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Investigation of Inert Gas Injection in Steam
Reforming of Methane: Energy
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endothermic nature of the process requires largeuamof

Abstract—Synthesis gas manufacturing by steam reforming dieat input, usually provided by the combustion &wes. The

hydrocarbons is an important industrial procesghHendothermic
nature of the process makes it one of the mostazabheat intensive
processes. In the present work, composite effealiféérent inert

gases on synthesis gas yield, feed gas conversidrnieanperature
distribution along the reactor length has been istudusing a
heterogeneous model. Mathematical model was desélag a first
stage and validated against the existing processelnioWith the

addition of inert gases, a higher yield of synthagas is observed.
Simultaneously the rector outlet temperature ditopas low as 810
K. It was found that Xenon gives the highest yialti conversion
while Helium gives the lowest temperature. Usingqifeinert gas 20
percent reduction in outlet temperature was obseo@mpared to
traditional case.

thermodynamics of the reactions demand high exit
temperature resulting in thermal cracking, etc. auke
destroys the nickel based catalyst. Literature ssigga high
steam to carbon ratio in order to suppress carbométion
and increase methane conversion. Extra steam aecoetb
by poor heat transfer increases energy requirearahimakes
MSR one of the most cost and energy intensive imidlis
processes [1, 5-8].

In a typical reformer natural gas is reacted wittas over
Ni/Al,O; catalyst to produce synthesis gas by the two
endothermic steam reforming reactions of methare the
parallel exothermic water gas shift reaction, retipely[9]:

Keywords—Energy savings, Inert gas, Methane, Modeling,

Steam reforming

. INTRODUCTION

LTHOUGH partial oxidation, auto-thermal reforming,
CO, reforming or a combination of these is in pragtice CO+HO - CQ+ H

but by far the most widely used process for germradf

synthesis gas is steam reforming of natural gasidfmonly
referred to as Methane Steam Reforming (MSR). Qtier
years, improvements in the practical efficienciesehheen
achieved by a combination of developments in ergging

and catalyst. It has been estimated that in mgstcapions of

synthesis gas such as methanol, Fischer-Trops¢hesia and
ammonia about 60-70% [2, 3] of the overall processt is

associated with synthesis gas generation. The ssisttgas
routes are highly efficient, but capital intensivecéuse they
involve exchange of energy in the reformers and rexvery
units. Reduction in synthesis gas generation czmtshave a
large and direct influence on the overall econonu€ghis

process.

CH,+H,0 = CO+ 3H A H= 8.630 10 kJ/km (1)

CH,+2H O -« CQ+ 4H A H= 6904 10 kI/km(2)

A H=- 17196 10 kJ/&h (3)

As evident, the reaction is highly endothermic andarried
out in a natural gas fired multi-tubular furnaceaat®r at
temperature of 900 °C and pressures of 15-30 ateansto
carbon ratio is kept in excess to the stoichiornetand
equilibrium requirement in order to prevent carformation
on the catalyst, good conversion and CO reformmg©..
About 90 — 92 % of methane (GHis converted to carbon
dioxide (CQ), carbon monoxide (CO), hydrogen ,jHand
water (HO) [2, 10].

Synthesis gas is therefore cooled by feed of tifiermeer
and the high heat content is used to generate griggsure
steam. In this way, overall thermal efficiency bétfired duty
approaches 90-97% as only 50% of the fired enargiréctly
transferred to reactor tubes[11]. Poor heat transfgrocess

Steam reforming has been known since 1924 [4]. Mighmakes MSR a cost and energy intensive process. fifing],
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heating, cooling and excess steam contribute tgeldreat
transfer duties and large investments [5, 10].

