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Abstract:

Additively manufactured methanol conversion reactor was designed and fabricated for high
throughput fuel production while capturing carbon dioxide. The reactor designed is part of large
effort in integrating electrolyzer and catalytic reactor system. Processing in fabricating the steel,
titanium and nickel alloy reactors were optimized to improve the catalyst deposition process and
reaction efficiency. Microstructure of the additively manufactured reactors were characterized.
General design s utilized to improve the performance of the reactor while exploring the benefit
of freeform in additive manufacturing.

1. Introduction

In the past decades, the ambitious goal to enhance chemical reaction efficiency, reduce
pressure drop, increase flow rate, and minimize the footprint of reactor has been the focus in
chemical engineering industry [1-3]. The same goes to the arena of heat exchanger, thermal
management systems and bone implant medical industry. Generally, the requirement of
increasing reaction pathway and enhancing yield conflict with reducing pressure drop and
increasing flow rate when the footprint is fixed.

Microstructured reactors such as monolithic honeycomb reactors recently is a solution to
meet the challenge [4, 5]. The small parallel channels in the reactors provide large specific
reacting surface area for unit volume. Most of the honeycomb reactors in the market are ceramic
honeycombs extruded and sintered from ceramics slurry. These structures exhibit excellent mass
transfer characteristics for multiphase reactions combined with degrees of freedom in the
structural design [6]. The use of monolithic honeycomb reactors has been dominated by
automotive catalytic converters, making it most frequently used reactor type worldwide.
Monolithic honeycombs are also considered as a most promising reactor concept for
heterogeneously catalyzed multiphase reactions.

Most of the chemical reactors on the market have not utilized additive manufacturing
which may open the horizon of another arena. Due to the manufacturing method, the shape of the
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reactors in the market were limited to parallel channels. Using additive manufacturing, complex
configurations of the reactors are possible. Manifold with complex pathways for desired
curvature and circular shape are manufacturable using additive manufacturing. The same design
paradigm is also observed in thermal exchanger design. Additive manufacturing enables a radical
paradigm shift in the construction of heat exchangers due to the open freedom in design [7, 8].
For reactors limited to the use of planar or tubular starting materials, reactors with requirement
on fluid flow pathway can now be optimized based on their function and application in a
particular environment. The complexity of form is no longer a restriction due to
manufacturability but a design element to improve. Additive manufacturing enables seamless
integrated design and custom solutions. In this project, we will utilize additive manufacturing to
maximize the benefit for chemical reaction and heat transfer. To integrate the processes,
materials, connections and manufacturing capability, CFD modeling and CAM tools are all
utilized to provide guidance on design. Obviously, traditional manufacturing and related
modeling techniques cannot match the requirements of a flexible and adaptive form finding. In
this program, we will start from a baseline design and model to expand into unseen
configurations and pushes the limits on design of methanol conversion reactors.

In this research work, chemical reactors were designed and fabricated for carbon dioxide
hydrogenation to produce methanol fuel. This carbon capture method offers challenging
opportunities for sustainable development with valuable product of methanol as an efficient fuel
[9]. Methanol production in carbon capture application on industry scale usually stem from
syngas, a mixture of CO, CO, and H; at temperature of 250-300°C and pressure of 50-100 bar
[10-14]. Catalysts in this type of reaction include different kinds of copper and zinc-based
catalyst, including conventional catalysts as CuO/Al,03/ZnO demonstrated by Gao et al. [11].
After the reactor components are fabricated, catalyst will be deposited on the surface of internal
channels for assembly.

2. Design

To take into consideration of heat generated in exothermal hydrogenation to produce
methanol, the chemical reactor is designed as a cylinder with 2-inch diameter and 12-inch long.
Cooling flow is introduced to maintain temperature at 200°C. A monolithic reactor is designed
with different configuration of channels. Twisted channel design instead of straight ones will be
particularly suitable for carrying out high throughput reactions in applications where space is at a
premium. This reactors with outer diameter of 2 inches compose both reactant flow channels and
cooling media channels. The reactor is printed using stainless steel 316L.

