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Abstract

In this paper, a theoretical optimization of shaped catalyst dimensions with technologically imposed constraints is presented for operating
conditions of a typical methanol reformer. A comprehensive two-dimensional mathematical model of a single reformer tube containing physically
sound correlations for heat transfer parameters of holed catalyst particles is used. Three-hole pellets and Raschig rings were used as examples.
A general conclusion is made that holed steam reforming catalysts should have maximum catalyst height and minimum diameter determined by

requirements of uniform catalyst packing.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Catalysts of different sophisticated shapes including multi-
hole pellets are widely used for commercial steam reforming
of natural gas and higher hydrocarbons [1]. Shaped catalysts
provide superior catalyst performance due to enhanced effective-
ness factors, improved heat transfer properties and low pressure
drops.

Modelling of the steam reforming process has been a sub-
ject of many papers [2—4]. One- or two-dimensional dispersion
models were usually applied. However, optimization of catalyst
dimensions and comparative evaluations of differently shaped
catalysts were hampered for lack of general correlations able to
predict heat transfer properties of a fixed bed packed with shaped
catalysts until recently. As it was demonstrated by Dixon et al.
[5], an alternative approach based on CFD modelling can be
used to solve this problem.

In our work we use the two-dimensional pseudo-homog-
eneous model, but apply a recently developed methodology
[6,7], which allows the prediction of parameters of radial heat
transfer in beds packed with holed particles of different shape.
The methodology is based on a hydrodynamic model with
splitting a gas flow into streams through catalyst holes and
between particles, each contributing into radial heat transfer
with corresponding mixing lengths. In this case, radial thermal
conductivity can be well predicted without the need for any addi-
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tional fitted parameter. Further constituent is the expression of
the wall heat transfer coefficient via thermal conductivity by
applying a model that assumes a linear variation of the radial
thermal conductivity in the vicinity of the tube wall [7]. Overall,
this makes it possible to carry out theoretical optimization of
catalyst dimensions for different shapes.

In this paper, sizing of a shaped steam reforming catalyst is
performed by optimizing methane conversion and pressure drop
at operating conditions of a typical methanol plant reformer,
whilst applying restrictions related to the mechanical strength of
the catalyst and packing uniformity. As an example, a three-hole
cylinder was considered in detail. A catalyst shaped as a Raschig
ring was used as comparison. Finally, the general conclusion on
shaped steam reforming catalyst sizing is proposed.

2. Radial heat transfer in a catalyst bed packed with a
shaped catalyst

Before interpretation of further results, we will briefly
describe the physical principles underlying the methodology
used to determine the radial heat transfer parameters for holed
particles [6,7].

The effective radial thermal conductivity in a fixed bed A,
is composed of conductivity without flow, A?, a convective con-
stituent, A%°™ and a radiation term A9,

Ap = A0 Lo 4 rad (1

The value of A? can be calculated using the model of Bauer
and Schlunder [8], but it is usually negligible compared to A£°™.
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Nomenclature

aop specific surface area of one pellet without account
of holes (m™!)

Cp total gas heat capacity (Jmole™! K—1)

Cpi heat capacity of gas component i (J mole™! K1)

C; molar concentration of component i (mole m™3)

d hole diameter of the pellet (m)

deq equivalent hydraulic diameter of the packed bed
(m), deq =4€bed/ao(l — eped), Egs. (2), (11)

dhole characteristic mixing length of the hole (m)

dp diameter of equivalent-volume sphere (m)

D outer diameter of the pellet (m)

Dj binary diffusivity (m?s~!)

D}‘n Knudsen diffusivity (m2s~')

D, effective radial diffusivity in the bed (m2s~ 1

Dy effective radial diffusivity in the bed of compo-
nent i (m%s~1)

DY diffusivity in the bed with a stagnant fluid
(m?s!)

