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Scale-up of Fischer-Tropsch (F-T) synthesis using microreactors is very important for a paradigm shift in the
production of fuels and chemicals. The scalability of microreactors for F-T Synthesis was experimentally eval-
uated using 3D printed stainless steel microreactors, containing seven microchannels of dimensions 1000 pm x
1000 um x 5cms. Mesoporous silica (KIT-6), with high surface area, containing ordered mesoporous structure
was used to incorporate 10% cobalt and 5% ruthenium using a one-pot hydrothermal method. Bimetallic Co-Ru-
KIT-6 catalyst was used for scale-up of F-T Synthesis. The performance of the catalysts was evaluated and
examined for three different scale-up configurations (stand-alone, two, and four microreactors assembled in
parallel) at both atmospheric pressure and 20 bar at F-T operating temperature of 240 °C using a syngas molar
ratio (H2:CO) of 2. All three configurations of microreactors yielded not only comparable CO conversion
(85.6-88.4%) and methane selectivity (~14%) but also similar selectivity towards lower gaseous hydrocarbons
like ethane, propane, and butane (6.23-9.4%) observed in atmospheric F-T Synthesis. The overall selectivity to
higher hydrocarbons, Cs + is in the range of 75-82% at 20 bars.

A CFD model was used to investigate the effect of different design features and numbering up approaches on
the performance of the microchannel reactor. The effect of the reactor inlet, the mixing internals and the channel
designs on the dead zone %, the quality index factor, the cooling requirement and the maximum dimensionless
temperature within the microreactor were quantified. There is no significant effect of increasing the channel
width on the microreactor performance and operation of the microchannel reactor at lower Nusselt number that
results in higher CO conversion. Increasing the channel width reduced the maximum temperature exhibited in
the channel. Finally, the effect of increasing the y/x stacking ratio, i.e. having more reactor units in parallel
compared to series, was investigated. Increasing the y/x ratio increased the cooling requirement and the
maximum dimensionless temperature increase within the unit decreased the productivity. To minimize the
productivity losses, numbering up in series is the better approach; however further analysis must be done to
delineate heat removal requirements.

1. Introduction a given plant, such as reactors, heat exchangers, separators, etc., only

represent about 20% of the overall capital cost; whereas 80% of the cost

Over the past decade, significant work has been carried out for
process intensification of Fischer-Tropsch (F-T) Synthesis with a focus
on modular reactors technology (MRT) and catalysts. This has been
primarily led by a growing number of technology companies. The
motivation of this approach lies in the fact that the main components of
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is incurred by installation and commissioning, which includes pipe-
study, structural support, civil engineering, etc. [1]. Consequently,
major reductions in the equipment size, coupled preferably with a de-
gree of telescoping of equipment function, such as reactor/heat
exchanger unit, or combined distillation/condenser/re-boiler, could
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result in significant cost savings by eliminating the support structure,
expensive foundations and long pipe runs.

The fuels derived by F-T synthesis remain an area of great research
and commercial interest due to its ability to produce clean trans-
portation fuels to meet increasing global demand. Microreactor tech-
nology is a new emerging chemical engineering platform that can enable
modular reactors for multipurpose engineering applications. Micro-
reactors exhibit substantial performance improvements over conven-
tional reactors by enabling efficient integration of thermal and mass
transport operations and minimizing operating variable gradients
within the system, while also minimizing the financial risk of deploy-
ment [2-4]. However, successful scaling up of an F-T microreactor
process to meet demands without losing key characteristics like product
quality, catalyst activity, and selectivity towards desired products re-
quires effective reactor design and scale-up strategy. A variety of scaleup
approaches have been performed for F-T synthesis over the past few
years in different types of microreactors [5-7,9]. All these studies
indicate that the decrease in the feature size can have a significant effect
on the process intensification of F-T synthesis [10]. Three scale-up ap-
proaches are considered and tested using both experimental work and
Computational Fluid Dynamics (CFD) modeling. The first approach is
numbering up the microreactors in parallel, and the overall flow of the
reactants is divided into number of individual microreactor inlets at
constant operating conditions like pressure, GHSV, temperature and
syngas feed ratio. The schematic diagram for this approach is shown in
Fig. 1.

The second approach involves arranging the microreactors in series
as shown schematically, in Fig. 2. In this approach, a single stream of
syngas is connected to the inlet of the microreactor. The product outlet is
the inlet for the second microreactor, and the series can continue. This is
generally adopted to collect the desired hydrocarbon cuts during F-T
Synthesis and enables control over the residence time for the F-T
process.

The third approach is based on careful sizing-up of the dimensions
(enlarging dimensions) of the reactor system [11], while minimizing
losses in intensification. In this approach, a critical mass parameter is
introduced, which represents the maximum change in reactor di-
mensions that will maintain the microreactor’s competitive advantage
in terms of productivity against other commercially available

t 1 3

f T

Syngas in Hydrocarbons out

Fig. 1. Proposed Stacking of the microreactors in parallel.
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technologies at different scales, as shown in Fig. 3. A slight increase in
the microreactor dimensions can potentially have significant cost ad-
vantages, while making it easier to troubleshoot and modify the system.

