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ABSTRACT

Gas to liquid (GTL) process involves heterogeneous catalytic chemical
reactions that convert synthesis gas to hydrocarbons and water vapor.
Fischer-Tropsch synthesis, as the heart of the process, is a three-phase
chemical phenomenon that includes gaseous phase-synthesis gas, light
hydrocarbons and water vapor, liquid phase–heavy hydrocarbons,
solid phase-catalyst and wax products. The presence of liquid phase in
catalytic packed bed in LTFT synthesis causes mass transfer
restrictions and affects the reaction conversion. In this work, a
numerical simulation of the LTFT fixed bed reactor in trickle flow
regime has been accomplished using numerical computation codes to
understand the impact of liquid phase on the reactor performance. For
this purpose, we have developed an axisymmetric two-dimensional
multiphase heterogeneous model where syngas, containing carbon
monoxide and hydrogen, can be transferred into the liquid phase. The
reactor consists of a shell and tube that filled with a spherical cobalt
catalyst. Reaction conditions are as follows: a wall temperature of 473
K, a pressure of 20 bars, and a gas hour space velocity (GHSV) of
−1
111 𝑁𝑁𝑁𝑁𝑁𝑁. 𝑔𝑔𝑐𝑐𝑐𝑐𝑐𝑐
. ℎ−1 . Numerical simulation results proved the negative
impact of liquid presence on the reaction conversion. Model
predictions were examined against reported experimental and
numerical pseudo-homogeneous model, and it was found that applying
the heterogeneous, instead of pseudo-homogeneous, model decreases
clearly the deviation of numerical results from experimental data.
Thus, assuming the single-phase flow in LTFT synthesis is not always
true.

1. Introduction
In recent years, the availability of natural gas
resources and improvements to the
exploration of more resources provided a
momentum to use the gas to liquid (GTL)
*
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technology. In this process, natural gas is first
converted to the synthesis gas, which mainly
consists of carbon monoxide and hydrogen,
and then a mixture of linear hydrocarbons is
produced via the catalytic Fischer-Tropsch
3
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synthesis (FTS) reactions.
FTS reactions are polymerization reactions
and produce olefinic and paraffinic
hydrocarbons as follows:
2n+1
� H2
n

CO + �

1
n

1
n

→ � � Cn H2n+2 + H2 O

CO + 2H2 → � � Cn H2n + H2 O

(1)
(2)

FTS reactions with ∆𝐻𝐻 = −168 𝑘𝑘𝑘𝑘⁄𝑚𝑚𝑚𝑚𝑚𝑚
are highly exothermic, and their chemistry is
complex due to the polymeric nature and
produces a wide range of gaseous, liquid, and
solid hydrocarbons. FTS produces some fuels
of high quality due to the absence of sulfur
compounds and aromatics. Depending on the
desirable products, FTS process can be run
either at low temperature (200-250 ℃)
(LTFT), where pressure is above 20 bar, or at
high temperature (HTFT), operating at 300350 ℃ and 15-20 bar. For the FTS process,
several metal-based catalysts can be used;
however, in an industrial application, only
iron and cobalt catalysts appear to be
economically feasible. Iron-based catalysts
are generally used with the CO-rich syngas
produced from coal gasification with watergas shift activity, whereas cobalt-based
catalysts are more commonly used with H2 rich syngas produced by natural gas steam
reforming [1]. Iron-based catalysts are used in
HTFT process that mainly produces gasoline,
and cobalt-based catalysts are used in LTFT
process that mainly produce heavier
hydrocarbons such as diesel and wax products
[2, 3]. Due to a better intrinsic activity, higher
selectivity to linear long-chain paraffins,
negligible water-gas shift activity, and low
oxygenates selectivity, cobalt-based catalysts
have been successfully applied to the
industrial processes. Three types of the
reactors, including multi-tubular fixed bed
reactor, slurry bubble column reactor, and
4

