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ABSTRACT

Steam reforming of hydrocarbons is a well established chemical process which provides
synthesis gas (H, and CO). These synthesis products can hence be converted to numerous
valuable basic chemicals. For the industrial application of steam reforming, a detailed
understanding of the process is a prerequisite. Models that capture the detailed homogeneous and
heterogeneous reaction Kkinetics and the comprehensive transport processes as well as their
interaction have the potential to optimize the catalytic process without expensive experimental
campaigns.

In this paper, a detailed investigation has been done using a multi-step reaction mechanism for
modeling steam reforming of methane over nickel-based catalyst using a one-dimensional (1D)
model, LOGEcat [1]. The model is applicable to the simulation of all standard after-treatment
catalytic processes of combustion exhaust gas along with other chemical processes involving
heterogeneous catalysis, such as, the Sabatier process [27]. It is a 1D tool, thus is
computationally cost effective and is based on a series of perfectly stirred reactors (PSR).

The model is used to perform the simulations for various reactor conditions in terms of
temperature, pressure, flow rates and steam-to-carbon (S/C) ratio. Several chemical reaction
terms, such as, selectivity, yield, conversion, and mole fraction have been shown with respect to
the varied parameters and the results are compared with 2D simulations and experimental
reference data. We report a very good agreement of the various profiles produced with 1D model
as compared to the reference data.

Note that the main aim of this study is to check how far the 1D model can capture the basic
chemistry for modeling steam reforming of methane over nickel-based catalysts. It is interesting
to note that the cost effective reduced order model is capable to capture the physics and
chemistry involved with a multi-step reaction mechanism showing the predictive capability of
the model. This study forms the basis for further analysis towards the thermochemistry of the
species to develop a kinetically consistent reaction mechanism.
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1.0 INTRODUCTION

Steam reforming of hydrocarbons is a crucial chemical process [32,33,37] which provides
synthesis gas (H, and CO). Due to the potential to reduce the cost of synthesis gas production
and environmental concerns, steam as well as CO, reforming [15,23,7] of natural gas to
synthesis gas have attracted much interest. The synthesis gas (in various compositions) plays a
key role as a feedstock in many catalytic processes, for example, synthesis of methanol,
oxosynthesis, and Fischer-Tropsch synthesis [24]. Furthermore, synthesis gas is a common
hydrogen source for the manufacturing of ammonia [24]. The most prominent and widely used
industrial steam reforming process is methane (natural gas) reforming. This is one of the most
efficient technologies for hydrogen and synthesis gas production from fossil fuels in large scale
facilities reaching yields close to the thermodynamic equilibrium [33,24,22]. Thus, conventional
steam reformers deliver high concentrations of hydrogen at high fuel conversion rates [26].
However, this process is disadvantageous in small scale operation units because of the highly
endothermic reactions and the requirement of efficient external energy supply. The molar steam-
to-carbon (S/C) ratio generally surpasses 2.5 whereby the excess steam supports completion of
the reactions and inhibits coke formation [43].

Coke deposition on catalysts and reactor pipe walls might lead to the blocking of reactor tubes as
well as the physical disintegration of the catalyst structure [34,42,4,6,45] which makes noble
metals, economically unsustainable due to their high prices, interesting as they are less prone to
coke formation under oxidation and reforming conditions [31]. Nevertheless, in industrial
applications, Ni based catalysts are preferred due to fast turnover rates, good availability and low
cost, although limited by their higher tendency towards coke formation [17,16,8].

A deep understanding of the elementary steps involved in the reaction mechanism is necessary
[10] in order to capture the involved physics and chemistry of the steam reforming process. A
detailed literature review is provided in this direction. Reforming and oxidation of methane have
been investigated using several techniques and different reaction mechanisms and corresponding
kinetic models have been proposed that capture the gas reforming process properties under
different conditions [47,35,5,20]. A catalytic sequence for reactions of CH, with CO; and H,O
on Ni/MgO catalysts has been postulated in [46] and a microkinetic model for steam reforming
reactions over a Ni/MgAl,O, catalyst has been proposed in [2] by reactions for CO, reforming of
methane and deactivation by carbon formation. Earlier, a direct catalytic partial oxidation route
has been followed [19,9], however, in later studies the overall conversion is assumed to happen
in an indirect route by a two-step process [12,44,18,39]. The steps for steam reforming for the
catalytic partial oxidation of methane over platinum and rhodium are published in
[19,11,25,39,28]. Recently, a detailed mechanism for simultaneous modeling of partial oxidation
and steam reforming over nickel catalyst have been discussed in [24]. [13] provides a review on
catalytic partial oxidation of methane to synthesis gas with emphasis on reaction mechanism
over transition metal catalysts. Further, steam reforming of methane accompanied by water-gas
shift reactions on a Ni/MgAl,O, catalyst is described by intrinsic rate equations derived from a
Langmuir-Hinshelwood mechanism in [28].

All the investigations discussed above are either performed experimentally or by using 2D/3D
tools therefore getting computationally expensive specially when the full reaction mechanism is

2


http://www.iprjb.org/

International Journal of Environmental Sciences

ISSN 2519-5549 (online) Q

Vol.5, Issue 1, No.1. pp 1 - 32, 2022 www.iprjb.org

IPRJB

INTERNATIONAL PEER REVIEWED
JOURNAL AND BOOK PUBLISHING

included. The increase in the computational cost is drastic with increasing number of species and
alternatives need to be explored in order to capture the flow physics and chemistry at a reduced
cost. Two strategies to reduce the computational cost come easily to mind, the first is to reduce
the complexity of the chemical model and the second is to reduce the dimensionality from
2D/3D to 1D which is a time efficient alternative suitably applicable to catalyst simulations.

In this paper, the latter approach, reduction in dimensions is considered and a one-dimensional
model, LOGEcat [1] which is discussed in the next section, has been elaborated to test the steam
reforming of methane over nickel/alumina monoliths for different reactor inlet conditions. The
results of the simulations that have been performed for several parameters, such as, temperature
(T), pressure (P), steam-to-carbon (S/C) ratio and flow rate (f), are compared with the data
available in literature [24], for the 2D simulations as well as experiments.

