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bstract

Due to its heat integration utility, heat exchange reformer (HER) is suitable to use for PEMFC-based residential power generation system. Since
ynamics response of reformer affects overall dynamics of fuel processing system, response of HER with step change in various input parameters
lso needs to be studied. In this study, we present an improved distributed dynamic model for HER which is capable of computing load following
haracteristics. The dynamic model consists of 20 partial differential equations which are discritized using spline collocation on finite elements.

esulting differential equations along with boundary conditions are solved by stiff solver which utilizes variable order method based on numerical
ifferentiation formulae. Step variations in various input parameters are considered and dynamic response of HER is simulated at those variations.
he results provide valuable information about dynamic nature of HER which can be used to frame suitable control strategy.
2006 Published by Elsevier B.V.
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. Introduction

In the last decade, interest in cleaner energy technologies
uch as fuel cells has increased significantly, particularly for
ower generation and automobile applications. The fuel pro-
essing system for residential power generation system based
n PEMFC is explained in Fig. 1. The incoming natural gas
s heated and desulphurised first. The steam is then added and

ethane–steam mixture is sent to the reformer. The reformate
as is cooled and passes through the first shift converter where
ajority of carbon monoxide is converted to carbon dioxide.
he remaining carbon monoxide is removed in second shift
onverter. To obtain allowable levels of carbon monoxide the
ydrogen rich gas is sent to PROX reactor where it is oxidized
o carbon dioxide. The exit gas is sent to fuel cells to generate
lectricity.

The high endothermicity of the reforming reaction and lim-

ted wall heat transfer coefficients necessitate considerable
nergy input requirement in reformer [1]. Hence, in such cir-
umstances, the integration of heat duties plays an important

∗ Corresponding author. Tel.: +1 813 974 3566; fax: +1 813 974 3566.
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ole to keep the reactor compact and, at the same time, producing
he required amount of hydrogen. The methane heat exchange
eformer (HER) designed by Haldor–Topsoe utilizes the concept
f integrating different heat duties which results into complex
ow arrangement for such reactor. Here, a combination of co-
urrent and countercurrent flow arrangements between flue gas
nd process gas is devised to maximize the heat recovery. The
ER has been used before for 250 kW Unocal MCFC demon-

tration project in USA and also for Dutch 50 kW MCFC system
2]. Due to its heat integration utility, such reactor can also
e used to PEMFC-based residential power generation system.
nother important requirement for reformer in the fuel process-

ng system for residential power generation system is that they
hould operate in such a manner that it shows rapid response to
he load change and also have flexible controllability. This moti-
ates to design HER suitable for use in PEMFC-based residential
ower generation system and analyze its dynamic performance.

A previous simulation study on methane heat exchange
eformer for MCFC power generation system simplified the
odel by considering each catalyst bed as a well-mixed
eactor [2]. Since such simplifications do not represent the
xed bed reactors with reasonable accuracy, we present an

mproved dynamic model without the assumption of the well-
ixed reactor suitable for use for PEMFC-based residential

mailto:sunol@eng.usf.edu
dx.doi.org/10.1016/j.jpowsour.2006.03.061
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Nomenclature

cp heat capacity (J kg−1 K−1)
cpi heat capacity of component i (J kg−1 K−1)
C concentration (mol m−3)
d hydraulic diameter (m)
Ep activation energy (J mol−1)
h wall heat transfer coefficient (W m−2 K−1)
Hi enthalpy of ith species (J mol−1)
�Hj heat of reaction of jth reaction (J mol−1)
�H298 heat of reaction at 298 K (J mol−1)
kg thermal conductivity of gas
kw thermal conductivity of wall
ki rate constant of reaction i
Kej equilibrium constant of jth reaction
L length of each catalyst bed (m)
Nu Nusselt number (=dh/kg)
P partial pressure (Pa)
R universal gas constant (J mol−1 K−1)
Re Reynolds number (=duρg/kg)
Rr,i rate of reaction i (mol s−1 kg−1 catalyst)
rr,i rate of generation of component i in reformer

