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Fischer-Tropsch synthesis (FTS) involves highly exothermic conversion of syngas to
a wide range of hydrocarbons, but demands isothermal conditions due to the strong
dependence of product distribution on temperature. Running FTS in microchannel
reactors is promising, as the sub-millimeter dimensions can lead to significant intensifi-
cation that inherently favors robust temperature control. This study involves computer-
based FTS simulations in a heat-exchange integrated microchannel network composed
of horizontal groups of square-shaped cooling and wall-coated, catalytic reaction
channels. Effects of material type and thickness of the wall separating the channels,
side length of the cooling channel, coolant flow rate, and channel wall texture on reac-
tion temperature are investigated. Use of thicker walls with high thermal conductivities
and micro-baffles on the catalytic reaction channel wall favor near-isothermal condi-
tions. Response of reaction temperature against coolant flow rate is significant. Using
cooling channels with smaller side lengths, however, is shown to be insufficient for
temperature control. VVC 2011 American Institute of Chemical Engineers AIChE J, 58: 227–

235, 2012

Keywords: Fischer-Tropsch synthesis, heat-exchange reactor, microchannel reactor,
modeling, temperature control

Introduction

Crude oil is an important commodity as it has been used
in energy generation as a fuel and in the production of many
chemicals as a raw material. However, as the price of crude
oil is unstable and its natural resources are becoming
depleted, production of synthetic fuels by Fischer-Tropsch
synthesis (FTS) is becoming more important.1,2 FTS is a col-
lection of reactions which converts synthesis gas, a mixture
of CO and H2, to a wide range of hydrocarbons such as par-
affins, olefins, and oxygenates in the presence of iron, cobalt,
or ruthenium catalysts.3,4 As synthesis gas generation does
not depend on petroleum and can be produced from natural
gas, coal, or biomass, FTS offers an alternative, petroleum-

free route to produce commodity fuels such as gasoline and
diesel.5

Success of FT operation is strongly linked to the ability of
obtaining desired product selectivity in terms of type and
chain length of the hydrocarbons, which are strongly
affected by the process conditions, namely by temperature,
partial pressures of H2 and CO in feed and space velocity.6

It is confirmed by many studies in the literature that the
impact of process temperature on selectivity is more signifi-
cant than those of other operating conditions.2–4 Therefore,
to obtain hydrocarbons in the desired type and carbon-num-
ber range, it is essential to have robust temperature control
over the FT process. A novel way of meeting this important
requirement is through the use of microchannel reactors, the
units involving flow paths with characteristic dimensions in
the 10�4 to 10�3 m range, which can lead to very high
surface area to volume ratios up to �50,000 m2/m3.7,8

Microchannel units are usually made of metallic substrates
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and catalysts are generally in the form of thin layers coated
on the inner walls of the channels. Combination of these fea-
tures ends up with very high rates of heat transfer allowing
robust temperature control and the resulting uniform temper-
ature distribution throughout the reactor helps in efficient
use of the catalyst. Moreover, small channel volumes ensure
inherent safety, while well-defined micro-flow paths lead to
narrow and low residence time distribution.8,9

Combining the advantages of microchannel technology
with the requirements of FTS has been addressed by several
groups. Cao et al.10 combined the effective heat removal and
improved mass transfer characteristics of microchannel reac-
tors with FTS and evaluated the catalyst performance. They
also modeled the reaction system to explore the effects of
pressure and molar hydrogen-to-carbon monoxide ratio on
the microreactor behavior.10 Guillou et al.11 studied splitting
hydrogen feed through a staged FTS microreactor system to
observe its effects on CO conversion and on product distri-
bution. Myrstad et al.12 tested cobalt-catalyzed FTS in a
microstructured reactor in which exothermal heat is removed
effectively by oil flowing in cross-flow channels placed adja-
cent to the structured catalyst foils. Arzamendi et al.13 inves-
tigated three-dimensional modeling and simulation of a
microchannel reactor system in which channels involving
low temperature FT reactions are coupled with cooling chan-
nels to analyze the conditions to keep the FT temperature at
near isothermal conditions. In their study, cross-flow of the
streams was considered and the effects of system pressure
and the coolant flow rate on temperature were examined.13

The aim of this work is to investigate the response of FTS
temperature in a heat-exchange integrated microchannel re-
actor against changes in the geometric configurations and in
operating conditions through a series of computer-based
parametric analyses. The reactor system, shown in Figure 1
and explained in the next section, is considered to be a
microchannel network composed of adjacent channels in the
form of parallel arrays, which are arranged such that the
coolant and reaction mixtures flow in successive flow paths.
Parametric study is conducted through changing the material

and thickness of the wall separating cooling and reaction
channels, side length of the cooling channel, superficial ve-
locity of the cooling fluid, and channel wall texture for the
purpose of figuring out the impact of each parameter on FTS
temperature. Results are obtained by the simultaneous solu-
tion of the momentum, mass, and energy transport equations
using the finite element method under COMSOL Multiphy-
sicsTM platform and are presented in the ‘‘Results and Dis-
cussion’’ section.

