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Abstract: In this study, a three-dimensional numerical model was developed to investigate the
influence of obstacles on the hydrodynamic behavior of a serpentine flow field. Various obstacle
geometries (rectangular, trapezoidal, triangular, and cylindrical), quantities (1-3 blocks), and positions
(straight vs. curved channel sections) were systematically analyzed. Results show that rectangular
obstacles enhance mean velocity but significantly increase pressure drop and reduce flow uniformity.
In contrast, trapezoidal and cylindrical shapes offer a more balanced tradeoff, achieving improved
uniformity and flow enhancement with moderate hydraulic penalties. Increasing obstacle number
improves electrolyte velocity uniformity across all cases, though diminishing returns are observed
beyond two blocks. Importantly, placing obstacles in curved sections of the serpentine field yields up
to 9% higher uniformity compared to straight placements, without increasing pressure loss—
leveraging pre-existing low-velocity regions to enhance distribution. These findings align with
previous literature and highlight that optimized obstacle shape, number, and positioning can
significantly improve mass transport and flow distribution in vanadium redox flow batteries (VRFBs).
To complement the computational fluid dynamics (CFD) analysis, an artificial neural network (ANN)
was trained to predict pressure drop using key geometric and flow features as inputs. The ANN
demonstrated excellent agreement with numerical results and reduced the computational time required
to obtain the results by 6 orders of magnitude.
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1. Introduction

Increasing integration of renewable energy sources has intensified the demand for scalable,
efficient, and responsive energy storage systems. Lowering the dependence on fossil fuels and
transitioning to clean energy sources like solar and wind poses problems like inherent intermittency
and variability [1,2]. Therefore, energy storage systems are required to offer stability and reliability to
the power grid to achieve renewable energy integration [3].

Redox flow batteries (RFBs) have gradually gained attention from the research community in the
energy storage landscape, particularly for applications requiring high cyclability and long duration [4].
This technology offers a distinct advantage: the separation of energy capacity from power output [5].
This decoupled configuration makes RFBs flexible in terms of design, enabling tailored solutions for
different demands. Among the various chemistries explored for RFBs, vanadium redox flow batteries
(VRFBs) stand as one of the most widely studied and commercially available [6,7]. Its appeal lies
in the use of vanadium ions in four oxidation states as both the positive and negative active species,
which eliminates the issue of cross-contamination between half-cells [8]. However, one of the primary
challenges is the relatively low energy density, stemming from the solubility limit of vanadium
species [9,10]. In addition, other key components like electrodes and membranes increase the capital
costs of this technology.

One approach to improve performance without significantly increasing system costs lies in the
optimization of flow field design [11,12]. By tailoring the geometry of the electrolyte distribution
channels, it is possible to improve mass transport, enhance reactant utilization, and reduce local
concentration gradients—thereby increasing overall electrochemical efficiency without modifying
core materials or introducing expensive components [13,14]. The most commonly employed
configurations include flow-through (without a structured flow field) and flow-by architectures such
as serpentine (SFF), interdigitated (IFF), and parallel (PFF) [11,15]. At high gross power conditions,
Messaggi et al. [16] showed that the SFF configuration achieved higher net efficiency than IFF,
although the reverse behavior was observed under low power conditions. Xu et al. [17] concluded that
serpentine flow fields obtained higher energy and round-trip efficiency than parallel flow fields by
means of a three-dimensional numerical model. In this line, Maurya et al. [11] demonstrated that IFF
fails to maintain performance at higher current densities due to limited convective transport, even at
elevated flow rates. Wang et al. [18] showed that the SFF induces stronger convective flow, resulting
in improved mass transfer compared to the interdigitated configuration.

