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ABSTRACT Autothermal reforming (ATR) of hydrocarbons, such as methane, is an interesting
method for hydrogen production mainly because of its neutral thermal behavior. It is particularly
suitable for mobile applications considering its response time and volume characteristics. In this
investigation, a two dimensional catalytic ATR micro-reactor is simulated numerically. The governing
equations for the flow field and chemical species are solved using an in-house CFD code. A four-
reaction mechanism is implemented to model the reactions that occur on the wall surfaces of the micro-
reactor in the presence of Ni/Al,Os catalyst. The effects of some parameters on the methane conversion
and hydrogen yield are studied. These parameters include the reactor length and width, and the inlet flow
rate. Results from these simulations indicate that at a relative reactor length (L/D) of 60, methane
conversion is 78.2% and the hydrogen yield is 50%. It is also observed that as the reactor width is
increased from 100 um to 400 um, for a fixed reactor length, methane conversion will decrease from 61%
to 56% and hydrogen yield changes from 46.4% to 39.5%. Simulation results also indicate that at a
volumetric flow rate of 25 mm?/s, the hydrogen yield reaches a maximum value while the methane
conversion is 63.6%. Considering these results, the optimum dimensions of the channel and gas hourly
space velocity are determined for the highest hydrogen yield.

Keywords autothermal reforming; hydrogen production; micro-reactor; surface reaction.

INTRODUCTION

Growth of energy consumption in recent decades has become a major issue partly because of
its environmental impact and partly due to the limited available energy resources.
Underground fossil fuels will approximately end in 40 years, therefore finding other sources
of energy is inevitable. Hydrogen is considered as the most suitable energy carrier in the future
because of its compatibility with the new energy sources and its little environmental impact.
In the meantime, commercial production of hydrogen in a compact reactor, which is suitable
for mobile applications, is of great interest [Ahmed S. 2001, Biesheuvel P.M. 2003].

Hydrogen can be used as the main fuel in all types of fuel cell, but the costs for its delivery
and storage is very high at the present. In addition, hydrogen energy density is very low and
hence hydrogen storage is not considered practical for many applications. If hydrogen can be
produced on-demand, the problems regarding its storage or delivery will be eliminated. Three
major thermo-chemical reforming techniques are available to produce hydrogen from other
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hydrocarbon fuels; these include steam reforming (SR), partial oxidation (POX), and
autothermal reforming (ATR).

SR is a conventional method of hydrogen production in some industries but it is extremely
endothermic and the reformer needs external heat for its operation. Thus, the resulting
configuration for the reactor becomes heavy and bulky, which is not suitable for a portable
fuel cell system.

POX is another method for hydrogen production, which is exothermic with easy start up even
in the absence of a catalyst. Hence, the problems stated earlier regarding SR will no longer
exist. But there is another problem; the CO concentration produced by this method is too high
for a PEM fuel cell and further treatments of the synthesis gas will be needed.

ATR is the technique with fewer problems compared with others. To produce hydrogen by
this method, fuel, water and air are fed into the reactor. The presence of water and air will
result in simultaneous occurrence of SR and POX reactions at the presence of a catalyst in the
reactor. The endothermic nature of SR and exothermic nature of POX make the overall
reaction thermally neutral. In other words, the heat release from the POX reaction will supply
the heat required by the SR reaction. Consequently, the overall temperature will be lowered
(compared to POX) which is favourable to the water-gas shift (WGS) reaction, in which the
generated carbon-monoxide by POX will convert into carbon-dioxide and hydrogen. The
aforementioned advantages have encouraged researchers to work on different aspects of ATR
for hydrogen production, particularly for portable devices [Heinzel A. 2002, Armor JN. 2005].
Trimm and Lam [1980] were among the first who studied ATR of methane. They measure ATR
reaction kinetics on Pt/Al,Os fibre catalyst at temperatures around 800 K. Xu and Froment
[1989] developed intrinsic kinetic for methane steam reforming, methanation, and water-gas
shift reactions on Ni/Al,O; catalyst for initial temperature rang among 573—-823 K. This
mechanism has been implemented in numerous investigations up to now.

Ma et al. [1996] designed and tested an autothermal reactor for the conversion of light
hydrocarbon to hydrogen on Pt/3-Al,O5 catalyst. They presented a kinetic rate equation for the
reaction of methane total combustion based on this catalyst for initial temperature rang of
663-723 K.

Groote and Froment [1996] simulated the catalytic POX of methane to synthesis gas on a Ni
catalyst in an adiabatic reactor with various inlet molar air to fuel (A/F) and molar water to
fuel (W/F) ratios. The kinetic rates were presented for eight reactions and a series of
effectiveness factors associated with these reactions were proposed.