Modeling of the Microchannel Reactor System

The microchannel reactor system, presented in Figure 1, is
composed of parallel coupling of square-shaped reactor and
cooling channels, which are separated by a solid wall. Inner
walls of the reaction (FTS) channels are considered to be
coated with a porous, iron-based catalyst layer, forming the
washcoat domain. However, the cooling channels are noncata-
lytic, serve as heat sinks to absorb the heat released from the
exothermic FT reactions, and involve the flow of steam as the
cooling fluid in the direction counter-current to that of reactive
flow. As properties of the fluids flowing within the channels of
the same (horizontal) group do not differ, it is assumed that
heat transfer between the channels of the same group (i.e., in
z-direction) is negligible compared with heat flow between the
channels of different groups (i.e., in y-direction). Therefore,
any kind of gradients in the z-direction is eliminated. This sim-
plification allows the calculations to be based on a two-dimen-
sional unit cell, which is made up of the domain between the
centerlines of two channels through the channel length, as
shown in Figure 1. The repeating pattern of the channels in the
y-direction, and the resulting symmetry allows the considera-
tion of the half-channel heights in the unit cell, which is the
characteristic unit of the multichannel unit.

In this study, the FTS is considered to run at the high tem-
perature mode over an iron-based catalyst. Olefin and paraf-
fin production (Reactions 1 and 2) and water–gas shift
(WGS) (Reaction 3) are treated as the only reactions taking
place in the reaction channel, discarding any side reactions
producing alcohols and ketones:

nCOþ ð2nþ 1ÞH2 ¼ CnH2nþ2 þ nH2O ðn � 1Þ (1)

nCOþ 2nH2 ¼ CnH2n þ nH2O ðn � 2Þ (2)

COþ H2O ¼ CO2 þ H2 �DH298 K ¼ 41:2 kJ=mol (3)

In Reactions (1) and (2), the maximum carbon number is taken
as 7 for ensuring that no condensation occurs in the reaction
channels; the C1–C7 range is mainly composed of fuel gas, LPG
and gasoline.4 CO2 and H2O are other products formed by the
synthesis reactions. H2, which is a constituent of the feed, is also
produced by the WGS. Inlet temperatures of the feeds to the
reaction and cooling channels are taken as 623 K and 374 K,
respectively, and the minimum temperatures in all simulations
are observed to be around 600 K. The inlet pressure of synthesis
gas is taken as 2 � 106 Pa, whereas steam is fed at atmospheric
pressure to the cooling channel. In order to test the status of
liquid phase formation in the reaction channel, a mixture of
reactants and products with suitable compositions is simulated
to pass through a microchannel at temperature and pressure
specified above using ChemCADTM process simulator.

Figure 1. Heat-exchange integrated microchannel re-
actor system and the unit cell.
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Outcomes of this simulation verifies that liquid-phase forma-
tion does not occur in the reaction channel. Similarly,
condensation does not take place in the cooling channel, as
steam fed just above its boiling point will be heated further by
the exothermic FT reactions. Based on these facts, construction
of the mathematical model is based on gas–solid type of
operation with fluid (gas) and washcoat (catalyst) phases.

Modeling of the simultaneous reaction and cooling in the
unit cell configuration requires the consideration of equation
of continuity together with momentum, energy, and species
mass conservation equations for the three domains, namely,
the fluid phase, the catalytic washcoat phase, and the solid
wall phase. Reactor geometry is represented and model equa-
tions are set using Cartesian coordinates. It is assumed that the
reactions occur only in the washcoat domain, i.e., there is no
reaction taking place in fluid phase. The fluids are assumed to
be of incompressible Newtonian type and are treated to behave
ideally. The entire operation is considered to be at the steady
state. The resulting mass, momentum, and energy conservation
equations used in modeling are given in Table 1. Conservation
of momentum for the gas phase is described by Navier-Stokes
equations including contributions of diffusive and convective
mechanisms, whereas Brinkman-type equations are used to
model flow in the porous washcoat domain. Permeability and
porosity of the washcoat layer are taken as 1 � 10�8 m2 and 5
� 10�1, respectively.14,15 The fluid in the reaction channel is
characterized by the CO-H2 mixture and, based on this
assumption, thermal conductivity, viscosity, density, specific
heat capacity, and diffusivity are calculated as functions of

temperature using the mixing laws and correlations reported in
the literature.16–18 Thermal conductivity of the fluid within the
catalytic washcoat phase is taken as 4.5 times the bulk fluid
conductivity.14 Effective diffusivity within the porous catalyst
layer is calculated from binary diffusivity by taking tortuosity,
taken as 4, and porosity of the catalyst into account.15,19