F surface emissivity coefficient

H height of the pellet (m)

AH; enthalpy change in reaction j (Jmole™!)

i number of gas components, i=1,6=
CHy4, H,O, CO, Hp, CO,, N>

l tube length coordinate (m)

Nnole  number of holes in the catalyst pellet

P pressure (atm)

Pr Prandtl number, Pr=v/Agas

Py pressure under normal conditions (atm)

0 degree of approaching equilibrium

r tube radius coordinate (m)

R universal gas constant (atm m3 mole ' K~ 1)

T temperature (K)

Tw tube wall temperature (K)

To temperature under normal conditions (K)

u superficial axial gas velocity (ms™!)

i superficial axial gas velocity (Nms™!), &) =
u1Ty P/ PoT, Eqs. (A4)—(AT)

ily superficial radial gas velocity (Nms~1!)

Vi molar fraction of component i

Viin inlet molar fraction of component i

Greek letters

o wall heat transfer coefficient (Wm—2K~1)

3 bed void fraction, & = é&peq + hole(1 — €bed), Eqs.
(A4) and (AS)

Ebed bed void fraction for solid pellets (without
account of void fraction of pellets)

Ehole void fraction of a single pellet, enole = Nholed/D

Vij stoichiometric coefficient of component i in jth
reaction

Agas gas thermal conductivity (W m~ K1)

At effective radial thermal conductivity of the bed
(Wm~ 1K1

u gas viscosity (kgm~!s™1)

Jo radial position in pellet (m)
Paas gas density (kgm™3)
Perain  Characteristic thickness of pellet (m), pgrain = V/S

o Stefan-Boltzmann coefficient (W m™2 K_4),
0=57x10"%

oF apparent reaction rate (molem—>s™!)

wj rate of the jth reaction (molem—3s~1)

I permeability coefficient

The radiation part of radial thermal conductivity in Eq. (1) is
defined as [9]:

A = 2 FoT3deg 2

At reforming conditions, the convective term A{°" is domi-
nant with a small contribution from radiation. In general, A;°™ is
proportional to the gas velocity, #; and the length of flow mixing
and depends on the tube-to-particle diameter ratio, particularly

for cylinders [10]:
8 2 2
k=—|12—-(1—- —— 3)
1.78 Dube/dp

Prediction of the effective radial thermal conductivity becomes
more complicated when holed particles are used. In Ref. [6] we
have suggested a hydrodynamic model which considers gas flow
through catalyst holes and between particles separately. Mean
velocities of these flows are related to the superficial velocity u
through a mass balance. Furthermore, assuming that the pressure
drop of gas flow through catalyst holes and between particles is
the same that particles are packed with a uniform distribution
of the angle between the axis of the reactor tube and that of the
particles, 8, we obtain a set of algebraic Eq. (4). After solving
this set of equations, the mean gas velocities around the particle
(4out) and in the particle holes (upolc) are obtained (Fig. 1).

A
AW = %RePr;

U] = UoutEbed + Unole(Enole(1 — Ebed))

AP
m = fluou + fzuﬁm

“

2
81Uhole + &2Uj 51 =

Here, AP is the pressure drop over the distance (cos 6)H. The
mean value of (cos 6) is 2/m. The coefficients g1, g» correspond
to the pressure drop in channels of different form [11], while fi,
f> are the coefficients of the Ergun equation [12]:

167u 1-757T,0gas €hole
81 d2 82 4H Nhole ( )
1501 (1 — eped \ 2 1.75pga5 (1 — €pea)
fi= dzu( ) I e O
s Ebed dp Ebed

These equations can be used to calculate a pressure drop in a
fixed bed packed by shaped particles as well.

Due to these two parallel routes for heat mixing, the convec-
tive part of the radial thermal conductivity in the fixed bed core
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Fig. 1. Effect of “gas flow sharing” in a three-hole cylinder.

can be defined as:
conv )bgas
A= T[sbedReout + €nhole(1 — &bed) Renole] Pr )

where Reynolds numbers Reqy and Repole are expressed in terms
of corresponding velocities and mixing length:

d d
Reou = puout; Rengle = holeUhole 8)
Vv vV
4, =i 2 d 2(cosh) |[H+ D (1 !
= ——; = 2(cos -
P °D hole ,_Nhole

&)

Effective radial diffusivity in the bed is defined similarly to
the effective radial thermal conductivity:

vV
Dy = D?i + %[SbedReout + €nole(1 — €ped) Renole] (10)

Since the effective radial diffusivity in the bed D; is mainly
determined by its convective constituent, which is the same
for all components, we will take the same D; equal to Dy; for
methane.

