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Abstract

Kinetics and modelling of methane steam reforming over sulfide nickel catalyst on alumina support is studied. Extensive experiments are
firstly carried out to study the performance of the steam reforming process and to determine its kinetic data. The results demonstrate that
the reforming performance is strongly affected by temperature and ratio of steam to methane. The favourable condition for high hydrogen
production, high reforming efficiency and relatively low carbon monoxide concentration is at steam to methane ratio of 3—3.5 and temperature
of around 1073 K. Below this temperature value, the methane conversion rate is approximately proportional to the residence time in the
studied range. Two-dimensional model of catalytic fixed bed reformer is developed with a system of partial differential equations describing
the conservations for mass and energy using kinetic data determined from the current experiment. The modelling results are successfully
validated with experimental data.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction for methane steam reforming over a specific commercial
catalyst, modelling study may be a fast method to give a good
Hydrogen production has been of great attention in recentanswer. The simulation of the methane steam reforming
years because hydrogen is considered as a clean energprocess requires reliable information on the kinetic data of
source and its demand in fuel cell application and chemical the catalyst used while the process is quite complex. It not
industry increase§l,2]. The hydrogen production is pop- only involves the complicated mass transfer and diffusion
ularly carried out by hydrocarbon fuel reforming in some between the gas phase and catalyst surface as well as within
ways[3]. Among these, catalytic steam reforming of natural the catalyst, but also involves several simultaneous reactions
gas, which contains mainly methane, is probably the most taking place in parallel or in series. As a result, the reforming
important and economic process for the production of hydro- performance is usually different over different catalyst
gen and synthesis gas in large sddlE In industry, steam  [8,9,11] For the similar reasons, the reported kinetic data in
reforming of natural gas is normally carried out at quite high the literaturg12—15]under the catalysts of different types,
temperatures ranging from 700 to 9GD[5] for high product compositions and of different particle sizes, and over wide
yields. However, there are many factors, including catalyst ranges of temperature are not uniform. Hence, to receive
type, operating conditions and reformer design features,a reliable prediction of methane steam reforming from
which influence the performance of the reforming process modelling work, the kinetic data of the catalyst used should
and product distributiofi6—11]. Therefore, to optimize the  be provided or experimentally determined if not available.
product yields and determine the optimum reformer design  The sulfide nickel catalyst on a gamma alumina support
is a new and highly active commercial catalyst, Ni-0309S,

* Corresponding author. Tel.; +65 67904862; fax: +65 67911850 which is cheap and popularly used in industrial reformers
E-mail addressmdlhoang@ntu.edu.sg (D.L. Hoang). for hydrocarbon fuel reforming to produce hydrogen and
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Nomenclature

aj, by
b
Ci

Cpg
Di

Sat

constanti(=0-3)

thickness of the reformer wall (m)
concentration of gas speciegnol/m3)

heat capacity of catalyst bed (J/(kg K))

heat capacity of gas (J/(kg K))

gas diffusivity of species(m?/s)

dispersion coefficient of gas componént
inner reformer diameter (m)

activation energy (kJ/kmol)

molar flowrate of inlet CH (mol/s)

superficial mass flowrate (kg/(sh)
gravitational acceleration (nfs

heat transfer coefficient (W/#K))

mass transfer coefficient of gas spegi@s/s)
heat transfer coefficient on the inside ¢
reformer wall (W/(nf K))

heat conduction coefficient of catalyst bed
(W/(mK))

equilibrium constant of reactign(j = 2—4)
adsorption constant

constant

thermal conductivity of air in the gap betwee
the heater and the reformer (m)

heat conduction coefficient of gas (W/(m K))
rate constant of reactign

constant

mass flowrate (kg/s)

. partial pressure Cl. .. (bar)

universal gas constant (kJ/(kmol K))

rate of reaction (kmol/(kg cat h))

conversion rates of specieé&mol/(kg cat h))
heat transfer area per volume of catalyst bg
(m?/m3)

catalyst area per volume of catalyst bed
(m2/md)

T, Tg, Tn temperatures of catalyst, bulk gas and out

u

Uz
Weat
XCH,
XCo,

AHi
AH;

wall, respectively (K)

superficial gas velocity (m/s)

gas velocity inz direction (m/s)

catalyst loading (kg)

total conversion of Cil(mol/mol)

molar fraction of CH converted to C@
(mol/mol)

adsorption enthalpy of speciegJ/kmol)
heat of reactiof (kJ/kmol)

Greek symbols

o

overall heat transfer coefficient through the
reformer wall

void fraction of catalyst bed

heat conduction coefficient through the wall

2d

Ug dynamic viscosity of gas (kg/ms)
pcat  catalyst density (kg//)

Ob catalyst bed density (kg/h
0g gas density (kg/f)

¥ constant

Subscripts

cat catalyst

g gas

i gas species

] reaction index (1-3)

r,z axes cylindrical coordinate
S solid phase

synthesis gas. Therefore, modelling the methane steam
reformer loaded with this catalyst is very useful for
optimizing the reformer design and reforming performance.

