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Abstract

In recent years, due to the public concern on global warming, both increasing energy efficiency and
developing green energy become crucially important. Fuel cells can be one of the most suitable clean
energy solutions for the environment because of its high energy conversion efficiency and near zero
emissions of criteria air pollutants at the use stage. To increase the energy efficiency of fuel cells,
effectively utilize the Pt catalyst and increase the fuel cell durability, the uniform distribution of the
reactants over the fuel cell active area is of great importance. Over the last decade, many researchers
have focused on developing flow field design to homogenously distribute the reactant and to decrease
the pressure-drop in the bipolar plates. However, most of the previous studies are in the stage of
numerical simulation, and the few experimental studies have used very simple flow field geometries.
Not to mention that complex transport phenomena inside a fuel cell make even the numerical
simulation challenging and time consuming, which hinders the quick screening of proposed

modifications and new designs.

While the conventional fabrication techniques are expensive and time consuming, 3D printing is a very
good rapid prototyping method that can be used both to validate the simulation results and to
supplement the tedious simulation work. The question is whether the results from 3D printed flow fields

could be as accurate and reliable as flow fields fabricated with conventional methods.

In the present research, we investigated the applicability of 3D printing in validating the simulation
results and as a fast screening method. State-of-the-art designs for anode, cathode and water cooling
BPPs proposed and fabricated using Polyjet 3D printing, SLA 3D printing and laser-cutter technologies
and the pressure-drop and velocity profiles were measured for each plate. The results demonstrated
that SLA 3D printing has great promises to serve as a screening tool in modifying the flow field design, as

well as in validating the simulation results.



Lay summary

In recent years, due to the public concern on global warming, developing green energy become crucially
important. Fuel cells are devices for generating clean energy and can be one of the most suitable clean
energy solutions for the environment. Numerous research works have focused on improving the fuel cell
performance by modifying the bipolar plates, which are the key components of fuel cells. However, due
to the high fabrication time and cost of the conventional bipolar plate fabrication methods, the fuel cell
technology has not been widely commercialized. In this research, the applicability of 3D printing in
prototyping the bipolar plates is assessed. Using 3D printing, a fast screening technique is introduced for
evaluating the performance of any proposed design for the flow fields of bipolar plates. A novel flow

field design is proposed and assessed using the introduced fast screening method.
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1 Introduction

In recent years, due to the public concern about the global warming, depletion of fossil fuel reserves and
environmental pollution, both increasing energy efficiency and developing green energy become
crucially important. Fuel cells (FCs) can be one of the most suitable clean energy solutions for the
environment. There are different types of FCs among which Polymer Electrolyte Membrane (PEM) FCs
have drawn a great attention. PEM FCs (PEMFCs) have many advantages over other types of FCs, which
make them reliable in many applications such as electric vehicles, aerospace applications, stationary

power systems and submarines [1].

PEMFCs can be operated at different pressure ranges (1-6 atm), and different temperate ranges
(50-90 °C). PEMFCs are able to rapidly respond to a quick start up in ambient and freezing conditions.
They have a compact system volume that results in relatively high system efficiency and high power-
density output [2]. Other advantages include light weight, zero pollution, easy implementation,

robustness, soundness and long life-time.

PEM single cells are comprised of different components, as shown in Figure 1-1, which are sandwiched
together. The seven components of a PEMFC are: anode flow field with channels, anode gas diffusion
layer (GDL), anode catalyst layer (ACL), proton exchange membrane, cathode catalyst layer (CCL),
cathode GDL, and cathode flow field with channels. The inclusion of GDLs, catalyst layers and the
membrane is referred to as Membrane Electrode Assembly (MEA) [3]. Sometimes GDL includes a
microporous layer (MPL) to increase intimacy between the GDL and CL and to assist water removal. In
some cases, catalyst layers are coated onto the two sides of the membrane which is called Catalyst
Coated Membrane (CCM). The inclusion of the mentioned seven components together are forming a
single cell, which are stacked together to build up the desired amount of power in a FC stack. The anode
and cathode flow fields together in a stack are referred to as bipolar plates (BPPs). In the present

1



research, we also label the single anode and single cathode plates as “anode BPP” and “cathode BPP”,

respectively.

In a FC stack, reactants are fed into each cell, inside which the following happens (Figure 1-2), hydrogen
is fed through anode flow field channels and being distributed all over the GDL; GDL sub-distributes the
hydrogen further over the catalyst layer where hydrogen molecules are being split based on the

hydrogen oxidation reaction (HOR):

H, >2H" +2e E° =0V (1)
Protons are being transported through the polymer exchange membrane toward the cathode side, but
electrons cannot and they travel through the external circuit [to the cathode side], generating electric
power, as depicted in Figure 1-2. In the cathode side, the oxygen molecules together with the protons

and electrons are participating in the oxygen reduction reaction (ORR):

%OZ+ZH++26‘—>HZO E° =1.23V (2)

The ORR is a sluggish reaction and its reactivity is much lower than that of the HOR, which necessitates
the use of expensive platinum catalyst to accelerate the reaction rate. Based on the ORR and HOR half

reaction, the overall reaction that is taking place in a PEMFC can be written as:

%OZ+H2—>HZO+ Heat E° =1.23v )

One can observe that the by-products of the above reaction are water and heat. The generated water at
the cathode side is diffused through GDL to reach flow fields where it can be removed [3]. Despite the
many advantages the PEMFCs have demonstrated, there are multiple drawbacks accompanied with
PEMFCs because of which the large-scale commercialization of PEMFCs is still hindered. One of the

issues with PEMFCs is the use of precious platinum catalyst which has dictated the high cost of PEMFCs;



secondly, the high volume, weight and price of BPPs prevent the high volumetric and gravimetric power-
density, resulting in high cost of electricity generated from FCs; water management issue, expensive
membrane and special fuel requirements are other problems. It is well known that PEMFCs have a
narrow window of operational conditions and even a small deviation from set conditions can create a

malfunction in PEMFCs.

anode current
collector

anode GRL anode catalyst cathode catalyst

layer layer cathode flow field
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“d‘o%e“ cathode GDL

cathode current
collector

anode end
plate

cathode end
plate

anode flow filed

onyee? d
Polymer electrolyte

membrane gasket

Figure 1-1: An exploded view of a PEM single cell.

There exist three types of overpotentials in PEMFCs that deviate the FC performance from its theoretical
value. 1) Kinetic overpotential which is caused by the sluggish ORR, 2) Ohmic overpotential which is
caused by the Ohmic resistance of the PEMFC stack including the Ohmic resistance of the membrane
and BPPs, 3) Concentration overpotential because of the mass transfer of reactants to the reaction sites
and the occupation of reaction sites by product water. Many researchers in recent years have tried to
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increase the FC performance by minimizing various overpotentials and to pave the path toward wider
commercialization of PEMFCs. There are various types of research works on each of the PEMFC
components with aim to maximize the power-density and minimize the cost. One of the components
that plays a vital role in PEMFCs is the BPP. Despite all the R&D efforts, the flow field design in the BPPs
still needs to be improved in terms of both design efficiency and manufacturability. The following part

discusses about the essential part of the BPPs in PEMFCs and the ways to optimize their performance.

Hydrogen
flow field 4 e Y
Air and

water out

Bipolar Plate Bipolar Plate

(Anode) \ // (Cathode)

" ‘\Z] O2+ 4H" + 4¢'— 2H,0
2H, = 4H" + 4¢ <] |
=
- Air (oxygen)
Hydrogen flow field
outlet
Anode Cathode
backing backing
Membrane/
Electrode
Assembly

Figure 1-2: Schematic diagram of a Polymer Electrolyte Membrane FC (reprinted from [4] with permission from Elsevier).

1.1 Functionalities of BPPs in FCs

PEMFC stack design often comes down to BPP design which is in fact designing the flow fields on the

surfaces of BPPs. Reactant flow fields are the core part of the PEMFCs and should serve number of
4



functions simultaneously in order to reach a high PEMFC stack performance. The BPPs supply the
reactants through the flow field channels to the electrodes, but they should also transport the products
away from the reaction sites. The product water is mostly in liquid form at the PEMFC working
temperature, which must be effectively transported away or it will flood the reaction sites and clog the
GDL pores. On the other hand, the membrane must remain hydrated to maintain good proton
conductivity. Hence, the flow field design of BPPs must maintain an optimal water balance.

The BPPs remove away the product heat [5, 6]. BPPs electronically connect the cells together in the FC
stack and an optimal flow field design is required to facilitate the transport of electrons by maximizing
the contact area between the GDL and the BPPs. In addition, these plates provide structural support for
the thin and malleable MEA [5-7].

To effectively serve their functions, BPPs need to distribute the fluids very uniformly over the active area
to minimize concentration overpotential and to uniformly remove the product heat. BPPs should
possess a high value of electronic conductivity for collecting the generated current, high mechanical
strength to support PEMFC stack to be robust, high degree of impermeability to effectively separate
fluids, high resistivity to corrosion in the harsh cell environment, inexpensive and lightweight materials,
and easy manufacturability.

The DOE 2020 target for bipolar palate cost is USS 3 per kW, while its 2015 status is USS 7 per kW [8].
BPPs are currently responsible for around 60-85% of the PEMFC stack weight and 30-50% of its price[8,
4]. Hence, the cost, weight and volume of FC stacks need to be significantly reduced by an optimum flow
field design and flow channel configuration. There exist significant BPP design and manufacturing
challenges because of which design of more efficient flow fields has received great attention over the

last decade.



1.2 Flow field design

The main purpose of a flow field design is to achieve uniform reactant concentration over the active
area, as well as uniform cooling flow distribution, with a low pressure-drop in flow fields [9, 10].
Pressure-drop is directly related to the parasitic power required for circulating the reactants, which
means an elevated pressure-drop will consume a higher fraction of the generated power. High pressure-
drop would also dehydrate the membrane at the inlet region and cause flooding near outlet, and
increase the chance of cross-flow and fluid leakage [11]. It would put the system under an elevated

mechanical stress which could result in an uneven stress distribution over the active area.

As it is indicated from reaction kinetics, the reaction rate depends on the concentration of the reactants
and the reaction temperature. In a PEMFC, ORR and HOR take place all over the active area. Therefore,
the reactant pressure distribution and cooling flow distribution, which determines the reactant
concentration and temperature distribution all over the active area, play a very important role in
determining the reaction rate at different spots. An even reactant concentration distribution guarantees
a higher utilization of Pt across the catalyst layer, provides the highest power output and prolonged
stack lifetime. However, non-uniform concentration distribution results in non-uniform reaction rate
which creates problems such as hot spot formation, membrane dehydration, flooding, material

degradation and elevated thermal and mechanical stress [11].

Considering all these facts, designing reactant and cooling flow fields to achieve a low pressure-drop,
and high pressure and flow uniformity is of significant importance. There are several design factors
which could affect the pressure and flow distribution and pressure-drop in BPPs such as: flow channel
path configuration, flow channel cross-section shape, channel to rib width ratio, channel height, channel
aspect ratio (channel width to height ratio), channel length, number of channels, active area size, flow
direction and many other factors. Numerous simulation and experimental research works have been

done in each of these areas to optimize these factors.
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The primary factor that determines the pressure and flow distribution and pressure-drop over the active
area is flow path configuration. None of other factors could help significantly if channel configuration
fails to provide a uniform flow and pressure distribution. Hence, most researchers focus on optimizing
the flow path configuration. In the following part, different possible channel configuration, flow field
arrangement (which is the inlet/outlet positions relative to each other), and characteristics

corresponding to each configuration are discussed.
1.2.1 Different channel configuration

Possible flow field configurations are pin type, straight-parallel, single serpentine, multi-pass serpentine

flow field (MSFF) and interdigitated, as it is illustrated in Figure 1-3. Here we discuss each type in detail.

. EH H “ .
(a) (b) (c)

(d)

Figure 1-3: Different channel configurations of the gas flow field: a) Serpentine flow field channel (single); b) Straight-parallel
flow field channel or Z-type parallel configuration; c) Interdigitated flow field channel; d) Pin-type flow field channel; e) Multi

pass serpentine flow field (MSFF) channel (Drawn from [13] with permission from Elsevier).
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1.2.1.1 Pintype
The pin-type flow field consists of a network of circular or cubical pins which are arranged in a particular
pattern. Pin type usually demonstrates a highly non-uniform flow distribution and very low

pressure-drop.

1.2.1.2 Straight-parallel

The straight-parallel channel configuration is the simplest channel configuration which divides the inlet

flow into several parallel paths. The parallel configuration demonstrates a small pressure-drop and non-
uniform flow distribution (better than pin-type). Straight-parallel channels can be fabricated very easily

which makes the FC stack manufacturing less expensive.

1.2.1.3 Single Serpentine

The single serpentine channel configuration forces the fluid to flow through a single path, which in turn
increases the speed and pressure-drop of the flow. The single serpentine channel configuration forces
the reactant into gas diffusion layers and demonstrates a very good flow uniformity [14—-18]. However,
the pressure-drop associated with single serpentine configuration is in the order of thousands of times

higher than that of straight-parallel configuration [12].

1.2.1.3.1 Multi-pass serpentine

A tradeoff between straight-parallel and single path serpentine flow channels is achieved by multi path
serpentine flow field (MSFF) configuration. The pressure-drop and flow uniformity of this configuration
is between those of straight-parallel and single path serpentine flow fields. Wang and Wang [11]
reported that pressure-drop in MSFF is two degree of magnitude lower than that of single path

serpentine.



1.2.1.4 |Interdigitated

The interdigitated flow field is based on a dead-ended channel design that forces the under-rib
convection. This configuration increases the reaction rate by forcing reactants to GDL and assists the
water removal [19-21]. However, a very large initial pressure (more than that in a single path

serpentine) is required to push the reactants through GDL.

1.2.2 Different flow field arrangement
Bases on the location of flow inlet and outlet, straight-parallel flow channels can have U-type

arrangement, as shown in Figure 1-3, or Z-type arrangement, as shown in Figure 2-1-a.

1.3 Design and optimization strategy

As discussed, optimizing the flow field design is very important and the goal of flow field design is to
produce a uniform pressure, temperature and velocity profile over the active area, to ensure uniform
reaction rate, and meanwhile to balance the parasitic power requirements of pumping fluids through

the flow fields. Here are the different methodologies commonly used for optimizing the flow fields.

1.3.1 Numerical simulation

In numerical works, usually a theoretical network model based on mass and momentum conservation is
developed for finding the flow distribution and pressure-drop, which would help to optimize the flow
channels geometrical features and configuration. The numerical simulation of PEMFCs is a challenging
task since several transport phenomena as well as chemical reaction and electrochemical interaction
should be considered in developing the governing equations. The numerical simulation is usually carried

out using computational fluid dynamics (CFD).

1.3.2 Experiment for validating simulation results
While the BPPs can be designed by CFD, the complicated nature of PEMFCs makes it necessary for the

numerical simulation to be tested and verified in practical experiments to assess their pragmatic



efficiency. To evaluate the rigor of numerical work in predicting the flow and pressure-drop distribution,
flow field channels should be fabricated and flow visualization and pressure-drop experiments should be
carried out on real BPPs. However, the complexity of the flow field design sometimes hinders their
fabrication by the conventional manufacturing techniques. This, along with the long fabrication time and
high cost of the conventional fabrication methods, highlights the urgent need for an alternative
manufacturing technique that could enable us to evaluate the optimization ideas practically with a
reasonable time and cost. RP techniques provides the path for such an approach and have been utilized
in many FC researches. 3D printing is a RP technique that has lots of advantages over other
manufacturing techniques and could be quite beneficial for this application. The use of 3D printing in
different branches of science is becoming a very important topic and it has a great potential to
revolutionize the FC industry. A few research groups in recent years have tried to utilize 3D printing for
fabricating different components of FCs especially BPPs. The question remains is that whether results

from 3D printed prototype BPPs can be as good as the results from real graphite or metal BPPs.

1.4 Objectives of the present work

The general objective of the present work is to increase the PEMFC stack energy output through
optimizing the flow fields design. We aim to increase the flow distribution uniformity without increasing
the total pressure-drop in the BPP flow fields. The current research proposes a flow field design for
cathode, anode and water-cooling BPPs, tests its performance and optimizes the design for cathode

BPP.

Specifically, the present work aims to investigate the applicability of 3D printing as a RP technique in
fast-screening of the proposed flow field designs and in validating the simulation results. Moreover, the
current research aims to investigate the pros and cons of different RP methods specially in

manufacturing of flow fields, with focus on 3D printing, which could assist future researchers in selecting
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right 3D printing method for a desired application. A novel prototype BPP with enclosed channels is

fabricated which serves as a reliable tool in flow field design assessment.
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2 Literature review

This chapter will discuss previous works on the following topics: (1) PEMFC flow field design, with a
focus on modifying the straight-parallel channels to achieve an elevated flow uniformity. Then, we will
introduce the different techniques applied for manufacturing of BPPs, and discuss about the benefits of
(2) RP techniques, with a focus on 3D printing. We have reviewed different 3D printing technologies and
pros and cons of each method in more detail in Appendix , a summary of which will be presented in this
chapter. To the best of our knowledge, it is for the first time that such an instructive review has been
done, which can help future researchers to select the right 3D printing technology for their desired
application. In the rest of this chapter we will briefly discuss (3) Different flow visualization techniques.

At the end, we will present the identified knowledge gap and the scope of the present work.

2.1 PEMFC flow field design

As it was mentioned in chapter O, flow field design is the key method to increase the PEMFC efficiency
and to maximize the power output. Many research groups have tried to develop flow fields with
maximum pressure and fluid distribution uniformity and minimum pressure-drop by optimizing the
channel configuration, and optimizing the flow channel geometric features. Here we summarize
previous works in each of these two categories, and present the mathematical model for the

pressure-drop in flow channels.

2.1.1 Channel configuration

Numerous research groups have studied the performance of different channel configuration and flow
field layout on the PEMFC performance [22-31]. Straight-parallel flow channels are not able to uniformly
distribute the fluids [34], because of which they have not been paid attention by researchers in the
past, and most of the research works have focused on serpentine and interdigitated flow channels.

However, straight-parallel flow channels can easily be fabricated and are more cost effective than other

12



designs. Hence, it is very beneficial to focus on optimizing straight-parallel flow channels to obtain a
more uniform flow pattern. The following discusses the research works conducted in recent years to

modify the straight-parallel flow fields [35-38].

Barreras et al. [35] derived the velocity distribution in commercial straight-parallel channels with Z-type
flow field arrangement, both by flow visualization experiment and by simulation. Their results revealed
that in Z-type flow field arrangement, the flow has high tendency to go through side channels and lower
tendency to go from middle part. They conducted experiment in two different Reynolds number (68 and
154), and reached the conclusion that the flow distribution is not dependent on Reynolds number and
total flow rate.

Bi et el. [39] modified the straight-parallel flow channels by inserting flow-restrictors at the inlet region
of the flow field. The addition of baffles increases the pressure-drop which in turn facilitates the product
water removal and mitigates flow maldistribution. Their proposed deign successfully alleviated the flow
instability caused by negative-slope pressure-drop in horizontal two-phase flow. The advantage of the
research work by Bi et al. [39] is that they have presented experimental results for supporting the
functionality of their proposed novel flow field design.

Wang and Wang [12] introduced the parameter of ratio of channel area to intake header and suggested
that decreasing this parameter boosts the flow uniformity. They reduced this parameter by applying two

inlets/outlets and separating the flow field active area into two parts, as shown in Figure 2-1.
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a) b)

Figure 2-1: Modified flow field arrangement of straight-parallel : a) separated inlets, b) neighbor inlets (reprinted from [12] with
permission from Wiley).

Imbrioscia et al. [40] simulated the hydrogen flow through BPPs with 20 straight-parallel flow channels,
with 40x40 mm? active area. They modified several geometric properties of the conventional straight-
parallel flow channels including width, depth and channel configuration, and obtained the velocity and
pressure distribution in response to each modification. They applied channel fins to lead the flow into
different regions. Investigating 8 different designs, Imbrioscia et al. concluded that increasing the
collector area width, as well as bottom and top areas of the flow fields can boost the uniformity of the
fluid distribution.
Gould et al. [36] used the cooling flow channels model proposed in [41], and improved the model by
rotating the baffles 90° from those in the original design. Figure 2-2 shows the original and the modified
design. Using numerical simulation, Gould et al. [36] demonstrated a more uniform cooling flow
distribution in the modified design. Uneven flow distribution results in low degree of mixing and
formation of stagnant areas especially behind the baffles. Uniform flow, however, eases this problem
such that Gould et al. have reported a stagnation-free pattern in the modified design. They reported
2/27 channels to be stagnant in the modified design due to the sudden 180° turn of flow. Gould et al.
[36] used qualitative experiments and used these experiments as a support for their simulation.

However, they did not mathematically analyze the experimental results to demonstrate an experimental
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velocity profile. Additionally, Gould et al. [36] did not take into consideration the fluid distribution in

cathode and anode flow fields.

62.5mm " 62.5 mm
(a -~ ’ (b)

(T
A
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100.5 mm

1

Uneven coolant flow Even coolant flow

Figure 2-2: Computer aided drafting drawing of cooling flow fields with (a) uneven flow and (b) even cooling flow. Circle identify
the mixing zones in each design. The arrows denote the designated cooling inlets and outlets (reprinted from [42]with
permission from Elsevier).
Xu et al. [37] simulated the gas velocity distribution in Z-type straight-parallel flow channels and
revealed that Z-type arrangement results in less flow from middle and more flow from the side
channels, as shown in Figure 2-3. This observation is in agreement with the velocity profiles obtained by
Barreras et al. [35]. However, the results by Xu et al. [37] suggest that in Z-type flow field arrangement,
flow tends to become more non-uniform as the total flow rate (Reynolds number) increases, which
contradicts the conclusion of Barreras et al. [35]. Xu et al. [37] further reported that the flow non-
uniformity increases with increasing the channel number. They reasoned that the more channels are
connected in parallel, the more the resistance of side channels decreases. Hence, Xu et al. [37]
recommended an increased flow resistance in side channels in order to make the flow more uniform in

Z-type flow field arrangement.
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Figure 2-3: Effect of the Reynolds number: (a) relative flow rate distribution maps and (b) C.V value (reprinted [37] with

permission from Elsevier.)

In another numerical simulation work, Lim et al. [38] applied the following modifications to the
conventional straight-parallel flow channels in order to uniform the fluid flow. They divided the channels

into multiple stages such that channel width was reduced from inlet to mid-section of the channel, and
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then the channel width was increased in the outlet area. The outlet region acts as an accumulation
region and increases the pressure-drop from inlet to outlet and assists both water management and

flow uniformity. Figure 2-4 [38] demonstrates both conventional straight-parallel and modified straight

Inlet

Flow field|
height

===

Outlet

(a)

Figure 2-4: (a) Conventional parallel flow field design with single inlet/outlet, (b) Modified flow field design with three sections of

channels: inlet, mid-section and outlet with single inlet/outlet (modified from [38] with permission from Elsevier).

parallel flow channels studied by Lim et al. [38]. The channel width varies from 1 mm to 3 mm, the rib
width is 1 mm and the total active area is 129 mmx305 mm. Channel width of 3 mm is the main
disadvantages of their proposed design since it would cause MEA intrusion into the channel, which
could in turn decrease the FC stack life time. The simulation results by Lim et al. [38] demonstrated that

the modified flow fields gave a more gradual pressure gradient from inlet to outlet and distributed the
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reactants more uniformly than conventional design, as shown in Figure 2-5 [38]. The results by Lim et al.
[38] also demonstrated that single inlet/outlet design performed better than double inlet/outlet design.
This is due to the varying-length channels in double inlet/outlet channels, which deteriorates the flow
uniformity and reduces the active area. This opposes the idea that one of the means for evenly

distributing the fluids over the active area is leading the fluid to active area through multiple inlets.
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Figure 2-5: Numerical results of mass flow rate across the flow field width: (a) conventional parallel flow field with single

inlet/outlet, (b) modified parallel flow field with single inlet/outlet (modified from [38] with permission from Elsevier).
2.1.1.1 Taking advantage of the non-uniform flow distribution
Since it is not possible to achieve a 100% uniform flow, it is important to detect the regions that flow has

higher tendency to go through in anode, cathode and cooling BPPs, and then to try to align these
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regions. The anode region with higher hydrogen concentration would generate more heat and
electrons, and would require higher cooling flow to maintain the plate in a uniform temperature. It is
also important to match the cathode side with higher oxygen concentration to that part of anode side,
in order to balance the electron generation and consumption rate, and to avoid in-plane electron

transfer, that would otherwise result in higher Ohmic resistance.

Wilkinson and St-Pierre [43] reported that non-uniform cooling flow distribution could be even
beneficial to overall FC performance if it is well-matched with reactant flow distribution. If the cooling
and reactant flow field design could be manipulated such that temperature would increase from inlet to
outlet, then water saturation pressure would also increase and would cause alleviated flooding. Results
from an earlier work [44] suggests that concurrent flows of cooling and reactant air, in combination with
countercurrent flows of hydrogen and reactant air, results in an elevated FC performance in comparison
with cooling, reactant air, and hydrogen concurrent flow. Similar results are reported by Kang et al. [43],

with concurrent flows of cooling and reactant air and countercurrent flows of reactant air and hydrogen.

2.1.2 Optimizing flow channel geometrical features

Several geometric features of the flow channel affect the FC stack performance, which are reviewed and

discussed below.