In Ref. [7] we have shown that the model with a linear varia-
tion of radial thermal conductivity A; in the vicinity of the tube
wall allows predicting realistic gas phase temperatures profiles
for differently shaped particles in the wide range of Reynolds
numbers and tube-to-particle diameter ratios. In this case, a heat
transfer coefficient between a tube wall and a catalyst bed « can
be determined with some assumptions as [7]:

Ar
o=
deg[In(Ar/Agas) — 11
The above approach does not require any additional empirical

parameter for the description of heat transfer in a packed bed
with shaped particles.

(11)

3. Methodology for shaped catalyst sizing

3.1. Optimization criteria and particle geometry
restrictions

The following optimization criteria may be used for steam
reforming catalyst sizing

the maximum methane conversion;
the minimum of the highest tube wall temperature;
the minimum pressure drop along the catalyst bed.

We regard first two criteria as interrelated because both the
maximum methane conversion and the minimum tube wall tem-
perature are achieved by intensification of heat transfer from the
tube wall to the catalyst bed and the apparent reaction rate. Thus,
in order to apply not overcomplicated model of a steam reformer
with constant tube wall temperature, we will optimize methane
conversion at some fixed tube length and pressure drop.

Efficiency and safety of the steam reforming process depend
on some other matters. Specifically, nonuniform catalyst packing
results in maldistribution of gas flow through reformer tubes and
arisk of tubes overheating. According to Ref. [13], the following
inequalities should be fulfilled to provide uniform packing of
cylindrical particles:
Duybe

Dtube - 5’ - 5’
H — D —

H
075<— <15 (12)
D

These relations are considered as restrictions for catalyst sizing.

Then, poor catalyst strength may result in catalyst damage
and dust formation, thereby worsening reformer performance
and shortening catalyst lifetime. Thus, catalyst strength should
be kept constant during an optimization procedure. It is known
from the resistance of materials, that generatrix crushing strength
of a holed cylindrical particle depends on the hole diameter to
outer diameter ratio d/D. It means that variation of height H and
outer diameter D of the particle does not alter the mechanical
strength of the catalyst, as long as ratio d/D is kept constant and
the material properties are not affected.

3.2. Simulation procedure

Reformer simulations were performed by using the previ-
ously described mathematical model of a single reformer tube
combined with a model of catalyst pellet [14]. This comprehen-
sive two-dimensional pseudo-homogeneous model accounts for
heat transfer from the tube wall to the catalyst bed and, heat
conduction and diffusion in radial direction. Steam reforming
reaction kinetics as developed by Xu and Froment [15] and the
dusty gas model [16] were adopted for modelling catalyst pellets
and apparent reaction rates. The catalyst activity was assumed
to be 0.125 times the value reported in Ref. [15] to approach
typical commercial catalyst properties. The full set of model
equations is given in Appendix A. The detailed derivation of the
model, computational methods and model numerical analysis
were presented in Ref. [14].



A.P. Kagyrmanova et al. / Chemical Engineering Journal 134 (2007) 228-234

Table 1
Operating conditions and catalyst parameters used in the modelling
Inlet gas temperature (°C) 520
Inlet pressure (atm) 25
Tube length (m) 12
Inlet tube diameter (m) 0.100
Feed per tube (N m3/h) 299
Tube wall temperature (°C) 880
Inlet gas composition (vol.%)
CHy 24.0
H,O 73.0
CO 1.5
H, 1.2
CO, 0.02
No 0.28
Catalyst characteristics
Density (kg/m®) 2030
Permeability 0.168
Mean pore radius (A) 5000
Surface emissivity 0.85

Process parameters applied in this work correspond to a
typical methanol reformer (Table 1). Simulations were per-
formed assuming a constant tube wall temperature. Here, we
present results for catalysts shaped as three-hole cylindered
and as Raschig rings. The holes in a three-hole cylinder were
placed such that the wall thickness’ between the holes and
between a hole and the outer surface was the same. Their diam-
eter is defined from the ratio d/D =0.30, which corresponds to
€hole =0.26. This ratio provides the same mechanical strength
of three-hole particles as that for Raschig rings with d/D =0.47
(corresponding to commercial catalysts). Since the inner diam-
eter of the reformer tube is 100 mm, the studied ranges of
dimensions were D = 5-20 mm and H = 5-20 mm. The following
correlation for the fixed bed was applied [17]:

0.36 4+ 0.1 dy +07( dp )2 (13)
Eped = V. . . a—
¢ Dtube Dtube

4. Results and discussions

Figs. 2 and 3 show the effect of three-hole cylinder dimen-
sions on the heat transfer parameters A, and «. Catalyst height H
and diameter D have the same effect on radial thermal conduc-
tivity A,. Increasing them leads to an increase of A, according to
Egs. (1), (2), (1)—(9).