Kinetic expressions of Langmuir-Hinshelwood type that are
used for describing FT synthesis over a Fe-Cu-K catalyst are
adapted from the study of Wang et al.20 The proposed rate
expressions, presented in Table 2, involve separate terms for
rates of formation of CH4, C2þ alkanes, and alkenes, and for
WGS that runs as a side reaction and also terms for the chain
growth probability. In contrast with the Anderson-Schulz-
Flory distribution, the growth probability terms include chain
growth factor related to the carbon number.20

Model equations presented in Table 1 are solved subject to
the boundary conditions given in Table 3. No-slip condition is
used on the channel walls. Concentrations of the species are
specified at the inlet boundaries, and convective fluxes defined
at the exit are taken as zero. Similarly, for energy conservation
equations, boundary conditions at the exit are assumed to be
of convective type and set as zero. Heat transfer between the
solid wall and the fluid flowing in porous washcoat is handled
by means of heat flux continuity at the interface. The model
equations constituting a set of partial differential equations are
solved using the finite element method under the COMSOL
MultiphysicsTM platform. Code executions are run on a HP
xw8600 workstation with 4 � 2.00 GHz processors and 16 GB
of memory. Unstructured meshing is used with �41,500

Table 1. Model Equations Used to Describe Transport and Reaction in Microchannels

Fluid phase
Equation of continuity

@vx;i
@xi

þ @vy;i
@yi

¼ 0

Equations of motion qf;i vx;i
@vx;i
@xi

þ vy;i
@vx;i
@yi

8>>:
9>>; ¼ � @pi

@xi
þ li

@2vx;i
@x2i

þ @2vx;i
@y2i

8>>:
9>>;

qf;i vx;i
@vy;i
@xi

þ vy;i
@vy;i
@yi

8>>:
9>>; ¼ �@pi

@yi
þ li

@2vy;i
@x2i

þ @2vy;i
@y2i

8>>:
9>>;

Equation of species continuity vx;1
@cj;1
@x1

þ vy;1
@cj;1
@y1

¼ DAB;1
@2cj;1
@x21

þ @2cj;1
@y21

8>>:
9>>;

Equation of energy qf;iCPf;i vx;i
@Ti
@xi

þ vy;i
@Ti
@yi

8>>:
9>>; ¼ kf;i

@2Ti
@x2i

þ @2Ti
@y2i

8>>:
9>>;

Catalytic washcoat phase

Equation of continuity
@vx;1
@x1

þ @vy;1
@y1

¼ 0

Equations of motion
l1
j

8: 9;vx;1 ¼ �@p1
@x1

þ l1
ep

8>>:
9>>; @2vx;1

@x21
þ @2vx;1

@y21

8>>:
9>>;

l1
j

8: 9;vy;1 ¼ �@p1
@y1

þ l1
ep

8>>:
9>>; @2vy;1

@x21
þ @2vy;1

@y21

8>>:
9>>;

Equation of species continuity vx;1
@cj;1
@x1

þ vy;1
@cj;1
@yi

¼ DAB;eff
@2cj;1
@x21

þ @2cj;1
@y21

8>>:
9>>;þ qsRj;1

Equation of energy qsCPs vx;1
@T1
@x1

þ vy;1
@T1
@y1

8>>:
9>>; ¼ keff

@2T1
@x21

þ @2T1
@y21

8>>:
9>>;þ qs

PN
m¼1

�DHmð Þ rmð Þ

Solid wall phase

Conservation of energy kw
@2Tw
@x2w

þ @2Tw
@y2w

8>>:
9>>; ¼ 0
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triangular elements in each solution, which provide similar
results to the ones involving higher number of grid points, but
at a shorter execution time.

Default dimensions and properties of the unit cell as well
as inlet properties of the reaction mixture and cooling fluid
are given in Table 4. In order to conduct the parametric
analyses, thickness and material type of the wall separating
the channels, side length of the cooling channel, superficial
velocity of the cooling fluid, and texture of the channel walls
are changed on a systematic basis. The parameter under
investigation is changed according to the values given in
Table 5, whereas remaining parameters are kept at their
default values listed in Table 4.

Results and Discussions

Results of the parametric analyses are given in Figures 2–
5 and in Figure 7 in terms of temperature profile along the
centerline of the reaction channel. Temperatures reported in
parenthesis within the figures are averages of the pertinent
profile, which are calculated by integrating temperature val-
ues at the centerline over the channel length and dividing it
by the channel length.