The objective of this study is to experimentally determine
the kinetic data of the sulfide nickel catalyst on a gamma alu-
mina support for methane steam reforming in a range of high
reaction temperatures and to simulate the reforming process.
The conversion behaviour inside the reformer is then inves-
tigated.

Many studies on simulation of methane steam reforming
have been carried outin the literat{ité—19] However, these
studies applied the kinetic data available for some catalyst as
general data in their modelling work for purpose of analyzing
the factors influencing the reforming performance. Hence, it
is unreliable to use those simulation results in optimizing the
design of an industrial reformer using a specific catalyst. In
the current work, experimental study, kinetic data determina-
tion, and the reformer modelling are carried out together and
validated with each other to give reliable results.

2. Experimental study
2.1. Experimental equipment

The schematic layout of the equipment system used for
the current experimental study of methane steam reforming is
showninFig. L Inthis system, gas temperatures and flowrates
are fully automatically controlled according to the set values.
The reformer is a stainless steel tube with an inner diame-
ter of 10 mm and total length of 400 mm divided into three
zones including preheating zone of 100 mm, reaction zone of
150 mm and cooling zone of 150 mm. The preheating zone is
filled with inert material (alumina) and heated by a heater, the
reaction zone filled with sulfide nickel catalyst and heated by
another heater, and the cooling zone filled with inert material.
A multipoint thermocouple (a set of four thermocouples) is
sliding in a central tube of 2 mm outer diameter to measure
and control the preheating and reforming temperatures. The
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Fig. 1. Schematic of flow system methane steam reforming.

pressure regulator automatically maintains the backpressureat 2 K/min and kept at this temperature for a further hour in

in the system at a stable value. The system operation is autohydrogen, and then the temperature is reduced to the required

matically controlled by the system controller with a computer operating temperature. Upon reaching this temperature, the

interface for monitoring and setting operating parameters. pressure is set to 1.5 bars and the water feed is switched on.
During the steam reforming process, metered water is The reference conditions for steam reforming operation are

supplied by the piston pump through the evaporator, mixed set and the experiment is started.

with metered methane in the mixer. And then, the mix-

ture of methane and steam is preheated before entering t@®.3. Experimental results

the reformer containing heated catalyst. The preheating and

reforming temperatures are automatically controlled by two  The experimental conditions for methane steam reforming

temperature controllers. After leaving the reformer, the refor- in this study are setin a range ensuring the normal and reliable

mate gas is passed through the condenser, the gas-liquidperation of the equipment system and catalyst. The temper-

separator and the gas dryer to remove water content beforeature in the reformer evolves from 773 to 1073 K, ensuring

going to the gas analyzer where its dry composition is deter- high catalyst activity and avoiding reaching a chemical equi-

mined. librium [14]. The reformer pressure is regulated at 1.5 bars;
residence time is up to 3.6 kg cat s/mol of inlet £&hd the
2.2. Catalyst H>O/CH4 molar ratio is from 2 to 5. Extensive trial tests was

carried outfirstto check the transient time, reading repeatabil-

The catalyst used in this experiment is commercial sul- 1Y andthe carbondeposit, and then new catalyst was replaced
fide nickel catalyst Ni-0309S, supported on gamma alumina and_ prepared forofflual expgnments. The_trlal tests show that
supplied by Engelhard Company. This is a new type of d_u.rmg proposed time duration for (.a>.<per.|ments the repeata-
commercial catalyst specialized for hydrogen production by Pility is good and no carbon deposition is seen on catalysts

hydrocarbon fuel reforming. The reasons for choosing this When they are removed from the reactor and replaced be the

catalyst in this study is that it is very cheap for use in indus- N€W ones. This means that the deactivation of the catalyst

tries compared with other types of conventional nickel/alpha 'S Small. Therefore, because the experiments are conducted
alumina catalyst and widely used for fuel steam reforming in gune fast, the effect of thg catalyst deactivation on the reform-
industrial scale nowadays. Furthermore, the kinetic data of "9 Performance can be ignored.
this catalyst are not available while the engineers need one
for improving their reactor design. Table 1 .
. . Catalyst properties

