - Tref) (7)
Similarly, for the solid structure in Fig. 2(d), Sk can be expressed by:
0. S.n,AH E 1 1
SR — _Qmono,avg — wash“ch total,TQwash,ref ex l_ = (_ _ ) l (8)
VmonoAHtotal,Tref R'T Tref
2.2.3 Radiation Model

Many radiation studies on monolithic structures can be found in literature [40—45], e.g., for catalytic
automobile radiation in the monolithic channels (from wall to wall) or near the outer wall of the monolith
may influence the heat transfer behavior in a monolithic reactor. Due to the high operating temperatures
of the SMR process (e.g., up to 1173 K), the influence of radiation on the monolithic reformer was also
considered in the present CFD model and investigated in sections 3.1 and 3.4. The discrete ordinates
(DO) radiation model and the surface-to-surface (S2S) radiation model were selected in the present CFD
model. The DO model covers the entire range of optical thickness and has a moderate computational cost

with the following radiative transfer equation (RTE) [46]:
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e s - - 2 O-T4
V-U(,5)S) +al(r,5) = an*— 9
s
where r and s are the direction and position vectors, respectively, a is the adsorption coefficient, / is the
radiation intensity, n is the refractive index, and ¢ is the Stefan-Boltzmann constant (5.669 x 1078

W/m?-K#). Radiation scattering was neglected in these computational procedures.

The S2S model only includes the radiation between surfaces with a lower computational cost, and can

be expressed by [46]:

N
Qoutk = gkO-TI:L + P Z ijCIout,j (10)
j=1

where gouk and qgouj are the energy fluxes leaving surface k and j, & is the emissivity, px is the refractivity,

Fij 1s the view factor (the fraction of the energy flux leaving surface j which is incident on surface k).
2.3 Solution method

Steady state simulations were conducted using the commercial finite-volume-based solver ANSYS
FLUENT 18.0 in the parameter optimization studies with double-precision. The energy and radiation
equations were solved using a second-order upwind discretization scheme. Residual levels of 107'°, 10
3 'and 10 were used for the energy and radiation equations in the DO and S2S radiation model,
respectively. Three angular discretizations of 4 x 4,4 x §, and 4 x 16 were set for the DO radiation model,
and the change of the total heat transfer rate through the monolith O, was not obvious (within 0.1%), so
the angular discretization of 4 x 4 was chosen. A pixelation of 3 was also set for the DO model [46]. The

absorption coefficients for the gas and solid phases were 0 and 0.7, respectively, while the refractive
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index was 1 for the gas phase and 0 for the monolith support. The ray tracing method was used for
computing the view factors in the S2S radiation model. The mesh independence was checked (with mesh
sizes of 17—67 um) for the geometry in Fig. 2(a), and a mesh size of 25 pm with 59124 quadrilateral
elements was applied (part of the mesh was shown in Fig. 2). The change of the total heat transfer rate
through the monolith O, was calculated by using a smaller mesh size (17 um, 137365 elements) and was
within 0.2% of the original. Similar mesh sizes (15-33 pum) were applied for other monolith structures

in Fig. 2 and also monolith structures with different porosities and cell densities in this study.
2.4 Effective thermal conductivity

The effective thermal conductivity with regards to the overall heat resistance in a monolithic structure is
usually calculated by a pseudo-continuous model. In the radial direction, the effective thermal
conductivity, ks, can be estimated by the series [47], parallel [29], and symmetric models [48]. All the
models are based on electrical analogy between thermal and electrical resistance for a square monolith

cell. In the absence of washcoat, k.. can be calculated by the parallel model [29] with:

Ve
1—\/E+%\/E
f

kr,eff =ks(1— \/E+ ) (11)

and the symmetric model [48] with:

kil—e kp3e?+2e+3 _1—c¢

k_521+£+k_s (1+4¢)? MEEET:
kr,eff:ks 2 (12)
Gl glloe,,
S e AR o

where ks and krare the thermal conductivity of the monolith substrate and gas phase respectively.
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Hayes et al. [29] studied the influence of the catalyst layer on a non-reactive monolith and reported a
slight increase in the G factor compared with the blank monolith. In the present of washcoat, the the
effective thermal conductivity, ke, can be calculated by the parallel model [29] with:

STFE- /7

kr,eff = ks(l — P + f + +

)
1- ¢+€+,’f—;\/<p+€ 1- ¢+€+I’;—Z(W_\/5)+%\/5

(13)
and the symmetric model [48] with:
K21=(p+8)  k3(@+*+2(p+H+3  1=-(p+¢)
o _ BT eFD kAt @+DP T+ (9 +%) "
e kl=(o+8), k1-(p+8 ,
ki1 + (@ +$) ks 14+ (@ +$)
ki1-9 k3¢’ +29+3 ,1-¢
k21+¢ "k, 1+ ¢)2 1+
k =k, > (15)
G A g3lrloe,,
k2 1+ ¢ k,1+ ¢

where ¢ is the volume fraction of the gas phase, ¢ is the volume fraction of the washcoat and 4, is the

thermal conductivity of the washcoat.