The effect of thickness of the wall between the channels on
reaction temperature is shown in Figure 2. It can be observed
that the maximum temperature in the reaction channel
increases as the wall thickness decreases. This trend can be
discussed through conduction parameter, k, a dimensionless
number which is used to compare the significance of heat con-
duction within the wall with the heat carried by the fluid21:

k ¼ kwAc=mfCPfL (4)

Conduction parameter related to the fluid in the reaction
channel is found to increase with wall thickness; the k values
are calculated as 3.08, 4.62, 6.16, 7.70, and 9.24 for the wall
thicknesses of 2, 3, 4, 5, and 6 � 10�4 m, respectively. Such
an increase indicates higher amounts of heat loss from the
reaction channel, because conduction parameter is a measure
showing how much of available energy can be transferred
through the wall via axial conduction (in x-direction); the Ac

term in the numerator of Eq. 4 is the product of wall thickness
(in y-direction) with unit depth (in z-direction) of the unit cell
(Figure 1) and indicates conductive heat flow perpendicular to
it. Increase in the axial conduction leads to effective heat
removal as the counter-flowing steam absorbs more energy
from the upstream zones of the reaction channel and reduces
the rate of exothermic reactions accompanied with dampened
peak, channel exit, and average temperatures (Figure 2).
Temperature profiles also show that the distance between the
exit of the reaction channel (or the entrance of the cooling
channel) and the locus of the maximum temperature increase

Table 2. Rate Expressions Used in Simulations (Adapted
from Wang et al.

20
)

rCH4
¼ kAMPH2

a1

1þ 1 þ 1
KaKbKc

PH2O

PH2

þ 1
KbKc

1
PH2

þ 1
Kc

8: 9; PN
m¼1

Qm
j¼1

aj

8>>>:
9>>>;

rCnH2nþ2
¼

kAPH2

Qn
j¼1

aj

1þ 1 þ 1
KaKbKc

PH2O

PH2

þ 1
KbKc

1
PH2

þ 1
Kc

8: 9; PN
m¼1

Qm
j¼1

aj

8>>>:
9>>>;

rCnH2n
¼

kBð1� bnÞ
Qn
j¼1

aj

1þ 1 þ 1
KaKbKc

PH2O

PH2
þ 1

KbKc

1
PH2

þ 1
Kc

8: 9; PN
m¼1

Qm
j¼1

aj

8>>>:
9>>>;

rCO2
¼ ktðPCOPH2O=P

0:5
H2

� PCO2
P0:5
H2
=KpÞ

1 þ KtPCOPH2O=P
0:5
H2

a1 ¼ k1PCO

k1PCO þ kAMPH2

ðfor n ¼ 1Þ;

an ¼ k1PCO

k1PCO þ kAPH2
þ kBð1� bnÞ

ðfor n �2Þ

aASF ¼ k1PCO

k1PCO þ kAPH2
þ kB

;

bn ¼
k�B

kB

PCnH2n

an�1
ASF

k1PCO

k1PCOþkAPH2

þ k�B

k1PCOþkAPH2
þkB

Pn
m¼2

am�2
ASFPCðn�mþ2ÞH2ðn�mþ2Þ

kmðTÞ � km;0 expð�Em=RTÞ

Parameter Values:

k1 ¼ 2.23 � 10�7 mol/kgcatalyst Pa s
kAM,0 ¼ 4.65 � 101 mol/kgcatalyst Pa s
EAM ¼ 92.89 � 103 J/mol
kA,0 ¼ 2.74 mol/kgcatalyst Pa s
EA ¼ 87.01 � 103 J/mol
kB,0 ¼ 2.66 � 109 mol/kgcatalyst s
EB ¼ 11.10 � 104 J/mol
ku,0 ¼ 4.96 � 10�4 mol/kgcatalyst Pa

�1.5 s
Eu ¼ 45.08 � 103 J/mol
k-B ¼ 2.75 � 10�7 mol/kgcatalyst Pa s
Ku ¼ 3.57 � 10�6 Pa�0.5

Ka ¼ 1.81 � 10�2

Kb ¼ 4.68 � 10�2

Kc ¼ 2.26 � 10�1

kp ¼ exp
� 13:148þ 5639:5

T
þ 1:077 ln Tþ

5:44� 10�4T � 1:125� 10�7T2 � 49170

T2

2
64

3
75

Table 3. Boundary Conditions Related to the Equations in

Table 1

Channel inlets
Reaction channel, x ¼ L u1 ¼ uin1 ; cj;1 ¼ cinj;1; T1 ¼ Tin

1

Cooling channel, x ¼ 0 u2 ¼ uin2 ; T2 ¼ Tin
2

Channel outlets
Reaction channel, x ¼ 0 p1 ¼ pout1 ; n � �DABrcj;1

� � ¼ 0;

n � �kf;1rT1
� � ¼ 0

Cooling channel, x ¼ L p2 ¼ pout2 ; n � �kf;2rT2
� � ¼ 0

Line of symmetry (center-line of the channels, Figure 1)
Reaction channel n � v1 ¼ 0; n � �DABrcj;1 þ v1:cj;1