In our experiments, we have considered the scale-up approach in
parallel and demonstrated three reactor configurations: a) standalone
reactor at high pressure, b) scale-up using two microreactors in parallel,
and 3) scale-up using four reactors in parallel. The downstream oper-
ating conditions were monitored and productivity losses in terms of
hydrocarbon selectivity, CO conversion, and deactivation studies of
catalyst using all three approaches were determined.

In order to have a better understanding of our experimental studies, a
multi-Eulerian CFD model was used to investigate microreactor perfor-
mance for all the three numbering strategies previously mentioned and
results were used to identify the best pathway.

2. Experimentation approach
2.1. Catalyst synthesis and loading

Our experimental work on F-T Synthesis in 3D printed stainless steel
microchannel microreactor demonstrated high resistance to catalyst
deactivation for Co-Ru-KIT-6 and better activity when compared to
other six mesoporous silica catalysts in our previous studies [12,13].
Therefore, this catalyst was selected for the present scale-up experi-
ments in high-pressure F-T synthesis. The details of catalyst preparation
are presented elsewhere [14].

The Co-Ru-KIT-6 catalyst was loaded into the microchannels of the
microreactor to maximize utilization of the free volume in the reaction
zone. Then the reactor was packed with quartz wool followed by filtered
gaskets at the inlet and outlet of the microreactor to create a leak-proof
environment during the entire F-T Synthesis. For enhanced heat transfer
and diffusivity, the catalyst was screened to a size of 150-200 um. Once
the catalyst is loaded, the weight of the microreactor before and after
loading the catalyst gives the amount of catalyst used in the experiment.
The microreactor inlet and outlet tubes were packed with quartz wool
prior to sealing with Y4 inch Swagelok VCR filter gasket to prevent the
catalyst from blowing into the reaction line. The microreactor loaded
with the catalyst was carefully placed in the custom-built reactor block
as shown in Fig. 4, and fitted into the reaction line using %4 inch female
Swagelok fitting.

2.2. Microreactor design and fabrication

To demonstrate the high-pressure Fischer-Tropsch Synthesis, the
microreactor was modified at the inlet and outlet to ensure proper
sealing at high pressure. Fig. 4 shows the AutoCAD design and the final
3D printed stainless steel reactor. As shown in Fig. 4, the cross-sectional
view of the microreactor has seven microchannels between the cylin-
drical inlet and outlet. Each microchannel is 5 cm long, 1000 um wide,
and 1000 ym deep. The inlet and outlet of the microreactor have an
outer diameter of % inch Swagelok tubing that can perfectly align with a
Swagelok filter to provide leak-proof sealing for high-pressure reactions.

2.3. Scale-up strategy and experiments

Three types of scale-up experiments were performed to demonstrate
the scalability of microreactors for F-T Synthesis. The same catalyst and
operating conditions were used for all the three reactor assemblies. The
reactors used in this study are identical. The reaction conditions for this
study are based on the optimum conditions obtained from our previous
and preliminary experimental studies [13] (T =240 °C and P = 20
bars). These conditions are designated as benchmark conditions for the
rest of this work. The catalyst was first reduced ex-situ at 550 °C in a
tubular furnace under the constant flow of 10% Ha/Ar before conducting
the F-T experiments. To compensate the oxidation losses during the
transfer of catalyst from the furnace into the microreactor, the catalyst is
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Fig. 2. Numbering up of microreactors in series.

1000 - Scale-out

“Critical Mass”

1004+ @ \> VeIOCyS
/ Shell

Microreactor

Reactor Productivity (bpd/m?)

/7 ~
A ® Sasol
10 1 I\ \
.. e® © /
~ ’
S -7 o
1 . : : |
0.0001 0.01 1 100 10000

Reactor Capacity (bpd)

Fig. 3. Reactor Capacity vs Reactor Productivity for various F-T technologies.

again reduced in-situ at 350 °C for 4 h before starting the F-T experi-
ments [15,16]. The F-T Synthesis was carried out at 240 °C with a
constant syngas molar ratio of 2 (H,:CO) and ~6000 GHSV. The pres-
sure in the reaction line was monitored and maintained at 20 bars with
nitrogen as the internal standard.

The first approach uses one microreactor with a single syngas inlet,
and the hydrocarbon outlet with the catalyst between them termed as A-
MR-1. The second type of microchannel microreactor assembly consists
of two reactors in parallel, termed as A-MR-2. The syngas is divided into
two inlets of the microreactor, and the products are combined after
exiting individual outlets before leaving the reaction system.

