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a b s t r a c t

In this paper aminiaturized packed bed reactor is analyzed, inwhich autothermal reforming

of methanol occurs to produce sufficient hydrogen for generating 100 W of power. Mass

balance equations are developed for each species in the reactor and an energy balance is

developed for modeling non-isothermal operation. The pressure drop is modeled via the

Ergun equation. Simulations are conducted in MATLAB to determine the effect of process

parameters (e.g. steam to methanol ratio, inlet pressure, inlet temperature) on the produc-

tion of hydrogen. It is shown that the pressure drop is negligible. Simulation results are

compared with experimental results from the literature and it shown that there is excellent

agreement between the simulation results and experimental results. Process conditions that

lead to the generation of sufficient hydrogen for generating 100 W of power are developed.

Copyright ª 2010, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights

reserved.
1. Introduction converts methanol to hydrogen via steam reforming. Shah
Currently, there is a lot of interest in developing power sour-

ces in the 10e100 W range for portable power applications

[1,2]. One promising approach involves the use of a reformer

that produces hydrogen from a hydrocarbon source, coupled

with a fuel cell stack that utilizes the hydrogen to produce

power. Such a device can be used to power radios, computers,

electronic displays and small unmanned air vehicles [3,4].

There are a variety of commonly available hydrocarbons

such as methane, methanol, propane, butane, gasoline,

diesel that can be used reforming reactants to produce

hydrogen. Among these hydrocarbons, methanol is an

attractive choice because it is sulfur-free, offers high

hydrogen-to-carbon ratio, high energy density (5600 Wh/kg),

and is readily available [5]. Pattekar and Kothare [6] fabri-

cated a radial-flow micro-packed-bed reactor via deep reac-

tive ion etching that utilizes methanol to generate sufficient

hydrogen for a 20 W power application. Kundu et al. [1]

developed a serpentine patterned micro-reformer that
. Palanki).
2010, Hydrogen Energy P
and Besser [7] developed an integrated silicon microreactor-

based methanol steam reformer that produces sufficient

hydrogen for 0.38 W of power. Sohn et al. [8] developed

a plate-type integrated fuel processor-PEM fuel cell where

methanol is reformed to produce up to 150 W of power. Mu

et al. [9] fabricated a miniature reformer that utilizes meth-

anol to produce sufficient hydrogen to generate 100 W of

power in a fuel cell stack. While there is considerable liter-

ature on fabrication of micro reformers that demonstrate the

feasibility of utilizing methanol to produce hydrogen for

micro and small-scale applications, there are few papers in

modeling and analysis of these reactors, which is necessary

for optimizing performance. For instance, Telotte et al. [10]

developed a simple mathematical model for an isothermal

radial-flow methanol reformer for an unmanned air vehic-

ular application that produced 24W and 72W of net power by

operating at two different points in the polarization curve.

In this paper, an autothermal reformer is designed in

a tubular geometry of the type fabricated by Mu et al. [9].
ublications, LLC. Published by Elsevier Ltd. All rights reserved.

mailto:spalanki@usouthal.edu
http://www.sciencedirect.com
http://www.elsevier.com/locate/he
http://dx.doi.org/10.1016/j.ijhydene.2010.12.062
http://dx.doi.org/10.1016/j.ijhydene.2010.12.062
http://dx.doi.org/10.1016/j.ijhydene.2010.12.062


i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 3 6 ( 2 0 1 1 ) 3 3 6 4e3 3 7 0 3365
Fundamental principles of reaction engineering, fluid

mechanics and heat transfer are utilized to develop this

model. The effect of steam to methanol ratio, inlet pressure
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and inlet temperature on the amount of hydrogen produced is

studied. It is shown that there is excellent agreement between

the model predictions and experimental results available in

the literature. This model is then used to determine the

necessary size for operation at the lower end of the feasible

range of temperature and pressure.
2. System description

Mu et al. [9] fabricated a miniature reformer that utilizes

methanol to produce hydrogen and demonstrated that this

device has the capability to produce 100W of power.While this

device provides valuable information on feasibility of the

concept ofminiature reformers forportablepowerapplications,

no analysis was done to study the effect of temperature, pres-

sure, oxygen tomethanol ratio and steam tomethanol ratio on

the production of hydrogen. In this paper we develop a mathe-

matical model for this reactor and do a systematic analysis of

the effect of operating parameters on system performance.