In addition to the overall flow field configuration, the geometric characteristics of channel
sections play a crucial role. Recent studies have highlighted the potential of modifying dimensions
such as width or cross-sectional shape to enhance cell performance. Yue et al. [19] proposed a
trapezoidal flow field, which significantly enhanced voltage efficiency and electrolyte utilization by
improving mass transport. Lee et al. [20] employed a three-dimensional numerical model to investigate
the effects of channel size and electrolyte flow rate for the serpentine configuration. Results
demonstrated that reduced channel dimensions and higher flow rates enhanced electrochemical
performance caused by the improved distribution of active species, albeit at the cost of increased
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pressure drop across the cell. Ali et al. [21] examined serpentine and staggered configurations with
channel widths of 2 and 5 mm, revealing that narrower channels resulted in higher discharge voltage
and more uniform distribution of active species. In contrast, Gundlapalli and Jayanti [22] concluded
that widening the channels can help reduce pressure drop while maintaining electrochemical activity
for serpentine cells. Sun et al. [23] studied the effects of changing the rib width for the serpentine
configuration. The limiting current density was increased by 60% with the modified design, compared
to the conventional serpentine flow field. Energy efficiency increased by 4% along with electrolyte
penetration uniformity. Guo et al. [24] numerically modeled a convection-enhanced serpentine flow
field. Higher uniformity of reactant distribution was achieved with increasing channel number and
decreasing channel fraction. However, the pumping work was increased. A novel spiral flow field was
investigated by Huang et al. [25] by means of a numerical model. Compared to a serpentine and parallel
flow field, the spiral flow field reduced local concentration polarization; however, this improvement
was accompanied by increased pressure drop and diminished overall system efficiency. Pan et al. [26]
linearly reduced the channel depth from inlet to outlet in a conventional serpentine flow field.
Numerical simulations revealed that a gradient of 25% led to the highest pump-based voltage efficiency.
The application of this design on an experimental setup demonstrated an increase in electrolyte
utilization and energy efficiency for low flow rates and high current density. Wang et al. [13] tested
the experimental performance of a trapezoidal runner cross-section against the conventional
rectangular cross-section serpentine flow field. Pump power-based voltage efficiency, discharge
voltage, and energy efficiency were observed to improve with the trapezoidal cross-section. Ramesh
et al. [14] proposed a convergent-divergent flow field (CDFF) to enhance cell efficiency while
reducing pressure drop. Peak power density was increased by 12% and a 100 mV average reduction in
polarization for 100 mA cm was achieved compared to SFF, while a lower pressure drop was obtained.

The introduction of obstacles has been studied by some authors. Akuzum et al. [27] introduced
ramps and prismatic obstructions in IFF and SFF and compared the results to conventional flow fields.
Lower pressure drops were obtained with obstruction placement relative to the baseline flow fields.
However, due to electrolyte bypassing, no performance improvements were observed. Messaggi et al. [28]
studied the effects of introducing one obstruction located at the channel wall and another one near the
electrode interface with a 3D numerical model. Better electrolyte penetration through the electrode
was obtained with both obstructions, but the second one close to the electrode offered better balance
between electrochemical performance, pressure drop, and capacity. Liu et al. [29] investigated the
influence of obstacle shape within biomimetic flow fields. The highest concentration uniformity and
discharge voltage, and the lowest charge voltage, were obtained with circular obstacles. Martinez-
Lopez et al. [30] examined the impact of obstruction placement in a flow-through configuration against
a baseline design. Improvements in concentration uniformity, minimum concentration, and limiting
current density were observed, more significantly at lower flow rates. However, pressure drop
increased, indicating a tradeoff between hydraulic and electrochemical performance.

Although obstacle-based modifications to flow fields have been previously investigated, the
present study distinguishes itself by providing a systematic and comparative analysis of multiple
design variables—including obstacle geometry (rectangular, trapezoidal, triangular, and cylindrical),
number (from one to three), and positioning (in straight versus curved segments of the serpentine
channel). To the best of our knowledge, no prior work has jointly assessed the combined effects of
these three factors on the hydrodynamic behavior of redox flow batteries. Most existing studies tend
to explore a single obstacle shape or configuration, without offering a structured framework for
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comparing their influence on flow uniformity, pressure drop, and electrode utilization.
2. Materials and methods

2.1. Model description

2.1.1.  Fundamental principles

Figure 1 illustrates the basic architecture of the vanadium redox flow battery. The system
incorporates two independent electrolyte reservoirs: the positive one stores VO?* and V05, and the
negative contains V2% and V3*. Peristaltic pumps are in charge of pumping the electrolytes through
the flow fields to the porous electrodes, where the electrochemical reactions occur. To electrically
insulate both electrodes, an ion-selective membrane is placed, which allows certain ions to pass
through while preventing cross-contamination. Equations (1) and (2) show the reactions in the positive
and negative electrodes, respectively.

