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bstract

This paper presents the experimental studies on the hydrogen generation by methane autothermal reforming method. An experimental system
as built in-house for this study. The temperature profile along the axis of the reformer was measured and discussed. The peak temperature of
he reformer appeared in the part of 1/4 to 2/4 of the reformer length from inlet to outlet. The maximum hydrogen yield, hydrogen mole numbers
enerated per mole of methane consumed of 2.71, was achieved at molar oxygen-to-carbon ratio of 1.68 and molar steam-to-carbon ratio of 2.5.
nder this condition, the energy conversion efficiency of the reforming process reached 81.4% based on the lower heating values.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Hydrogen is increasingly regarded as the sustainable fuel
f the future and it can be used in combustion devices or
uel cells without any carbon emissions. Since the past two
ecades, studies on hydrogen generation from various sources,
uch as fossil fuels, water, biomass, etc. have been extensively
eported. Among these, natural gas may be one of the cheap-
st options for hydrogen generation in the near future [1]. Fuel
eforming techniques, including steam reforming (SRF), partial
xidation (POX), catalytic decomposition (CDC), and autother-
al reforming (ATR), are usually used to convert natural gas

o hydrogen [2]. ATR combining SRF and POX offers advan-
ages for quick transient response and effective suppression of
olid carbon formation in the reforming process. Docter and
amm [3] compared POX, SRF, and ATR systems using gaso-

ine as the feeding stock, and concluded that ATR is the optimum
ethod on the basis of the thermal efficiency under the thermo-
ynamic constraints. Robbins [4] conducted an experimental
nvestigation on ATR of methane (CH4) by coupling CH4 cat-
lytic combustion and CH4 steam reforming in a co-flow heat
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xchanger where the surface combustion drives the endother-
ic steam reforming on opposite sides of separating plates in

lternating channel flows. The experiments used a flat-plate
eactor with simultaneous H2 or CH4 combustion over a �-
l2O3-supported Pd catalyst and CH4 steam reforming over a
-Al2O3-supported Rh catalyst. The results can provide valu-
ble understanding for developing new volumetrically efficient
eactor designs for H2 production using integral catalytic com-
ustion/steam reforming. Liu and Veser [5] studied the influence
f the periodicity of flow-reversal, reactor throughput, and cat-
lyst deactivation during catalytic partial oxidation as well as
utothermal reforming of methane over noble metal catalysts in
reverse-flow reactor, and measured in situ temperature pro-

les along the axis of the reactor. They concluded that the use of
egenerative heat-integration through dynamic reactor operation
ielded reactor configurations, which were ideally suited in par-
icular for small-scale and decentralized hydrogen production
rom methane.

Studies showed that the commonly used catalysts for the ref-
rmation of light hydrocarbons, mainly methane, were Pd-, Ru-,
i-, Co-, and Fe-based catalysts [6]. The Pt-catalyst on metallic
ubstrate was used in both SRF and ATR of natural gas to gen-
rate hydrogen for small-scale stationary fuel cell systems, and
hermodynamic equilibrium were nearly reached in these two
ases [7]. A catalyst with nickel-free formulation containing

mailto:hmwang123@sina.com
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the reformer and the locations of the thermal couples are shown
in Fig. 1. The catalyst, provided by Engelhard, containing 11%
of nickel presented as nickel oxide on a gamma alumina support,
was used in this experiment.
H.M. Wang / Journal of Pow

recious metals promoted by metal oxides, provided by John-
on Matthey, was used to reform natural gas by the mixture of
ngine exhaust gas and air using a mini reactor of 1 in. nominal
iameter stainless steel tube loaded with two monolith cata-
ysts of 65 mm long and 75 mm long by 25 mm diameter, and
0–15% of hydrogen in the reformate was obtained [8]. Vari-
us nickel catalysts were successfully used on the reformation
f the natural gas, light hydrocarbons, and methanol to pro-
uce hydrogen-rich gas, and the range of working temperatures
f nickel catalysts covered from about 450 to 1000 ◦C [9–11].
houdhary et al. [11] conducted the experiment of partial oxi-
ation of methane on NiO–ThO2 and NiO–UO2 catalysts at 700
nd 800 ◦C, respectively; and Dicks et al. [12] studied steam
eformation of methane at 700–1000 ◦C.