� � ¼ 0;

n � �kf;1rT1 þ v1qf;1CPf;1T1
� � ¼ 0

Cooling channel n � v2 ¼ 0; n � �kf;2rT2 þ v2qf;2CPf;2T2
� � ¼ 0

Fluid-solid wall interface

Reaction channel n � v1 ¼ 0; n � �DABrcj;1 þ v1:cj;1
� � ¼ 0

n � �kf;1rT1 þ v1qf;1CPf;1T1
� � ¼ n � �kwrTwð Þ

Cooling channel n � v2 ¼ 0;
n � �kf;2rT2 þ v2qf;2CPf;2T2

� � ¼ n � �kwrTwð Þ
Solid wall boundaries at x ¼ 0 and x ¼ L n � �kwrTwð Þ ¼ 0
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with wall thickness. Location of the peak is moved inward to
the left by the pronounced effect of axial heat conduction that
favors energy interaction between the channels. These
observations are similar to the studies involving different wall
separated endothermic–exothermic flow couplings which
report that the amount of heat transfer through the wall
increases with wall thickness.22–24

In addition to its thickness, type of wall material is inves-
tigated in terms of its impact on the reaction temperature.
For this purpose, use of four different materials—alumina,
AISI steel, aluminum, and copper—having different thermal
conductivities listed in Table 5 are simulated. At this point,
it is worth noting that mechanical properties of copper and
aluminum may limit their practical use at high temperature
and pressure applications. However, because of their thermal
conductivities which are significantly above those of alumina
and steel, aluminum and copper are considered in this study
for a clear parametric understanding of the effect of wall
thermal conductivity on reactor operation. The results pre-
sented in Figure 3 show that as thermal conductivity of the
material increases, maximum temperature in the reaction
channel decreases and temperature profile becomes flatter.
As in the analysis of wall thickness, the effect of material
type can be explained by the conduction parameter defined
in Eq. 4. Values of k based on fluid mixture in the reaction
channel are found to be 2.80, 4.62, 20.9, and 41.6 for alu-
mina, AISI steel, aluminum, and copper, respectively, show-
ing that axial conduction becomes more pronounced with
thermal conductivity. In the case of alumina, exothermal
heat is preserved within the channel rather than being dissi-
pated into the wall and, therefore, temperature rise becomes
more notable, resulting with maximum, average and exit val-
ues of ca. 683 K, 650 K, and 613 K, respectively. On the
other extreme, copper is highly capable of conducting heat
to the cooling channel that sweeps the exothermal heat as
soon as it is released and reduces the maximum, average,
and exit temperatures down to ca. 648 K, 624 K, and 500 K,
respectively (Figure 3). These findings are in accordance
with those of similar studies in the literature stating that the

maximum and average temperatures of reaction channel will
be higher when using materials with low conductivity.22–24

Apart from temperature, distance of the locus of peak tem-
perature from the entrance of the reaction channel is found
to increase with thermal conductivity. This is due to the fact
that the reaction mixture is forced to transfer its heat to
steam before reactions move forward and release more heat.

The effects of side length of the square-shaped cooling
microchannel on the temperature of the reaction stream are
also simulated. To make sure that constant mass flow rate of
steam is fed in every simulation, linear velocity is changed
accordingly (Table 5) together with the side length. Resulting
temperature profiles are presented in Figure 4. It can be
observed that as side length of the cooling channel is changed
from 7 � 10�4 m to 4 � 10�4 m by increments of 1 � 10�4 m,
the maximum and average temperatures in the reaction
channel are found to increase. Considering that mass flow is
constant, the effect of geometric change is reflected by the
superficial (linear) velocity of steam, which is inversely pro-
portional to the hydraulic diameter. Superficial velocity is im-
portant as it determines the residence time of cooling fluid
within the reactor. In the case of bigger cooling channel diam-
eters, steam spends more time in the channel and has the
opportunity to absorb more exothermal heat, which is the
main reason of having lower peak and average temperatures;
the opposite is valid for smaller channel openings. The reac-
tion exit temperature, however, follows a somewhat different
trend, and is proportional to the side length (Figure 4). A pos-
sible explanation of this observation can be made by the cool-
ant-side heat transfer coefficient at the entrance of the cooling
channel. Although the flow is laminar in microchannels, mix-
ing can improve the heat-transfer coefficient at the so-called
‘‘entry zones’’ in which the flow is not fully developed yet.25

Because of this phenomenon, it can be speculated that high
superficial steam velocities help in drawing more heat from
the exit of the reaction channel and reducing its temperature.
This explanation also brings insight into the shift of the loca-
tion of peak temperature. As its mass flow rate is constant in
all cases, portion of the cooling capacity of steam used at the

Table 4. Default Values of Microreactor Configuration and the Feed Conditions

Microreactor Configuration Feed Conditions

Side length of the reaction channel 5 � 10�4 m Molar H2:CO ratio 2.0
Thickness of the catalytic washcoat 5 � 10�5 m Total reactant molar flow rate 4.8 � 10�4 mol/s
Thickness of the separating wall 3 � 10�4 m Superficial velocity—both channels 5 m/s
Side length of the cooling channel 6 � 10�4 m Temperature/reaction channel 623 K
Channel length 2 � 10�1 m Temperature/cooling channel 374 K
Wall material AISI Steel Pressure/reaction channel 2 � 106 Pa
Cooling fluid Steam Pressure/cooling channel 1 � 105 Pa