2.1.2.1 Channel and rib width

Several studies have demonstrated the effect of channel and rib size on PEMFC [45-46]. Wider channels
give smaller pressure-drop which is beneficial in terms of parasitic power loss. However, small pressure-
drop increases the flow non-uniformity and disables the flow to push out the product water. Moreover,
wider channels increase the chance for MEA intrusion which may reduce the cell life time. On the other
hand, changing channel width would inevitably change the rib width, which also affects the FC

performance. Smaller rib size would reduce the landing area for electron transfer and increase the
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Ohmic overpotential. While larger rib size (smaller channel size) would decrease the GDL porosity
underneath the landing area and would create mass transport overpotential. The optimum channel and

rib width should be determined for each case, and there is not a specific rule for applying to all cases.

Scholta et al. [44] numerically analyzed the optimal channel and rib width in parallel flow channels,
applying the values of 0.7 mm and 1 mm for both channel and rib width in 100 cm? active area. They
suggested that narrow channels are appropriate for higher current loads, while wider channels are
better for lower current loads. Similar results were reported by Zamel and Li [47], and they concluded
that the rib to channel ratio of 1:2 is optimal. Shimpalee and Van Zee [48] reported that narrow
channels with wider ribs present slightly better performance due to the locally non-uniform distribution
of the reactants in the wider channel configuration. The global distribution was the same. Wang

et al. [45], however, mentioned that in straight-parallel flow channels the main transport mechanism of
reactant into GDL is diffusion and an increased channel width would assist this transport, although they
did not consider the effect of flow uniformity. Wang et al. [49] indicated that at high current densities,
the reduced channel size increases the fluid velocity, assists reactant mass transport into GDL and

accelerates water removal, with a channel size of 0.535 x 0.535 mm? to be the optimum size.

In short, smaller channel width with rib to channel ratio of 1:1 performs better in terms of the flow
uniformity, electron transfer and GDL porosity. However, smaller channel is hard for being
manufactured and increases the pressure-drop; optimum channel size is dependent on the specific
application. FCs utilizing air as an oxidizing agent require smaller rib width than FCs utilizing pure oxygen
[13].

2.1.2.2 Channel aspect ratio

Channel aspect ratio (height to width ratio) is the other factor that could influence the PEMFC
performance. As the channel height decreases, the channel cross-section also decreases which in turn

increases the pressure-drop. This could slightly increase the cell performance by removing the
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accumulated water in channel outlet. Results of Choi et al. [50] highlighted that increasing the channel
width would decrease the cell voltage much more significantly than increasing the cell height. Smaller
aspect ratio would cause membrane dehydration, and at the same time would increase reactant mass

fraction in under rib areas.

Manso et al. [51] numerically investigated the effect of channel aspect ratio in 10 different height to
width ratios ranging from 0.07 to 15. They reported that designs with higher aspect ratio demonstrated
more even current distribution with higher global cell performance. They suggested 10:6 aspect ratio for
an optimal cell performance. They did not consider, however, the fact that higher aspect ratio would
decrease the rib mechanical strength which may impact more on FC long-term durability, and it might

not be the best from mechanical strength view point to select channel height twice as its width.

Wang et al. [52] found that at low current densities, the aspect ratio of channel is not influencing the FC
performance, while at high current densities decreasing the aspect ratio would increase the channel
velocity and improve the cell performance by an elevated under rib convection. Wang et al. [53] also
found that in straight-parallel channels, decreasing the aspect ratio increases the water removal and
boosts the cell performance. For interdigitated channels, they suggested an aspect ratio of 1 with

Immx1mm channel cross-section.

2.1.3 Pressure-drop in flow field channels

As mentioned before, one of the factors that is very important to be considered in flow field is the
pressure-drop, since it is directly related to the parasitic power loss and determines the energy output
fraction required for circulating the fluids. It should be noted that although small values of pressure-
drop along the channels are desired, pressure-drop has a close interaction with water management
ability and flow distribution uniformity, which dictates a tradeoff between pressure-drop and flow

uniformity. As mentioned previously, one of the roles of BPPs is to remove the product water, since
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stagnant water would block the flow channel and would deteriorate the reactant gas distribution. To
ensure that flow channels are efficiently removing the product water, a high pressure-gradient along the
channel is required. Numerous research groups have studied the pressure-drop in PEMFC BPPs [3, 54-

61]. Here some representative results will be discussed.

The pressure-drop of an incompressible flow in a pipe can be modeled using Darcy-Weisbach equation:

L Uu?
AP=f —p— 4
5 " (4)

Where L is the flow path length, Dy is the hydraulic diameter of flow path cross-section, p is the density
of the incompressible fluid, and U is the average fluid velocity. The Fanning friction factor, ff ,fora

square channel cross-section in the laminar flow regime (Re<2,100) can be calculated from the eq.(5):

f, = % l62] (5)

Where:

Where p is the fluid viscosity. The pressure-drop in flow fields of a non-operating (cold) FC with
straight-parallel flow channels can be modeled by adding a second term to Darcy-Weisbach equation, as

shown in eq. (7):

L U? u?
AP=f —p=—+3kp— 7
thz P (7)

Where k is local flow resistant (baffle, bend) and U’ is the average flow velocity in the place of the local

resistant. Substituting (6) and (5) into (7), one obtains:
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Eq.(8) reveals that in the first term, which is the dominant term when 2 K is small, pressure-drop
dependency on flow velocity is of first order, and on channel dimension is of reciprocally second order.
This highlights that in small channel dimensions, even small deviation from expected cross-sectional
area could result in a high deviation from the expected pressure-drop. Eq.(8) further reveals that when
>k is small, the relation between pressure-drop and fluid velocity is linear in small fluid velocity, while

at higher velocities the second term becomes dominant and the relation becomes quadratic.

In an operating PEMFC, the pressure-drop in BBPS shows further deviations from linear pattern. As the
reactants pass through the channels, they participate in chemical reaction and this changes the
volumetric flow rate. Moreover, the water is being generated as a reaction by-product which turns the
single-phase gas flow into two-phase flow, and disturbs the pressure-drop obedience from linear
pattern. The other factor responsible for non-linear pressure-drop is the BPP geometry. The presence of
baffles and turns in the flow field changes the flow field geometry from that of a pipe and violates the
assumption of small 2.k . More importantly, the presence of GDL and under-rib convection add to the

pressure-drop and further deviates it from the linear pattern.

Zhang et al. [61] experimentally calculated the single-phase pressure-drop in a single channel inside
which a strip of GDL was used to simulate the PEMFC flow channels. They demonstrated that pressure-
drop in the mentioned channel with a single phase laminar flow follows the linear relationship. They
further investigated the two-phase pressure-drop in flow channels and very well modeled the two-

phase flow pressure-drop in flow fields.
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Anderson [3] studied the pressure hysteresis in two-phase flow in PEMFC BPPs with parallel channels
and found that pressure-drop hysteresis is due to the liquid water accumulation in the cathode flow

channels during the descending approach.

Other researchers [3, 54-61] also studied the gas-liquid two-phase flow pressure-drop in PEMFC flow
channels and demonstrated the non-linear nature of pressure-drop in the presence of water in the flow
channels. The focus of these studies was to improve the existing mathematical models for predicting the
pressure-drop in PEMFCs based on valid and realistic experimental data. They conducted pressure-drop
experiments to study the onset of flooding and to use it as a tool for better water management. These
studies will assist future researchers to design flow channels with a reasonable pressure-drop and

maximized flow uniformity.

2.1.4 The importance of BPP fabrication

So far, we introduced some of the previous works on optimizing the flow field design. Despite the many
research works on this topic, they are mostly numerical simulations and suffer from lack of experimental
data to validate those simulations. The first step in practical assessment of proposed flow field designs is
to fabricate the proposed design models. The following section discusses different fabrication

techniques of BPPs and pros and cons of each method.

2.2 Different fabrication techniques of BPPs

There are three types of materials used for fabricating BPPs: graphite, metal and carbon-polymer
composite, each of which suitable for one of the following fabrication methods.

2.2.1 Machining of graphite plates

The first method for fabricating BPPs is CNC machining of graphite plates, the high precision of which
makes it interesting for most research works. To the best of our knowledge, CNC machining is able to

subtract channels with as small as 0.2mmx0.2mm cross-section. Using micro drill bits, CNC machining
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has even the theoretical capability of machining smaller channel cross-sections. Figure 2-6-b

demonstrates an example of machined graphite BPP.

CNC machining of graphite plates is a very difficult process because of the flaky microstructure and
irregular geometry of graphite [63]. Moreover, brittleness of graphite plates adds to its fabrication
difficulty and hinders its applicability in experimental and real automotive applications. These problems
also limit the flow field design to simple planar geometry, and increasing the design complexity would
drastically add to the CNC machining cost. The high cost also prevents the applicability of this method to
high-volume production, which is a must in automotive industry. One solution could be CNC machining

of a mold and using that mold for high-volume production using the following method.

[

Hx”
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(b) Graphite bipolar plate.

Figure 2-6: Metal and graphite BPPs (reprinted from [64]).
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2.2.2 Molding graphite or carbon materials
In this method, a graphite slurry is molded inside a high-precision dye under high temperature and
pressure. Onishack et al. [65] fabricated molded graphite bipolar separator plates and reported an

equivalent performance with the state-of-the-art machined graphite plates.

In order to easily take out the molded graphite plate, a draft angle of at least 15° is needed for the flow
channels, as shown in Figure 2-7. Moreover, there exist a minimum thickness requirement for the

molded graphite plates, which in turn increases the FC stack weight and volume.

Draft angle

Figure 2-7: Minimum draft angle required for molds in fabricating molded graphite BPPs.

2.2.3 Stamping metals

BPPs were traditionally being fabricated by CNC machining of graphite or by molded graphite
composites, but now FC industry is moving toward stamped metal BPPs. Applying metals for fabricating
BPPs enables the production of cheap and light-weight FC stacks. Metal BPPs can have much lower
thickness and rib width which allows designing more complex fluid flow fields. A sample metal BPP is
shown in Figure 2-6-a. Additional advantages of metal BPP include malleability, resistivity to shock and
vibration, lower cost and lower fluid cross over. Metal BPPs could be recycled after their lifetime, which
is an important consideration. However, metal BPPs suffer from lower thermal conductivity. The

thermal conductivity of graphite composite material that is mostly used for BPP fabrication is 20-50
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W/mK, while that of metal is 16.3 W/mK [66]. Another severe problem with metal BPPs is the necessity
for making them corrosion resistant. The byproducts of metal corrosion prevent the water transport

within the MEA, and many research works have been done to overcome this drawback [67,68].

2.2.4 The problem of conventional fabricating techniques

These three mentioned fabrication methods are time-consuming and expensive and limit the designs to
simple planar ones. Hence, we need to consider faster and cheaper prototyping techniques that would
enable us to fabricate experimental prototypes to evaluate the ideas and to quickly analyze their
weaknesses and strengths, which would pave the path toward rapid screening of initial ideas. The
following part will introduce the alternative fabrication techniques that can be utilized for practical

testing of the complex flow field designs with a reasonable time and cost.
2.3 Different rapid-prototyping techniques

Rapid-prototyping (RP) is a machine-based technology for fabricating 3D prototypes, that can
manufacture near-net shape designs from a computer aided design (CAD) model. RP dates back to
1980s, and was first used to create models [69]. Two important class of RP techniques are subtractive
manufacturing (SM) and additive manufacturing (AM). SM is referred to a process within which 3D parts
are manufactured with subtracting (cutting) material away from a solid block of material to achieve the
desired pattern. The main limitation of SM is that it dictates planar design. CNC machining, drilling,
milling, grinding and more recent technology of laser-cutting of plastic parts are some popular examples
of SM.

AM is referred to a process within which fabrication takes place by powder consolidation, solidification
of fluids or addition of materials layer by layer. These techniques are also called freeform fabrication or
layered manufacturing [69,70]. The fabrication accuracy can be manipulated by controlling the amount
of material added in each increment. Unlike SM, AM is capable of manufacturing complex designs such
as hollow parts, undercuts, internal cavities, pipes, overhangs, lattice structures, parts with oriented
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internal pore structure and many other complex geometries that conventional fabrication techniques
are not able to create. Due to the high cost and high fabrication time of the conventional fabrication
techniques, RP techniques are of great interest for many researchers since they provide the platform for
fast and cost-effective fabrication, which is a must in research environment. Particularly for FC
applications, AM brings us the opportunity to change the design of a specific part of FC without the
necessity for changing the entire setup design. The application of metals, ceramics and composites has
widen the spectrum of parts that can be fabricated by RP [69].

As mentioned by Dudek et al. [69], it should be noted that RP techniques are not meant to supplant
other fabrication methods, especially the ones being used for high-volume production. The main point
of RP is to eliminate tooling and reduce the cost for short run fabrication. RP is also useful for creating
parts designed for specific purposes such as custom parts, or creating parts for the purpose of product

development in the laboratory [71].

2.3.1 3D printing

3D printing is the most useful and most beneficial AM technique. 3D printing has been very popular in
industry and research environment in recent years and it has shown great promises for RP of complex
designs. After expiration of 3D printing patents and the wide applicability of CAD models, 3D printing
service is nowadays an affordable RP route for instant testing of many ideas.

3D printing has a great potential for revolutionizing the FC industry, where cost and weight reduction
are essential toward FC economic viability. 3D printing has been advertised as a method for RP of BPPs
as well as many other FC components. With eliminating the necessity for tooling, 3D printing could help
assessing the BPPs performance in a negligible time and cost compared to other fabrication techniques.
3D printing enables fabricating single-piece BPPs without the need for welding, with non-planar
geometries such as internal passages [72], that could decrease the number of parts, sealing requirement

and complexity of assembly.
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In a recent work, Dudek et al. [69] introduced different 3D printing techniques with the focus on 3D
printing advantages for mobile applications and aerial researches. They have provided the readers with
very good information on how each technology works and the materials being used in each 3D printing
method. However, the work by Dudek et al. [69] lacks information about the accuracy, minimum feature
size and cost of each method. Furthermore, Dudek et al. [69] does not provide us with information
about how each method is beneficial compared to other methods, and does not lead us toward
technology selection. In other words, one cannot decide about the appropriate technology for a specific
purpose based on the work by Dudek et al. [69].

In the present work, Appendix provides detail information on 3D printing process and discusses each 3D
printing technique. The information in Appendix is based on recent catalogues from famous 3D printing
companies, and based on author’s personal experience in 3D printing, as well as previous works from
literature, which aims to help researchers decide the right 3D printing technique for their specific
research needs.

Herein, we shortly summarize different 3D printing techniques and discuss the previous works done

with each 3D printing method to prototype BPPs.

2.3.1.1  Summary of different 3D printing techniques

The following table summarizes different 3D printing techniques that is discussed in Appendix . Please
note that we did not compare the 3D printing time since all 3D printers can prototype the partin a
negligible time in comparison with other RP and fabrication techniques, and time is not a factor that

could affect our decision in selecting the right technology for our specific purpose.
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Table 2-1. Summary of different 3D printing techniologies.

3D X/Y Plane Layer Minimum 3D printing Apparatus
Suggested
Printing Accuracy Thickness Feature Size Cost (USS) Price Materials Notes Summary
Temperature (°C)
Method (mm) (mm) (mm) Per Gram %1000 USS
Real world
thermoplastics that are
ABS, PLA Requires pre-fabrication
FDM 0.127-0.200 0.127-0.508 1.000 0.075 1-8 100°C< unmatched in
and post fabrication steps.
mechanical, thermal and
chemical strength.
Highly detailed parts
built with precision and
Vero series Slightly out of shape in <0.5
Polyjet 0.100 0.016 0.200 0.750 24-350 100°C< speed, in a wide variety
resins mm features
of build materials,
Non-stable materials.
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Table 2-1. Continued

Resin based 3D printing
Perfect and very sharp ideal for high detail large
SLA 0.051 0.051-0.102 0.635 1.650 2-500 Acrylic, Epoxy 100°C < cross-section in small parts and concept
dimensions models that require
painting & finishing.
High Thermal Resistivity Accurate and functional
Nylon, and mechanical strength in parts that are durable
SLS 0.762-1.270 0.102-0.152 1.000 1.050 10-350 150°C<
Ceramic comparison with SLA, enough for end use low
Polyjet, FDM volume production.
Appropriate for 3D
Less than 60%
printing functional Functional metal
Ti-alloy, Al, of the printed
DMLS 0.300-0.400 0.020-0.040 0.100-0.200 20.000 250-500 metal BPPs in one piece parts appropriate for
SS metal melting
without the need for end use.
point.
welding.
DLP 0.025-0.065 0.025-0.150 0.200 0.900 2-300 Resins 100°C < Faster thanSLA | -
LOM NA 0.100 NA NA NA NA NA Not widely applied | -
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2.3.1.2  Previous works on prototyping BPPs by different 3D printing technologies
2.3.1.2.1 Solid based

2.3.1.2.1.1 Fused deposition modelling (FDM)

One of the early works that has applied 3D printing to fabricate FC components is done by Chen et al.
[80]. They used FDM 3D printing with ABS material for prototyping a miniature FC stack with

6 cmx6 cmx0.9 cm volume. Chen et al. [80] developed an air-breathing 10 cell planar array stack design
within which they took advantage of the pin-point precision of FDM 3D printers in order to achieve a
high power-density. Chen et al. [80] compared the fabrication time of FDM technology with other
technologies for fabricating miniature FCs. The two alternative methods to prototype such miniature FC
stacks are CNC machining and micro-electro-mechanical processes (MEMS). The fabrication time of each
method are as follow; FDM: 1h, CNC: 2h, MEMS: 12-36 h. In addition to saving time, FDM would bring
the chance to fabricate the parts which can be very challenging with CNC machining, although current
FDM technology is still too far from the CNC precision. Chen et al. [80] reported that the power-density
of their prototype FC stack is comparable to that of state-of-the-art planar array FC stack, and concluded
that this fast inexpensive fabrication method has the promises for successful prototyping of FC

components, and can be further developed in the future.

Chen et al. [81] tried to demonstrate the feasibility of RP technology for FC applications. They employed
FDM 3D printing with ABS material for fabricating honeycomb-shaped methanol reservoir and cathode
structure of an air-breathing direct methanol FC (DMFC), with 5x5 cm? active area. Chen et al. [81]
compared the performance of the conventional air-pumping DMFC and that of rapid-prototyped air-
breathing DMFC, and proved the applicability of FDM 3D printing in fabricating complex BPP design of
DMFC stacks, which is not feasible with CNC machining. In another part of their study, Chen et al. [81]
used FDM 3D printing with ABS material to fabricate flow fields of air-breathing monopolar PEMFC
stack with 6x6x3 cm? volume, and reported a power-density of 123 mW/cm?, which is close to literature
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(100-120 mW/cm?2) [82]. Although Chen et al. [81] have mentioned that their flow field design was
impossible to be fabricated witch CNC subtractive manufacturing, they did not show the design of their
PEMFC flow fields and we cannot comment on the complexity of their designs. Their honeycomb
methanol reservoir is not complicated to be fabricated by 3D printing.

In a more recent work, Di Lorenzo et al. [83] utilized FDM 3D printing with polycarbonate acrylonitrile
butadiene styrene (PC/ABS) material to fabricate a small scale microbial FC (MFC). They incorporated FC
components while 3D printing the MFC, which eliminated the need for any fitting and sealing. Using 3D
printing, Di Lorenzo et al. [83] were able to further miniaturize their MFC, which helped them to
fabricate stack of multiple units and arrangement of multiple miniature MFC single cells.

In another application, in order to tackle the cost, weight and manufacturability challenges in water
electrolysis, Chishlom et al. [84] fabricated flow plates for water electrolysis by applying two layers of
silver coating on a 3D printed flow plates. They used a FDM 3D printer with polypropylene material for
RP of flow plates with 12.96 cm? active area and 0.9x0.9mm? flow channels cross-section, shown in
Figure 2-8. Chishlom et al. [84] reported that silver coated 3D printed plates are 4 times lighter than
conventional titanium plates, and cost less than 1/4 of titanium plates. However, their costs evaluation
does not seem to be realistic. They have reported USS 1.54 per kg of polypropylene, while one kg
polypropylene 3D printing filament costs around SUS 60. Chishlom et al. [84] evaluated the performance
3D printed flow plates in water electrolysis and reported an acceptable performance in terms of overall
efficiency, overall electric resistance and polarization curves. The research by Chishlom et al. [84] is a
valuable research as the first work to present a new fabrication paradigm for water electrolysis
application. However, the geometry and dimensions used by them are not applicable in state-of-the-art
electrochemistry researches. Other 3D printing techniques with more accuracy and capability to

fabricate smaller features are recommended for the future research.
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(a) (b)
Figure 2-8: (a) Photograph of polypropylene flow plate with corresponding (b) SEM image (reprinted from [84]-Published by The

Royal Society of Chemistry).

2.3.1.2.2 Liquid Based

2.3.1.2.2.1 Polyjet

In a recent research, White et al. [90] utilized objet30 desktop 3D printer, which is a popular version of
Polyjet 3D printers, for fabricating a housing fixture for water imaging application in PEMFCs. They 3D
printed a cell with two flow channels with half-circular cross-section, each having 0.5 mm radius and
10 mm length, with an active area of 0.24 cm?. One of the valuable steps in their research is that they
have demonstrated X-ray computed tomography (XCT) images of channel cross-section of 3D printed
channels, as shown in Figure 2-9 [90]. Such images can be used to evaluate the ability of different 3D
printing techniques to fabricate all the details of small features. White et al. [90] reported that 3D
printing enabled them to fabricate a fixture small enough to ensure a reasonable signal-to-noise ratio
for commercial XCT scanners, which conventional fabrication techniques were unable to fabricate such a
design. They chose a 3D printing material with lower X-ray absorbance than metal and graphite and no

noticeable gas permeation. Their overall results highlight that with novel material selection and design
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miniaturization, 3D printing method could demonstrate many advantages for being used in non-invasive

imaging of PEMFCs.

3D printed
holder

Channel

Figure 2-9: Representative cross-sectional XCT images of the MEA situated inside the 3D printed flow field fixture at dry and wet
conditions. During FC operation in the wet state, the increased hydration of the membrane caused an increase in the membrane
thickness and significant undulations of the CCM. The outline of the catalyst layers in orange has been included to better

highlight changes seen in the membrane after swelling due to hydration (reprinted from [90], open access article).

2.3.1.2.2.2 Stereolithography (SLA)

Papaharalabos et al. [94] used SLA and FDM 3D printing in developing a small MFC for power
generation and waste water treatment. They developed three MFCs using ABS, PC-ISO and RC25
materials. They used SLA for 3D printing RC25 and FDM for 3D printing ABS and PC-ISO materials.
Papaharalabos et al. [94] compared the performance of three 3D printed FCs with a control cell, and
reported that all three 3D printed cells demonstrated improved single cell performance, with the
following order of elevated performance: Pc-Iso, RC25, ABS. The research by Papaharalabos et al. [94]
highlights the different performance of 3D printing materials that could help researchers working in the
MFC area to choose their desired material. However, the difference in performance is related to the

nano-structure and biocompatibility of materials, and does not directly correspond to the 3D printing
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apparatus performance. Hence, it could not help us determine the accuracy and applicability of these 3D
printing techniques for 3D printing of BPPs and other FC components.

2.3.1.2.2.3 Digital light processing (DLP)

Gould et al. [36] used ZBuilder Ultra 3D printer, which is a popular class of DLP 3D printers, for
prototyping cooling flow fields, in order to validate their numerical results on cooling flow distribution in
flow channels. They used ZCorp's SI500 plastic for 3D printing cooling flow field plates that had a depth
of 0.5 mm, width of 1.5 mm, and rib width of 0.75 mm. The aim of Gould et al. [36] was just to
qualitatively validate their numerical data. Although this method of 3D printing satisfies their need,
Gould et al. [36] have not answered the question that whether plastic 3D printed plates can be a good
candidate for precise flow visualization experiments. Furthermore, they did not investigate whether 3D
printed plates match their desired size, and whether any possible inaccuracy or imperfection in
fabrication is acceptable. A further step can be to compare the results from 3D printed plates with that
of real graphite/metal plates, and then based on this comparison to determine the applicability of 3D

printing.

2.3.1.2.3 Powder based

2.3.1.2.3.1 Powder bed and inkjet head 3D printing

Lyons et al. [68] introduced a RP technique using powder bed Inkjet 3D-printing followed by thermal
spray (TS) deposition, in order to reduce PEMFC stack cost, reduce fabrication time and increase flow
field design flexibility. They first 3D printed gypsum patterns of BPPs with 500 um channels, using ZCorp
7310 3D printer which has +/- 250 um accuracy [97]. Then, they took advantage of the high temperature
stability of gypsum 3D printing material, and deposited metals on gypsum patterns using a hybrid TS
deposition equipment, creating metallic gas flow plates. Their final step was removing 3D printed part in
order to have a pure metal body of BPP. Figure B-8 demonstrates their 3D printed-TS BPPs. Lyons et al.
[68] have reported fabrication time of 20 min per four 3D printed pattern, and 30 min for TS deposition.
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This fabrication time, however, does not seem to be realistic for conventional BPPs. Although they
reported the fabrication cost of USS 5 per plate, and asserted this as a significant cost advantage, they
have not specified their plate size which prevents us from assessing the cost effectiveness of coupled 3D
printing-TS technology. Lyons et al. [68] just tested their proposed 3D printing-TS method for a basic
geometry as shown in Figure B-8 , and have not demonstrated the applicability of this method to more
intricate designs, or have not shown the minimum size requirements of this method. Although most 3D
printing and RP techniques are having high nominal accuracy, they fail to realize the intricate features of

the part in practice, resulting in some degree of discrepancy between prototype and real part results.

