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a b s t r a c t
A 250-kW fuel cell reformer was numerically simulated with a user-deﬁned function that was designed
to simultaneously model reforming and combustion reactions. The calculation domain was a simpliﬁed
3-D conﬁguration. To investigate the effects of geometry and operating conditions on the hydrogen productivity, the combustor outlet position, fuel ratio, equivalence ratio, and steam to carbon ratio were variable parameters. The numerical results show that the ﬂow distributions in the furnace vary with respect
to the combustor outlet position. The varied ﬂow results in temperature distributions, which predicts the
nonuniform hydrogen productivity in each reactor. Measuring the temperatures at reactor centers is an
effective method for predicting the hydrogen productivity because the overall reforming reaction is
affected by the average reactor temperature, which can be estimated by the temperature at the reactor
center. The overall results for varying the operating conditions were summarized as a table by some nondimensional variables. By referring to the table, the proper operating conditions in similar reformer systems can be determined faster and more simply than by performing a conventional experiment.
Ó 2014 Elsevier Ltd. All rights reserved.

1. Introduction
The primary steam reforming reaction is strongly endothermic,
and reactor designs are typically limited by heat transfer, rather
than reaction kinetics [1]. Because the reforming process involves
complex chemical reactions, heat-ﬂow and reforming characteristics are difﬁcult to measure experimentally. Computational modeling of the reforming process is also challenging because the
reforming process includes both complex combustion and reforming reactions, which must be modeled simultaneously. Although
several numerical approaches have investigated steam reformers
[2–14], researchers have primarily examined the reformer system,
neglecting the combined behavior of reforming and combustion
reactions. These models typically consider parameters such as
the steam–carbon ratio (SCR), ﬂow rate in the reforming tube, size
and shape of the reformer, and temperature and pressure at the
tube inlet. Almost universally, they employed heat transfer empiricisms without solving the rate equations of the combustion
reactions. Therefore, this work focuses on the effects of geometry
and operating conditions on the reformer performance by
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simultaneously modeling the reforming reactor and the combustion furnace while accounting for the reaction kinetics. As outlined
by Xu and Froment [15], the kinetics of the steam–methane reaction was used to represent the reforming reaction, whereas an
eddy-dissipation model was used to simulate the combustion reaction in the furnace [16]. Both reaction kinetics were built into the
model with user-deﬁned functions (UDFs). The results of this work
provide insight into the operating conditions within the combustion furnace of a reformer, speciﬁcally 250-kW molten carbonate
fuel cells and solid oxide fuel cells (MCFCs and SOFCs, respectively). The steam reformer is simulated as a 3-D system, and the
simulation results are validated via experimental data. After this,
the effects of the combustor outlet position and the operating conditions, such as the combustor–reactor fuel ratio, equivalence ratio,
and SCR of the reformer system, are simulated and discussed.
2. Experiment
As shown in Fig. 1, a mixture of steam and methane gas passed
through the reactors ﬁlled with a nickel-based catalyst, where the
mixture was reformed. Heat was supplied from a combustion furnace that surrounds the reactors. Table 1 presents the experimental speciﬁcations, including the operating conditions and the
properties of the catalyst. Mass ﬂow controllers quantiﬁed the ﬂow
rates of methane and air. Water was delivered via a pump. For the
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Fig. 1. Schematic of experimental apparatus of reformer for 250-kW fuel cell.

Table 1
Speciﬁcations of reformer experiment for 250-kW fuel
cell.

conﬁguration were performed by a double-precision, pressurebased solver under steady-state condition.
3.1. Governing equations

Dimensions
Height of furnace (m)
Width of furnace (m)
Height of catalyst zone (m)
Volume of catalyst zone (L/EA)
Number of reactors (EA)

3.2
2.1
2.0
0.139
24

The 3-D governing equations of the conservation of mass,
momentum, and energy, as well as the species for the gas phase
are given as follows:

Operating conditions
Operating pressure (atm)
Inlet temperature of reformer (°C)
Flow rate of fuel to reactor (Nm3/h)
Flow rate of fuel to combustor (Nm3/h)

4
500
60
82

r  ðq~
v~
v Þ ¼ rp þ r  ðsÞ þ F

Catalyst properties
Ni, Total (wt%)
Shape
Outer diameter (mm)
Height (mm)
Hole diameter (mm)
Number of holes (EA)

