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ABSTRACT

Over the years, producing hydrogen by methane steam reforming (MSR)
process in membrane reactor founds high attractions. Hydrogen
permselective Pd-Ag membrane shows the best performance for pure
hydrogen production. In the present study, the modeling of natural gas
steam reforming inthe tubular Pd-Ag membrane reactor for producing CO-
free hydrogen has been performed. The proposed model has been evaluated
by some experimental data which obtained from a literature. The results
confirm that the experimental data can be simulated by the proposed model
with an acceptable accuracy. Effects of various operating parameters such
as pressure, temperature, steam to methane ratio in the feed, membrane
thickness aswell as different flow configuration of reactants and sweep gas
on the amount of methane conversion, hydrogen production and hydrogen-
to-carbon monoxide ratio have been investigated and their optimum values
have been determined. The novelty of the present study is investigating
the effect al of the operational conditions on the process by simple
mathematical modeling, which not to be considered in any previous study.
Moreover only some qualitative studies about optimal operational conditions
of MSR processhave been done. Performed analyses confirm that increasing
the steam-to-methane ratio in the feed, temperature as well as pressure of
the reaction zone and reducing the thickness of membrane can increase the
methane conversion and hydrogen production.
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INTRODUCTION

Nowadays, thereare growing intereststoward us-
ing pure hydrogen asaclean source of energy in scien-
tificandindugtrid goplications. Purehydrogenismainly
used asthe desulfurization agent in the petroleum, a
raw material in chemical industriesaswell asamain
source of feed for fuel cellgY. Electrolysis of water,

evaporation of coa and hydrocarbonsreforming are
some of the common processwhich often used for hy-
drogen production. Conventiondly, intheindustrid pro-
cesses some of the hydrocarbon fuelsconvert into hy-
drogen, by partia oxidation, auto-thermal reformingand
seamreforming.

Partid oxidationisan exothermicreactioninwhich
incompl ete combustion of ahydrocarbon fudl in pres-
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enceof oxygenwill beoccurred. Zhu et al. show that
even a low temperaturesthereaction rate of thepartia
oxidationwill beincreasedin presenceof catdyst, such
aprocessisso caled catalytic partia oxidation.

Inthe auto-thermal reforming, methane, seamand
oxygenisfedtothecata yticreactor. Steam reforming
reaction consumesapart of produced energy in partia
oxidation reaction, so amount of required energy isre-
duced relatively. Temperature of the auto-thermal re-
formingislower than partid oxidationreaction andra-
tio of the hydrogen to carbon monoxideishigher®.

Inindustrial scales, hydrogen is often produced
by steam reforming of hydrocarbon such asmethane
or naphtha. Inthe natural gas steam reformingwhich
ismoreimportant process, hot methanereactswith
superheated steam in presence of catalyst. Themain
drawbacks of MSR are endothermic reaction and
small ratio of the produced hydrogen to carbon mon-
oxide?,

Intherecent years, enhanced demand to hydrogen
production attracts moreattention to steam reforming
processanditsimprovement!. Theeconomica analy-
sisof varioushydrogen production methodshavedone
by Crabtreeet a ., they concluded that MSR ismore
economicthan other industria hydrogen production pro-
cesses?.

Althoughindustria hydrogen production oftenfol-
lowed by ahydrogen separation process, alot of re-
searches have a so been carried out to produce puri-
fied hydrogen using membranetechnol ogies Complete
methane conversion to hydrogen and carbon dioxide
(even at low temperatures) have been achieved using
Pd membranes. Hydrogen permestion through themem-
brane shiftsthe equilibrium toward the higher methane
conversion and yiel dshigher monoxide-free hydrogen.

lulianelli et d. haveinvestigated H, production by
low pressure M SR in aPd-Ag membranereactor over
aNi-based catalyst. They obtained higher methane
conversion and hydrogen yield than afixed bed reac-
tor, which operated at the same conditions, i.e. tem-
perature between 400 and 500°C and at relatively
low pressure (1.0-3.0 bar). Using asweep gas, they
got 70% of high-purity hydrogen on total hydrogen
produced®.