Shukri et al. [2004] modelled a one-dimensional steady state adiabatic fixed bed reactor. In
this study, effects of operating pressure, inlet temperature and steam to methane ratio were
investigated. They showed that increase of steam to methane ratio over a certain value would
decrease the methane conversion.

Halabi et al. [2008] modelled and analyzed a one-dimensional heterogeneous autothermal
reactor of methane to hydrogen with gas feed temperature and pressure of 773 K and 1.5 bar
in a Ni/Al,O; fixed-bed reformer. The influence of different parameters such as
oxygen/carbon and steam/carbon were investigated. The optimum conditions were located in a
space velocity (SV) range from 1,050 to 14,000 h™', steam/carbon molar ratio of 4.5—6.5 and
oxygen/carbon molar ratio of 0.45-0.55 to obtain maximum conversion of hydrogen.

Most of the previous investigations were carried out for packed-bed reactors (with volumetric
reactions). In the present study, catalytic ATR of methane in a surface microreactor at the
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presence of a Nt based catalyst is numerically simulated. A two-dimensional, steady-state,
adiabatic model is developed. In the present study, the effects of some parameters on the
methane conversion and hydrogen yield are studied. These parameters include the reactor
dimensions and the inlet flow rate.

NUMERICAL SIMULATION

Model Assumptions The flow regime is assumed to be steady, incompressible and laminar.
The gas mixture is treated as an ideal gas with variable properties based on the local
composition. The gas flow mixture consists of 7 species: CHs, O,, CO, CO,, H,, H,O and N,.
Furthermore, Dufour and Soret effects are neglected in the species mass diffusion.

Governing Equations Governing equations include conservations of mass, momentum,
energy and chemical species, as well as the ideal gas mixture equation.
The continuity equation for a steady-state flow in a Cartesian coordinate is given by Eq. 1.

v.(p7)=0 (1)
The conservation of momentum is stated by the Navier-Stokes equation, given below.
7V(p7)=-vp+v-(uvi) @)

Chemical species conservation for the im species is given by Eq. 3, with the molar production
rate given by Eq. 4.

V(o7 ¥,)=V.(D, .pVY)+ oMW, 3)

w; = pcati(é:jj R_/ 77_/) (4)

j=1

Nitrogen does not participate in any reaction, therefore, Eqs. 3 and 4 are applied only for 6

species. Nitrogen mass fraction is obtained from Eq. 5.

Yy =1- 2% 5)
ii#N,

It is necessary to note that the source term, w,MW,, in Eq. 3 is zero for the internal cells of the

computational domain, because reactions occur only on the walls.
Conservation of energy is implemented to calculate the temperature, as given by Eq. 6.

v'(pcpI;T):v'(kVT)-i_pcati(AHiRini) (6)

i=1

For the same reason given above, the source term in this equation is non-zero only on the
internal walls of the reactor.
Gas mixture density is computed using the ideal gas relationship for a multi-component
mixture which is given in Eq. 7. However, since the temperature and pressure have negligible
variations along the simulated ATR microreactor, the temperature and pressure are taken at
their inlet values in the following equation.

_PMW,.
The mixture molecular weight in the above equation is computed from the following.
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MW, ="y, MW, = S
mix - 1 1 z )/l (8)
MW,
The effective mass diffusion coefficient, Dg; in Eq. 3 is computed using Eq. 9.
-y,
D, = Xi
o A )
7= Dy

In this equation Dj; is the binary diffusion coefficient. The binary mass diffusivity is calculated
by the relationships given by Reid et al. [1987]. The methodology is based on the Chapman-
Enskog theoretical description of a binary mixture of gases at low to moderate pressures. In
this theory, the binary diffusion coefficient for the species pair i and j is given by Egs. 10-14.

_0.0266T"

i PMW;/Z O_; QD (10)
mw, =2/ M)+ (1w, )| (11)
o,=(o,+0,)2 (12)
o _ 106036 019300 103587 176474

TP exp(047635T°) " expl1.5299677) " expl(3.894117 ) (13)
T =k,T/(s¢,) (14)

Table 1 gives the values of hard-sphere collision diameter, o, as well as Lennard-Jones
energy, &, for various species involved in our calculations.

Table 1
Hard—sphere collision diameter and Lennard—Jones energy parameter for each species

Species © (AJ glk, (K)

CH4 3.758 148.6
0, 3.467 106.7
CO, 3.941 195.2
H,O 2.641 809.1
CO 3.690 91.7
H, 2.827 59.7
Ny 3.798 71.4

The constant pressure specific heat, dynamic viscosity, and thermal conductivity of the gas
mixture are computed using Egs. 15-17.