Criteria of the reactor design are the following:

a. High flow rate (for large reaction rate) and low pressure drop
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b. Geometry compatible to the current lab set up, while ready to upgrade to pilot scale

c. Cooling channel ready to transfer heat generated for pilot scale, moving from the current
lab scale reactor.

d. Large reaction area, high specific surface area vs unit volume

e. Design optimization under the guidance of reaction simulation and heat generation.

The design objectives are two-fold. The first objective is to design a laboratory scale reactor
with a honeycomb-like array of fluid flow channels, some of which serve as reaction surface area
and others serve as cooling channels. This laboratory scale reactor will be utilized for
subsequent catalyst deposition development and reaction studies. Design degrees of freedom for
the honeycomb-like channels include channel shape, dimensions, wall thickness, surface
roughness, and materials of construction.

The second objective is to design a reactor that will deliver larger-scale output of 2 kg-mols
methanol production per hour at 200°C from the hydrogenation of carbon dioxide at 200°C and
pressures of 1 bar and 10 bar. Implicit in this objective is the desire to achieve maximum surface
area for reaction with minimum reactor volume. It is anticipated that the reaction surface area to
volume ratio may be optimized using generative design techniques that result in structures that
can only be manufactured using additive manufacturing. Constraints for the larger-scale reactor
fabrication is on fabricating components with thin struct thickness separating cooling channels.
The design must support reaction conditions that will produce methanol from carbon dioxide and
hydrogen at 200°C with pressure up to 10 bar.

Figure 1(a) shows designed chemical reactor with channels for both reaction gas flow and
cooling media. The major area of the cylinder contains the honeycomb channels for both the
reactant and coolant. Axial cross section of the chemical reactor in Figure 1(b) illustrate blue flow
stream of coolant media and red flow stream of reactant gas. It shall be noticed that the cooling media
flow in the opposite direction of syn gas. To maintain the reactor in different zones at the same
temperature of 200°C, the out layers cooling media channels are optimized to increase the
efficiency.

3. Additively manufacturing of the chemical reactor components

Different kinds of additive manufacturing machines, EOS 290 and Renishaw AM400, have
been used to fabricate chemical reactor components with internal channels. Processing
parameters, including layer thickness, scan strategy, laser power, for hatch, contour and edge,
have been tested and optimized to improve the product quality.

EOS M290 additive manufacturing machine has a build volume of 250 x 250 x 325 mm and
a 400W fiber laser system with 100micron focus diameter. The layer thickness was 40micro for
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all parts fabricated. The other processing parameter setup condition for different exposure
conditions were optimized for the scaffold structure, as listed in Table 1 below:

Table 1. Processing parameters for different exposure conditions

Type Laser power (W) Laser speed (m/s) Hatch distance (mm)
Hatch-infill 200 833 0.09
Hatch-upskin 200 714 0.09
Hatch-downskin | 200 2500 0.08
Contour 120 429 NA
Edge 100 625 NA

Chemical reactor components with different channel shape, channel size, configuration, and
struct width, have been fabricated successfully for catalyst deposition. Additively manufactured
components with different internal channel configuration are illustrated in Figure 2(a). The
components were sectioned, mounted, polished and etched for microstructure characterization.
Figure 2(b) illustrates straight channeled component with round channels of 0.5mm diameter.
Figure 2(c) illustrates straight channeled component with hexagonal channels of 0.5mm size.
Foreground pictures in Figure 2(b) and (c) are micrographs with magnification of 20X. The
inlets are micrographs with magnification of 200X. Microstructure of additively manufactured
part was preliminarily studied. The roughness of fabricated components is around 40um. The
size of the channels measured is in the range of 5% of channel diameter.

There are some methods to decrease surface roughness for internal channels, such as abrasive
suspension flow. The effects of roughness on thermal exchange efficiency is uncertain. Some
research works showed higher exchange efficiency with higher roughness due to larger surface
area, others demonstrated opposite due to high flow rate. To study the influence of surface
treatment of internal channels on the heat exchange efficiency and chemical reaction yield and
rate will be an interesting research direction in the future.

The fabricated reactor component was coated with catalyst for carbon dioxide hydrogenation.
Figure 3(a) illustrate picture of the reactor component before coating. Figure 3(b) shows
microstructure of the coated surface using scanning electron microscope. Coating processing can
be controlled to increase the surface area for faster reaction rate.