VOS 4+ 2H* + e~ 2 VO?* + H,0 (1)
V3t t+em 2V ()

g 4 + /\
£ +
= V02
B VO2 ’ 2+
£ VO
v
_5 Positive ~__

Electrode

Pump

Figure 1. Schematic representation of a vanadium redox flow battery.

The model developed in this study represents a three-dimensional half-cell. Two domains are
modeled: the flow field and the electrode. The following assumptions are taken into consideration for
the numerical model:

e The flow field, electrolyte, and electrode properties are isotropic.
e  The model is analyzed under steady-state conditions.

e  The electrolyte is treated as incompressible.

e A fully developed flow is assumed at the inlet.

e A laminar flow is assumed.
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2.1.2.  Governing equations

The electrolyte transport through the porous electrode was modeled using the Brinkman equations,
appropriate for this scenario. This formulation captures the transition between free flow and flow
within porous media by incorporating elements of both Darcy’s law and Navier-Stokes equations,
presented in Eqgs (3)—(7). For flow fields, the governing equations are:

pu-V)u=V -[-pl+K]+F 3)
pV-u=0 (4)

where p is electrolyte density, u indicates electrolyte velocity, p stands for pressure, K refers to
stress tensor, and F indicates volume forces. For the porous electrode:

Lo Vult=v -[—pI+K]—(,uk‘1+/3p|u|+%)u+F )
p €p &p

pV-u=Q (6)
K= uz(Vu+ (Vw)) —sus -l (7)

where ¢, refers to electrode porosity, 4 stands for electrolyte dynamic viscosity, Q is the source
term for mass sources or sinks, k refers to electrode permeability, and S is a nonlinear parameter.

2.1.3.  Boundary condition

To define the flow behavior, no-slip conditions were applied along the walls of both the free-flow
channel and the porous electrode region. At the interface between the porous electrode and the flow
channel, a slip condition was introduced. The inlet boundary was prescribed with a flow velocity based
on Reynolds number regime, while the outlet was constrained by a pressure boundary condition set to 0 Pa.

2.1.4. Battery performance parameter
An essential parameter for assessing the spatial distribution of flow within the system is the

uniformity factor. This metric provides a quantitative measure of how evenly velocity is distributed
across a given domain:

Ui=1- ﬁ\/%fﬂ-(u - uavg)zdv (8)

where uavg refers to the average velocity, and V stands for electrode volume.
2.2. Numerical model

The numerical model was implemented using COMSOL Multiphysics 5.5. The Free and Porous
Media Flow module was employed. It applies the Brinkman equations for slow flow in a porous
electrode and the Navier-Stokes equations for flow fields. The finite volume method was used to obtain
the numerical solution. The PARDISO solver was utilized, applying a relative error tolerance of 1 -
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107° to ensure numerical accuracy. A mesh independence study was conducted to balance
computational efficiency and solution fidelity, revealing that further refinement beyond 1,880,796
elements resulted in negligible changes, as illustrated in Figure 2.

1250

1200 ¢

1100

10° 10° 107
Number of domain elements

Figure 2. Results of the mesh independence study.
3. Results
3.1. Experimental validation
The three-dimensional model has been validated with experimental data from Wang et al. [31],

for a4 cm x 4 cm VRFB featuring a serpentine flow field with 2 mm % 2 mm channels. Three different
electrode compression ratios were analyzed: 14.16%, 41.83%, and 69.57%.

Intrusion
region

Figure 3. Three-dimensional numerical model with serpentine flow field and the different
sub-regions when applying electrode compression.

To account for the inhomogeneous deformation of the electrode caused by the channel-rib pattern,
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which affects physical properties such as permeability and porosity, electrode thickness, and the height
of the electrode intrusion into the channel, the electrode is divided into three sub-regions: the intrusion
region, the under-channel region, and the under-rib region (see Figure 3).

The geometric, porosity, and permeability values for each sub-region at different compression
ratios taken from [31] are provided in Table 1.