(mol s−1 kg−1 catalyst)
Sr heat transfer area per unit volume (m2/m3)
t time (s)
tw thickness of wall (m)
T temperature (K)
Tref reference temperature (298 K)
u superficial velocity (m s−1)
z length of reactor (m)

Greek symbol
ρ density (kg m−3)

Subscripts
g gas
i ith reactant
j jth reaction
f flue gas
f1 first flue gas channel
f2 second flue gas channel
p1 process gas channel
p2 product gas channel
r catalyst bed
r1 first catalyst bed
r2 second catalyst bed
w wall
w1 first wall
w2 second wall
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w3 third wall
w4 fourth wall
ower generation system. The model consists of 12 partial
ifferential equations which are descritized using orthogonal
pline collocation on finite elements. The resulting ordinary
ifferential equations along with boundary conditions are

C
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olved numerically and dynamic performance of HER for step
ariations in various input parameters is simulated.

. Reactor geometry

As shown in Fig. 2 [3], the Haldor–Topsoe HER comprises
f pressure vessel, two catalyst bed and burner. The reformer
uel is combusted in the burner located at the bottom of the
ressure vessel. Feed gas flows downwards through first catalyst
ed where it is heated by convection from both the flue gas and
he reformed product gas, both flowing countercurrent to the
eed. After leaving the first catalyst bed, the partially reformed
as is fed to the top of second catalyst bed where it is heated
y flue gas and the partially reformed process gas as shown in
ig. 2. Both catalyst beds are filled with Ni/MgO–Al2O3 catalyst
here steam reforming of methane takes place. It is also clear

rom Fig. 1 that the section of the reactor to the left of the burner
hannel consists of six channels including two channels for fixed
ed reactor, two channels for the process gas and the outer two
hannels for the flue gas flow. Each channel of the reactor is
onsidered to have rectangular cross section. Due to symmetry
f the reactor, only one section of the reactor is modeled.

. Reaction-scheme and kinetics

.1. Reformer

Steam reforming of methane takes place in presence of the
i/MgO–Al2O3 catalyst which is described by following reac-

ion.

H4 + H2O ↔ CO + 3H2, �H298 = 206 kJ mol−1 (1)

O + H2O ↔ CO2 + H2, ∆H298 = −41 kJ mol−1 (2)

H4 + 2H2O ↔ CO2 + 4H2, ∆H298 = 165kJ mol−1 (3)

inetic information for these reactions is taken from Xu and
roment [4].

r,1 = k2

P2.5
H2

(
PCH4PH2O − P3

H2
PCO

Ke1

)
1

Q2
r

(4)

r,2 = k3

PH2

(
PCOPH2O − PH2PCO2

Ke2

)
1

Q2
r

(5)

r,3 = k4

P3.5
H2

(
PCH4P

2
H2O − P4

H2
PCO2

Ke3

)
1

Q2
r

(6)

here

r = 1 + KCOPCO + KH2PH2 + KCH4PCH4 + KH2OPH2O

PH2

.2. Burner
Reaction scheme for the burner is as below

H4 + 2O2 ↔ CO2 + 2H2O, ∆H298 = −802.3 kJ mol−1

(7)
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Fig. 1. Fuel p

.5O2 + H2 ↔ H2O, ∆H298 = −241.8 kJ mol−1 (8)

O + 0.5O2 ↔ CO2, ∆H298 = −283 kJ mol−1 (9)

he rate equations for catalytic combustion are not included
n the model equations. Assuming that combustion reactions
re comparatively faster than stem reforming reaction, flue gas
emperature and composition at burner outlet can be obtained
rom equilibrium calculations.

. Simulation model

Both fixed bed catalyst beds are modeled as one-dimensional
seudo-homogenous reactor of the equal length and of equal
atalyst bed density. In order to simplify the model, following
ssumptions are made:

Pressure inside both the flue gas and the reformer channels is
assumed to be constant.
Conduction and convection are assumed to be predominant
heat transfer mechanism while radiation effect is neglected.
Heat loss to surroundings is neglected.
Both the process gas and the fuel gas are treated as ideal gas.

