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In this paper, reaction engineering principles are utilized to analyze process conditions for
producing sufficient hydrogen in a heptane autothermal reformer for generating 1 kW of
power in a fuel cell. It is shown that operating the reformer adiabatically results in a sharp
decrease in temperature due to endothermic reactions, which results in low conversion of
heptane. For this reason, a heating jacket is added to the reformer where heptane is
combusted to provide heat for the endothermic reactions. It is observed that when the
reactor is operated non-isothermally, it is possible to get complete conversion of heptane
and produce sufficient hydrogen to generate 1 kW of power via a fuel cell.

© 2009 Professor T. Nejat Veziroglu. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Most urban areas have access to power via the electricity grid.
However, in the battlefield or in remote campsites, batteries
are the main energy source, but the acquisition, storage,
distribution, and disposal of different types of battery poses
an enormous challenge [16]. Fuel economy and emission
abatement are critical issues in the automotive industry.
Heavy duty trucks operate in idling mode for 20-40% of their
operating time and utilize power during idling to operate
comfort systems such as air conditioners, lights, radios and
microwave ovens [12]. Both these scenarios provide the
motivation for developing an auxiliary power system that
utilizes a readily available hydrocarbon such as gasoline to
generate power. Fuel cells have thermodynamic and envi-
ronmental advantages over combustion-based processes for
generating electricity [4]. Since fuel cells can use hydrogen as
a fuel, there is renewed interest in technologies for producing
hydrogen from hydrocarbon fuels, especially for small-scale
power generation units up to 1kW of power [10]. Power
generators based on fuel cells offer advantages including high

* Corresponding author.
E-mail address: spalanki@usouthal.edu (S. Palanki).

efficiencies, low emissions, high reliability, quiet operation
and easy monitoring when compared to conventional gaso-
line-powered generators [4].

Autothermal reforming of higher hydrocarbons such as
gasoline is an attractive route for the production of hydrogen
for use in the generation of power from fuel cells for
stationary power applications [3]. In autothermal reforming,
there are two different sets of reactions: (1) steam reforming
of hydrocarbons and (2) oxidation of hydrocarbons. The
oxidation reactions are exothermic while the steam reform-
ing reactions are endothermic. Under the right set of condi-
tions, the heat required for steam reforming can be generated
by the oxidation reaction. In the literature, there are two
different ways of operating a reformer under autothermal
conditions: (1) the steam reforming reactions and the oxida-
tion reaction occur in the same chamber [2] and (2) the steam
reforming reactions and the oxidation reaction occur in
different chambers and heat is transferred through a physical
barrier [14]. In this paper, we consider the second option,
primarily because this allows for a higher yield of hydrogen
in the reactor [8].
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The development of reformers that provide hydrogen to
power fuel cell stacks has been a subject of considerable
research activity [7,5]. Kundu et al. [9] developed a serpentine
patterned micro-reformer that converts methanol to hydrogen
via steam reforming. Sohn et al. [21] developed a plate-type
integrated fuel processor-PEM fuel cell where methanol is
reformed to produce up to 150 W of power. Tan et al. [23]
developed a methane processing system for producing high-
purity hydrogen for 10 W-1500 W power applications. Lind-
strom et al. [12] developed a diesel fuel reformer for generating
hydrogen for an auxiliary power unitin a truck. In parallel with
these experimental efforts, there has been considerable interest
in developing kinetic models for the reforming of several
different hydrocarbons. For instance, Xu and Froment [27]
developed intrinsic rate expressions for the steam reforming of
methane on a nickel catalyst. Kinetic expressions for methanol
steam reforming on Cu/Zn0/Al,O; catalyst were developed by
Peppley et al. [18,19]. Tottrup [26] developed an intrinsic kinetic
expression for heptane reforming on a nickel catalyst. Thor-
mann et al. [24] developed kinetic expressions for steam
reforming of hexadecane over a Rh/CeO, catalyst. While there is
considerable literature on fabrication of reformers that
demonstrate the feasibility of utilizing hydrocarbon fuel to
produce hydrogen and kinetic expressions are available for
a large number of model hydrocarbons, there are very few
papers in modeling and analysis of these reactors, which is
necessary for optimizing performance. In particular, the litera-
ture is very sparse in papers where reaction kinetics are utilized
in conjunction with heat transfer calculations to determine the
size and performance of reformers operating non-isothermally.