fluidized bed reactors have been employed for
FTS process [4]. Each reactor type has its
own advantages and disadvantages. For
example, in slurry bubble column and
fluidized bed reactors, the catalysts collide
with each other causing erosion to each other.
These reactor types are superior in heat
transfer compared with fixed-bed reactors and
induce lower pressure drop. Fixed-bed
reactors are simple to build and operate, and
the catalyst pellets experience no attrition
during the operation [1,3]. On the other hand,
pressure drop in fixed-bed reactors is
relatively high. The fixed-bed FTS process, as
one of the most competing reactor
technologies, occupies a special position in
FTS industrial processes [4].
2. Background
The LTFT synthesis involves a three-phase
phenomenon. The gas phase contains the
syngas and water vapor and gaseous light
hydrocarbon products. The liquid phase
includes higher hydrocarbons, where the solid
phase consists of the catalyst pellets and wax
products [5].
In contrast to slurry-phase FTS reactors, the
literature on the packed bed FTS reactor
modelling and simulation is very limited. In
1980, Bub et al. [6] used a two-dimensional
pseudo-homogeneous model to predict a
product distribution and a conceptual design
of a fixed bed reactor that converts nitrogenrich syngas. Atwood and Bennet [7] proposed
a heterogeneous one-dimensional plug flow
model to investigate the effects of operational
parameters on the industrial reactors. Liu et
al. [8] applied a two-dimensional dynamic
heterogeneous model to a catalytic fixed bed
FTS reactor. Wang et al. propsoed a onedimensional heterogeneous model to simulate
fixed bed FTS reactor for hydrocarbon
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production [9]. Jess and Kern [10] developed
a two-dimensional pseudo-homogeneous
model for primary studies on the use of
nitrogen-rich syngas. De Swart et al. [11]
developed a one-dimensional, heterogeneous
model for packed bed reactors with a cobalt
catalyst. Moutsoglou and Sunkara [12]
proposed a more comprehensive numerical
simulation model to evaluate FTS in a tubular
multi-tube reactor packed with the iron-based
catalyst. The effects of the process parameters
on product distribution were also investigated.
Jess and Kern [13] further developed a twodimensional, pseudo-homogeneous model of
a fixed packed bed reactor with a pore
diffusion limitation for both iron and cobalt
catalysts, utilizing boiling water as the
coolant [14]. Jens et al. [15] proposed a onedimensional pseudo-homogeneous model for
LTFT synthesis on a cobalt based catalyst. In
this model, only gas phase has been assumed
to be the flowing phase, and the influence of
the liquid film around the catalyst pellets has
been modeled by considering the rate of the
reactant mass transfer from the gas phase into
static liquid film. They used this model to
investigate the heat transfer rate of a channeltype reactor and the effect of the catalyst on
the reactor performance. In addition, in 2009,
Robert et al. [3] developed a one-dimensional
pseudo-homogeneous model for numerical
simulation of LTFT synthesis. Considering
axial diffusion of the species as the major
difference of their model with other models,
they also assumed that the reactor worked in a
trickle flow regime and solved the
conservation equations for both liquid and gas
as the flowing phases.
Although, in most FTS mathematical
modelling and numerical simulations, only
gas is assumed to be the flowing phase; in
real conventional LTFT operating condition,

there is a trickle flow regime in the reactor,
such that the gaseous and liquid phases flow
down through the catalytic bed. In fact, the
heavy hydrocarbons are in the liquid phase,
and water vapor along with light
hydrocarbons and unreacted syngas are in the
discharging gas phase [4, 14, 15]. In this
condition, the liquid products fill the pores of
the catalysts and form a film around it.
Therefore, both internal and external mass
transfer diffusion rates restrict the motion of
the syngas to the catalyst active sites and
decrease the reaction conversion rate. To
prevent intra particle mass transfer
limitations, fine and equal catalyst pellets, in
the micron scale, should be used. This
catalyst size is inappropriate for use in the
industrial packed bed reactors due to
unacceptable pressure drop [16]. A way to
prevent the extreme internal mass transfer
limitations is to use eggshell catalysts [1720]. In the industrial applications, it is
reported that eggshell catalysts are a very
attractive solution to eliminating intra particle
limitations in FTS fixed bed reactors [20]. It
weakens the influence of the internal
diffusion and leads to an increase in the
desired
product
selectivity,
although
simultaneously reduces the active catalyst
content and total reactor yield [21].
Most of the researchers assume that the
mass transfer resistance caused by the liquid
film on the outer surface of the catalyst is
negligible compared to the mass transfer
resistance caused by the liquid-filled pores [1,
16, 17, 20, 22, 23]. However, in some cases,
ignoring the external mass transfer limitations
leads to the unacceptable errors between the
numerical modeling results and the
experimental data. Vadim et al.
[24]
announced that, in low GHSV, the role of
external liquid film on the catalyst surface is
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significant and ignoring it causes an error of
around 20 %. In addition, Robert et al. [3], in
2009, taking into account both pore and film
diffusion limitations, reported that the
influence of these two factors is comparable.
Along with the development of the
numerical techniques to solve complicated
problems, the use of computational fluid
dynamics (CFD) has been attended in
Fischer-Tropsch reactor simulation. The aim
of this work is to numerically simulate a
LTFT packed bed reactor in a trickle flow