Table 1. Geometric dimensions and electrode properties for different electrode

compression ratios.

CR=14.16% CR=41.83% CR =69.57%
Porous electrode thickness 5.15 mm 3.49 mm 1.83 mm
Intrusion electrode thickness 0.51 mm 0.8 mm 1.25 mm
Flow channel height 1.49 mm 1.2 mm 0.75 mm
Rib region porosity 0.81 0.76 0.66
Channel region porosity 0.84 0.8 0.75
Intrusion region porosity 0.86 0.84 0.79

Rib region permeability
Channel region permeability

438 x 101%m?
6.23 x 10"m?
1.08 x 10°m?

2.15 x 101%m?
3.61 x 10"m?
7.19 x 10'"m?

7.14 x 10"m?
1.66 x 10"%m?
3.16 x 10"%m?

Intrusion region permeability

The fluid used for the experiments is water at ambient temperature [31], and its properties are
listed in Table 2.

Table 2. Fluid properties.

Parameter Value
Dynamic viscosity 1.002 X 103 Pa-s
Density 998.2 kg - m?
x 104
Exp. CR = 14.16% (Wang et al. [31])
25k|--- Sim. CR = 14.16% ’
' ® Exp. CR = 41.83% (Wang et al. [31]) L
- = = Sim. CR = 41.83% .7
2 ® Exp. CR = 69.57% (Wang et al. [31]) L7 (4 J
—_ = = = Sim. CR = 69.57% )
S ’ -0
— 15} - -6 -7® 4
-~ o’ A
< -7 A
1 [ 3 ca -
- - - /.’
> g.-R-
0.5 > gz 8-
_-& _ 8-
0 ' = =..= L . ; L
0 200 400 600 800 1000
Re

Figure 4. Comparison of numerical and experimental results [31] for pressure drop for
three different electrode compression ratios.

Electronic Research Archive Volume 33, Issue 9, 5231-5251.



5238

Figure 4 shows the results of the experimental validation of the numerical model under three
different electrode compression levels: 14.16%, 41.83%, and 69.57%. The average error across three
compression ratios was 4.9%, confirming that the model provides a good approximation of the fluid
dynamic behavior.

3.2. Case studies

The study investigates 6 configurations. The first case, referred to as Base, serves as the
benchmark and represents an unobstructed channel without any internal structures. Four additional
cases introduce different obstacle geometries positioned within the channel. The Rect case consists of
a rectangular prism. Both Trap-A and Trap-B configurations employ a trapezoidal prism with different
dimensions. The 7ri case features a triangular prism, and the Cy/ case includes a cylinder cut in half.
All obstacles and their dimensions are illustrated in Figure 5a). In this study, blocks were inserted into
the straight sections of the flow channels, as can be seen in Figure 5b).

a) Trap-A Trap-B
1,5 1

Rect /:—\

Figure 5. a) Schematic representation of all obstacles and their geometric dimensions, and
b) obstacle positioning within the channels.

3.3. Block shape

Figure 6 presents the pressure drop over the half-cell for various obstacle geometries inserted in
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the straight sections of the serpentine channel. Rect geometry exhibited the highest pressure drop,
achieving approximately 56.8 kPa at Re = 1000, a value over 4 times the Base case (13.7 kPa). This is
attributed to the bluff nature of the Rect geometry, which generates flow separation and recirculation
regions. On the other hand, 7ri and Cyl geometries yielded considerably smaller pressure drops, with
Cyl reaching 39 kPa, a reduction of about 31% compared to Rect. The trapezoidal geometries (7rap-A
and Trap-B) exhibited intermediate values, with Trap-B giving marginally lower values.

x10%
—@— Base
5} | —— Rect
——ah— Trap-A
—— Trap-B
41 | —— i
= —d— Cyl
&3
A
<
2t
1¢F
0 . , . .
0 200 400 600 800 1000

Re

Figure 6. Pressure drop obtained with different obstacle shapes.