.1. Mass balance equations
Based on these assumptions stated before, mass balance equa-
ions can be expressed as partial differential equations as follows:

Fig. 2. Schematic diagram of the reactor [3].

•

•

•

•

sing system.

First catalyst bed:

∂Cr1,i

∂t
= −ur

∂Cr1,i

∂z
+ ρrrr1,i, i = 1–5 (10)

Second catalyst bed:

∂Cr2,i

∂t
= −ur

∂Cr2,i

∂z
+ ρrrr2,i, i = 1–5 (11)

.2. Energy balance equations

Similarly, energy balance equations are given by partial dif-
erential equations. Here, the first and the second wall refer to
he two opposite sides of the second catalyst bed along which
he gas flow occurs. Similarly, the third and the fourth wall form
he opposite sides of the second catalyst bed. The first flue gas
hannel and the first process gas channel are on the opposite
ides of the second catalyst bed while the second flue gas chan-
el and the second preheat channel are on the opposite sides of
he first catalyst bed as shown in Fig. 3. With this introduction of
he nomenclature, the energy balance equations can be written
s follows:

First catalyst bed:

ρrcpr1

∂Tr1

∂t
= −uρrcpr1

∂Tr1

∂z
+ ρr

3∑
j=1

Rr1,j(−�Hr1,j)

+ hr1Sr1(Tw4 − Tr1) + hr1Sr1(Tw3 − Tr1)

(12)
Second catalyst bed:

ρrcpr2

∂Tr2

∂t
= −uρrcpr2

∂Tr2

∂z
+ ρr

3∑
j=1

Rr2,j(−�Hr2,j)

+ hr2Sr2(Tw1 − Tr2) + hr2Sr2(Tw2 − Tr2)

(13)
Flue gas channel 1:

ρfcpf

∂Tf1

∂t
= −ufρfcpf

∂Tf1

∂z
+ hf1Sf1(Tw1 − Tf1) (14)

Flue gas channel 2:

ρfcpf

∂Tf2

∂t
= −ufρfcpf

∂Tf2

∂z
+ hf2Sf2(Tw4 − Tf2) (15)
Process gas channel:

ρp1cpp1

∂Tp1

∂t
= −urρp1cpp1

∂Tp1

∂z
+ hp1Sp1(Tw2 − Tp1)

(16)



506 K.S. Patel, A.K. Sunol / Journal of Power Sources 161 (2006) 503–512

F : (a) p

•

•

•

•

•

T
e

s

ig. 3. Dynamic behavior of HER for 15% step increase in inlet process gas flow

Product gas channel:

ρp2cpp2

∂Tp2

∂t
= −urρp2cpp2

∂Tp2

∂z
+ hp2Sp2(Tw3 − Tp2)

(17)

First wall:

ρwcpw

∂Tw1

∂t
=kw

∂2Tw1

∂z2 + hf1

tw
(Tf1 − Tw1) + hr1

tw
(Tr1 − Tw1)

(18)

Second wall:

ρwcpw

∂Tw2

∂t
=kw

∂2Tw2

∂z2 +hp1

tw
(Tp1 − Tw2) + hr1

tw
(Tr1 − Tw2)
(19)

Third wall:

ρwcpw

∂Tw3

∂t
=kw

∂2Tw3

∂z2 +hp2

tw
(Tp2 − Tw3) + hr2

tw
(Tr2 − Tw3)

(20)

C

C

T

T

roduct gas composition, (b) product gas flow rate and (c) exit gas temperatures.

Fourth wall:

ρwcpw

∂Tw4

∂t
=kw

∂2Tw4

∂z2 + hf2

tw
(Tf2 − Tw4) + hr1

tw
(Tr1 − Tw4)

(21)

he following boundary conditions are added to the modeling
quations.