The catalyst is of spherical type and ready for use as sup-— o -

plied. Its physical property is shown ffable 1 Nickel content (wt.%) 9.8

. . S content (wt.%) 49
The amount of catalyst loaded in the reaction zone of the ajymina content (wt.%)

Balance
reformeris 8.98 g. Once loaded, the catalystis heated to 773 Ksurface area (fig) 155
at 3 K/min in nitrogen and maintained at this temperature for Total pore volume (mi/g) 0.9
1h, and then the catalyst is sustained at the same temperasize of the sphere (mm) 1.75
Average crush strength (N) 25

ture for 2h in hydrogen. After that, it is heated to 1100K
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dence time of 3.59 kg cat s/mol GH ature and residence time of 3.59 kg cat s/moybCH

Anumber of experiment sets have been conducted to deteryith increasing HO/CHj ratio. This means that the total GH
mine the reforming performance at different temperatures, conversion, or in other word, the reaction rate increases with
H20/CHs molar ratios and residence time (different £H increasing water composition in the inlet mixture. There is
flowrate at the same catalyst loading). Results of the typi- also a benefit of decreased CO concentration in this case.
cal ones are shown irigs. 2—7and discussed below. However,Fig. 3 also shows that the increase 0§®{CH,

Fig. 2depicts the variation of the wet concentrations (with ratio in the inlet mixture leads to a significant increase of
steam present in the gas mixture) of the reformate gas (prod-water content in the product gas because the increase of
uct) versus reforming temperature under the inlet mixture reaction rate is not directly proportional to the increase of
with H,O/CHs molar ratio of 3.5. It is clear that at higher  H,0/CH; ratio. Therefore, with increased water content in
reforming temperature the GHesidual in the reformate gas  the wet product gas, the hydrogen concentration in this prod-
is lower and the hydrogen concentration is higher. However, yct decreases as shownfiy. 3 despite its concentration in
increasing reforming temperature leads to an increase in carthe dry product gas (the product gas without water vapour)
bon monoxide (CO) concentration that is not desirable for increases as shown Fig. 4.
fuel cell application. Fig. 4 shows the variation of gas compositions in the

Fig. 3shows the variation of wet reformate gas composi- dry product. It shows that CHand CO compositions
tions against HO/CHs molar ratio at the reforming temper-  decrease and the formations of lind CQ increase with
ature of 973 K. It can be seen that the £xidsidual decreases increasing HHO/CHj ratio of the inlet gas. This means that

80 s o

< | T=973K g =teldh

& I E H20/CH4=3

g 60 4 % H2 - 0.84

= —e—CH4 £ 5] T=973K

£ 401 —=—C02 5
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Fig. 4. Dry reformate gas concentration v ®CH, molar ratio at resi- Fig. 7. Total CH conversion vs. residence time at different catalyst temper-

dence time of 3.59 kg cat s/mol GH ature and HO/CH, = 3.
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o 0.5 Table 2
b 04| HEO/CHA=3 T=70¥ig73}< Possible reactions in methane steam reforming
g - No. Reaction AHagg (kd/mol)
&5 vl T=873K
® -E_ : 1 CH; +H,O=CO+3H 206.1
3 g2 T=773K 2 CO+H0=CO+H; —41.15
cE 3 CHy +2H,0 = COy +4H, 165.0
5 ot 4 CHy+C0,=2CO+2H 247.3
5 0 5 CH; +3CG, =4C0O +2H0 330.0
0 1 2 3 4 5 6 CHy=C+2H, 74.82
7 2CO0=C+C —173.3
m-cat./CH4 flowrate (kgcat.s/mol) 8 CO+Hp=C ’?Hz o _1313
. . . . . . 9 CO+2H,=C+2H0 —-90.13
Fig. 8. Mole fraction of CH conversion to C@vs. residence time at dif- 10 CH, +2C0O=3C +2HO _187.6
ferent catalyst temperature and®/CH, = 3. 1 CH, +CO, = 2C + 2H,0 _153

the conversion of Cldand formation of H increase with
increasing HO/CH;, ratio. This agrees witlrig. 5showing
that hydrogen yield increases whep®{CH, increases. The The overall reaction in steam reforming process to form

hydrogen yield reaches an approximately stable value cIoseC, CO, CQ and KO may include the equations listed in
to 3 at temperature above 973 K and steam to methane ratiol’able 2 [14,15]

greater than 3.5. However, according to thermodynamic analysis of the pre-

TO. gvaluate the efficiency of the process, the following vious studie$14,15], only the first three equations presented
coefficient can be used:

3. Kinetic model development

. Enthalpy of produced ¢in reformate gas
~ Enthalpy of inlet CH + enthalpy of BO + heat of evaporation

n 1)

The variation of reforming efficiency againsb&8/CHj,
molar ratio at different temperature is presentedrig. 6.
It shows that within the BHO/CH, ratio range of 2-5, the
efficiency increases with increasing reforming temperature.

However, according to the trend of the curves, it is predicted The overall conversion rate of methane and conversion

that at the HHO/CH;, ratio greater than 5, the efficiency may R .

decrease when the temperature increase above 1073 K. A{ate. of methane to carborl1.d|OX|de in the refor'mmg process

high temperature (near 1073K) the efficiency has a peak atat dlff_erent inlet gas co_ndltlons can be determlnec_i based on
experimental data. At first, total methane conversiagHf)

H>O/CH;, ratio of around 3. i L
2 Ha and methane conversion to carbon dioxided,) versus con-

By analyzing all experimental results, it can be seen that tact time (residence time) are measured and plotted in graphs
optimum reforming performance in terms of reasonably high ' : : u b ngrap

efficiency, high hydrogen concentration, high hydrogenyield, (Figs. 7.:and B Here,

low CHj4 residual and relatively low CO concentration can mole of inlet CHy — mole of outlet CH
be reached at the temperature of 973-1073 K asd/BH, *CHa mole of inlet CH;

molar ratio of 3—4.

Figs. 7 and 8show the total Ch conversion and CH
conversion into C@versus residence time of methane (mass y.o, = : ,
of catalyst per mole of inlet Ciflowrate—kg cat s/mol) for mole ofinlet CH,
steam reforming at water/methane ratio of 3 and different where the mole of outlet CHand mole of outlet C@are
reforming temperatures. It is seen that at a fixed reforming calculated based on measured £&hd CQ compositions
temperature, the total GHonversion and Cldconversion  in the product and the chemical balance of the reforming
to CO, increase with increasing residence time. However, reaction of one mole of inlet CH
the figures also indicate that as residence time increases Then, the relationship between total methane conversion
to greater than 3 kg cats/mol of inlet Gldnd temperature  and contact time, and between methane conversion to carbon
around 1073K or greater, the GHonversion no longer
increases and reaches to some stable value. The reason i&ble 3
that the reforming process may reach to equilibrium above Eauilibrium constants

in Table 3occur significantly in steam reforming process
while the rates of the other reactions (reactipfis-(11) are
negligible. Therefore, the steam reforming process can be
described on the basis of reactida3—(3).

and
mole of outlet CQ

this operating condition. Therefore, it can see that for high Reaction Equilibrium constarkg;
residence time, the reforming temperature is not necessarily1 5.75x 1012 x g=11500T (jh512)
high and is better to be less than 1073 K under the current2 1.26x 1072 x g*600T

study condition. 3 7.24x 1010 x g-21600T (ha2)
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dioxide and contact time are analytically expressed in the ko DPH,PCO, 1
form of polynomial function as follows: Rz = —"— | pcopH,0 — *92 (7)
: PHy Ke2 0%
2 3
Weat Weat Weat k 174 PCO, 1
XcH, =ao+a1 | — +a2< - > +a3< - ) Ry = — | pep, plg — 222222 ) o~ 3
(F(IZnH4> Fg, F&u, P2 PCHPH,0 K.3 Q? ®
(2)
Weat Weat ? Weat ° 0, =1+K +K +K + Kn,0rH0
xco, = bo + b1 = + by = + b3 — r= copco H2 PH2 CHy PCHy Hy
FCH4 FCH4 FCH4