In this paper a packed bed reactor is analyzed in which
autothermal reforming of heptane occurs to produce
hydrogen. In particular, the reformer is modeled as a non-
isothermal, non-isobaric packed bed reactor. Heat is supplied
to the reactor via a jacket where heptane combustion occurs.
The heat transfer coefficient between the jacket and the
reactor is computed when heptane is combusted in the jacket
and endothermic steam reforming of heptane occurs in the
reactor. Reactor conditions are analyzed to generate sufficient
hydrogen that can be used in a solid oxide fuel cell to produce
1kW of power. A schematic of the process under consider-
ation is shown in Fig. 1. Heptane is used as a model higher
hydrocarbon. Kinetics of heptane steam reforming are avail-
able in the literature and it is expected that the results
obtained would be similar to those of higher hydrocarbon
mixtures such as gasoline [2].

2. Reaction kinetics of heptane reforming

Many researchers have used the following reactions to study
steam reforming of heptane on nickel catalysts [3,2]:

C;Hy6 + 7H,0—7CO + 15H, (1)
CO + 3H,=CH, + H,0 2)

CO, + 4H, =CH, + 2H,0 3)

Heptane
P Reformer

SOFC

Steam 1 kW Power

Hydrogen

Fig. 1 - Schematic of reformer and fuel cell system.

CO + H,0=CO, + H, (4)

The heptane reforming reaction, Eq. (1), is considered irre-
versible and C;-components (methane and carbon oxides) are
formed with no intermediates [3]. Methane, carbon monoxide
and carbon dioxide are produced by methanation, Egs. (2) and
(3), and water—gas shift reaction, Eq. (4), respectively.

Tottrup [26] provided the following intrinsic kinetic expres-
sion for the heptane reforming reaction represented by Eq. (1):

8
[1+KaZogustte 1 Kprpe]

where r;cn, is the reaction rate for steam reforming of
heptane; Pc,u,,, Pu, and Py, are partial pressures of heptane,
hydrogen and steam, respectively.

The reforming gas is rich in methane due to methanation
reactions (2) and (3) and, therefore, steam reforming of
methane takes place [2]. Xu and Froment [27] have provided the
following kinetic expressions for steam reforming of methane:

CH4 + H,0=CO + 3H,

k, P Pco
132H§<PCH4PH20 - 12<1 (6)
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where 1, co, T3c0,, and 14co,, are rates of reaction for steam
reforming of methane and water—gas shift reactions, and Pcy,,
Pco, and Po, are the partial pressures of methane, carbon
monoxide and carbon dioxide, respectively.

3. Reformer modeling and simulation
conditions

The reformer is modeled as a jacketed packed bed tubular
reactor with constant cross-sectional area, A.. The steady-
state model equations for each species are given as follows [6]:

dF
% = (rl-C7H16)AC (9)
dF
d—HZZO = (71’1.c71-115 —T2co — T3¢0, — 27’4,coz)Ac (10)
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dg;o = ( — 7T1¢H + T2c0 — Y3,C02)Ac (11)

% = (= 1571.¢,1,6 + 3720 + T3.co, + 4Taco, ) Ac (12)

% = ( —T2co — Mcoz)Ac (13)
z

% = (Tsco, + Taco,)Ac (14)

where Fe,u,,, Fu,0, Fco, Fu,, Fen,, and Fgo,, are the molar flow
rates of heptane, steam, carbon monoxide, hydrogen,
methane, and carbon dioxide, respectively, z is the length
dimension of the tubular reactor, r, ¢, i, is the reaction rate for

dT (UAAT + r1¢H,sAH1 + T2 coAH 4 13c0,AH3 + 1400, AH4)

from [20] and the collision integral is calculated by the
following equation:

a ¢ e
Q= ﬁ + eﬁ + e?f (19)
where T is the dimensionless temperature given by T/E, and
Ex is the minimum of pair potential energy divided by Boltz-
mann constant and a, b, ¢, d, and e are collision integral
constants. Minimum of pair potential energy is obtained from
Poling et al. [20]. Dimensionless temperature is used to
determine the collision integral by means of collision integral
constants.