Note that the focus of this paper is limited to recapture the existing chemistry to investigate the
prediction capability of the 1D model which can, in future, be applied to chemistry training and
device optimization. This study further forms the basis to investigate the reaction mechanism
towards the kinetically limited conditions where the catalyst kinetics and internal transport are
critical for the simulations.

20 MODEL DESCRIPTION

The 1D model LOGEcat [1] is used to carry out the simulations discussed in this paper. The
model is based on the single-channel 1D catalyst model which is applicable to the simulation of
all standard after-treatment catalytic processes of combustion exhaust gas, for example, three-
way catalyst (TWC) [3], diesel oxidation catalysts (DOC), NOy storage and reduction (NSR)
catalysts and selective catalytic reduction (SCR) catalysts.

The model has been successfully applied and tested in previous studies [3,14,27]. The
methanation of coke oven gas with nickel-based catalysts is investigated in [27] and the
conversion effect using single and multiple channels model along with detailed kinetic model is
presented in [3]. However, a detailed investigation of the steam reforming of methane over
nickel in a generalised sense has not been considered in any of the previous studies. Here, we
aim to analyze the given case in a general and detailed way in order to check the predictability of
the model and to know how far the 1D model can capture the flow physics and the chemistry
involved with it.

For the readability of this paper, we extend the discussion in the following sections to the
modeling of the conservation and flow equations. The model can be used in single-channel mode
and multi-channel mode. When running in multi-channel mode, pseudo 3D simulations are
performed taking radial heat conduction between the channels into account. As this increases the
computational cost, in this paper, only single-channel (discussed below) simulations are
considered where radial heat transfer between the channels is not computed but the whole
catalyst is represented using one channel. Note that a list of abbreviations and symbols used in
this section or elsewhere is given in the end of the paper.
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2.1 Single Channel Model

The single channel as shown in Figure 1 is divided into a finite number of cells with Ax as their
length and each cell is treated as a perfectly stirred reactor (PSR). The pressure gradient along
with inhomogeneity of the mixture can be neglected as the diameter of the catalytic channel is
small. A thin layer represented by a separate pore gas zone close to the wall is used to model the
external diffusion.

Washcoat level

Reactorlevel

Catalyst Channellevel

Figure 1: Schematic illustration of the modeling approach.

The model used to perform the simulations is a part of the LOGEsoft software suite [1] for
chemical reaction calculations. The conservation equations given in the next section for gas
species mass fraction, gas enthalpy, surface enthalpy, pore layer gas species mass fraction, and
surface site fractions are solved in each PSR. These equations are solved for each time step.
Additionally, the 1D Navier-Stokes equations for pressure as well as flow velocity are solved
over all cells by an operator splitting method.

2.1.1 Conservation Equations

The bulk gas in each cell is modeled by a PSR with the constant pressure assumption during the
time step At in the operator splitting loop. The mass transfer coefficient accounts for the species
transport between bulk gas and pore volume layer. The conservation equation for bulk gas
species mass fraction is given as,

aYi,g — (pv)inA
ot v,

PA
(Yi,in - Ylg) + Wiwi,g - TxWiKmkm,i(Ci,g - Ci,p)
g

Ng
PAx
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The subscript g represents the bulk gas, in the inflow from the upstream cell and p gas in the pore
layer. Yig is the mass fraction of species i, Vy is the gas volume in the current cell, wiq is the
species source term for gas phase reaction, K, is the tunable parameter for the overall mass
transfer, ki is the conservation mass transfer coefficient of species i, Ci4 is the concentration of
species i in the bulk gas, and Cj, is the concentration of species i in the pore layer. P is the
geometric wetted perimeter of the channel. All the symbols are also summarised at the end of the
paper. For more details, we refer the reader to [1].

The pore volume layer connects the gas phase to the surface through species pore diffusion. The
conservation equation of the gas phase species is given as,

aYi,p,l PAx
Pp,1 ot = V_WiKmkm,i(Ci,g - Ci,p,l)ll:l + Vvi(‘)i,p,l
p,l
Nsurf
A Cipi— Cipi+1 Am
Y WK z Am oo 4 p, Zipl” Sipltl Om
be A Vo o ' Wis1, Vi

m=
Ng
PAx
- Yirprl Z V Kmkm!]M/](C.]!g - C’]'p'l)ll=1
=Y

Am Cj,p,l - Cj,p,l+1 Am
i, Y At p Gt ot A
m=1 pl 1+1,1 pl

In the above equation, Vy is the gas volume of the pore volume layer of washcoat layer | in the
current cell, wip is the species source term for gas phase reactions in the pore layer of washcoat
I, Nsurf is the number of different surface materials present in the catalytic converter (usually 1)
and A, is the catalytic surface area in the current cell. K¢ is the tuning parameter for the overall
reaction efficiency and the parameter D; accounts for an additional term for diffusion through
multiple washcoat layers which is appropriate diffusion coefficient for species i, the subscript I is
the current washcoat layer, W.1, is the radial distance through the washcoat calculated as
(Wy+1—W))/2 for diffusion between washcoat layer | and |1+1. Note that the source term for bulk
gas species transport to the washcoat is only used for the first washcoat layer denoted as | -1.

Next, the conservation equation for surface species site fraction is given as,

00; W;
S = gk, (3

n

Here, 6; indicates the site fraction of species i at site n, z, is the site density, wi, is the species
source term from reactions at site n and o; 5 is the site occupancy number of species i at site n.
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The heat transport by convection and molecular transport is taken into account by the bulk
energy (specific enthalpy) and the conservation equation is given as,

ohy PAx (pv)ind

¥ = —K,hy (T — TW) + m, (hin - hg)
Ng
PAx 4
+—— > WiKinkm,j(Cig = Cip)(hg = hjgop)- (
my £

In the above equation, hy is the bulk gas specific enthalpy, K is the tunable parameter for the
overall heat transfer, hris the convective heat transfer coefficient between bulk gas and surface,
Tq is the bulk gas temperature, T, the pore layer temperature, hi, is the specific enthalpy of the
gas from the upstream cell and h; .., the specific enthalpy of species j transported between the
bulk gas and the pore layer. The bulk gas enthalpy is used in case of the species being
transported from the bulk gas whereas, pore layer enthalpy is used if it is transported to the bulk
gas.