3. Results and discussion

3.1 Effective thermal conductivity for non-reactive monolith structure

19



2-D CFD modeling for a quarter section of a circular monolith has been demonstrated to be comparable
with the parallel model in [29], where the ;.. and a non-dimensional G factor for a row of four square

channels were defined by the following equations:

AT\!
kr,eff =qX <W> (16)
k
G= -2 (17)
ks

where ¢ is heat flux, W is the overall cell dimension. In the present study, this G factor was used to
evaluate the effective thermal conductivity of monolith structures, according to equations (16) and (17),
the G factor can be calculated by:

_ Om  ATs

G = X
Qs ATy,

(18)

where AT, and AT are the temperature differences between the outer wall and the center (75, — 7¢) of the
structures in Fig.2(a) and Fig. 2(b) respectively, and 7. and T,, were set to 963 and 973 K, respectively.
On and Qs are the total heat (W) transfer rate through the monolith structure and pure solid (Fig. 2(a) and
(b)) respectively which were calculated from the heat transfer rate at the outer wall. The endothermic
SMR reaction heat was not included in this section. The effective thermal conductivities and G factor
provided by the CFD simulations (according to equation (18)) were compared with the values predicted
by the parallel model and symmetric model where the £ .; value was calculated by equations (11) and
(12) for the two models.

The temperature distribution of the monolith structure in Fig. 2(a) was shown in Fig. 3(a). The

temperature gradient was approximately along the radial direction from the outer wall to the center, and
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slightly influenced by the local monolith structures. Fig. 3(b) shows the variation of the G factor with the
thermal conductivity of the monolith substrate (¢ = 75.1%, Fig. 2(a)). A steep change in G factor was
observed near the low k; area, while the change is much smaller when the 4 is high (ks > 30 W/m-K).
Good agreement between the numerical solution and the prediction by the parallel model was noticed,
which is consistent with the results reported in other works [29]. The symmetric model provided good
prediction for the G factor of a single square channel over the whole range of porosity in [48]. In this
study for a multi-channel monolith structure, compared with the numerical simulations, an
overestimation of the G factor (<7%) was observed for the symmetric model. The G factor for the
monolith with a lower porosity (e = 53.2%) was also investigated, as shown in Fig. 3(c). A similar level
of overestimation (<7%) was obtained with the symmetric model, while an underestimation (<5%) was
obtained with the parallel model. This is in line with previous studies for a single square channel [48]
where the prediction accuracy of the parallel model decreased significantly under low & conditions.
Nevertheless, compared with the numerical simulations, both the two pseudo-continuous models provide
acceptable prediction accuracies with respect to the G factor (effective thermal conductivity) for a multi-
channel monolith structure with the investigated porosities. The influence of cell density on the G factor
was also investigated as shown in Fig. 3(c), which is found not to be significant in the range of 50—-200

cpsc.
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Fig. 3 (a) Temperature distribution of the monolith structure (¢ =75.1%, Cd = 100 cpsc); Variation of the G factor with

thermal conductivity of the monolith substrate: (b) € =75.1%, Cd = 100 cpsc; (c) € = 53.2%, Cd = 50-200 cpsc.



The radiation heat transfer in the monolith channels was then considered based on the above simulations.
The DO model and S2S model were taken into account in the CFD model. The influence of the radiation
heat transfer can be expressed by the following enhancement factor:

Graq — G
fz%x 100% (19)

where Grq is the G factor with radiation heat transfer added in the model. Fig. 4(a) shows the
enhancement factor f with different thermal conductivities of the monolith substrate and outer wall
temperatures (7,, = 973—-1173 K). The trend is similar to that seen in Fig. 3. Because the radiation heat
transfer rate is determined by the temperature of the monolith substrate according to the Kirchhoff’s law,
when 7, and AT were fixed, the change of the radiation heat transfer rate with the variation of the
conductivity, ;, is insignificant. In contrast, it is obvious that the conductive heat transfer rate decreases
with the decrease of k. Consequently, the proportion of the radiation heat transfer increased with a
decrease of ks. Higher radiation heat transfer rates were obtained by increasing the outer wall temperature,
T\, with a 33-37% increase of f from 973 to 1073 K and 29-30% increase of f from 1073 to 1173 K. The
influence of the AT value on the radiation heat transfer was not significant. It is clear that by using highly
conductive monolith substrates such as nickel (k=71 W/m-K at 973 K) the influence of the radiation
heat transfer is negligible (f < 1.5%) under the investigated conditions in Fig. 4(a). When using FeCralloy
(ks= 16 W/m-K ) as monolith substrate, more attention should be paid to the influence of radiative heat
transfer, especially at high temperatures (e.g., 7. = 1173 K). With respect to the radiation models, both
models generated close results under the investigated conditions with differences less than 1% (for the
S2S model, only the results with 7., = 973 K and AT =10 are shown in the figure). Therefore, the DO