>12
7 hole
16
11
3.4
7

reforming reaction, methane gas and water vapor were mixed and
preheated in a heat exchanger, and then supplied to the catalyst
via an inlet header. The reformed gas was gathered via an outlet
header and supplied to a stack of fuel cells or a gas chromatograph
for composition measurements. For the combustion reaction,
methane gas and air were supplied to the top of the furnace. The
fuel/air mixture reacted in the combustion furnace and supplied
heat to the reactor tubes and the heat exchanger.

r  ðq~
vÞ ¼ 0

ð1Þ
!

r  ð~
v ðqE þ pÞÞ ¼ r  ðkeff rT 

X !
h j J j Þ þ Sh

!

r  ðq~
v Y i Þ ¼ r  J i þ Ri

ð2Þ
ð3Þ
ð4Þ

F is the momentum source term, s is the stress tensor, keff is
where ~
Jj is the diffusion ﬂux of species j (dethe effective conductivity, ~
scribed in the next section). When the ﬂow is turbulent, the velocities and other solution variables in the governing equations
represent time-averaged values. The momentum source term, ~
F, includes the gravitational body force, Reynolds stresses which represent the effects of turbulences, and the external body forces of
porous-media. The energy source term, Sh, is comprised of the
chemical reaction heat and radiation. The species source term, Ri,
represents the net rate of production of species i by the chemical
reaction.
As shown in the Figs. 1 and 2, the reactor tubes which are treated as solid zones are included in the calculation domain. In the solid zones, the energy transport equation becomes the heat
conduction equation as indicated in the following expression:

3. Numerical model

0 ¼ r  ðks rTÞ

A computational ﬂuid dynamics (CFD) simulation was conducted using the commercial code, Fluent™, version 6.3.26 [17],
with an appropriate UDF to simulate both the reforming and the
combustion reactions. The reformer was simpliﬁed by applying
symmetry and removing the headers and the heat exchanger.
The calculation domain shown in Fig. 2 is a simpliﬁed version of
the complex 3-D conﬁguration. Calculations with the 3-D

where ks is the thermal conductivity of the solid.
The renormalization group (RNG) k  e model was adopted for
the turbulence calculations. The transport equations for the RNG
k  e model as follow:



@
@
@k
þ Gk þ Gb  qed
ðqkv i Þ ¼
bk leff
@xi
@xj
@xj

ð5Þ

ð6Þ
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Fig. 2. Sliced and magniﬁed views of simpliﬁed calculation domain of reformer for 250-kW fuel cell.
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thermal conductivity of NiO was given by Lewis and Saunders [21].
The properties of the solid materials are listed in Table 2.

ð7Þ
In these equations, Gk represents the generation of turbulence
kinetic energy due to the mean velocity gradients, Gb is the generation of turbulence kinetic energy due to buoyancy, and leff is the
effective viscosity. The quantities bk and be are the inverse effective
Prandtl numbers for k and e, respectively. The model constants C1e
and C2e, and C3e in Eqs. (6) and (7) have values derived analytically
by the RNG theory. Red is an additional term to make RNG model
more responsive to the effects of rapid strain and streamline curvature than the standard k  e model.
The discrete ordinates (DO) model was adopted for radiation
calculation. The DO radiation model solves the radiative transfer
equation (RTE) for a ﬁnite number of discrete solid angles, each
associated with a vector direction ﬁxed in the global Cartesian system. The DO model solves for as many transport equations as there
are the vector directions. The solution method is identical to that
used for the ﬂuid ﬂow and energy equations.
The treatment of the packed bed catalyst as a porous media is
described in our recent study [18]. The treatment of both single
species and gas mixture properties used in this study are also described in there.
3.2. Properties of solid materials
The components used in the experiments were made from
stainless steel (SUS310S), except for the ceramic board and the catalyst. The properties of stainless steel and the ceramic board were
obtained from the manufacturer speciﬁcations. The catalyst was
composed of Al2O3 and NiO, whose weight percentages were given
by the manufacturer. The density, speciﬁc heat, and thermal conductivity of Al2O3 were obtained from an online material database,
MatWeb [19]. The density of NiO was also acquired from MatWeb.
The speciﬁc heat of NiO was provided by Tomlinson et al. [20]. The

3.3. Reaction models
The steam–methane reforming reaction occurs on the nickelbased catalyst. The kinetic model of Xu and Froment [15] was
supplied to the code as a UDF for the simulation of the reaction
process. Three global reaction schemes are expressed as follows:

Reaction I : CH4 þ H2 O ! CO þ 3H2 ðsteam—methane reformingÞ
Reaction II : CO þ H2 O ! CO2 þ H2 ðwater—gas shiftÞ
Reaction III : CH4 þ 2H2 O ! CO2 þ 4H2 ðdirect steam—methane reformingÞ

In non-premixed ﬂames, turbulence slowly convects and mixes
the fuel and oxidizer into the reaction zones where they burn
quickly. In this study, a turbulence-chemistry interaction model,
called the eddy-dissipation model (EDM), was used to simulate
the combustion reaction. Methane combustion reaction is expressed as follows:

CH4 þ 2O2 ! CO2 þ 2H2 O ðMethane combustionÞ
See our recent study [18] for more details about reaction models such as rate equations, coefﬁcients, and constants of reforming
and combustion reactions.

Table 2
Properties of the solid materials.
Materials

q (kg/m3)

cp (J/kg  K)

k (W/m  K)

Tube (Alloy HK40)
Pipe (Alloy 800H)
Catalyst

8000
7940
4234

500.0
460.0
829.6

16.0
27.1
38.1
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3.4. Numerical method and boundary conditions
The governing equations were discretized using a control volume-based technique. The semi-implicit method for pressure
linked equations (SIMPLE) algorithm was applied to enforce mass
conservation and obtain the pressure ﬁeld. The second-order upwind scheme for calculating the convective ﬂux and the centraldifferencing scheme for calculating the diffusive ﬂux were used
at the control volume surface. A solution was deﬁned to have converged when the maximum residual was less than 103 and the
ﬁrst three signiﬁcant digits of the monitoring values did not
change. A no-slip condition, zero temperature gradient, and zero
species-concentration gradient were speciﬁed at the wall boundaries. To calculate the radiation, the wall boundaries were treated
as opaque walls [17].
4. Results and discussion
4.1. Model validation
To verify the composed UDF, the numerical results were validated with experimental results. The experimental data were selected from a literature by Lee et al. [3]. The experiment and the
numerical simulation were conducted with a simple cylinder
geometry. The boundary conditions and the physical parameters
of the numerical simulation were equivalent to those of the experiment. The boundary conditions and the physical parameters are
summarized in Table 3. Fig. 3 compares the simulation, experiment, and thermodynamics results of the dry species concentrations at the reactor outlet. The simulation result agreed well with
the experimental data.
Furthermore, the UDF code was validated using the physical reformer system considered in this study. The experiment with this
reformer system was conducted by Samsung Engineering Co.,
Ltd., and the experimental data were taken from the ﬁnal report
of the New and Renewable Energy Technologies Development Project of the Korea Institute of Energy Technology Evaluation and
Planning [22]. Table 4 compares the experimental and numerical
results of the reformer. The model with the UDFs yielded a standard deviation of 1.81%. Overall, the simulation results agreed well
with the experimental data, so the code was considered appropriate for further analyses of the reformer system.
4.2. Effects of geometry
As shown in Fig. 2, the reformer contains reforming reactor
tubes and a combustion furnace. To investigate the effects of
geometry on the performance of the steam–methane reformer,
the position of the combustor outlet was varied between the bottom and top of the furnace. The cases were designated by the position of the combustor outlet: at the bottom, middle, and top of the
combustion furnace, respectively. Respective cases were named as
Case Bottom (simply B), Case Middle (M), and Case Top (T). To
determine the overall ﬂow direction, the distributions of the

Table 3
Boundary conditions and physical parameters of UDF experiment.
Boundary conditions
Inlet temperature (°C)
Steam–carbon ratio
GHSV (h1)

480
3.0
5000

Physical parameters
Density of catalyst (kg/m3)
Porosity
Permeability (m2)