The pressure is assumed constant in the pore layer, the pore layer temperature is assumed to be
homogeneous for the substrate as well as for the gas and the kinetic energy due to gas movement
is neglected. With all these assumptions, the conservation equation for the surface enthalpy is
given as,

T,
(psVst,s + pprCp,p) ot

0 aT,,
=V, (ks 52 + KuhrPAX(T, — T,,)
Ngp
= D WiPAX Kk (Gig = i) (i
i=1
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where, Vs is the volume of the solid wall material (washcoat and substrate) in the current cell, ¢
is the specific heat capacity of the solid material at constant pressure and ¢y is the specific heat
capacity in the pore volume layer at constant pressure. Therefore, the above equation accounts
for heat conduction along the channel, heat convection/ diffusion to the bulk gas, molecular heat
transport as well as heat released by reactions. ks is the thermal conductivity of washcoat layer 1.
For single washcoat, pore diffusion is mimicked by the tunable parameter K. The washcoat
diffusion for the surface temperature is also included in case of multiple washcoats. In addition,
heat flow term is used to account for heat losses through the material and the catalyst at the
periphery of the substrate.

The mass and heat transfer coefficients, ki and hy, used in the conservation equations are
calculated from the Sherwood and Nusselt numbers [21]. For simultaneously developing,
concentration and thermal boundary layer flow, the correlations for Sherwood and Nusselt
numbers are utilized as [30],

yev v

h;(x) = sc;t/e || xp; ’ 0<x<=5~ D; Ga Ci) (ShT,oo)
dn
Shr o, x 2 (Y (G
( (6
d d
035 |(F)°v @™ 1.,
1/6 , 0<x< (_) ( )?
) Pr xDr Dr NuT00
d
Nu x> ﬁ( 1 )1/3( )
L = Dy NuToo (7

Here, d, is the hydraulic diameter of the channel, D; is the species diffusion coefficient for
species i, Dt is the thermal diffusion coefficient and v is the fluid velocity along the channel.
Shr ., and Nur ., are the asymptotic Sherwood and Nusselt numbers, respectively, for constant flux
boundary conditions and their values are taken from [36]. Further, the Schmidt number for
species i, Scjand the Prandtl number, Pr are given as,

M (8
S¢i pD;’
c (9
Pr = p—ﬂ,
kg
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where, i is the dynamic viscosity. ¢, is the heat capacity at constant pressure and kg is the
thermal conductivity of the gas.

2.1.2 Flow Equations
The conservation equations, with the assumption that the flow is in steady state, are given below,

Ng
d(pv) Ay,
ox = - nM{GZVVikm,i(Ci,g_Ci,p)r (10
d(pv?) dp  f 11
+2L = X ol E (
Oox 0x

as the mass and momentum equations, respectively. In the above equations, A is the cross-
sectional channel area and the friction factor, fe for laminar and fully developed flow is given as,

16 1léu
F™Re ™ pvdy,

(12

For more details related to the derivations for the equations and the model, we refer the reader to

[1].

3.0 SURFACE REACTION MECHANISM

The conversion of methane and steam into a mixture of hydrogen, carbon monoxide and carbon
dioxide can be considered as a combination of several reactions. This section covers the detailed
surface reaction mechanism involved in our investigation along with the thermodynamic
consistency.

Note that we have used the reaction mechanism from [24,38] to model reforming of methane on
nickel which contains 7 gas phase species and 13 surface species in total. The reaction
mechanism consists of 42 reactions and these reactions are summarized in Table 1 along with
their rate expressions [24]. The reaction mechanism indicates that adsorbed carbon species (C,
CH, CH,, CH3) formed from activated methane reacts with adsorbed atomic oxygen O(s),
formed from the adsorption of oxygen or from the decomposition of water and CO,, and produce
carbon oxide. The mechanism also comprises the reactions of partial oxidation and steam
reforming of methane and is based on the key reaction intermediate - adsorbed atomic oxygen
O(s). The sticking coefficients (s.c.) are used as kinetic data for the adsorption of reactants and
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products (H2, O,, CH4, H20, CO, COy) given in the reaction mechanism. For the details of the
reaction mechanism, we refer the reader to [24].

The equilibrium of a chemical reaction is given as,

Yoa
vi A 2 ) Ui,
l_ kor S (13

and is defined by the thermodynamic properties of the participating species i. The chemical
source terms due to catalytic reactions are modeled by elementary-step based reaction
mechanisms [41]. In the present study, the homogeneous gas-phase reactions can be neglected.
The forward rate constants, ks, for the reactions r are generally assumed to have the following
Arrhenius temperature dependence (for gas-phase as well as surface species),

B —Er
k= A Threxp (7). (14

where, Ay is the pre-exponential factor, g, is the temperature exponent and E; is the activation
energy. T is the gas temperature and R is the gas constant in units consistent with activation
energy. The forward rate is modified for the reactions involving coverage parameters and
sticking coefficients, discussed below [1].

The thermodynamic data associated with each species in a reaction are used to calculate the
equilibrium constant and reverse rate coefficients for a reaction. In the thermal systems, the
reverse rate constants, ky,, are related to the forward rate constants through the equilibrium
constants given as,

k
_ (15
kb,r Kc,r.

Ker is the equilibrium constant given in concentration units which considers the surface state as
well as the gas state in case of reactions involving surface species as,
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t l (n) vir —Vir
Ker pr(RaOm 1_[ (L) Kurs 1_[ o; ,
surf iszurf(n)

where, Pam denotes a pressure of 1 atm, Rg is the universal gas constant, vi, represents the
stoichiometric coefficients for reaction r and species i, I? is the standard-state surface site
density of site type n and o; is the number of sites that the surface species occupies. The sum in
the first exponent runs only over the gas-phase species, whereas the sum in the second exponent
runs only over surface species in surface phase n.