4. CFD simulation for design optimization

Mass and energy balance solution in carbon dioxide reduction unit process was developed for
different reaction conditions, with variables in temperature, pressure, and reactant/product flow
rates. An exemplary study case is shown in Figure 3 to illustrate the gas flow rate and heat flux.
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Using the same analytical approach, mass and energy balance of other alternative process
scenarios (such as different side reactions, temperature, catalyst, etc.) have also been calculated.

Based on literature report, molar hydrogenation rates for CO, at 5% and the major reaction
selectivity at 60% were chosen for the case study in Figure 4. In the industry scale condition, the
inlet syngas is assumed to be CO,/3H,. For the exemplary case, inlet gas flow rate is
30 gmol/hr CO; and 90 gmol/hr H,. The outlet gas is composed of product 0.9 gmol/hr CH3OH
and 1.5 gmol/hr H,0, unreacted reactant 28.5 gmol/hr CO, and 86.70 gmol/hr H,, and side
reaction product 0.6gmol/hr CO. The exothermic reaction heat flux under these conditions is
approximately 35kJ/hr. Under this heat generation rate, cooling channel will be necessary to
maintain the reaction environment at 200°C.

Based on the designs developed in the last section and the working condition,
computational fluid dynamics (CFD) models have been developed and implemented. Preliminary
simulation with input based on experience has provided some insight and guidance for our
design table and fabrication component matrix. The inlet pressure of open channels was
considered in two conditions: 1.5 bar and 10 bars. The outlet pressure of open channels was
considered as environmental pressure.

Figure 5(a) illustrates the set up of CFD simulation. The channel inlet surface is assigned
1.5 bar for low pressure runs while the channel outlet surface is assigned environmental pressure.
The temperature encompassing the geometry is assigned 200°C. The solver is restricted to
internal fluid flow with heat conduction enabled. The fluid is defined as a mass fraction
combination of 88% carbon dioxide and 12% hydrogen. Figure 5(b) describes the outlet
pressure or pressure drop with different design (twist angles). Inlets are different perspective
views of the design showing how the internal channels are twisted in the design. Reactor
components with different twisted angles were fabricated.

The goal of the CFD simulation is to calculate the pressure drop of the fluid from the
inlet to the outlet of a single honeycomb channel while varying the channel twist angle, surface
roughness and inlet pressure. The simulation data generate will be used to determine the optimal
geometry to maximize syngas conversion.

5. Conclusions

Additive manufacturing expands the horizontal for chemical reactor design. Freedom
introduced by additive manufacturing unlocked more configuration parameters which were
limited due to manufacturability. Reactors have been successfully fabricated for carbon dioxide
hydrogenation. CFD simulation model has been setup for future generalized design to optimize
yield by balancing flow rate and specific surface area in the reactor.
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Figure Captions

Figure 1. (a) Designed carbon oxide hydrogenation reactor with channels for both reaction gas flow and
cooling media. (b) Axial cross section of the chemical reactor showing flow streams. Blue flow represents
coolant media and red flow for reactant gas in opposite direction.

Figure 2. (a) Additively manufactured reactor components with different internal channel
configuration. (b) Micrographs of straight channeled reactor component with round internal
channels at magnification of 20X, inlet with magnification of 200X. (c) Micrographs of straight
honeycomb reactor component with hexagonal internal channels at magnification of 20X, inlet
with magnification of 200X.

Figure 3. (a) Picure of straight square channeled reactor components (b) SEM micrograph
illustrating reactor componentes coated with hydrogenation catalyst with the channel width of
0.5mm, wall thickness 0.2mm and roughness around 40um.

Figure 4. Exemplary mass and energy balance case showing reactant and product molar flow
rates and heat generation during methanol fuel production.

Figure 5. (a) Set up of the CFD simulation for hydrogenation reactor component showing
reactant flow in one of the channels. Inlet pressure 1.5bar, environment of atmospheric pressure
and 200°C. (b) Simulated outlet pressure/pressure drop of chemical reactor components with
different twist angles.
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