In another related study Vasileiadis et al. investi-
gated methaneand methanol seam reforminginamem-
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branereactor for efficient hydrogen production by an
experimenta apparatus. They concluded that membrane
reactor has higher performancethan traditiona reector.
They observed asamebehaviour for both methaneand
methanol steam reforming™.

Importance of thesubject attractsscientist’s efforts
to devel op somerdated mathematica modelinginthis
field. Among themWang et a. devel oped a3D two-
fluid modd to study hydrogen production by the sorp-
tion-enhanced steam methanereforming (SE-SMR)
processinfluidized bed reactors. They concluded that
very high production of hydrogenin SE-SMR could be
obtained compared with the standard SMR process.
They found agood agreement between their model and
arelated experimentt®,

Kyriakideset d. have smulated alow temperature
M SR membranereactor based on a2D nonlinear and
pseudo-homogeneous mathematical modelling. They
concluded that in membrane reactor, methane conver-
sion (60.24% at 10 atm) can reach similar valuesto
that in atraditional reactor (61.21% at 10 atm and
700°C) at significantly lower temperatures (550°C)".

In the present paper, the modeling of MSR pro-
cessinthetubular Pd-Ag membranereactor hasbeen
performed. The proposed model hasbeen evaluated
using experimentd datawhich obtained from literature.
Obtained resultsconfirm that the proposed model have
excdlent agreement withtheexperimentd results Meth-
ane convers onwhich representsthe amount of hydro-
genyidd hasbeen investigated under various operating
conditions such astemperature and pressure of there-
action zone, thicknesses of membrane, flow configura:
tion aswell asnatural gas-steam ratio in the entering
feed. Theeffectsof mentioned parameterson the pro-
duced hydrogen to carbon monoxideratio haveaso
been studied.

Although the M SR processin themembraneand
traditiona reactor havebeenwidey studied experimen-
tally aswell astheoretically, but noimportant study can
befoundintheliteratureswhichinvestigatetheeffect of
al operationa conditions. Moreover thereisn’t any sig-
nificant study to find the operationa conditionswhich
maximizetheamount of methane conversion, hydrogen
production and hydrogen-to-carbon monoxideratio.
Hencein the present study the attention has been fo-
cused on these subjects.
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MSR PROCESSIN THE MEMBRANE
REACTOR

Hydrogen production by M SR process often is
completed in threesuccessive stagesasfollows:

1. Catalyticreforming of methane

Thisstagehasbeen carried out at high temperature
and pressureto produce syngas (Synthesisgas) which
isamixtureof H, and CO. Reaction (1) representsthe
cataytic reforming of methane.

CH,+H,0 6 CO+3H,
AH(298K )= 206 kj/mol @
2. Catalyticreaction

During thesecond step carbon monoxideand steam
react to produceH, and CO,,. Thisstep of thereaction
processisillustrated by Eq. (2) and (3). Reaction (2) is
often called water-gas shift reaction.
CO+H, 06 CO,+H,

AH (298 K )= —41kj/mol )
CH,+2H,0 & CO, +4H,
AH (298 K )= 165kj / mol €

3. Purification of hydrogen

Sometechnologiessuch asfuel cellsneed purified
hydrogen to enhancetheir efficiency. Thenature of the
reectionimpliesthat thereaction progresscongderable
a hightemperatureand moresteam to methaneratioin
thefeed (about 3t0 4). Methane conversion about 80%
could bereached at temperature above 850°C and 1
to 4 MPapressure. In order toimprovetheresistance
of equipmentsat high temperature and pressure, they
should be made from some expensiveand specid ma-
terids, sothetraditiond M SR processisnot economic.