Two main points were emphasized in this paper. Firstly, the
emperature profile along the axis of the reformer was measured
nd the peak temperature was located, which could provide the
aluable information for optimization of the design and opera-
ion of the reformer; Secondly, a fully instrumented experimental
ystem of methane autothermal reforming was built in-house to
alidate the theoretical results.

Autothermal fuel reforming combines partial oxidation
POX) and steam reforming (SRF) to achieve a net balance in
verall heat of reaction. In this reforming process, the air–fuel
nd steam–fuel ratios are two important parameters that deter-
ine both the reaction temperature and the composition of the

eforming products. In our previous thermodynamic analysis of
he hydrogen generation from natural gas autothermal reform-
ng [2,13,14], the relationships between the molar air–fuel ratio
A/F) and molar steam–fuel ratio (S/F) and the mole fractions
f H2, CO, and solid carbon in the reformate were obtained,
espectively, and the optimum operating conditions in terms of
/F and S/F, under the constraints of maximization of H2 pro-
uction, minimization of CO yield, and free from solid carbon
n the reforming process, were determined. In this paper, the

olar air to methane ratio was expressed as O/C, the molar
xygen-to-carbon ratio based on atomic moles of O in O2 of
ir to atomic moles of C in methane, and the molar steam to
ethane ratio was expressed as S/C, the molar steam-to-carbon

atio based on atomic moles of C in methane. The optimum oper-
ting range of O/C of 1.47 and S/C of 2.5–4.0 obtained from our
revious thermodynamic study [13] was used to determine the
xperimental conditions. The experiments were conducted for
hree S/Cs of 1.0, 2.5, and 3.0, and the O/C range correspond-
ng to a specific S/C was determined by the catalyst working
emperature range. In the experiment, different S/Cs and their
orresponding O/Cs were obtained by adjusting the feeding flow
ates.

. Experimental

.1. Experiment system
An experimental system was built in-house for hydrogen gen-
ration by methane autothermal reforming in this study. In the
utothermal fuel reforming process, hydrogen-rich gas is pro-
uced by the reaction of water, fuel, and air. Hence, the reforming
urces 177 (2008) 506–511 507

ystem is divided into three parts according to the feeding lines of
ater, methane, and air. To measure and control the pressures and
ow rates of the reactants, the pressure gauges and Cole-Parmer
ow control systems with accuracy of ±2% for liquid and ±1%
or gas, are installed in these three feeding lines, respectively.
rior to introducing water into the reactor, it is vaporized by
heater. Air, steam, and methane are well mixed in a mixer,

ass through a burner, and then enter the reactor where they
eact over the catalyst to produce the hydrogen-rich gas. The
ubular reactor with catalyst bed of length of 200 mm and inner
iameter of 60 mm was used in this experiment. The reaction
roducts passing through a cooler, before being discharged to
he environment, are extracted to the mass spectrometer to ana-
yze the gas composition. The temperature profile along the axis
f the reformer is mapped by 5K-type thermocouples, which
re uniformly located along the axis of the catalyst bed. The five
hermocouples are very well bonded to a stainless steel sheath to
nsure the measuring accuracy within 5 ◦C. The basic design of
Fig. 1. Basic design of the reformer and temperature measuring points.
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.2. Results and discussion

Autothermal reforming process is composed of exothermic
artial oxidation (POX) and endothermic steam reforming (SRF)
eactions. The water–gas shift reaction (WGS) also occurs in
he process, that is, carbon monoxide reacts with water to form
arbon dioxide and hydrogen. The three dominant reactions are:

OX : 2CH4 + (O2 + 3.76N2) = 4H2 + 2CO + 3.76N2 (1)

RF : CH4 + H2O = CO + 3H2 (2)

GS : CO + H2O = CO2 + H2 (3)

Therefore, the major reforming products from such a general
echanism are H2, CO, CO2, non-reacted N2, H2O, and CH4.
The heat balance between exothermic POX and endothermic

RF reactions is achieved for autothermal reforming process.
herefore, the reaction temperature can be controlled by the
olar oxygen-to-carbon ratio (O/C) and molar steam-to-carbon

atio (S/C). The increase of O/C leads to the increase of reaction
emperature due to the exothermic partial oxidation reaction, and
ice versa. For a specific fuel space velocity and S/C, there exists
minimum O/C, below which the reaction temperature will fall
bruptly and cause the reformer to go out. It is obvious that
he maximum O/C also exists. When O/C is greater than this
alue, the reaction temperature will rise dramatically and the
eformer will run away. During the experiment, the O/C should
e controlled between these two values.