regime to further understand the impact of the
liquid phase on the reactor’s performance. For
this purpose, the mass transfer from the gas
phase to the liquid phase has been considered.
3. Mathematical modelling
To simulate a tubular fixed bed FischerTropsch reactor, an axisymmetric twodimensional
multi-phase
heterogeneous
model has been developed. The schematic
diagram of the system is given in Figure 1.

Figure 1. Schematic diagram of a tubular reactor [23].

The reactor is a vertical tube with 2 m in
length, 27.2 mm in diameter, and 3 mm in
wall thickness. As shown in this figure, the
syngas, containing hydrogen and carbon
monoxide, enters the reactor at the top and
flows downwards. The reaction products
along with the unreacted syngas exit the
reactor outlet at the bottom. The reactor is
6

packed with the spherical catalyst pellets, and
pressurized water is circulated around it to
remove the heat of the reactions. The flow
inside the reactor is modelled as a two-phase
flow through the packed bed of the solid
catalyst particles that represents a porous
medium. Physical properties and operating
conditions are listed in Table 1.
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Table 1
Physical properties and operating conditions.
Reactor type
Shell and tubes, focused on a single tube
Catalyst type
Co-based
Catalyst shape
Spherical
Catalyst size
3 mm
Bulk density
700 𝑘𝑘𝑘𝑘. 𝑚𝑚−3
I.D. of the single tube
27.2 mm
Length of tube
2m
Operating pressure
20 bar
−1
GHSV (feed)
111 (𝑁𝑁𝑁𝑁𝑁𝑁. 𝑔𝑔𝑐𝑐𝑐𝑐𝑐𝑐
. ℎ−1 )
Inlet & coolant temp.
473 k
Inlet H2/CO molar ratio
2

The main assumptions employed in the
current model for the FTS numerical
modelling are listed as follows:
• Reynolds number was calculated
using the mean diameter of the
spherical pellets and, accordingly, a
laminar flow was assumed.
• The tube geometry was assumed to be
two-dimensional and axisymmetric.
• All of the operational parameters such
as
productivity,
selectivity,
conversion, etc. did not change over
time due to a steady-state assumption.
• The gas phase was composed of the
syngas,
the light
hydrocarbon
products, and water vapor.
• The liquid phase, formed during the
process, was composed of heavy
hydrocarbon products.
• The light hydrocarbons consisted of
C1-C4
• The heavy hydrocarbons (heavier than
butane) have been considered as C5+.
• The solid hydrocarbon products in the
form of wax were neglected.
• Only 𝐶𝐶𝐶𝐶 and 𝐻𝐻2 were transferred
from the gas mixture to the liquid
phase.

•

•

The catalytic bed was assumed to be
statistically
uniform
and
no
channeling
with
isotropic
hydrodynamic properties occurred.
Because of small amounts of
oxygenates (alcohols, etc.), compared
to those of hydrocarbons, the
production of these compounds was
neglected.