The third type of reactor assembly is similar to the second reactor
assembly which contains four microreactors arranged in parallel desig-
nated as A-MR-4. The syngas feed is divided into four inlets, and the
hydrocarbons are combined at the outlet of each reactor before entering
the product stream. The schematic diagram and the actual reactor as-
sembly in the reaction line for F-T Synthesis are shown in Fig. 5. A
typical reactor assembly with four microreactors in parallel, insulated
with heating tapes connected to the F-T line, is shown in Fig. 6.

2.4. High pressure Fischer-Tropsch synthesis experimental setup

An in-house LabVIEW automated experimental setup is designed and
demonstrated with accurate control over operating conditions (tem-
perature, syngas flow rate, and pressure) for the high-pressure F-T re-
actions in microchannel microreactors. Fig. 7 shows the P&ID diagram

of the overall high-pressure F-T Synthesis in a microreactor.

The flowrate for CO4 enriched syngas (CO, Hy, CO2, N3 as carrier gas
and internal standard) into the microreactor, which is embedded in a
custom-built reactor block, is regulated using a pre-calibrated mass flow
controller from Bronkhorst with minimum and maximum flowrates of
0.25 sccm and 20 scem, respectively. The pressure in the reaction line is
continuously measured and controlled using a back-pressure regulator
obtained from Bronkhorst with maximum operating pressure of 30 bar.
All the Bronkhorst digital devices are operated using FlowSuite that
allows adjustments of in-built controllers, alarm, and counter settings
with a graphical plot. The high-pressure equipment for F-T Synthesis is
heated by different heating equipment obtained from Omega: a). The
preheating for syngas and the temperature of the hot trap are monitored
and controlled using a k-type thermocouple and heating tape. b) The
reaction temperature is monitored by two thermocouples and is
controlled by two heating cartridge heaters in the reactor block. Finally,
the gaseous products along with carrier gas from the outlet of the
microreactor are sent to the online GCMS system. The hot and cold traps
to collect waxes and liquid hydrocarbons are maintained at 160 °C and 5
°C, respectively, for the entire F-T process. All the microdevices are
connected to each other with a 1/8th Swagelok stainless steel tubing.
Fig. 8 shows the pictorial view of overall microreactor experimental
setup.

3. Modeling approach
3.1. CFD Model structure

An Eulerian CFD model was used to investigate the flow profiles
within the microreactor. Fundamental balance equations for Eulerian
CFD models are available extensively in the literature [18,19]. The RNG
k-¢ turbulence model [20] and the drag model of Ishii and Zuber [21]
were used in this investigation. At the inlet of the reactor, Dirichlet
velocity and volume fraction conditions for all phases are set, and a
second order spatially accurate QUICK scheme [22-24] is employed to
discretize all equations. Moreover, a multiphase variant of the SIMPLE
scheme is used for pressure-velocity coupling [25]. The simulations
were carried out using Fluent in Ansys Workbench V20. Furthermore,
the kinetics by Anderson [26] were used to determine the CO con-
sumption rate and a 2-o probability distribution model was used to
describe the products distribution [27]. The vales for a; and ap were
taken to be 0.659 and 0.941 [27].

Cross sectional view

Fig. 4. AutoCAD design and the final 3D printed Stainless Steel microchannel microreactor.
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Fig. 5. Schematic diagram and the actual reactor assembly of scale-up experiments.

Fig. 6. A-MR-4 approach showing four microreactors arranged in parallel prior
to insulation for F-T synthesis.
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3.2. Microchannel reactor dimensions and operating conditions

The microchannel reactor dimensions are similar to that reported by
Mohammad et al.[13], and a schematic is shown in Fig. 9. The micro-
reactor is 12 mm wide and 41.23 mm in length and it contains 11 flow
channels, 9 x 590 ym wide each; 2 (sides) x 836.3 ym wide, in addition
to inlet and outlet flow distributors in the reactor. The overall free path
coverage area of the microchannel reactor is 57.5%. Simulations were
carried out at a temperature of 483 K, at pressures of 20 bar and inlet gas
volumetric flow rate of 1 cc/minute.

3.3. Microchannel design variation methodology

The reactor design parameters that were investigated include the
reactor inlet, the mixing shapes before the channels and the shapes of
the channels. Figs. 10-12 show schematics of the different microreactor
inlet designs, mixing shape designs and channel designs, respectively.
With regards to the channel inlet, a straight inlet design (Fig. 10(a)),a T

Back
Pressure
Regulator

Vent

Liquid
hydrocarbons

Fig. 7. The P&ID diagram of high-pressure F-T Synthesis.
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Fig. 9. Base case dimensions of the microchannel reactor.