The influence of obstacle shape on the uniformity of electrolyte velocity in the porous electrode
domain is displayed in Figure 7a). The Base case performed the best with the maximum uniformity of
approximately 0.284 at Re = 100, which served as the reference case. Among all the block shapes
inserted, 7ri and Cyl performed relatively high in terms of uniformity, with 7ri having a 15% lower
value compared to Base at Re = 100. The lowest was Rect (0.2), a 29% lower value compared to Base.
The reduction observed is attributed to localized acceleration taking place near the blunt obstacles. At
lower Reynolds numbers, Trap-A and Trap-B have lower uniformity indices than both 77 and Cyl. As
the Reynolds number increases, both trapezoidal arrangements show improvements and eventually
surpass the performance of the Cy/ arrangement. Notably, at higher Reynolds numbers, Trap-A
performs better than Trap-B, meaning that the more acute trapezoidal profile allows for a more
effective distribution at higher flow rates. Figure 7b) illustrates the average electrolyte velocity in the
electrode. In contrast to the trend toward homogeneity, the Base case features the lowest mean velocity
(1.97-10* m/s), which is due to the lack of obstacles. The Rect case presents the highest values of
velocity (8.9-107* m/s), which are over four times higher than those of the Base case. Trap-A and Trap-
B show increased mean velocity up to 8-10™* m/s. The Cyl/ arrangement exhibited values in good
accordance with Trap-B, especially for high Reynolds numbers, suggesting a similar efficiency in
facilitating flow with minimal flow resistance. In contrast, the 7ri shape yielded the smallest increase
among the blocked shapes and exhibited a mean velocity of approximately 5.8-10~* m/s when Re = 1000.

Figure 7¢) displays the velocity streamlines corresponding to different obstacle shapes at Re = 400.
The distribution highlights the localized recirculation and high-velocity zones induced by blunt
geometries such as Rect, while streamlined profiles such as Cy/ and Tri promote smoother transitions
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and reduced stagnation. These visual results confirm the quantitative trends observed in Figure 7a),b).

b)

Q
S

o
o

0.25

o
[

Uniformity of electrolyte velocity

=

—@— Base —&— Trap-A —4— Tri
—w— Rect —@— Trap-B —e— Cyl

200 400 600 800 1000
Re

Figure 7. a) Uniformity of electrolyte velocity in the electrode, b) mean electrolyte
velocity in the electrode, and ¢) streamlines of the electrolyte velocity for different obstacle

Mean electrolyte velocity (m/s)

x10~*

@®

—@— Base

—w—Rect  —4—Tri
—A— Trap-A —e— Cyl

—&— Trap B

Re

600 800 1000

Velocity (m/s)

0.8

0.6

shapes for Re = 400.

The connection between the three-dimensional velocity fields and the calculated uniformity index
is direct and physically meaningful. Regions exhibiting strong recirculation or localized stagnation—
typically observed near blunt obstacle geometries such as Rect—result in a broader velocity
distribution and hence lower uniformity values. In contrast, configurations like 7rap-B and Tri promote
smoother and more spatially consistent flow, leading to a narrower distribution of velocities and
consequently higher uniformity indices. These visual and quantitative trends are consistent across the
cases presented in Figure 7a),c). These results highlight a fundamental tradeoft: while Rect blocks
maximize electrolyte penetration and increase mean flow through the porous electrode, they do so at

Electronic Research Archive
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the cost of significantly reduced uniformity and recirculation. 7ri and Cyl geometries, on the other
hand, offer a more balanced compromise between distribution and efficiency, preserving uniformity
while imposing moderate hydraulic penalties.

Rect

Cut Plane

-

Velocity (m/s)

S g ey e %1074

Tri
[ N N gy —

Cyl

O H N W H~» U

Figure 8. Velocity fields in the porous electrodes for different block shapes for Re = 400.