Usually, inert gas of nitrogen is used as carrias @r
standard criterion while its effect on the reactncess was
seldom studied. Similar is the case with other efiért
gases. Luo et al [12] studied the effect of Nitroga activity
of Ni/y-Al,O5 catalyst. Radovan et al [13] found an increase in
equilibrium conversion in the presence of inert egadput
emphasized on their optimal concentration as thetien rate
may be affected at larger flows. Mikhail et al [1ddted
pronounced effect of inert gases on carbon selgctin
methane oxidation reaction. Lee et al [15]invedddathe
characteristic effect of inert gas addition on gasase mass
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transfer in molten carbonate fuel cells. The staiddé this
nature have been termed as Diluent gas effect med gas
step addition but their application to steam refogris yet to
be seen. The major objective of this study wasttolysthe
effects of injecting inert gases on reaction cosier, yield
and savings in terms of energy. The present study be
regarded as novel as there was not any evidencangpf
research work done with perspective of energy beruéf
using inert gases.

Il. REACTOR MODELING

the catalyst surface.and T are the gas phase mole fraction
and temperaturey, is bed void fractiongs is catalyst porosity,
u is superficial velocityp, density of the catalyst in beq, is
effectiveness factor, ¢jis heat capacity of catalyst, h is inside
film coefficient, AH, is heat of reaction, ). is overall heat
transfer coefficient andK, is mass transfer coefficient
between gas and solid phase for component

The boundary conditions are as follows:

Atz=0; y=y ad T=T
The initial conditions are:

(12)

MSRs are modeled either as a whole or by choosing i Att=0;: Y, = IS, ¥s = |ss’ T= TS, = TSS,' a=1(13)

between furnace side and process side. Model wasageed
based on the following assumptions:
1-One dimensional plug flow is considered.

2-Axial dispersion of heat is neglected compared tB

convection term.
3-There are no
gradients.
The model of Xu and Froment[16] was used in thesgmée

radial

study.
3
_ Kk R Ro 2
= PHZf Py, Pio— —Kl /(DEN) (4)
k PHZ' Pcoz 2
r, = EZZ {PCO.PHZO - K—2 /(DEN) (5)
4
— k3 PHZ' l3002 2
= PH32.5 Fz:H,,' szo - K3 /(DEN) (6)
Where,
P
DEN=1+ K, R+ K, R, + Ky Ry + Ko™ P, (7)

Here, &, I, and g are reaction rates; 8 partial pressure of
component; k;, k,, and k are the rate coefficient of reaction

K1, Ky and K equilibrium constant of reaction respectively.

Kcn, Kco.Ku, are the adsorption constants dfigl,o is the
dissociative adsorption equilibrium constant.
The mass and energy balance for fluid phase anessed
by:
E)yi _

—l=—c
at t

a(uy;)
0z

€pCt - Kgidv & (yi - yis) (8)

4“Utube

ar ar
R TTRE T he( ¥ 3+Dm fe= T ©)

The following two conservations equations are \emtfor
the solid phase:

esCt (1‘%)63;15 =Kgay& (Vi - Vis)‘ ampp (10)

3
oT.
CPsPp, 7ats = ha,, (T-15)+ '21 CAHpamp, (11)
=

concentration and temperature

Where ¥, yis° are steady state mole fractions, agdTl are
temperature of fluid phase and solid phase, resbget
To obtain the effectiveness factor the mass andggne
alance inside the equivalent particle are expoelge

v av
Lri(pjr'Tf)V

n = i=12,3 j= CH,CO,CQ,H, H((14)
lis
1d dx
D c—— r2 ir =—r 15
e tr2 dr( dl’ j |rpb ( )
1d( ,dT >
— | rr=—|==-N(-AH)r 16
°r? dr( drj ;( NPy (16)
The boundary conditions are as follows:
dx. dT
r=0: =0, &= ¢ an
dr dr
dx dT
r=R;D—=K_(y,-X,), K—=h(T- 18
p e dr 9 (yl |r) dr ( -lr—) ( )

Catalyst deactivation model for the commercial M&®7-
7H) was adopted from[17].