inlet (Fig. 10(b)) and a V inlet (Fig. 10(c)), were investigated. In regard
to the mixing shapes, three configurations were investigated as shown in
Fig. 11; the first one is the original mixing internal design as shown in
Fig. 11(a), the second one is a modified version of the original design
without the central mixing (Fig. 11(b)) and the third one is a row of
circular mixing elements, as shown in Fig. 11(c). The objective of
varying the mixing elements was to investigate the effect of hindering
the flow path and redistributing the incoming flow along the width of
the rector on the overall flow profiles. Furthermore, 12 different flow
channel designs were investigated, as shown in Fig. 6: the original
straight channel with a width of 590 um, 1: straight channel with a
width of 750 um, 2: includes rectangular mixing chambers with a
straight connection between them, 3: includes rectangular mixing
chambers with top/bottom alternating connections between them, 4:
includes circular mixing chambers with a straight connection between
them, 5: includes circular mixing chambers with top/bottom alternating

(a) (b) (©)

Fig. 10. Investigated design modifications of the microreactor inlet (a) straight
inlet, (b) T-inlet, and (c) V-inlet.
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(a) (b) (c)

Fig. 11. Design modifications of the microreactor mixing shapes investigated:

(a) original mixing, (b) modified mixing, and (c) circular mixing.
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Fig. 12. Investigated channel designs in the microreactor [28].

connections between them, 6: includes rectangular mixing chambers
with rectangular mixing elements within each chamber, the mixing el-
ements were alternating off center, 7: similar to 6, but with circular
mixing chambers and mixing elements, 8: similar to 6, with non-
alternating rectangular mixing shapes within the rectangular cham-
bers and 9: similar to 7, with non-alternating circular mixing shapes
within the circular chambers.

The various combinations of inlet, mixing elements and channel
configurations were modeled using the CFD model, with the objective of
identifying the effect of increased tortuosity on mixing conditions and
heat removal. Two primary parameters were used to characterize the
design performance: the quality index factor (Eq. (1)) and the maximum
dimensionless temperature increase (Eq. (2)). The quality factor is the
fractional increase in flow over the microreactor between the maximum
and minimum flow rates and is an indication of flow homogeneity
throughout the unit. A quality index factor of zero means perfect
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distribution, a value of 1 means no flow in at least one of the channels
and a value over 1 implies there is a net backflow in at least one channel.
The maximum dimensionless temperature indicates the peak tempera-
ture within the reactor and is used to compare the efficacy of heat
removal of different thermal configurations or operating conditions
within the reactor.
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3.4. Critical mass approach

As previously discussed, a critical mass analysis was performed. The
effect of increasing the channel width from 0.5 mm to 0.75 mm was
investigated. The effect of three operating conditions, characterized by
Nusselt numbers (the ratio of convective to conductive heat transfer) of
4, 8 and 12, on the axial CO conversion and the temperature of the
reactor were investigated. The changing Nusselt number can indicate
either a change in the reactor material, the flow rate or nature of the
cooling system or the presence of diluents in the feed.

3.5. Investigation of numbering up approach for scaling up microreactor
systems

In this analysis, the effect of numbering up the microchannel reactors
to produce 1 barrel per day, was investigated. Two primary configura-
tions were tested, stacking in the x axis, which represents reactors in
series, and stacking in the y axis, which represents stacking the reactors
in parallel, as shown in Fig. 13. To achieve a capacity of 1 bpd, 2570
microreactor units are required, assuming no loss of productivity. The
effect of the y/x stacking ratio was subsequently investigated using the
CFD model on the: 1. Cooling requirement, 2. Maximum dimensionless
temperature increase and 3. Overall system productivity for a 1 bpd unit.

4. Results and discussion
4.1. Experimental Results
4.1.1. Operating conditions over time on stream during F-T synthesis
One of the key advantages of using microreactor technology for a

highly exothermic process like Fischer-Tropsch Synthesis is enhance-
ment of heat and mass transfer when compared to that of conventional
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fixed bed reactors. This setup is monitored and investigated by acquiring
data for operating conditions at every two hours for total duration of
72 h. The temperature in each reactor assembly is monitored using four
k-type thermocouples and recorded for every two hours. The flowrate
for nitrogen, carbon monoxide, and hydrogen was monitored and
regulated by Flow Suite software acquired from Bronkhorst. The pres-
sure in the reaction line is also controlled and monitored by the Flow
Suite. Fig. 14 shows the graphical representation of all the operating
conditions for 72 h of time on stream studies. To study the intrinsic ef-
fect of the stainless-steel material in the microreactor, F-T synthesis was
also carried out with no catalyst in the reaction zone first. Neither CO
conversion nor any peak for hydrocarbons was observed in the GCMS for
control runs. These results confirm that the stainless-steel material is
inert with the F-T reactants under F-T operating conditions.