A schematic of the process under consideration is shown

in Fig. 1. The reformer is a packed bed reactor similar to the

one fabricated by Mu et al. [9]. The reactor is packed with

Cu/ZnO/Al2O3 catalyst particles. Methanol and steam enter the

reactor where steam reforming reactions occur to produce

hydrogen. In addition, methanol is also oxidized in the reactor.

There is a jacket around the reactor where methanol is com-

busted to provide additional heat to the reformer. The resulting

hydrogen andcarbondioxidemixture is sent to a fuel cellwhere

an electrochemical reaction occurs to generate power.
3. Design equations

The following reactions take place in the reformer:

CH3OHþH2O#CO2 þ 3H2 (1)

CH3OH#COþ 2H2 (2)
COþH2O#CO2 þH2 (3)

CH3OHþ 1:5O2#CO2 þ 2H2O (4)
Fig. 1 e Schematic of reformer.
Kinetic expressions for reactions 1e3 were developed by

Peppley et al. [11,12] and corrected in Peppley [13] and are

shown below:
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where r1, r2, and r3 are rates of formation of CO2, CO and CO2 in

reactions 1, 2 and 3 respectively and Pi is the partial pressure of

species i where i ¼ CH3OH, H2O, CO2, H2, CO, O2. These

expressions were developed by considering surface mecha-

nism for the main reforming reactions on Cu/ZnO/Al2O3

catalyst particles. This model was validated by comparing

with experimental observations over a wide range of

temperatures and pressures and it was observed that the

model predictions were in good agreement with experimental

observations [13,14]. Given this experimental validation, this

high-fidelity model can be used with a high degree of confi-

dence for designing the miniaturized reformer under consid-

eration in this paper.

The reactions and kinetics for methanol oxidative

reforming are obtained from Reitz et al. [15]:

r4 ¼ KOX

P0:18
CH3OHP

0:18
O2

P0:14
H2O

(8)

The reformer ismodeled as a jacketed packed bed reactor. The

steady-statemodel equations for each species are given by the

following mole-balance equations [16]:

d FCH3OH

d z
¼ ð�r1 � r2ÞAc (9)

d FH2O

d z
¼ ð�r1 � r3ÞAc (10)
d FCO2

d z
¼ ðr1 þ r3ÞAc (11)
d FH2

d z
¼ ð3r1 þ 2r2 þ r3ÞAc (12)

d FCO

d z
¼ ðr2 � r3ÞAc (13)
where FCH3OH, FH2O, FCO2
, FH2

, FCO are the molar flow rates of

methanol, steam, carbon dioxide, hydrogen, and carbon

monoxide respectively and z is the axial dimension of the

reactor. The term, Ac, represents the area of cross section of

the reactor.
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The pressure drop in the packed-bed reactor ismodeled via

the Ergun Equation as follows [16]:

d P
d z

¼ � G
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�
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where P is the reactor pressure, f is the void fraction, Dp is the

diameter of the catalyst particle in the reformer, m is the

viscosity of the gasmixture, r is the gas mixture density and G

is the superficial mass velocity.

The Ergun equation requires the computation of the gas

mixture density, r, as well as the gas mixture viscosity, m, as

a function of reactor length. The mixture density is estimated

by computing the molar average density of the reacting gas

mixture andWilke’smethod [17] is utilized to estimate the gas

mixture viscosity at each integration step.

A steady state energy balance on the reformer leads to the

following equation [16]:

d T
d z

¼
�
UaDTþP

riDHri

	
P

FjCpj

Ac (15)

where T is the reformer temperature, DHri is the heat of

reaction for reaction ri,U is the overall heat transfer coefficient

between the jacket and the reactor, a is the ratio of the heat

transfer area and the reactor volume, DT is the temperature

difference between the jacket and the reactor at a length z,

and Cpj is the specific heat of species j. Methanol combustion

occurs in the jacket and so the jacket temperature (w1600 K) is

significantly greater than the reactor temperature (w800 K).