The equilibrium constants, K,, in pressure units has the same form as for gas-phase reactions
given as,

A8 AHY (17

K -0,
R, ROT)

pr —

with A as the change that occurs in passing completely from reactants to products in the "
reaction and S and H are the symbols used for entropy and enthalpy, respectively (superscript °
denotes the standard-state) which are calculated using thermodynamic data as,

ASO SO
r_ Z v, oL (18

(19

S
AH) Z H}
R, ~ Li " R,T

i=1

To summarize, equation (14) is used to calculate the rate constants in case of an irreversible
reaction which means that the rate coefficients (A, frand E,) are specified for all the reactions in
the input file. Whereas, in case of a reversible reaction, forward rate constant is calculated using

10
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equation (14) and reverse rate calculated using equation (15) which also uses the equilibrium rate
constant obtained from thermodynamic data.

Nonetheless, the forward and the reverse reactions are defined separately with their own rate
laws due to missing thermodynamic data for the problems encountered in setting up a reaction
mechanism. Indeed, it is difficult to define thermodynamic data for intermediate surface species.
The thermodynamic consistency is ensured in a sense that the thermodynamic equilibrium of the
participating gas-phase species is matched for a range of temperatures, while writing all
reversible reactions as pairs of independent forward and backward reactions. The thermodynamic
data of the intermediate species is, therefore not needed for the evaluation of the reaction rates
[24]. We do not aim to cover further details in this section and hence leave this to the reader’s
interest. Note that the reaction mechanism and the thermodynamic data for all the species used in
the present study are taken from [24,38].

3.1 Surface-coverage Modification of Rate Expression

Arrhenius expression for the rate constant, i.e., equation (14), is modified by the coverage
(concentration) of some surface or bulk species (optional coverage parameters to be specified for
species i and reaction r as done for R12, R36, R37 and R40 in Table 1). The rate constant for the
forward reaction is modified as,

l l
by = A TPrexp (Z2) L7 ) | 10l 2, exp-etel

1= Kzurf(N;curf)
Kbulk(Nbulk) - a; Hir —&ir[Qin]
10Mirlain] [g exp(——1).
izKlj:ulk(Nl]:ulk) [l’n] pC RoT )
(20

nir, Mirand g;rare coverage parameters. Zjn is the surface site fractions for surface species and a;,
is the bulk activity for bulk species. The reverse and equilibrium rate constants are calculated
using equations (14) and (16). With the modified rate constant, the net pre-exponential factor and
the activation energy are the function of coverage as,

Kslurf( éurf)

logA = logA, + Z Nir[Zin]
i= Kgurf(Ngurf)
Kbulk(Nbulk)

+ Z ni,r [ai,n]'

i=K1);ulk (N II:ulk)

1
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Kslurf(Néurf) Kllmlk(Nllmlk)
22
E = E-r + z Si'-r [Zi,n] + Z Si’r[ai,n]. (
= Kgurf(Ngurf) i=KIjJrulk(NI]Jrulk)

Table 1: Thermodynamically consistent surface reaction mechanism [24]. A is the pre-exponential factor, E, is the activation energy and
Pris the temperature exponent. s.c. indicates the sticking coefficients.

Reaction A; (cm,mol,s) E, (kd/mol) B(-)
R1 H,+ 2Ni(s) — 2H(s) 1.000x10™ (s.c) 0.00 0.0
R2 2H(s) — H, + 2Ni(s) 2.545x10""° 81.21 0.0
R3 0, + 2Ni(s) — 20(s) 1.000x10™ (s.c) 0.00 0.0
R4 20(s) — O, + 2Ni(s) 4.283%x10"% 474.95 0.0
R5 CH,+ Ni(s) — CH,(s) 8.000x107" (s.c) 0.00 0.0
R6 CHy(s) — CH,4+ Ni(s) 8.705x10"% 37.55 0.0
R7 H,0 + Ni(s) — H,O(s) 1.000x10™" (s.c.) 0.00 0.0
R8 H,0(s) — H,0 + Ni(s) 3.732x10"*? 60.79 0.0
R9 CO,+ Ni(s) — CO,(s) 1.000x10™ (s.c.) 0.00 0.0
R10 CO4(s) — CO, + Ni(s) 6.447x10" 25.98 0.0
R11 CO + Ni(s) — CO(s) 5.000x107"! (s.c) 0.00 0.0
R12 CO(s) — CO + Ni(s) 3.563x10"** 111.27 0.0

COV /CO(s) 0.000x10*%° -50.0 0.0
R13 CHa(s) + Ni(s) — CHa(s) + H(s) 3.700x10*% 57.7 0.0
R14 CHa(s) + H(s) — CH,(s) + Ni(s) 6.034x10" 61.58 0.0
R15 CHa(s) + Ni(s) — CHa(s) + H(s) 3.700x10"* 100.0 0.0
R16 CHa(s) + H(s) — CHs(s) + Ni(s) 1.293x10"% 55.33 0.0
R17 CHoy(s) + Ni(s) — CH(s) + H(s) 3.700x10"% 97.10 0.0
R18 CH(s) + H(s) — CH,(s) + Ni(s) 4.089x10"% 79.18 0.0
R19 CH(s) + Ni(s) — C(s) + H(s) 3.700x10%% 18.8 0.0
R20 C(s) + H(s) — CH(s) + Ni(s) 4.562x10"% 161.11 0.0
R21 CHa(s) + O(s) — CH(s) + OH(s) 1.700x10"% 88.3 0.0
R22 CHa(s) + OH(s) — CHq(s) + O(s) 9.876x10"% 30.37 0.0
R23 CHa(s) + O(s) — CH,(s) + OH(s) 3.700x10"* 130.1 0.0
R24 CHa(s) + OH(s) — CHa(s) + O(s) 4.607x10"% 23.62 0.0
R25 CHa(s) + O(s) — CH(s) + OH(s) 3.700x10"* 126.8 0.0
R26 CH(s) + OH(s) — CHy(s) + O(s) 1.457x10*% 47.07 0.0
R27 CH(s) + O(s) — C(s) + OH(s) 3.700x10*** 48.1 0.0
R28 C(s) + OH(s) — CH(s) + O(s) 1.625x10"% 128.61 0.0
R29 H(s) + O(s) — OH(s) + Ni(s) 5.000x10*% 97.9 0.0
R30 OH(s) + Ni(s) — H(s) + O(s) 1.781x10"* 36.09 0.0
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R31 H(s) + OH(s) — H,0(s) + Ni(s) 3.000x10"% 4.7 0.0
R32 H,0(s) + Ni(s) — H(s) + OH(s) 2.271x10"% 91.76 0.0
R33 OH(s) + OH(s) — H,0(s) + O(s) 3.000x10*%* 100.0 0.0
R34 H,O(s) + O(s) — OH(s) + OH(s) 6.373x10"% 210.86 0.0
R35 C(s) + O(s) — CO(s) + Ni(s) 5.200x10"% 148.1 0.0
R36 CO(s) + Ni(s) — C(s) + O(s) 1.354x10% 116.12 -3.0
COV /CO(s) 0.000x10* -50.0 0.0
R37 CO(s) + O(s) — CO,(s) + Ni(s) 2.000x10*° 123.6 0.0
COV /CO(s) 0.000x10"% -50.0 0.0
R38 COy(s) + Ni(s) — CO(s) + O(s) 4.653x10"% 89.32 -1.0
R39 CO(s) + H(s) — HCO(s) + Ni(s) 4,019x10'% 132.23 -1.0
R40 HCO(s) + Ni(s) — CO(s) + H(s) 3.700x10"% 0.0 0.0
COV /CO(s) 0.000x10* 50.0 0.0
R41 HCO(s) + Ni(s) — CH(s) + O(s) 3.700x10"% 95.8 3.0
R42 CH(s) + O(s) — HCO(s) + Ni(s) 4.604x10"%° 109.97 0.0