2.3.1.2.3.2 Selective laser sintering (SLS)

Chen et al. [63] applied indirect SLS for fabricating PEMFC BPPs. They mentioned that SLS of carbon
composite materials satisfies both material and procedure selection requirements for the fabrication of
PEMFC BPPs. The procedure used by Chen et al. [63] involves laser sintering of powder followed by two
further steps (binder carbonization and epoxy filtration), in order to make the plates to meet DOE
targets. Chen et al. [63] reported that the BPPs they fabricated in their research were satisfactory and
they further improved the conductivity of plates to meet all the DOE 2005 targets. In another work, Guo
and Leu [105,104] applied SLS of graphite with a binder to prototype several BPPs, and showed that

their 3D printed BPPs performed similar to injection molded BPPs.

2.3.1.2.3.3 Direct metal laser sintering (DMLS)

Netwall et.al [112] used DMLS method to prototype 40mmx80mm single-piece BPPs with 21cm? active
area, with embedded flow channels, using Ti-alloy. They used these DMLS 3D printed plates to study
how to decrease the surface roughness of BPPs to reduce contact resistance. Netwall et al. [112]
mentioned that in a state-of-the-art PEMFC, minimizing the Ohmic resistant is of great importance since
Ohmic resistant is responsible for 55% of the total I°R losses and energy is converted to heat rather than

electricity with IR relation.
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In another study, Gould et al. [74] used single cells from [112], as shown in Figure 2-10, in a 40-cell stack.
They first compared the polarization curve of single cell with DMLS 3D-printed BPPs to that of carbon
BPPs, and reported similar performance in the kinetic region. In the mass transfer region, they observed
improved performance in the case of DMLS BPPs due to the differences in hydrophobicity of carbon and
Ti-alloy. In the Ohmic region, however, Netwall et al. reported relatively lower performance for Ti-alloy
BPPs in comparison to graphite plates. They attributed this lower performance to the increased contact
resistance across the BPP-GDL interface in 3D printed BPPs.

Although Gould et al. [74] applied polishing and then coating on 3D printed parts to alleviate the
distortion from flatness, they could not eliminate the plate height difference completely and reported
20% less than expected power because of 44 £ 25 um deviation from flatness. This is one example that
imperfection in 3D printing limits its applicability for FC stacks. Gould et al. [74, 114] suggested that
researches should be done toward modification of flathess and feature size, as well as surface finish to

prototype parts with higher accuracy in both XY and Z-direction.

CTETWEST N AT T SN o e

Figure 2-10: Photograph of the finished BPP from [74] (reprinted from [74], open access article).
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Gould et al. [74, 109, 114] asserted that DMLS 3D printing would lower cost and fabrication time, and
reported their fabrication time to be in the order of a few hours. Although this makes sense in case of
single cells, it might not be valid in case of 40-cell stack. Increasing the fabrication volume in
conventional fabrication methods would decrease the fabrication cost and time for 40-cell stack, while
with 3D printing the cost and volume relation is linear. Hence, detailed financial analysis is needed to
provide the reader with a sense of how DMLS could be beneficial both financial-wise and time-wise.
Gould et al. [74] used channel and rib width of ~1 mm. However, recent BPP designs are moving toward
small channel dimensions in the order of a few tenth of millimeters, such that current 3D printing
technologies are unable to prototype the detailed features of the new designs with an acceptable
precision. The research by Gould et al. [74] does not provide us with the information on the minimum
channel dimensions could be 3D printed with DMLS technology.

It should be noted that both Gould et al. [74] and Lyons et al. [70] have focused on fabricating functional
prototypes using 3D printing and AM, and they have both asserted that their methods offer reduced
fabrication time and cost. Although the time reported by Lyons et al. [70] (20 min per four plates) seems
much lower than the time for DMLS, Lyons et al. [70] have not specified their plate size. It is obvious that
higher accuracy will require higher 3D printing time, and since the accuracy of the DMLS method (100
micros) is higher than the accuracy of powder-binder 3D printers (250 micros), it would result in higher
3D printing time. We believe that 3D printing most 3D printing technique would meet the timing
requirement for RP, and the determining factors would be accuracy, complexity and number of post
fabrication steps. Gould et al. [74] mentioned that 100 micron feature size has a detrimental effect in
Ohmic resistance and applied three polishing and coating steps to improve the surface roughness, which
would undoubtedly add to total prototyping time. While Lyons et al. [70] did not believe that even 250
micron accuracy would affect their desired research intention, and applied the 3D printed patterns for

TS deposition. We believe that method introduced by Lyons et al. [70] would be less complex and pricy
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than method of Gould et al. [74]. However, we can have finer and much precise features with DMLS, and

one should decide between different methods based on the research intention.

2.3.2 Laser-cutting

Laser-cutting is a SM technique within which, first the desired planar design is cut on paper. Then the
paper is glued onto a plastic piece, e.g. acrylic glass, to cover the areas which does not need to be cut.
Laser beam is then applied on the plastic which melts down the uncovered areas and forms the aimed
design. The depth of cut can be controlled by changing the power of the laser beam. We could not find a

previous work in the literature which has applied laser-cutter technology for prototyping BPPs.

2.4 Flow visualization

Flow visualization is a method for investigating the fluid flow behavior with flow tagging. When a fluid is
running through a flow field, flow is being tagged and images of the fluid flow are being captured usually
by a compact camera module (CCM). Analyzing the captured images enables us to study the fluid

behavior. The most common fluid flow visualization techniques are discussed below.

2.4.1 Particle image velocimetry (PIV)

PIV is a method for obtaining instantaneous velocity fields. In this method, a fluid is seeded with small
enough tracer particles such that the particles follow the streamlines of the flow. Then two consecutive
laser pulses with a time gap in the order of micro seconds activates the tracer particles, and the
corresponding images are recorded using a high speed CCM camera. Figure 2-11 [115] demonstrates an
example of the two consecutive images captured in a PIV experiment. The time delay between two
images allows slight displacement of the tracer particles in the second image relative to the first image.
Then in interrogation process, each of the two images are divided into many small regions that cross

correlation analysis between these regions determines the planar displacement of the particles. Dividing
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the displacement with the time gap between two images, one can calculate the velocity in each region

and construct the 2D velocity field [116].

Feser et al. [116] employed PIV to measure the 2D velocity distribution in the flow channels of
interdigitated and serpentine flow channels. They carried out PIV in acrylic plates with 15 cm? active
area with 5 channels, each having 9x9 mm? cross-section. Their setup was scaled up and water was used
instead of air, with maintaining geometric and dynamic similarities. The scaled-up system allowed them
to use large particles with 20-40 um size range which simplifies illumination and particle tracking. The
PIV measurement helped them to confirm that in interdigitated and single serpentine flow channels, a

significant portion of the reactant fluid travels from under rib region.

Yoon et al. [115] performed gas phase PIV in a single straight channel as well as in a serpentine flow
field, with two channels having 1:1 channel to rib ratio, with 1 mm channel width. The Reynolds number
in their experiments was 70. They suggested that tracer particles with dimensions smaller than 1 um is
needed to accurately follow the stream lines. However, smaller particles require close lens focus to
distinguish small particles, which in turn decreases the view field. Small field of view will force
researchers to do experiment in a single channel at a time and to work with small Reynolds number (low
fluid velocity). Considering these two facts, PIV might not be a suitable method for studying the flow

behavior in large number of channels related to each other, nor in channels with very high fluid velocity.

Hecht et al. [117] investigated the convective and diffusive flow transport pattern inside the multi-pass
serpentine BPPs of a simplified FC model using PIV and LIF simultaneously (see the following part for
LIF). PIV method has mostly been used for liquid phase velocimetry which allows measuring local
velocity distribution with high spatial resolutions. Hecht et al. utilized PIV for the liquid phase flow
visualization, and LIF for the gas phase, with matching Reynolds number. The combination of LIF and PIV
enabled them to separate diffusive and convective transport. To simulate the fluid transport through

GDL in real FCs, Hecht et al. [117] put 100 um gap between channel rib and covering glass. They used 2
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pum Rhodamine-B particles for performing the PIV. The results of Hecht et al. [117] showed that part of
the gas flow is transported perpendicular to channel structure. Although their experimental method has
served as a proof of concept for the applicability of these techniquesin FC researches, the more realistic

models need to be studied with these techniques to further evaluate the applicability of the method.

Interrogation Windows

"4

Image 1 (1) Image 1 (&+ Af)

Figure 2-11: Typical images separated by At, plus representative interrogation windows and cross-correlation function for
interrogation windows in image 1 and image 2. A in the cross-correlation plot gives the average displacement of the image
intensities between images and when divided by At, provides a quantitative velocity vector centered at the center of the

interrogation window (reprinted from [115] with permission from Elsevier).

2.4.2 Laser induced fluorescence (LIF)

In this technique, liquid is circulated through the flow field over a period of time until the flow reaches
steady state. Then at a certain time, fluorescent dye is injected in pulses in the upstream, in
synchronization with laser pulses and appropriate image acquisition system. The fluorescent dye is

capable of being excited with laser beam, allowing us to trace the flow. Sulforhodamine-B is a typical
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dye being used for this purpose. Appropriate lenses are required to scatter the laser beam on a desired
view field. Furthermore, filters are being applied to construct a good contrast between the dye
illumination and background lights. This is a very useful technique for flow visualization in FC
applications. However, the setup complexity along with several adjusting steps makes it a challenge to
be widely utilized in FC experiments. Especially, when large number of experiments are required, it is

preferred to find alternative simpler techniques to perform flow visualization experiments.

Barreras et al. [35] used LIF to study the flow distribution in commercial straight-parallel flow fields. The
BPPs consist of 16 channels, each having 3 mm width with 1 mm rib width, with 50 cm?active area. In
another research by Barreras et al. [118], LIF was used in the same procedure with their previous work
[35] to study the fluid dynamic performance in three different anode flow fields. Their flow fields consist

of 32 channels of 2mm width with 1 mm ribs, with a total active area of 49 cm?.

Barreras et al. [35, 118] suggested that because of the difficulties accompanied by gas flow visualization,
performing the flow visualization in liquid phase while maintaining the dynamic similarity could be quite
useful to circumvent many challenges. For instance, Barreras et al. [35] mentioned that UV lasers are

required to activate the fluorescence property of the typical vapor tracers. Moreover, organic vapors are

not compatible with many plastics, and quartz window is needed to seal the BPP.

2.4.3 Dye visualization

Dye visualization is similar to LIF, except that regular dye is utilized instead of fluorescent dye, and the
colored dye is used to determine the flow front. The setup is simpler since the dye does not need laser
activation, and filters, additional exposure and scattering lenses are not required. This deletes the
necessity for utilizing special dyes, and synchronizing the laser pule with dye injection. The regular dye

visualization technique is suitable for visualization of the flow in macro scale, e.g. for determining the
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flow distribution among channels, while PIV and LIF are mostly suitable for visualizing the flow behavior

in micro-scale, e.g. flow profile within a single channel.

(a)
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Figure 2-12: Fluid velocity results from the numerical model for (a) CFF with uneven cooling flow and (b) CFF with even cooling
flow. The incoming cooling flow rate is 2.67 mL s-1 from the upper right corner. The CFF with even cooling flow has significantly
fewer stagnant channels and more effective mixing regions. Images of dye mixing experiments for (c) CFF with uneven cooling
flow after ~0.4 s of mixing and (d) CFF of even cooling flow after ~0.5 s of mixing. The incoming flow rate of cooling flow with

blue dye is ~2.1 mL s-1. The scale bar is approximate. (reprinted from [42] with permission from Elsevier.)

Gould et al. [36] used the following method to determine the flow distribution in their cooling flow

fields. They ran the red water through channels, and suddenly changed the liquid supply of the pump to
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blue water using a three-way valve. Then they took an image of the flow ~0.5s after switching the water
supply, as shown in Figure 2-12, and analyzed the image qualitatively. They translated purple color to
interpret mixing and concluded that channels with purple color are experiencing faster fluid flow, while
channels with red color are having slower flow. Although their method could be quick in getting a
qualitative idea of flow distribution, it will be impractical to apply this method for validating numerical
results. A detailed image processing and signal analysis is required to quantify flow velocity within each
channel. To show the rigor of the simulation work, and to decide how realistic the proposed method will

be, one needs to perform quantitative experiments to compare the “data”.

2.5 Knowledge gap

Despite the many research works on BPP optimization, they are still not used in FC industry. As we
reviewed, numerous research groups have focused on developing PEMFC flow fields with uniform flow
and pressure distribution, with low pressure-drop. However, most of these research groups have
addressed the problem through numerical simulation, but have not validated simulation results by
experimental data. More importantly, most of the ideas proposed for improving the flow field
performance either cannot be fabricated, or if fabricated, suffer from various problems that the authors
have not taken into account. Hence, there exists a great interest to experimentally validate the
simulation results by running flow visualization and pressure-drop experiments over physically
fabricated BPPs. A few research groups have attempted to run experiments on flow field channels to
lend support to their numerical simulations. However, because of the huge time demand and high cost
of the conventional fabrication techniques, and the complexity of flow visualization experiments, most
of previous experimental studies have focused on the flow dynamic behavior through flow visualization
techniques in commercial or very simple flow fields. The use of over-simplified and non-realistic
geometries is far away from state-of-the-art realistic BPPs. The flow fields in the current study are

aiming at more complex geometries with small channel dimensions (0.4 mm). Although some of
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previous papers have used small channel dimensions (<0.5 mm) [3, 119-122], they have performed
experiments in only one or a few channels (e.g. 3 channels), and have not considered the fluid dynamic
performance in flow field of realistic number of channels (>50 channels). Not to mention that some

numerical models cannot even be manufactured with conventional fabrication techniques.

These facts highlight the necessity for finding new fabrication and manufacturing routes that could
enable us to fabricate the complex designs. There is also a great benefit if we can find a RP technique
and fast screening experiment method that could enable us to test the design ideas very quickly without
the need to numerically simulate them, because numerical simulation is a very challenging and time-
demanding task. 3D printing is a new AM technology that has many advantages and has shown many
potentials to revolutionize many branches of the science. However, 3D printing technology is not
matured enough and its applicability in prototyping BPPs and its ability in 3D printing small state-of-the-
art channels is still a question. A few research groups in recent years have utilized 3D printing in FC
researches, especially in prototyping BPPs. But those researches have just used 3D printing for
prototyping a simple BPP design with relatively large channels, and based on those limited work, they
concluded the applicability of 3D printing method for BPPs. In the best case, 3D printing was used for
qualitatively validating the simulation data of a basic flow field geometry. We could not find any work
that has used 3D printing for prototyping state-of-the-art BPPs with realistic number of channels with
<0.5 mm channel size. There is thus a need to determine whether 3D printing is an appropriate
technology for fabricating prototypes of the state-of-the-art real BPPs. Furthermore, what limitations 3D
printing might have for such an application and how reliable the technology is in terms of feature
resolution and data accuracy need to be evaluated. Ultimately, which 3D printing technology is most

suitable for a specific application should be identified.

One of the other problems of the previously mentioned research works is that simulation and

experiment are usually run on a relatively small active area, but automotive applications usually require
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high power output, which requires a large active area. Optimizing the flow distribution becomes more
challenging when tests need to be carried out over a large active area. Only in the simulation of Lim et
al. [38] an active area size in the range meeting the automotive industry requirements was used,

although their simulation results have not be validated experimentally.

All of the previous works have focused on just one of the BPP flow fields, either anode, cathode or
cooling flow field. To the best of our knowledge, none of the previous works has considered all three
flow fields together. FC performance is dependent on the simultaneous performance of anode, cathode
and cooling plates. As we discussed previously, and mentioned by Wilkinson et al. [43], even if there
exists a flow non-uniformity, taking advantage of this non-uniformity and managing it could be
beneficial too.

In terms of flow visualization, not many works have been done to visualize the flow velocity distribution
in the BPPs. A few studies have been done by PIV and LIF techniques on very simple channel geometries
with large channel sizes. However, many problems arise in flow fields of realistic number of flow
channels, with small channel dimensions, which might never be revealed in large channel dimensions. In
addition, the mentioned techniques are usually very challenging to work with in which sometimes the
work complexity hinders producing acceptable amount of data. The complexity of the mentioned

methods also prevents quick evaluation of the BPP models experimentally.

2.5.1 Strategies and scope of the present work

As discussed in chapter 0, the general objective of the current research is to develop flow field designs
and to optimize their performance. To develop and modify a design, several steps of trial and error are
required to find the optimum value of different parameters such as: channel/rib width, channel aspect
ratio, number of channels, channel configuration, channel arrangement etc. To successfully optimize the
mentioned parameters, first the validity of simulation results need to be confirmed with experimental
data, which requires physical manufacturing of BPPs, and then trial and errors on numerical simulation.
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However, the numerical simulation process is both complex and time-consuming which might hinder the
development of an optimum flow field design. This highlights the necessity for a fast-screening
experimental method which could not only validate the simulation results, but also could be utilized as
an alternative to numerical simulation when required.

In the present research, based on the previous suggestions from literature, state-of-the-art flow field
design for cathode, anode and water-cooling BPPs will be proposed, which has an active area of 187
cm?, with 0.4x0.4 mm? cross-section area of flow channels. Numerical simulations will be first performed
using COMSOL Multiphysics to assess the design performance, and then flow visualization and
pressure-drop experiment will be carried out to validate the simulation results. As mentioned in

chapter 0, the specific objective of the present work is to investigate the applicability of 3D printing as a
RP technique in fast-screening of proposed flow field designs and in validating the simulation results.
Hence, the prototype BPPs will be fabricated using several 3D printing technologies, which allows (1) to
experimentally evaluate the fluid dynamic behavior of 3D printed BPPs, in order to validate the
simulation results; (2) to compare the suitability of several novel 3D printing technologies in prototyping
the flow fields with complex designs and small feature size; and (3) to assess the applicability and
limitations of 3D printing in fabricating prototype and real BPPs.

Measured flow velocity distribution and pressure-drops from experiments will be compared with
COMSOL results. The following chapter will describe our fabrication techniques and design of the

experiments.
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3 Experimental

In this chapter, we will discuss about the experimental setup, apparatus selection and fabrication
methods for running the experiments. We will first discuss about the required experiments and then will

talk about the novel methods we have used in the experiment setup.

3.1 Required experiments

To perform experiments on BPPs, the first step required is to physically fabricate them. Here we have
utilized novel RP techniques to manufacture the fluid flow fields. Prior to running any fluid mechanics
experiments, care must be taken toward the dimension accuracy, and the real dimensions should be
known after the fabrication. Hence, the first set of experiments is to measure the geometry of the

fabricated plates.

As it was discussed in the chapter 1, flow through the GDL depends on the pressure profile in the BPP.
However, it should be noted that the uniformity of the flow distribution does not necessarily ensure a
homogeneous reactant distribution over the active area. Take as an instance the single serpentine flow
field, where the equal amount of flow passes through channels, but the concentration of reactants is
non-uniformly distributed over the catalyst layer. The near inlet region with higher pressure forces more

reactant into GDL, while outlet region experiences lower concentration of the reactants [118].

Hence, the flow field design target is to achieve uniform pressure distribution over the catalyst layer,
which in gas phases is equivalent to uniform reactant distribution. However, extracting the pressure
profile experimentally is a very challenging task where adding pressure sensors all over the active area
would disturb the flow. Only pressure-drop along the flow fields can be measured experimentally. On
the other hand, although uniform velocity profile does not ensure uniform reactant concentration, a
non-uniform flow distribution will more likely result in non-uniform reactant distribution which would

deteriorate the FC performance. Especially in the case of present work, the preliminary simulation
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results suggested a near-uniform velocity profile to ensure a uniform pressure distribution. Therefore, it
is very important to measure the velocity profile in the flow fields. In the present work, we measure the
pressure-drop and velocity distribution over the active area, and then using these parameters we assess
the simulation results. If the numerical modelling validated, we can rely on numerical simulation to

figure out the pressure distribution over the active area.

3.2 BPPs fabrication

CAD of the BPP were made using SOLIDWORKS 2014 x64 Edition. To fabricate the CAD models,
SOLIDWORKS files have been converted to STL files, which is the file type known by 3D printers and
laser-cutter apparatus. The 327 mmx98 mmx2 mm cathode, anode and water-cooling BPP comprises
straight-parallel fluid flow channels with an electrode active area of 186.4 cm?, with flow channels which
have 0.4 mmx0.4 mm square cross-sectional area. Small depth of the flow channels would decrease the
BPP thickness which in turn decrease the FC stack total volume and weight. A solid model of the BPPs is
shown in Figure 3-1,within which the fluid flow is being directed toward different straight-parallel
channels by inserting baffles in the inlet region of the flow field (transition region), as shown in Figure
3-2. Addition of baffles increases the resistant in certain direction and assists the uniform distribution of

the flow.

Single-piece BPPs were fabricated using 3D printing and laser-cutter technologies. It is for the first time
that laser-cutter technology is used for the BPP fabrication. It enables us to compare two RP
technologies, 3D printing and laser-cutter, together and to provide the future researchers with
information on the applicability of each technology. We have utilized two state-of-the-art 3D printing
technologies, SLA and Polyjet 3D printing, for 3D printing the BPPs and to compare the technologies
together. The reason we chose these two technologies of 3D printing is that they offer the best
combination of price and accuracy. Although we could 3D print with higher accuracy in Z-axis using

DMLS, the price would be much higher, as discussed in Table 2-1.
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The channel cross-section area in the original design is 0.4 mmx0.4 mm. However, due to the minimum
feature size recommended for SLA 3D printing by FORECAST 3D Ltd. for SLA 3D printing [123], some of

the plates were fabricated with 0.635 mmx0.635 mm channel cross-section.

(a) Cathode.

(b) Water cooling.

(c) Anode.

Figure 3-1: Computer aided design of BPPs.
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(Transition region) Fluid inlet

Figure 3-2: Different regions of active area in the cathode BPP.

In addition to the original CNC machined graphite plate, two cathode BPPs with 0.4 mmx0.4 mm cross-
section was fabricated using Polyjet and laser-cutter technology (BPP#2,7 from Table 3-1), which
enables us to compare these methods together. Based on the preliminary results from Polyjet plates,
the fluid crossflow between the channels, as well as the compression and deformation of the flow

channels due to the tightening in the transparent cell, were concerns. To eliminate the errors caused by

these factors, a novel idea of 3D printing of enclosed channels was proposed. However, neither Polyjet
nor powder-based technologies can 3D print such channels. As discussed in detail in section 2.3.1.20,
those technologies 3D print hollow parts with support materials which can be removed after fabrication.
However, in the case of BPPs in the current experiments, removing support materials from 101 long
channels with 0.4x0.4 mm? cross-section was impossible. Theoretically, SLA 3D printing can 3D print
such enclosed channels, but even SLA 3D printing requires challenging post-fabrication steps. After trial
and error 3D printing for more than 6 months on 30 different designs, eventually a cathode BPP with
enclosed channels was fabricated. Two cathode BPPs were fabricated using SLA 3D printing technology,
to investigate the cross flow between channels, and to compare SLA technology with Polyjet. The two
SLA cathode plates were designed identical except that in one of the two plates, a transparent layer was

3D printed on top of the channels to enclose them (BPP#5,6 from Table 3-1). We denote these two
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plates as “covered SLA” (BPP#6) and “uncovered SLA” (BPP#5). It is for the first time that such novel
enclosed channels are 3D printed, which has lots of promises for future researches. It would increase
the similarity between simulation and experiment geometries since enclosed channels ensure that the
cross flow between channels as well as the plate deformation under stress are eliminated, which in turn
assists researchers to investigate the effect of other parameters rather than geometry. Since the
minimum recommended feature size for SLA technology is 0.635 mm, the two SLA cathode plates
(BPP#5,6 from Table 3-1) were 3D printed with 0.635 mmx0.635 mm cross-section area. Moreover, to
evaluate the SLA ability in 3D printing the features below the minimum recommended size, another
cathode plate with 0.4 mmx0.4 mm cross-section was 3D printed with SLA technology (BPP#4 from
Table 3-1). The latter cathode plate also enables comparing the geometric accuracy of SLA, laser-cutter
and Polyjet together, as well as with that of the real graphite BPP. Due to the preliminary results from
cathode plates, anode and water-cooling plates were also fabricated with 0.635 mmx0.635 mm cross-
section area using SLA technology with a 3D printed cover on top of the channels (BPP#8,9 from Table
3-1). Two other anode and water-cooling plates were fabricated without a layer on top for cross-section
imaging purpose. Table 3-1 and Figure 3-3 summarizes all the prototype BPPs tested in the current

research.