Since the reactor is relatively small in length (<10 cm), it is

assumed that the jacket temperature is constant and a sepa-

rate energy balance for the jacket is not required.

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 [18]:
Table 1 e Kinetic parameters.
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where 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 SiedereTate equation is

used to estimate the individual heat transfer coefficient on the

annulus side [18]:

ho ¼ JH
km

Do

�
Cpmm

km

�1
3

(17)

where JH is the Colburn j factor, Cp is the average specific heat

and mm 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 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 [19]:

hi ¼
�
0:4Re

1
2
p þ 0:2Re

2
3
p

�
Pr0:4

1� f

f

kmi

Dp
(18)

where Rep is the Reynold’s number for the packed bed reactor,

Pr is the Prandtl number, f is the void fraction and kmi
is the

average thermal conductivity of the gas mixture.

The reaction rates r1, r2, r3 and r4 are functions of the partial

pressure of the various species involved in reactions 1e4. The

partial pressures were written in terms of molar flow rates as

follows by assuming that the species follow ideal gas

behavior:
Value

1014exp ð�102800=RTÞm2=mol:s

1020exp ð�170000=RTÞm2=mol:s

1013exp ð�87600=RTÞm2=mol:s
:4142�10�13T5�4:2864�10�10T4þ5:3993�10�7T3�3:6385�10�4T2þ1:4096�10�1T�2:0258�101Þbar2

:9463�10�13T5�8:8919�10�10T4þ11:1130�10�6T3�7:4160�10�4T2þ2:7969�10�1T�4:4944�101Þbar2

1:4936�10�13T5þ4:5026�10�10T4�5:6216�10�7T3þ3:7206�10�4T2�1:3726�10�1Tþ2:4537�101Þ

ð41:8=R� ð�20000=ðRTÞÞÞbar�0:5

ð30=R� ð�20000=ðRTÞÞÞbar�1

ð�179200=ðRTÞÞbar�1:5

ð�44:5=R� ð�20000=ðRTÞÞÞbar�1:5

ð30=R� ð�20000=ðRTÞÞÞbar�1

ð�100:8=R� ð�50000=ðRTÞÞÞbar�1

ð�46:2=R� ð�50000=ðRTÞÞÞbar�1

10�6 mol/m2

10�5 mol/m2

10�6 mol/m2

10�5 mol/m2
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Table 2 e Process parameters.

Process parameter Value

Catalyst particle diameter, Dp 0.005 m

Catalyst density, rb 1300 kg/m3

Specific surface area, SC 102,000 m2/kg

Void fraction, f 0.38

Reactor length, h 0.07 m

Reactor inner diameter, Di 0.035 m

Reactor outer diameter, Do 0.042 m

Reactor wall thickness, xw 0.0035 m

Reactor wall thermal conductivity, km 16.258 W/m/k

Average thermal conductivity

of gases in reactor, kmi

0.071 W/m/k

Table 4 e Heats of reaction.

DHr1 ¼4:95�104þðCpCO2
þ3CpH2

�CpCH3OH �CpH2O
ÞðT�298ÞJ=mol

DHr2 ¼ 9:07�104 þ ðCpCO þ 2CpH2
� CpCH3OH ÞðT� 298ÞJ=mol

DHr3 ¼ �4:12�104 þ ðCpCO2
þ CpH2

� CpH2O
� CpCO ÞðT� 298ÞJ=mol

DHr4 ¼�6:752�105 þ ð2CpH2O
þCpCO2

�CpCH3OH � 1:5CpO2
ÞðT� 298ÞJ=mol

i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 3 6 ( 2 0 1 1 ) 3 3 6 4e3 3 7 0 3367
Pj ¼
FjP
Fj
P (19)

where j ¼ CH3OH, H2O, CO2, H2, CO, O2.