Table 5. Values Studied in Parametric Analyses

Wall thickness (�106 m) 200, 300, 400, 500, 600
Wall material1 Alumina (27), AISI Steel (44.5), aluminum (201), copper (400)
Side length of the cooling channel (�106 m)2 400 (11.3), 500 (7.2), 600 (5.0), 700 (3.5)
Superficial velocity of steam (m/s) 5, 10, 15, 20
Channel texture Type I II III

Wb (�103 m) 5 5 5
Lb (�106 m) 150 150 150
Location Reaction channel Both channels Cooling channel

1Thermal conductivity of each material in units of W/m K is given in parenthesis.
2Superficial velocities (in units of m/s) that are calculated to give constant mass flow rate of steam are given in parenthesis.
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cooling inlet/reaction exit zone due to the mixing effect is big-
ger in the case of smaller side lengths. The pronounced cool-
ing causes the temperature peak to occur in the inner parts of
the reaction channel, as observed in Figure 4. The effect of
decreasing side length on pressure drop is also addressed and
found to be negligible; it is calculated as 3.6 � 103 Pa for the
smallest side length of 4 � 10�4 m.

Superficial velocity of steam is studied as a different param-
eter due to its importance in reactor operation explained
above. For this purpose, side length of the cooling channel is
kept constant at 6 � 10�4 m, but the steam velocities are
changed from 5 to 20 m/s as outlined in Table 5. Outcomes of
these simulations are given in Figure 5. The profiles show that
increasing linear velocity of steam in the 5–10 m/s range
results in slight elevations in maximum and average tempera-
tures of the reaction channel, ca. by 4 K and 1.4 K, respec-
tively, both of which then decrease significantly (by ca. 41 K

and 52 K, respectively) in the 10–20 m/s range. As increasing
the velocity at constant side length (i.e., hydraulic diameter)
corresponds to higher rates of mass flow, it improves the cool-
ing capacity of the steam and enables it to draw more heat
from reaction channel; this is the reason of having significant
temperature reductions in the 10–20 m/s range. However, in
the 5–10 m/s range, this phenomenon is slightly suppressed by
the improvement of the cooling-side heat transfer coefficient
due to mixing, the phenomenon explained above. In other
words, increase in steam velocity is significant enough to draw
heat at the cooling inlet/reaction exit zone at a big portion
such that the cooling capacity of steam is reduced for the re-
mainder of the channel, causing slight elevations in the maxi-
mum and average reaction temperatures. Increasing steam
flow rate is also evaluated in terms of pressure drop along the
cooling channel, which is calculated as 2.9 � 103 Pa for the 20
m/s steam flow. Considering that pressure drop in the default
case, i.e., 5 m/s steam flow, is 6.9 � 102 Pa, it can be

Figure 2. Effect of thickness of the wall separating the
channels on temperature of the FT reaction
channel.

Simulated wall thickness values (�104 m) ¼ 2, 3, 4, 5, 6.
Refer to Table 4 for the values of other geometric and
operational parameters. Average channel temperatures are
shown in parentheses.

Figure 3. Effect of material type of the wall separating
the channels on temperature of the FT reac-
tion channel.

Simulated wall material types ¼ alumina (kw ¼ 27 W/m
K), AISI Steel (kw ¼ 44.5 W/m K), aluminum (kw ¼ 201
W/m K), copper (kw ¼ 400 W/m K). Refer to Table 4 for
the values of other geometric and operational parameters.
Average channel temperatures are shown in parentheses.

Figure 4. Effect of side length of the square-shaped
cooling channel on temperature of the FT
reaction channel.

Simulated side length values (�104 m) ¼ 4, 5, 6, 7. Refer
to Table 4 for the values of other geometric and operational
parameters. Average channel temperatures are shown in
parentheses.

Figure 5. Effect of superficial velocity of steam on tem-
perature of the FT reaction channel.

Simulated superficial steam velocity values (m/s) ¼ 5, 10,
15, 20. Refer to Table 4 for the values of other geometric
and operational parameters. Average channel temperatures
are shown in parentheses.
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concluded that higher steam flow rates did not lead to any no-
table elevations in pressure drop.

Wall texture is studied as the final parameter to explore its
impacts on the reaction channel temperature and is repre-
sented by the use of micro-baffles, the repeating rectangular
patterns on the channel walls. These patterns are placed either
to the reaction channel only (Type I) or to the cooling channel
only (Type III) or to both of them (Type II), as shown in Fig-
ure 6. Effect of using micro-baffles on the cooling side is
investigated by comparing (a) default case of the unit cell
(straight walls in both channels) with Type III and (b) Type I
with Type II, while comparison of the default case with Type
I allows the observation of using rectangular patterns on the
catalytic wall. Dimensions of the micro-baffles used in Types
I, II, and III are given in Table 5.