model was used for the following simulations related to radiation heat transfer if not stated otherwise.
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The radiation heat flux of the channel walls was illustrated in Fig. 4(b) under the condition of k= 16
W/m-K and T\, = 1173 K. The radiation heat transferred from the lower part to the upper part of the
channel in the figure (heat flux from the wall surface is positive). The radiation heat flux for the walls
near the center are more obvious, which indicates a higher temperature change in this area. In addition,
the influence of monolith porosity (53.1-88.1%) and cell density (50—200 cpsc) on the f value (with T,
=973 K and AT =10) are shown in Fig. 4(b). The simulation results provided by the two radiation models
are also very close (only the results with ¢ = 88.1% and Cd =100 cpsc are shown for the S2S model in
the figure). An increase of cell density resulted in lower f'values. This can be attributed to more channel
walls in the monolith structure which raised the number of times of the radiation absorption (with an
absorption coefficient equal to 0.7) and emissivity on the wall surface and lower the efficiency of
radiation heat transfer. In contrast, the f'value significantly increased with the increase of the monolith
porosity, €. Specifically, the f value increased by a factor of two to three when changing the monolith
porosity from 64.2% to 88.1%, and the f value achieved 7.3% by using FeCralloy monolith. Under the
conditions with higher outer wall temperature and lower cell density, the f value can be higher than this
value. However, the influence of the radiation heat transfer could be low if a highly conductive monolith
substrate is used (e.g. ks= 71 W/m-K). The influence of the radiation heat transfer was further discussed

in the following section 3.3.
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Fig. 4 (a) Variation of enhancement factor f with thermal conductivity of the monolith substrate with different temperature
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variation of the factor f'with k;, porosities and cell densities of monolith.

3.2 Influence of the SMR reactions
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Considering the endothermic SMR reactions, a large amount of heat transfer from the outer wall occurs
and is consumed gradually when travelling through the monolith reformer in the radial direction, which
is significantly different from the conditions without reactions (section 3.1). The SMR reaction heat
calculated by equation (7) was added to the wall surface of the monolith channels in Fig. 2(c) (¢ =75.1%)
by a user defined function where Qyash, ror= 3.6 x 10° kW/m?, and thin-wall boundary condition was used
Monoliths with porosities of 45%, 53.2%, 64.2%, and 88,1% were also investigated (not shown in Fig.
2). The G factor was calculated by equation (18) as mentioned in section 3.1, where AT, and AT are the
temperature differences between the outer wall and the center (7, - 7¢) of the structures in Fig.2(c) and
Fig. 2(d), respectively. T, was set to 973 K, and 7. was provided by the simulations which is the
temperature close to the center of the monolith (usually the minimum temperature in the monolith). O
and Qs were calculated from the heat transfer rate at the outer wall of the structures in Fig. 2(c) and Fig.
2(d), With respect to the solid structure in Fig. 2(d), The reaction heat was set on the whole structure,
and the Qwashrer value (for the calculation of Sk ) was adjusted to achieve an equal value of O, and Qs
(equal heat consumed in the two structures). The G factor was then calculated by the ratio of A7y and

ATn.
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Fig. 5 (a) Variation of the G factor with thermal conductivity of the monolith substrate for the monolith reformer; (b)
Temperature distribution of the monolith reformer (k, = 71 W/m-K); (c) Variation of AT with the thermal conductivity of
the monolith substrate; (d) influence of the monolith porosity on the G factor and AT (ks = 71 W/m-K); (e) radiation heat

flux of the channel walls, ks = 16 W/m'K, T,, =973 K;