500
0.6
2.14  108
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temperature and the velocity vectors were observed at a speciﬁc
surface in the 3-D calculation domain. To investigate the effect of
the reactor position on the hydrogen productivity, the results are
summarized as plots for each reactor tube. For convenience, each
reactor tube was numbered. The numbering method of the reactor
tubes and the deﬁnitions of several zones are described in Fig. 4.
Fig. 5 shows that pathlines released for 8.0 s from the combustor inlets for each case where the pathlines were drawn. As shown
in Fig. 5, the fuel/air mixture ﬁrstly descends to the bottom of the
combustion furnace and then spreads to the sidewalls of the furnace. The ﬁgure also shows that most upward pathlines lean toward the corners of the furnace. This ﬂow pattern is exhibited by
all cases. However, the ﬂow distributions in the upper region of
the furnace are signiﬁcantly different in each case. For Case B,
the dominant ﬂow is opposite the exit. For Case T, the ﬂow opposite the exit is weak, while the dominant ﬂow is at the corner adjacent to the exit. For Case M, the ﬂow is relatively uniform as
compared to the other cases. In Fig. 5a and b, the three pathlines
exit at the outlet of the combustor. In addition, the exit times of
the pathlines for Case B are shorter than that those for Case M.
In Fig. 5c, however, no pathline exits at the outlet of the combustor
within 8 s. Because the pathlines for the ﬁrst 8.0 s represent the
early stage of combusted hot gas ﬂow, Case B experiences
the greatest amount of heat loss, whereas Case T experiences the
smallest amount of heat loss.
In Fig. 6, the temperature contours with the velocity vectors are
shown on a plane across from the reactor centers (plane at z1). For
the visualization of the smaller velocity vectors, all the vectors
were scaled and the vectors with velocities higher than 3 m/s were
removed. As shown in Fig. 6, the distributions of the velocity vectors for each case vary. In Fig. 6a, the velocity vectors to the left of
the reactor are pointed upward whereas those to the right of the
reactor are pointed downward. In Fig. 6b, the velocity vectors in
the upper and lower regions of the furnace are also opposite. In
Fig. 6c, the velocity vectors to the left of the reactor are pointed upward until the middle of the reactor, and then, they are pointed
downward from the top to the middle of the reactor. However,
the velocity vectors to the right of the reactor are all pointed upward. As shown in Fig. 6, the bright region is the smallest for Case
B and largest for Case T. This means that the overall temperature of
the furnace is lowest for Case B and highest for Case T. This can be
explained by the fact that Case B has the greatest amount of heat
loss and Case T has the smallest amount of heat loss. The bright regions are located in the lower side of the furnace, which means
that the upward ﬂows from the bottom of the furnace direct hot
burned gas to the middle of the furnace.
Consequently, by varying the positions of the combustor outlets, the ﬂow distributions in the furnace are altered, resulting in
different temperature distributions that predict the nonuniform
hydrogen productivity in each reactor.
Fig. 7 shows some averaged values along the reactors. Fig. 7a
shows the total surface heat ﬂux, surface radiation heat ﬂux, and
reactor temperature. Fig. 7b shows the accumulations of heat
ﬂuxes. The surface at which the heat ﬂux was calculated is the area
surrounding the catalyst region, as depicted in Fig. 4. To identify
the overall heat ﬂux characteristics of the reformer, the values presented in Fig. 7 were averaged for all reactor tubes. As shown in the
ﬁgure, the heat transfer from radiation is minor and the effect of
the geometry on the radiation heat transfer is insigniﬁcant. The ﬁgure also shows that the reactor temperature as well as the total
heat ﬂux of Case T is higher than those of Case B. This is the same
trend as that observed in the results of Figs. 5 and 6. The proﬁles of
the total surface heat ﬂux and the reactor temperature for Case M
are the lowest among all three cases until a normalized reactor
length of approximately 0.35. After that, the total heat ﬂux of Case
M is the highest among all three cases and the reactor temperature
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Fig. 3. Comparison of experimental and numerical results. (a) Temperature along reactor using optimized parameters. (b) Dry species concentrations at reactor outlet with
the thermodynamic result.

Table 4
Comparison of experimental and numerical results of reformer for 250-kW fuel cell.
Experimental
results
Dry concentration of CH4
(mol%)
Dry concentration of CO
(mol%)
Dry concentration of H2
(mol%)
Dry concentration of CO2
(mol%)
Standard deviation (%p)

Numerical
results

Deviation
(%p)