3.2 Sticking Coefficients

For some surface reaction mechanisms, the surface reaction rate constant is specified in terms of
a ”’sticking coefficient” (probability), rather than an actual reaction (see R1, R3, R5, R7, R9 and
R11 in Table 1). In such cases, the unitless sticking coefficients’ functional form has an
”Arrhenius-like” form which is given as,

r
¥y = min[1, a, T’rexp (R T)]' (23
c

7, @ and by are unitless and r has units compatible with R.T (the real gas constant used for
reaction activation energies multiplied by temperature). The collision frequency of the gas
species with the solid surface is used for the conversion of a sticking coefficient, y,, to the usual
mass-action Kinetic rate constant given as,

V;”,i
Vr [Ti=4 0; RT (24
1-— )é—r (Tot)™ | 20Wy

kf,r = (

Ro is the universal gas constant, Wy is the molecular weight of the gas-phase species, I't is the
total surface site concentration summed over all surface phases (hnumber of moles of surface sites
per unit area), m is the sum of all the stoichiometric coefficients of reactants that are surface
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species, oj is the number of sites that the surface species occupies and vy is the reaction order for
that species. The reverse and equilibrium rate constants are calculated as explained in the
previous section.

With the above modifications of the rate constant, the net pre-exponential factor is given as,

4 i=™ | R (25
T W)™ ([ 2nW

4.0 SIMULATION SET-UP

The simulation set-up used for the present study follows from [24]. The geometric data and
catalyst parameters to perform the simulations are summarized in Table 2. The investigation is
extended for different reactor conditions in terms of parameters, such as, temperature, S/C ratio,
flow rate and pressure summarised in Table 3. Analysis is done for four different temperatures,
T=920,1020,1120, and 1220 K while keeping all other parameters (S/C, f and P) constant.
Similarly, the S/C ratio is varied as S/C=1.9,2.77, and 3.67, flow rate as f=296,593 and 1186
mL/min and pressure as P=1,10 and 100 atm with other parameters fixed.

We have considered a single channel and it is uniformly divided into 25 cells. One layer of
washcoat is used for the simulations. The overall heat transfer efficiency factor, mass transfer
efficiency factor and efficiency factors for surface chemistry are taken as unity. The surface site
density, © for Ni is 2.6 x 10 mol/m? [33]. The surface area per catalyst length is used as
6.9x1072 m?/m. 75% Argon dilution is used.

Table 2: The geometric data and catalyst parameters used to carry out the simulations.

Catalyst channel geometry Quadratic

Number of cells per channel (lengthwise) 25

Channel density 640 cpsi
Length 3.0x107 m
Hydraulic diameter 1.13x10° m
Catalyst geometry Circular

Catalyst radius 75x10° m
Washcoat thermal conductivity 250 W/m/K
Washcoat thickness 50x 107 m
Washcoat porosity 0.8
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Table 3: Summary of the simulation cases performed for the set-up considered from [24]. T is the temperature in K, S/C is the inlet
steam-to-carbon ratio (C/S as carbon to steam), f is the flow rate in mL/min, P is the pressure in Pa and the inlet composition of the
species is given in mole fraction.

Case T S/C (CIS) f p CH, H.O Ar
[K] [mL/min] [Pa]
C1 922.94 2.77 (0.36) 593 1.01325 x 10° 0.0663 0.1837 0.75
C2 1019.05 2.77 (0.36) 593 1.01325 x 10° 0.0663 0.1837 0.75
C3 1120.27 2.77 (0.36) 593 1.01325 x 10° 0.0663 0.1837 0.75
C4 1214.93 2.77 (0.36) 593 1.01325 x 10° 0.0663 0.1837 0.75
C5 1020 1.90 (0.53) 593 1.01325 x 10° 0.0862 0.1638 0.75
C6 1020 2.77 (0.36) 593 1.01325 x 10° 0.0663 0.1837 0.75
Cc7 1020 3.67 (0.27) 593 1.01325 x 10° 0.0535 0.1965 0.75
C8 1020 2.77 (0.36) 296 1.01325 x 10° 0.0663 0.1837 0.75
C9 1020 2.77 (0.36) 593 1.01325 x 10° 0.0663 0.1837 0.75
C10 1020 2.77 (0.36) 1186 1.01325 x 10° 0.0663 0.1837 0.75
Cl1 [600-1300] 3.00 (0.34) 593 1.01325 x 10° 0.25 0.75 0.00
C12 [600-1300] 3.00 (0.34) 593 1.01325 x 10° 0.25 0.75 0.00
C13 [600-1300] 3.00 (0.34) 593 1.01325 x 107 0.25 0.75 0.00
5.0 RESULTS

The model explained in the previous sections uses the above set-up to perform the simulations of
steam reforming of methane over a nickel catalyst and all the kinetic parameters are taken from
[24]. Some of the important terms encountered in chemical reaction engineering are conversion,
selectivity, yield and mole fraction which are discussed in this section. It is important to check
these quantities to see if the system is consistent. The variation of these quantities is shown with
different parameters, for example, temperature, pressure, S/C ratio and flow rate.