Fig. 5(a) shows the variation in the G factor with the thermal conductivity of the monolith substrate for

the monolith reformer. Compared with the CFD simulations without reactions in Fig. 3(a), the G factor
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is higher, and in the low k; area the G factor increased faster with the decrease of the ks values. This
difference is attributed to the change of the distribution of the heat flux in the monolith. According to the
geometry shown in Fig. 2(c), there are more channels near the outer wall where more heat is consumed
by the endothermic SMR reactions in the radial direction. In addition, along the radial direction of the
circular monolith geometry (from outer wall to center), the heat transfer resistance and reaction rate
increased and decreased, respectively, due to the decrease of cross sectional area and temperature.
Consequently, more heat load is distributed to the areas with larger cross sectional area and lower heat
resistance (close to the outer wall), which results in a lower overall heat resistance and higher effective
thermal conductivity compared with the conditions without reactions (section 3.1). Compared with the
CFD simulations, the results from both the parallel and symmetric models are underestimated. In
moderate and high k; area (ks >10 W/m-K), the two models give acceptable accuracy (<10% error for the
symmetric model and <15% error for the parallel model) for the prediction of the G factor. With respect
to relevant experimental investigation on the radial heat transfer of a monolith reformer, there is few
study reported. A Fecralloy (ks =16 W/m-K, ¢ = 45%) monolithic reformer was investigated in [23]. The
average effective thermal conductivity in the radial direction of the monolithic reformer can be evaluated
from the experimental data, and the calculated G factors are around 0.11-0.23. In the present study,
predictions under the same conditions (ks = 16 W/m-K, ¢ =45%, Cd =102 cpsc) were conducted, and the
G factors are 0.34, 0.38 and 0.37 by the parallel model, symmetric model and CFD simulation
respectively which are higher than that evaluated from the experimental data. Because other heat
resistance, especially the gap between the monolithic bed and the reactor tube was also included in the
experimental study of the monolith reformer which could obviously decrease the effective thermal
conductivity and the G factor (see section 3.4). Fig. 5(b) illustrates the temperature distribution of the

monolith reformer with &, = 71 W/m-K. The temperature decreased from the outer wall to the center of
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the monolith reformer due to the endothermic reactions. Compared to the temperature profile in Fig. 3(a),
steeper temperature drop near the outer wall and flat temperature profile close to the center point were
found, which indicates a larger heat load near the outer wall as mentioned above. Fig. 5(c) gives a further
demonstration of the variation of A7 with the thermal conductivity of the monolith substrate under two
QOwash,rer values. The trend of AT indicates that the use of a highly conductive monolith substrate such as
nickel can achieve nearly isothermal conditions, whereas using materials with low thermal conductivity
(especially in the low kg area) will significantly increase AT. The use of FeCralloy results in a moderate
AT and better overall heat transfer performance in the radial direction than the pelletized packed bed [16,
23]; however, using a highly conductive monolith substrate increases the possibility of further
intensification of a SMR reformer, e.g., a design with larger tube diameter. Fig. 5(d) shows the influence
of monolith porosity on the G factor and A7. With an increase in monolith porosity from 53.2% to 88.1%,
the G factor decreased significantly from 0.297 to 0.068 and the AT value increased from 3.6 to 21.6 K.
High porosity is one of the advantages of the metallic monolith, which results in lower material costs and
pressure drop; however, lower effective thermal conductivity is an unfortunate side effect of the porosity.
Hence, an overall consideration is needed for the selection of monolith porosity as well as for the
selection of other parameters such as effective thermal conductivity, thickness of washcoat, diameter of
monolith, cell density, and cost, which are further discussed below. The radiation heat flux of the channel
walls was also illustrated in Fig. 5(e). The radiation heat transfer is more obvious near the outer wall,
which is different from the trend in Fig. 4(b) and also indicates a larger temperature change in this area
under the condition with the SMR reactions. The values of the enhancement factor f by radiation heat
transfer were lower than those under the condition without the SMR reactions. To evaluate the
importance of the radiation heat transfer under different conditions, the following expression has been

developed:
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402dT3
=—0 (20)
kr,e fr

where o is the Stefan-Boltzmann constant (5.670x10°® W/m?-K*), ¢ is the emissivitiy for the surfaces in

the monolith channels, d is the side length of the channel, 7, is the outer wall temperature of the monolith.

More explanation of equation (20) can be found in Appendix A.
3.3 Influence of the catalyst layer

In the present study, the influence of the catalyst layer on the G factor was investigated for a reactive
monolith in the CFD model. A thin catalyst layer of 30 um was added on the monolithic channels as
shown in Fig. 2(e). Owash, rer (3.6 X 107 W/m?), 0.50mwash, rer (1.8 x 10" W/m?) and 2Quash, rer (7.2 % 107
W/m?) were used for the calculation of the volumetric reaction heat (equation (7)) in the washcoat layer.
The G factor was calculated as described in section 3.2. Thermal conductivity of 1 W/m-K was set for

the catalyst layer. The influence of washcoat layer on the G factor can be expressed by