3) whereR, (kmol/(kg cats)) is the rate of reactigr(j = 1-3),
With the assumption that methane steam reforming reac- pcH,, po,, €tc. (bar), respectively, the partial pressures of gas
tion occurs only under the presence of catalyst, boundary con-species Clg, Oz, etc. k; the kinetic rate constant of reactions
ditions can be set as: <’alfc‘—,n/Fg‘H4 =0, xcH, = xco, =0, j and described als; = ko; x e £i/RT Ky the constantf;
wherexch, andxco, are mole of total Clg conversion per (kJ/kmol) the activation energiR (kJ/(kmol K)) the univer-
mole of inlet CH, and mole of CH conversion to CQ@ per sal gas constant, (K) the gas temperature in the reaction
mole of inlet CH, respectiverWcat/F(i:“H theresidencetime  zone,Kg the equilibrium constant of reactigr(j = 1-3),K;
(ratio of weight of catalystcay, to inlet mole CH flowrate, the adsorption constant of specigg= CO, H,, CHg, H20)
F&,), anda andb; (i=0-3) are the constants that can be and described ak; = Ko x e 2H/RT K the constantand
analytically determined by fitting these functions to the exper- AH; is the adsorption enthalpy of specig&J/kmol).kj and
imental data curves shownigs. 6 and at differentvalues K can be found by fitting the kinetic model to the experi-
of contact time and methane conversion. mental data.
Finally, once function$2) and(3) have been determined, Reaction rates for the disappearance of,@hid formation
the rates of total Cldconversion and Cldconversion to CQ of CO and CQ are obtained from following relations:
at different inlet gas conditions can be found by differenti-
ating these functions in respect to contact tiig./ F¢yy,- rcH, = R1+ R3 (©)
Hence, the conversion rates can be calculated at each valugCo —Ri—Ro (10)
of residence time by Eq¢4) and(5):
dron, rco, = R2+ R3 (11)

FCHy = 7~
! d(Wcat/F(';”H4) Among these three equations, two are independent, say

2 Egs.(9) and(11). Substituting these rate equations into Eqs.
W, W, i i -
— a1 + 2a ( cat) 13 ( cat) ) (4) and(5) for the data treatment at different input and oper

ating conditions can solve fé andK; by iteration, assuming
thatk; andK; are dependent on temperature only. The cal-
Sy — Y culated kinetic rate and adsorption parameterl andK;,
d(Wear/ Fch,) dependent on temperature are depictedrigs. 9 and 10

" 2 respectively, in the temperature range from 773 to 1073 K.
o ( ) +3b3< )

rco, =

g (5) Based on these data, the constakgsKoi, activation energy,
<';nH4 Ej, and adsorption enthalppHi, can be determined by the
following relations:

Fey,

The determination of reaction rate expressions for
methane steam reforming in this study is based on the detailed In(k 1)/ k)
analyses and studies of possible mechanisms and appropriat&; = -1 1 X
rate controlling steps, which have been presented in literature Ty Ty
[14,15] It was widely accepted that both methane and steam
were adsorbed on the catalyst with dissociation and the sur- 10
face reactions producing CO and €®@ere assumed as the 5
rate controlling steps. Based on information in the literature 0]

and following the thermodynamic analysis, it leads to the = 5]
same appropriate forms of reaction rate expressions as that P,
presented by Xu and Frome[it4]. =1 S

The corresponding rate expressions for react{dns(3) e

R; koj = kjy x eFi/RTw) (12)

n(k

A k3
in Table 2are as follows: -20 ‘ ' ' '
0.0009 0.0011 0.0013
3
k1 Ph,Pco 1 1T (1/K)
Ry = —55 | PeHaPH0 — — - X — (6)
Py, el o5 Fig. 9. Temperature dependence of rate constants.
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= | //—r’ —p

-10 4 ¢ K-CO mK-H2
A K-CH4 x K-H20

-15 ] Fig. 11. Thermodynamic system of a 2D reformer.

00008  0.0011 0.0013

1T (1/K) Fig. 11shows the thermodynamic system of a 2D reformer
model used in this modelling work. The reformer is exactly
the same as that used in experiment presented above with

Fig. 10. Temperature dependence of adsorption parameters.

Table 4 10mm in inner diameter, 150 mm in length. The reformer
Kinetic parameters is filled with the same sulfide nickel catalyst mentioned in
Reaction kej (Mol/kg cats) E; (J/mol) Table 1 It is heated by a high power electrical heater with
1 9,048 101 bas 209500 temperature controller tq maintain stable_ reactor Wa_ll tem-
2 5.43x 10° bar-1 70200 perature. The heat supplied to the reforming process is trans-
3 2.14x 10° bas 211500 ferred from the heater through the reformer wall of 1 mm
thickness.
Table 5 Since radiation in reformer catalyst bed can be significant
Adsorption constants only at the temperature above 10@[20] while the reac-
Species Koi (bar L) AH; (3/mol) tor temperature in this study is less than or equal to°80
CHa 1.995x 10-3 36650 (1073 K), the radiation in this study is insignificant and hence
co 8.11x 10-5 70230 can be omitted. Moreover, because the gas flowrate is rela-
Ha 7.05% 1079 —82550 tively low and the void fraction of the bed is high (0.35), the
H20 1.68x 10* bar 85770 pressure drop is assumed to be negligible. To simplify the