Here, the top of each channel and each catalyst bed is con-
idered as z = 0 and the bottom as z = L.

At z = 0

∂Tw1(t)

∂z
= ∂Tw2(t)

∂z
= ∂Tw3(t)

∂z
= ∂Tw4(t)

∂z
= 0 (22)

r1,i(t) = Cr1,i(0), i = 1–5 (23)

r2,i(t)|z=0 = Cr1,i(t)|z=L, i = 1–5 (24)
r1(t) = Tr1(0) (25)

r2(t)|z=0 = Tp1(t)|z=L (26)
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step decrease in process gas flow rate, it is found that methane
composition decreases from 3.85% to 1.74% with net gain of
−2.11% while hydrogen composition increases from 49.72% to
53.3% with net gain of 3.58%. Results show that all responses

Table 1
Design specifications and operating conditions for the base case

Design specification/operating condition Value

Length of each catalyst bed 1 m
Reformer channel thickness 0.01 m
Thickness of each flue gas channel thickness 0.01 m
Thickness of each preheat channel thickness 0.01 m
Reformer catalyst bed density 100 kg m−3

Wall thickness 1 × 10−3 m
Reformer pressure 2 bar
Burner pressure 8 bar
K.S. Patel, A.K. Sunol / Journal o

oundary conditions at z = L

∂Tw1(t)

∂z
= ∂Tw2(t)

∂z
= ∂Tw3(t)

∂z
= ∂Tw4(t)

∂z
= 0 (27)

r2(t)|z=L = Tp2(t)|z=L (28)

.3. Heat transfer coefficients

The reformer wall heat transfer coefficient is estimated from
orrelation (29) [5].

u = 0.027CC(Re)0.8(Pr)0.33 (29)

here CC is constant which depends on size of the catalyst par-
icles.

Depending on the type of the flue gas flow, the heat transfer
oefficient can be estimated from following correlations [6].

For laminar flow of the flue gas:

u = 1.86

(
RePr

d

L

)1/3

(30)

or turbulent flow of the flue gas:

u = 0.027(Re)0.8(Pr)0.33 (31)

.4. Fluid, catalyst and wall properties

Thermal conductivity of fuel gas can be expressed as a func-
ion of temperature from (32) [7].

g = 1.679 × 10−2 + 5.073 × 10−5T (32)

nthalpy of component iin reformer gas is given by (33):

i =
∫ T

Tref

cpi dT (33)

eat capacity of gas species is evaluated as a function of tem-
erature from (34):

pi = a + bT + cT 2 (34)

iscosity of reformer gas mixture is evaluated as function of con-
entration and temperature using corresponding states methods
8].

Thermal conductivities and heat capacities of reformer cat-
lyst is taken as that of alumina [6]. Thermal conductivity and
eat capacity of wall is taken as that of iron [6]. Thermal con-
uctivities of individual gas species is taken from [9]. From
omponent thermal conductivity, mixture thermal conductivity
an be estimated using method of Linsay and Bromley [10].

.5. Numerical technique

The set of 20 partial differential equations ((10)–(21)) are dis-
ritized using orthogonal spline collocation on finite elements

11]. The reactor length is divided into 10 intervals with two
ollocation points in each interval. Discritized partial differen-
ial equations along with boundary conditions form system of
tiff differential algebraic equations which are solved using stiff

S
R
R
F
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ntegrator that utilizes variable order solver based on numeri-
al differentiation formulae. The computations are performed in
ATLAB programming environment.

. Results and discussion

The base case reformer configuration is shown in Table 1.
imulation results for this configuration shows that HER gen-
rates 4.32 mol min−1 of hydrogen flow which corresponds to
.96 kW power assuming 40% efficiency for fuel cell system.
his is taken as reference state and following step variations are
onsidered to study dynamic performance of HER:

±15% step changes in inlet process gas flow rate;
±15% step changes in process gas pressure;
±15% step changes in inlet burner flue gas pressure and flue
gas flow rate;
±15% step changes in steam to methane ratio;
step change in process gas inlet temperature from 400 to
460 K.