5.37

4.30

1.07

14.35

16.83

2.48

72.98

73.19

0.21

7.26

5.67

1.59
1.81

of Case M is higher than that of only Case B. At the end of the reactor, the average reactor temperature of Case M is higher by approximately 30 K than that of Case B. Referring to Fig. 6b, the upward
velocity vectors from the bottom of the furnace, which is a hot region, increase until a normalized reactor length of approximately
0.35. Because convection dominates the heat transfer and the convective heat transfer is strongly inﬂuenced by the ﬂow distributions in the furnace, it is concluded that the difference in the
temperature proﬁles is due to the geometric variations that alter
the ﬂow distributions in the furnace.
As discussed above, because the ﬂow in the combustion furnace
is not uniform, the performance differs for each reformer tube. To
investigate the effect of the positions of the tubes on the hydrogen
productivity, temperatures along the all reactor tubes are presented in Fig. 8. Fig. 8a, c, and e show the temperature proﬁles
for the front side of the reactors (i.e., reactor tubes #4–#9) whereas
Fig. 8b, d, and f show the temperature proﬁles for the left and right
side of the reactors (i.e., reactor tubes #1–#3 and #10–#12, respectively). The comparison of results of Case B between Fig. 8a and b
reveals that the reactor temperatures of the front side of the
reactors are lower than those of the right side of the reactors
(i.e., #1–#3) and higher than those of the left side of the reactors
(i.e., #10–#12). Beginning at the front side of the reactors, the reactor temperatures decrease as the measurements are taken toward
the right side. This can be explained by the hot burned gas that
ﬁrstly proceeds toward the left side of the furnace and then moves
toward the right side of the furnace, as shown in Figs. 5a and 6a.
Because the ﬂow toward the left side of the furnace supplies some
heat to the left side of the reactors, the temperature of the ﬂow directed at the right side of the furnace decreases. Thus, the right side
of the reactors receives less heat than does the left side of the

reactors. This ﬂow characteristic yields the temperature variations
among different reactors.
As shown in Fig. 8e and f, the results of Case T and B are opposite. The temperatures of the right side of the reactors are higher
than those of the left side. The hot burned gas ﬁrstly proceeds toward the right side of the furnace, as shown in Figs. 5c and 6c.
As shown in Fig. 8c and d, the overall trend of Case M is similar
to that of Case B. This means that the overall ﬂow direction of Case
M is also similar to that of Case B. These two cases differ in terms of
the temperatures at the ends of the reactors. For Case B, the temperature variations at the ends of the reactors are greater than
them for Case M. For quantitative comparison, the coefﬁcients of
variation (COV) were obtained for each case. A COV is deﬁned as
the ratio of the standard deviation to the mean. Table 5 shows
COV values of some results indicating reformer performances such
as average reactor temperature (Tavg), fuel consumption rate (cfuel),
reformer efﬁciency for syngas (gsyngas) and reformer efﬁciency for
hydrogen (ghydrogen). The fuel conversion rate is one of the most
widely used parameters for evaluating the reformer performance,
and it is deﬁned as





_
m

cfuel ¼ 1  _ CH4 @reactor outlet  100½%
mCH4 @reactor inlet

ð8Þ

To express the hydrogen productivity in terms of efﬁciency, the
thermal efﬁciencies for syngas and hydrogen are deﬁned as

gsyngas ¼

_ H2  LHV H2 þ m
_ CO  LHV CO
m
_ CH4 @total fed  LHV CH4
m
_
m

 LHV

H2
H2
ghydrogen ¼ _
mCH4 @total fed  LHV CH4

ð9Þ

ð10Þ

As shown in Table 5, The COV values are reduced more than 50%
when the combustor outlet position is moved from the bottom of
the furnace to the middle. Since the average temperature of the
reactors are similar, this signiﬁcant decrease of the COV values
can be explained by the relatively uniform ﬂow distribution of Case
M. In the COV values of Tavg, Case T is higher than Case M. In the
COV values of the other results (i.e., cfuel, gsyngas, and ghydrogen),
however, Case T and Case M are not so different. Since Case T has
higher reactor temperature than Case M, it can be concluded that
the COV values of gsyngas and ghydrogen are reduced when the reactor
temperature increases and the reaction occurs sufﬁciently.
In Fig. 9, the results at the reactor outlets for different
geometries are shown. The results are summarized as the plots
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Fig. 4. Numbering method of the reactor tubes and deﬁnitions of several zones.

of temperature, cfuel, gsyngas, and ghydrogen, respectively. As shown in
Fig. 9a, the outlet temperatures of Case B and Case M have similar
trends (in order of reactor tube numbers: increase ? decrease ? increase). The outlet temperatures of Case T show a trend
opposite to the other two cases (decrease ? increase ? decrease).
The results shown in the ﬁgures represent the temperature proﬁles
along the reactor (i.e., Fig. 8). Fig. 9a also shows that the outlet
temperatures of Case B are higher than those of Case M. As shown
in Fig. 9b–d, however, the higher temperature does not always
indicate a higher hydrogen productivity. Although the outlet temperatures of Case M are lower than those of Case B, cfuel, gsyngas, and
ghydrogen of Case M are higher than those of Case B in some reactors.
Nevertheless, temperature is still an effective parameter that is
easily measured and predicts the hydrogen productivity. Overall,
Case T has a higher temperature than the other cases, and also