For Polyjet 3D printing, Objet Eden 500 in HD mode was used; Resolution = 0.00063"” Z, 0.012" XY;
Tolerance = + 0.005” or + 0.001” whichever is greater; Minimum feature size = 0.012". For SLA 3D
printing, SLA 5000 SOLID IMAGING SYSTEM by 3D Systems Ltd. was used. Its standard dimensional
variation is typically within £0.007” for the first inch and £0.003” for every inch thereafter; XY
resolution= 0.008 - 0.012"; Minimum feature size = 0.025". Laser-cutting was done by Unlimited Design

Ltd. located in Vancouver.
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Table 3-1: Different BPPs tested in the current research

BPP Number of Cross-section
Technology BPP type Purpose

# Channels (mm?2)

1 CNC machining Cathode 101 0.4x0.4 Reference

2 Polyjet 3D printing Cathode 101 0.4x0.4 To compare Polyjet with Laser-cutter

3 Polyjet 3D printing Cathode 64 0.635x0.635 To compare SLA with Polyjet

To evaluate SLA capability in small
4 SLA 3D printing Cathode 101 0.4x0.4
features
5 SLA 3D printing Cathode 64 0.635x0.635 Uncovered SLA cathode
Covered SLA cathode
6 SLA 3D printing Cathode 64 0.635x0.635 A layer was 3D printed on top of the
channels to enclose them
7 Laser-cutter Cathode 101 0.4x0.4 To introduce a new RP technology
To compare the flow behavior in anode,
8 SLA 3D printing Anode 64 0.635x0.635
cathode and water-cooling BPPs
To compare the flow behavior in
9 SLA 3D printing Water-cooling 64 0.635x0.635
anode, cathode and water-cooling BPPs
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Water cooling
SLA,0.635mm

Figure 3-3:Prototype BPPs studied in the current research.
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3.3 Geometry measurement

To measure the channel dimensions of the prototype BPPs, cross-section images of all flow channels of
all BPPs are taken. Images are taken using optical coherence tomography (OCT), OCTG-1300 model
M003220179 by THORLABS. The dimensions are measured with Image) version 1.51k. To investigate the
channel cross-section size variation across the BPP, all channels of a BPP are measured. Channel cross-
section size of different BPPs are compared to study the accuracy and ability of different prototyping

technologies in manufacturing small features.

3.4 Transparent cell assembly

The most common technique to observe flow field flow is to use a transparent FC. In the current
research, the transparent cell consisted of: one 1” house-made anodized aluminum end plate on top of
which components were placed to assemble the transparent cell; a bottom acrylic plate; bipolar plate; a
top acrylic plate that comes on top of the BPP to serve as viewing window; and a metal frame to hold
the system together. Figure 3-4 and Figure 3-5 show the transparent cell components along with the
assembled transparent cell. The transparent cell was assembled by placing the components on the
aluminum end plate to clamp the BPP between two %” thick pieces of acrylic sheet. To provide uniform
clamping pressure with minimum bowing, and to visualize the flow, a /4" stainless steel frame with 6
viewing windows was designed. 10 Grade-8, 5/16” bolts were placed around the outside of the BPP
through the aluminum end plate and the metal frame, and were tightened in a star pattern in 3 steps.
First, the bolts were pre-tightened using 4.5 Nm torque, followed by tightening up to 6.5 Nm, and finally
tightening force increased to 9 Nm. The reason 9 Nm was chosen as tightening force is that based on
preliminary dye visualization tests, the tightening force below 9Nm results in a gap between top acrylic
glass and channel ribs which in turn reduces the pressure-drop along the BPP. However, the tightening
force above 9 Nm causes BPP deformation which results in further pressure-drop. Silicon ribs were used

under the bars of the metal sheet to provide additional clamping pressure to the center of the flow field.
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O-ring was used to seal the edge of the flow field. Since the 3D printed BPPs are susceptible to
deformation under clamping pressure, a wide-range micrometer screw gauge is used to measure any

possible deformation.

(a)

Top acrylic
plate

Aluminum end

plate

Bottom acrylic
plate

(b)

Figure 3-4: Transparent cell schematic; a) Assembled transparent cell; b) Exploded view of transparent cell assembly.
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Figure 3-5: Transparent cell components: a) Aluminum end plate; b) Bottom acrylic plate to match the grooves of aluminum end
plate with that of BPP; c) Prototype BPP; d) Top acrylic plate to seal the prototype BPP and to enable flow visualization; e) Metal
frame to uniformly distribute the tightening force over active area; f) Assembled transparent cell. The components come on top

of each other in mentioned order to form the transparent cell assembly.

3.5 Flow rate measurement
A 10”-long linear rotameter type 6A 1110 by INSTRUMENT CANADA, which shows the flow rate as a

percentage of the maximum measurable flow, was used for measuring the flow rate. The maximum flow
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could be measured with this rotameter is 700 ml/min. The pump driver controller combined with

manual flow measurement was used for higher flow rates.

Due to the high inaccuracy (5%) accompanied with the rotameter, the rotameter was calibrated using
manual flow measurement. At each flow rate, the flow rate shown by rotameter was recorded and then
the deaerated water was collected for 10 minutes for measuring the precise flow rate. The “actual flow”
versus “rotameter percentage” was plotted as shown in Figure 3-6, which is a calibration graph for
acquiring the precise flow rate at each percentage. The precision of flow measurement in this method is

high and error is smaller than 2% of the measured flow.
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Figure 3-6: Actual flow rate versus rotameter percentage graph.
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3.6 Pumping system

A COLE-PARMER 7553-20 pump drive, with COLE-PARMER 7518-00 pump head, with COLE-PARMER
7553-71 speed controller, with “C-Flex tubing (50 A), L/S 15,25ft “tube was used. A house-made pulse
dampener was used to alleviate the flow fluctuation at small flow rates. The pumping system is

discussed in more detail in Appendix .

3.7  Ensuring dynamic similarity

As it was discussed in Chapter 2, flow visualization in gas phase is accompanied with lots of challenges
which directs the researchers to visualize the fluid flow in liquid phase. In the current research, we
conducted the flow distribution and pressure-drop experiments in liquid phase, with same Reynolds

number as gas phase flow to maintain the dynamic similarity. The dimensionless Reynolds number for a

UuD
P , where p is the fluid density in kg/m3, U is the fluid

H

fluid flowing through a channel equals

mean velocity in m/s, Dy is the channel hydraulic diameter in m, and W is the fluid absolute viscosity in

Pa.s.

3.7.1 Determination of gas flow rates in anode and cathode BPPs

For the target 30kw PEMFC stack, the following conditions are considered: temperature (Tawg)= 800C,
relative humidity (RH) = 100%, air stoichiometry (Aair) =1.8, hydrogen stoichiometry (A42) =1.3, total
pressure (Piotal)=170.25 kpa. The main physical properties of hydrogen, air and water at atmospheric
pressure (1atm) and typical PEMFC working temperature of 80°C are provided in the Table 3-2

[125,126,35].
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Table 3-2: Thermodynamic properties of fluids consumed in the current research.

Absolute
Temperature Kinematic Viscosity Density Molar mass
Fluid Viscosity
(°C) v (m?/s) p (kg/m’) (g/mol)
H(Pas)
Air 80 2.086x10° 2.065x10° 0.9900 28.970
Hydrogen 80 1.558x10™* 1.050x10°> 0.0674 2.015
Water 20 1.007x10°® 1.005x10°3 998.2000 18.010
Glycerin 20 6.150x10* 0.7601 1236 NA

Since the inlet pressure is greater than the atmospheric pressure, Table 3-3 represents the fluid
properties at inlet condition. We assume, however, that change in pressure is not changing the water

and glycerin properties, nor air and hydrogen absolute viscosity.

Table 3-3: Air and hydrogen properties at BPP inlet condition.

Kinematic Absolute
Temperature Pressure Density
Fluid Viscosity Viscosity
(°C) (kpa) p (kg/m?)
v (m?/s) W (Pas)
Air 80 170.25 1.223x10° 2.07x10° 1.682
Hydrogen 80 170.25 9.267x10° 1.05x10° 0.113

In a PEMFC stack, the reactant consumption rate can be calculated using eq.(9) and eq.(10) [127], where

o (o]
Nair and N n, arethe molar air and hydrogen consumption rates in mol/s, | is the current density in

A/cm?, A is the BPP active area in cm?, N is the total number of cells in the stack, ﬂair and ﬂHz are air
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and hydrogen stoichiometry, F is the Faraday’s constant and equals 96,485 sA/mol, y02 is the oxygen

fraction in air and equals 0.2095.

0 iIAN
air — ﬂ« i T
n alr 4Fy02 (9)
0 IAN
u, =4, — (10)
RNT

To obtain the 30KW power, considering the minimum degradation, the current density (i) of 1 A/cm?is
considered. With substituting the mentioned values in eq.(9) and eq.(10), the values of
4.273 x 10 mol/s and 1.293 x 1073 mol/s are obtained for the air and hydrogen molar consumption

rates, respectively. Eq.(11) can be used to convert molar reactant consumption rate to reactant
volumetric flow rate, where M is the fluid molar mass in kg / mol ,and o is the fluid density in kg /m?

. By substituting the hydrogen and air properties at inlet condition from Table 3-3 in eq. (11), the values

of 0.0736 lit/s and 0.0230 lit/s are obtained for the air and hydrogen volumetric flow rates, respectively.

Q=—- (11)

3.7.2 Determination of liquid flow rates in anode and cathode BPPs

To replace the gas flow with water flow, the dynamic similarity should be maintained between two
systems, which is possible through maintaining the equality between Reynolds numbers. Therefore, the
Reynolds number of air flow at inlet condition through cathode channels should be equal to that of
water flow through cathode channels, and similarly the Reynolds number of hydrogen flow through
anode channels at inlet condition should be equal to the that of water flow through anode BPP. Using

eq.(12), if the same plate is used, eq.(13) results from simple calculation.
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Hy Hy

(12)

Vv
Qwater = Qair (13)

air

Substituting the air and hydrogen volumetric flow rates in eq.(13) results in values of 363 ml/min and

15 ml/min for water flow rate through cathode and anode BPPs, respectively. Please note that the
channel hydraulic diameter is assumed to be 0.4 mm in these calculations. In BPPs with 0.635 mm
dimension, however, the channel dimension difference should be considered. The volumetric flow rate
in the parallel identical channels can be calculated using eq.(14), where Q is the volumetric flow rate in
m3 /s , N is the number of channels, A is the single channel cross-section areain m?, and U is the

average mean fluid velocity inside each channelin M /s.

Q=nAU (14)
To maintain the dynamic similarity between two BPPs with 11, and N, channels, with channel
dimensions D, and D, , using the same liquid, the eq.(15) should be satisfied. Using the values of
n, =101 and N, = 64 channels, with channel dimensions of D, = 0.4mm and D, = 0.635mm,

results in Q, =1.006Q), , which highlights that approximately similar water flow rates should be

used in BPPs with 0.4 mm and 0.635 mm hydraulic diameter.

Q,=—=—Q (15)

3.7.2.1 Determination of liquid flow rate in cathode BPP
Above calculations suggest that to maintain the dynamic similarity, water flow rate of 363 ml/min is
required for cathode BPP experiments. The value is also scaled up and down to investigate the system

capability in higher and lower flow rates.
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Since in cathode BPPs with 0.4 mm cross-section, the maximum pressure-drop that could be measured
by pressure sensor was occurring in around 650 ml/min of water, the value of 650 ml/min is used as the
maximum flow for both velocity distribution and pressure-drop experiments. Moreover, the value of
150 ml/min which is almost half of the 363 ml/min, is used as scaled down flow for the velocity
distribution experiments in cathode plates. However, in cathode BPPs with 0.635 mm dimension, the
maximum pump ability, 1300 ml/min, is used as the above limit of velocity distribution experiments, and
half as well as 1/8 of 1300 ml/min are used as two other flow rates. In pressure-drop experiments, the

flow rates are varied from minimum pump ability up to maximum pressure sensor ability.

3.7.2.2 Determination of liquid flow rate in anode BPP

For anode experiments, the calculated value of 15 ml/min for water flow not only is below the pump
ability, but also the liquid flow will be largely disturbed by dye injection. Based on suggestion of Barreras
et al. [35], a mixture of water and glycerin is used to increase the liquid kinematic viscosity to overcome
this problem. The mixture composition can be calculated using the methodology described in [125]

applying the following equations:

Xyater 7, Xglyeyrin
;uwatzlr ,Ll lycerin
Vmixture = = (16)
pmixture
pmixture = Xwaterpwater + Xglycerinpglycerin (17)
Vli i
_ quid
Xliquid = Y (18)

mixture
Where X"quid represents the volumetric liquid fraction in the mixture, and V represents the volume.

Using eq.(13), the volumetric flow rate is directly proportional to the fluid kinematic viscosity. Therefore,

-20Q

wat

using V,;,, = 20v,,, would result in liquid volumetric flow rate of Q =300ml / min, which

mix

enables running the experiments in liquid phase in anode plate as well as cathode plate. Using the value
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of X =047 and X . =0.53 would result in a mixture with such kinematic viscosity. Considering these,

glyc water

the anode velocity experiments are carried out in 150, 300, 600 ml/min of water-glycerin mixture.

3.7.3 Determination of flow rate in water-cooling BPP

In PEMFCs, the cooling water consumption rate can be calculated with setting eq.(19) equal to eq.(20)

[127], where (3 is the heat production rate in J /S (Watt), Voc is the open circuit voltage of cell and

equals 1.25Volt for PEMFCs, Va is the actual cell voltage and equals 0.6 VOIt in the current stack, |

o]
is the total current output of a single cell in Amps, M is the water mass flow rate in kg /s, Cp is the

specific heat capacity of water and equals 4,184 J / kgK ,and Tin and Tout are the inlet and outlet

water temperatures in kelvin. Setting egs. (19) and (20) equal results in eq.(21), which can be used to

calculate the water mass consumption rate.

6 =V, -V)I (19)

6 = I%Cp (Tin _Tout) (20)
? (Voc _Va)l
m=—>=x—2_ (21)
Cp (Tin _Tout)

0
Using the values of Tj, = 70°C and T, =85°C, the value of M =0.002095 kg / s, which is

equivalentto Q .. =125 ml/min, is obtained for the water flow rate. Using a mixture of 13% glycerin

wat

and 87% water in velocity experiments in water-cooling BPPs, the Q.. =125 ml / min would be

wat

equivalent to Q . =300 ml/min in terms of Reynolds similarity. The velocity experiments are carried

mix

out in 150, 300, 600 ml/min of water-glycerin mixture in water-cooling BPPs. Although the value of

mixture flow rate is same in velocity experiments of both anode and water-cooling BPPs, the
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composition of the water-glycerin mixture is different. The pressure-drop experiments in anode and

water-cooling BPPs are done using pure water same as cathode plates. These bring the opportunity for

further performance comparison of anode and water-cooling plates. Table 3-4 summarizes the fluid flow

rates used for flow visualization experiments in different BPPs.

Table 3-4: Summary of fluid type and flow rates applied in the experiments of current research.

Pressure-drop

Hydraulic Velocity distribution experiments
experiments
BPP type Diameter
Flow rates Reynolds Flow Current density Fluid
(mm) Fluid composition
(ml/min) number regime (A/ecm?) composition
Q1:150 Rel=62
Cathode 04 Xwat=1, Xgiy=0 Q2:363 Re2=149 Laminar 1 Xwat=1, Xgiy=0
Q3:650 Re3=266
Q1:150 Rel=61
Cathode 0.635 Xwat=1, Xgy=0 Q2:600 Re2=245 Laminar 1 Xwat=1, Xgly=0
Q3:1300 Re3=529
Q1:150 Rel=3 Xwat=1, Xgly=0
Anode 0.635 Xwat=0.53, Xgy=0.47 Q2:300 Re2=6 Laminar 1
Q3:600 Re3=12
Q1:150 Rel=26
Water-
0.635 Xwat=0.87, Xgiy=0.13 Q2:300 Re2=53 Laminar 1 Xwat=1, Xgy=0
cooling
Q3:600 Re3=106
3.8 Pressure-drop measurement

To measure the pressure-drop, thePX750-150DI differential pressure transmitter by OMEGA LTD. is

used, which can measure the differential pressure-drop in 0”-150” H,0 range by 0.25% span accuracy.




The pressure sensor translates the 0”-150” H,0 pressure-drop linearly to 4-20 mA current output, which
is then converted linearly to 1-5 VDC using a house made amp-to-volt convertor. The voltage output is
then converted to digital voltage input of the computer using a Labajack U3-HV data acquisition (DAQ)

device.

The pressure-drop measurement was carried out in different flow rates in 60-1500 ml/min range, from
minimum pump ability up to maximum pressure sensor ability. The pressure-drop for each BPP was
measured in 5 sets, each set at two approaches: ascending and descending flow rate, each approach at
least at 8 different flow rates. Hence, each data point is the average of at least 10 measurements. The 8
different flow rates for measuring the pressure-drop was selected based on the relevant stoichiometry
for each BPP. Although the system gets steady state very fast, the flow was circulated in the system for
at least 10 min before recording the pressure-drop. The ascending and descending approaches are

selected to figure out if there exist any pressure-drop hysteresis in the single-phase flow.

3.9 Flow visualization

The flow visualization experiment has been carried out in different BPPs with loading them into the
transparent cell. The deaerated water was circulated in BPPs inside the transparent cell for 5 min to
stabilize the flow in stationary condition. After this time, dye was pulse injected in synchronization with
the image acquisition. Flow was visualized by tracking the evolution of the dyed fluid front. For each
flow field plate, the flow distribution was tested at least at 3 different flow rates as mentioned in Table
3-4, and each flow-rate was tested 3 times. The following discusses each step of flow visualization

experiment in detail.

3.9.1 Dye injection
As a useful dye injection strategy, Barreras et al [35] suggested the dye injection location to be

40xdiameter in the upstream before the channel inlet in 45° angle. We have used their suggestion for
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the location of dye injection. However, the 15° angle has been used between the dye injecting tube and
the main stream tube. The dye injection system is made of a 1ml syringe connected with a 1/16” ID tube
to the main stream. The dye was pulse injected and the dye volume was chosen small enough to not
disturb the flow stream and not to be invasive. For low flow rates (<150 ml/min), 0.5 ml black dye is

used, and for high flow rates (>150 ml), 0.7 ml dye is used.

Different dyes were tested to visualize the flow front. The dyes were selected based on the criteria of
low diffusivity, low toxicity, non-reactivity and high contrast. Potassium permanganate, sodium
fluorescein activated with UV light, and black dye named Ebest Black AR3 provided by European OGD
LTD. were examined. Potassium permanganate was reactive and changed the color of the 3D printed
plates to brown. Sodium florescent did not provide enough light intensity and hindered us from
visualizing multiple channels simultaneously. The Ebest Black AR3 demonstrated non-reactivity and high
contrast and was used for the flow visualization experiments in this study. To investigate the dye
diffusivity, the dye was injected into the flow channels with stagnant water, and the time for dye to
travel the entire channel was measured. The measured time was greater than 1 min, which is
significantly greater than the time required for the dye to travel the channel when water flows through
those flow channels (< 3 seconds). The diffusion-induced dispersion of the selected dye was therefore

neglected in the data analysis.

3.9.2 Image capturing

A high-speed camera model MS70KDMG2 by MEGA SPEED with a resolution of 504x504 pixels, with a
55 mm TELECENTRIC lens was placed perpendicular to the BPPs for image acquisition. The camera can
capture images up to 4,500 frames per second (fps), and it has the capacity for storing 16,000 frames.
Therefore, if recording with e.g. 4,000 fps, capturing can be done for maximum 4 seconds. Images have
been recorded for a field of view of 87 mmx87 mm with a spatial resolution of 0.1732 mm/pixel. To

illuminate the view field, a large light source was used as shown in Figure 3-7. When capturing images
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with high frame rate, the regular light sources show intensity fluctuations which adversely affects the
experiments. Hence, it is important to utilize a light source with constant lightening, that the mentioned
light source successfully provided the plate with non-variant-intensity lightening. To distribute the light
uniformly over the flow field, two house-made light diffuser sheets located consecutively 5 cm,10 cm
after the light source, as shown in Figure 3-7. Figure 3-8 and Figure 3-9 depicts the whole setup used for
this research.

The flow visualization technique in our proposed research is simpler than the one performed by Barreras
et al. [35], without the use of laser setup, scattering lenses and fluorescent dye. Furthermore, in
contrast to the work by Barreras et al. [35], we have utilized image processing and signal analysis
techniques to determine the velocity in a very complex geometry with much smaller channel size, which

will be discussed now in more detail.

Figure 3-7: lightening system applied for uniform lightening with constant light intensity.
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Figure 3-8: The setup applied for flow visualization and pressure-drop measurement in BPPs in the current research.
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Figure 3-9: Schematic of the setup applied for flow visualization and pressure-drop measurement in BPPs in the current research.
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3.9.3 Image processing and signal analysis

After the tracer dye was injected in the deaerated water flow, image capturing was immediately started
and 16,000 images were taken of the dyed fluid evolution. The velocity distribution between the flow
channels has been measured by tracking the evolution of the dyed liquid, as shown in Figure 3-10, and

analyzing the captured images with the following method.

Figure 3-10: Dye evolution in SLA 3D printed cathode flow field. a) t=600ms; b) t=6800m:s.

A MATLAB R2015a code, which is shown in Appendix A, is developed for extracting the velocity
distribution profile among the flow channels. The code reads and analyzes all the 16,000 images, each
image consists 504x504 pixels. For calculating the fluid velocity in each channel, corresponding pairs of
pixels are selected across the channels, as shown in Figure 3-11. The corresponding pairs of pixels
within each channel refer to pixels which are in the same distance from the channel wall (Same X-
coordinate if the plate is exactly vertical). The corresponding pair of pixels are identically colored in
Figure 3-11. The vertical distance between two corresponding pixels of each pair is known with reading
the images in MATLAB. The idea for measuring the required time for the dye to travel from one pixel to
another one, e.g. from the yellow pixel in left hand side to yellow pixel in the right-hand side in Figure

3-11, is based on the fact that when the dye enters a certain pixel, the intensity of that pixel is being
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decreased, since black dye has lower intensity than deaerated water. Therefore, the plot of
Intensity-Frame number is expected to have a sharp valley since the intensity is constant until the dye
enters to that certain pixel, and then suddenly decreases followed by a gradual increase as the dye goes
out. Figure 3-12 demonstrates the intensity versus frame number for two corresponding pixels within a
random channel of an SLA 3D printed channel with 0.635 mm width. The lag between blue and red
graphs in Figure 3-12 is attributed to the time which takes for the dye to travel from one pixel to
another pixel. This frame lag is calculated using cross-correlation analysis in MATLAB and is converted to
time by the knowledge of frame rate. The velocity is then calculated by dividing the vertical distance

between two pixels by the calculated time from cross-correlation analysis.

Channel wall \

Acroos

gray and white pixels

Figure 3-11: Schematic of the velocity measurement inside a flow channel. Since it takes some time for dye to travel from first
yellow pixel on the left-hand side to the second yellow pixel on the right-hand side, the plot of intensity versus frame number for
these two corresponding pixels would have a lag. Cross correlation of intensity versus frame number would inform us about the

maghnitude of this lag which can be translated to time with the knowledge of frame rate.
At each channel width (X-coordinate), at least 10 pairs of corresponding pixels with different heights
(Y-coordinates) was selected, as shown in Figure 3-11, and the velocity of the flow streamline at that

certain width (X-coordinate) was obtained with taking average of all the velocities calculated at that

certain X-coordinate. Then at each channel, velocities at different channel width (X-coordinate) was
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averaged to calculate the mean channel velocity. Therefore, the reported velocity at each experiment
for each channel is the average of 10xnumber of pixels across the channel, which varies based on the
channel width and field of view.

The frame rate was manipulated based on the flow rate. If the fluid flow rate of 1400 ml/min is used, the
fastest fluid velocity will be in the channels of the BPPs with 0.4 mmx0.4 mm cross-section. The average
mean velocity in the flow channels of a BPP with identical channels can be calculated from eq.(22),
where Q is the total flow rate in ml/min, A is the cross-section of a single flow channel in mm?2, n is
number of channels, U is the mean fluid velocity inside a channel in mm/s, and U is the average mean
velocity of all the flow channels in mm/s. Please note that “mean” velocity is used to denote the mean
velocity inside one channel, while “average” refers to average velocities of all the flow channels which

here we call “average mean velocity”.

Q = 0.06nAU (22)

Using eq.(22), the average mean velocity inside the flow channels of a BPP with 101 flow channels and
0.4 mmx0.4 mm cross-section, with 1400 ml/min flow rate would be 1.443 m/s. The preliminary
simulation results demonstrated that the highest mean velocity inside the flow channels is not more
than 2 times the average mean velocity. Therefore, in all the velocity measurement experiments the
mean velocity is smaller than 2.164 (=1.443x1.5) m/s. Correspondingly, 4,000 fps was chosen for most of
the velocity profile experiments. Using such a frame rate, the uncertainty in the velocity measurement
can be derived using eq.(23), where U is the mean velocity inside the flow channel, X is the distance

travelled by the dye frontier, and t is the time needed for travelling distance X .

du =%dx—t§dt 23)
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dt is the uncertainty in time, which with 4,000 fps equals

1 5= 2.5*10*s . 0X is the pixel size

which is 0.1732 mm/pixel. Substituting these values into eq. (23) will give dU =10 mm/s. Therefore, the

uncertainty in velocity calculation would be dTU*loo =0.46%, which is very small. Since at lower flow

rates it takes relatively longer time for the dye to go through the channels, the video capturing was
performed for a longer time (more than 4 seconds) to track the dye displacement all along the flow field.
Therefore, the frame rate was decreased to 1,000 fps at 60 ml/min and 2,000 fps at 150 ml/min. The

uncertainty, however, remained low since the flow rate was much lower than 1400 ml/min.
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Figure 3-12: Intensity versus frame number graph for two corresponding pixels with different locations along the flow direction

in a random channel of SLA 3D printed cathode plate with 0.635 mm hydraulic diameter.
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3.10 Statistical analysis

To compare the agreement of different graphs together, the goodness of fit was performed. To decide
whether graph-1 or graph-2 is closest to expectation, the goodness of fit was tested with weighted least
squares (WLS), where the reciprocal of standard error is used as weight. To find out the discrepancy

between graph-i (i=1,2) and expectation (model), the errors between each two corresponding points is

calculated using egs. (24) and (25) , where Y, is the average of observations in point(i), Y4 is the

expectation, and SE, is the standard error of the mean (SEM) which equals the sample standard

deviation divided by square root of sample size. After the matrix of error, E=[Ei] (i=1:n) n=# of channels,
is extracted for both graphs, the p-value is calculated with less than alternative hypothesis to determine
whether there exists a significant difference between the errors from two graphs. The significance level

is assumed to be 5%.