.1. Dynamics of process gas flow rate

The residential fuel cell power system is often required to
perate under partial load. To enable to get different power out-
ut, manipulation of inlet process gas flow of the reformer can
e one of the possible variations. Hence, dynamic performance
f the HER under ±15% step variations in inlet process gas flow
s analyzed here.

Simulated composition profiles of the product gas for step
ncrease in process gas flow rate are shown in Fig. 3(a). Results
ndicate that methane and steam compositions increase while
ydrogen composition decreases with time. This trend is similar
o the experimentally observed dynamic concentration profile
12]. The hydrogen composition decreases from 49.72% to
5.35% with net gain of −4.37%. Similarly, methane concentra-
ion increases from 3.85% to 6.11% with net gain of 2.26%. For
team/methane ratio 3
eformer inlet gas temperature 400 K
eformer inlet gas flow 0.1083 mol s−1

lue gas flow 0.6873 mol s−1
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re stable without any overshoot and reaches stead state within
00 s.

For step increase in process gas flow rate, the total molar
ow rate increases from 4.34 to 4.79 mol min−1 with net gain
f 10.36% and hydrogen flow rate increases from 2.16 to
.174 mol min−1 with net gain of 0.648% as shown in Fig. 3(b).
imilarly, the step decrease in flow rate decreases in total
olar flow rate to 3.838 mol min−1 and hydrogen flow rate

o 2.046 mol min−1 with net gains of −11.65% and −5.28%,
espectively. Also, its should be noted that for both cases, flow
ates increases rapidly, reaches maximum and then decreases
ith slight overshoot. This dynamic behavior of HER matches

n quality with the previous simulation studies [2]. Higher gain
n total molar flow rate suggests that the step change in inlet
ow rate is suitable strategy for manipulating total flow rate of
roduct gas.

Fig. 3(c) shows thermal behavior of HER. For step increase
n flow rate, product gas temperature increases initially from 826

o 836.6 K and then decreases to steady state value of 806.9 K
ith net gain of −2.31%. Flue gas temperature decreases from
066 to 1038 K with net gain of −2.63%. Similarly, on step
ecrease in process gas flow, the process gas temperature first

a
w
s
5

ig. 4. Dynamic behavior of HER for 15% step decrease in process gas pressure: (a) p
er Sources 161 (2006) 503–512

ecreases to 813.6 K and then increases to 845.7 K with net gain
f 2.39%. Flue gas temperature increases to 1098 K with net gain
f 3%. Although, all the temperature responses reach steady state
ithin 500 s, overshoots in thermal response can affect overall
erformance of fuel processing system.

.2. Dynamics of process gas pressure

Pressure change is one of the important parameters that can
ffect desirable operation of HER. Therefore, dynamic perfor-
ance of HER with ±15% step increase/decrease of pressure is

nalyzed in this section.
As shown in Fig. 4(a), 15% step decrease in process gas pres-

ure decreases methane molar composition from 3.85% to 1.49%
ith net gain of −2.36% while hydrogen composition increases

rom 49.72% to 53.8% with net gain of 4.08%. Similarly, for
tep increase in process gas pressure, methane concentration is
ound to increase from 3.85% to 6.33% with net gain of 2.48%

nd hydrogen composition decreases from 49.72% to 44.85%
ith net gain of −4.87%. Results show that all responses are

table without any overshoot and reaches stead state within
00 s.

roduct gas composition, (b) product gas flow rate and (c) exit gas temperatures.
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For step decrease in process gas pressure, the total molar
ow rate decreases from 4.34 to 3.86 mol min−1 with net gain
f −11.06% and hydrogen flow rate decreases from 2.16 to
.076 mol min−1 with net gain of −3.89% as shown in Fig. 4(b).
imilarly, the step increase in process gas pressure causes

ncrease in total molar flow rate to 4.78 mol min−1 with net gain
f 10.14%. The hydrogen flow rate decreases to 2.14 mol min−1

ith net gain of −0.93%. Also, is should be noted that
or both cases, flow rates changes rapidly, reaches extreme
alue and then approaches the steady state value with slight
vershoot.