M SR is endothermic reaction which needs high
amount of energy to progress. Thisreaction often per-
formedinthefixed bed tubular reactor whileresearcher’s
findings confirm that tubular membranereactors have
better performance and lead to moregentle operational
conditionsthan traditiona oneg®1°Y, Effectsof phys-
cd propertiesof membranessuch asthicknessand com-
position on the methane conversion and amount of hy-
drogen separation and production have been investi-
gated by researcherg2%3,
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Usinganumericd study, Shigarov andKirillov com-
pared different typesand operating modes of atubular
membranereactor for SVIR process. They investigated
effects of some operating parametersand concluded
that for acylindrical membrane, the use of acatalytic
bed based on waved bands of porousnickd instead of
agranular bed of acommercia catalyst can theoreti-
caly increasetheyield of hydrogen by 15-18%4.

Tong and Matsumutafocusto theinfluenceof cata
lyst activity and flow rate of reactants onthe methane
conversion and amount of hydrogen separationinthe
membranereactor™, They statethat by increasing the
catdyst activity and permestion ability of membranethe
separation of hydrogen and theyidd will beimproved.

Yu et al. derived the mathematical model of the
M SR in the ceramic membranereactor*®. They inves-
tigate the effects of temperature, pressureand sweep
gasflow rate on the methane conversion and hydrogen
yidd.

Itisproved that rate of hydrogen productioninthe
membranereactor ishigher than conventiona reactors.
Sdecting gppropriate membraneplaysanimportant role
inexperimental and modeling studies, becauseit could
produce higher amounts of purified hydrogen. Palla
dium based membranes arethe most important mem-
braneswhich have very excellent selectivity and per-
meation respect to hydrogen!*”). Hence carrying out
M SR reaction in the Pd based membranesisquite bet-
ter than other membranes and shows effective perfor-
mancein thevarious operationa conditions.

Accordingto theLe Chatelier’s principle, hydro-
gen permeetion through apermsd ectivemembranelayer
can changeequilibrium conditionsand movesthereac-
tiontoward the products, i.e., higher methane conver-
sion*,

Tsuru et d. carried out an experimenta and modd -
ling study on the processusing bimodd catalytic mem-
branereactorsat an isothermal and plug flow condi-
tion. They concluded that dueto high driving force of
hydrogen permestion, anincreased performancefor the
production of hydrogen with anincreased pressurewas
confirmed both by s mulation and by experimentation*9.

Thus, by employingthemembranereector, shift ges,
hydrogen separation and purification operationscan be
donesimultaneoudly inthesingleunit. Thereforethe
membranereactor can reducethetotd cost of theM SR
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process and improve economic conditions.

Although up to three decades ago, using mem-
branesintheindustrial processeswasnot common,
but over the years, they are gradually employed in
someindustries such asoil and gas processes. One of
the primary worksinthe M SR wasperformedin 1987
by Oertel et d; they studied hydrogen productionin
Pd membranereactor with 100pm thickness and ob-
served that the hydrogen production rate is very
much®., Thereatively high thicknessof the used mem-
brane decreases hydrogen permeation rate and so the
reaction should becarried out at high temperature (700
to 800°C).

Scientistsawaystry to adjust thereaction condi-
tions and increase the rate of hydrogen production.
Uemiyaet d. produce higher amount of hydrogenusing
Pd membrane based on porous cerami c tubes reactor
at lower temperatures. Intheir experimentstheamount
of hydrogenyield wasincreased by decreasing the pres-
sure using the sweep gas?+#,

Shuetd, using stainless stedl tubesequipped with
aPd and Pd-Ag membrane, achieved 63% methane
conversion in the MSR at operating temperature
500°C#23,

Nam and his colleaguesreached to 80% methane
conversion us ng Pd-Ruthenium membrane at 500°C
temperature while traditional mode progressto 57%
methane conversion at sameoperational condition?4,

Theexperimenta study on steam reforming reac-
tioninthe Pd-stainless steel membranereactor with 6
um thickness has been done by Tong et al. The authors
reached 0.26 mol/(m?s) hydrogen flux at operating tem-
perature about 500°C and about 100 Kpa pressure!®.