B =w(y, - ymode|)2 (24)
1
W= SE,
i i (25)
SE,

In validating the simulation results, to test the discrepancy between two graphs (experiment VS
simulation), the percentage of average error is calculated using eq. (26), where n is the number of data
points on graph. In velocity experiments, in addition to error, the skewness of the graphs is also

compared to each other to decide about the symmetry of results.

100 ¢ | yexpected ~ Yobserved |
e, 03
1

(26)
yexp ected

Please note that in the current research whenever it is necessary for comparing the mean of two sets of

data, p-value is calculated to decide the significance of difference between two data sets.
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4 Results and discussion

This chapter represents the experimental results obtained from pressure-drop and velocity distribution
measurements using different prototype BPPs. First, the cross-section images of the prototype BPPs are
captured to evaluate the quality of different fabrication methods. This is followed by measured
pressure-drop data as well as velocity distribution data for different prototype BPPs to shed light on pros

and cons of each RP technique.

4.1 Cross-section area of BPPs

As given in Table 3-1, nine different BPPs were manufactured with different fabrication techniques. To
visualize the fabrication method precision, and to measure the channel cross-sectional area, images of
the channel cross-section were captured using OCT method. Comparing to Figure 4-1, which represents
the cross section image of 3D printed BPP from [128], the cross section images of BPPs made in the
current study in Figure 4-2 demonstrate that the images captured by OCT method in the current
research are much more clear and precise than the cross-section images captured in previous studies
[128] by optical microscopy, which needs to either break the plate or 3D print only a small sample,
because this method needs to be carried out perpendicular to the channel cross-section. While OCT can
capture images when the plate is perpendicular to the imaging apparatus, which allows the BPP to be

simply put under the OCT apparatus lens.

Figure 4-3 and Figure 4-6 show the OCT images of channel cross-section of different BPPs in the present
study. Cross-section images are captured from all the channels of each BPP, which allows the cross-
sectional area for each single channel to be calculated. Table 4-1 summarizes the statistical data of
average channel cross-sectional area for each BPP, in conjunction with Figure 4-7 and Figure 4-8, which
demonstrate the channel size distribution graphs of the studied BPPs. It is noted that the data in Table

4-1 are calculated based on all the channels of a BPP, with each channel being studied in channel inlet,
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channel middle part and channel outlet region. Also noted is that in order to compare the size

distribution of different plates, the graphs in Figure 4-7 and Figure 4-8 are shifted to the origin.

4.1.1 BPPs with 0.4mm hydraulic diameter

Visual analysis of Figure 4-3-a reveals that CNC machining results in identical channels with sharp square
cross-section of channels. This observation is confirmed by Table 4-1 (BPP#1), where statistical analysis
of all channels of graphite plate with consideration of random and systematic errors shows a coefficient
of variation (COV) less than 5% for CNC machining and a size slightly (1.9%) lower than the expected
size. Figure 4-7 also demonstrates a very sharp distribution histogram for the channel cross-sectional

size of graphite plate, which confirms that channels are quite identical in real fuel cell stacks.

Taking graphite channels as the reference, it can be concluded from COV data of Table 4-1 and size
distribution histograms of Figure 4-7 that channel size distribution is much more uniform in SLA 3D
printed and laser-cut BPPs (# 4 and #7 in Table 3-1), than Polyjet 3D printed BPP (#10). The
non-uniformity of channels in Polyjet printed BPP can be observed in Figure 4-3-d, where some channels
are even clogged. The channel size distribution is approximately similar in SLA 3D printed and laser-cut

BPPs, and both have less uniform channel size distribution than CNC machined BPP.

Although the same CAD file is used for fabricating all BPPs with 0.4 mm hydraulic diameter, it can be
seen from Figure 4-3 and Table 4-1 that the resulting average channel size differs from different
fabrication methods. CNC machining and SLA 3D printing produce channels with expected average
channel size, with rectangular channels. We attribute the difference in expected and measured average
channel size to the random and systematic errors. Laser-cutter technology (BPP#7), however, produces
trapezoidal channels which are on average 20% larger than the expected channels. This is because that
the depth in laser-cutting is controlled with the power of the laser which melts the plastic, and that is

done by trial and error and is fraught with errors. The average depth of laser-cut channels is 0.5 mm.
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One of the major problems of the laser-cutter technology is the rough channel bottom surface resulting
from melting the plastic to create the channel, as shown in Figure 4-2, which would increase the

pressure-drop and adversely affect the accuracy of fluid dynamic studies.

4.1.1.1 Effect of support materials on Polyjet 3D printing quality

Figure 4-3-d and Table 4-1 (BPP #10) demonstrate that the resulting average channel size from Polyjet
3D printing is almost half of the expected channel size, and the channel cross-section is semi-circular
rather than rectangular. This is because of the support material used between channels to lend support
to channel walls during the fabrication in Polyjet 3D printing. Although these support materials are
supposed to be removed after fabrication in support cleaning process, the small channel size prevents
the full cleaning of support materials from between channels. After we received the 3D printed BPP with
0.4 mm diameter from the manufacturing company, we could see lots of support materials still
remaining in between the channels. Some of these remaining support materials were cleaned manually
from a few channels, as shown in Figure 4-4-a, which illustrates the amount of support materials

available in channels after support cleaning process.

We developed and followed the following protocol for cleaning the support materials in order to
remove almost 100% of the support materials: The Polyjet 3D printed BPPs were soaked in 4% NAOH in
an ultrasound bath for 4 hours. Figure 4-4-b and Figure 4-4-c demonstrate the OCT images of channel
cross-section before and after applying the support removal procedure, respectively. The statistical data
of Polyjet 3D printed plate after support removal in Table 4-1 (BPP#2) suggest that removing the support
materials increases the average channel size by 38% and reduces the channel cross-section size variation
by 5%. But still there exists a large discrepancy between expected and actual average channel size, and
the COV is much higher than other BPPs. These observations suggest that despite the high nominal
accuracy of Polyjet technology presented in Table 2-1 (0.1 mm), it is not a suitable method for 3D

printing features below 0.5 mm.
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The other problems accompanied with Polyjet 3D printing is that BPPs 3D printed with Vero white (the
most famous Polyjet material) are not robust and are prone to damage and deformation during the
experiment. Polyjet materials have less mechanical strength in comparison with FDM, SLA and SLS
materials which cause numerous problems in experiments. As in some instances in Figure 4-5, the
channel walls get damaged when washing the plates, and the materials get deformed when exposed to
water, opposite to SLA plates. The Polyjet material gets contaminated by dyed water after a few

repeated experiments, while SLA materials completely get washed out of dye.

4.1.2 BPPs with 0.635 mm hydraulic diameter

Figure 4-6 shows the OCT images of channel cross-section of BPPs with 0.635 mm hydraulic diameter.
Figure 4-6-a along with Table 4-1 (BPP#2 and 3) shows that applying Polyjet 3D printed parts with larger
features (>0.5 mm) is not improving the consistency of channels since the COV is the same between
BPP#2 and BPP#3. This is also true for SLA 3D printer, where the COV is the same for SLA 3D printed
BPPs with 0.4 mm and 0.635 mm diameter. This highlights the inconsistency in 3D printing which is not
related to the channel size. However, the Polyjet 3D printed BPPs with 0.635 mm diameter have near
square channels and show 15% improvement in terms of closeness to the average expected channel

cross-section area, which confirms that Polyjet printing accuracy increases at dimensions above 0.5 mm.

Figure 4-6 along with Figure 4-8 and Table 2-1 presents a few points about SLA 3D printing. First, they
represent that SLA 3D printing outperforms Polyjet in terms of channel consistency, closeness to
expected average channel size and channel cross-section geometric shape. Moreover, it can be
concluded that SLA performs consistently in 3D printing different plates, since the images and the
statistical data of SLA 3D printed cathode, anode and water-cooling BPPs with 0.635 mm diameter are
very similar. In particular, the perfect square cross-section of the SLA BPPs shown in Figure 4-6-b,c,d is
exemplary. That we cannot see further improvement in the average channel size closeness to the

expected size from BPP#4 to BPP#5 in Table 4-1 suggests that SLA 3D printing performs with the same
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fabrication quality in small (<0.5 mm) features as well as in large features (>0.5 mm). Note that since in
the novel SLA enclosed cathode plate (BPP#6 in Table 4-1) a layer was 3D printed on top of the channels,
OCT was unable to capture images of channel cross-section in this case. Therefore, we assume that the
channel cross-section size in covered SLA cathode plate (BPP#6) is the same as uncovered SLA cathode

plate (BPP#5).

Figure 4-1: Resolution test taken under optical microscopy by Lyons et al. [128] (reprinted from [128] ).
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Figure 4-2: Laser-cut BPP channel roughness.
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Figure 4-3: Cross-section images of BPPs with 0.4 mm hydraulic diameter.
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i Supﬁbrtimatgrials
between channels

(b) Polyjet 3D printed cathode plate, Before support removal, D=0.4mm.

(c) Polyjet 3D printe cathode plate, After support removal, D=0.4mm.

Figure 4-4: Polyjet 3D printed BPPs, with 0.4 mm diameter, before and after support removal.
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(c) Polyjet 3D printed BPP colored with dyed water.

Figure 4-5: Damaged Polyjet 3D printed BPPs during experiments.
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(a) Polyjet 3D printed cathode plate,D=0.635mm.

(c) SLA 3D printed anode plate,D=0.635mm.

(d) SLA 3D printed water cooling plate,D=0.635mm.

Figure 4-6: Cross-section images of BPPs with 0.635 mm diameter
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Table 4-1: Channel cross-section size data for the studied BPPs

Actual Expected
Expected Average size
Number mean Cross-
Cross- Standard Coefficient | discrepancy
BPP of cross- section/
Technology BPP type section Deviation | of variation from
# channels section Actual
area (mm?) (%) expectation
studied area cross-
(mm?2) (%)
(mm2) section
1 CNC Cathode 101 0.1600 0.157 1.019 0.00756 4.82 1.90
Cathode
(After
2 Polyjet 101 0.1600 0.124 1.290 0.01890 15.20 22.64
support
removal)
3 Polyjet Cathode 64 0.4032 0.373 1.080 0.05740 15.40 7.60
4 SLA Cathode 101 0.1600 0.156 1.021 0.01190 7.61 2.09
Cathode
5 SLA 64 0.4032 0.389 1.037 0.01570 4.05 3.63
(Uncovered)
Cathode
6 SLA 64 0.4032 NA NA NA NA NA
(Covered)
7 Laser-cutter Cathode 101 0.1600 0.193 0.829 0.01190 6.18 20.65
8 SLA Anode 64 0.4032 0.395 1.021 0.01960 2.11 2.11
Water-
9 SLA 64 0.4032 0.393 1.024 0.01670 4.25 2.43
cooling
Cathode
(Before
10 Polyjet 101 0.1600 0.099 1.790 0.01830 20.40 44.04
support
removal)
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DISTRIBUTION OF CHANNEL CROSS SECTION AREA FOR BPPS WITH 0.4MM DIAMETER
# Graphite Plate M Laser Cutter A Polyjet_0.4mm_Before Support Removal Polyjet_0.4mm_After support removal X SLA_0.4mm

1.6

PERCENTAGE OF CHANNELS(%)
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CHANNEL CROSS SECTION AREA(MM2)

Figure 4-7: Channel cross-section area distribution in BPPs with 0.4 mm diameter.

DISTRIBUTION OF CHANNEL CROSS SECTION AREA FOR BPPS WITH 0.6MM DIAMATER
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Figure 4-8: Channel cross-section area distribution in BPPs with 0.635 mm diameter.
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4.2 Pressure-drop in prototype BPPs

This part presents the results of pressure-drop experiments in prototype BPPs. First, we present the
effect of de-aerated water on pressure-drop experiment to justify why de-aerated water is used in this
research. Figure 4-9 depicts the effect of dissolved air bubbles available in tap water on pressure-drop.
As it can be seen in Figure 4-9-a, the dissolved air bubbles result in different pressure-drop curves
depending on the direction of the flow rate change. If we start from low flow rate and increase the flow
rate (ascending direction), the pressure-drop is more linear than in the descending direction, and the
graphs of ascending and descending flows do not match each other. One reason for this observation is
that the existence of air bubbles violates the incompressible flow assumption made in Darcy equation,
which would change the value of pressure-drop. Moreover, the air bubbles in the tap water accumulate
in the pressure sensor diaphragm, and this accumulation is more significant at higher flow rates. Hence,
starting from higher flow rates caused more air bubbles to accumulate in the pressure sensor diaphragm
and its sudden release caused a breakdown in the pressure-drop curve, as demonstrated in Figure 4-9-a
(descending flow direction). However, Figure 4-9-b confirms that pressure-drop is not a function of the
change in flow direction, which suggests the elimination of fine bubbles with the use of de-aerated
water in the experiments. Figure 4-9-b reveals that there does not exist pressure-drop hysteresis in

single-phase flow.
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Figure 4-9: Effect of dissolved air of water on pressure-drop.
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4.2.1 Pressure-drop in cathode BPPs

As discussed in part 4.1, the SLA 3D printed BPPs demonstrate the highest agreement with the expected
geometry, and hence have the potential to be used as a reference to validate the simulation results.
However, all the SLA plates (except BPP#6) were tightened in the transparent cell assembly which might
deviate the plate from ideal shape. The only plate which was not tightened in the active area and could
maintain its geometry was BPP#6, on top of which a layer is 3D printed to have the channels sealed. A
piece of acrylic glass is located (but not tightened) on the plate to prevent any possible channel swelling
due to water flow. Considering these facts, the covered SLA cathode plate with 0.635 mm diameter

would be the closest to the ideal geometry during the experiment.

4.2.1.1 Pressure-drop in cathode BPPs with 0.635 mm hydraulic diameter

Figure 4-10 exhibits the pressure-drop versus flow-rate in cathode BPPs with 0.635 mm diameter. As it is
shown, there exists a good agreement between the simulated pressure-drop data and measured from
covered SLA plate (BPP#6), and the average and maximum discrepancy between data points are only
6.0% and 23.1%, respectively. This observation both validates the simulation results and suggests that
covered SLA cathode plate performs very close to design. It should be worthwhile reminded that
graphite plates are highly brittle and expensive, and we aim to replace conventional graphite plates with
a plate made by RP technique to run the fast screening experiments. This observation recommends that
novel design of covered SLA cathode plate enables it to serve as a rapid fabrication method for at least

testing the pressure-drop in any novel BPP design.

Figure 4-10 indicates that the pressure-drop from uncovered SLA and Polyjet cathode plates with 0.635
mm diameter (BPP#3,5) deviate from the expected pressure-drop based on design dimensions, and it is
more significant for the case of Polyjet. As it is shown in Table 4-2, the average and maximum

discrepancy between the pressure-drop of Polyjet plate and numerically simulated plate are 25.25% and
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45.25%, respectively, and 13.6% and 32.5% for uncovered SLA. The possible reason for this discrepancy

will be given after the pressure-drop of prototype BPPs with 0.4 mm dimeter is presented.

0.4

0.35

0.3

0.2

PRESSURE DROP (BAR)

0.1

0.05

4.2.1.2 Pressure-drop in cathode BPPs with 0.4 mm hydraulic diameter
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Figure 4-10: Pressure-drop in cathode BPPs with 0.635 mm hydraulic diameter.

Figure 4-11 exhibits the pressure-drop data versus flow rate in cathode BPPs with 0.4 mm hydraulic

diameter. As it is observed, there exists a good agreement between pressure-drop data of SLA and

numerically simulated cathode plate of 0.4 mm diameter, where the average and maximum discrepancy

between the two curves are 8.0% and 18.0%, respectively. Again, this validates the simulation results

and highlights the reliability of SLA as a RP technique. On the other hand, the laser-cut prototype has

less pressure-drop than expectation where average and maximum discrepancy between pressure-drop

data of measured and simulated are 22.0% and 29.1%, respectively. Pressure-drop data from Polyjet

plate with 0.4 mm diameter show a huge difference from expectation, where the average and maximum
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discrepancy between measured and simulated results are 147.2% and 180.7% respectively. The

following section explains the very diverse behavior of different BPPs.

Table 4-2: Statistical analysis of pressure-drop data from 6 prototype BPPs versus the simulation results.

Slope of Slope of BPP
Average Maximum o
Number Pressure-drop divided by
discrepancy Discrepancy
BPP of graph slope of
Technology BPP type from From
# channels In linear relevant
simulation Simulation . .
region simulation
(%) (%)
(bar.min/ml) (mexp / M oger)
Cathode
(After
2 Polyjet 101 147.26 180.13 0.001320 2.03
support
removal)
3 Polyjet Cathode 64 25.25 45.25 0.000251 1.58
4 SLA Cathode 101 8.01 17.74 0.000725 1.12
Cathode
5 SLA 64 13.60 32.50 0.000209 1.32
(Uncovered)
Cathode
6 SLA 64 6.17 23.25 0.000192 1.22
(Covered)
7 Laser-cutter Cathode 101 22.15 28.42 0.000510 0.79
11 Simulationl Cathode 64 0.00 0.00 0.000158 1.00
12 Simulation2 Cathode 101 0.00 0.00 0.000650 1.00
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PRESSURE DROP VS FLOWRATE IN CATHODE BPPS WITH 0.4MM DIAMETER
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Figure 4-11: Pressure-drop in cathode BPPs with 0.4 mm hydraulic diameter.

4.2.1.3 Explaining pressure-drop behavior of cathode BPPs with 0.635 mm hydraulic diameter

At small fluid velocity, the second term in eq. (8) can be neglected, which implies that the pressure-drop
in flow channels maintains a linear relationship with the fluid velocity at low flow rates. Considering the

low Reynolds number calculated in Table 3-4 for all the experiments in the current research, we assume
a linear relationship between pressure-drop and fluid velocity in flow channels, which is compatible with
simulation where results from COMSOL Multiphysics suggest that the pressure-drop in flow channels of

the BPPs is dominant and the pressure-drop in two transition regions together counts for approximately

20% of the total pressure-drop at high flow rates. Substituting eq. (14) into eq. (8) with the assumed

2
linearity of pressure-drop curve will result in eq.(27), from which eq.(28) can be derived with Dh =A.
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284ul

AP =
28.4uL
AP =—"—""— 28
Az Q (28)

Eq.(28) predicts the linearity of the pressure-drop vs. flow rate curve in low flow rates, with the slope of

28.4uL
8—‘:1. All the pressure-drop graphs in Figure 4-10 and Figure 4-11 demonstrate linearity in low flow

nA
rates, with a small curvature at high flow rates which is a result of the increasing effect of pressure-drop
in transition region at high flow rates. Since we work in the low Reynolds number region

(Re<530<<2100), the curvature of the pressure-drop graphs is unlikely related to the deviation from

. . . . 1 .
laminar flow. As mentioned, the slope of the pressure-drop vs. flow rate is proportional to T , Which
n

suggests that the small deviation from expected channel cross-section area could result in high deviation
of pressure-drop graph from expectation. The slope of pressure-drop vs flow rate is calculated in the

linear region as given in Table 4-2.

i . 1 . .
To test the proportionality of pressure-drop slope to T' the following calculations are performed on
n

the simulation results. Dividing the slope of simulated cathode plate with 0.4 mm diameter with that of
simulated cathode plate with 0.635 mm diameter (BPP#11 and 12 in Table 4-2) results in a value of

4.113 (& _ 0.000650

Y — 4.113). On the other hand, the ratio of expected slopes from BPP#11 and
m, 0.000158

BPP#12 is 4.024, as calculated in eq. (29). The discrepancy between 4.113 and 4.024 is only 2%, which

1
confirms the proportionality of pressure-drop slope with ? .
n

2 * 4
%al/nle122 _64 0.63? _4.024 (29)
m, 1/n,A; 101*0.4
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As mentioned before, covered SLA cathode plate with 0.635 mm hydraulic diameter (BPP#6) has the
closest geometry to expectation. Error for this plate, which is the difference between actual and

expected slopes of the pressure-drop graph, is calculated below and the error value of 13% is obtained.

e~ M _1 915 (30)
mexpected mll
A\axpected —1.037 (31)
ctual
2 p—
Error - |1:037 12'215|*100=13% (32)
1.037

Since the covered SLA cathode plate is closest in geometry to expectation and was not compressed in
transparent cell assembly, we attribute this 13% to the error of measurement and experiments and
deviations from the assumptions that we have made. In the case of uncovered SLA cathode plate with
0.635 mm diameter (BPP#5), this error is 23% which is attributed to the compaction and deformation of
the plate in transparent cell assembly. One useful study is to compare the results from covered and

uncovered SLA plates, which would provide us with the degree of deformation in SLA plate. The ratio of

. L . m .
cross-section area after clamping in transparent cell is 1.043 (M = ’—5 =1.043), which shows
m6

ncovered
that SLA plates experience almost 4% deformation in surface area when tightened in the transparent
cell assembly. It should be noted that the calculated deformation of SLA plates is with considering all the
errors and assumptions we have made, which highlights that SLA plates possess a good mechanical

strength and can be utilized in FC studies.

The difference of expected and actual slope (error) in the case of Polyjet printed cathode BPP with 0.635

mm diameter (BPP#3) is 35% which shows a higher degree of deformation in Polyjet plates than SLA.
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Comparing uncovered SLA and Polyjet cathode plates with 0.635 mm (BPP#3 and #5) will enable us to
determine the difference in deformation of SLA and Polyjet plates. The difference in the ratio of
cross-section area of BPP#3 and BPP#5, before and after tightening in the transparent cell, is calculated

by eq.(33), which demonstrates that Polyjet BPPs have 5% less mechanical strength than SLA BPPs.

m A
@*wo —5.22% (33)

A

4.2.1.4 Explaining pressure-drop behavior of cathode BPPs with 0.4 mm hydraulic diameter

In cathode BPPs with 0.4 mm diameter, the slope of the pressure-drop in SLA cathode BPP (BPP#4)
differs by 7% from expectation, and we attribute this to the errors of the experiment and deviation from
assumptions. It should be worth mentioning that although SLA cathode plate with 0.4 mm is clamped in
the transparent cell, its agreement with expected values is even more than that of covered SLA plate
with 0.635 mm diameter (BPP#6). This is either because of the minor errors in simulation results, or
because of the high mechanical strength of the SLA plates based on the following assumption that
covered and uncovered SLA plates have the same cross-section area when not clamped onto the
transparent cell assembly. It was reported in the previous section that lumped difference between
cross-section areas of covered and uncovered SLA plates with 0.635 mm (BPP#5 and 6) is 4% and we
interpreted this as deformation of SLA plate. However, the 4% difference could result not from the
deformation but from the minor difference in the cross-section area of covered and uncovered SLA
plates, which could happen from 3D printing the additional layer in the case of BPP#6. Hence, it seems

to be reasonable to attribute a high mechanical strength to the SLA plates.

As it was mentioned previously, in Figure 4-11 there exists a significant difference between the data of

Polyjet cathode plate with that of other plates. A part of this discrepancy can be justified by considering
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the large difference in cross-section area of BPP#2 with expectation ( =0.775). However,

xpected
eq.(34) reveals that the squared ratio of expected to actual cross-section area before tightening is 1.66,
while the ratio of actual over expected slope is 2.03, and there still exists 22% discrepancy between
expected and actual slope of pressure-drop graph from BPP#2. Similar to BPP#3, this discrepancy could
be attributed to the deformation of Polyjet BPP due to the clamping force in the transparent cell
assembly. Another useful point is to compare the ratio of cross-section area, from Polyjet and SLA
cathode plates of 0.4 mm diameter channels, before and after tightening in transparent cell assembly,
as done by eq. (35). Eq. (35) demonstrates that Polyjet BPP possess 6.79% less mechanical strength than
SLA BPP plate, and agrees with previously calculated difference in mechanical strength of two prototype

BPPs (5%).

Finally, the pressure-drop curve of BPP fabricated with laser-cutter method demonstrates a 15%
discrepancy from expected slope. Laser-cut BPP is fabricated with acrylic glass, the Young’s modulus for
which is 3.2x109 pa. The initial studies of pressure-drop in BPPs revealed that pressure-drop in laser-cut
BPP is not relevant to the clamping force, which could be interpreted as that acrylic glass has a good
resistant to deformation in the clamping force range applied (4.5-15 N.m). With the assumption of
resistivity to deformation and the error of around 7% in the BPPs with 0.4 mm diameter, the remaining
8% deviation from the expected slope can be attributed to the high roughness of flow channels in

lase-cut plate, as demonstrated in Figure 4-2.

Powstye g 66 ™ _p03 *
A m |

expected

/& _A
m
—“A A *100 = 6.79% (35)

Y

A,
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4.2.2 Pressure-drop in anode and water-cooling prototype BPPs

The pressure-drop experiments were also carried out in anode and water-cooling BPPs. Since the length
of flow channels in water-cooling and anode BPPs are different from each other and from the cathode
plates, the pressure-drop was calculated per unit length in mentioned BPPs. Figure 4-12 demonstrates
the pressure-drop per meter vs. the flow rate in anode, cathode and water-cooling BPPs with 0.635 mm
hydraulic diameter, fabricated with SLA technology with enclosed channels (BPP#6, 8 and 9 in Table
3-1). Although the number of channels, channel cross-section size (Table 4-1), distribution of channel
cross-section size (Figure 4-8) and fabrication technology are exactly same for all those BPPs, and
channel lengths are approximately equal, the pressure-drop curve are significantly different. The values
for the slope of the pressure-drop curve in the linear region are 0.000192, 0.000339, 0.000584 for
cathode, anode and water-cooling BPPs, respectively. Moreover, the pressure-drop from water-cooling

and anode plate possess higher curvature than that of cathode plate.