possesses a better hydrogen productivity in terms of cfuel, gsyngas,
and ghydrogen.
Fig. 10 shows the average reactor temperature and temperatures measured at 3 different points. The 3 points are outlet of
reactor, end and center of reaction zone (see Fig. 4). Although the
temperature can be a good measurement that predicts the hydrogen productivity, the temperatures differ according to the measuring point. Among the 3 points, comparison of Fig. 9 with Fig. 10
reveals that the trends of the parameters representing the hydrogen productivity are similar to the trends of the temperatures
measured at the reactor centers. In addition, the Fig. 10 shows that
the proﬁles of the temperatures measured at reactor centers are
parallel to them of the average temperatures, and therefore can
be representative values of each reactor. This indicates that the
overall reforming reaction is affected by the average reactor
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Fig. 5. Pathlines released from combustor inlets for (a) Case B, (b) Case M, and (c) Case T.

Fig. 6. Temperature contours with velocity vectors at z1 plane for (a) Case B, (b) Case M, and (c) Case T.

Fig. 7. Averaged values along reactor. (a) Reactor temperatures, total surface heat ﬂux, and radiation heat ﬂux. (b) Accumulations of total surface heat ﬂux and radiation heat
ﬂux.

temperature. In conclusion, measuring the temperatures at the
reactor centers is a more effective method for predicting
the hydrogen productivity than measuring the temperatures at
the reactor ends or outlets.

4.3. Effects of combustor–reactor fuel ratio
In the reformer system, the selection of the operating conditions is crucial for maximizing the efﬁciency of the reformer. In this
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Fig. 8. Temperature proﬁles along reactor (a) in tubes #4–#9 for Case B, (b) in tubes #1–#3 and #10–#12 for Case B, (c) in tubes #4–#9 for Case M, (d) in tubes #1–#3 and
#10–#12 for Case M, (e) in tubes #4–#9 for Case T, (f) in tubes #1–#3 and #10–#12 for Case T.

Table 5
COV values of results that indicating reformer performances for different geometries.
COV (%)

Average reactor temperature
(Tavg)

Fuel consumption rate
(cfuel)

Reformer efﬁciency for syngas
(gsyngas)

Reformer efﬁciency for hydrogen
(ghydrogen)

Case
bottom
Case middle
Case top

0.99

0.11

0.65

0.46

0.46
0.69

0.04
0.05

0.26
0.28

0.21
0.21
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Fig. 9. The results at the reactor outlets for different geometries. (a) Outlet temperatures. (b) Fuel consumption rates. (c) Reformer efﬁciencies for syngas. (d) Reformer
efﬁciencies for hydrogen.

study, the fuel ratio, which is deﬁned as the ratio of the methane
ﬂow rate in the combustor to that in the reactor, was designated
as an operating parameter. This fuel ratio was varied from 40% to
140% (with 8 discrete points) by changing the methane ﬂow rate

Fig. 10. Average reactor temperatures and temperatures measured at 3 different
points.

of the combustor. The SCR ratio and the methane ﬂow rate of the
reactor were both ﬁxed. The experiment was carried out at a
137% fuel ratio.
Fig. 11 shows the behavior of the system with respect to the fuel
ratio. The results are summarized by plots of the reformate gas
compositions, temperatures, and parameters representing the
hydrogen productivity (i.e., cfuel, gsyngas, and ghydrogen). In Fig. 11a,
it can be seen that as the fuel ratio increases, the temperature at
the reactor outlet and the mole fractions of the products of MCFC
and SOFC devices (i.e., H2 and CO) increase but the mole fractions
of the reactants (i.e., CH4 and H2O) decrease. As the fuel ratio increases, the temperature at the reactor outlet increases linearly.
However, increasing the fuel ratio above 100% has a negligible effect on the amount of the reformed products for MCFC and SOFC
devices. Fig. 11b shows that the cfuel increases as the fuel ratio increases. When the fuel ratio increases, the heat of combustion also
increases so the methane conversion is increasingly activated. Conversely, the gsyngas and ghydrogen are maximized when the fuel ratio
is 80%. Because the reformer efﬁciencies have a term including the
methane ﬂow rate of the combustor, they can be decreased if the
effect of increasing the fuel ratio on the syngas production is reduced. This means that a higher fuel ratio does not guarantee higher production rates. For maximum reformer efﬁciencies, the fuel
ratio should be maintained 80%, an equivalence ratio of 1.1, and
an SCR of 4. There is a disadvantage in the fuel consumption rate
when lowering the fuel ratio.
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4.4. Effects of combustor equivalence ratio
Because combustion is a chemical reaction between fuel and air,
it is signiﬁcantly affected by the composition of a fuel/air mixture.
The fuel/air (F/A) equivalence ratio is deﬁned using a mixture composition as [23]