model, one may assume that the gas flow in the reformer is

uniform and apply 1D model for the reformer. However, the

radial dispersion of the gas flow due to catalyst particle size
AH; = In(Ki/Ki@) | p. of 1.75mm and the radial heat transfer due to heat supply

% — ﬁ through the reformer wall may have some effects on overall
. reforming performance. To take these effects into account of
Koi = Kiq) x eMHi/RT) (13) o

the modelling work, a 2D reformer model is more appropri-
where the subscript indexes (1) and (2) are the two arbi- ate to describe the reforming behaviour under the mentioned
trary reference points (1) and (2) on each curvég)ngnd conditions[19,21] Therefore, the 2D model is developed in
In(Ki) against 1T in Figs. 9 and 1pwhich can be chosen at  this study. The phenomena considered in the reformerinclude
1/T1y=1/1073 and W) = 1/773. chemical reactions on the catalyst surface, heat and mass
The calculated kinetic rate and adsorption constants in transfers in the axial and radial directions of the reformer.
Egs.(6)—(8)based on the current experimental data are shown However, because in the axial direction, the dispersion coef-
in Tables 3-5 ficientis much smaller then the gas velocity, it can be ignored
The activation energies of the reforming reactions in the without significant influence on the calculation results. In
current study are found smaller than the data reported byaddition, the heat conductivity of gas is much smaller than
Xu and Fromen{14] for nickel catalyst on alpha alumina that of catalyst bed, it can be omitted. In the gas phase, the
support (209,500 and 211,500 kJ/kmol versus 240,100 andchange of gas properties and concentrations with time is nor-
243,900 kJ/kmol). This means that the nickel sulfide/gamma Mally much smaller than that with space, especially when the
alumina catalyst in the current study is more active than the OPeration approximately reaches to steady state, hence it can
conventional one. The adsorption enthalpies of the model arePe ignored within a small step time.
also a little smaller than the previously reported das.
4.1. Governing equations

4. Reformer modelling With the assumptions mentioned above, the basic equa-
tions of the model based on the mass and energy balance for
In this section, the steam reforming reaction scheme andthe gas phase and solid phase of the reformer are as follows:
kinetic rate data determined above are used in modelling aC: 2C 19C,
of the reformer, aiming to study the gas behaviour in the ,,~=! _ Dy (21 + ') + peati (14)
reformer. 0z or roor
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0Ty 0Ty With these conditions, Eqél4) and(16) can be replaced

e0gcpy 5~ = ~utPycpg — + Snh(T — Tg) (15 by Eqs.(14b)and(16b) respectively:
aC; ¥C;

oT °T 19T  9°T U—- = 2D;j—" + peatri (14b)

T k(2 -o5 i Soh(Ty — T i 2 cat'i
PpCpb ot <8r2 + r or + 8Z2> - Snh(Tg ) o or

4
aT ¥PT 9T
+PcatZ(—AHj)77jRj (16) PoCpba - = K <28r2 + 3Z2) + Snh(Ty — T)
j=1

. . L 4
wherei denotes the gas specigthe reaction indexpg, pcat

ob (kg/mP) the densities of gas, catalyst and bulk catalyst e Catz(_AHf)”fRf

bed, respectivelyGyg andcyy, (J/(kg K)) the specific heats of =1

gas and of catalyst bed, respectivelythe void fraction of . . .

the catalyst bedhp; (m/s) the mass transfer coefficient of At the interfacial surface of inner reformer wall and cata-

gas componerit h (W/(m? K)) the heat transfer coefficient; lyst bedr =R

T andTy (K) the temperature of solid phase and gas phase, jc; T

respectivelyCi (mol/m?) the concentration of gas species 5, =0 Ko-=al —Th); (21)

r andz (m) the cylindrical coordinates§, (m?/m3) the heat _

transfer area per volume of catalyst badd; (J/mol) the heat ~ WhereTh is the temperature of reformer wal, the over-

of reactionj; K (W/(m K)) the heat conduction coefficient of all heat transfer coefficient thrc_)ugh the_rt_—zformer wall &d

catalyst bedDqy the dispersion coefficient of gas component (W/(mK)) are the hea't conduction coefficients of the catalyst

i: u (m/s) is the superficial gas velocity equal to the ratio of P€d and gas, respectively.