Fig. 4(c) shows thermal behavior of HER. For step decrease in
rocess gas pressure, product gas temperature decreases initially
rom 826 to 813.6 K and then increases to steady state value of
45.5 K with net gain of 2.39%. Flue gas temperature increases
rom 1066 to 1098 K with net gain of 3%. Similarly, on step
ncrease in process gas pressure, the process gas temperature

rst increases to 836.4 K and then decreases to 810.6 K with net
ain of −1.86%. Flue gas temperature decreases to 1038 K with
et gain of −2.63%. It is found that all the temperature responses
each steady state within 500 s.

fl
4
n
b

ig. 5. Dynamic behavior of HER for step increase in process gas temperature from 4
as temperatures.
er Sources 161 (2006) 503–512 509

.3. Dynamics of inlet process gas temperature

Since inlet process gas is heated and partially reformed in first
ed in HER, inlet temperature plays important role in overall
erformance of HER. Hence, dynamics of step increase of inlet
rocess gas temperature from 400 to 460 K is studies in this
ection.

As shown in Fig. 5(a), product gas composition dynamics
ith step increase in process gas temperature is faster that earlier
iscussed variations. Hydrogen concentration increases from
9.72% to 55.54% and then approaches to steady state value
f 51.07% with net gain of 1.35%. Similarly, methane concen-
ration decreases from 3.85% to 0.269% and approaches steady
tate value of 3.11% with net gain of −0.74%. Results also reveal
hat the composition response is faster and reaches steady state
n about 10 s.

Fig. 5(b) explains the flow rate variations. The total molar
ow rate decreases from 4.34 to 3.78 mol min−1, increases to

.365 mol min−1 and then decreases to 3.82 mol min−1 with
et gain of −11.98%. Hydrogen molar flow rate shows similar
ehavior. It decreases from 2.16 to 1.88 mol min−1, increases

00 to 460 K: (a) product gas composition, (b) product gas flow rate and (c) exit
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o 2.4 mol min−1 and then decreases to 1.95 mol min−1 with net
ain of −9.72%. Also, is should be noted that for both cases,
ow rates changes rapidly, with the steady state value reaches
nly in about 10 s.

As shown in Fig. 5(c), product gas temperature increases
nitially from 826 to 950 K and then decreases to steady state
alue of 839 K with net gain of 1.57%. Flue gas temperature
ecreases from 1066 to 1083 K with net gain of 1.59%. It is
ound that thermal response of HER is slower than flow response
nd reaches steady state values in about 500 s.

.4. Dynamics of flue gas pressure and flue gas flow rate

Since steam reforming is highly endothermic reaction, flue
as pressure plays important role to maintain high temperature
nd thus creates favorable condition for steam reforming. Here,
ynamic performance of HER for step variation of flue gas pres-

ure is analyzed.

As shown in Fig. 6(a), step increase in flue gas pressure
ecreases methane composition from 3.85% to 2.32% with
et gain of −1.53% and increases hydrogen composition from

8
i
s
t

ig. 6. Dynamic behavior of HER for 15% step increase in flue gas pressure: (a) pro
er Sources 161 (2006) 503–512

9.72% to 52.3% with net gain of 2.58%. Similarly for step
ecrease in burner pressure, net gains in methane and hydrogen
ompositions are found to be −4.01% and 2.13%. Results reveal
hat all responses are stable without any overshoot and reaches
tead state within 500 s.

For step increase, the total molar flow rate increases from
.34to 4.46 mol min−1 with net gain of 2.77% and hydrogen
ow rate increases from 2.16 to 2.33 mol min−1 with net gain
f 7.87% as shown in Fig. 6(b). Same way, the step decrease
n burner pressure causes net gain of −3.45% and −11.3%
n total and hydrogen molar flow rate, respectively. Responses
ndicated that steady state is reached in about 500 s. The gain
alues also suggest that fluctuation in burner inlet pressure
ffects hydrogen molar flow rate more than the total molar flow
ate.