4.1.2. Effect of scaling on catalyst performance

The scalability of microreactors was demonstrated by evaluating
catalyst performance at the benchmark F-T operating conditions. F-T
Synthesis was carried out at 240 °C with ~6000 GHSV using CoRu-KIT-6
with the three scale-up approaches using similar reaction parameters.
The syngas ratio was maintained constant throughout the experiments
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Fig. 14. Control Experiment for F-T synthesis at high-pressure operating con-
ditions using the experimental setup: time on stream studies in the absence of
any catalyst.
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Fig. 13. Numbering up approach in the x (series) and y (parallel) directions.
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(2 Hx:1CO) both at 1 bar and 20 bars. Two set of experiments were
carried out using the scale up approach. The first set of reactions were
carried out at 1 bar, 240 °C with syngas molar ratio of 2. The second set
of reactions were carried out at 20 bar at a similar reaction temperature
with same syngas feed ratio. Prior to F-T Synthesis, the catalyst was
reduced in-situ in the presence of hydrogen to overcome the oxidation
losses while loading the catalyst. Then, the reactors were cooled to room
temperature and pressurized to the required operating pressure.

The performance of catalyst at 1 bar and benchmark operating
conditions are shown in Fig. 15. For the A-MR-1 reactor, 77.41% of CO
conversion was observed, while for A-MR-2 and A-MR-4, CO conversion
was observed to be 75.71% and 78.17%, respectively. We observed no
significant change in the selectivity towards hydrocarbons under these
conditions for the reactions carried out in three reactors. When the F-T
Synthesis was carried out at 1 bar, the catalyst yielded more methane,
which is consistent with our previous F-T experiments conducted at
atmospheric pressure [13-15].

The similar scale-up F-T experiments were conducted at 20 bar at
benchmark operating conditions (240 °C, Hy: CO- 2:1) to demonstrate
the scalability of microreactors for industrial F-T synthesis. The hydro-
carbon selectivity and CO conversion for all three approaches in F-T
Synthesis at 20 bars are shown in Fig. 16. An increase in CO conversion,
10 + 1.5%, was observed for all the reactor configurations as the pres-
sure was increased from 1 bar to 20 bars. The selectivity towards
methane was averaged to almost 14 + 2% in all three reactors.

The selectivity towards hydrocarbons and the CO conversion at these
reaction conditions are listed in Table 1. All three microreactors as-
sembly have not only shown comparable CO conversion and methane
selectivity but also similar selectivity towards lower gaseous hydrocar-
bons like ethane, propane, butane. The higher hydrocarbons Cs, are
observed in the range of 75-82%.

The data obtained from the three microreactor configurations serve
as a proof of concept design for scaling up of F-T Synthesis by numbering
up of the microreactors in parallel. To gain an in-depth understanding of
the catalyst resistance towards the deactivation during F-T Synthesis,
the performance of the catalyst in terms of CO conversion and the
selectivity to methane was evaluated over 180 h of time on stream (TOS)
studies. Fig. 17 shows the stability of the CoRu-KIT-6, indicating strong
resistance towards deactivation. The results show that CO conversion
was reasonably consistent for the first 40 h of F-T reaction. However, the
conversion dropped from ~85% to ~74% between 40 and 85 h and
maintained constant till 180 h of time on stream. The cause of deacti-
vation for cobalt-based catalyst under these operating conditions is

166 Il:CO Conversion (%) I —JButane
i [~ | (~] [C_]Propane| [ |
c, C4 |[Ethane | [C
I 1 [_]Methane| —|
- 77.41 78.17
80 Cy C,frs71 c,
9 L
2 60 | c, Cc c)
s 2 & Cs
Rl
5 L |
2
[« -
S 40
C1 C1 C1
20 |
1 1 1
A-MR-1 A-MR-2 A-MR-4
Scaling Approach

Fig. 15. Comparison of catalyst performance in three types of reactors as-
sembly at 240 °C, H,/CO (2), 1 bar, ~6000 GHSV.
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Fig. 16. Comparison of catalyst performance in three types of reactor assembly
at 240 °C, H,/CO (2), 20 bar, ~6000 GHSV.

Table 1
CO conversion and Selectivity for hydrocarbons at benchmark reaction condi-
tions and 20 bars reaction pressure.

Reactor type % Methane % Cy-Cy % Cs.+. %CO conversion
A-MR-1 14.41 7.34 78.25 86.21

A-MR-2 15.36 9.4 75.24 85.6

A-MR-4 14.1 6.23 82.6 88.4

discussed elsewhere [12].

4.2. Modeling results

CFD simulation results of the base reactor design (Fig. 18) show both
the velocity contours and velocity vector profiles throughout the
microchannel reactor. In this figure, the dark blue areas represent areas
of minimal gas flow, which are denoted as dead zones in this work: there
is a significant dead zone percentage in this design, which can also be
confirmed by taking a closer look at the velocity vector profiles. The
dead zones represent areas of underutilized catalyst surface area, which
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Fig. 17. Performance of catalyst in A-MR-4 microreactor assembly for 180 h of
time on stream at benchmark reaction conditions and 20 bars.
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prevents the unit from maximizing its productivity potential.