Gdlucci et d, havedone an experimenta study us-
ing Pd-Ag membraneswith 50um thickness. In their
study the effect of temperature and steam-to-methane
ratio on the methane conversion wasinvestigated?. In
another study, Galucci and colleagues studied effect of
co-current and counter-current configuration of reac-
tant and sweep gas on the methane conversion and hy-
drogenyield. Theauthor’s analyses confirm that the
counter-current mode hasbetter performance than co-
currentt?”,

Marin et al. studied a MSR reactor by means of
numericad smulationsusinga2bD mode. They consider
mass, energy and momentum balancesintheir andysis.
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Themodd wasvalidated with experimental data, and
theadequacy of asmplified 1D model to smulatethe
membranereactor waseva uated and discussed in com-
parison to the 2D mode . Then, themode was used to
study theinfluenceof theman operating variables (inlet
temperature, pressure, spaceve ocity, steam excessand
sweep gas rate in the permeate side) on the reactor
performance. Findly, theoptimum operating conditions,
corresponding to amaximum hydrogen permegtionrate,
were determined, and the behaviour of the optimized
reactor isanaysed in detail %,

Assf et d, proposed amathematica modd for iso-
thermal M SR in Pd membranereactor with 5-20 um
thickness. They stated that compared to thetraditional
reactor, the membrane reactor can increase methane
conversion about 16% at different temperatures®.

Hoang et al. derived amathematical model for a
traditional M SR processto obtain the optimum condi-
tionsfor hydrogen production. They reported the steam-
to-methaneratio 3to 3.5 and temperature 1073 K as
optimum operating conditionsfor producing highest
amount of hydrogen™.

M athematical modeling

Inorder to investigate the effects of variousoper-
ating variableson the M SR processand eva uate opti-
mum operating conditionsfor maximizing methane con-
version, a dual pipes reactor with hydrogen
permse ective membrane hasbeen smulated. Themod-
elingisdonein both shell and tube of the membrane
reactor at steady state, isothermal conditionsand plug
flow configuration. Figure 1 depictsaschematic of the
reactor and location of the membrane. Inthismodel the
tube s deof thereactor isreaction zonewherethe mix-
ture of methaneand steam enter it asthefeed and reac-
tionsprogressinthe presenceof AL, O, catayst. A Pd-
Ag membraneis|ocated between shell and tube sides
of thereactor. Hydrogen permesatesthrough the Pd-Ag
membrane, so separating it from thereaction zone can
resultinincreasing the methane conversion and hence
promoting thehydrogen yield. Nitrogen asasweep gas
flowsin the shell side of the reactor and carries the
permeated hydrogen from shell zone. Xu and Froment(3!
aswell as Stephan and Willms* haveagood study on
the process and proposed some equationsfor reaction
rates (Egs. 4-6) for the M SR process reactions (EQs.
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To calculate the reaction rate, it is necessary to
evauate partia pressure of reactantsand products. The
partia pressure of each component inthe M SR pro-
cess can bedetermined through following equations:

Pen, = Fen, @ 8

Pio=Fioa ©)

P, =F,, o (10)

Peo =Feo @ 1)

Peo, = Feo, @ (12)
P

T

o= 13
(FCH4+FH20+FH2+FCO+FCOZ) ( )

TABLE 1 showsnumerical values of adsorption
equilibrium and reactionrate constants. Numerical va-
uesof thereaction equilibrium and membrane perme-
ation constantsare shown at the TABLE 2.