To better understand the influence of obstacle geometry on the electrolyte flow within the porous
electrode, Figure 8 presents velocity magnitude distributions along a plane cut to analyze flow under
the rib. The Rect configuration exhibits sharp, localized peaks of velocity beneath the rib regions,
indicating strong infiltration into the porous electrode. Trap-A presents a slightly smoother profile, and
Trap-B further reduces these peaks. In contrast, the 7ri and Cyl geometries show significantly reduced
under-rib convection, with the shallowest velocity penetration into the porous electrode. This behavior
aligns with the lower average velocities observed in Figure 7b) for these shapes and higher uniformity
indices in Figure 7a), suggesting that while they promote more homogeneous flow, they induce less
aggressive penetration beneath the ribs.
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3.4. Block number

The influence of obstacle number was investigated by incrementally increasing the quantity of
blocks placed in the channel: 1, 2, and 3 per channel section. Figure 9 displays the corresponding
pressure drop results. As expected, pressure loss increased in all cases due to accumulated flow
obstruction. The Rect configuration showed the steepest rise, with pressure increasing from 11.7 kPa
for 1 block to 18 kPa for 2 blocks and 24 kPa for 3 blocks. Notably, the pressure drop for 7Trap-B at
three blocks is comparable to that of 7rap-4 with two blocks, indicating that 7rap-B maintains lower
hydraulic losses even at higher obstacle densities. Both 7ri and Cyl maintained the lowest pressure
increases among all blocked cases, reaching around 13 kPa for 3 obstacles, almost half of the Rect at
the same obstacle number.

x10*

3.5 F

2 blocks 3 blocks

- = = Base P Trap-B
B Rect N Tvi
I Trap-A [N Cyl

AP (Pa)

1.5

0.5 F

Obstacle number per geometry

Figure 9. Pressure drop obtained for different obstacle numbers for Re = 400.

As shown in Figure 10a), the uniformity of electrolyte velocity benefited significantly from
increasing the number of obstacles for all cases. For instance, in the Rect configuration, the uniformity
index improved from 0.175 for 1 block to 0.239 when 3 blocks are placed, reducing the gap with the
Base case. Similarly, Trap-4 improved from 0.175 to 0.237, and Trap-B from 0.175 to 0.235, nearly
reaching parity with the Base. The Tri and Cyl geometries also improved, though 7ri did it with a
smaller margin, as its initial uniformity was already high. However, the gain in uniformity between 2
and 3 blocks was markedly smaller than that from 1 to 2 blocks across all geometries, indicating
diminishing returns in uniformity enhancement at higher obstacle densities. In Figure 10b), the effect
of obstacle number on mean velocity is presented. Contrary to hydraulic resistance predictions, the

Electronic Research Archive Volume 33, Issue 9, 5231-5251.



5243

average electrolyte velocity was observed to rise when obstacles were introduced in all geometries.
The apparently counterintuitive behavior can be attributed to improved flow redistribution and reduced
stagnant regions due to enhanced channeling effects between obstacles.

a) b)

_lvln‘

= = -Basc NN Trop-A [ Tri
I Rect W Trop-B S Cyl 35

Uniformity of velocity

Mean electrolyte velocity (m/s)

12 3 3 23 123 123 00 1-2°3 1 2°3 1 2°3

12 12 1.2 3 2 2
Obstacle number per geometry Obstacle number per geometry

Velocity (m/s)
1 block 2 blocks 107

1.5

Figure 10. a) Uniformity of electrolyte velocity in the electrode, b) mean electrolyte
velocity in the electrode, and c) velocity fields for different obstacle numbers for Re = 400.

The magnitude of velocity, however, varied significantly depending on the geometry. For the Rect
configuration, mean velocity rose from approximately 1.8-10~* m/s (1 block) to 3.9-10~* m/s (3 blocks),
representing a 117% increase. Trap-B showed a more moderate rise, from 1.45-10* to 2.55-10* m/s,
amounting to a 76% increase. Note that 7rap-A, with two blocks, achieved almost the same average
velocity as Trap-B, with three blocks. In contrast, the Cyl configuration exhibited only a slight increase,
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from 1.35-107* to 2.2-10* m/s. Cyl did not get much from additional obstacles, which is reasonable
given that the streamlined design of this shape already led to the low-stagnant block count. Although
all studied geometries resulted in higher average velocities as more blocks were introduced, the returns
on 3 elements were particularly unnoticeable, especially for efficient shapes, such as Cyl, Tri, and
Trap-B. Figure 10c¢) illustrates the velocity field distribution as the number of obstacles increases
from 1 to 3 for the Rect case. As is evident, the addition of obstacles effectively breaks up stagnant
regions and promotes more uniform electrolyte distribution, consistent with Figure 9a).