.2.1. Temperature variation along the axis of reformer
Autothermal reforming process consists of three dominant

eactions mentioned above, and the total energy balance can
e met by matching molar oxygen-to-carbon ratio (O/C) and
olar steam-to-carbon ratio (S/C). However, the temperature

rom inlet to outlet of the reformer is difficult to keep uni-
orm in the experiment, because exothermic partial oxidation
eaction is more active than endothermic steam reforming reac-
ion; that is, these two reactions do not occur simultaneously.
herefore, the reaction temperature is usually variable along the
eformer. In autothermal reforming process, the peak tempera-
ure of the reformer is a very important parameter and should
e carefully controlled to prevent the catalyst from overheat.
ig. 2 shows the temperatures measured along the axis of the

ig. 2. Temperature profiles along the axis of the reformer from start-up to
oing-out with a S/C ratio of 1.0 and variable O/C ratios.
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eformer from start-up to going-out under the condition of S/C
f 1.0 and the variation of O/C corresponding to the variation
f reaction temperatures. The reaction temperatures were mea-
ured by 5 thermocouples, which were uniformly located along
he axis of the reformer from the inlet to the outlet (marked by
oints L1–L5, which corresponded to the temperatures referred
s T1–T5). The O/C of 4.2 was used for methane ignition. The
emperatures rose abruptly after ignition at such a high O/C.

hen T3 (temperature in point L3) reached 600 ◦C, the steam
as added into the reactor and at the same time the O/C was

djusted to 1.47, and then followed by 1.26, 1.68, and 0.84.
uch a variation of O/Cs could make the reaction temperatures

o decrease and increase, and finally caused the reaction to go
ut. In the ignition stage, there was no reaction in the catalyst
ed because all the methane had been burnt out before enter-
ng the catalyst bed. The catalyst bed was then heated up by
he combustion product. Thus, the temperatures decreased from
nlet to outlet of the reformer during this warming up period.

hen steam was added and O/C was reduced to 1.47, the tem-
eratures decreased. When the catalyst had achieved light off
nd after the reaction temperature had become stable, the gas
emperatures increased from points L1 to L2 decreased from L3
o L5 and had a little variation between L2 and L3. Because at the
nlet of the reformer, the concentration of the oxygen was higher
nd the oxygen was more active than steam, the partial oxidation
eaction was dominant from points L1 to L2. The whole reac-
ion showed exothermic and hence the temperatures increased in
his part. From points L2 to L3, the partial oxidation reaction rate
ecreased due to a decreased concentration of oxygen, but with
he increase of temperature, the steam reforming reaction rate
ncreased. The whole reaction achieved the heat balance. That
s, the heat released from exothermic reaction was almost equal
o the heat absorbed from the endothermic reaction. Therefore,
he temperatures exhibited small variation between L2 and L3.
fter point L3, the exothermic reaction became very weak due

o a very small concentration of oxygen. The endothermic reac-
ion became dominant. The whole reaction showed endothermic
nd hence the temperatures decreased from L3 to L5. It can be
oncluded that in the autothermal reformer, the partial oxidation
eaction dominantly occurred in the inlet part of the reformer,
he endothermic steam reforming reaction became dominant in
he outlet part, and between these two parts, the whole reaction
chieved thermo-neutral. Therefore, the peak temperature of the
eformer was located between L2 and L3 in this autothermal
eforming process.

Fig. 2 also shows the process of the reformer going out. It can
e clearly seen that when the reformer went out, the temperature
n L1 decreased first, and then temperatures in L2, L3, L4, and L5
ecreased in sequence. During the process of the reformer going
ut, all the temperatures in the reformer showed a small increase
efore they decreased, because after the upstream of the reformer
ent out, the oxygen concentration in the downstream would

ncrease, which resulted in a rise of the temperature. However,

he temperatures of reactants flowing downstream also sharply
ecreased, which cooled the catalyst bed. Therefore, the temper-
tures finally decreased after a small increase, and the reformer
ent out.
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ments of S/C of 2.5. When S/C was set to 2.5, the variation range
of O/C was from 1.47 to 2.1 on the condition that the reformer
ig. 3. Composition of the reformate at steady-state operating conditions with
/C of 1.26 and S/C of 1.0.