It should be noted that the mathematical modeling
of the dual tubes membrane reactor isderived based
on someassumptionswhich arelisted below:

TABLE 1: Valuesof reaction and adsor ption constantg*

Rate or Pre-exponential factor o
Adsor ption . Ea(j/mo
constrz)ant Value Unit { )
Ky 3.2573x10° mol. bar ®’/ge.. s 209500
ky 1954.8 mol.bar/ge - S 70200
ks 7.7040x10° mol. bar °*/g. s 211500
Kco 8.11x10° bar * -70230
Kz 7.05x10° bar * -82550
Khzo 1.68x10* - 85770
Kcra 1.995x10° bar * -36650

CHEMICAL TECHNOLOGY

TABLE 2: Reaction equilibrium and Pd-Ag membraneper-
meation constants

Pre- Pre-exponential Factor
exponential , Ea/R
factor Value Unit
Ky 5.754x10% bar 2 11500 [30]
K 1.26x107 - -4600 [30]
Ks 7.24x10%° bar 21600 [30]
B 12.7503  mol/m.hr.bar ®° 3507.33[26]

1) Steady Saecondition: thereisnoradia gradientin
temperature, pressureand velocity

2) ldedl gaslawisgoverning

3) only hydrogen can permeatethrough Pd-Ag mem-
brane

4) plugflow, nochangeoccursintheradia direction.
By theway, intheplug flow it isassumed that the

conditionsof fluid can changeonly alongtheaxia di-

rection of thereactor and no changes occur inthera-

did direction. Thusmassba anceequationfor different

componentshasbeen written around avery smal volu-

metric eement (dv) whichisequivaent toalongitudina

element (dz). Mass balance has been written around

thedz element of the membranereactor inisothermal

conditionfor all of thecomponents. Therelevant ee-

le— 2zl

PERMEATIONGFH2

THIN pd/AEMEMBRANE  —
} SHELL ZONE

I\\.
ﬂu SWEEP GAS
e | ] [} |
7] R
i i :
i }nﬂﬁ”ﬂ?}?ﬂﬂpﬂﬂ}?}ﬂﬁﬁ”ﬂ;‘r ;.\;ggg‘ %ﬁ

CH4 ‘
H20
= e ekt i
/ i T 7% 4l o
l/ B L

H SWEEF > PERMEATION GFHZ | !
P

SHELL EONE

L " THINpd/AgMEMBRANE

Figurel: Volumetric element for membranereactor model-
ling
mentisshownintheFigure 1.

Applying themass conservation law for themeth-
anearound theelement of Figure 1 leadsto Eq. (14).
Thisequation expressesthat how molar flow rate of
methane changesaongthereactor.

dZCZH“ = —ﬂ:pc(rmz)(R1 +R,)

Changesin molar flow rate of the steam, H,, CO
and CO, in reaction zone and permeated hydrogen
through the membrane have been presented using Egs.
15-21.

(14)
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dF

%=—npc(rmz)(Rl+Rz+2R3) (15)
dF
d_;O=upc(rmz)(R1_Rz) (16)
Feoz _ o (1,2 )R,+R,) (17)
dz

dF,," anml— 05 05

ey ; B(sz -p") (18)
dFRHZ_ 2 _dFHZm

- =np.(r,?)3R, +R, +4R,) e (19)

Inthe permegtion side, the mass conservation equa
tioniswrittenonly for hydrogen:

dF =+J, mDdz (20)
Theminusand positivein aboveeguationillustrate

counter-current and co-current flow, respectively.
Where:

‘]Hz =B(\/P_*F:2_\/P—:‘2)

RESULTSAND DISCUSSION

(21)

Ascan be seen, the mathematical modeling of the
mentioned membranereactor isaset of ordinary dif-
ferential and algebraic equationsi.e., Egs. 14-19. In
order to comprehensive anaysis of theM SR process
in the membrane reactor, these coupling equations
should besolved s multaneoudly.

The governing equations of the membrane reactor
have been solved by fourth-order Runge-K utta ap-
proach with the step size of 0.001. Theselected value
of the step sizeisworked out well for al of the per-
formed anayses. By solving this system of equations,
effectsof different operating variablesonthe M SR pro-
cessinthe membranereactor will bedetermined. The
proposed model hasbeen validated using the experi-
menta resultsfor Pd-Ag membranereactor which has
been reported by Gallucci et a?.

