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ABSTRACT
At present study a packed bed reactor is utilized to
analyze, in which autothermal reforming of ethanol,
methanol and heptan occurs to produce sufficient
hydrogen for generating 100 W of power. The
pressure drop is modeled via the Ergun equation and
the effect of inlet pressure on the production of
hydrogen is negligible. The reformer operates non
isothermally. Simulations are coded to resolve the
effect of process parameters such as steam to
methanol ratio, inlet pressure, inlet temperature, on
the production of hydrogen. There is similar
resolution between the simulation results.

The affection in hydrogen generation for fuel cell
applications is steadily increasing due to
environmental and national security concerns. When
hydrogen is utilization as an energy source ,it
produces no CO,SO2 ,NOx and also produces no
carbon dioxide .of course ,a hydrogen is still needed
to make hydrogen for fuel cells, however a hydrogen
fuel processor can be advantageous because of its
energy efficiency and can lower green house gases
compared to the direct combustion of hydrocarbons.
therefore the use of fuel cells for transition and
electric power could reduce both toxic air pollutants
and green house gas emissions. For mobile
applications of fuel cells, caring a compressed gas
cylinder as the hydrogen source seems to be the most
common choice today. therefore, there are several
great ways to prepare hydrogen from hydrocarbons
such as gasoline, alcohols and natural gas ,etc. of the
many possible hydrocarbon sources, it is not easy to
choose the most promising one because of factors
such as safety, economy and infrastructure.[1]
methanol and ethanol these requirements and are
readily available in large quantities. although, the
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INTRODUCTION

energy density of alcohols is about half that for
gasoline or diesel ,alcohols are more active and can
be reformed into hydrogen in a relatively low
temperature process, thus relaxing requirements to
the reforming system. Methanol can be produced
from natural gas through a so called gas-to-methanol
(GTM) process as means of bringing stranded
natural gas to the markets. Ethanol can be produced
by fermentation of biomass ,i.e. a renewable energy
resource. Alchol based systems , therefore ,can
contribute to the transition from fossil to renewable
energy sources. alchols can be converted into
hydrogen through steam reforming or autothermal
reforming processes. Selection between these two
option rely on the details of the reformer integration
into the fuel processor system and an estimate of
overall system efficiency ,size and complexity . [2]

Reaction kinetics of fuels reforming
The reaction kinetics of methanol reforming is
obtained from peeply et al[4-6] .
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Where r1=rate of reaction of methanol 

In the lake of both water and oxygen ,the methanol
decomposition reaction has also been reported to
take place :
(3)
CH 3OH  CO  2H 2

www.SID.ir

produced by methanation Eqs(11) and (12) , and
water gas shift reaction ,Eq(13) , respectively [3, 9].
CO  3H 2  CH 4  H 2O
(12)

The reaction kinetics of methanol decomposition is
obtained from pepply et al[4-6]
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The
reaction kinetics of water gas –shift reaction is
obtained from pepply et al[4-6]

r3 

 pCO p H 2O
kW k OH 1 
0.5
 PH 2

  p H 2 pCO2  
2
 1 

  k p p  .CS1T .SC.
  W CO H 2 O  



pCH3OH
p
0.5
1  k
 k HCOO1 pCO2 p H 2  k OH1 H 20O.5 
CH 3O1
0.5

pH2
p H 2 


2

r3,CO2

0.18

r4  kOX

pCH 3OH pO 2
p H0.14
2O

0.18

(8)

Where r4= rate of oxidation of methanol and many
researchers have used the following reaction to
reforming of heptan:
C7H16  7H 2O  7CO  15H 2

A
(9)

The heptan reforming reaction ,Eq(9) , is considred
irreversible and c1-components (methan and carbon
dioxides)are formed with no intermediates . intrinsic
kinetic expression for the heptan reforming reaction
represented by Eq(9) [8]:
k1PC 7 H 16
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Where r1,C7H16
is the reaction rate for steam
reforming of heptan ; PC7H16 ,PH2 and PH2O are partial
pressure of heptan ,hydrogen and steam ,respectively.
Methan , carbon monoxide and carbon dioxide are
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Where r2,CO ,r3,CO2 and r4,CO2 , are rates of reaction for
steam reforming of methane and water gas shift
reactions , and PCH4 ,PCO and PO2 are partial pressure
of methane , carbon monoxide and carbon dioxide
,respectively . and following ethanol equations are
:[5]
C 2H 6O  CH 4  CO  H 2
C 2H 6O  H 2O  CH 4  CO2  2H 2