The relation between hydrogen flow rate, current, and the

number of cells is given by Larminie and Dicks [20]:

I ¼ 2F3FH2

n
(20)

where I is the current, F is Faraday’s constant, FH2
is the molar

flow rate of hydrogen entering the fuel cell stack, 3 is an effi-

ciency factor and n is the number of cells in the fuel cell stack.

The desired power generated by the fuel cell stack is

computed from:

P ¼ VIn (21)

where P is the power and V is the voltage.
4. Results and discussion

The design equations described by Eq. (9)e(15) were integrated

numerically in MATLAB [21] using the stiff ordinary differen-

tial equations routine ode15s. The kinetic parameters are given

in Table 1, process parameters are given in Table 2, specific

heats are given in Table 3 and heats of reaction are given in

Table 4. The steam reforming reactions are endothermic and

it is necessary to provide additional heat to keep the reformer

in a temperature rangewhere it is possible to get close to 100%
Table 3 e Specific heat of gases.

Species

H2

H2O

CO2

CO

O2

CH3OH

Where

a1 ¼ 33.066178 a2 ¼ 30.92000 a3 ¼ 24.9

b1 ¼ �11.363417 b2 ¼ 6.832514 b3 ¼ 55.1

c1 ¼ 11.432816 c2 ¼ 6.7934356 c3 ¼ �33.

d1 ¼ �2.772874 d2 ¼ �2.534480 d3 ¼ 7.94

e1 ¼ �0.158558 e2 ¼ 0.0821398 e3 ¼ �0.1
conversion. The required heat can be provided in twoways: (1)

oxidation of methanol in reforming chamber and (2)

combustion of methanol in jacket. To design the heat transfer

jacket, the inner pipe diameter, annulus diameter, inlet

pressure, inlet reactor temperature and inlet jacket tempera-

ture are used to calculate the individual heat transfer coeffi-

cients for the inside and outside of the pipe (Eq. (17) and (18)).

The overall coefficient is constructed from the individual

coefficients and the resistance of the tube wall using Eq. (16).

The overall heat transfer coefficient is a function of temper-

ature and flow rate. For Ti ¼ 773 K, and amethanol flow rate of

4 � 10�4 mol/s, the overall heat transfer coefficient was found

to be 9.4 J/m2. A variation of 10% in the flow rate and

temperatures resulted in a change of less than 1% in the value

of the heat transfer coefficient. For this reason, a constant

value of 9.4 J/m2 was used in the simulations.

Mu et al. [9] fabricated a mini reformer that has the same

dimensions as the reformer considered in this research for

autothermal reforming of methanol to produce hydrogen. To

compare the theoretical results from this research with

experimental results, it is necessary to first estimate the

effectiveness factor for the reactor system. However, details of

the particle size, constriction factor and tortuosity were not

provided in Mu et al. [9]. To get an order of estimate of the

effectiveness factor, the methanol kinetics represented by Eq.

(1) was linearized and the other reactions (Eq. (2)e(4)) were

neglected. The Thiele modulus and effectiveness factor were

calculated by assuming a constriction factor of 0.5, tortuosity

of 10 and particle porosity of 0.2 [16]. For these values, the

effectiveness factor was found to be equal to 1.5 � 10�3. When

the values of constriction factor, tortuosity and particle

porosity were varied by �50%, the effectiveness factor was of

the order of 10�3. The value of effectiveness factor was further

refined by using a single experimental value of Mu et al. [9].

When the reformer was run experimentally at an inlet

temperature of 773 K, inlet pressure of 400 kPa, oxygen to
Specific heat (J/mol/K)