This deviation from linear behavior gives the hint for reasoning the significant difference of pressure-
drop from three plates; More curvature demonstrates that channels are experiencing higher fluid
velocity. The source of this significant difference is the different configuration layout of anode, cathode
and water-cooling BPPs, as demonstrated in Figure 3-1, which could result in different velocity profile
distribution. Since the velocities at different flow channels of a certain BPP are not equal, eq. (8)
indicates that the pressure-drop values would be also different in different flow channels, and the
channel with highest value of pressure-drop (highest velocity) controls the total pressure-drop in each

BPP.

Hence, eq. (28) should be modified by a correction factor B, which is the ratio of fluid velocity in fastest
channel over the average fluid velocity, as shown in eq. (36). The introduction of such a correction factor
to eq. (28) yields eq.(37). It should be worth noting that this equation was needs to be used for

formulating the pressure-drop in cathode plates as well. However, since all previously studied BPPs are
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cathode, with identical flow field configuration, the correction factor could be assumed equal for all
cathode prototypes. Because we were interested in the ratio of pressure-drops between different
cathode BPPs, B would cancel out in the equations. But the effect of § needs to be considered in

comparing the pressure-drop graphs of anode, cathode and water-cooling BPPs.

e max(U;,i=1:n)
- Q (36)
nA
28.4uL

In addition to fluid velocity variation among different channels, the transition region configuration and
position of the inlet are two other factors that could be responsible for different pressure-drop
behaviors in anode and water-cooling BPPs. Although the configuration of transition region is the same
in anode and cathode plates, the position of the inlet is different in two plates which causes the fluid
stream lines to form different angles with baffles in the transition region, as demonstrated in Figure
4-13-3, b. In the case of water-cooling BPP, the transition region constitutes only one row of baffles,
which decreases the total area available for movement of fluid in the transition region that could add to
the pressure-drop. In addition, there exist short transition channels in the water-cooling BPP, as shown
in Figure 4-13-c, and manual calculations demonstrated that these short channels could add 21% to the
total pressure-drop. To further comment on the very diverse behaviors of anode, cathode and water-

cooling BPPs we need to obtain the velocity profiles in three plates to acquire an approximate value for

B.
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PRESSURE DROP PER METER VS FLOWRATE IN BPPS WITH 0.635MM DIAMETER
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Figure 4-12: Pressure-drop in anode, cathode and water-cooling BPPs fabricated with covered SLA technology with 0.635 mm

diameter.
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(a) Cathode BPP transition region.

/

(b) Anode BPP transition region.

o

(c) Water cooling BPP transition region.

Figure 4-13: Schematic of the fluid flow direction in different transition regions.
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4.3 Velocity profiles in prototype BPPs

This section presents the results of velocity profile experiments in prototype cathode BPPs, followed by

the results from prototype anode and water-cooling BPPs.

Eqg. (14) reveals that the mean average fluid velocity in flow channels is reciprocally related with the
channel cross sectional area. As shown in Table 4-1, actual channel cross-sectional area differs from
expectation, which is also tightened in the transparent cell that causes further deviation from expected
surface area. Hence, using a fixed fluid flow rate, the mean average fluid velocity would be different for
each BPP, which makes the comparison difficult. To overcome this issue, the fluid velocity in all channels
are normalized to compare the results from different BPPs with simulation results. The value of mean
average fluid velocity in each BPP is then used to validate the velocity measurement technique and to
determine the degree of deformation in each BPP. To determine the uniformity of flow distribution
between flow channels of a particular BPP, the coefficient of variation (COV) as suggested by Xu et al.

[37], as well as B are calculated.

4.3.1 Velocity profiles in cathode BPPs

As exhibited in Figure 3-1-a, the inlet and outlet regions of the BPP are centered in cathode BPP, and the
flow is directed toward different flow channels by the baffles in the transition region. The high fluid flow
resistant of flow channels compared to that of transition region could increase the flow uniformity since
it could let the flow to be distributed in the transition region and then to move uniformly along the
channels. The results of flow visualization in prototype BPPs are analyzed and the velocity profile in each
prototype plate is demonstrated. First, the velocity profiles of BPPs with 0.635 mm hydraulic diameter
are presented, followed by the velocity profiles of BPPs with 0.4 mm hydraulic diameter. Each BPP is

tested at low, medium and high fluid flow rates.
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4.3.1.1 Velocity profile in cathode BPPs with 0.635 mm hydraulic diameter

Figure 4-14, Figure 4-15 and Figure 4-16 demonstrate the velocity profile in cathode BPPs with

0.635 mm hydraulic diameter in total fluid flow rates of 150, 600, 1300 ml/min, respectively. The tested
BPPs are: SLA 3D printed cathode BPP with a layer 3D printed on top of the channels (BPP#6, D,=0.635
mm), SLA 3D printed cathode BPP without such a 3D printed layer (BPP#5, Dy=0.635 mm), and Polyjet
3D printed cathode BPP (BPP#3, Dy=0.635 mm). Since the results for BPPs#3, #5 and #6 are plotted
together in Figure 4-14, Figure 4-15 and Figure 4-16, and each line consists of 64 data points, the figures
are crowded, which makes the comparison difficult. To ease the comparison of the graphs visually, two
groups of additional graphs are plotted using the data from Figure 4-14, Figure 4-15 and Figure 4-16. The
first group contains Figure 4-17, Figure 4-18 and Figure 4-19 where the velocity of every 5 channel is
represented with a single number, which is the average velocity of those 5 channels. The second group
contains Figure 4-20, Figure 4-21 and Figure 4-22 where the results from each BPP are plotted
individually along with the simulation results. Please note that the experimental data points in velocity
profiles are connected to each other to help the reader to follow the trends. The results from velocity

profiles are statistically compared with simulation results in Table 4-3.
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Figure 4-14: Velocity profile in cathode prototype BPPs with 0.635 mm hydraulic diameter, Q=150 ml/min.
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Figure 4-15: Velocity profile in cathode prototype BPPs with 0.635 mm hydraulic diameter, Q=600 ml/min.
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Figure 4-16: Velocity profile in cathode prototype BPPs with 0.635 mm hydraulic diameter, Q=1300 ml/min.
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Figure 4-17: Velocity profile in cathode prototype BPPs with 0.635 mm hydraulic diameter, Q=150 ml/min. There exist 13 points
on the graphs of covered SLA, uncovered SLA and Polyjet such that point K (K=1:13) represents the average velocity of 5 channels

with channel numbers 5K-4,5K-3,5K-2,5K-1,5K.
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Figure 4-18: Velocity profile in cathode prototype BPPs with 0.635 mm hydraulic diameter, Q=600 ml/min. There exist 13 points
on the graphs of covered SLA, uncovered SLA and Polyjet such that point K (K=1:13) represents the average velocity of 5 channels

with channel numbers 5K-4,5K-3,5K-2,5K-1,5K.
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Figure 4-19: Velocity profile in cathode prototype BPPs with 0.635 mm hydraulic diameter, Q=1300 ml/min. There exist 13 points
on the graphs of covered SLA, uncovered SLA and Polyjet such that point K (K=1:13) represents the average velocity of 5 channels

with channel numbers 5K-4,5K-3,5K-2,5K-1,5K.
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Figure 4-20: Velocity profile in cathode prototype BPPs with 0.635 mm hydraulic diameter, Q=150 ml/min.

a) SLA with a layer 3D printed on top of channels, b) SLA 3D printed without a layer 3D printed on top of the channels, c) Polyjet 3D printed.
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Figure 4-21: Velocity profile in cathode prototype BPPs with 0.635 mm hydraulic diameter, Q=600 ml/min.

a) SLA with a layer 3D printed on top of channels, b) SLA 3D printed without a layer 3D printed on top of the channels, c) Polyjet 3D printed.
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Figure 4-22: Velocity profile in cathode prototype BPPs with 0.635 mm hydraulic diameter, Q=1300 ml/min.

a) SLA with a layer 3D printed on top of channels, b) SLA 3D printed without a layer 3D printed on top of the channels, c) Polyjet 3D printed.
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Figure 4-23: Velocity profile in cathode BPP with 0.635 mm hydraulic diameter in 150, 600, 1200 ml/min. a) Covered SLA 3D printed cathode BPP, b) Simulated cathode BPP.
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Table 4-3: Statistical analysis of velocity-profile data from 6 prototype cathode BPPs versus the simulation results.

Number

Flow

Max

BPP Average discrepancy WLS cov U avg S_E
Technology BPP type of rate discrepancy B Q_
# from simulation (%) x10° (%) / (%)
channels (ml/min) (%) nA ’
150 10.64 33.21 1458 1.25 0.1141 1.822 6.43
2 Polyjet Cathode 101 363 9.64 35.70 1370 1.41 0.1409 1.670 5.93
650 10.30 27.24 1450 1.32 0.1464 1.772 6.16
150 7.93 19.40 754 1.23 0.1490 1.497 4.81
3 Polyjet Cathode 64 600 6.54 19.98 453 1.36 0.1860 1.454 3.00
1300 7.81 24.79 639 1.48 0.2330 1.406 3.03
150 4.12 10.24 268 1.18 0.0819 1.328 5.02
4 SLA Cathode 101 363 3.81 11.42 255 1.21 0.0944 1.316 5.25
650 3.70 10.90 204 1.24 0.1148 1.241 4.67
150 4.63 19.77 639 1.17 0.1070 1.335 2.92
Cathode
5 SLA 64 600 4.43 12.67 305 1.29 0.1620 1.312 1.98
(Uncovered)
1300 6.49 18.13 449 1.35 0.1930 1.277 2.70
150 4.34 12.93 238 1.18 0.1010 1.254 2.52
Cathode
6 SLA 64 600 4.10 8.93 272 1.26 0.1620 1.244 1.90
(Covered)
1300 5.00 17.01 324 1.31 0.2040 1.237 2.67
150 5.36 19.82 319 1.17 0.0776 1.041 5.12
Laser-
7 Cathode 101 363 7.44 18.27 810 1.28 0.1348 1.010 4.43
cutter
650 6.18 17.38 706 1.27 0.1512 0.910 5.51
150 0 0 0 1.10 0.0660 0.987 <0.25
Simulation
11 Cathode 64 600 0 0 0 1.19 0.1200 0.983 <0.25
1
1300 0 0 0 1.36 0.2420 0.976 <0.25
150 0 0 0 1.07 0.0525 0.990 <0.25
Simulation
12 Cathode 101 363 0 0 0 1.09 0.0632 0.979 <0.25
2
650 0 0 0 1.13 0.0854 0.971 <0.25

* The ratio of actual mean average velocity over expected mean average velocity.

**Average standard error.
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4.3.1.1.1 Effect of flow rate on velocity measurement precision

Comparing Figure 4-20-a, Figure 4-21-a and Figure 4-22-a, which demonstrates the velocity profile of the
covered SLA BPP at flow rates of 150, 600 and 1300 ml/min, reveals that at higher flow rates, the trend
of the velocity profile becomes closer to that of simulation. This is more evident in the case of
uncovered SLA BPP, which can be seen from comparing Figure 4-20-b, Figure 4-21-b and Figure 4-22-b,
and also is true for the Polyjet BPP, which can be seen from comparing Figure 4-20-c, Figure 4-21-c and
Figure 4-22-c. Comparing the velocity profile trends between Figure 4-17, Figure 4-18 and Figure 4-19
further supports this observation.

This is because of the disturbance of dye injection to the steady flow, which is more sensible at flow rate
of 150 ml/min and is alleviated at higher flow rates. Moreover, the dye is mixed better with water at
higher flow rates, which lead the channels to experiencing equal dye concentration. The values of
average and maximum discrepancy between experiment and simulation results, as well as the average
standard error are highest in the lowest flow rate (150 ml/min), as shown in Table 4-3, which confirms
the high disturbance of the tracer at low flow rates. This makes the results of the 150 ml/min flow rate
less reliable than results from 600 ml/min and 1300 ml/min flow rates. The values of average and
maximum discrepancy between experimental and simulation results as well as the average standard
error, however, are higher in the flow rate of 1300 ml/min than 600 ml/min. This is because of the
higher velocity measurement error at high flow rates, as discussed in section 3.9.3.

43.1.1.2 Comparing the velocity profiles of prototype cathode BPPs with 0.635 mm hydraulic diameter
43.1.1.2.1 CoveredSLA

Comparing the velocity profiles of BPPs#3, #5 and #6 at each flow rate in Figure 4-14, Figure 4-22
demonstrates that enclosed cathode plate 3D printed by SLA technology (BPP#6) has the best
agreement with simulation results. The trend of the velocity profile from covered SLA plate is very close

to that of simulation and does not contain unexpected local deviations from expectation, as opposed to
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Polyjet plate. The values of average discrepancy between velocity profile of covered SLA plate and that
of simulation at flow rates of 150, 600 and 1300 ml/min are 4.3% ,4.1% and 5.0 %, respectively, as
shown in Table 4-3. Moreover, the values of maximum discrepancy between velocity profile of covered
SLA plate and that of simulation at flow rates of 150, 600 and 1300 ml/min are 13.0%, 9.0% and 17.0%,
respectively, as shown in Table 4-3. In addition, the average standard error of the results from covered
SLA plate in flow rates of 150, 600 and 1300 ml/min are 2.52%, 1.90% and 2.67%, respectively, as shown
in Table 4-3. We take these errors as acceptable and attribute the discrepancies to the errors in
experiment and flow visualization technique, disturbance of dye injection system, and to the non-
uniformity in channels size distribution. This observation validates the simulation results and proves that
our proposed method for 3D printing serves as a reliable fast screening method for promptly evaluating

the design performance.

4.3.1.1.2.2 Uncovered SLA

The uncovered SLA BPP (BPP#5) performs very similar to the covered SLA plate (BPP#6) and the values
of maximum and average discrepancy between uncovered SLA and simulation results as well as the
standard error are slightly larger in uncovered SLA plate (BPP#5). The differences between the velocity
profiles of covered and uncovered SLA plate arise from the tightening of uncovered SLA plate in the
transparent cell and non-uniform tension distribution over the active area. However, the differences are
not significant due to the good mechanical strength of SLA 3D printing material.

The other observation from Figure 4-14 and Figure 4-22 is that velocity profiles from covered and
uncovered SLA plates are more non-uniform than simulated velocity profiles at 150 ml/min and 600
ml/min, while they are slightly less non-uniform than the simulation at 1300 ml/min. One reason for this
behavior is that at lower flow rates, where tracer is not mixed well with the water, the channels with
higher fluid velocity (faster channels) experience a higher concentration of dye while the side channels

with lower velocity receive low-concentration tracer. A threshold is used in the flow visualization
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analysis such that when dye concentration in a pixel is lower than a certain amount, the entrance of dye
to that pixel becomes undetectable, resulting in lower velocities obtained for side channels than actual
velocity, which leads to more stretched profiles. The other reason for this could be the minor errors in

simulation results.

4.3.1.1.2.3 Polyjet

The values of average and maximum discrepancy between velocity profiles of Polyjet cathode plate and
simulated cathode plate, as shown in Table 4-3, are greater than those of both SLA plates. The other
noticeable point is that the velocity profile of Polyjet 3D printed cathode BPP shows more fluctuation
around the trend line than SLA plates. This is because of the non-uniformity of channel size distribution
in Polyjet plate compared to SLA plates. One reason for non-uniform channel size distribution is the
inherent non-uniformity during the 3D printing. The other reason is that the Polyjet material is prone to
deformation, by which the non-uniform stress distribution over the active area increases the
non-uniformity in the channel size distribution.

Table 4-3 presents that the values of standard error in covered SLA and uncovered SLA plates are close
to each other, and less than that of Polyjet BPP. This suggests that experimental results in covered and
uncovered SLA plates are more repeatable than in Polyjet BPP. The standard error in BPPs with 0.635
mm hydraulic diameter is 2-3%, which is acceptable.

As it is evident from Figure 4-20, Figure 4-21 and Figure 4-22, one of the main differences between
velocity profiles of SLA and Polyjet BPPs is that the velocity profile of Polyjet BPP is more stretched.
Consistently, the COV and B values of Polyjet BPP are greater than those of covered and uncovered SLA
BPPs, as shown in Table 4-3. This happens because the deformation by the force applied to the two
sides of the transparent cell which puts more stress on the BPP side channels than middle channels,
decreasing the channels cross-section surface area of side channels which, in turn, increases the channel

resistance and directs more fluid to the middle channels. Such a behavior can also be observed in
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uncovered SLA BPP, which has slightly more COV than covered SLA plate at flow rates of 600 ml/min and
1300 ml/min. All these observations lead us to conclude that SLA plates have better a performance than
Polyjet 3D printed BPP.

4.3.1.1.3 Experimentally calculated vs. actual mean average fluid velocity

As mentioned before, the velocity profiles are normalized for a better comparison, and the discrepancy
between the actual and expected mean average fluid velocity could also assist us to check the flow

visualization authenticity and to provide us with information about the deformation of different plates.

The values of U ayg / ((%A) , which is the ratio of actual to expected average mean velocity, are

presented for each prototype BPP at different flow rates in Table 4-3. This value does not vary
significantly for each BPP at different flow rates, which suggests that this is the characteristic of each
BPP and can be used to infer the degree of deformation for each plate. Based on eq. (14), it can be
concluded that the ratio of actual to expected average mean velocities equals the ratio of expected to
actual cross-section area, as shown in eq. (38). On the other hand, it was shown that the slope of
pressure-drop curve from each BPP is reciprocally proportional to the square of the cross-section area.
Combining this with eq. (38) results in eq. (39) , which demonstrates that the ratio of actual to expected
mean average velocities is proportional to the square root of the actual to expected slope of pressure-

drop graphs.

L_Javg _ &xpected
B (38)
(%A) Aactual

U avg

Q)

m
m

actual

(39)

expected
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For each BPP, the ratio of actual to expected mean average fluid velocities is presented at different flow
rates in Table 4-3, which is further averaged to give a single number for each BPP. The ratios of actual to
expected mean average fluid velocities for covered SLA, uncovered SLA and Polyjet BPP are 1.245, 1.308
and 1.452, respectively. On the other hand, as reported in Table 4-2, the ratios of actual to expected
slope of pressure-drop graphs for covered SLA, uncovered SLA and Polyjet BPP are 1.215, 1.322 and
1.582, respectively. Comparing these two sets of numbers reveals that the values of mean average fluid
velocity in covered SLA, uncovered SLA and Polyjet BPP are 12.9%, 13.7% and 15.4% greater than
expectation, respectively. These greater values of the mean average velocities are likely caused by the
tracer dye injection, where pulse injection of a small amount of dye with a Dirac function suddenly

increases the flow rate.

43.1.1.4 Effect of flow rate on velocity distribution uniformity

Figure 4-22 shows the velocity profile in different flow rates from covered SLA and simulated cathode
BPPs. Simulation results in Figure 4-22-b suggest that increasing the total flow rate increases the
non-uniformity of flow distribution. The results from covered SLA plate in Figure 4-22-a are also
consistent with this prediction. Simulating the velocity profiles at other flow rates over the

30-600 ml/min range, however, revealed that some flow rates do not follow the tendency that velocity
profile further stretches at higher flow rates. The value of B, which is the ratio of fastest channel to the
mean average fluid velocity, increases from 1.08 to 1.35 as the flow rate increases from 150 ml/min to
1300 ml/min, as shown in Table 4-3. This, along with the values of COV from covered SLA and simulated
cathode BPP, suggests that although the non-uniformity at low flow rates is not severe, the velocity
distribution among the channels of cathode BPP becomes more non-uniform at higher flow rates and

the cathode BPP design should be optimized to achieve a more uniform fluid distribution.
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4.3.1.2 Velocity profile in cathode BPPs with 0.4 mm hydraulic diameter

Figure 4-24, Figure 4-25 and Figure 4-26 show the velocity profile in prototype BPPs with 0.4 mm
hydraulic diameter at total fluid flow rates of 145, 338 and 651 ml/min, respectively. The tested BPPs
are: SLA 3D printed cathode BPP (BPP#4, Dy=0.4 mm), cathode BPP fabricated with laser cutter (BPP#7,
Dh=0.4 mm), Polyjet 3D printed cathode BPP (BPP#2, Dy=0.4 mm). Since the curves for BPPs#2, #4 and
#7 are plotted together in Figure 4-24, Figure 4-25 and Figure 4-26, and each curve consists of 101 data
points, the figures are crowded which makes the comparison difficult. To improve the visualization, two
groups of additional graphs are plotted using the data from Figure 4-24, Figure 4-25 and Figure 4-26. The
first group contains Figure 4-27, Figure 4-28 and Figure 4-29 where the velocity of every 5 channel is
averaged and represented by a single number. The second group contains Figure 4-30, Figure 4-31 and
Figure 4-32 where the results from each BPP are plotted individually along with the simulation results.
The results from measured velocity profiles are statistically compared with simulation results in Table

4-3.
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Figure 4-24: Velocity profile in cathode prototype BPPs with 0.4 mm hydraulic diameter, Q=145 ml/min.
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Figure 4-25: Velocity profile in cathode prototype BPPs with 0.4 mm hydraulic diameter, Q=338 ml/min.
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Figure 4-26: Velocity profile in cathode prototype BPPs with 0.4 mm hydraulic diameter, Q=651 ml/min.
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Figure 4-27: Velocity profile in cathode prototype BPPs with 0.4 mm hydraulic diameter, Q=145 ml/min. There exist 20 points on
the graphs of laser cutter, SLA 3D printed and Polyjet 3D printed such that point K (K=1:20) represents the average velocity of 5

channels with channel numbers 5K-4,5K-3,5K-2,5K-1,5K.
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Figure 4-28: Velocity profile in cathode prototype BPPs with 0.4 mm hydraulic diameter, Q=338 ml/min. There exist 20 points on
the graphs of laser cutter, SLA 3D printed and Polyjet 3D printed such that point K (K=1:20) represents the average velocity of 5

channels with channel numbers 5K-4,5K-3,5K-2,5K-1,5K.
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Figure 4-29: Velocity profile in cathode prototype BPPs with 0.4 mm hydraulic diameter, Q=651 ml/min. There exist 20 points on
the graphs of laser cutter, SLA 3D printed and Polyjet 3D printed such that point K (K=1:20) represents the average velocity of 5

channels with channel numbers 5K-4,5K-3,5K-2,5K-1,5K.
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Figure 4-30: Velocity profile in cathode prototype BPPs with 0.4 mm hydraulic diameter, Q=145 ml/min.
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a) SLA 3D printed, b) Laser cutter, c) Polyjet 3D printed.
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Figure 4-31: Velocity profile in cathode prototype BPPs with 0.4 mm hydraulic diameter, Q=338 ml/min.
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a) SLA 3D printed, b) Laser cutter, c) Polyjet 3D printed.
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Figure 4-32: Velocity profile in cathode prototype BPPs with 0.4 mm hydraulic diameter, Q=651 ml/min.
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a) SLA 3D printed, b) Laser cutter, c) Polyjet 3D printed.
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Figure 4-33: Velocity profile in cathode BPP with 0.4 mm hydraulic diameter in 145, 338, 651 mi/min. a) SLA 3D printed cathode BPP, b) Simulated cathode BPP.
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4.3.1.2.1 Effect of flow rate on velocity measurement precision

Comparing Figure 4-30-a, Figure 4-31-a and Figure 4-32-a, which demonstrates the velocity profile of the
SLA BPP (BPP#4) at 145, 338 and 651 ml/min, reveals that at higher flow rates, the trend of the velocity
profile becomes closer to that of simulation, similar to what observed in SLA BPPs with 0.635 mm
diameter. This is also true for the velocity profiles of laser-cut BPP, which can be seen from comparing
Figure 4-30-b, Figure 4-31-b and Figure 4-32-b. As discussed before, the closeness of the measured
velocity profile to expected one at higher flow rates is a result of the disturbance and mixing effect of
the tracer injection, which differs at various flow rates.

Unlike SLA and laser-cutter, the velocity profiles of Polyjet 3D printed BPP look significantly different
from expectation, even at higher flow rates, as it is seen in Figure 4-30-c, Figure 4-31-c and Figure
4-32-c. One reason for such deviation from expectation could be the high non-uniformity of channel size
distribution, as it was shown in Figure 4-7. The possible residual support materials could worsen the
channel size distribution and make the flow distribution highly non-uniform. Moreover, it seems that the
velocity profile from Polyjet 3D printed BPP skewed highly to the right-hand side, as it can be seen in
Figure 4-27, Figure 4-28 and Figure 4-29. The non-symmetricity of the velocity-profile can also be
observed in other BPPs, but it is very severe in BPP#2. This skewness can arise from non-uniform stress
distribution, which in Polyjet 3D printed BPPs could cause further deformation due to the low

mechanical strength of Vero-white plastic.
4.3.1.2.2 Comparing the velocity profiles of prototype cathode BPPs with 0.4 mm hydraulic diameter

431221 SLA
Comparing the velocity profiles of BPPs#2, #4 and #7 at each flow rate from Figure 4-24 and Figure 4-32
demonstrates that plate 3D printed with SLA technology (BPP#4) gives a closer velocity-profile to

expectation than laser-cutter and Polyjet. The values of average and maximum discrepancies, as well as
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the WLS are lowest for SLA 3D printed BPP, as shown in Table 4-3, which highlights that SLA 3D printed
BPP outperforms both laser-cut and Polyjet 3D printed plates.