The conversion describes the ratio of how much of a reactant has reacted and lies between zero
and one. The yield shows the formation of a desired product and it also falls in between zero and
one. The selectivity defines the ratio of the desired product to the undesired products. The mole
fraction of species i is the fraction of moles it occupies relative to the total number of moles in
the mixture and the sum of mole fractions will necessarily become unity. The formulas for these
quantities are given where they are first discussed in the section.

We have investigated several parameters in complete detail in order to re-confirm the basic
chemistry and to check the predictability of the model before capturing the new results. The
study will apply the model to more complex investigations in future. Note that the preliminary
results with the set-up used here have been discussed in [29], however, in this paper a much
more detailed analysis is presented.
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5.1 Variation of Temperature

In this section, we present the simulation results for 4 different temperatures as
T=920,1020,1120, and 1220 K. All the other physical and numerical parameters are kept
constant. The simulations are performed for fixed S/C ratio as 2.77, pressure as 1 atm, flow rate
as 593 mL/min and 75% Argon dilution.

The conversion of methane and water as a function of temperature along with the reference data
is shown in Figure 2. The equilibrium calculations for the reference data are also given in the
figure. The conversion X for species i is defined as the ratio of the total molar rate of the
consumption of species i to the molar flow rate of the species i in the feed which is calculated as,
Xi = (Yiin-Yiou)/Yiin Where y; is the mass fraction of species i. The 1D simulation results using
LOGEcat model are in very good agreement with the experimental and simulation results from
[24]. It is observed that the thermodynamic equilibrium is attained at the higher temperatures.
However, at higher temperatures the simulation results, both from LOGEcat model as well as 2D
reference data, deviate from the experimental data.

Figure 3 shows the CO selectivity variation with temperature in methane steam reforming for
other parameters fixed along with the reference simulation and experimental data. The
selectivity, S is defined as the ratio of the total molar rate of production of desired product to the
total molar rate of production of undesired product and for CO is calculated as, Sco = Xco/(Xco +
Xco2 + Xcha) Where x is the mole fraction of the species given in subscript. We observe a very
good agreement for the 1D LOGEcat model results with [24].
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Figure 2: Methane and water conversion as a function of temperature while keeping all the other parameters fixed
as S/C=2.77, P=1 atm, j‘:593 mL/min and 75% Argon dilution along with the reference data.
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Figure 3: CO Selectivity variation with temperature in methane steam reforming while keeping all the other
parameters fixed as S/C=2.77, P=1 atm, f=593 mL/min and 75% Argon dilution along with the reference data.

Figure 4 illustrates the H,/CO ratio variation with the temperature in methane steam reforming
for fixed S/C ratio, pressure and flow rate along with the reference results. As explained in [24],
the over-prediction of the H,/CO ratio in comparison to the experimental measurements at the
given S/C ratio (=2.77) might be due to the underestimation of water-gas shift reaction at low
temperature in the 2D as well as 1D models. The Hy/CO ratio for simulations, Maier’s 2D
simulations as well as results from the 1D model, is higher compared to the equilibrium
calculation at temperature <1000 K. The 1D results lie in between the experimental and
simulation reference results from [24]. Nonetheless, it is worth noticing that the 1D model
captures these quantities, qualitatively as well as quantitatively very well.

Further, in Figure 5 and 6 the variation of concentration for reactants and products along with the
axial distance of the reactor is shown. The simulation results are displayed for only one
temperature, T=920 K. These figures illustrate that the reactants (Figure 5), methane and water,
are being used in the first few seconds, i.e., within 2s and then the thermal equilibrium is
reached.

%800 900 1000 1100 1200 1300
TIK]

Figure 4: H,/CO ratio variation with temperature in methane steam reforming while keeping all the other
parameters fixed as S/C=2.77, P=1 atm, f=593 mL/min and 75% Argon dilution along with the reference data.
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No change in the concentration can be observed after 2s but the simulations do run a little longer
in order to make sure that steady state is reached. Similarly, the formation of products (Figure 6),
H,, CO, CO,, also takes place within the first few seconds and then it ceases. This behaviour was
expected as the endothermic reactions are dominant on the catalytic surface in the initial phase
which cause the major changes in concentration of different species only in the beginning and
then the system attains thermal equilibrium.
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Figure 5: (a) Methane and (b) water concentration along the reactor for T=920 K.
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Figure 6: (a) CO, (b) H,and (c) CO, concentration along the reactor for T=920 K.

In Figure 7, the methane and water conversion is shown as a function of temperature for fixed
S/C ratio (S/C=3), pressure and flow rate along with the reference data. The figure captures the
conversion behaviour for a wide range of temperatures, T¢[600,1300] K in order to check the
predictability of the 1D model for a wide range and higher temperatures. For the entire
temperature range considered for the investigation, the 1D simulation results are in good
agreement with the reference 2D simulations and experiments. As shown in the figure, the
reference data is available only for the methane conversion, however, we have also shown water
conversion for the given temperature range for our simulation set-up.

1.0

==+ 1D Simulation result o S

e« 1D Simulation result V8 fp,/

[ Maier et. al Simulation o % )

W Maier et. al Experiment 7 CHa

0:8 D:‘/
Y/
&5
c 4 .
S 0.6 L=} 7 -
2 o
4 ol | 7 uo
) =7 2
> J,
c ol 4
§Goa “op /
7 7
4
02 7,2
7
Vi

0'800 700 800 900 1000 1100 1200 1300

Figure 7: Methane and water conversion as a function of temperature for S/C=3, P=1 atm, =593 mL/min and 75%
Argon dilution along with the reference data.
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Next, the mole fraction for different species (CH, H,O, CO,, CO, H,) as a function of
temperature is depicted in Figure 8. Here we do not have any reference data to compare with and
hence, the results are shown only for the 1D simulations. The simulations are performed for the
same conditions as presented for the previous figure, i.e., for T¢[600,1300] K and S/C=3.
Initially, there is methane and water and all other species are absent. Then with the increase in
temperature, methane and water is being consumed and tends to go towards zero whereas, all
other species are being formed with increasing temperature. Also, as expected, we find the
formation of H; is higher with consumption of reactants as compared to the other species, such
as, COzand CO.