volume flowrate to the cross-section area of the reformer. The properties of gas in the reformeg,andcpg, depend on
The dispersion coefficient of gas in a catalyst bed is depen-temperature and composition of the gas mixtégedepends

dent on molecular gas diffusion, bulk gas velocity and pellet ON temperature and heat capacity of (22 and, hence, also

(16b)

diameter and can be determined based on Wakao [293. depends on the composition of the gas mixture. Therefore,
as follows: these properties vary from one location to the other in the
D, reformer and vary with time. They are determined from the
Dgpi = € ( L4 O.Sdpu> properties and mass fractions of the individual species of
Thed the gas mixture. The properties of each individual gas can

wheredp is the pellet diameteD; the gas diffusivity of be taken fronj22,23]as algebraic functions of temperature.
species to the mixture of the other gas in the reactor and Therefore, at each point in the reformer volume, once the
Thed iS the tortuosity of the bed and correlated to the void temperature and mole or mass fractions of the gas mixture

fraction of catalyst bed as follows[30]: are known, the overall properties can be determined.
1
Thed = NG 4.2. Heat and mass transfer coefficients

Based on the phenomena of the gas flow and operating  The heat transfer coefficient between catalyst andlyas,
conditions of the reformer, the initial and boundary conditions (W/(m2K)), is determined using Colburn factdy [24] as:
are set as follows:

o o _ _ _ , cpgGo
Initial conditiont = 0: T = Ty; (17) h=Ju (P (22)
Atthereformerinletface, =0: Ty = Té”; C;=Ch Ji = 0.91Re= %51y, (Re < 50) 23)
(18) Ji = 0.61Re %%y, (Re > 50)
Re =~ Go 5 (24)
i ol
Atthe reformer outletface,= L : oG _ 0; geams
dz wherePr is the Prandtl number of the gas flow in the reformer;
Ty 0 (19) ¥ the coefficient depending on the particle shape, for spher-
az ical particles, has the value of 1 an@, (kg/(s np)) is the
superficial mass flowrate, which is defined as mass flowrate
9C; aT. m divided by the cross-section aré of the reformer:
Atthe reformer centre,=0:  — L=0; a—g =0 .
r r

200 Go=7
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Fig. 12. Comparison of predicted and measured total conversion of
CHa per mole of fed CH at different reforming temperature, residence
time = 3.59 kg cat s/mol of fed CH

The overall heat transfer coefficient from the outside sur-
face of the reformer wally, is determined by:

1 1 b

—=— 4= 25

o hi A (25)
wherebis thickness of the reformer wall (nt),the heat trans-
fer coefficient on the inside of the reformer wall (WXi)),
while A is the heat conduction coefficient of the reformer

wall (W/(m K)), which can be taken frofi25], h; is given by

Cusslel26,27]
< > 0.8 < > 0.33

wherepug (kg/(m s)) is the dynamic viscosity of the gas mix-
ture,u; (m/s) the gas velocity im direction andd; (m) is the
inner diameter of the reformer.

The set of three governing Eq4.4)—(16)with initial and
boundary conditions Eq§17)—(21) combined with the heat
and mass transfer coefficients (E(&2)—(26) is then solved

diu pg
Mg

HgCpg
kg

0.027Cck
hi = c9

= (26)

9

= 08
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S 973K
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Fig. 13. Comparison of predicted and measured conversion af iGtd
CO, per mole of fed CH at different reforming temperature, residence
time = 3.59 kg cat s/mol of fed CH
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Fig. 14. Comparisons of measured and predicted residual @ con-
centration vs. HO/CH4 molar ratio at residence time of 3.59 kg cat s/mol
CHa.

Figs. 12 and 13The results show a very good agreement
between the predicted and experimental data.