Figs. 19-26 show the CFD results for the effect of changing the inlet,
mixing internals and channel designs on the velocity contours and ve-
locity vector profiles within the microchannel reactors. As shown in
Fig. 10, removing the large mixing internal facing the inlet of the
microchannel reactor, results in better flow distribution for the straight
inlet; whereas when a T inlet is introduced for the same case, the dead
zone % increases, as shown in Fig. 20. Furthermore, when designing the
reactor with a T-inlet, coupled with the original mixing internals, the
dead zone % remains high, and is comparable to the original reactor
design (Fig. 21). A similar result is shown when a V-inlet is used
(Fig. 22).

Furthermore, Figs. 23-26 show CFD simulation results for the effect
of changing the inlet channel design on the velocity contours and the
velocity vector profiles within the microchannel reactor. Fig. 23 shows
that the original mixing internals coupled with inverse circular channels
significantly enhances the mixing within the channels, and reduces the
dead zone%. A similar result is observed when using channels with box
elements to allow for local recirculation of the gas (Fig. 24). On the other
hand, introducing different mixing internals seems to have minimal ef-
fect on the flow profiles (Fig. 25) and similarly for using a T-inlet
(Fig. 26). From these results, the primary governing design parameters
to minimize the dead zone % within the microchannel reactors are the
channel shapes, with higher tortuosity resulting in better mixing per-
formance, followed by the inlet design, and finally the mixing internals
near the inlet.

The results of all the simulations are compared in Tables 2-5. Table 2
compares the effect of all the different investigated designs on the dead
zone % within the reactor. The channel types 5-9, represent the best
performance, with the dead zone % reduced to less than 10% compared
to original design, which had a dead zone % greater than 20%.
Furthermore, Table 3 shows the effect of the different microchannel
designs on the quality index factor; a quality index factor of zero means
perfect distribution, a value of 1 means no flow in at least one of the
channels and a value over 1 implies there is a net backflow in at least one
channel. As can be seen in this table, the results mimic those of the dead

Velocity
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zone %, with channel types 5-9 having significantly lower quality index
factors, moreover, both the T-inlet and the V-inlet designs exhibited
lower quality index factors compared to the straight inlet design.

In contrast, Table 4 shows the effect of the different designs on the
cooling requirement in J within the microchannel reactor, and as can be
seen channel types 6-9 performed significantly better compared to the
others, with a significant reduction in the cooling requirements. This is
primarily due to the enhanced mixing and uniform flow distribution
within the system, which allows for a higher and more consistent heat
removal driving force to be present. Moreover, the T-inlet design
exhibited, and the Type 7 channel design exhibited superior
performance.

Finally, Table 5 shows the effect of the microreactor design on the
maximum dimensionless temperature increase, both channel designs
7-9 and the T-inlet design exhibited the best performance, which in-
dicates that the temperatures in these designs are more uniform and
their susceptibility to hotspot formation are much lower.

Fig. 27 shows the effect of increasing the channel width on the CO
conversion along the microreactor length. The microreactor length was
represented using the hydrodynamic residence time, to allow for com-
parison with other works in the literature and for performing dimen-
sionless design analysis of the microreactor in the future., The overall
conversion between the two-channel width was very similar, indicating
that there is no significant effect of increasing the channel width on the
microreactor performance. Moreover, operating the microchannel
reactor at lower Nusselt number results in higher CO conversion. A
lower Nusselt number corresponds to increasing the conductive heat
transfer effects compared to convective effects; therefore, it can be
inferred that operating the reactor at lower flow rates, while maximizing
heat removal, will enhance the overall performance.

Fig. 28 shows the effect of increasing the channel width on the
temperature along the microreactor length. Similar to Fig. 27, the
microreactor length was represented using the hydrodynamic residence
time, to allow for comparison with other works in the literature and for
performing dimensionless design analysis of the microreactor in the
future. As can be seen in this figure, increasing the channel width

Fig. 18. Velocity contours (top) and velocity vector profiles (bottom) of the base case microreactor design.
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Fig. 20. CFD simulation results of effect of no mixing shape, coupled with a T-inlet: velocity contours (top) and the velocity vectors (bottom).

reduced the maximum temperature exhibited in the channel, which the
0.75 mm channel having a maximum temperature of 257 °C, compared
to the 0.5 mm channel, which had a maximum temperature of 263 °C.
However, both designs exhibited the same temperature profiles along
the channel, with the maximum temperature observed at around 40% of
the channel length. Moreover, similar to Fig. 27, operating the channel
at lower Nusselt number increased the maximum temperature, which is
due to higher CO conversion.