Mole fraction

0800 700 800 900 1000 1100 1200 1300

Figure 8: Mole fraction as a function of temperature for S/C=3, P=1 atm, j‘:593 mL/minand 75% Argon dilution.

5.2 Variation of S/C Ratio

Here, the variation of some of the above discussed quantities (conversion, selectivity and mole
fraction) is shown with changing S/C ratio. The simulations are performed for 3 different S/C
ratios as S/C=1.9,2.77 and 3.67. All the other physical and numerical parameters are kept fixed.
The simulations are performed for constant temperature as 1020 K, pressure as 1 atm, flow rate
as 593 mL/min and 75% Argon dilution. The reference data from 2D simulations and
experimental measurements are also plotted for some of the cases.

Figure 9 displays the methane and water conversion as a function of S/C (inlet steam-to-carbon)
ratio. The 1D simulation results are in very good agreement with the reference data which
illustrates the capability of the model to capture the chemistry correctly. The 1D result shows
that the methane conversion increases and the water conversion decreases with increasing S/C
ratio. This is in accordance to the reference 2D simulation and experimental results. For the
given temperature, the methane conversion is approximately 80% for S/C=2 and increases to
~97% for S/C=3.77. The methane conversion at medium temperature was observed in the range
of 75-55% similar to the literature [24]. At the same time, the water conversion reduces from
~60% at S/C=2 to =~40% at S/C=3.77.
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Figure 9: Methane and water conversion as a function of S/C ratio while keeping all the other parameters constant
as T=1020 K, P=1 atm, £=593 mL/min and 75% Argon dilution along with the reference data.

In order to analyze the product composition, the thermodynamic equilibrium in the reaction
needs to be considered. So, the CO selectivity is depicted in Figure 10 as a function of the S/C
ratio in methane steam reforming for T=1020 K and 75% Argon dilution along with the results
from [24]. As expected, the CO selectivity decreases with increasing S/C ratio and varies in
between ~42-37% for S/C=2.0-3.77, respectively. The 1D results are slightly under-predicted as
compared to the reference data for low S/C ratio, i.e., for S/C=1.77. Nonetheless, for S/C=2.77,
the results are in very good agreement with [24].
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Figure 10: CO Selectivity variation with S/C ratio in methane steam reforming while keeping all the other
parameters constant as T=1020 K, P=1 atm, f:593 mL/min and 75% Argon dilution along with the reference data.

Figure 11 shows the concentration of methane along the reactor length for two S/C ratios, i.e., (a)
S/C=1.9 and (b) S/C=3.67 at T=1020 K, P=1 atm and =593 mL/min. The methane concentration
is noted as independent of S/C ratio. Nevertheless, the initial changes are well captured in the
beginning of the simulation and later (t>2s), there are no changes seen. The simulations are
carried out up to 10s only to insure that the steady state is reached.
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Figure 11: Methane concentration along the reactor for (a) S/C=1.9 and (b) S/C=3.67 at T=1020 K.

5.3 Variation of Flow Rate

Next, the flow rate is varied and different quantities are analyzed in this section. We do not have
reference data for this parameter and hence only 1D simulation results are shown and discussed.
The simulations are performed with 75% Argon dilution, T=1020 K, S/C=2.77 and P=1 atm as
fixed values. Only the flow rate is varied and the results are shown for 3 different flow rates as
f=296,593 and 1186 mL/min.

In Figure 12, the methane and water conversion as a function of flow rate is shown. The other
parameters (T, P, S/C ratio) remain fixed. Both the reactants, methane as well as water, show
similar trends for the conversion which is reduction with the increasing flow rate. The
conversion of methane reduces from =~ 96% to 77% for f=296 and 1186 mL/min, respectively
and for water from = 57% to 44% for these flow rates. The behaviour is as expected. The
investigated catalyst seems to be designed for the initial flow rate.

For visualization, the methane concentration along the reactor length with respect to time is
shown in Figure 13. The figure displays methane concentration contours for (a) =296 and (b)
f=1186 mL/min, keeping all other parameters as constant. The behaviour reported in the earlier
sections is confirmed for this parameter as well.
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Figure 12: Methane and water conversion as a function of flow rate for T=1020 K, S/C=2.77 and P=1 atm as fixed

values and 75% Ar dilution.
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Figure 13: Methane concentration along the reactor for (a) jf=296 and (b) f=1186 mL/minat T=1020 K.

5.4 Variation of Pressure

In this section, the various quantities are discussed with the variation of pressure keeping the S/C
ratio fixed to 3. A wide temperature range is considered for the simulations. The results are
presented at 3 different pressures, i.e., 1,10 and 100 atm. It is important to analyse few quantities
at higher pressures because for some processes, higher pressures are needed to separate the
hydrogen from the methane and recycle the methane to obtain a high purity hydrogen stream
[40]. Note that we do not have any reference data for the comparison and hence, our analysis is
limited for 1D simulation results.

In Figure 14, the methane and water conversion as a function of temperature is shown for S/C=3
at 3 different pressures. We report that the methane for the low pressure, i.e., at 1 atm is fully
converted into the products for the highest investigated temperature. The conversion varies from
zero at low temperature, i.e., T=600 K and it reaches to one, i.e., full conversion for T=1300 K.
However, as the pressure increases from 1 atm to 10 atm and further to 100 atm, the conversion
of methane becomes slower and at the given conditions even at higher temperatures methane is
not fully converted into the products anymore. A similar qualitative behaviour is noted for the
water conversion.
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Figure 14: Methane and water conversion as a function of temperature with S/C=3 for different pressures.

Figure 15 illustrates the variation of methane concentration along the reactor length for (a) P=1
and (b) P=100 atm at T=1020 K. As discussed in the previous sections, the major changes in the
concentration happen initially, i.e., <2s and for t>2s, the steady state has already reached and no
changes are observed. Here, we also attempt to show the behaviour with changing pressure and
note that the thermal equilibrium for higher pressure is attained with some delays as compared to

the lower pressure.
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Figure 15: Methane concentration along the reactor for (a) P=1 and (b) P=100 atm at T=1020 K.