A steady state energy balance on the reformer leads to the
following equation [6]:

dz (PC7H15 CPC7H16 + FHZOCPHZO + Feo GPco + FHZ CPHZ + FCH4 CPCH4 + FCOZ CPCOZ)

steam reforming of heptane represented by Eq. (5), and r,, co,
Tsco,, Taco,, are rates of reaction for steam reforming of
methane and water-gas shift reactions represented by Egs.
(6)—(8). The pressure drop is modeled via the Ergun Equation [6]:

dP G (1-¢\[150(1 ~ ¢)ny
dz PDp( ¢’ >{ D,

where P is the reactor pressure, ¢ is the void fraction, D, is the
diameter of the catalyst particle in the reformer, 7, is the
viscosity of the gas mixture, p is the gas mixture density and G
is the superficial mass velocity.

The Ergun equation requires the computation of the gas
mixture density, p, as well as the gas mixture viscosity, nm, as
a function of reactor length. The mixture density is estimated
by computing the mole average density of the gas mixture at
each integration step. Due to the presence of hydrogen in the
gas mixture, the mole average method can lead to significant
errors in the overall gas mixture viscosity [1]. For this reason,
Wilke’s method [20] is utilized to estimate the gas viscosity at
each integration step as shown below:

- Yini
M=) =n o 16
; Zj:l Vi (16)

+1.75G (15)

where

{1 N (%1) 05 <%) 0:25] .

¢y =

In the above equations n, is the viscosity of the mixture, #;,
yi, and M; are the viscosity, mole fraction and molecular
weight, respectively, of pure component i. The pure compo-
nent viscosity is calculated by the following equation

_ (26.69MT)*°
n=—5 (18)
where ¢ is the hard sphere diameter, Q is the collision integral
and T is the temperature. Hard sphere diameters are obtained

Ac (20)

where T is the reformer temperature, AH; is the heat of reac-
tion for reaction r;, U is the overall heat transfer coefficient
between the jacket and the reactor, A is the heat transfer area,
AT is the temperature difference between the jacket and the
reactor at a length z, and Cp, is the specific heat of species j.

The overall coefficient, U, is constructed from the indi-
vidual coefficients and the resistance of the tube wall. The
overall heat transfer coefficient is calculated by the following
equation [13]:

1

U:l&+xw Dy 1 (21)
hi D;

R <> e
ln(%‘;’)

where D, is the outer diameter of the tubular reactor, D; is the
inner diameter of the tubular reactor, h, is the individual heat
transfer coefficient at the annulus side of the reactor, h; is the
individual heat transfer coefficient for packed bed reactor
side, Xy, is the reactor wall thickness and k., is the thermal
conductivity of the reactor wall. The Sieder-Tale equation is
used to estimate the individual heat transfer coefficient on the
annulus side [13]:

1

ko (Cppim\ 3
o =g () (22

where Jy is the Colburn j factor, C, is the average specific heat
and up, is the mixture viscosity. To predict the rate of heat
transfer on the reactor side for different particle and tube
sizes, gas flow rates, and gas properties, the coefficient h; is to
account for the resistance in the region very near to the wall
and for the resistance in the rest of the packed bed. This
coefficient is estimated from the following empirical equation,
which was determined by subtracting the calculated bed
resistance from the measured overall resistance [25]:

ki,
D P

h; = (0.4Re} +0.2Re}) Pr“lTTd) (23)
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Table 1 - Kinetic parameters.