Gonep — G
Foash = % x 100% (21)

where Gyasn 1s the G factor with the consideration of the washcoat layer. Fig. 6(a) shows the G factors
at different Quwasi, rer and ks values where the k..y values for the parallel and symmetric model were
calculated by equations (13) — (15). The symmetric model is in good agreement with the CFD model
with a deviation of less than 10% for most ks values (ks >4 W/m-K) and the three Quwasn, rer values, which
is better than results for the condition without consideration of washcoat layer in Fig. 5(a). The results
provided by the parallel model were underestimated. The G factor increase with the increase of Quwash, ref
value, which indicates the change of temperature distribution in the monolith structure by the

endothermic SMR reactions mentioned in section 3.2. Fig. 6(b) shows the increment of the G factor (fwash)
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compared to the results in Fig. 5(a) for a zero thickness of the washcoat. The increment enlarged with a
decrease of the ky value, and is less than 5% when k& > 8 W/m-K. It is clear that by using a highly
conductive monolith substrate, the thermal influence of the washcoat on the G factor is not significant in
this study, then the less complex CFD model without considering the washcoat layer (see Fig. 2(c)) can
be used for the evaluation of the G factor. However, washcoat layers with other thicknesses and materials
and other factors such as catalyst activity, mass transfer in the washcoat layer, and pressure drop in the

channel should still be considered for the design of the washcoat.
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Fig. 6 (a) Variation of the G factor with thermal conductivity of the monolith substrate with washcoat layer; (b)

Increment of the G factor compared to the condition with zero thickness of washcoat.

3.4 Influence of the wall gap

It is clear that a monolithic catalyst can provide a higher wall heat transfer coefficient than a pelletized
catalyst due to a larger contact area between the monolith and the reactor wall. However, a “gap” between

the monolith skin and the reactor wall is usually unavoidable, which could be the major contributor to
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the thermal resistance for radial heat transfer in monolith reactors [49]. The wall gap problem could be
improved by using a thermal expanding mat (3M Interam) [10] between the monolith skin and the reactor
wall, however, the mat usually has a low conductivity. In the present study, the influence of gap resistance
on the effective thermal conductivity was investigated under the condition with the endothermic SMR
reactions. A thin gap was added outside the monolith geometry as shown in Fig. 2(f), with gap thicknesses
of 0.05, 0.1, and 0.2 mm. Thermal conductivities in the range 0.1-0.3 W/m-K (typical range under the
temperature and composition conditions for SMR) were chosen for the gas phase in the monolith
channels and for the gap outside the monolith. The G factor was calculated as described in section 3.2.
The ratio of the G factors with and without a gap was calculated to determine the influence of the gap,
which can be expressed by Ggp/G (01 ki, eff gap/kreff), Where Geap and ki of.qqp are the G factor and effective
thermal conductivity with the consideration of the wall gap.

Fig. 7(a) shows the values of G,/ G with different gas and solid phase conductivities and gap thicknesses.
The influence of the gap resistance is more significant for highly conductive monolith support materials.
For example, with ks =71 W/m-K and kr= 0.3 W/m-K, a thickness as small as 0.05 mm results in more
than a 40% decrease of k4. For the larger gap thickness (0.2 mm) and lower gas-phase conductivity (kr
= 0.1 W/m-K), the decrease of k. .; was more than 80%. The heat transfer coefficient of the gap can be
expressed by hgap = 0/ks [50], and it is clear that the gap resistance decreased with an increase of the gas-
phase conductivity. With respect to a SMR process, the gas-phase temperature and composition differ
along the axial direction of a reformer, which could result in different &y values and gap resistances (e.g.,
kris 0.12 W/m-K for the feed gas at 973 K and a steam-to-carbon ratio of 3, while &ris 0.21 W/m-K for
the gas mixture with 80% conversion of the methane gas). In addition, the difference of the thermal
expansion coefficients for the monolith substrate and the reactor wall should also be considered, as it

could enlarge or reduce the gap thickness when temperatures are raised to the high operating temperatures
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(e.g., 973 K). Different local temperatures of a reformer (e.g., different temperatures along the axial