Validatetheproposed mathematical model

In this section, the performance of our proposed
mode hasbeen evaluated over someexperimenta in-
formation associated to M SR processin themembrane
reactor®l, Gallucci et a. have conducted experimental
study on the M SR process in the Pd-Ag membrane

—= Full Paper

reactor. Composition of thefeed stream and operating
conditions of the employed membranereactor intheir
work arelistedin TABLE 3.

In order to eva uation the performance of the pro-
posed mode, the amounts of methane conversionin
themembraneaswaell astraditiona reactors (without
any membrane) have been cal cul ated by the proposed
model and compared by experimenta dataof Gallucci
et all?l,

TABLE 3: Feed and sweep gascomposition of themembrane
reactor (%

Feed condition Value
CH, (mol %) 24.94
H,O (mol %) 74.81
H, (moal %) 0.25
CO (mol %) 0
CO, (mol %) 0
Sweep gas (mol/min) 0.00217
Lumen pressure (bar) 1.22
Shell pressure (bar) 11

TABLE 4 showsthephysical propertiesof there-
actor, catalyst and membrang?.

TABLE 4: Physical conditions of the designed membrane
r eactor

Parameter Value Unit
Reactor length 0.15 m
Catalyst density 2355.2 g/m?
Inner diameter 1.02 cm
Outer diameter 2 cm
Membrane thickness 50 um

Theresultsof the proposed model (solid line) as
well asexperimental resultsof Gallucci et a (squared
symbols) have been depicted in Figure 2 and their re-
lated numerical valuesare presentedin TABLEDS. Itis
evident that thereare very excdlent agreement between
theresultsof the proposed model and experimentd in-
formation.

The presented errorsin TABLE 5 have been cal -
culated by Eq. (22). Theerror equation has been em-
ployed for cal culating the rel ative errors between ob-
tained va ue of our proposed model andthereal value
of experiment. Theresults confirm that the proposed
model can simulate the behaviour of real membrane
reactor with lessthan 10% which isan acceptable er-
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ror from engineering point of view.

Calc. Exp.
CH4 X CH4

X Exp.

CH4

Error= (22)

TABLE5: Validation theproposed mode! by theexperimental
study of Gallucci et al®

Reactor Temperature  x5%  X&5  Error
300 5 45 0.1

Membrane 350 11 106 0.036

Reactor 400 29 275 0.052

450 427 44 0029

N 400 16 1567 0.02

TrR""degét%?a' 450 26 2425 0.067

500 37 4043 0.093

60

— Simulation O Experimental

Methane Conversion

340 360 380 400 420 40 460 480
Temperature (¢)
Figure2: Comparison of model and experimental resultg

Effect of temperature

Inorder toinvestigate the effect of various operat-
ing conditionson themethane conversion, a first teage
the effect of temperatureisinvestigated and smulated
results are presented in Figure 3. Thisfigure shows
methane conversion profilesaong thereactor at vari-
oustemperatures. Asmentioned earlier, the methane
steam reactionisan endothermic and equilibrium reac-
tion, so accordingto Le Chatelier principle, increasing
thetemperature can movethereactiontowardsthe heat
consumption. Therefore, temperaturehasapostiveef-
fect on methane conversion and canlead to more meth-
aneconsumption. Soit can be concluded that the maxi-
mum methane conversion can be achieved at amaxi-
mum temperaturewhich can betolerated by theMSR
process.