Kinetic parameter Value

k1 3.906 x 10%exp(—67800/(RT )) mol/
(Specific reaction (m*s*atm)
rate)

Ry 9.886 x 10'°exp(—240100/(RT ))
(Specific reaction  (mol*atm®®)/(m**min)
rate)

ks 4.665 x 10”exp(—67130/(RT )) mol/
(Specific reaction (atm*m>*min)
rate)

Ry 2.386 x 10"°exp(—243900/(RT ))
(Specific reaction  (mol*atm®®)/(m*min)
rate)

Ka (Adsorption 25.2 (atm ™)
constant)

Kp (Adsorption 0.077
constant)

K; (Equilibrium exp(29.3014-26248.4/T )
constant)

K, (Equilibrium exp(—4.35369 + 4593.17/T)
constant)

K3 (Equilibrium exp(25.225-21825.28/T )
constant)

Kco (Adsorption 8.339 x 10 °exp(70650/(RT )) (atm™™)
constant)

Ky, (Adsorption 6.209 x 10~exp(82900/(RT ) (atm ™)
constant)

Kcn, (Adsorption 6.738 x 10 *exp(38280/(RT)) (atm ?)
constant)

Ki,0 (Dissociative 1.770 x 10°exp(—88680/(RT ))
constant)

where Re,, is the Reynold’s number for the packed bed reactor,
Pr is the Prandtl number, ¢ is the void fraction and kp, is the
average thermal conductivity of the gas mixture. It was shown
in [22] that diffusion effects for this reactor system are negli-
gible and so all simulations done in this research assume that
there are no diffusion effects.

Tables 1 and 2 list the values of the kinetic parameters and
reactor parameters used in simulation studies in this
research.

4, Simulation results and discussion

The design equations described by Egs. (9)-(15) were inte-
grated numerically in MATLAB using the stiff ordinary

Table 2 - Reactor parameters.

Reactor parameter Value

Catalyst particle 0.000186 m
diameter, D,

Catalyst density, p 2835 kg/m?>

Void fraction, ¢ 0.38

Reactor length, L 0.18 m

Reactor inner 0.024 m
diameter, D;

Reactor outer 0.041m

diameter, D,

25 T T T T T T T T T

J

15

Conversion (%)

10

0 1 1 1 1 1 1 1 1 1
0 002 0.04 006 008 01 012 0.14 0.16 0.18 0.2
Reactor length (m)

Fig. 2 - Heptane conversion as a function of reactor length
under adiabatic conditions.

differential equations routine ode15s. The flow rate of heptane
entering the reformer was set at 0.00075 mol/s. The effect of
temperature, pressure, oxygen to heptane ratio and steam to
heptane ratio on hydrogen production was analyzed by
running simulations at a variety of process conditions as
follows:

e Temperature range: 700-1100 K
e Steam to heptane ratio range: 7-20
e Inlet pressure range: 1-10 atm

The reaction kinetics developed in the literature are valid
in the temperature, steam to heptane ratio and pressure range
described above. It was determined in [15] that a hydrogen
flow rate of 0.011 mol/s was necessary to generate 1kW of
power in a solid oxide fuel cell stack. The effect of changing
process conditions to achieve this flow rate was studied.

1100
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5 :
& 700t
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600 h
1
1
1
500 | *,
T YTy Y STy
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Fig. 3 - Temperature as a function of reactor length under
adiabatic conditions.
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Fig. 4 - Effect of steam to heptane ratio on hydrogen
production at an inlet temperature of 700 K.
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Fig. 6 - Effect of steam to heptane ratio on hydrogen
production at an inlet temperature of 1100 K.