Figure 7 shows the temperature profiles of the reaction
channels obtained for the unit cell configurations defined in
Figure 6. It can be observed that the difference between the
default unit cell geometry and the one having micro-baffles
only in the cooling channel (Type III) is very small; temper-
ature profiles obtained for both cases are almost overlapping.
Similarly, the profiles obtained for Types I and II do not dif-
fer from each other. Considering these results, it can be
inferred that using micro-baffles in the cooling channel does
not bring notable changes into the reaction temperature.
When micro-baffles are used in the reaction channel, how-
ever, the shift in the temperature profile is more obvious
(default case vs. Type I) leading to ca. 11.6 K of reduction
in average channel temperature. This change can be attrib-
uted to the role of micro-baffles in heat transfer; these pat-
terns act as static-mixers, i.e., induce mixing in the channel
where flow is laminar and helps improving the local heat
transfer coefficient between the catalytic washcoat and the
solid wall. As a result, generated heat is transferred to the
wall more effectively, leading to lower temperatures as
shown in Figure 7. The overall impact is more notable when
baffles are used in reaction side rather than the cooling side,

as the heat source, i.e., the catalyst is buried in the former
side. The presence of micro-baffles in the reaction channel
also leads to temperature profiles which are not smooth
(Types I and II curves in Figure 7); the evolution of small
temperature fluctuations are in accordance with the ‘‘peri-
odic’’ location of the catalytic washcoat layers in the axial
direction (Types I and II geometries in Figure 6). Although
local temperature shifts may disturb product distribution,
magnitudes of the fluctuations are very small and do not
limit the use of baffled-textures in the reaction channel. Heat
transfer enhancement by using patterns of static mixing in
microchannels is reported also by other studies in the litera-
ture.12,26,27 Myrstad et al.12 have shown that use of pillar-
shaped structured catalyst foils in FTS favored effective
transfer of exothermal heat from the catalyst to the heat

Figure 7. Effect of different channel wall textures on
temperature of the FT reaction channel.

Refer to Table 4 for the values of geometric and operational
parameters and Table 5 for the detailed definition of chan-
nel wall textures. Average channel temperatures are shown
in parentheses.

Figure 6. Geometric configurations of the channel wall textures.

Metal wall zones have been represented by dashed regions.
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transfer oil flowing in adjacent channels. Effect of using of
micro-baffles on pressure drop is also studied. For this pur-
pose, Type I configuration (Figure 6) is compared with the
default unit cell shown in Figure 1. It is found that the pres-
ence of micro-baffles in the reaction channel increases the
pressure drop (1.5 � 102 Pa and 4.9 � 101 Pa, with and
without baffles, respectively). Nevertheless, the increase is
not significant to prevent the use of nonstraight configura-
tions in microchannel reactors, which is also confirmed by
the results reported in the literature.12,26,27

In addition to the parametric changes discussed above, the
effect of direction of coolant and reactive streams on reac-
tion temperature is also studied. For this purpose, the
streams are set to flow in the same direction, i.e., in the co-
current flow mode and the system is simulated according to
the parameters listed in Table 4. It is observed that, due to
the very high heat transfer rates involved in the micro-geom-
etry, reaction did not proceed due to the immediate cooling
introduced by the coolant in the neighboring channels; reac-
tive stream is almost quenched (by the coolant) before the
start-up of the reaction. The same outcome is obtained when
parametric changes mentioned in Table 5 are applied. As a
result, the co-current configuration is found to be infeasible,
as it prevented the initiation and progress of FTS at the
specified conditions.

It is worth noting that the findings above should be
coupled with actual process considerations for designing
intensified FTS reactors. In addition to its thermal conductiv-
ity, reactor material should be able to withstand high pres-
sures of FT operation, corrosion, as well as high tempera-
tures in case of cooling problems such as partial or complete
blocking of the cooling channels due to fouling. Considering
these facts, stainless steel seem to be a proper choice of ma-
terial, as it can provide acceptable thermal conductivity per-
formance together with the possibility of improvement of
mechanical, thermal, and corrosion resistances via addition
of relevant ingredients. Cooling channel size, which is found
to have minimal effect on temperature control, can be
selected at the highest possible value (e.g., 7 � 10�4 m in
this study), as wider channels will not get fouled as quick as
the narrow ones plus they will allow higher coolant flow
rates for removing scales with less pressure drop. In addition
to improved temperature control, using thicker walls, e.g.,
higher than 7 � 10�4 m, can be preferred for providing in-
herent safety against thickness decrease due to corrosion as
well as better mechanical durability against high pressures of
FT reaction. The pressure difference between the channels
should also be considered; the values studied in this work—
2 � 106 Pa and 1 � 105 Pa in the FT and cooling channels,
respectively—can end up with a significant pressure gradi-
ent. However, in actual operations, this problem may be
overcome by using high-pressure steam, which is available
in most of the production facilities, in the cooling channel.
In addition, separating walls can be designed thick enough
to resist any possible deformations.