CHEMICAL TECHNOLOGY
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Figure3: M ethaneconversion profilein themembranereac-
tor at different temperatures

Effect of sseam-to-methaneratioin thefeed

Thissection cong derseffectsof steam-to-methane
ratio inthe entering feed on the methane conversion
and hydrogen-to-carbon monoxideratioin theeffluent
stream. Figure4 shows effect of sseam-to-methanera-
tio onthemethane conversioninthetabular membrane
reactor. Itisclear that increasing the seam-to-methane
ratio can reach ahigher methane conversion. By in-
creasing theH,O/CH, from 3to 8.74 themethane con-
version risesfrom 15% to 49%. The obtained results
of the current investigation are same as experimental
worksof Galucci et d?8. They reported that thehigher
amount of steam to methaneratio inthefeed, results

60
—H20/CH4=3
50+ == H20/CH4=5.77
=sseni20/CH4=8.74 T
S 40f LA
= o
S 301 .."
% o‘.‘ - -
E ! -f'-"—_‘-
< 20r & 0 =
o g ...-"'"—‘
: ”p"
10/
e
T=723 k, z=0.15 m, P(Lumen)=1.22 bar, P(Shell)=1.1 bar
0 1 1 1 I
0 0.2 0.4 0.6 0.8 1

z/L
Figure4: Effect of H,O/CH, ratio on themethane conversion
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higher methane conversion and thus more hydrogen
production.

Influence of entering steam-to-methaneratio has
a so beeninvestigated on theratio of the produced hy-
drogen-to-carbon monoxide. Thelatter ratio playsan
important role in someindustrial processes such as
methanol synthesiswhich often usethe productsof the
reforming unit. It isobviousthat the higher amount of
steam-to-methane can lead to higher hydrogen-to-car-
bon monoxideratio. Figure5 depictstheeffect of seam-
to-methaneratio on the amount of produced hydro-
gen-to-carbon monoxide.

250+ mEEEE H20fCH4=8.74

mmmmH20/CH4=5.77

200t - - HZO/’CH‘IZS ’."".‘lnun

H2/CO
*
o

100r i

50t ‘/p

O | | 1 | 1 1 ¢ 1 1
01 02 03 04 05 06 07 08 09

z/1.
Figure5: Effectsof H,O/CH, ratioontheH2/COrratioprofile
alongthereactor

Effect of reaction zone pressure

Pressure changesin thereaction zone can effect on
themethanereforming process. Profilesof methane con-
verson dong thetubular membranereactor at different
pressures have been depicted in Figure 6. According
tothisfigure, itisclear that increasing thereaction zone
pressure can lead to higher methane conversion. Per-
meation of the produced hydrogen throughthe Pd-Ag
membranedependsonitspartia pressurein both sides
of themembranelayer. Therefore, increasing thereac-
tion side pressure has positive effects on the driving
forcefor hydrogen permestion.

Whenever, the pressureof permeation sideequals
the pressure of tube side, driving forcefor hydrogen
permeation approach to zero and methane conversion
of membrane and traditiona reactor becomeequal .

Effect of reaction zone pressure on theratio of pro-
duced hydrogen-to-carbon monoxideispresentedin

—= Pyl Paper

Figure7. Itisclear that higher tube side pressure, can
lead to higher amount of produced hydrogen-to- mon-
oxide.
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Figure6: Effect of thereaction zonepressureonthemethane
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Figure7 : Effect of reaction zone pressureon the produced
H,/COratio
Effect of membranethickness

A permsel ective Pd based membraneis used to
separate the produced hydrogen from thereaction zone
and shift theequilibrium towards hydrogen production.
Effect of membranethickness on the methane conver-
sion and produced hydrogen-to-carbon monoxidera-
tioissignificant. The employed values of membrane
thicknessand other operating conditionshavebeen pre-
sented in Figures8 and 9. Figure 8 showstheeffect of
membranethickness on the methane conversion.
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Figure8: Effect of membranethicknesson themethanecon-
version

It isknown that reducing the thickness of hydro-
gen-permsel ectivelayer increases methane conversion
beyond the equilibrium vaue. Thelatter issue can be
explained in such way that, by increasing the thick-
ness of membrane, the resi stance against the hydro-
gen permeation through membranelayer riseswhile
the hydrogen yields decrease. The lower membrane
thickness canlead to higher methane conversion com-
pared with thicker ones. Asfor Figue 9, it is quite
obviousthat the thickness of membrane hasaminor
effect on theratio of produced hydrogen to carbon
monoxide.
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Figure9: Effect of membranethicknesson theratio of pro-
ducedH,/CO