CH 4  H 2O  CO  3H 2

(17)
(18)
(19)

CH 4  2H 2O  CO2  4H 2

(20)

Equations (17) and (18) were chosen since they
involved the four species present in the product and
both were completely shifted towards products .
equations 19 and 20 are the typical equations of
methan steam reforming and in both of them
,reversibility must be considered . and the
corresponding kinetic expressions are :[10]
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Where r3=rate of reaction of CO
Finally oxidation of methanol takes place in
combustion chamber.due to its exothermictiy it
provides the heat required for the endothermic steam
reforming of methanol . the reaction and kinetics for
methanol oxidative are obtained from retiz et al [7]

CO  H 2O  CO2  H 2

The reforming gas is rich in methan due to
methanation reactions (11) and (12) and ,therefore
,steam reforming of methan take place [9]xu and
Forment [3] have provide the following kinetic
expressions for steam reforming of methane:

Where r2=rate of decomposition of methanol
The carbon monoxide is oxidized to dioxide in the
presence of water as shown below:
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Reformer modeling and simulation conditions the
reformer is modeled as a jacketed bed tubular reactor
with constant cross-sectional area ,Ac . the stady state
model question for each species are given as follow
[11]:

P is the reactor pressure, the void fraction is φ, Dp is
the diameter of the catalyst particle in the reformer,
the viscosity of the gas mixture is ηm, ρ is the gas
mixture density and G is the superficial mass
velocity. The Ergun equation needs the computation
of the gas mixture density, ρ, as well as the gas
mixture viscosity, ηm, 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 [12]. For this reason, Wilke’s method [13]
is utilized to estimate the gas viscosity at each
integration step as shown below:
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Where F molar flow rate of species where H2 ,CO2
,CO ,CH3OH ,H2O ,O2 and z , reactor length and r ,
reaction rate of species H2 ,CO2 ,CO ,CH3OH ,H2O
,O2 and A ,reactor acrros sectional area (m2) ; and for
each heptan species are given followed :[11]
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Where FC7H16 , FH2 ,FCH4, FH2O ,FCO and FCO2 are the
molar flow rates of heptane ,steam , carbon
monoxide, hydrogen ,methan and carbon dioxide
,respectively ,z is the lenghth dimension of the
tubular reactor ,r1,C7H16 is the reaction rate for steam
reforming of heptan represented by Eq(10) , and for
ethanol:[10]
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The pressure drop is modeled via the Ergun Equation
[11]:
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In the above equations ηm is the viscosity of the
mixture, ηi, yi, and Mi are the viscosity, mole
fraction and molecular weight, respectively, of pure
componenti. The pure component viscosity is
calculated by the following equation:
26.69MT 1/ 2
(46)
 
 2 

i

which σ is the hard sphere diameter,  is the
collision integral and T is the temperature. Hard
sphere diameters are obtained from [13] and the
collision integral is calculated by the following
equation:
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T
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(47)

which T is the dimensionless temperature given by
T/Ek and Ek is the minimum of pair potential energy
separated by Boltzmann constant and a, b, c, d, and e
are collision integral constants. Minimum of pair
potential energy is obtained got from Poling et al.
[16].Dimensionless temperature is used to determine
the collision integral by means of collision integral
constants. A steady state energy balance on the
reformer point to the following equation [6]:
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dz
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(48)

Table 1

reactor parameters
Reactor parameter

which T is the reformer temperature, ∆Hi is the heat
of reaction for reaction ri, U is the overall heat
transfer coefficient between the jacket and the
reactor, A is the heat transfer area, ∆T is the
temperature difference between the jacket and the
reactor at a length z, and Cpj is the specific heat of
species j.
The overall coefficient, U, is constructed from the
individual coefficients and the resistance of the tube
wall. The overall heat transfer coefficient is computed
by the following equation [14]:

value

Catalyst particle
diameter, Dp
Void fraction, φ
Reactor length, L
Reactor inner diameter,
Di
Reactor outer diameter,
Do
Catalyst density, ρ

(49)
U overal 

0.041 m
2835 kg/m3

Figure 1

Hydrogen Flow rates throughout pipe flow reactor length
at at four different inlet steam to methanol ratios 1.0
,1.1, 1.2 and 1.3 , inlet temperature of 813 and