CpH2
¼ a1 þ b1ð T

100Þ þ c1ð T
100Þ2 þ d1ð T

1000Þ3 þ e1ð1000T Þ2
CpH2O

¼ a2 þ b2ð T
100Þ þ c2ð T

100Þ2 þ d2ð T
1000Þ3 þ e2ð1000T Þ2

CpCO2
¼ a3 þ b3ð T

100Þ þ c3ð T
100Þ2 þ d3ð T

1000Þ3 þ e3ð1000T Þ2
CpCO ¼ a4 þ b4ð T

100Þ þ c4ð T
100Þ2 þ d4ð T

1000Þ3 þ e4ð1000T Þ2
CpO2

¼ a5 þ b5ð T
100Þ þ c5ð T

100Þ2 þ d5ð T
1000Þ3 þ e5ð1000T Þ2

CpCH3OH ¼ 63:4

9735 a4 ¼ 25.56759 a5 ¼ 29.65900

8696 b4 ¼ 6.096130 b5 ¼ 6.137261

69137 c4 ¼ 4.054656 c5 ¼ �1.186521

8387 d4 ¼ �2.671301 d5 ¼ 0.095780

36638 e4 ¼ 0.131021 e5 ¼ �0.219663
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Fig. 3 e Effect of varying inlet pressure on hydrogen flow

rate.
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methanol ratio of 0.21 and steam to methanol ratio of 1.4,

a conversion of 86.6%was obtained.We ran simulations under

these initial conditions and determined that for an effective-

ness factor value of 1.5 � 10�3, the conversion obtained was

86.85%. This value of effectiveness factor also agrees with the

literature [22] where it is stated that the effectiveness factor

for this system typically varies between 10�4e10�3. This value

of effectiveness factor was used in all remaining simulations.

One must be cautious in interpreting the effectiveness factor

calculations since the assumption of first order kinetics is

questionable given the large nonlinearities in the reaction

terms. Furthermore, the assumption of isothermal conditions

is clearly violated. The use of a value of effectiveness factor of

1.5� 10�3 in our simulations should be treatedmore as a fitted

parameter or a ball-park estimate rather than as a parameter

fundamental to the model with a sound physical significance.

The effect of inlet temperature, inlet pressure and steam to

methanol ratio on the production of hydrogen was analyzed

by running simulations as follows:

� Inlet steam to methanol ratio range: 1e1.4

� Inlet pressure range: 200e400 kPa

� Inlet temperature range: 773e833 K

The oxygen to methanol ratio was kept at 0.21 to avoid

unsafe operation [9]. The above process conditions are chosen

because the reaction kinetics developed in the literature is

valid in this range. Simulations were conducted at various

process conditions to determine a set of conditions where at

least 8 � 10�4 mol/s of hydrogen is produced. It will be shown

later that this flow rate is sufficient to produce 100Wof power.

Fig. 2 shows the comparison between experimental results

of Mu et al. [9] and the simulation results of the model

developed here when the steam to methanol ratio is varied

from 1.0 to 1.4 at an inlet temperature of 773 K and inlet

pressure of 400 kPa. It is observed that there is excellent

agreement between theoretical predictions and experimental

results. This indicates that the simulation results can be used

for rapid determination of suitable reactor conditions for

optimized production of hydrogen.
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Fig. 2 e Comparison between experimental results and

theoretical predictions for methanol conversion.
Fig. 3 shows the effect of inlet pressure on hydrogen flow

rate out of the reformer when the inlet temperature is 803 K

and the steam to methanol ratio is 1.2. It is observed that as

the inlet pressure increases, the outlet flow rate of hydrogen

increases. When the inlet pressure is 200 kPa, there is no

sufficient hydrogen generated to produce 100 W of power.

Fig. 4 shows the pressure along the length of the reactor at an

inlet temperature of 803 K, inlet pressure of 200e400 kPa, and

steam tomethanol ratio of 1.2. It is observed there is negligible

pressure drop along the length of the reactor. There is an

increase in the number of moles along the length of the

reactor, which tends to increase the pressure; however there

is pressure drop due to flow of gases in the packed bed. The

pressure profiles in Fig. 4 indicate that these two competing

effects balance out leading to negligible pressure drop. In

these simulations, we used a particle diameter of 0.005m. The

paper by Mu et al. [9] did not indicate the particle diameter

used in their experiments. The use of a smaller diameter will

lead to an increase in pressure drop.
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Table 5 e Fuel cell parameters.