direction) could also result in different rates of expansion.
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without (b) and with (c) radiation heat transfer; (d) Variation of Ggap /G and Gg,,/G with different wall temperatures.
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Due to the high reforming temperature, the radiation heat transfer in the gap from the reactor wall to the
monolith could play a role in improving the heat transfer near the wall. To account for this, the radiation
model (DO model and S2S model) was added based on the simulations above with a gap thickness of
0.1 mm, ks =71 W/m-K and kr= 0.1 W/m-K. Due to the close results generated by the two radiation
models, only the results given by the DO model were shown in Fig.7. The temperature distributions for
the conditions without and with the radiation heat transfer are shown in Fig. 7(b) and (c). Compared to
the condition without a gap, a sharp temperature drop was observed near the outer wall for both the two
conditions due to the obvious gap resistance mentioned above. Compared with the condition without
consideration of radiation (shown in Fig.7 (b)), a lower temperature drop was achieved for the condition
with radiation heat transfer (shown in Fig. 7(c)), which indicates an improvement of heat transfer by
radiation near the wall gap. Higher center temperature (942 K) of the monolith reformer was also
observed in Fig. 7(c) compared with that in Fig. 7(b) (944 K). The conditions with higher outer wall
temperatures were also investigated as the results shown in Fig. 7(d). The values of Ggap,ra/G and G/ G,
with and without consideration of radiation, were calculated. Slight linear growth of the Ggup,rua/G value
and decrease of Ggup/G value were observed when the wall temperature was increased from 973 to 1173
K. The Ggap,rad/ G value was 12—-19% higher than the Gq,/G value, which can be attributed to the positive
effect of the radiation. However, the Ggqp,d/ G values are still not high (< 0.26) in any of the simulations,

which indicates that the gap resistance was still the main source of radial heat resistance.

3.5 Selection of the geometric parameters

The design parameters regarding the radial heat transfer performance for a monolith reformer mainly
consider three aspects: (1) geometric parameters (cell density (Cd), porosity (¢), diameter (d) and channel

shape); (2) thermal conductivities of the monolith substrate, washcoat and gas phase (&, kv and £,
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respectively); (3) reaction heat of the catalytic SMR reactions, which are related to catalyst activity,
thickness of washcoat, and reaction rates in the monolith channels. The aim of the design was to lower
the cost of the materials (catalyst and monolith substrate), and optimize fabrication and energy
consumption for heating and feed gas compression, while considering other constraints such as the
volume limitations of the reformer. It is clear that optimization of the parameters discussed above are

needed to achieve this aim.

In the present study, the influence of the geometric parameters (Cd, ¢, and d) and thermal conductivity
of monolith substrate (k) are illustrated by the optimization studies. Square channels were used, and
other parameters were set as follows: ke = 1 W/m-K, kr= 0.1 W/m-K, dwasn = 30 um, Quash,rer = 3.6 %
10* kW/m?, & = 0.53-0.88 and R = 10-80 mm. A simplified pseudo-homogenous 2-D model was used
with the SMR reactions distributed throughout the whole solid geometry (Fig. 2(d)) instead of just in the
monolith channels. The symmetric model was used for predictions of the effective thermal conductivity
(kr.ef) in the radial direction of the monolith reformers (by equation (14) and (15)), which showed good
accuracy under the condition considering washcoat layer as discussed in section 3.3. The heat source Sr
for the solid geometry was obtained by equation (8), and the average reaction heat per unit volume of the
monolithic bed QOmono,ave Was calculated by On/Vinono, where On is the heat transfer rate through the
monolithic bed from the outer wall. The pseudo-homogenous model makes predictions possible for the

quick evaluations of geometric parameters.

The amount of catalyst loaded onto the monolith substrates is mainly determined by the specific surface
areas of the monoliths as well as the desired thickness of catalyst layer. Fig. 8(a) shows the specific
surface areas of the monolith structures (§) with different porosities and cell densities provided by the

CFD model. The surface area increased with an increase of porosity and cell density. The increment of
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surface area is around 8—10% for adjacent porosities, while a 41.4% increase was obtained by doubling
the cell density. The increase of the specific surface area results in a higher catalyst loading capacity per
unit volume for the monoliths and consequently a higher reaction intensity. With respect to the
endothermic SMR reactions, the reaction intensity was represented by OQmono,ave. For monolith reformers
with the same volume and under the same operating conditions, a higher value of Quono,ave indicates a
larger reforming capacity. In other words, a monolith reformer with a higher Qmono,avg could achieve the
same reforming capacity as a larger device, which will decrease the space demands and lower the cost

of the monolith substrate.
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W/m-K.
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Fig. 8(b) demonstrates the variation of Qmono,avg With the thermal conductivity of the monolith substrate
with different geometric parameters. The Omonoave Value increased with an increase cell density and in
porosity (except ¢ = 88%), which is consistent with the trend in Fig. 8(a). Significant decreases in the
Omono,avg Values were noticed in the low ks area, which can be attributed to the low effective thermal
conductivity and very large temperature decrease (also see Fig. 5c¢) resulting in low reaction rates. The
change of Qumono,ave values were much smaller for the condition with high ks values, which indicates that
the influence of heat resistance in the radial direction of a monolith reformer can be reduced by using a
highly conductive monolith substrate such as nickel. Furthermore, Fig. 8(c) illustrates the variation of
Omono,ave With different cell densities and porosities for highly conductive monoliths (ks= 71 W/m-K).
The trend of Omono,ave matches with that of the specific surface area in Fig. 8(a), which indicates that by
using a highly conductive monolith substrate, the reforming capacity can be determined by the specific
surface area of the monolith. In contrast, the influence of the radial heat resistance was not significant in
these simulations. With a certain requirement of Qmono,avg Value, the possible range of porosity and cell
density can be obtained, as in Fig. 8(c). For instance, with a Quono.avg value of 3000 kW/m? (dash line in
Fig. 8(c)), the minimum required cell densities can be obtained for monoliths with different porosities
between 75 and 125 cpsc.