The values of average and maximum discrepancy, as well as WLS, are lower for SLA 3D printed BPP with
0.4 mm diameter (BPP#4) than covered SLA plate with 0.635 mm diameter (BPP#5), as shown in Table
4-3. However, the standard error is approximately 2% for BPP#5, while that of BPP#4 is approximately
5%. BPP#4 and BPP#5 have similar performance in terms of velocity profile agreement with expectation.
One reason for larger standard error in BPP#4 is the larger channel size of BPP#5 than BPP#4; Despite
the good mechanical strength of SLA 3D printing material, there exists minor channel deformation that
non-uniformity in stress distribution makes this channel to deform. Since both BPPs have 2 mm
thickness and are fabricated with the same material, the equal stress causes equal strain in both plates.
However, this strain is more sensible in BPP#4 with 0.4 mm hydraulic diameter.

The other reason of larger standard error in SLA 3D printed BPP with 0.4 mm diameter (BPP#4) than the
uncovered SLA plate with 0.635 mm diameter (BPP#5) is that during the experiments, very tiny bubbles
were observed in the fluid flow which were generated inside the flow fields, mostly from dead zones
behind the baffles. These tiny bubbles easily flow out in 0.635mmx0.635mm channels, while they get
trapped in 0.4 mmx0.4 mm channels and result in errors.

The other source of the larger error in BPPs with 0.4 mm hydraulic diameter is the error in image
processing. The number of pixels across the channel is greater in a 0.635 mm channel than a 0.4 mm
channel, which makes approximating the velocity profile inside a channel more accurate. Moreover, if
the channel boundary in Figure 3-11 is for instance in the middle of the pixel, the change in the pixel
intensity will not be sensed which in turn results in an error, and this happens more frequently in
smaller channels with fewer number of pixels. Considering all, the SLA cathode BPP with 0.4 mm

diameter (BPP#4) still demonstrates an acceptable performance and shows a good agreement with
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simulation results, with 4% average discrepancy. This further echoes that SLA 3D printing method serves

as a reliable method in fast screening of BPPs and validating the simulation results.

43.1.2.2.2 Laser-cutter

Prototype laser-cut BPP has similar channel size distribution to SLA, and they both demonstrated good
mechanical strength, as discussed in 4.2.1. However, the velocity-profile from laser-cut plate shows
higher fluctuations around the trend line and greater deviation from the expectation. This arises from
the high roughness of channel bottom in laser-cut plate, as it was shown in Figure 4-2. The channels in
BPP fabricated with laser-cutter are so rough that they serve as tiny baffles all along the flow channels
and highly disturb the fluid distribution and increase the pressure-drop. But the BPP fabricated with
laser-cutter can still be used to quickly evaluate the BPP design and to identify the design weakness and
strength points. Especially that laser-cutting costs almost one third of SLA 3D printing and could be an
option when the quality is traded by cost.

4.3.1.2.2.3 Polyjet

Although Polyjet 3D printing cost equals to that of laser-cutting, the results from this technology are not
reliable in small features, as shown in Figure 4-27, Figure 4-28 and Figure 4-29. Therefore, Polyjet 3D
printing is not recommended for fabricating flow channels with <0.5 mm diameter. But Polyjet offers
less expensive 3D pointing than SLA, which produces data with enough reliability for channels with >0.5

mm diameter.

4.3.1.2.3 Experimentally calculated vs. actual mean average fluid velocity

As it is demonstrated in Table 4-3, the ratios of actual to expected mean average fluid velocity for SLA
(BPP#4), laser-cutter (BPP#7) and Polyjet (BPP#2) plates are 1.295, 0.986 and 1.754, respectively. On the
other hand, as it was reported in Table 4-2, the ratios of actual to expected slope of pressure-drop
graphs for SLA, laser-cut and Polyjet BPPs are 1.116, 0.785 and 2.03, respectively. However, part of the

pressure-drop in laser-cut plate is caused by the channel roughness, which does not affect the mean
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average fluid velocity. Hence, the ratio of actual to expected slope of the pressure-drop is not a good
indicator to compare the ratio of actual to expected mean average velocity. Since BPP fabricated with
laser-cutter has good mechanical strength and can resist deformation, the ratio of expected to actual
channel cross section, which is 0.829 for laser-cut BPP, is used from Table 4-1 to evaluate the ratio of
actual to expected mean average velocity. Considering these values, the mean average fluid velocity in
SLA, laser-cutter and Polyjet BPP are 22%, 19% and 23% greater than expectation, respectively. As

mentioned before, these greater values are likely caused by the tracer dye pulse injection.

43.1.2.4 Effect of flow rate on velocity distribution uniformity

Figure 4-32 shows the velocity profile at different flow rates from SLA and simulated cathode BPPs with
a channel diameter of 0.4 mm. Like the simulation results from 0.635 mm BPPs, Figure 4-32-b suggests
that increasing the total flow rate stretches the velocity profile. The results from SLA cathode plate with
0.4 mm diameter in Figure 4-32-a are also consistent with this prediction.

The value of B increases from 1.072 to 1.128 as the flow rate increases from 145 ml/min to 651 ml/min,
as shown in Table 4-3. The value of B in similar Reynolds number is slightly smaller in BPPs with 0.4 mm
hydraulic diameter than 0.635 mm BPPs, which highlights that smaller channel dimension assists flow
uniformity. This is likely because the flow encounters higher resistivity in smaller flow channels, which in

turn prevents higher fluid flow in middle channels and leads the flow more toward side channels.
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4.3.1.3 Modifying flow field design in cathode BPP using numerical simulation

To increase the flow distribution uniformity in cathode BPP, a new modified design is proposed for the
transition region and cathode inlet/outlet opening. The inlet/outlet opening is converted to two-
opening manifold to assist the flow movement to side channels. Moreover, the distance between the
baffles in the middle region is decreased, with a gradual increase in baffle distance toward side
channels. This increases the flow resistance in the middle channels and provides the side channels with
more flow. Since the experimental results already validated the simulation results, here we only tested

the optimized cathode BPP performance numerically.

The simulation results of the optimized design are demonstrated in Figure 4-34, Figure 4-35, Figure 4-36
and Figure 4-37. As can be seen, the optimized design directs more fluid to the side channels and results
in more uniform velocity and pressure profile. Moreover, the uniformity of pressure profiles is improved
in the inlet, middle, and outlet regions without increasing the total pressure-drop in cathode BPP. More
interestingly, since the maximum channel velocity is lower in the optimized cathode BPP, the pressure-

drop in optimized cathode BPP decreases slightly.
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Figure 4-34: pressure-drop profile in flow channels of cathode BPP with 0.4 mm hydraulic diameter before and after

optimization; a) Near inlet, b) Near middle, 3) Near outlet.
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Figure 4-37 : Velocity contour in flow channels of optimized cathode BPP with 0.4 mm hydraulic diameter.
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4.3.2 Velocity profiles in anode and water-cooling BPPs

Figure 4-38 and Figure 4-39 show the dye front evolution in anode and cooling BPPs, respectively. The
images in each figure are selected randomly from among 16,000 images, which are taken from the dye
distribution across the flow fields, near inlet and outlet regions. Processing the images from each
experiment provided us with the velocity profiles of anode and water-cooling BPPs at different flow
rates, which are demonstrated in Figure 4-40, Figure 4-41, Figure 4-42 and Figure 4-43. Please note that
a water-glycerin mixture is used at the flow rates of 150, 300 and 600 ml/min, with the details given in
Table 4-4. However, to compare the pressure-drop data of cathode BPPs with that of anode and water-
cooling, an additional experiment is carried out with pure water at 1300 ml/min in anode and water-
cooling BPPs; because the experiments in cathode BPPs were done with pure water and the flow rate of

1300 ml/min provided us with more reliable data.

Since the experiment results from cathode prototype BPPs fabricated with SLA 3D printing have proved
the reliability of experimental data and demonstrated a good agreement with simulation results, only
the experiments (and not the simulation) are performed for anode and water-cooling BPPs. The results
suggest that in anode and water-cooling BPPs with Z-arrangement, fluid has more tendency to pass side
channels than middle channels. Moreover, the channels near the inlet-side experience lower flow than
the channels on the outlet-side. That the maximum values of velocity profiles from anode and
water-cooling BPPs are located on two opposite ends is because anode and water-cooling BPPs have
opposite inlet and outlet positions. The velocity profile results of anode and water-cooling BPPs are in

agreement with the literature [35, 37, 40, 129].

4.3.2.1 Comparing velocity profiles on anode, cathode and water-cooling BPPs
Like cathode BPPs, the velocity profiles of anode and water-cooling BPPs are disturbed less at higher
flow rates. The values of COV and B suggest that anode and water-cooling BPPs possess more

non-uniform velocity profiles than cathode BPP, because of the non-symmetry of inlet and outlet
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position about the Y-axis. In addition, comparing Figure 4-40, Figure 4-41, Figure 4-42 and Figure 4-43
highlights that although anode and water-cooling BPPs have similar inlet and outlet positions, the
velocity profile of water-cooling BPP is more stretched (non-uniform) than that of anode BPP, which is
also confirmed with COV and B values from Table 4-4. Figure 3-1-b and c suggest that this
non-uniformity is caused by the wider inlet opening, slightly shorter channels as well as the different

transition region in water-cooling BPP, which consists of a single-row baffles.

4.3.2.2 Effect of flow rate on velocity distribution uniformity

Figure 4-44 demonstrates that the velocity distribution between flow channels of anode and water-
cooling BPPs becomes more non-uniform at higher flow rates. This is in agreement with the results by
Xu et al. [37], but contradicts the results by Barreras et al. [35] , where they reported that the flow
distribution is not dependent on Reynolds number and total flow rate. The higher flow non-uniformity at
higher flow rates was also observed in the cathode BPPs in the present work. However, the values of
COV and B from Table 4-4 suggest that the cathode BPP has less non-uniformity than water-cooling and
anode BPPs. This could explain the elevated pressure-drop in anode and water-cooling BPPs, as well as
the high curvature of pressure-drop graphs in water-cooling and anode BPPs, as shown in Figure 4-12.

The following explains more.

4.3.2.3 Explaining different pressure-drop behavior of anode, cathode and water-cooling BPPS
Considering the values of B from Table 4-4 in eq. (37) suggests that the ratio of the slope of pressure-
drop should be as follow: my/m,=1.127, my/m=1.61, m,/m.=1.435. However, the experimental values
for the ratio of the slope of pressure-drop for cathode, anode and water-cooling BBPs are as follow:
Mwe/Ma=1.722, myw/m:=3.041, m./m.=1.765. Hence, there exist 52%, 88% and 22% discrepancy between
the expected values and actual values of my/m,, mue/mc and m./m, respectively. The discrepancy in
predicting the ratio of the slope of anode to cathode is 22%, and can be attributed to the perpendicular

fluid movement in transition region in anode BPP, and to the experimental error. However, the values
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predicted for the slope of the pressure-drop in water-cooling BPP is significantly lower than the actual
slope. Part of this discrepancy could be caused by the transition channels in water-cooling BPP, which

could be responsible for a 21% increase in the slope of the pressure-drop. The other part, which could
be more significant, is the number of rows of baffles in transition region of water-cooling BPP, which is

one for water-cooling BPP and three for anode and cathode BPP.
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Figure 4-38: Dye evolution in SLA 3D printed anode flow field. a) t=1637 ms; b) t=1738 ms.
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Figure 4-39: Dye evolution in SLA 3D printed water-cooling flow field. a) t=1717 ms; b) t=1745 ms.
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Figure 4-40: Velocity profile in anode and water-cooling prototype BPPs with 0.635 mm hydraulic diameter, Q=150 ml/min;

a) Each data point on the graphs represents the velocity of a single channel,

b) Each data point on the graphs represents the average velocity of 5 adjacent channels such that point K (K=1:13) represents the average velocity of channels 5K-4, 5K-3, 5K-2, 5K-1,5K.
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Figure 4-41: Velocity profile in anode and water-cooling prototype BPPs with 0.635 mm hydraulic diameter, Q=300 ml/min;

a) Each data point on the graphs represents the velocity of a single channel,

b) Each data point on the graphs represents the average velocity of 5 adjacent channels such that point K (K=1:13) represents the average velocity of channels 5K-4, 5K-3, 5K-2, 5K-1,5K.
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Figure 4-42: Velocity profile in anode and water-cooling prototype BPPs with 0.635 mm hydraulic diameter, Q=600 ml/min;

a) Each data point on the graphs represents the velocity of a single channel,

b) Each data point on the graphs represents the average velocity of 5 adjacent channels such that point K (K=1:13) represents the average velocity of channels 5K-4, 5K-3, 5K-2, 5K-1,5K.
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Figure 4-43: Velocity profile in anode and water-cooling prototype BPPs with 0.635 mm hydraulic diameter, Q=1300 mi/min;

a) Each data point on the graphs represents the velocity of a single channel,

b) Each data point on the graphs represents the average velocity of 5 adjacent channels such that point K (K=1:13) represents the average velocity of channels 5K-4, 5K-3, 5K-2, 5K-1,5K.
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Figure 4-44: Effect of the total flow rate on the velocity profile of BPPs with 0.635 mm hydraulic diameter; a) Anode BPP, b) Water-cooling BPP.
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Table 4-4: Statistical analysis of velocity-profile data from anode and water-cooling BPPs.

Number Flow _
BPP cov U ag SE
Technology BPP type of rate fluid type B Q
# (%) nA (%)
channels | (ml/min)

150 Xwat=0.53, Xg,=0.47 1.20 0.106 1.338 2.72
363 Xwat=0.53, Xg1y=0.47 1.35 0.148 0.129 2.29

8 SLA Anode 101
650 Xwat=0.53, Xgy=0.47 1.59 0.266 1.260 2.15
1300 Xwat=1 1.88 0.407 1.216 2.30
150 Xwat=0.87, Xg,=0.13 1.55 0.208 1.340 2.45
300 Xwat=0.87, Xg,=0.13 1.84 0.375 1.316 2.34

9 SLA Water-cooling 64
600 Xwat=0.87, Xgy,=0.13 2.05 0.470 1.287 2.21
1300 Xwat=1 2.12 0.548 1.172 2.32
150 Xwat=1 1.18 0.101 1.254 2.52

Cathode
6 SLA 64 600 Xwat=1 1.26 0.162 1.244 1.90
(Covered)

1300 Xwat=1 1.31 0.204 1.237 2.67
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5 Conclusion

The main focus of the current research project at hand was to investigate the applicability of 3D printing
as a rapid prototyping technique in fast screening of the flow field designs and in validating the
simulation results. State-of-the-art designs for anode, cathode and water cooling BPPs were proposed
and prototyped using two of the most recent 3D printing technologies, as well as laser-cutter

technology, in order to:

(1) Experimentally evaluate the fluid dynamic behavior of proposed flow field designs, and to
validate the simulation results.

(2) Compare the suitability of several novel 3D printing technologies in prototyping of the flow
fields with complex designs and small feature size.

(3) Assess the applicability and limitations of 3D printing in fabricating prototype and real BPPs.
The prototype BPPs were classified into 3 different groups as follow:

(1) Cathode BPPs with 0.635 mm hydraulic diameter, to evaluate the rigor of SLA and Polyjet 3D
printing in validating simulation results in channels with >0.5 mm diameter.

(2) Cathode BPPs with 0.400 mm hydraulic diameter, to evaluate the rigor of SLA and Polyjet 3D
printing as well as laser-cutter technology in validating simulation results in channels with
<0.5 mm diameter.

(3) Anode, cathode and water-cooling BPPs with 0.635 mm hydraulic diameter, with SLA 3D printed

enclosed channels, to compare the velocity profile and pressure-drop in mentioned BPPs.

The cross-section imaging, pressure-drop and velocity distribution experiments were carried out in all
prototype BPPs. Some of the insights gained through experiments and simulations are summarized

below:
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SLA 3D printed cathode BPPs, both with 0.4 mm and 0.635 mm hydraulic diameter,
demonstrated the closest agreement with simulation results, which validates the simulation
results and confirms the SLA 3D printing applicability in fast-screening experiments.

To ensure the maximum closeness to the desired geometry, to eliminate any possible gap
between channel rib and acrylic glass, and to eliminate the effect of BPP tightening in
experiments, a novel BPP with enclosed channels was 3D printed, named covered SLA cathode
plate (BPP#6). This plate demonstrated a very good agreement with simulation results, where
the average discrepancy between experimental and simulation results were 6% and 7% in
velocity distribution and pressure-drop experiments, respectively.

The SLA 3D printing technology offers a high-quality 3D printing with high precision and
accuracy, with a reasonable price and very low prototyping time. SLA is capable of 3D printing
complex designs and small features (<0.5 mm) with the expected geometry. We recommend
this technology of 3D printing for studying the fluid dynamic behavior in complicated geometries
and inter-connected flow channels. The SLA technology can 3D print smooth, robust and
endurable parts with enclosed geometries out of transparent materials, all of which widens its
applicability in many other branches of science.

The Polyjet technology demonstrated an acceptable channels size distribution with 15% COV, in
BPPs with 0.635 mm hydraulic diameter. However, the support materials were not cleaned
completely in BPPs with 0.4 mm hydraulic diameter, and the channel cross-sections were very
non-uniform among different channels.

The Polyjet 3D printing materials possess lower mechanical strength than SLA materials, which
cause the Polyjet BPPs to deform under stress. This results in deviation of velocity distribution

and pressure-drop from expected values, especially in BPPs with 0.4 mm hydraulic diameter.
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The high variation of velocity profile from Polyjet 3D printed BPP with 0.4 mm hydraulic
diameter, and the much higher slope of pressure-drop curve than expectation, implies that
Polyjet 3D printing is not suitable for printing features below 0.5 mm. However, the technology
demonstrates an acceptable quality in features above 0.5 mm, and could be an option where
tradeoff between price and quality is required.

The laser-cutter technology fabricates BPPs out of plastics like acrylic glass, which has a good
mechanical strength. Although the laser-cut channels are as identical as SLA 3D printed
channels, the channels fabricated with laser-cutter are very rough which adds to the channel
pressure-drop and disturbs the velocity distribution among the flow channels. Laser-cut
channels cost one third of the SLA 3D printed channels and could serve to qualitatively validate
the experimental results.

The slopes of the pressure-drop graphs were in the order of: water-cooling, anode and cathode.
The different pressure-drop in mentioned channels is caused by the different velocity
distribution among channels and the transition region configurations.

The velocity profile in cathode BPP is such that middle channels have higher velocity than the
side channels. This is because of the centered inlet/outlet in cathode BPP, which exhibits
minimum flow resistance in channels near inlet/outlet. However, in anode and water-cooling
BPP, the inlet/outlet arrangement is diagonal and in turn the side channels have higher velocity
than the middle channels.

The initially proposed flow field design exhibited non-uniform velocity and pressure profiles.
Using numerical simulation, the cathode BPP is modified by decreasing the gap between the
baffles in the middle section of the transition region, which increases the flow resistance in
middle section and directs more flow to the side channels. The simulation results demonstrated

a uniform pressure and velocity profile in modified cathode flow field.
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o The shallow channels (0.4 mm) in the proposed flow filed design for anode, cathode and water-
cooling BPPs reduce the fuel cell stack volume, weight, price and improves the power density.

e The velocity profile measurement was more precise at higher flow rates because of the
disturbing effect of the racer dye injection at lower flow rates.

e The measured mean average velocities were slightly more than expectation in all BPPs because
of the pulse injection of the tracer dye.

e The image processing results were more accurate in wider channels since a higher number of

pixels can be placed across the wider channels.

5.1 Recommendations

There are many areas of this project that should be investigated in more depth in future tests. These

include:

e Performing pressure-drop and velocity distribution experiments in anode/cathode BPPs with
hydrogen/air instead of water, to ensure the dynamic similarity between gas and liquid systems.

e Performing two-phase pressure-drop and velocity distribution experiments in anode/cathode
BPPs.

e Prototyping BPPs with a micro-porous layer 3D printed on top of the channels to resemble the
GDL. An additional layer could also be added on top of the channels with inkjet 3D printing to
resemble the membrane.

e Validating the simulation results of optimized cathode BPP.

e Optimizing the flow field design in anode and water-cooling BPPs by applying 3D printing for fast
screening of the baffle configurations in the transition region, without performing numerical

simulation.
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Prototyping both anode and cathode BPPs with transparent 3D printing materials, assembling
them in the form of a single-cell, and performing the flow visualization experiment in anode and
cathode BPPs simultaneously. This allows aligning the fast channels in anode and cathode BPPs
which could help better utilization of the fuel and would increase the energy output.

Assessing the SLA 3D printing technology in printing of enclosed channels with 0.4 mm hydraulic
diameter. Furthermore, evaluating the SLA 3D printing capability in printing flow channels with
0.3 mm and even 0.2 mm hydraulic diameter. The mentioned channel sizes are predicted to be
the typical flow field channel size in the future.

Prototyping state-of-the-art flow field designs with DMLS 3D printing to fabricate conductive
prototype BPPs, which allows assembling the prototype BPPs in single-cell and performing fuel

cell hot experiments.
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Appendices

Appendix A

MATLAB code:

clc;
clear;

fps=4000;

addressl='G:\Experiments\EXP RESULT\SLA Uncovered\set2\Mar
9\SLA uncover 600ml 4000fps\Imaging (';

N1=1;

N2=16100;

total length mm=80*504/(477-15);

ww=0;

wb=0;

hh=5;

total pixels=504;
pixel length=total length mm/total pixels;

n=164;
for i=1:n

Channel initial x1(i)=8%(i)-round(i/2)-round(i/4);
Channel secondary xl1=Channel initial x1;

Channel initial y1(i)=485;

Channel secondary yl(i)=20;

end

transfer below=12;

transfer above=18;

Channel initial xl=Channel initial xl+transfer below;
Channel secondary xl=Channel secondary xl+transfer above;

tt=74;

%%%% Repairs above line totally

B=Channel secondary x1(1:10);

Channel secondary x1=-6+[B+1 B+tt-1 B+2*tt-2 B+3*tt-4 B+4*tt-6 B+5*tt-8
Channel secondary x1(6l:n)-1];

%$%%Repairs below line detailed

A=Channel initial x1(1:10);

Channel initial x1=-2+[A+1 A+tt-1 A+2*tt-3 A+3*tt-4 A+4*tt-6 A+5*tt-8
Channel initial x1(61l:n)-1];
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channel NO=zeros(l,length(Channel initial x1));

[

% end of defining the rectangles

velocity=zeros (1, length(Channel secondary x1));

N=N2-N1+1;

p=zeros (1l,N);

sl=zeros (length(Channel initial x1),N);
s2=zeros (length (Channel initial x1),N);

for m=1:N

S=m+N1-1;

address2=num2str (S) ;

address3=") .bmp"';
address=strcat (addressl, address?2, address3) ;
Q = imread (address);

Q=imrotate (Q, 90) ;

for rr=1:length(Channel initial xI1)

squarel=Q(Channel initial yl(rr):Channel initial yl(rr)+hh,Channel initial x1
(rr)-wb:Channel initial x1(rr)+ww);

square2=0Q (Channel secondary yl (rr) :Channel secondary yl (rr)+hh,Channel second
ary x1(rr)-wb:Channel secondary x1(rr)+ww);

intensityl=sum(sum(squarel))
intensity2=sum(sum(square?))
sl(rr,m)=intensityl;
s2 (rr,m)=intensity2;

((hh+1) *abs (wb+ww+1)) ;
((hh+1) *abs (wb+ww+1)) ;

~ .

end

p (m) =m;
end
for yyy=1l:length(Channel initial x1)

locl sl1= 1000;
loc2 s1=8000;

sll=sl(yyy,:);
168



522=82(yyy,:);

sll (1)=mean (mean(sl11(1:1000)));
s22 (1)=mean (mean (s22(1:1000))) ;

for kkk=1:N-1
if abs(sl1ll(kkk+1)-s11(kkk))>50
sl11 (kkk+1)=s11l (kkk);
end
if abs (s22 (kkk+1)-s22 (kkk))>50
s22 (kkk+1)=s22 (kkk) ;
end

end

figure;

titl="'Channel ';

tit2=num2str (yvyy);

tit3=strcat(titl,tit2);

plot(p,sll, 'r'); hold on;

xlabel ('frame number'); vylabel ('Intensity');
plot(p,s22,'b");

xlabel ('frame number'); vylabel ('Intensity');

Q

% end opf defining signals

[

% defining the location of peak
A=sll(locl sl:loc2 sl);

Q

% end of defining the location of peak

% finding the correlation
D=zeros(l,length(sll));

for i=1:(length(sll)-length(A))+1

B=s22 (i:i+length(A)-1);
D(i)=corr2 (A,B);

end
% end of finding the correlation

%Finding the location of maximum correlation
maximum corr=max (D) ;
for k=1l:length (D)
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if D(k)==maximum corr
locl s2=k;
break

end
end

frame lag=locl s2-locl sl;
% end of finding the lopcation of maximum correlation

length traveled=pixel length* (abs(Channel secondary yl(yyy)-
Channel initial yl(yyy))+(hh/2));
time=frame lag/fps;
if time>0
velocity (yyy)=length traveled/time;
else
YYy
velocity (yyy)=0;
end

channel NO(yyy)=yyy;
end

change=velocity;

for i=l:length(velocity)

velocity(i)=change (length(velocity)+1-1);
end

figure;
plot (channel NO,velocity);

xlabel ('Channel Number')
ylabel ('Velocity (mm/s) ')
title('Velocity Profile in channels')

filename="'Velocity',;
A=velocity.';
xlswrite (filename,A) ;
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Appendix B

B.1 Introduction to 3D printers

There are 4 major steps in each 3D printing method: (1) Creating the CAD model, (2) Converting CAD
design to STL and Processing STL file to create G-code, (3) physically fabricating the part using G-Code,

and then (4) removing support materials and finishing. Here are brief explanations of each step.
1) Creating the CAD model

Computer aided design (CAD) models are prepared by either designing the part with a design software
such as Solidworks, AutoCAD, CATIA, etc., or by reverse engineering the part or by reverse engineering
the part by means of 3D scanning machines. Breadley et al. [73] defined the reverse engineering as “the
process of duplicating an existing part, subassembly, or product without drawings, documentation, or a
computer model. Reverse engineering is also defined as the process of obtaining a geometric CAD model
from 3D points acquired by scanning/digitizing existing parts/products”. 3D printing software mostly
uses Stereolithography (STL) format. Therefore, CAD models should be saved/converted as/to STL
format. In CAD-to-STL step, the volume of the part is being meshed to series of small spatial triangles as

shown in Figure B-1-b.