/¼

ðF=AÞactual
ðF=AÞstoich:

ð11Þ

In our study, the equivalence ratio was adjusted from 0.4 to 1.2
(with 6 discrete points) at a ﬁxed fuel ratio and a ﬁxed fuel ﬂow
rate. In the experiment, the equivalence ratio was / = 1.1 (and the
fuel ratio was 137%). Fig. 12a shows that the temperature of the
reactor outlet is highest at / = 1.0, indicative of a stoichiometric
mixture. When the fuel mixture was leaner or richer than the stoichiometric fuel mixture, the reaction rates decreased. When / was
higher than 1.0, some unburned methane exited the combustor outlet. This suggests that the temperature reduction for the richer equivalences was caused by an incomplete combustion process
resulting from a shortage of an oxidizer. When / was less than
1.0, some unburned methane also exited the combustor outlet. This
case, however, is not due to a shortage of an oxidizer, because it is a
lean mixture. As / decreases, the air ﬂow rate increases and so the
residence time of mixture gas decreases. This lack of residence time
reduces the reaction time, which results in incomplete combustion.
As shown in Fig. 12b, the case of a stoichiometric mixture yielded
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the largest reformer efﬁciencies as well as reaction rates. Thus, for
maximum reformer efﬁciencies, the equivalence ratio must be ensured to be stoichiometric.
4.5. Effects of SCR
The SCR is the primary parameter of the reformer operation. In
this study, the SCR was varied from 2.0 to 4.0 (with 5 discrete
points) by ﬁxing the mass ﬂow rate of the reactor and combustor.
The experiment was carried out at an SCR of 4.0.
Fig. 13 shows the results with respect to the SCR. The reformed
gas was collected after the separation of the steam; various SCRs
contain different amounts of steam. Dry mole fractions, i.e., mole
fractions without the component of steam (H2O), were used to
indicate the reformate gas compositions. As shown in Fig. 13a,
the temperature at the reactor outlet decreased as the SCR decreased. Additionally, as the SCR decreased, the dry mole fractions
of H2 and CO2 decreased slightly, whereas the dry mole fractions of
CO and CH4 increased accordingly. This indicates that the water–
gas shift (WGS) reaction that converts CO to CO2 – was increasingly
activated under conditions of higher SCR. In general, the effect of
the SCR variation on the reformate gas compositions is minor. As
shown in Fig. 13b, the cfuel decreased as the SCR decreased,
whereas the reformer efﬁciencies increased. Because the mass ﬂow
rate of the reactor was ﬁxed, decreasing the SCR caused an increase
in the methane mass ﬂow rate, which decreased the fuel ratio. The

Fig. 11. The results for (a) reformate gas compositions and temperatures at reactor outlet, (b) fuel consumption rates and reformer efﬁciencies with respect to fuel ratio.

Fig. 12. The results for (a) reformate gas compositions and temperatures at reactor outlet, (b) fuel consumption rates and reformer efﬁciencies with respect to equivalence
ratio.
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Fig. 13. The results for (a) reformate gas compositions and temperatures at reactor outlet, (b) fuel consumption rates and reformer efﬁciencies with respect to SCR.

Table 6
Summary of data for various operating conditions.
No.

GHSV/103

SCR

Fuel ratio

/

Volume ratio

cfuel

gsyngas

ghydrogen

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17

0.899
0.899
0.899
0.899
0.899
0.899
0.899
0.899
0.899
0.899
0.899
0.899
0.899
0.899
0.899
0.899
0.899

4.000
4.000
4.000
4.000
4.000
4.000
4.000
4.000
4.000
4.000
4.000
4.000
4.000
2.000
2.500
3.000
3.500

137%
40%
50%
60%
80%
100%
120%
140%
137%
137%
137%
137%
137%
68%
85%
103%
120%

1.100
1.100
1.100
1.100
1.100
1.100
1.100
1.100
0.400
0.600
0.800
1.000
1.200
1.100
1.100
1.100
1.100

41.30
41.30
41.30
41.30
41.30
41.30
41.30
41.30
41.30
41.30
41.30
41.30
41.30
41.30
41.30
41.30
41.30