Cper = zcw’Yi (15)

Hop = 2 14, (16)
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ko =D ki, (17)
Methane conversion is given by the following equation.
in out
. Xeu, = X
CH, conversion (%) = w x100 (18)
CH,

Chemical Kinetics Most proposed mechanisms for ATR contain many reactions which make
the numerical simulations complex and difficult to solve. Some of these reactions are reported
by Halabi et al. [2008]. Excluding the non-significant reactions that posses low rates is a usual
approach that makes the calculations practicable with reasonable accuracy. Therefore, as it has
been shown [Hoang 2004, Halabi 2008] that four reactions can be considered as the major
reactions which are listed below.

1) The exothermic total combustion of methane,

R1: CH4 +20,; — CO; + 2H,0, AHj9g =-802 kJ/mol (19)
2) The endothermic steam reforming of methane to carbon monoxide,

R2: CH4 + H,O <> CO + 3H,, AHj9g = 206 kJ/mol (20)
3) The water-gas shift reaction,

R3: CO + H,0 « CO, + H;, AHjgg = -41 kJ/mol (21)
4) The steam reforming of methane directly to carbon dioxide.

R4: CH4 + 2H,0 < CO; +4H;, AHj9g = 165 kJ/mol (22)

An acceptable kinetic rate model for methane steam reforming over Ni-based catalyst was
reported by Xu and Froment [1989]. Their suggested kinetic rate equation has been used
extensively in different investigations. Two different kinetic rate equations are reported for the
total methane combustion. One is reported by Trimm and Lam [1980] and the other is
provided by Ma et al. [1996]. The former is for methane combustion over Pt-based catalyst at
a fixed temperature, while the latter is based on the Langmuir-Hinshelwood model adjusted
for Ni-based catalyst.

In the present study, SR and WGS reaction rates are computed using the model suggested in
Xu and Froment [1989], and the reaction rate of methane combustion is obtained from Ma et
al. [1986].

The corresponding kinetic rate equations for the above reactions are given in Eqgs. 23-27.

R _ klpCH4plO/22 (23)
l (1+KCCH4PCH4+KSZPIO/22)2
k pZZPco 1
R, :_Z;Jj[pCH4pH20 - Kez XQ_rz (24)
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k Pu,Pco 1
Ry = 3 PcoPr,0 ~ = |X— (25)
H, Ke3 Qr
k Pi,P 1
R, =—*| p.y P’ _ZH 0, (26)
35 CH,FH,0 2
H, ) ’ K€4 Qr
Pu,o

Qr:1+KCOpCO+KH2pH2 +KCH4pCH4 +KH20 (27)

H,

e(—Ej Y/R,T

In the above relations, k, =k, x is the kinetic rate constant of reaction j (j =

reactions R1-R4), in which k; is determined from the data of Ma et al. [1986], while k, to k4
are from Xu and Froment [1989]. k,; and E; are given in Table 2. K ,in Eqs. 24-26 is the
equilibrium constant of reaction j (j = reactions R2-R4) which can be found in Table 3.

KE =KSxe™e'/Tin Eq. 23 is the adsorption constant of species i (i = CHy, Oy) in the

combustion reaction R1 and can be found in Table 4. Furthermore, K, =K, x e ™"/&T jn
Eq. 27 is the adsorption constant of species i (i = CO, H,, CHs, H,0O) in the reforming

reactions R2-R4 which can also be found in Table 4.

Table 2
Kinetic parameters

Reaction ko; (kmol/kg cat h) E; (kJ/kmol)

R1 5.852 x 10" (bar ) 204,000

R2 4.225 x 10" (bar™) 240,100

R3 1.955 x 10° (bar %) 67,130

R4 1.020 x 10" (bar™?) 243,900
Table 3

Equilibrium constants

Reaction Equilibrium constant K,
R2 5.75 x 10" exp(—11476/T) (bar”)
R3 1.26 x 107 exp(4639/T)

R4 7.24 x 10" exp(—21646/T) (bar’)

The final equations for the calculation of the reaction rate for each species are summarized as
follows:

rema = — MRy = 112R2 — 4Ry

ro2 =—2mR

rcoz = MRy + 73R3 + 4Ry %)
20 = 2Ry = Ry — m3R3 = 2i4Ry

rco = 1m2Ra —m3R;

rua = 3m2Ro + n3R3 + 4n4Ry
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Table 4
Adsorption constants

Species Eq.no. K, (/bar) AH' (kJ/kmol)

0, 23 5.08 x 10* (bar™) 66,200

CH,4 23 4.02 x 10° 103,500

H, 27 6.12 x 10° -82,900

CH,4 27 6.65 x 10™ -38,280

H,0 27 1.77 % 10° bar 88,680

CO 27 8.23 x 107 -70,650

Solution Approach To solve the non-linear and coupled governing equations, a CFD code is
developed based on the finite volume using the SIMPLE algorithm for the coupling of
pressure and velocity domains [Patankar SV. 1980]. The power-law scheme is used for the
linearization of the convective terms, and a central difference scheme is employed to linearize
the diffusive terms [Hirsch C. 2007]. The algebraic system of equations is then solved using
the Jacobian point-to-point iteration method, except for the pressure correction equation,
which is solved by exploitation of the Gauss-Seidel iteration method [Versteeg, Malalaskerea
1995].