171



Figure B-1: (a) A solid CAD mode; (b) Meshed CAD file in .STL format.

2) Processing STL file to create G-code

At this step, the 3D printing software processes the STL file using a slicing program. The slicing program
creates slices of the model and translates them into control actions of the 3D printer. This control
language is called G-code that orders the machine how to move to certain points and how to control the

material curing.

3) Physical fabrication of parts

The physical part fabrication occurs by one-layer at a time strategy to create the part layer by layer.
Using one of the below mentioned 3D printing techniques, 3D printer fabricates the part from a plastic
polymer, metal, curable resin, plastic powder etc. Most 3D printers (except possibly FDM) perform

autonomously and do not need interference of a human during the fabrication [69].

4) Finishing

The last step of 3D printing is finishing, which removes, if any, support materials, unused powder and

unused resin. Finishing steps are intended to increase the smoothness and applicability of parts. Some
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3D printing techniques require some extra step before being functionally applied that will be mentioned

below. The following discusses different 3D printing technologies.

B.2 Different 3D printing technologies

One of the early works that has tried to review the different 3D printing techniques is done by Kulkarni
et al. [74], who reviewed three different AM techniques: 1) FDM 3D printing 2) Inkjet head printing 3)
Selective laser sintering. The paper gives very basic introduction about each method and mentions FC
components that can be fabricated using each method. We believe that a more helpful approach could
be analyzing different fabrication methods for each component and investigating advantages and

disadvantages of each method, which have been used in the current research.

The review by Kulkarni et al. [74] summarized (not criticized) one or two research in each 3D printing
method, but did not reflect pros and cons of each method following a critical approach. Moreover, the
review [74] provides just very elementary information about each 3D printing method, with a focus on
methodology and experiments used by each group, making the paper to be less informative in its main
scope. The review of Kulkarni et al. [74] just captures the viewpoint of the author(s) presented in each
paper, but did not compare each paper with similar works nor criticize it. For instance, Kulkarni et al.
[74] asserted in their conclusion that components fabricated by AM techniques gave equal or better
performance than those fabricated by conventional techniques. Although this might be true in the case
of MEA fabricated by inkjet head printing method, we now know that FDM method for instance has

much lower accuracy than CNC and is not capable of 3D printing real BPPs.

In terms of categorizing 3D printing methods, there are different classifications, one of which is based on
the type of starting material, as suggested by [69]. In the sense of starting material, there are three

categories of 3D printing: solid based, liquid based and powder based.
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B.2.1 Solid based

B.2.1.1 Fused deposition modelling (FDM)

Fused deposition modelling is one of the earliest, most popular and most basic 3D printing technologies.
This technology was invented by Scott Crump, founder of Stratasys, Ltd. more than 20 years ago. As
shown in Figure B-2, a heated nuzzle melts the thermoplastic filament to a semi-solid state and extrudes
out the plastic in the form of melted beads. The plastics gets deposited on the surface of built layer and
then cooled down, providing the surface for depositing next layer of material. Hollow parts can be 3D
printed using support materials, which are soluble materials, and can be removed after 3D printing by
soaking the part into hot water, detergent or other recommended solutions [75] [76]. FDM 3D printers
have 7° of self-retaining angles, which enables fabricating some angled features without using support

underneath, as shown in Figure B-3.

{

Figure B-2: Schematic representation of the fabrication process in FDM 3D printer; Mixed fabrication process with two types of

different filaments (yellow and blue) (reprinted from [77] with modified image caption, with permission from Elsevier).

The fabrication time in 3D printing depends on accuracy and part size. As a rough estimation, it takes 2-4
hours to fabricate prototype BPPs with FDM technology. Prototyping with FDM 3D printer costs around
USS 0.075per gram. FDM 3D printer is the least expensive 3D printing apparatus and could cost from

1,000 to 8,000 USS.
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FDM 3D printers’ feature accuracy can be controlled by changing the extrusion speed (i.e. the melted
plastic Debi) from the software that runs the 3D printer. The layer thickness (Z direction accuracy) of FDM
3D printers ranges from 0.005” to 0.02” (0.127-0.508 mm), and the XY plane accuracy ranges from 0.005”
to 0.008” (0.127-0.2 mm), depending on the FDM 3D printer type [78],[79]. Recommended minimum
feature size for FDM technology is 1 mm. FDM 3D-printed parts are not usually smooth, and require an

extra step of warm acetone bath for a few second to suppress the small rugged parts.

Two common FDM 3D printer materials are Acrylonitrile Butadiene Styrene (ABS) polymer and Polylactic
Acid (PLA), as well as some soluble materials to be used as support materials. ABS and PLA possess good
mechanical strength, durability and chemical resistivity. The glass transition temperature of ABS and PLA
is 105 °C and 65 °C, respectively. Therefore, ABS is mostly applicable in PEMFC researches where the
operating temperature is below 100 °C. In terms of prototyping complexity, FDM 3D printers are more
challenging to work with than other 3D printing techniques. For instance, Polyjet 3D printers can be
cleaned by regular water, and support materials can be removed with regular brushes. While in FDM 3D
printers, care must be taken to make sure that the part will stick to the surface during fabrication.
Thermoplastic nature of ABS would result in part warpage that makes the fabrication process more
difficult; When adding a new layer of melted plastic, the newly added layers of plastic have higher
temperature than previous layers, that creates a vertical temperature gradient and shrinkage of
previously added layers, which causes part to warp. It is thus suggested that the fabrication bed be
warmed up before starting 3D printing in order to maintain the overall part temperature relatively high
during fabrication. Another method to overcome part warpage is to create a glue with dissolving ABS
fragments in acetone solution and applying it on fabrication bed before starting 3D printing. This makes

the part stick to the fabrication bed and prevents warpage.
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Figure B-3: Self-retaining angle in FDM 3D printing.

B.2.1.1 Laminated object manufacturing (LOM)

LOM 3D printing is the least expensive and least popular 3D printing technique. LOM is not as widely
used by researchers as other RP techniques. Like other 3D printing techniques, fabrication of the part is
by one-layer-at-a-time strategy. A very thin plastic sheet is rolled on the building platform, and is cut
into the desired geometry with a laser or blade. The material (sheet) is usually coated with an adhesive
material and the feeding roller heats the material while rolling, which activates the adhesive material.
After the first layer is cut, the roller provides a new layer of the rolling material. The new layer is glued
to previous one and the laser (blade) cuts the new layer. This procedure continues until all the layers are
fabricated [85]. Figure B-4 illustrates how LOM 3D printer functions. The LOM 3D printing layer thickness

is 0.1-0.15 mm, and commonly used materials are paper and plastic sheets [86].
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Figure B-4: A typical type of laminated object manufacturing process (reprinted from [87] with permission from Elsevier).

B.2.2 Liquid Based

B.2.2.1 Polyjet

Polyjet 3D printing is relatively new generation of 3D printing technology that performs similar to inkjet
paper printer. Instead of jetting the ink droplets on a paper, Polyjet 3D printer jets droplets of
photo-reactive polymer on the build platform. After jetting the photopolymer, a UV light source
instantly cures the photopolymer to have it solidified. The 3D printing continues with one-layer-at-a-
time strategy until all the layers of part are fabricated. Figure B-5 demonstrates how Polyjet 3D printer
works. Whenever it is required for fabricating hollow parts, the nozzle jets a removable support material
[88]. Unlike FDM 3D printing, Polyjet 3D printing could not provide any self-retaining angle. Polyjet 3D
printing can create minimum layer thickness of 16 microns (0.016 mm). The XY plane accuracy is 0.1
mm, and the printing resolution is 600 dpi in X-axis, 600 dpi in Y-axis and 1600 dpi in z-axis. 3D printing

with Polyjet costs around USS$0.75 per gram. Polyjet 3D printers cost from USS$ 24,000 to 300,000.

Philamore et al. [89] applied Polyjet technology for the first time for 3D printing of ion exchange
membrane of microbial FCs. They compared the power-density of 3D printed ion exchange membrane
MFC, with that of the conventional planar membrane MFC, and reported that 3D printed cation
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exchange membrane results in higher power-density with lowered fabrication cost. Philamore et al. [89]
made a quantitative comparison between membrane fabrication costs of conventional and 3D printing
techniques and reported the following: USS 0.16 (Stratasys 3D printing) compared to USS$ 0.22-40
(Conventional membrane) for the equivalent active area of material. The results of Philamore et al. [89]
demonstrate that 3D printed ion exchange membrane possesses a higher surface area in comparison
with conventional membranes, resulting in higher power-density and more compact MFCs. 3D printing
of membranes provides the platform for geometric flexibility and miniaturization of MFCs. Philamore et
al. [89] suggested that 3D printed molds and dyes could be fabricated to form ion exchange membranes

into complex and novel geometries with a high surface area than planar membrane materials.

Nozzle location controller

Jetting liquid
photopolymer UV light

| [ .

Build platform

Figure B-5: Schematic of the 3D printing process in Polyjet 3D printer.

B.2.2.2 Stereolithography (SLA)
SLA 3D printing filed as a patent in 1986 by Charles Hull, co-founder of 3D Systems, Inc. Within this
process, the stereolithographic apparatus (SLA) fabricates parts by using a precise beam of UV laser to

consolidate a photo-reactive resin. SLA is one of the most precise technologies of 3D printing and is
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suggested for conceptual models, laboratory prototypes and investment casting designs [91]. As shown
in Figure B-6 [69] , there exists a tank that is filled with resin and the part is built on the surface of a
perforated platform as follow. UV laser is aimed across the print area and cures the resin as it goes
along, creating the first layer of the part. Then, the perforated platform is lowered a few tens of
millimeters so that the next layer can be fabricated on top of the previous layer, and this process
continues. After all the layers are printed and the so-called green part is formed, the platform is raised
to its initial height and the green part is being rinsed using a resin solvent. In the last stage, the green
part is baked with a UV light oven to strengthen the resin and to break the support. Photo-reactives
used in SLA 3D printer are epoxy resins and acrylic. Researchers are trying to further reinforce SLA 3D

printed parts with addition of carbon fibers and ceramics [69].

SLA 3D printed parts are usually smooth. The thickness of SLA 3D printed layers is 0.002”-0.004"
(0.0508-0.1016 mm), and the XY plane accuracy is 0.005” (0.127 mm) for the first inch and 0.002”
(0.0508 mm) for each additional inch. The minimum feature size with SLA 3D printing is 0.025”

(0.635 mm) [93, 94]. 3D printing with SLA is almost twice as expensive as Polyjet. For instance, a 3D
printed part costed US$79 using Polyjet technology, and USS165 using SLA technology. High-resolution
SLA is told to increase both accuracy and the minimum feature size (0.002” layer thickness) [93].
However, this will limit the part length to be 10” (254 mm) and will also increase the part cost
drastically. The mentioned part that costed US$S165 with regular SLA technology could cost US$496 with
high-resolution SLA, based on a quote from the company. The SLA 3D printer machine could cost from

USS$2,000 (Desktop SLA 3D printers) to more than USS$250k (Professional SLA 3D printers).
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Figure B-6: Schematic of the 3D printing process in SLA 3D printer (reprinted from [69], open access article).
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B.2.2.3 Digital light processing (DLP)
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Figure B-7: Stereolithography VS Digital light processing 3D printing (reprinted from [95]).

DLP performs very similar to SLA; SLA uses a laser beam to draw the pattern of each layer, while DLP
projects a single image of each layer across the entire platform using a digital projector. Figure B-7-a,b
[95] illustrates how two technologies differ. It can be inferred that DLP can offer faster 3D printing since
for each layer it only applies single image projection at once. However, the practical 3D printing
accuracy is higher with SLA. Figure B-7-c [95] illustrates how two technologies result in different part

accuracy [95].

DLP 3D printing layer thickness is similar to that of SLA, which is 0.025-0.15 mm. The theoretical X-Y

resolution is 0.025-0.065 mm, but, as illustrated in Figure B-7-c [95], SLA provides us with more accurate
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parts. Since SLA uses laser for drawing the pattern, the minimum feature size would be the thickness of
the laser beam plus other factors. However, we are not having such limitation in DLP and the minimum
feature size equals the resolution. The maximum printing size with DLP is 31"x13”x16"” [96]. DLP 3D
printers could cost from US$2,000 (for desktop DLP) up to > US$250K. DLP is less popular than and is not
employed as widely as SLA. Although the printing resin cost is equal for SLA and DLP, SLA 3D printing

costs more since it requires more hours to print the part.

B.2.3 Powder based

B.2.3.1 Powder bed and inkjet head 3D printing
Although in the sense of being Inkjet head, this technique of 3D printing can be the subset of liquid
based category, we have discussed this technique as a subset of powder based because of the powder

form bed being utilized in this technique.

Inkjet 3D printers use drop-on-demand technology [74]. As its name reveals, drop-on-demand means
depositing the colloidal ink wherever there is a demand, based on the CAD model. There is a capability
of switching between inks which would result in 3D printing a multi-color multi-material part. The
prototyping accuracy depends on the droplet size which is proportional to the nozzle size. Inkjet 3D
printers are categorized based on the method they utilize for driving out the droplets; One type uses

piezoelectric transducers and the other uses thermal resistors [74].
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Figure B-8: Samples plates created with the TS-3DP by Lyons et.al [68] (reprinted from [68].

B.2.3.1.1 Inkjet head 3D printing in MEA fabrication

Please note that MEA fabrication is beyond the scope of current research. However, since we are giving
a review about application of different 3D printing techniques in FC development, we shortly introduce
the applicability of 3D printing in MEA fabrication and we include the references which could be useful

for other researchers.

The Inkjet technology can be used in MEA fabrication with applying catalyst solution instead of 3D
printing ink. One of the early works on MEA fabrication with inkjet technology is fulfilled by Towne et al.
[99], within which they have introduced the protocol for catalyst ink preparation to be used in inkjet
printer. In comparison with conventional catalyst deposition techniques like screen printing and hand
printing, inkjet 3D printing provides high accuracy and control over platinum loading that causes more
efficient platinum utilization, which in turn reduces the required platinum loading and cost. It has been
reported that Inkjet printing could be 4-5 times faster than screen printing [100], [81]. Moreover, inkjet
reduces the number of fabrication steps (like drying and massing) which makes the process more
reproducible [74]. By using inkjet technology for MEA fabrication, Towne et al. [99] reduced the
platinum loading by 33% while only 7% decrease in power-density was experienced, which proves that
inkjet printed MEAs are comparable to the commercial ones. Inkjet 3D printing enables us to grade the

platinum loading after print which can further increase the platinum usage efficiency [74].
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B.2.3.2 Selective laser sintering (SLS)

This 3D printing technology was patented by a University of Texas undergraduate student, Carl Deckard,
in 1980s. SLS uses a high-powered CO2 laser to sinter thermoplastics like nylon, that are accumulated on
top of the building platform. As shown in Figure B-9, the laser beam fuses a thin layer of the plastic and
creates the first layer of the part. Thereafter, the building platform is lowered and powder is re-applied
by a leveling drum, and the next layer is fabricated. The important advantage of SLS 3D printing is that
the part is buried in powder. This deletes the need for any support and enables fabrication of more
complex parts that might be impossible with other 3D printing techniques. The building chamber is
warmed up to prevent part warpage and is filled with an inert gas (nitrogen) to prevent plastic aging.
There are two different types of SLS technology: direct and indirect SLS. In direct SLS method, the
fabrication procedure is just laser sintering of powder, while indirect SLS includes several post
processing procedures. SLS printed parts are stronger than SLA, FDM and Polyjet parts. SLS parts are
heat resistant, and show better performance against water and air leakage. They are fabricated with
exceptional materials including polyamide, polyethylene, elastomers, ceramics, aluminum-filled Nylon
12 and metals. The part structure can be further increased in density using liquid state fusion[69], [101].
The SLS can produce layer thickness of 0.004”-0.006” (0.1016-0.152 mm), and the X-Y plane tolerance is
0.030”-0.050” (0.762-1.27 mm). Although it has been asserted that the theoretical minimum feature size
of SLS technology is 125 um (0.125 mm), in practice it is recommended to have a minimum feature size
of 0.040” (1 mm) to ensure an acceptable strength of the feature. The building platform for the largest
SLS machine is 26.5”x13.5”x20” and parts larger than that should be fabricated in sections [104, 103] . In
terms of price, SLS would cost around 1.4 times more than Polyjet, and SLA would cost around 1.5 time
more than SLS. The SLS 3D printer apparatus is more expensive than a SLA or Polyjet 3D printer with

equal performance, ranging from USS$ 10K (desktop SLS 3D printers) to > USS 250K.
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Figure B-9: Schematic of 3D printing process in SLS 3D printer.

SLS can be used in selective laser sintering of graphite composite BPPs, which is a fast prototyping

technique that could be an alternative technique to injection or compression molding of composites.

B.2.3.3 Direct metal laser sintering (DMLS)

DMLS performs very similar to SLS method, except that DMLS sinters a metal powder rather than a
plastic powder. DMLS 3D printing uses a precise Yb fiber laser to micro-weld metal powders and to
create strong, durable, functional metal parts. As shown in Figure B-10 [69], DMLS method applies a
high wattage laser to locally sinter the metal powders in the focused area and creates the first layer of
the part. The build platform is then lowered and a levelling drum adds a fresh layer of metal powder,
after which laser creates the next layer of the part. This process continues until the part is fully
fabricated. Unlike SLS techniques, supports are needed to keep the part in its initial position and to

prevent the part warpage that might be a result of the residual stresses within cooling down of each
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layer after melting. After fabricating the part, supports are removed and finishing steps are followed.
Finishing steps are selected based on special requirements for the part, such as cleaning of the surfaces,
that were in contact with supports, tumbling, bead blasting etc. Despite the similarity with SLS 3D
printing, DMLS usually takes extra effort and requires special design requirement and post-processing
steps [69],[105]. Materials are being used in DMLS are Aluminum, Titanium, Stainless Steel, Inconel etc.
Ti-6Al-4V titanium alloy is one of the most conventional materials being used in DMLS for research
applications. This Ti-alloy benefits from a high strength-to-power ratio that makes it ideal for aerospace
applications [72] . Furthermore, the low thermal conductivity of Ti-alloy makes it a useful material for IR

thermography since it bolds any problem in heat transfer [42].
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Figure B-10: Schematic of 3D printing process in DMLS 3D printer (reprinted from [69], open access article).

The layer thickness at highest resolution is 0.0008”-0.0015” (0.02-0.04 mm) and the XY plane resolutions

is 0.012”-0.016” (0.30-0.40 mm). The minimum hole diameter is 0.035”-0.045” (0.89-1.14 mm) and parts
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can reach up to 99.5% density [107,108]. DMLS is the most expensive method of 3D printing and costs
12 times more than SLA. For instance, a part that costed USS 165 with SLA, would cost USS 2,000 with
DMLS, based on a quote from the company. The DMLS 3D printer machine is the most expensive 3D
printing apparatus; The cheapest available machine costs US$ 250K, and the conventional DMLS 3D
printer costs more than USS 500K. DMLS is a very beneficial technique for prototyping of BPPs and other
FC components. DMLS enables fabricating hollow parts and complex ideas for flow field design in one-
piece without the need for welding [109, 110] , and has great potential for end-use products in the near
future. DMLS has drawn researchers’ attention in developments of microbial FCs since it brings the

chance for tailoring inter-connected porosities which favors the attachment of bacteria [85, 91, 96, 111].

Calignano et al. [85, 91, 96, 111] employed three different AM techniques including DMLS 3D printing in
the development of an additive-manufacturing-based microbial FC. They used DMLS 3D printing with
aluminum-alloy material for fabricating bio-inspired diamond lattice to create a macro porous structure
with a high specific surface area, high conductivity, high chemical stability, and a tailored surface
roughness that benefits microbial growth. They took advantage of the self-supportive feature of
diamond structure and 3D printed the part without the use of supports in design. They reported the
DMLS 3D printed anode structure density to be 0.54 g/cm3, with regular spherical shape particles with a
mean size of 20 um. Calignano et al. [85, 91, 96, 111] treated the anode structure with two more post-
processing steps after DMLS 3D printing. They put the part in a furnace for 2h for stress relieving, and
then further post-processed the part with shot peening. They reported that their 3D printed anode
structure showed good biocompatibility with bacteria. Calignano et al. [85, 91, 96, 111] advised that
balling phenomena that occurs during laser melting of metal powder in DMLS 3D printing could cause
surface discontinuity, cracks and partially bonded particles. Although it seems problematic, it could be

quite beneficial in some applications such as biomedical engineering.
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To further prepare their cell, Calignano et al. [85, 91, 96, 111] used FDM 3D printing for fabricating
external structures and outer packaging for easier assembly and a better cell seal. Thereafter, for
tailoring the bacteria network formation on anode structure, they used spray-coating which is another
AM technique. Calignano et al. [85, 91, 96, 111] ran their setup for 5 months and reported a stable and
reproducible cell performance with 2500 mW m-2 power-density, which is almost 3 times more than
previous studies. They reported that AM anodes boost the attachment of bacteria, which allows faster
retention time (6 days) than MFCs (15-40 days). They confirmed that additive manufactured MFC is fast
and prompt in responding to varying power demand and concluded that this elevated performance
represents the promises of AM for energy generation in remote environments. Calignano et al. [85, 91,

96, 111] suggested that long-term application of AM MFC essences a modified cathode design.
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Appendix C

C.1 Pumping system

A pumping system is required to circulate the flow through the flow fields. As it was discussed in section
2.1.3, we need to measure the pressure-drop at various flow rates to acquire the relationship between
pressure-drop and fluid average velocity in the designed BPPs. Based on eq. (4) because of the linear
relationship between the pressure-drop and the fluid flow rate in a single channel, we need a stable
fluid flow to precisely measure the pressure-drop at each flow rate. In addition, since small changes in
the fluid flow rate would result in deviation from steady state, and might perturb the fluid flow
distribution, we need stable fluid flow to assure constant experiment conditions. Stable fluid flow means

that the flow rate is not changing neither in short-term nor long term, and it is pulse-less.

To achieve such a stable flow, we set the following requirements for the fluid flow at different rates,
after steady state: (1) The rotameter indicator should show the same flow for at least 5 min (long-term
stability), (2) The indicator should show the same flow rate in 30s intervals (short-term stability), (3) The
rotameter indicator should not shake nor fluctuate rapidly (flow pulse-less-ness). The first option used
for circulating the flow was LAING SM-909-NTW-26 circulating pump. It did not meet any of the three
mentioned requirements. Then a magnet pump by PAN WORLD CO., LTD. MODEL: NH-15P1-Z-D was
used which did not meet any of the three requirements. As another method, an 8-gallon pressure
vessel, PAINTED-STEEL EXPANSION TANK by McMASTER-CARR was filled with deaerated water and
pressurized using nitrogen cylinder, and the outlet was connected to two needle valves in series to
control the fluid flow. This system met the pulse-less-ness and short-term stability requirements, but
failed to meet the long-term stability requirement and we observed flow rate decrease after 3 min. It
was also fraught with high safety issues because of the high-pressurized system. The other option we

considered to acquire a stable flow was syringe pump. Although stability is one of the important
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features of syringe pumps, syringe pumps are appropriate for low flow rates: 500 nano liter per min up

to maximum 215 milliliter per min [124].

Peristaltic pump was the other option we tested for running the fluid through flow channels. A COLE-
PARMER 7553-20 pump drive, with COLE-PARMER 7518-00 pump head, with COLE-PARMER 7553-71
speed controller, with “C-Flex tubing (50 A), L/S 15,25ft “tube was used. In the high flow rates (>200
ml/min), the system could meet the three mentioned requirements successfully. However, in low flow
rates (<100 ml/min), we observed that rotameter indicator was shaking very fast, which is due to the
rotational nature of the fluid pumping in peristaltic pumps. To overcome this problem, we fabricated a
house-made pulse dampener with inspiration from the industrial pulse dampeners. To damp the pulse, a
compressible medium is needed in the flow up-stream that could damp the flow fluctuations. We let the
trapped air in a plastic chamber to act as the compressible medium and to damp the flow fluctuations.
Figure C-1 exhibits the house-made pulse dampener. This pumping system provided the 30-1200 ml/min

flow rate.
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Figure C-1: House-made pulse dampener. The trapped air in the chamfer is a compressible medium and acts as a pulse

dampener.
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