Fig. 29 shows the effect of changing the y/x stacking ratio on the

cooling requirement of a 1 bpd unit consisting of 2570 microreactors. It
is worthwhile to remember that stacking in the x axis represents reactors
in series and stacking in the y axis represents stacking the reactors in
parallel. As can be seen in Fig. 29, increasing the y/x stacking ratio
significantly increases the cooling requirement of the microchannel
reactor, which can be attributed to higher conversion and higher heat
generation within the system. A y/x stacking ratio has a heating
requirement which is almost 10 kJ higher compared to a stacking ratio
of 0.1. Furthermore, when looking at the effect of the y/x stacking ratio
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Fig. 22. CFD simulation results of effect of V-inlet and original mixing internals™: velocity contours (top) and the velocity vectors (bottom).

on the maximum dimensionless temperature increase (Fig. 30), a similar
trend is observed, where the maximum dimensionless temperature in-
creases as the y/x stacking ratio increases.

On the other hand, Fig. 31 shows the effect of increasing the y/x
stacking ratio on the reactor productivity in bpd/m®. Increasing the
stacking ratio significantly decreases the reactor productivity. From
these results it can be concluded that increasing the y/x stacking ratio, i.
e. having more reactor units in parallel compared to series, will increase
the cooling requirement and the maximum dimensionless temperature
increase within the unit, and will decrease the productivity. Therefore,
to minimize productivity losses, numbering up in series is the better
approach; however, further analysis has to be done to delineate heat
removal requirements.

10

4.3. Comparison with milli-structured reactors and scale-up potential

When comparing the above mentioned results in a microreactor to
previously published analysis in milli-structured reactors, specifically
those similar to the Velocys-type reactor, it is obvious that design con-
siderations for appropriate axial sizing of milli- and micro- reactors
remain unclear [29]. Velocys has reportedly increased the channel
length from 178 mm at lab scale to 1000 mm for a commercial scale
reactor [30], which is in agreement with the findings of this study that
numbering up the reactors in series will enhance system productivity.
Some of the factors to be considered, when scaling up processes con-
taining such micro- or milli- reactors, while trying to maintain the very
high reactor productivity and leverage the intensified transport gradi-
ents are:
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Fig. 24. CFD simulation results of the effect of the microreactor with a straight inlet, original mixing internals and channel design 3:: velocity contours (top) and the
velocity vectors (bottom).

e Space velocity: Ideally, the space velocity should be kept constant e Catalyst deactivation rate: Theoretically, properly designed elon-

throughout the system; this can be achieved by either reducing the
number of parallel channels, which will directly enhance flow dis-
tribution, or through the introduction of mixing elements at the inlet
of the reactor. The use and manipulation of mixing elements within
the reactor can be more effectively achieved in microreactors
compared to milli-structured ones. Other benefits of reducing the
number of channels or reducing the number of micro-reactors in
series lie in the simpler system design, which will allow for easier
manufacturing, in addition to better ability to monitor and control
the system.

11

gated microreactors should not have the drawback of significant
temperature and concentration gradients when compared to milli-
structured reactors. However, there will be some degree of catalyst
deactivation in addition to thermal stresses on the reactor which
increases the risk of mechanical failure. Furthermore, hotspot for-
mation along the axial direction will occur if the reactor is operated
counter currently, and may even occur when operated co-currently if
the heat conduction along the reactor walls is not sufficient.

Liquid holdup and pressure drop: Stemanic et al. [31,32] compared
the liquid holdup between milli- and centi- scale fixed reactors, and
determined liquid holdups of 6.71% and 4.65%, respectively. Liquid
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Table 2

Effect of different designs on the dead zone % within the microchannel reactor.

Channel Design

Inlet Design S 1 2 3 4 5

Straight Inlet [24.7%]16.3%[11.9%|19.0%| 9.9% |8.4%
T-Inlet 22.1%|13.7%| 9.7% |17.0%[10.6% |8.0%
V-Inlet 22.8%(16.6%|11.4%|16.4%|10.7%|8.9%

9.1%

12
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Table 3

Effect of different designs on the quality index factor within the microchannel reactor.

Catalysis Today xxx (xxxx) XXX

Channel Design
Inlet Design S 1 2 3 4 5 6 7 8 9
Straight Inlet 06 | 0.48 [0.318|0.456|0.288 | 0.24 | 0.23|0.16| 0.2 | 0.22
T-Inlet 0.35 | 0.252 [ 0.168 | 0.294 | 0.137 0.14
V-inlet 0.28 | 0.21 0.204 [ 0.132 | 0.12 0.12
Table 4
Effect of different designs on the cooling requirement (J) within the microchannel reactor.