Number of cells, n 25

Area of cross section of each cell, A 20.25 cm2

Efficiency factor, 3 0.95

Faraday’s constant, F 96,487 Cmol�1

Inlet flow rate of Hydrogen, FH2 8 � 10�4 mol/s
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Fig. 5 shows the effect of changing inlet temperature

between 773 K and 833 K on hydrogen flow rate out of the

reformer at an inlet pressure of 300 kPa and a steam to

methanol ratio of 1.2. It is observed that as the inlet temper-

ature is increased, the outlet flow rate of hydrogen coming out

of the reactor increases due to higher reforming rates. While

increasing temperature, increases the amount of hydrogen

produced, this comes at the cost of increased heat duty. For

practical applications, it is necessary to use the lowest

possible temperature, the lowest possible pressure above

atmospheric, and the lowest possible steam tomethanol ratio.

The effect of increasing the length of reactor from 0.07 m to

0.10 m on hydrogen production was studied. Due to increase

in residence time of reactants, it is possible to get higher

conversion. Fig. 6 shows the results of this simulation study

where the inlet pressure is kept at 200 kPa, the inlet temper-

ature is kept at 773 K, the inlet oxygen to methanol ratio is
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Fig. 6 e Effect of increasing reformer length on hydrogen

flow rate.
kept at 0.21 and the inlet steam tomethanol ratio is kept at 1.0.

It is observed that for this longer reactor, the hydrogen flow

rate is 8 � 10�4 mol/s.

The hydrogen coming out of the reformer has carbon

monoxide as an unwanted side product that can result in

detrimental operation on certain types of fuel cells (e.g. PEM

fuel cells). In this case, one has to scrub the reformer exit gas of

the carbon monoxide as detailed in Alagharu et al. [23]. A

suitable fuel cell stackwas developed to verify that a hydrogen

flow rate is 8 � 10�4 mol/s could, indeed, produce 100 W of

power. The procedure developed in Alagharu et al. [23] was

used to design a fuel cell stack. The parameters of the stack are

given in Table 5. The polarization curve shown in Fig. 7 was

utilized to model the relation between voltage and power

density, whichwas developed from experimental data at 60 �C
by Chang et al. [24]. It is observed that a stack of 25 cells results

in a current of 5.86 A and a voltage of 0.68 V. Using Eq. (21),

a total powerof 100Wisproduced.Theabove simulationswere

done for a fixed flow rate of methanol to produce sufficient

hydrogen for generating 100 W of power. Due to the polariza-

tion effect in the fuel cell, changing the flow rate of methanol

has a nonlinear effect on the power generated since increasing

hydrogenflow rate results in an increase in current density but

a decrease in voltage. Temperature also affects the polarization

curve characteristics significantly. The effect of flow rate and

temperature on the total power produced in a fuel cell are

discussed in more detail in Kolavennu et al. [25].

Themodel developed in this paper assumes that the system

is at steady state. It is possible to use a formal optimization

procedureas illustrated inChoiandStenger [26] fordetermining

the optimal operating conditions for this system. For dynamic
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Fig. 7 e Polarization curve.
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analysis and controller design, it is necessary to develop

a dynamic model for the reformer-fuel cell system and the

reader is referredtoKolavennuetal. [27] for adescriptionofhow

anadaptivecontrollercanbedesignedfor tracking time-varying

power profiles in a reformer-fuel cell system.
5. Conclusions

In this paper, an autothermal reformer was analyzed to

generate 100 W of power for portable device applications. In

this process both the steam reforming reactions and oxidation

reactions occur in the reformer. Furthermore, methanol is

combusted in the jacket to provide additional heat to the

reformer. The reformer dimensions are taken from an experi-

mental systemdesigned byMuet al. [9]. The reformer operates

non-isothermally inan inlet temperature rangeof 773Ke853K,

inlet pressure range of 200e400 kPa, and steam to methanol

ratio of 1.0e1.4 to obtain sufficient hydrogen to generate 100W

of power. It is observed that pressure drop is negligible

throughout the reactor volume. The simulation results are in

excellent agreement with the conversion obtained experi-

mentally byMu et al. [9]. It is shown that to operate the reactor

at the lower end of the range of parameters considered, it is

necessary to increase the reactor length from 0.07m to 0.10m.
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