Initial simulations were conducted to study the effect of
process conditions on hydrogen production when the
reformer was operated adiabatically. Fig. 2 shows the plot of
heptane conversion as a function of reactor length when the
inlet temperature is 1100 K, steam to heptane ratio is 20 and
the inlet pressure is 10 atm. It is observed that the conversion
of heptane is low (<25%) and the amount of hydrogen
produced is not sufficient to generate 1 kW of power. Beyond
a reactor length of 0.04 m, conversion does not change since
the temperature decreases below 450 K as shown in Fig. 3 and
the reaction rate becomes almost zero. Decreasing the inlet
pressure, inlet temperature and inlet steam to heptane ratio
further decreases conversion (simulations not shown). This
leads to the conclusion that adiabatic operation is impractical
and it is necessary to provide an external source of heat.

Simulations were conducted assuming that there is
a jacket around the reformer where heptane combustion
occurs and provides heat to the reforming reactions in the

0.012 - @ @O
= H20/C7H16 =7 PR
© H20/C7H16 =10 o
0.01f |'=' H20/C7H16 =20 ]
Inlet Temperature = 900 K

o
o
S
©

Hydrogen flow (mol/sec)
o o
3 S
-l> [«>)

0.002

ok L L L L L L
0 0.02 0.04 006 0.08 0.1 012 0.14 0.16 0.18 0.2

Reactor length (m)

Fig. 5 - Effect of steam to heptane ratio on hydrogen
production at an inlet temperature of 900 K.

reformer. Using Egs. (22) and (23), the average value of the
overall heat transfer coefficient, U, was computed to be
45 W/m?K. Using this overall heat transfer coefficient, the
effect of changing inlet steam to heptane ratio, inlet pres-
sure, and inlet temperature on the production of hydrogen
was studied. Figs. 4-6 show the effect of changing the inlet
steam to heptane ratio on hydrogen flow rate out of the
reformer at three different inlet temperatures, 700 K, 900K,
and 1100K, for the jacketed packed bed reactor. The inlet
pressure is 2 atm for this set of simulations. For an inlet
temperature of 700K and a steam to heptane ratio of 7, the
conversion of heptane is 98%. Complete conversion of
heptane is observed when the steam to heptane ratio is
increased to 20. At higher temperatures, it is observed that
the hydrogen profile flattens out before the end of the
reactor is reached, which indicates that heptane is
completely converted and no more hydrogen is produced
towards the end of the reactor. Thus, for a fixed reactor

1200 T T T T T T T T T
— H20/C7H16 =7
1100 + H20/C7H16 = 10 g
+=+ H20/C7H16 = 20
- Inlet Temperature = 700 K
__toor 7 .
X CE
1
o !
§ 900 : 1
o ;
S 800 5 ]
S i
2 i
700 : ]
1
[
600 1
500

0 0.02 0.04 0.06 008 0.1 0.12 0.14 0.16 0.18 0.2
Reactor length (m)

Fig. 7 - Temperature profile in reactor at an inlet
temperature of 700 K.
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Fig. 8 - Temperature profile in reactor at an inlet
temperature of 900 K.

length and fixed inlet heptane flow rate, hydrogen
production can be increased by a combination of increasing
temperature and increasing steam to heptane ratio. Figs. 7-9
show the corresponding temperature change along the
reactor length with steam to heptane ratio on hydrogen
flow rate out of the reformer for the conditions described
for Figs. 4-6. It is observed that the temperature initially
goes up and then decreases sharply when the endothermic
reforming reactions start. The temperature along the
length of the reactor then slowly increases due to the heat
provided by the jacket. The reactor length at the point
where the temperature drops dramatically increases with
the inlet steam to heptane ratio, which indicates that large
steam to heptane ratios tend to delay the onset of the
endothermic reactions. When heptane is completely con-
verted near the end of the reactor, the temperature goes
up rapidly due to the absence of endothermic reactions.
Fig. 10 shows the effect of changing inlet pressure on
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Reactor length (m)

Fig. 9 - Temperature profile in reactor at an inlet
temperature of 1100 K.
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Fig. 10 - Effect of changing inlet pressure on hydrogen
production.

hydrogen production at a steam to heptane ratio of 7 and
an inlet temperature of 700K. It is observed that the inlet
pressure has a negligible effect on the hydrogen flow rate
coming out of the reactor.