The effect of catalyst dimensions on a wall heat transfer
coefficient o has a more complicated character (Fig. 3). « mono-
tonically decreases with the growth of D but has an opposite
trend from the height H in the range of practical interest with
D < 13mm. At D> 13 mm dependence of « from H is divergent.
This effect is caused by redistribution of gas flow through holes
and around particles according to the mathematical model, as
is shown in Fig. 4. An increase of the particle height H results
in a raise of internal gas flow share, which enhances the radial
heat conductivity. This effect is more pronounced than that of an
increase of dq and finally results in increase of tube wall heat
transfer coefficient according to Eq. (11).
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Fig. 2. Effect of three-hole cylinder dimensions on radial heat conductivity.
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Fig. 3. Effect of three-hole cylinder dimensions on heat transfer coefficient from
the tube wall to the catalyst bed.
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Fig. 4. Effect of three-hole cylinder dimensions on a share of gas flow through
holes (S =unole (€nole(1 — ved))/u1).-
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Fig. 5. Effect of three-hole cylinder dimensions on distance from equilibrium
(Q) at the tube length /=2.4m.

Since steam reforming process is characterized by a strong
intraparticle diffusion limitation, the effectiveness factor is prac-
tically proportional to the geometric surface area of pellet.
Therefore, it is reduced if the height or diameter of the particles
is increased.

Such complex effects of catalyst dimensions on heat transfer
parameters and catalyst effectiveness factor disable to make a
choice of catalyst sizes a priory. But simulation reveals effects
of catalyst dimensions on optimization criteria as shown in
Figs. 5 and 6. The methane conversion is characterized here by
the ratio of the methane concentration at a fixed bed tube length
(I=2.4m) and the equilibrium concentration at the tube wall
temperature, named as distance from equilibrium (Q). As it was
explained earlier, the ratio d/D was kept 0.3 in all calculations.

As can be seen in Figs. 5 and 6, increasing of the particle
diameter D results in a decrease of both methane conversion and
pressure drop along the bed, as is to be expected. The situation
with the height H is different and more complicated. An increase
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Fig. 6. Effect of three-hole cylinder dimensions on pressure drop over the whole
tube length AP.

of H results in a rise of the methane conversion and a reduction
of the pressure drop over the catalyst bed, except for the range
with large particles with D> 13 mm. In this range, the relation
between « and H is divergent due to redistribution of gas flow
through holes and around particles. Since process performance
is more sensitive to « than to A, this effect strongly determines
methane conversion curves shown in Fig. 5. Namely, an increase
of H does not decrease the conversion at D > 13 mm inspite of a
drop in effectiveness factor. An increase of the outer diameter D
results in a reduction of the pressure drop, but at the same time
the methane conversion decreases considerably.

Therefore, the height to outer diameter ratio H/D of the opti-
mized catalyst should be as large as allowed, namely 1.5. Solid
lines in Figs. 5 and 6 correspond to the maximum acceptable
H/D=1.5 and dashed lines to D/H=1.5. Since the methane
conversion changes slightly along the line H/D=1.5 in com-
parison with the pressure drop, optimal catalyst dimensions are
mainly determined by pressure drop dependence and restricted
by maximum catalyst height (20 mm). Therefore, the optimum
dimensions of the three-hole cylinder catalyst are: H=20 mm;
D=13.3mm;d=3.9mm.