Channel Design
Inlet Design S 1 2 3 4 5 6 7 8 9
Straight Inlet | 17.7 [ 12.92|6.903 | 12.21 | 6.726 | 6.73 | 6.2 7.61] 6.2
T-Inlet 16.8 | 10.75|8.904 | 11.26 | 7.896 | 8.23
V-Inlet 17.43 | 13.42 | 8.018 | 12.72 | 8.192 6.45 7.32 | 6.97
Table 5

Effect of different designs on the maximum dimensionless temperature increase within the microchannel reactor.

o
o

CO Conversion (-)
o
(&)}

CO Conversion (-)
o
(&)}

Channel Design
Inlet Design S 1 2 3 4 5 6 7 8 9
Straight Inlet | 0.312 | 0.209 | 0.144 | 0.256 | 0.144 [ 0.13|0.12| 0.1 | 0.1 | 0.11
T-Inlet 0.243|10.175]0.104 | 0.16 | 0.092 | 0.12 0.09
V-Inlet 0.271[0.2170.133| 0.23 | 0.13 | 0.1 | 0.11 | 0.09
1 Wchannel =0.5mm 1 Wchannel =0.75 mm
0.9 0.9
0.8 0.8
0.7 0.7

0.4 0.4 -
0.3 0.3
0.2 —Nu=4 02 —Nu=4
—Nu=8 —Nu=8
0.1 —Nu=12 01 —Nu=12
(O S e e S e S oy e e
0 025 05 075 1 1.25 1.5 0 025 05 075 1 125 15

Hydrodynamic Residence Time (s)

Hydrodynamic Residence Time (s)

Fig. 27. Effect of increasing the channel width on the CO conversion along the channel length at three Nu values of 4, 8 and 12.

holdup is expected to increase with decreasing reactor dimensions, increase pressure drop along the reactor and can detrimentally affect
due to the higher formation of heavy hydrocarbons per reactor vol- the gas distribution and general flow profile within the unit.
ume, coupled with lower liquid velocities. Liquid holdup may

13
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Fig. 29. Effect of changing the y/x stacking ratio on the cooling requirement
within the numbered-up microreactor unit.

5. Concluding remarks

The experiments for F-T Synthesis in microchannel microreactors
were carried out using three types of parallel microreactor assembly to
evaluate the scalability of microreactors. A highly active, CoRu-KIT-6,
catalyst was synthesized using an one-pot hydrothermal method to
test the reactor assembly for F-T Synthesis. The performance of each
reactor assembly was found equivalent in terms of CO conversion and
selectivity towards lower and higher hydrocarbons over 24 h of time on
stream studies at 1 bar and 20 bars. The deactivation studies for the
catalyst in the A-MR-4 assembly show that the catalyst was remarkably
stable in terms of CO conversion until 180 h of time on stream with a
~11% drop in CO conversion. The operating conditions were also
monitored for 72 h to access a microreactor’s enhanced heat transfer
effects for F-T Synthesis. The experimental conditions like reaction
temperature, pressure, syngas mole ratio, and GHSV were maintained
constant for all three microreactors to prove the adaptability of
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Fig. 30. Effect of changing the y/x stacking ratio on the maximum dimen-
sionless temperature increase within the numbered-up microreactor unit.

microreactors for scaling-up a F-T process. The workstation for high-
pressure F-T reactions was successfully built as a proof of concept with
three different scale-up configurations (stand-alone, two, and four
microreactors assembled in parallel). The scalability of microreactors
had no noticeable effect on catalyst performance in terms of CO con-
version and the lower hydrocarbon selectivity at benchmark F-T oper-
ating conditions.

In order to investigate the effect of different design features on the
performance of the microchannel reactor, an Eulerian CFD model was
used. The effect of the reactor inlet, the mixing internals and the channel
designs on the dead zone (%), the quality index factor, the cooling
requirement and the maximum dimensionless temperature within the
microreactor were investigated. Subsequently, an analysis was con-
ducted to determine the effect of changing the channel dimensions and
on the numbering up of the microchannel reactors to produce 1 bpd.
Generally, channel types 5-9 showed the highest reduction of dead zone
% within the microreactor, with the dead zone % reduced to less than
10% compared to original design, which had a dead zone % greater than
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Fig. 31. Effect of changing the y/x stacking ratio on the productivity of the
numbered-up microreactor unit.

20%. Moreover, there was no significant effect of increasing the channel
width on the microreactor performance, and operating microchannel
reactor at lower Nusselt number results in higher CO conversion.
Increasing the channel width reduced the maximum temperature
observed in the channel; while the 0.75 mm channel having a maximum
temperature of 257 °C, compared to the 0.5 mm channel, which had a
maximum temperature of 263 °C. However, both designs exhibited the
same temperature profiles along the channel, with the maximum tem-
perature observed at around 40% of the channel length. Additional
analysis showed that increasing the y/x stacking ratio, i.e. having more
reactor units in parallel compared to series, will increase the cooling
requirement and the maximum dimensionless temperature increase
within the unit, and will decrease the productivity. Therefore, it was
concluded that in order to minimize productivity losses, numbering up
in series is the better approach; however, further analysis has to be done
to delineate heat removal requirements.
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