3.1. The hydrodynamic model
3.1.1. The continuity equations
It is pointed out that the flow type in the FTS
packed reactor is in the form of liquid
products trickling through the catalytic bed
[25]. In this work, the Eulerian-Eulerian
approaches, which consider each phase as an
interpenetrating continuum, has been applied
to the trickling liquid flows. The continuity
equations for the gaseous and liquid phases
are respectively shown below:
∂

∂t
∂

∂t

(XG ρG ) + ∇. (XG ρG v
�⃗G ) = −ṁ GL
(XL ρL ) + ∇. (XL ρL v
�⃗L ) = +ṁ GL

(3)
(4)

And:

XG + XL = 1
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In the above equations, 𝐺𝐺 and 𝐿𝐿 subscripts
represent gas and liquid phases, respectively.
𝑋𝑋, 𝜌𝜌, 𝑣𝑣⃗ represent volume fraction, density,
and velocity vector relevant to the
corresponding phase, respectivily. 𝑚𝑚̇𝐺𝐺𝐺𝐺 is the
mass transfer rate from gas phase to liquid
phase, modelled by Henry’s law [26].
3.1.2. The momentum equations
Similar to the continuity equation, momentum
equations were considered separately for each
phase:
�⃗G )
∂(XG ρG v
+
∂t

∇. (X G ρG v
�⃗G v
�⃗G ) = −X G ∇p +

�⃗L )
∂(XL ρL v
+
∂t

∇. (X L ρL v
�⃗L v
�⃗L ) = −X L ∇p + ∇. (τ�L ) +

�⃗ LG − ṁ GL v
�⃗G
�⃗G + F
∇. (τ�G ) + X G ρG�g⃗ + R

(6)

�⃗ GL + ṁ GL v
�⃗L
�⃗G + F
X L ρL �g⃗ + R

(7)

In equations 6 and 7, 𝐹𝐹⃗𝐺𝐺 , 𝐹𝐹⃗𝐿𝐿 , and 𝜏𝜏̿𝐺𝐺 , 𝜏𝜏̿𝐿𝐿
represent the sink terms caused by tehpacked
bed and stress tensors, respectively.
Furthermore, 𝑅𝑅�⃗𝐿𝐿𝐿𝐿 and 𝑅𝑅�⃗𝐺𝐺𝐺𝐺 are the exchanged

momentum between the phases due to contact
among them.
In this work, a porous medium model is
developed that considers the solid phase as a
momentum sink for the catalytic packed bed.
For the homogeneous porous medium model,
a general momentum sink term is given by:
µ

1

F = − �α vi + C2 2 ρ|v|vi �

(8)

where 𝜇𝜇 is molecular viscosity, 𝛼𝛼 and 𝐶𝐶2 are
permeability coefficient and inertial resistance
coefficient, respectively, which are explained
as follows:
The momentum sink term is composed of
two parts: A viscous loss term (dominant in a
laminar flow, based on Darcy’s law) and an
inertial loss term (dominant in a high velocity
flow). The permeability factor (inverse of
viscous loss term) and inertial resistance can
8

be calculated from the semiempirical Ergun
equation:

α=

d2p ε3

(9)

3.5(1−ε)

(10)

150(1−ε)2

C2 =

dp ε3

where 𝜀𝜀 and 𝑑𝑑𝑝𝑝 are the bed porosity and mean
particle diametere, respectively.
3.1.3. The energy equations
The energy equations for each gas and liquid
phases are as follows:
𝜕𝜕

𝜕𝜕𝜕𝜕

[𝜀𝜀𝑋𝑋𝐺𝐺 𝜌𝜌𝐺𝐺 𝐸𝐸𝐺𝐺 + (1 − 𝜀𝜀)𝜌𝜌𝑠𝑠 𝐸𝐸𝑠𝑠 ] +

𝐺𝐺
∇. [𝑣𝑣⃗𝐺𝐺 𝑋𝑋𝐺𝐺 (𝜌𝜌𝐺𝐺 𝐸𝐸𝐺𝐺 )] = ∇. �𝑘𝑘𝑒𝑒𝑒𝑒𝑒𝑒
∇𝑇𝑇 − (∑𝑖𝑖 ℎ𝑖𝑖𝐺𝐺 𝐽𝐽𝑖𝑖𝐺𝐺 )� +

𝑆𝑆𝐺𝐺 + 𝑄𝑄𝐿𝐿𝐿𝐿 − 𝑚𝑚̇𝐺𝐺𝐺𝐺 ℎ𝐺𝐺
𝜕𝜕

𝜕𝜕𝜕𝜕

(11)