Figs. 7 and 8 show the effect of the catalyst dimensions on the
optimization criteria when the catalyst is shaped as a Raschig
rings with d/D=0.47. The results are qualitatively similar to
those obtained for three-hole cylinders, but conversion is less
for Raschig rings. The reason of this is that the heat transfer
coefficient, the effective radial conductivity and the effectiveness
factor are higher for three-hole cylinders. Despite the larger hole
diameters, the pressure drop over the bed of Raschig rings is
slightly higher due to the smaller total void fraction.

Similarly to the previous case, the optimum dimensions
of the Raschig ring catalyst may be chosen as H=20mm;
D=133mm; d=6.25mm. Comparing with the three-hole
cylinders with the same height and outer diameter, the Raschig
ring catalyst provides 1.13 times less heat transfer coefficient,
1.16 times less effective radial thermal conductivity and 1.34
times smaller effectiveness factor. As a result, the distance from
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1.4 A ® ® H=14mm
U B H=20 mm
1.2 L HID=1.5
’ m = = D/H=15
1 T T T T T
2 6 10 14 18 22

D, mm

Fig. 7. Effect of Raschig ring dimensions on distance from equilibrium (Q) at
the tube length /=2.4 m.
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Fig. 8. Effect of Raschig ring dimensions on pressure drop over the whole tube
length AP.

equilibrium is 1.16 times larger. Pressure drop is 1.04 times
higher for optimized Raschig rings. Larger distance from equi-
librium signifies smaller conversion and correspondingly higher
tube wall temperature in a real process.

Similar trends were obtained for catalysts of other shapes,
such as multihole cylinders, trilobes and wagon wheels, namely
that the catalyst height should be maximized, while the diameter
should be kept as small as possible.

5. Conclusions

Based on the results obtained it is possible to draw some gen-
eral conclusions for a broad family of steam reforming catalysts
shaped as holed cylinders. Catalyst height and diameter have
an opposite effect on the methane conversion (intensity of heat
transfer from a tube wall). Height rise and diameter reduction are
favourable for the process intensification, whilst pressure drop
decreases with enlarging of both sizes. Therefore, it is recom-
mended to choose the maximum allowable catalyst height and
the minimum allowable outer diameter, restricted by require-
ments of uniform tube packing. The size of the holes in the
catalyst pellets is set of constraints on the catalyst strength.

It is demonstrated here that application of the methodology
developed in Refs. [6,7] and the prediction of radial heat transfer
parameters in tubular packed beds of holed particles allow a
theoretical prediction of the optimum catalyst shape.

Appendix A. Mathematical model of a steam reformer
tube

Catalyst pellet model:
0 aC; RT &
w (%)~ T - Z”f‘“f’
o P >
i=15 Cn=po -y G (A1)

i=1

where

I1
(RT/P)S_C_,(Ci/Dix) + (1/D*™)

*
i

is a generalized diffusivity of a component i,

e (RT/P)SY\(Ji/ D)
(RT/P)S"_,(Ci/Dyx) + (1/D5")

is a hydrodynamic velocity of a component i.
The molar flux of component i is defined as:

p 3
= ["Sweran (A2)
(e
Boundary conditions:

aC; P .
: 5 p:pgrainzcizﬁ%" i=1,5

The apparent reaction rates of a catalyst pellet are defined
as:

1 Pgrain
o= / wj(p)dp (A3)
Pgrain J0
Tube model:
Mass and heat balance equations:
Po 8uy) 1 Po 9 _ 190 ([ PD;dy;
— —(riy) =~ | r o
RTy ol rRT or ror RT or
= Z(l — &)Y (A4)
J

P() 3T Po B aT

e (L) L p 2
i P\ or ) RT " or

R P TR,
10 aT
- <r)\r3r) =—(1— e)zj:Aijj (A5)

Equations for superficial axial and radial velocities:

A ZRT() Drybe /2
i /4)P0/ ZZr(l —¢&)yijmjdr

tube i

(A6)

B RTy [ Pube/2
iy = “Por ). (1 - s)rzi:Zyijwj dr

1 8u1 tube r2
- — A7
t roal < 8 2 (A7)
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Boundary conditions:

D

0<r< tz“b",lzo: 0, r) =g, T, r) = Tiy;
3y;(l, 0 9T, 0
0<I<L,r=0: PO _ o TGO,
ar or
,— Dybe : 8yi(l’ Diube/2) =0, i= 1’75;
2 or
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