By using a monolith substrate with a higher thermal conductivity, a larger diameter can be used for the
design of monolith reformer (with the same AT, value). Fig. 8(d) — (f) demonstrate the variation of
Omono,avg With the different radii of the monolith reformer for the three monolith substrates (FeCrAlloy,
Ni and SiC with ks = 16, 71 and 350 W/m-K respectively) reported in literatures with A7,, < 100 K for
all the simulations. The Qmonoave decreased with an increase in radii, and this trend was more obvious
for higher porosity monoliths (such as ¢ = 88%) due to its low effective thermal conductivity. The

maximum radius for a monolith reformer that can be obtained for a given required Qmono,avg can be met.
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For instance, with Omono,ave = 3000 kW/m? (dashed line), in Fig. 8(e), the maximum radii values can be
obtained for the monoliths, around 31-34 mm for ¢ = 53%, 64% and 75%, 24 mm for ¢ = 88%. These
values are smaller for the FeCrAlloy based monoliths with around 15—17 mm for ¢ = 53%, 64% and 75%,
12 mm for & = 88%, while larger maximum radii values were achieve for SiC based monolith with around
70-75 mm for ¢ = 53%, 64% and 75%, 53 mm for ¢ = 88%. These maximum radii values indicated that
monolith reformer with a larger radius can be designed by using SiC based monolith substrate which is
around 2 times and 4 times of those by using Ni and FeCrAlloy based monolith, respectively. In additions,
the decreasing trend of Qmono,avg indicates that the increasing heat resistance and temperature difference
in the radial direction will lower the efficiency of the catalyst near the center as well as the overall
efficiency of the catalyst, e.g., in Fig. 8(d), when the radius was enlarged from 10 to 30 mm, the Qmono,ave
value for the monolith with porosity ¢ = 53% decreased by 32%, while this decreases are 14% and 4%
for the Ni and SiC based monoliths respectively.

4. Conclusion

The following conclusions can be drawn from the 2-D analysis of monolith reformers presented in this

paper:

(1) Under the conditions without reactions, the symmetric and parallel models provided acceptable
accuracy (<7% error) for the predictions of the effective radial thermal conductivity of the
monolithic structures with square channels, while under the investigated conditions with the
endothermic SMR reactions, the symmetric model provided acceptable accuracy (< 10% error)

in moderate and high k; area (ks >10 W/m-K).
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(2) The symmetric model also provided good accuracy for the conditions with the washcoat layer
loaded on the monolith channels. Comparing with the CFD model without washcoat, the thermal
influence of the washcoat layer is not significant for a highly conductive monolith reformer.

(3) The influence of radiation heat transfer in the monolith channels depends on the conductive heat
transfer rate in the monolith. This influence is low for a highly conductive monolith reformer,
whereas for the moderately conductive FeCralloy monolith, especially with high porosity and
temperature, close attention should be paid to the radiation heat transfer. A simplified model has
been developed to evaluate the importance of radiation for monolithic reformers.

(4) A wall gap as thin as 0.05 mm can significantly decrease the effective radial thermal conductivity
of a highly conductive monolith reformer (e.g., with & = 71 W/m-K and kr= 0.3 W/m-K, more
than a 40% decrease of k..; was obtained) compared with the condition without a wall gap.
Radiation heat transfer can improve the heat transfer in the gap to a limited degree. The variation
of the gap resistance at different positions of the monolith reformer should also be considered for
the evaluation of the effective thermal conductivities.

(5) A pseudo-homogenous 2-D model combined with the symmetric model has been developed for
a quick evaluation of the geometric parameters for a monolith reformer. Monolith substrates with
high conductivities (e.g., Ni and SiC) showed great potential in the intensification of the steam

reforming process and reformer design.