[𝜀𝜀𝑋𝑋𝐿𝐿 𝜌𝜌𝐿𝐿 𝐸𝐸𝐿𝐿 + (1 − 𝜀𝜀)𝜌𝜌𝑠𝑠 𝐸𝐸𝑠𝑠 ] +

𝐿𝐿
∇. [𝑣𝑣⃗𝐿𝐿 𝑋𝑋𝐿𝐿 (𝜌𝜌𝐿𝐿 𝐸𝐸𝐿𝐿 )] = ∇. �𝑘𝑘𝑒𝑒𝑒𝑒𝑒𝑒
∇𝑇𝑇 − (∑𝑖𝑖 ℎ𝑖𝑖𝐿𝐿 𝐽𝐽𝑖𝑖𝐿𝐿 )� +

𝑄𝑄𝐺𝐺𝐺𝐺 + 𝑚𝑚̇𝐺𝐺𝐺𝐺 ℎ𝐺𝐺

(12)

In the above equations, subscripts s’ and ‘𝑖𝑖’
are relative to the solid porous media and the
ith component in the mixtures. In addition, 𝐸𝐸,
ℎ, 𝐽𝐽, and 𝑆𝑆 are the total energy, enthalpy,
mass diffusion flux, and the source term flux
due to the reaction heat, respectively.
Moreover, 𝑄𝑄𝐿𝐿𝐿𝐿 and 𝑄𝑄𝐺𝐺𝐺𝐺 represent the heat
transfer flux between the phases and
𝑄𝑄𝐿𝐿𝐿𝐿 = −𝑄𝑄𝐺𝐺𝐺𝐺

(13)

𝑘𝑘𝑒𝑒𝑒𝑒𝑒𝑒 = 𝜀𝜀𝑘𝑘𝐺𝐺 + (1 − 𝜀𝜀)𝑘𝑘𝑠𝑠

(14)

Furthermore, 𝑘𝑘𝑒𝑒𝑒𝑒𝑒𝑒 is the effective thermal
conductivity calculated by the below
equation.

3.1.4. The species transport equation
The species transport equation for the gas or
liquid phase is given by:
𝜕𝜕�𝑋𝑋𝐺𝐺 𝜌𝜌𝐺𝐺 𝑌𝑌𝑖𝑖𝐺𝐺 �
𝜕𝜕𝜕𝜕
𝑋𝑋𝐺𝐺 𝑅𝑅𝑖𝑖𝐺𝐺

+ ∇. �𝑋𝑋𝐺𝐺 𝜌𝜌𝐺𝐺 𝑣𝑣⃗𝐺𝐺 𝑌𝑌𝑖𝑖𝐺𝐺 � = −∇. 𝑋𝑋𝐺𝐺 𝐽𝐽⃗𝑖𝑖𝐺𝐺 +

𝑖𝑖
− 𝑚𝑚̇𝐺𝐺𝐺𝐺
+ℛ

(15)
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𝜕𝜕�𝑋𝑋𝐿𝐿 𝜌𝜌𝐿𝐿 𝑌𝑌𝑖𝑖𝐿𝐿 �
𝜕𝜕𝜕𝜕

𝑖𝑖
𝑚𝑚̇𝐺𝐺𝐺𝐺
+ℛ

+ ∇. (𝑋𝑋𝐿𝐿 𝜌𝜌𝐿𝐿 𝑣𝑣⃗𝐿𝐿 𝑌𝑌𝑖𝑖𝐿𝐿 ) = −∇. 𝑋𝑋𝐺𝐺 𝐽𝐽⃗𝑖𝑖𝐿𝐿 −

(16)

where 𝑌𝑌𝑖𝑖 is the mass fraction of the ith
component in its phase, and ℛ represents the
heterogeneous raction rate.
3.1.5. The pressure drop calculation
The Ergun equation for isotropic packed beds
was applied to calculate the pressure drop.
dp
dx