Effect of coand counter-current flow of reactants
and sweep gas

By theway, in the present study, the effect of co-
current and counter-current flow configuration of the
reactants and sweep gas on methane conversion and
amount of hydrogenyield have beeninvestigated. The
flow configuration of sweep gasand reactantshashigh
effectson thedriving force of hydrogen permeation
through the Pd-Ag membrane. Flow configuration may
changepartid pressureprofileof hydrogenintheboth
side of themembranelayer. It should be noticed that
thehydrogen partial pressure hasadirect effectsonthe
methane conversion profilea ong themembranereac-
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Figure10: Effect of coand counter-current flow configura-
tion on themethane conversion
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Figure 12 : Amount of hydrogen yield in the counter-current
flow of feed and sweep gas

tor. Figure 10 introducesthe profiles of methane con-
version in the membrane reactor in co and counter-
current flows. Itiswidely known that the higher driving
force of co-current compared to the counter-current in
the entrance of thereactor leadstoincreasing the hy-
drogen permestion, so methane conversion of co than
counter-current configurationishigher. Thedrivingforce
of the counter-current ismore uniform than co-current
modewhichislargeat theentrance and will bedimin-
ished afterward. Thisfact leadsto higher methane con-
versioninthe counter-current flow related to the co-
current one asthedistance from thereactor entranceis
increased.

Figure 11 showsamount of hydrogen production
from reaction zone (lumen side) aswell as permesation
zone (shell side) for co-current flow. The samefigure
has been presented for counter-current flow of sweep
gasand reactantsin Figure 12.

CONCLUSION

Theam of the present study isto model and smu-
late the behaviour of the M SR processinthenove tu-
bular hydrogen permsel ective (Pd-Ag) membrane re-
actor. Effectsof various operational and structurd pa-
rameters such asreaction zone pressure, temperature,
membrane thickness, entry steam-to-methaneratio as
well astheflow configuration on the methane conver-
sion, hydrogen yield and produced hydrogen-to-car-

—= Full Paper

bon monoxideratio have beeninvestigated. Moreover,
comparing the experimental and modelling resultshas
been performed and someinvestigation hasbeen done
for eva uaing thevaueof operationd conditionswhich
maximizetheamount of methane converson. Optimi-
zaionandyd sconfirmsthat increas ngtheratio of Seam-
to-methanein thefeed, temperature and pressure of
the reaction zoneand reducing thethickness of mem-
brane can|ead to the higher methane conversion and
hydrogen production. Thereforethe maximum sustain-
abletemperature and pressure by process equipments,
highest amount of steam-to-methanein thefeed and
thelowest thickness of membranelayer arefound as
optimal operational conditions. The obtained results
justify that our proposed model have an acceptable
agreement with thoseinformation which obtained ex-
perimentdly.

NOMENCLATURE

R (i=1,2,3): Therateof reactioni (mol/hr.gcat.);
P (i=H,0,CH, H,, CO, CO,) : Partid pressure of
component i (bar); Ki (i =H20, CH4, H2, CO): Ad-
sorption coefficient of component i; Ki (i =1, 2, 3):
Theequilibrium constant of reactioni; k. (i=1, 2, 3):
Theconstant rate of reactioni; F.: Molar flow rate of
component i (mol/hr); Z: length of reactor (m); p,:
Catalyst particledensity (gr/md); r, : Inner radiusof re-
actor (m); r,,: Radiusof membrane(m); F,,": Molar
flow rate of permeated hydrogen through membrane
(mol/hr); 3, : Theflux of passing hydrogen through
membrane (mol/n.hr); D: inner diameter of thereac-
tionzone (m); xcu,: Methaneconversion; g : Mem-
branepermeability; s : Membranethickness(m).
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