The above simulations indicate that it is feasible to
produce the desired amount of hydrogen when the system
is operated with a heating jacket. Further simulations were
conducted assuming that the reformer feed was at 373K
while the jacket inlet temperature was at 2100K to simu-
late practical experimental conditions. This implies that
there is a vaporizer upstream of the reformer that converts
liquid water and heptane to a vapor stream at 373 K similar
to the experimental set-up reported by Lattner and Harold
[11] for a methanol-water mixture. In this scenario, the
reactant gases are heated from an initial temperature of
373K in the reformer and an appreciable rate of reaction
occurs only when the temperature goes over 600 K. Fig. 11
shows the flow rate of heptane, hydrogen and carbon

0.012 T T T T T T T T T
= Hepthane
---- Hydrogen
0.01F [.=" carbon Monoxide )
g o0.008f E
2
©°
S
~ 0.006 1
)
& o
T 0.004 | - Pitd 1
0.002 | - P ]

0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2
Reactor length (m)

Fig. 11 - Flow rate of heptane, hydrogen and carbon
monoxide under non-adiabatic operation.
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Fig. 12 — Reactor and jacket temperature as a function of
reactor length.

monoxide along the reactor length at an inlet pressure of
2 atm and inlet steam to heptane ratio of 10. It is observed
that for a heptane inlet flow rate 0.00075mol/s, the
hydrogen coming out of the reformer is 0.0113 mol/s, which
is sufficient to produce 1 kW of power via a fuel cell. Fig. 12
shows the corresponding reactor and jacket temperature.
Fig. 13 shows the corresponding pressure profile as a
function of reactor length. The combustion of heptane in
the jacket provides heat to the reformer. There is no
appreciable reaction in the first 0.01 m of the reactor until
the reformer temperature is above 600K. Conversion is
nearly 100% at the end of the reactor and the pressure drop
is negligible. This indicates that the pressure drop due to
fluid flow in the packed bed is balanced by the pressure
elevation due to the substantial increase in the number of
moles as the reaction proceeds along the length of the
reformer. A large amount of carbon monoxide is produced
along with the hydrogen.

25 T T T T T T T T T

24 ¢

23+t

221

211

B S T T

Pressure (atm)

191

181

1.7 ¢

16

1.5

0 0.02 0.04 0.06 008 0.1 0.12 0.14 0.16 0.18 0.2
Reactor length (m)

Fig. 13 - Reactor pressure as a function of reactor length.

5. Conclusions

In this paper, reaction engineering principles are utilized to
analyze process conditions for producing sufficient hydrogen
in a heptane autothermal reformer for generating 1 kW of
power in a fuel cell. It is shown that operating the reformer
adiabatically results in a sharp decrease in temperature due
to endothermic reactions, which results in low conversion of
heptane. For this reason, a heating jacket is added to the
reformer where heptane is combusted to provide heat for
the endothermic reactions. Pressure increase due to the
increase in the number of moles in the reactor is balanced by
pressure drop due to flow of fluid in the packed bed and the
overall pressure drop is observed to be negligible. The effect
of inlet pressure on the production of hydrogen is negligible.
It is observed that when the reactor is operated with a heat-
ing jacket, it is possible to get complete conversion of
heptane and produce sufficient hydrogen to generate 1 kW of
power via a fuel cell. Given the large amount of carbon
monoxide in the hydrogen stream, a solid oxide fuel cell
(SOFC) stack is suggested for generating power. SOFCs use
a solid ceramic inorganic oxide as the electrode (e.g., yttria-
stabilized zirconia) and operate at elevated temperatures,
typically between 750 and 1000°C. They are tolerant to
carbon monoxide and other impurities in the hydrogen
stream [17]. The high quality heat generated by the fuel cell
can be used to pre-heat the feed to the reformer, thereby
increasing overall efficiency.
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