.2.2. Molar steam-to-carbon ratio of 1.0
Methane space velocity was kept to 6740 1/h for the experi-

ents of S/C of 1.0 and corresponding O/Cs, and the values of
/C and O/C were obtained by adjusting flow rates of water and
ir, respectively. The methane space velocity was defined as

M = 22.4n

Vc

here n denoted the molar flow rate of methane in mol/h; Vc
enoted the catalyst volume in the reformer in L.

During the experiment, it was found that at molar steam-
o-carbon ratio (S/C) of 1.0, the reformer could operate at the
ange of molar oxygen to carbon ratio (O/C) from 1.26 to 1.68
n the condition that the reformer did not go out or run away.
ig. 3 shows the composition of the reformate at the exit of

he reformer under steady-state operating conditions for O/C
f 1.26 and S/C of 1.0 where the dots represent the reformate
omposition calculated based on the chemical equilibrium under
he same conditions [2,13]. It can be seen that the experimental
esults fit the theoretical results quite well.

Fig. 4 shows the reaction temperature profiles along the axis
f the reformer for O/C of 1.26 and S/C of 1.0. It indicates
hat the reformer operates very stably under this condition. The
verage reaction temperature varies from 650 to 690 ◦C from

nlet to outlet of the reformer.

The experiments under O/C of 1.47 and 1.68 were also con-
ucted for S/C of 1.0. Because hydrogen is considered as the
nly desirable product in the reformate in this study, the hydro-

ig. 4. Reaction temperature profiles along the axis of the reformer at steady-
tate with an O/C of 1.26 and S/C of 1.0.

c
f

F
(

ig. 5. The relationship between molar hydrogen to methane ratio (HMR) and
/C at S/C of 1.0.

en mole numbers generated per mole of methane consumed,
hat is, molar hydrogen to methane ratio (HMR), can reflect the
nergy conversion efficiency of the reforming process. HMR
ould be obtained by mass balance based on measured feeding
ow rates and reformate composition. The bigger the HMR, the
igher the energy conversion efficiency will be, and vice versa.
ig. 5 shows the relationship between HMR and O/C for the S/C
f 1.0. The HMR decreased with the increase of O/C. The HMR
chieved the maximum value of 2.26 ± 0.05 at O/C of 1.26. In
his case, the energy conversion efficiency reached 68.1 ± 1.5%.

Fig. 6 shows the variation of average reaction temperatures
or S/C of 1.0 and O/C of 1.26, 1.47, and 1.68, respectively. It
an be seen that for all O/Cs, the temperatures were increased
rom points L1 to L2 (T2 is greater than T1), were decreased
rom points L3 to L5, and show little variation from L2 to L3.
uch temperature variations suggest that the exothermic and
ndothermic reactions were dominant at the inlet and outlet
f the reformer, respectively, and the whole reaction showed
hermo-neutral somewhere between L2 and L3.

.2.3. Molar steam-to-carbon ratio of 2.5
Methane space velocity was kept to 2700 L/h for the experi-
ould operate stably. Fig. 7 shows the reformate composition
or O/C of 1.47 and S/C of 2.5, where the dots represent the

ig. 6. The average reaction temperature profiles along axis of the reformer
from inlet to outlet) for a S/C of 1.0 and variable O/C ratios.
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Fig. 7. Reformate composition at S/C of 2.5 and O/C of 1.47.
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ig. 8. Reaction temperature profiles along axis of the reformer at S/C of 2.5
nd O/C of 1.47.

alculated chemical equilibrium data under the same condition
2,13]. It can be noted that the experimental data and the equi-
ibrium calculation results are in good agreement. The reaction
emperature profiles along the axis of the reformer under S/C of
.5 and O/C of 1.47 are shown in Fig. 8. The reaction temper-
ture varied in the range of 460–550 ◦C from inlet to outlet of
he reformer.

Fig. 9 shows the variation of hydrogen mole numbers gen-
rated per mole of fuel consumed, molar hydrogen to methane

atio (HMR), with O/C at S/C of 2.5. The maximum HMR of
.71 ± 0.08 is achieved at O/C of 1.68. When O/C was smaller
han 1.68, more residual methane was found in the reforming
roduct, which resulted in a less hydrogen production. However,

ig. 9. The relationship between molar hydrogen to methane ratio (HMR) and
/C at S/C of 2.5.
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ig. 10. Average temperature profiles along the axis of the reformer (from inlet
o outlet) for S/C of 2.5 and variable O/C ratios.

hen O/C was greater than 1.68, the reaction between oxygen
nd hydrogen might occur, which decreased the final hydrogen
roduction. At O/C of 1.68 and S/C of 2.5, the energy conversion
fficiency reached 81.4 ± 2.4%.