Conclusions

The possibility of controlling the exothermal heat release
of high-temperature FTS in a heat-exchanged, steam-cooled
microchannel reactor is investigated through a computer-

based parametric analysis involving changes in the reactor
geometry and in operating conditions. The results show that
using thicker channel-separating walls made of materials
with high thermal conductivity may provide isothermal con-
ditions for the FT operation. It is also observed that chang-
ing the side length of cooling channel has the least signifi-
cant effect in terms of thermal response, whereas changing
superficial velocity of steam can provide notable control
over FT temperature; its average may even be forced to fall
below feed temperature in case of excessive flow of the
coolant. Changing the texture of the catalyst-coated wall by
the use of micro-baffles is found to reduce peak and average
reaction channel temperatures, showing possibility of their
control, whereas these values remain almost unchanged
when the baffled-texture is placed on the wall of cooling
channel. In all cases, pressure drop is calculated to be at
negligible values. These findings, however, should be consid-
ered together with actual process conditions and limitations
in the design and manufacture of intensified heat-exchange
integrated FTS reactors.
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Notation

Ac ¼ cross-sectional area of the solid wall (m2)
cj,1 ¼ concentration of species j in reaction channel (mol/m3)

CPf,i ¼ specific heat of fluid in channel i (J/kg K)
DAB,1 ¼ diffusion coefficient of A in B (m2/s)
DAB,eff ¼ effective diffusion coefficient in the washcoat layer (m2/s)

EA ¼ activation energy for paraffin formation (J/mol) (n � 2)
EAM ¼ activation energy for methane formation (J/mol)
EB ¼ activation energy for olefin formation (J/mol) (n � 2)
Eu ¼ activation energy for WGS reaction (J/mol)

–DHm ¼ enthalpy of reaction m (J/mol)
k1 ¼ rate constant of CO adsorption (mol/kgcatalyst Pa s)
kA ¼ rate constant of paraffin formation (mol/kgcatalyst Pa s)

kAM ¼ rate constant of methane formation (mol/kgcatalyst Pa s)
kB ¼ rate constant of olefin desorption reaction (mol/kgcatalyst s)

k�B ¼ rate constant of olefin readsorption reaction (mol/kgcatalyst
Pa s)

ku ¼ rate constant of CO2 formation (mol/kgcatalyst Pa
�1.5 s)

km,0 ¼ pre-exponential factor of rate constant of reaction m (unit
same as of rate constant of reaction m)

keff ¼ effective fluid thermal conductivity in the washcoat layer
(W/m K)

kf,i ¼ thermal conductivity of the fluid in channel i (W/m K)
kw ¼ thermal conductivity of the solid wall (W/m K)

Ka, Kb, Kc ¼ equilibrium constants of elementary reaction steps in FTS
Kp ¼ equilibrium constant of WGS reaction
Ku ¼ group of constants in WGS reaction (Pa�0.5)
L ¼ length of the unit cell (m)
Lb ¼ length of micro-baffles (m)
mf ¼ mass flow rate of the fluid (kg/s)
n ¼ number of carbon atoms
n ¼ normal unit vector
pi ¼ pressure in channel i (Pa)
Pj ¼ partial pressure of species j (Pa)
rj ¼ rate of formation of species j (mol/kgcatalyst s)
rm ¼ rate of reaction m (mol/kgcatalyst s)
R ¼ gas constant (¼ 8.314 J/mol K)

Rj,1 ¼ total rate of generation/depletion of species j in channel 1
(mol/kgcatalyst s)

Ti ¼ temperature of the fluid within channel i (K)
Tw ¼ temperature of the solid wall (K)
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ui ¼ superficial velocity into channel i (m/s)
vi ¼ fluid velocity vector in channel i, (m/s)
vx,i ¼ x-component of linear fluid velocity in channel i (m/s)
vy,i ¼ y-component of linear fluid velocity in channel i (m/s)
Wb ¼ width of micro-baffles (m)
xi ¼ axial coordinate in channel i (m)
yi ¼ direction normal to the x-axis in channel i (m)

Greek letters

a1 ¼ chain growth factor for carbon number of 1
aASF ¼ chain growth probability in the Anderson–Schulz–Flory

distribution
an ¼ chain growth factor for carbon number of n (n � 2)
bn ¼ readsorption factor of 1-olefin with carbon number of n
ep ¼ porosity of the washcoat layer
j ¼ permeability of the washcoat layer (m2)
k ¼ conduction parameter
l1 ¼ fluid viscosity in the reaction channel (kg/m s)
qf,i ¼ fluid density in channel i (kg/m3)
qs ¼ density of the catalytic washcoat (kg/m3)

Subscripts and superscripts

i ¼ channel index (1 ¼ reaction channel; 2 ¼ cooling
channel)

in ¼ channel inlet
j ¼ species index
m ¼ reaction index

out ¼ channel outlet
s ¼ catalytic washcoat phase
w ¼ solid wall phase
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