The variation of three mostinterested components of refor-
mate gas, including residual GHCO and H, is presented
in Figs. 14-16Fig. 14compares the predicted residual £H
and the measured one in wet reformate gas. It is seen that the
agreement between them is reasonable, in particular within

for the temperature and gas concentration along and acrosshe practical HO/CH;y ratio range of 3—4. The similar match

the reformer using a finite difference mett28]. The overall

between the predicted and measured CO is seé&iginl5

temperature and compositions of the products are derivedFigs. 16shows the comparisons of predicted and measured
from the predicted values at different space elements at theconcentrations for bl Generally, the figures presented here
rear face of the reformer, based on the principle of mixing show that the modelling results match the corresponding
gas. experimental data quite well. Some small discrepancies exist
between them are inevitable because of some experimental
factors influencing the derived kinetic data. Those may be

5. Reformer modelling results the errors of measuring instruments, the heterogeneity of

The initial temperatures are chosen at the same values as 15

the set points of reforming temperature for quickly reaching :c; T=1073K —4— Measured
i . . . . = —e— Predicted

to steady conditions. The simulation program is then run with T 104

differentinput data to validate the model and study the conver- g T=073K

sion behaviour inside the reformer. Some typical modelling § "

results in comparison to the experiment data under different g T=8?3K.\‘\1§’

reforming temperatures and differens®CH, molar ratios g S Kﬁ.;: : :

are shown irFigs. 12-16 o BT o ow g T B

The predicted total conversion of methane and conversion
of methane into carbon dioxide per mole of fed methane in
comparison to the experimental dat?- at different r.efom_]ing Fig. 15. Comparisons of measured and predicted CO wet concentration vs.
temperatures and #0/CH; molar ratios are described in  H,0O/CH, molar ratio at residence time of 3.59 kg cat s/molCH

H20/CH4 molar ratio
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Fig. 16. Comparisons of measured and predicteaviet concentration vs.
H>0O/CH4 molar ratio at residence time of 3.59 kg cat s/molCH
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Fig. 17. Average gas concentration along reformer lengtfi @973K,
H,0/CH, =3.5 and residence time of 3.59 kg cat s/mol/H
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time) of gas with catalyst on its conversion. From here, the
appropriate catalyst loading for a certain gas flowrate can be
determined.

6. Conclusion

An extensive experimental study on steam reforming of
methane has been conducted on commercial sulfide nickel
catalyst on a gamma alumina support over wide range
of reforming temperature and ratio of steam to methane
(H2O/CH4 molar ratio). The distribution of product is sig-
nificantly affected by temperature and the ratio of steam to
methane. The methane conversion is nearly directly propor-
tional to residence time at temperature lower than 1073 K.
The favourite condition found here for catalytic methane
steam reforming in terms of high hydrogen production, high
efficiency and relatively low carbon monoxide concentration
is under the ratio of steam to methane of 3—3.5 and tempera-
ture of 973-1073 K.

The kinetic data for commercial sulfide nickel catalyst
on a gamma alumina support have been determined based
on the current extensive experimental data and the catalytic
mechanism presented by Xu and Fron{@#di. These kinetic
data and model have been used in reformer modelling in this

temperature in the reformer, and the effects of catalyst agingstudy. The predicted results from the reformer model rea-
during experiment. However, with the results discussed sonably agree with the experiment data. It indicates that the
here, it can be concluded that the kinetic data derived from kinetic data and the reformer model are reliable and can be
the experiments and the results of reformer modelling in used in simulation and comprehensive analysis of an indus-
this study are reliable. Therefore, the model can be used totrial reformer loaded with the same catalyst.

analyze the methane steam reforming process and optimize

the reformer design in industrial scale using the same
catalyst.

The simulation program allows to determine any gas
parameters at any space position of the reformer and at any ;3) y o pefia, 3.P. @mez, J.L.G. Fierro, Appl. Catal. A 144 (1996)
time from the start of reforming operatiokigs. 17 and 18 7_57.
demonstrate the variation of average gas concentration [2] J.N. Armor, Appl. Catal. A 176 (1999) 159-176.
inside the reformer along its length under the reforming tem- (3] gélﬁ\ggnled- M. Krumpelt, Int. J. Hydrogen Energy 26 (2001)
peratures of 973 a.nd 1073 .K’ respectively. They show that [4] M. Levent, D.J. Gunn, M.A. El-Bousiffi, Int. J. Hydrogen Energy
the gas concentrations continuously change due to chemical "~ ,¢ (2003) 945959
reaction when the gas goes through along the reformer. In [5] m.v. Twigg, Catalyst Handbook, Manson Publications, London,
other words, they show the effect of contact time (residence 1996 (2nd impression with revisions).

[6] F. Gallucci, L. Paturzo, A. Basile, Int. J. Hydrogen Energy 29 (2004)
611-617.
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