Which Do is the outer diameter of the tubular reactor,
Di is the inner diameter of the tubular reactor, ho is
the individual heat transfer coefficient at the annulus
side of the reactor, hi is the individual heat transfer
coefficient for packed bed reactor side, xw is the
reactor wall thickness and km 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 [14]:
k M  C p . m 

.
Do  k M 

0.38
0.18 m
0.024 m
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pressure of 400kpa

where JH is the Colburn j factor, Cp is the average
specific heat and μm 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 hi 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 [15]

A

2
1


1  b kM i
hi   0.4 Re P 2  0.2 Re P3 . Pr 0.4 .
.
 b D particle



(51)

where Rep is the Reynold’s number for the packed
bed reactor, Pr is the Prandtel number, ɛ is the void
fraction and kMi is the average thermal conductivity
of the gas mixture.. Tables 1 show reactor parameters
used in simulation studies in this research.

Figure 2
Hydrogen Flow rates throughout pipe flow reactor length
at at four different inlet steam to methanol ratios 1.0

www.SID.ir

,1.1, 1.2 and 1.3 , inlet temperature of 833 and
pressure of 400kpa

Figure 3
the effect hydrogen flow rate out of the reformer on 0.1
inlet steam to methanol ratio at four different inlet
temperatures of 773,793,813,833 and pressure of 400kpa

D
I

Figure 4
the effect of inlet pressure on hydrogen flow rate out of the
reformer at different pressures 200,300 and 400kpa

o
e

v
i
h

c
r

A

Figure .5
the temperature profile along the length of the reactor for
three 773K,793K and 813K inlet temperatures and an inlet
pressure of 400kpa ,steam to methanol ratio of 1.4 and
oxygen to methanol ratio of 0.21

figure 3 show the effect hydrogen flow rate out of the
reformer on 0.1 inlet steam to methanol ratio at four
different inlet temperatures, for the jacketed packed
bed reactor .the inlet pressure is kept at 400kpa. It is
observed that as the inlet steam to methanol ratio is
increased, the outlet flow rate of hydrogen increases.
At higher temperatures, the reaction rate is faster and
thus a smaller reactor volume is required for

S
f

complete conversion. figure 4 show the effect of
inlet pressure on hydrogen flow rate out of the
reformer at different pressures for the jacketed
packed bed reactor .it is observed that as the inlet
pressure increased the outlet flow rate of hydrogen
increases. it is observed that the inlet pressure has a
negligible effect on the hydrogen flow rate coming
out of the reactor.So we have to go for higher
pressure for the given conditions or we have to
increase the inlet steam to methanol to get the
hydrogen for the production of 100w of power.
Figure 5 show the temperature profile along the
length of the reactor for three different inlet
temperatures and an inlet pressure of 400kpa ,steam
to methanol ratio of 1.4 for the jacketed packed bed
reactor .the temperature drops is because of the
steam reforming reactions are valid and take place in
its range. Figure 6 show the flow rates of methanol,
hydrogen, carbon monoxide, carbon dioxide, water
and oxygen along the length of reactor at an inlet
temperature of 773k, inlet pressure of 400kpa ,steam
to methanol ratio of 1.0 for the jacketed packed bed
reactor. Figure 7 show the effect of changing inlet
temperature on final conversion of methanol at an
inlet pressure of 400kpa, inlet steam to methanol
ratio of 1.0. it is observed that as the inlet
temperature increases the conversion of methanol at
the end of the reactor increases.
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Figure. 6
the flow rates of methanol ,hydrogen,carbon monoxide
,carbon dioxide,water and oxygen along the lengh of
reactor at an inlet temperature of 773k,inlet pressure of
400kpa ,steam to methanol ration of 1.0 and oxygen to
methanol ratio of 0.21
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Figure .9
Effect of steam to heptane ratio on hydrogen production
at an inlet temperature of 900 K
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Figure 7
the effect of changing inlet temperature on final conversion
of methanol at an inlet pressure of 400kpa ,inlet steam to
methanol ratio of 1.0 and oxygen to methanol ratio 0.21

Figure.10
Effect of steam to heptane ratio on hydrogen production
at an inlet temperature of 1100k

Figure .8
Effect of steam to heptane ratio on hydrogen production at
an inlet temperature of 700 K