=

150µ (1−ε)2
ε3
dp 2

v∞ +

1.75ρ 1−ε
dp

ε3

2
v∞

(17)

2CO + 5H2 → C2 H6 + 2H2 O

(18)

4CO + 9H2 → C4 H10 + 4H2 O

(20)

3CO + 7H2 → C3 H8 + 3H2 O

(19)

6.05CO + 13.1H2 → C6.05 H14.1 (C5+ ) +
6.05H2 O
(21)

The overall reaction rate of FTS is given by
[28]:

rFT =

−Ea
�.CCO .CH2
RT
2
−Ea
�1+b.exp�
�.CCO �
RT

a.exp�

(22)

In particular, for each product:

3.2. The reaction model
3.2.1. The reaction rate
As mentioned earlier, Fischer-Tropsch
synthesis produces a wide range of the
hydrocarbons such as saturated and
unsaturated compounds and, in some cases,
the oxygenate due to the side reactions.
Therefore, it is difficult to consider all of the
reactions due to the sharp increase in
computational time and cost. Therefore, for
simplification, the production reactions of
C1 − C4 are considered directly, and the next
products have been estimated by a pseudo
material equation called 𝐶𝐶5+ [27].

rC1 = d. exp �
rC2 = e. exp �
rC3 = β. rC2

−Ed

RT
−Ee
RT

� . rFT

� . rFT

rC4 = β. rC3

(23)
(24)
(25)
(26)

rC5+ = β. rFT

(27)

where 𝛽𝛽 is the chain growth probability
constant and, according to Anderson-SchulzFlory (ASF), distribution model was fixed to
0.784 [23].
The other kinetic parameters are listed in
Table 2.

Table 2
Kinetics parameters.

−𝟏𝟏
𝒂𝒂 (𝒎𝒎𝟔𝟔 . 𝒎𝒎𝒎𝒎𝒎𝒎−𝟏𝟏 . 𝒈𝒈−𝟏𝟏
𝒄𝒄𝒄𝒄𝒄𝒄 . 𝒔𝒔 )
26.77
𝑬𝑬𝒃𝒃 (𝒌𝒌𝒌𝒌. 𝒎𝒎𝒎𝒎𝒎𝒎−𝟏𝟏 )
20
𝒅𝒅

2.08 × 108

3.2.2. The conversion and selectivity
The conversion of the reactants
calculated as follows:

xi =

Fi,in −Fi,out
Fi,in

𝑬𝑬𝒂𝒂 (𝒌𝒌𝒌𝒌. 𝒎𝒎𝒎𝒎𝒎𝒎−𝟏𝟏 )
100
𝟑𝟑 −𝟏𝟏 −𝟏𝟏
𝒄𝒄 (𝒎𝒎 . 𝒈𝒈𝒄𝒄𝒄𝒄𝒄𝒄 . 𝒔𝒔 )
680483
𝑬𝑬𝒅𝒅 (𝒌𝒌𝒌𝒌. 𝒎𝒎𝒎𝒎𝒎𝒎−𝟏𝟏 )
81

𝒃𝒃 (𝒎𝒎𝟑𝟑 . 𝒎𝒎𝒎𝒎𝒎𝒎−𝟏𝟏 )
3.69
𝑬𝑬𝒄𝒄 (𝒌𝒌𝒌𝒌. 𝒎𝒎𝒎𝒎𝒎𝒎−𝟏𝟏 )
145
𝒆𝒆
6.65 × 103

products was calculated as:

was

(28)

The selectivity of all of the hydrocarbon

si

=

no. of moles of product formed × no. of C atoms present
no. of moles CO consumed

(29)

Furthermore, the product efficiency was
calculated as:
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g.of product formed

Pri = g.of catalyst used×time

(30)