‘@z_km o(-E./ F”)[rﬁ

Where n, Q, Ex¢ and kg are sintering order, initial
dispersion, activation energy and deactivation t@onsof the
catalyst; and their numerical calculated values@82, 0.78

(ﬁ) , 0.01(%) and 2 respectively.

(19)

Ill.  RESULTS AND DISCUSSIONS

The set of differential (ordinary and partial) aaldebraic
equations were solved in Matlab software. As staadier,
the study of such a scope has not been performddtren
results obtained may serve as a basis for futuseareh.
Effect of six inert gases namely Helium, Neon, Argo
Krypton, Xenon and Nitrogen; have been studied eaction
yield, concentration, conversion and temperatutbeteactor
outlet. Input parametric values were as tabulatetable 1.

Where y and T are the mole fraction and temperature on
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TABLE |
INPUT PARAMETRIC VALUES

100 (cn*/min)

Flow rate (F)

Reactor diameter (d) 6 x 10° (m)
Reactor Length 15 x 1¢% (m)
Superficial Velocity (u) 5.895 x 12 (m/s)
Porosity €) 0.1

Total Pressure (P 1.0 atn

% Inert Gas 30

Each of the six inert gases mentioned above wegeetad
with feed and outlet concentration of CO ant were
recorded. A continuous increase in the concentraifoH, (in
particular) and CO along the reactor length is wotthy. The
obtained results were used to calculate percenjee and
conversion of feed gas components {@Hd HO). The yield
(Fig. 1) and conversion (Fig) have shown an upward trel
The twofigures are suggestive of the fact that by intraagn
noticeable amount of an inert gas, yield and ca@iwarmay
be enhanced by some magnitude.
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Fig. 1 Percent yield vsReactor lengt

Such results may be reasoned by 1) increased rha
adsorption/desorption due to collisions with ingeses, 2
mobility changes of reactant and product gasestdueert
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gases adsorption on solid surface, or 3) changesfiziency
of heat removal fnm catalyst surface as detailed by S. Ahr
and M. H. Black [18] Xenon (Xe) gives the highest increi
in synthesis gas yieldnd feed gas conversion while heli
(He) gives the lowest. Increase in conversion womlean
lower recycle ratio and so noticeable energy qtiastmay be
saved using this technique.
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Fig. 2 Percent conversion vs. reactor ler

A lower value of operating temperature has beeremigsl
during the study (Fig3). The outlet temperature has lowe
to as low as ~810 K. In case of temperature thestooutlet
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Fig. 3Temperature Profi
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value is attained by injecting helium (He) whiler fge the
value stays roughly at 970 K. The lowered tempee:
suggests lesser heat requirement which currentiiyeisnajol
cost of production. In the normal circumstance® tutlet
temperature may raegirom 1100 to 1200 K depending ug
the type of feedstock and the end use for whictlihggis ga:
is being produced. But if the temperature at ttetiee outle!
is reduced to 80000 K (at least 20 % lower), one may fi
relief in terms of investments onigh energy needs of tl
process.

The study of this stature was not performed earfierwe
need to go more into the details of the processtignfinding
the reasons for this energy saving technique. 4 gives a
comparative of the above shown résudnd once again it
evident that higher percent conversion and yield &
achieved while simultaneously requiring lower tenapere
with the injection of inert gases. The results nsayve as .
breakthrough to the future energy dema
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Fig. 4Increase in percent conversion compared to deche:
temperature

IV. CONCLUSION

The initial results of injecting inert into the oefming
reaction have shown considerable potential foridetastudy
and analysis. It is presumed that twthe application of thi
technique there may be about 20% reduction in ©
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temperature that may result in significant savimgserms of
process energy requirements only (compared to tioadi
process) concurrently to increase in conversiomwasfound
that Xenon gives the highest yield and conversidnles
Helium gives the lowest temperature. In the futwmark the
process mabpe optimized to obtain even better res
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