Figure .11
the flow rate of heptane, hydrogen and carbon monoxide
along the reactor length at an inlet pressure of 2 atm and
inlet steam to heptane ratio of 10

A
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figs 8,9,10 show the effect of changing the inlet
steam to heptan ratio an hydrogen flow rate out of the
reformer
at
three
different
inlet
temperatures,700k,900k,1100k,for jacketed packed
bed reactor. The inlet pressure is 400kpa for this set
of simulations. For an inlet temperature of 700 k and
a steam to heptan ratio of 7.complete conversion of
heptan is observed when the steam to heptan ratio is
increased to 20.at higher temperatures, it is observed
the hydrogen profile flattens out before the end of the
reactor is reached ,which indicates that heptan is
completely converted and no more hydrogen is
produced towards the end of the reactor .thus ,for a
fixed reactor length and fixed inlet heptan flow rate
,hydrogen production can be increased by a
combination of increasing temperature and increasing
steam to heptan ratio. From fig 8 observed that the
temperature initially goes up and then decreases
sharply when start the endothermic reforming
reactions. The temperature along the length of the
reactor then slowly increases due to the heat provide
by the jacket. The reactor length at the point where
the temperature drops dramatically increases with the
inlet steam to heptan ratio, which indicates that large
steam to heptan ratio tend to delay the onset of the
endothermic reactions. When heptan is completely
converted near the end of the reactor ,the temperature
goes up rapidly due to the absence of endothermic
reactions.
Fig 11 shows the flow rate of heptane, hydrogen and
carbon monoxide along the reactor length at an inlet
pressure of 400atm and inlet steam to heptane ratio of
10. The combustion of heptane in the jacket provides
heat to the reformer. There is no appreciable reaction
in the first 0.01m of the reactor until the reformer
temperature is above 600 K.fig 12 shows conversion
of heptan, 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. fig 13 show
conversion of ethanol in different temperature on
length reactor that observed with increasing
temperature conversion go up as well . fig 14 show
hydrogen flow rate through pipe flow reactor length
in steam to ethanol different ratios, that with increase
steam to ethanol ratios hydrogen flow rate goes up
likewise and temperature is 873k. fig 15 show
ethanol flow rate through pipe flow reactor length in
steam to ethanol different ratios, that with increase

steam to ethanol ratios ethanol flow rate decrease
and temperature is 893k,that show ethanol is
combusting in length reactor. Fig 16 show the
pressure is constant along the length of the reactor
for all of fuels.
Figure.12
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conversion of heptan at temarature of 793K and inlet
steam to heptan ratio 7.0

o
e

v
i
h

A

c
r

Figure .13
conversion of ethanol in 770K,790K,810K,830K
temperature on length reactor

Conclusion:
In this paper, process conditions analyze for
producing sufficient hydrogen in a fuel auto thermal
reformer for generating 100W of power in a fuel
cell. In this process both the steam reforming
reactions and oxidation reactions occur in the
reformer. Furthermore ,a heating jacket is added to
the reformer where fuel is combusted to provide heat
for the endothermic reactions. The reformer operates
non isothermally in a temperature range of 773K1100K, pressure of 200-600 Kpa, steam to
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Fig.14
show hydrogen flow rate throught pipe flow reactor length
in 1.0 ,1.1 ,1.2 ,1.3 steam to ethanol ratios at 873K
temperature

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 heating
jacket, it is possible to get completed conversion of
fuel and produce sufficient hydrogen to generate
1kW of power via a fuel cell. A kinetic study of
ethanol, methanol and heptane steam reforming
using a Ni based catalyst was carried out. This
catalyst, working in steady state, does not produce
acetaldehyde or ethylene. Although the reaction rates
involved are very fast, the experimental conditions
chosen guaranteed kinetic rate control in all the
experiments. similar result observed in three fuel as
with increased steam to fuel ratio , hydrogen flow
rate and fuel conversion goes up , and with increase
temperature observed to goes up the production of
hydrogen. on other hand carbon monoxide is more in
heptane auto thermal reforming than other fuels auto
thermal reforming, therefore it is better that a solid
oxide fuel cell use , this reason that solid oxide fuel
cell can to stand better against its poisons ,and
chosen model has satisfied for all of fuels and There
is similar resolution between the simulation results.
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Fig.15
show hydrogen flow rate throught pipe flow reactor length
in 1.0 ,1.1 ,1.2 ,1.3 steam to ethanol ratios at 973K
temperature
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