Fig. 10 illustrates the average temperature profiles along the
eformer under S/C of 2.5 and O/C of 1.47, 1.68, 1.89, and 2.1,
espectively. The temperatures were increased from L1 to L2
nd decreased from L2 to L5. The highest reaction temperature
peak temperature) appeared around L2. With the increase of
/C, the temperature differences between L2 and other locations
f the reformer increased. The reason might be that higher O/C
ould result in higher peak temperature (appearing at L2), which
ncreased the endothermic steam reforming reaction rate at the
ownstream of the reformer.

.2.4. Discussion
Hydrogen generation by methane autothermal reforming can

e used to feed PEM fuel cell, which could be applied in the
mall-scale stationary power plant. Therefore, H2 is the most
esirable product in the reformate and should be maximized.
olid carbon, on the other hand, is the most undesirable product

n the reforming process and once produced, it will deposit on
he catalyst surface of the reformer and make the catalyst deac-
ivate. PEM fuel cell usually uses platinum as catalyst. If CO
xists in the reformed gas and enters the PEM fuel cell, it will
e adsorbed at the platinum catalyst layer of the fuel cell and
oison the catalyst. Hence, the reformate needs to be further pro-
essed to reduce CO concentration to be less than 10 ppm by a
ater–gas-shift and preferential oxidation reaction before feed-

ng the PEM fuel cell. Therefore, the focus of the fuel reforming
hould be placed on maximization of the H2 yield, minimiza-
ion of the CO production, and avoiding the formation of solid
arbon. Under these constraints, the optimum operating range
f O/C of 1.47 and S/C of 2.5–4.0 was obtained from a ther-
odynamic study [2,13]. However, for an experimental system
ith specific catalyst, whether a fixed set of O/C and S/C can be

chieved depends on if it can make the reaction operate stable

nd the reaction temperature, especially, the peak temperature
f the reformer fall within the range of catalyst working tem-
erature in order to prevent the catalyst from destroy. In this
xperiment, S/Cs from 1.0 to 4.0 were tested, which covered the
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[
(1998) 1803–1807.
H.M. Wang / Journal of Pow

ptimum operating range obtained from thermodynamic study.
t was found when S/C was set to 3.0, the minimum O/C should
e 2.1. In this case, the hydrogen composition in the reformate
as about 30%, which was much lower than that for S/C of 1.0

nd 2.5. Moreover, too much water was found in the reformate.
n practice, the condition of S/C more than 3.0 is not econom-
cal for the reformer operation. It is obvious that the maximum
ydrogen yield based on hydrogen mole numbers generated per
ole of methane consumed was achieved at molar oxygen-to-

arbon ratio of 1.68 and molar steam-to-carbon ratio of 2.5 in this
xperiment, which was approximate to the optimum operating
ange from theoretical analysis but not completely fall within
his range. The reason may be that the reaction temperature
as assumed to be uniform in the reactor during calculation,
hich is different from the experiment condition; that is, the

eaction temperature is variable along the reformer. However,
he compositions of reforming products for all the sets of O/C
nd S/C tested in this experiment were in good agreement with
hose obtained from theoretical analysis. It reveals that chemical
quilibrium have been achieved in the experiment.

. Conclusions

In this study, an in-house experimental system was fabricated
or autothermal methane reforming to produce hydrogen-rich
as, and the theoretical results were successfully validated. The
hemical equilibrium was nearly reached in all the tested condi-
ions. The maximum hydrogen yield, hydrogen mole numbers
enerated per mole of methane consumed of 2.71 ± 0.08, was
chieved at molar oxygen-to-carbon ratio of 1.68 and molar
team-to-carbon ratio of 2.5. Under this condition, the energy

onversion efficiency reached 81.4 ± 2.4% on a lower heating
alue basis.

The temperature profile along the axis of the reformer was
easured, and the peak temperature of the methane autothermal

[

[
[

urces 177 (2008) 506–511 511

eforming process appeared around the location of 1/4–2/4 of
he reformer length from the inlet of the reformer. These results
re important for optimization of the design and operation of the
utothermal reformer.
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