To save computational time, first the governing equations are solved without considering
reactions and property changes. After a number of iterations, this solution is used as an initial
guess for the reactive flow calculations.

RESULTS AND DISCUSSION

The present model has been developed for methane ATR in a surface microreactor (as
opposed to a packed-bed reactor with volumetric reactions); as a result, there has been
difficulty in acquiring compatible data, either experimental or numerical, for its direct
validation. In order to qualitatively validate the present work, the experimental results
reported by Dias and Assaf [2004] were considered here. The general trends are very similar,
but the simulated surface reactor shows lower conversion compared with the actual packed-
bed reactor. This was obviously expected, since the two reactors have similar dimensions and
operating conditions but the packed-bed reactor had more reaction sites available.
Nonetheless, it is observed in both sets of results that increasing temperature leads to an
increase in both the H, and CO production. This qualitative validation of the simulation
results from the present CFD code, gives us confidence in the accuracy of the developed
model

In the present study, the effects of three parameters are studied on the performance a methane
ATR micro-reactor. Fig. 1 shows the variations of H, mole fraction at the reactor outlet and
methane conversion for different L/D ratios. The inlet flow conditions for these results are
W/F=3.0, A/F =1.0, and FR = 0.05 mz/h, and the channel width is 340 um in all cases.
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Figure 1. Variations of (a) H, mole fraction, (b) methane conversion, versus channel L/D

It is seen in Fig. 1 that the hydrogen yield increases as the length of the reactor is increased.
The reason is that by increasing the reactor length the catalytic surface area of the reactor
—where the reactions occur— will increase. The maximum hydrogen yield is obtained for an
L/D = 60 at 50% (dry basis). In addition, CO mole fraction for these conditions is 6%, which
is small enough to be used in a PEMFC after a further treatments.

In Fig. 2 variations of hydrogen yield and methane conversion versus channel width are shown
for a fixed reactor length of 8.5 mm. Similar to the first case, the inlet conditions are W/F =
3.0, A/F =1.0, and FR = 0.05 m’/h.

H2 mole fraction (dry basis) Methane Conversion
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32 T T T T 1 50 T T T T )
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Figure 2. Variations of (a) H, mole fraction, (b) methane conversion, versus channel width

When the channel width is increased at a fixed inlet flow rate, the flux of the inlet mixture
will reduce. Thus, diffusion of the reacting species to the walls is also reduced. It is therefore
expected that the reaction rates will decrease, resulting in lower methane conversion and
hydrogen yield.

Next, the geometry of the reactor is considered to be fixed and effects of the inlet flow rate
(FR) are investigated. Fig. 3 represents the results for these cases.
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Figure 3. Variations of (a) H, mole fraction, (b) methane conversion, versus inlet flow rate

The inlet mixture composition for this case is W/F = 3.0 and A/F =1.0, and the channel width
and length are 340 um, 8.5 mm, respectively. Results for these cases show that for an inlet
flow rate of 20 mm’/s, the outlet hydrogen mole fraction reaches its maximum value of 34.9%
(dry basis). When the flow rate is too low, diffusion phenomenon is controlling the species
production rate. By increasing the inlet flow rate up to a specific value, convection of the
species will help better transport of the reactants to the wall to produce more hydrogen.
However, for higher flow rates, convection of the species will be the controlling parameter
and the lower residence time for the species in the reactor will limit hydrogen production.

CONCLUSION

In this study, a two-dimensional, steady state, adiabatic, ATR microreactor for hydrogen
production is simulated and effects of three parameters on the hydrogen production are
investigated. Results from this work show that by increasing the reactor length the hydrogen
yield will increase (up to a limit), while increasing the channel width will decrease the hydrogen
production. It is also observed that the inlet flow rate has a significant role in the hydrogen yield.
For a fixed geometry of the reactor, the hydrogen yield peaks at a certain flow rate.

Results from this study can be used as a guideline for the design and optimum operation of
micro- and mini-channel reactors based on ATR for hydrogen production from methane.
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