The thermal analysis in the radial direction performed in this study can be combined with the analysis
in the axial direction and used as the basis for further 3-D thermal analysis and optimization of

monolith reformers.
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Appendix A
Radiation heat transfer in square channels and monoliths
Xiaoti Cui, Seren Knudsen Kaer

Department of Energy Technology, Aalborg University, Pontoppidanstr. 111, 9220 Aalborg

1. Mathematical model

A single square channel was considered for further evaluation of the importance of radiation heat
transfer in monolith structures. The lateral heat transfer in a square channel was illustrated in Fig. 1,
where 77 and 7> are the temperature of the outer wall 4" and B’ respectively. The lateral heat transfer
by both conduction along the wall and radiation in the channel occurs when 77 > T>. For a monolith
structure, the scale of L and d in Fig. 1 are determined by the cell density Cd, porosity € as well as the

thickness of washcoat layer.

L
d
Wall A’ Wall B’
7, Radiation T
Wall A Wuall B
Conduction

Fig. 1 The lateral heat transfer in a square channel.

CFD modeling has been conducted for the square channels from monolith structures with different
porosities. The DO model was taken into account in the CFD model. Fig. 2(a) illustrates the radiation
heat flux (heat flux from the wall surface is positive) in a square channel, where the net radiation heat
fluxes for the upper wall and lower wall inside the channel were close to zero, the radiation heat

mainly transferred from wall A to wall B.



Ti 1

Radiation

WallA Wall B

-163 0 0.5mm

Wim®
Fig. 2(a) The radiation heat flux in a square channel, L =1 mm, d = 0.866 mm, k;= 16 W/m'K, 7/=1173 K, T>= 1172

K; (b) radiation heat transfer between wall A and wall B.

For further simplification, the radiation heat transfer on the upper and lower wall inside the channel
was not considered, and the temperature difference between the inner and outer wall (A and A’ or B
and B’) of the channel was neglected. Only the radiation heat transfer between wall A and wall B was
included as shown in Fig. 2(b). Assumed that wall A and B are gray surfaces, and the gas phase in
the channel does not participate in the radiation heat transfer, the radiation heat flux from wall A to

wall B can be expressed by [1]:

Grag = 0€*AF(T{ — T) (D
where o is the Stefan-Boltzmann constant (5.670x10® W/m?-K*), ¢ is the emissivity for the wall
surfaces, 4 is the area (of wall A or B), F'is the view factor, and F' = 1 was set in the square enclosure
according to the result of the CFD simulation mentioned above.

For the heat conduction in the channel wall, the conductive heat flux can be given by:

_ AT _ (T —T2)
c = Akr,eff 7 - Akr,eff T (2)

where k..; 1s the effective thermal conductivity in the lateral direction of a square channel or the

radial direction of a monolith structure which can be calculated by the symmetric model (equations



(12), (14) — (15) in the paper) for monolith channels. Combining equation (1) and (2), the
enhancement factor f* of the radiation heat transfer (mentioned in the paper, equation (19) in section
3.1) can be approximated by

_ Qrad _ ngd(le + Tzz)(Tl + TZ)
qc kr,eff

f (3)

For a monolith reformer, the temperature near the outer wall of the monolith can be used for
evaluating the importance of the radiation heat transfer. 7; and 7> were replaced by the outer wall

temperature of the monolith 7, then equation (3) can be simplified as

_ 40e%dT,;
kr,eff

(4)
2. Comparison with CFD modeling

The simplified model (equation (4)) was compared with the CFD simulations for square channels
(shown in Fig.1), and monoliths structures (shown in Fig. 2(a) and (c) in the paper) with and without
SMR reactions. The dimensions of the square channels were determined by the geometry parameters
of monoliths with the porosities of 0.53 — 0.88, cell density of 100 cpsc and radius of 9.9 mm. The
outer wall temperature 7, is from 873 K to 1473 K. The thermal conductivities of 16 W/m-K and 71
W/m-K were chosen to represent the monolith substrates with moderate and high conductivities. The

emissivity of 0.7 was set for the surface in the channels. Quashrer = 3.6 X 107 W/m?® was set for the

condition with the SMR reactions.

The values of f calculated by the simplified model and the CFD simulations were shown in Fig. 3.
Good agreement between the simplified model and the prediction by the CFD model for the square
channels was noticed. The enhancement factor for the monoliths with and without the SMR reactions

are lower than those for the square channels, the derivation is within 30% for most of the investigated



conditions. According to the investigations in the paper (section 3.3), the monoliths with the SMR
reactions could provide a lower f'value if a larger Qwasn,rer value is set. The simplified model (equation
(4)) can be used for evaluating the importance of the radiation heat transfer compared with the

conductive heat transfer in the radial direction of monolithic reformers.

30% Y
® CFD model, square channels
B CFD model, monoliths without SMR reaction
5% CFD model, monoliths with SMR reactions .
. 4
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Fig. 3 The enhancement factor f calculated by the simplified model and the CFD model.
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