4. Numerical solution method
As mentioned in section 1, sophisticated
heterogeneous catalytic reaction equations
that are intensively coupled with those of
two-phase flow in a catalytic packed bed,
together with the concurrent heat and mass
transfer equations make the Fischer-Tropsch
process model very complex. Therefore, it is
a challenging task to apply a numerical
computation to solve the equations. A
comprehensive numerical simulation of this
process, containing the entire aspects of the
system, can provide some guidance for the
scale up, design, and optimization of a fixed
bed F-T reactor.
The Finite Volume Method was used to
discretize the governing equations with
corresponding initial and boundary conditions
described in section 3. A pressure-based
solver utilizing the SIMPLE algorithm was

applied to the pressure velocity coupling
scheme. Laminar flow regime was assumed
due to the very tiny scale pathways created
through the small spherical catalyst pellets.
The Eulerian approach was used for the twophase flow through the porous media. To
achieve higher accuracy, the second-order
upwind scheme was used to discretize the
partial differential equations, except for the
volume fraction equation where the QUICK
scheme was applied.
5. Results and discussion
5.1. Results
Variation of the desired product reaction rate
is shown in figure 2. This figure indicates, at
the reactor entrance, owing to the high syngas
concentration, that the reaction rate is also
high, although it is reduced along the reactor
length due to the decline of syngas
concentration.

Figure 2. Heterogeneous reaction rate of C5+ against reactor axis.

Figure 3 represents the simulated
temperature profile along the reactor axis.
The high reaction rate at the reactor inlet also
means that the heat production is high.
In a similar manner to reaction rate, due to
the high concentration of the reactants in the
10

feed stream, initially, temperature rises to a
maximum value and, then, is reduced with
consumption of the reactants and decreases in
heat production rate.
Volume fraction of the liquid phase (𝐶𝐶5+ ) is
shown in Figure 4. The liquid phase is
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accumulated during the process as a
heterogeneous reaction product, and there is
no liquid phase in the feed. Due to gravity,

the liquid moves towards the bottom of the
reactor, and its volume fraction increases
along the reactor length.

Figure 3. Static temperature against reactor axis.

Figure 4. Volume fraction of the liquid phase against the reactor axis.

As previously explained, dissolution of the
synthesis gas into the liquid phase was used to
model the effect of the liquid film around the
catalyst pellet on the reaction conversion. The
model predictions indicate that the liquid
phase mass transfer resistance lowers the
reaction conversion rate preventing a part of

the reactants (carbon monoxide and
hydrogen) to reach the catalyst surface and
get out from the bottom of the reactor along
with the desired product. Figure 5 represents
the mass transfer rates of carbon monoxide
and hydrogen along the reactor axis.
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Figure 5. Mass transfer rate of reactants.

Due to the absence of the syngas in the liquid
phase and its high concentration in the feed,
the mass transfer driving force is maximum at
the reactor entrance. With consumption of the
syngas by the reactions, concentrations of
hydrogen and carbon monoxide decrease in
the gas phase along the reactor axis. At the
same time, the liquid phase accumulation
along the reactor axis leads to a decrease in
the mass transfer rates.

Pressure drop profile on the reactor axis is
shown in Figure 6. According to the Ergun
equation, there is a direct relationship
between the pressure drop on the one hand
and reactor length and feed velocity on the
other hand. Since the reactor length is short
and its GHSV is low in comparison with the
industrial packed bed reactors, the pressure
drop is also low.

Figure 6. Static pressure along the reactor axis.
12
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Figure 7 shows the variation of CO and H2
conversion rates along the reactor axis.
According to this figure, syngas conversion
rate is zero at the reactor inlet and increases in
a linear trend towards the reactor outlet. This
figure also shows a comparison made
0.5

CO-model

H2-model

between the simulated values of conversion
rates at outlet of the reactor and the
corresponding experimental data of Rafiq et
al. [23]. The comparison indicates that the
model has been able to predict the data with
reasonable accuracy.
CO-Rafiq

H2-Rafiq

0.4

Conversion

0.3
0.2
0.1
0
0

0.5

1

1.5

2

2.5

Reactor length (m)

Figure 7. Syngas conversion along the reactor length.

5.2. Model validation
To evaluate the accuracy of the solution
method, numerical simulation results were

compared with theoretical and experimental
results reported by Rafiq et al. [23] as given
in Table 3.