6.0 CONCLUSIONS

In this paper, we have presented the kinetics of the steam reforming of methane over nickel
catalyst using a one-dimensional tool, LOGEcat. The results are compared with literature [24]
and the investigation is carried out for several parameters, for example, temperature, pressure,
flow rate and S/C ratio. Various quantities, such as, conversion, selectivity and mole fraction
have been discussed.

« The results show that the conversion, selectivity and H,/CO ratio for temperatures ¢
[920,1020,1120,1220] K are in very good agreement with the reference data considered. The
study was further extended for a wide range of temperatures and the 1D simulation results fit
very well with [24]. We have additionally provided the variation of mole fraction with
temperature for the 1D model.
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« However, the over-prediction of the H,/CO ratio for simulation results in comparison to the
experimental measurements at the S/C ratio 2.77 might be due to the underestimation of water-
gas shift reaction at low temperature. We plan to further investigate the chemical mechanism
within a comprehensive chemical training.

« Likewise, the conversion and selectivity profiles are also given for varying S/C ratio. The
model gives matching profiles with the reference 2D simulations and experimental data from
[24] for both the profiles.

« Additionally, the conversion profile is shown for varying pressure (P¢[1,10,100] atm) and flow
rate (fe[296,593,1186] mL/min). We do not have reference data for these parameters.

« For visualization, we have also given the reactants and products concentration along the
reactor length with respect to time for a fixed temperature and only the methane concentration
for all the other parameters (S/C ratio, pressure and flow rate).

The analyses carried out in this paper illustrate the predictive capability of the 1D model. The 1D
tool captures the flow physics and chemistry very well for the parameters discussed and is cost
effective (numerically fast).

This study recommends further investigations for the reaction mechanism towards the kinetically
limited conditions where the catalyst kinetics and internal transport are critical for the
simulations. We also propose to analyze the thermochemistry of the species to develop a
kinetically consistent reaction mechanism.
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List of Abbreviations
CH; Methane
CO, Carbon Dioxide
H,  Hydrogen

NOy Nitrogen Oxides

O Oxygen

H,0 Water

1D One-Dimensional

CO Carbon Monoxide

DOC Diesel Oxidation Catalysts
Ni Nickel

NSR NOy Storage and Reduction
PSR Perfectly Stirred Reactor

S Selectivity

S/IC Steam-to-Carbon

CIS Carbon-to- Steam

SCR Selective Catalytic Reduction
TWC Three-Way Catalyst

Nomenclature

Br temperature exponent [-]

At time step [s]

AX cell length [m]

L standard-state surface site density of site type n [mol/m?]

Vr sticking coefficient [-]

ot total surface site concentration summed over all surface phases
[mol/m?]

Vir stoichiometric coefficients for reaction r and species i [-]

Vi reaction order for the species i [-]

f Flow rate [mL/min]

Xi conversion for species i [-]

X mole fraction of the species [-]

Yi mass fraction of species i [-]

A cross-sectional channel area [m?]

An catalytic surface area in the current cell [m?]

ain bulk activity for bulk species [-]

Ar pre-exponential factor [cm,mol,s]

Co specific heat capacity at constant pressure [J/kgK]

Cig concentration of species i in the bulk gas [mol/m?]

Cip concentration of species i in the pore layer [mol/m?]

Cop specific heat capacity in the pore volume layer at constant pressure
[J/mol/K]
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Cps specific heat capacity of the solid material at constant pressure
[J/mol/K]

dn hydraulic diameter of the channel [m]

Di diffusion coefficient of species i [m%/s]

D thermal diffusion coefficient [m%/s]

E, activation energy [kJ/mol]

fr friction factor [-]

H enthalpy [J/mol]

hq bulk gas specific enthalpy [J/kg]

ht convective heat transfer coefficient between bulk gas and surface
[W/m?K]

hin specific enthalpy of the gas from the upstream cell [J/mol]

hie—p Specific enthalpy of species j transported between the bulk gas and
the pore layer [J/kg]

Ke tunning parameter for the overall reaction efficiency [-]

Kg thermal conductivity of the gas [W/mK]

Kh tunable parameter for the overall heat transfer [-]

K tunable parameter for the overall mass transfer [-]

Ko.r reverse rate constants [-]

Ker equilibrium constant given in concentration units [mol/m?]

Ker forward rate constant [-]

Kmi conservation mass transfer coefficient of species i [-]

Kpr equilibrium constants in pressure units [-]

Ks. thermal conductivity of washcoat layer | [W/mK]

m sum of all the stoichiometric coefficients of reactants that are surface species [-]

Nsurf number of different surface materials present in the catalytic converter
[-]

Nur. — asymptotic Nusselt numbers [-]

P geometric wetted perimeter of the channel [m]
Pam pressure of 1 atm [atm]

Pr  Prandtl number [-]

Ro universal gas constant [kJ/mol]

S entropy [J/mol/K]

Sci  Schmidt number for species i [-]
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Sh;  Sherwood numbers [-]

Shr asymptotic Sherwood numbers [-]
t time [s]

Tg bulk gas temperature [K]

Tw pore layer temperature [K]

v fluid velocity along the channel [m/s]

Vg gas volume in the current cell [m?]

Vs volume of the solid wall material (washcoat and substrate) in the
current cell [m?]

Vo gas volume of the pore volume layer in washcoat layer | in the current
cell [m¥]

Wi molecular weight of the gas-phase species [- ]

Wi.1,  radial distance through the washcoat [m]

Yig mass fraction of species i [-]

Zin  surface site fractions for surface species [-]

i dynamic viscosity of species i [kg/ms]

wig  Species source term for gas phase reaction [mol/m?]
win  Species source term from reactions at site n [mol/m?]

wipl  Species source term for gas phase reactions in the pore layer in
washcoat layer | [mol/m®]

oin  Site occupancy number of species i at site n [-]
rn site density of surface phase n [mol/m?]
6in  site fraction of species i at site n [-]
Nu  Nusselt numbers [-]
P Pressure [atm]
Temperature [K]

Subscript

b reverse

f forward
g bulk gas
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i species

in inlet to the cell

I current washcoat layer p gas in the
pore layer

r reaction

S substrate material
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