99.40%
90.73%
92.17%
93.89%
96.46%
98.04%
99.02%
99.49%
90.50%
95.99%
98.74%
99.68%
99.13%
97.51%
98.58%
98.94%
99.22%

51.21%
43.12%
46.93%
51.48%
55.79%
55.76%
53.83%
50.75%
24.86%
41.02%
49.21%
52.06%
50.39%
64.01%
61.07%
57.38%
54.14%

39.89%
38.61%
40.94%
43.65%
45.50%
44.41%
42.24%
39.50%
22.17%
33.58%
38.77%
40.31%
39.48%
48.24%
46.45%
44.03%
41.88%

relevant fuel ratios of SCRs of 2, 3, and 4 were about 80%, 110%, and
140%, respectively. A comparison of Figs. 11b and 13b showed that
the cfuel, gsyngas, and ghydrogen are higher when the SCR is lower under similar fuel ratio conditions. For both higher cfuel, gsyngas, and
ghydrogen, it is most effective to decrease the SCR by ﬁxing the fuel
ratio. Because a lower SCR may result in the problem of carbon
deposition during the operation of the reformer, the operating conditions should be properly determined.

4.6. Data summary for varying operating conditions
The overall results for varying the operating conditions can be
summarized by ﬁve variables. Three of the variables are the parameters in the case study: fuel ratio, equivalence ratio, and SCR. The
other two are the gas hourly space velocity (GHSV) and a volume
ratio. The GHSV is a type of characteristic time and is deﬁned as
the ratio of the volumetric ﬂow rate of the reactor to the reactor
volume (i.e., Vreactor/Vreactor). The volume ratio is deﬁned as the ratio of the combustor volume to the reactor volume (i.e., Vcombustor/
Vreactor) which speciﬁes the scale of difference between the combustor and the reactor. The main output results, which represent
the hydrogen productivity, were selected to be the cfuel, gsyngas,
and ghydrogen. The summarized results are shown in Table 6. By
referring to the table, the proper operating conditions in similar reformer systems can be determined faster and more simply than by
performing a conventional experiment.

5. Conclusions
A 250-kW fuel cell reformer was numerically simulated with a
UDF that is composed for simultaneously modeling reforming and
combustion reactions. The calculation domain was a simpliﬁed 3-D
conﬁguration. For the purpose of validation, the numerical results
were compared with experimental data. To investigate the effects
of geometry and operating conditions on the hydrogen productivity, the position of the combustor outlet, fuel ratio, equivalence ratio, and SCR were considered as variable parameters.
The numerical results show that the positions of the combustor
outlets affect the ﬂow distributions in the furnace, resulting in different temperature distributions, which predict the nonuniform
hydrogen productivity in each reactor. The ﬂow distribution and
the COVs of the reformer performances were the most uniform
for the case in which the combustor outlet is located at the middle
of the furnace. This indicates that a uniform ﬂow distribution in the
furnace yields uniform reactor performances. Although the higher
temperature does not always result in a higher hydrogen productivity, the temperature is still an effective parameter that is easily
measured and predicts the hydrogen productivity. Moreover, measuring the temperatures at reactor centers is an effective method
for predicting the hydrogen productivity because the overall
reforming reaction is affected by the average reactor temperature,
which can be estimated by the temperature at the reactor center.
The numerical results also show that a higher fuel ratio does not
guarantee higher production rates, although it does enhance the
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fuel consumption rate. For maximum reformer efﬁciency, the fuel
ratio should be maintained at 80% with an equivalence ratio of
1.1 and an SCR of 4.0. There is a disadvantage in the fuel consumption rate when lowering the fuel ratio. The hydrogen productivity,
including the fuel consumption rate and the reformer efﬁciency,
are highest at / = 1.0, which is indicative of a stoichiometric mixture at a fuel ratio of 137% and an SCR of 4.0. When the fuel mixture was leaner or richer in oxidizers than was the stoichiometric
fuel mixture, the performances degraded. For both a higher fuel
consumption rate and higher reformer efﬁciencies, decreasing
the SCR ratio by ﬁxing the fuel ratio is effective. However, the operating conditions should be properly determined to avoid the problem of carbon deposition during the operation of the reformer.
The overall results for varying the operating conditions are
summarized as a table with respect to the variable parameters.
The proper operating conditions in similar reformer systems can
be determined more quickly and easily via the table than by performing a conventional experiment.
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