Table 3
Comparison between the numerical results and the reported data by Rafiq [23].
Parameters

Pseudo-homogeneous
model (Rafiq)

Experimental (Rafiq)

Heterogeneous model
(This work)

X CO (%)

50

40

43

52

43

45.3

−1
C1 (g. g −1
cat . h )

7.55 × 10−4

5.71 × 10−4

6.05 × 10−4

−1
C3 (g. g −1
cat . h )

3.38 × 10−4

1.54 × 10−4

1.65 × 10−4

X H2 (%)

−1
C2 (g. g −1
cat . h )
−1
C4 (g. g −1
cat . h )

−1
H2O (g. g −1
cat . h )
−1
C5+ (g. g −1
cat . h )

1.47 × 10−4
3.64 × 10−4
1.38 × 10−2
9.59 × 10−3

Table 3 shows that the predicted values of
the conversion of carbon monoxide and

5.27 × 10−5
2.21 × 10−4
1.10 × 10−2
7.71 × 10−3

5.54 × 10−5
2.21 × 10−4
1.18 × 10−2

8.33 × 10−3

hydrogen in this work are 43 and 45.3
percent, respectively, which are in good
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agreement with the corresponding values of
the experimental data. Furthermore, it shows
that the deviations of predicted results of this
work from the experimental data are 3 and 2.3
percent, respectively, compared to those of
the pseudo-homogeneous (gas) model, which
are 10 and 9 percent, respectively.
6. Conclusions
A comprehensive numerical study was
conducted in order to investigate the effects
of the liquid phase on the low-temperature
FTS reactor. For this purpose, a 2D
axisymetric
heterogeneous
(gas-liquid)
model, rather than conventional pseudohomogeneous models, was developed to
simulate a fixed bed reactor in a trickle flow
regime. To exert the influence of liquid film
arround the catalyst pellets and its mass
transfer restrictions, a mass transfer
mechanism from gas to liquid phase was
imposed. At the beginning of the process,
there was no liquid in the reactor and the
liquid phase was accumulated along the
reactor axis during the time. Simultaneously,
with the formation of the liquid phase, carbon
monoxide and hydrogen dissolve in the liquid
and will be out of reactions reach. As a result,
the syngas concentration in gas phase will be
reduced and leads to the less total conversion.
This reactor model was examined against
the experimental and numerical pseudohomogeneous model data. It was found that
applying this model, instead of pseudohomogeneous model, gives better results and
decreases the errors of CO and 𝐻𝐻2 conversion
prediction from 25 % and 21 % to 7.5 % and
5 %, respectively.
According to what was mentioned above,
pseudo-homogeneous model is not always an
appropriate numerical model for applying in
the LTFT synthesis.
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Nomenclature
C2
d
E
F
GHSV
g
h
j
k
ṁ
Pr
p
r
S

inertial resistance coefficient [m-1].
diameter [m].
total energy [kj.kg-1].
molar flow rate [mol.s-1].
gas hour space velocity [Nml.gcat-1.h-1].
gravitational acceleration [m.s-2].
enthalpy [kj.kg-1].
mass flux [kg.m-2.s-1].
thermal conductivity [w.m-2.k].
mass transfer rate [kg.m-3.s-1].
productivity.
static pressure [pascal].
reaction rate [mol.kgcat-1.s-1].
momentum sink term in momentum
conservation equations [kg.m-2.s-2].
s
selectivity.
T
static temperature [k].
t
time [s].
velocity vector [m.s-1].
�⃗
v
X
volume fraction.
Y
mass fraction.
x
conversion.
z
length direction [m].
Greek letters
α
permeability coefficient [m2].
β
chains growth probability constant.
bed prosity.
ε
viscosity [kg.m-2.s-1].
µ
density [kg.m-3].
ρ
shear stress tensor [kg.m-2.s-2].
τ�
Subscript and superscript
effective
𝑒𝑒𝑒𝑒𝑒𝑒
G
gas
i
ith specie
in
inlet
L
liquid
out
outlet
p
particle
s
solid
free stream
∞
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