Fig. 6(c) shows thermal behavior of system. For step increase
n flue gas pressure, product gas temperature increases from

26 to 852 K with net gain of 3.15%. Flue gas temperature
ncreases from 1066 to 1098 K with net gain of 3%. Similarly,
tep decrease in burner pressure causes decrease in product gas
emperature and flue gas temperature with net gains of −3.63%

duct gas composition, (b) product gas flow rate and (c) exit gas temperatures.
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ig. 7. Dynamic behavior of HER for 15% step increase in steam to methane rati

nd −3.66%, respectively. All the temperature responses reach
teady state within 500 s without any overshoot. Simulated
esults for step variation in flue gas flow rate show similar gains
or compositions, flow rates and temperatures.

.5. Dynamics of steam to methane ratio

Dynamic performance of HER with step increase/decrease
f steam to methane ratio is analyzed in this section.

For 15% step increase in steam to methane ratio, overshoots
re observed in compositions of all components as shown in
ig. 7(a). Hydrogen composition decreases from 49.72% to
8.51% with net gain of −1.21%. Methane composition also
ecreases from 3.85% to 2.54% with net gain of −1.31%. It is
bserved that the response is fast and reaches steady state value
n just 5 s. Similarly, for 15% step decrease in steam to methane
atio, hydrogen and methane compositions are found to increase
o 50.64% and 5.65%, respectively.
As with compositions, overshoots are also observed in total
olar flow rate and hydrogen molar flow rate as shown in
ig. 7(b). Total flow rate decreases from 4.34 to 4.303 mol min−1

ith net gain of −0.85% and hydrogen molar flow rate decreases

b
t
d
a

product gas composition, (b) product gas flow rate and (c) exit gas temperatures.

rom 2.16 to 2.088 mol min−1 with net gain of −3.33%. It
s found that both the responses are fast with major response
chieved only in 5 s. For step decrease in stem to methane ratio,
otal flow rate increases from 4.34 to 4.38 mol min−1 with net
ain of 0.69% and hydrogen flow rate increases from 2.16 to
.22 mol min−1 with net increase of 2.6%.

As shown in Fig. 7(c), step increase in steam to methane ratio
auses increase in product from 826 to 834 K with net gain of
.97% and increase in flue gas temperature from 1066 to 1070 K
ith net gain of 0.38%. For step decrease in steam to methane

atio, product gas temperature is found to decrease to 818.3 K
ith gain of −0.93% and flue gas temperature also decreases to
061 K with gain of −0.47%.

. Conclusion

In this work, we numerically investigated dynamic perfor-
ance of methane heat exchange reformer that is suitable to
e used for PEMFC-based residential power generation sys-
em. Improved distributed model for HER is presented and
ynamic effects of step variations in various input variables
re simulated. Model equations form coupled partial differen-
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ial equations which are descritized using spline collocation on
nite elements and solved numerically. The simulation results

ndicate higher gains in total molar flow rate by step changes
n process gas flow rate and process gas pressure with slight
vershoot. Product gas temperature shows overshoot for step
hanges in flow rate or pressure of process gas. Higher gains
n hydrogen flow rate and comparatively lower gains in total

olar flow rate are obtained with variations in flue gas velocity
r flue gas pressure. Furthermore, product gas temperature does
ot show any overshoot for step changes in flue gas pressure
r flue gas velocity. Response time for steady states is found
o be 500 s for all these variations. Step changes in inlet pro-
ess gas temperature show rapid (steady state value reaches in
0 s) response and higher gains in total and hydrogen flow rates
ith overshoots. The product gas temperature for this varia-

ion shows overshoot and reaches steady state in 500 s. Flow

ates show overshoots for step variation in steam to methane
atio. Also, product gas temperature and total flow rate are
ound to be less sensitive to variations in steam to methane
atio.
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