3.5. Block positioning

To evaluate the influence of block placement, two positions within the serpentine channel were
compared: the previously studied straight section and the curved section. The rectangular obstacle was
employed for both positions, with Rect referring to the straight section position and Rect* to the curved
section. As shown in Figure 11, the pressure drop varied marginally between the two placements.
However, velocity uniformity exhibited more notable variations. Looking at Figure 12a), relocating
the obstacles from the straight to the curved section resulted in a 9% improvement over the Base case,
maintaining higher values when working at high Re. This behavior is consistent with the findings of
Lu et al. [32], who demonstrated that inserting blocks at the bends of a serpentine flow field
significantly improved species transport by homogenizing the velocity distribution. Their 3D model
showed that bend-placed blocks enhanced flow uniformity. Regarding mean electrolyte velocity,
illustrated in Figure 12b), the difference is modest. These results indicate that obstacles placed in
curved sections leverage the already existing low-velocity zones to achieve greater flow uniformity.

0 200 400 600 800 1000
Re

Figure 11. Pressure drop obtained for different obstacle positioning.
Figure 12¢) compares the velocity flow fields between obstacles placed in straight vs. curved

sections. When positioned in curved segments, obstacles exploit pre-existing low-velocity regions,
leading to improved distribution across the electrode interface. These observations complement the
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quantitative findings in Figure 12a),b) and align with previous studies [32], suggesting enhanced
mixing and reactant penetration in such configurations.

Q
N

o
—

x10~1

N

Uniformity of electrolyte velocity
Mean electrolyte velocity (m/s)

0 200 100 600 800 1000 0 200 100 600 800 1000
Re Re
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|
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i — | T
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o

Figure 12. a) Uniformity of electrolyte velocity in the electrode, b) mean electrolyte velocity
in the electrode, and c) velocity fields for different obstacle positioning for Re = 400.

3.6. Artificial neural network for pressure drop prediction

In the present study, a multilayer perceptron with backpropagation (MLP-BP) is employed for
pressure drop prediction. The objective of using the neural network in this study is to create a surrogate
model capable of rapidly predicting pressure drop for different obstacle configurations in the
serpentine flow field. Once trained on data from 3D CFD simulations, the network enables fast and
accurate estimations without the need for additional simulations. The MLP-BP is a type of artificial
neural network (ANN) composed of layers of neurons, comprising an input layer, one or more hidden
layers, and an output layer. Their versatility makes them a suitable alternative for modeling fluid
dynamic systems, as in [33,34]. In this architecture, each neuron in a given layer is connected to every
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neuron in the subsequent layer, and each connection is associated with a weight that determines its
influence. The input data—defining the features of the case—are propagated through the network, with
numerical computations performed layer by layer, until reaching the output layer, where target values
are defined. In the case under study, 7 distinct inputs, a hidden layer with 14 neurons, and a single
output were considered. Sigmoid activation functions are applied to the hidden layers, whereas a linear
activation function is used in the output layer, which is suitable for regression tasks. The inputs were
defined to fully characterize the case, comprising the number of sides of the obstacles, their height,
width, and perimeter, the number of obstacles located on the straight and curved sections, and the inlet
pressure. The output corresponds to the pressure drop. Figure 13 represents a schematic representation
of the designed ANN. The Levenberg—Marquardt algorithm [35,36] with the mean squared error (MSE)
loss function was used for training the network, and the dataset was split into 70% for training, 20% for
validation, and 10% for testing. Training was conducted until validation loss reached its minimum
value, before beginning to increase, in order to prevent overfitting. MATLAB 2025a [37] commercial
code with its Deep Learning toolbox [38] was used to design and train the ANN.

Sides
Height
Width v.,_,fg,’._m__
Perimeter f&?;’fg

AP

Obstacles on the straights

Obstacles on the curves

Inlet pressure

Figure 13. ANN for pressure drop prediction.

To evaluate the accuracy of the ANN predictions, the correlation coefficient (R-value) of the test
set is considered, as these cases are unknown to the network, and thus assess the generalizability of
the proposed model. Figure 14 presents the R-value results, which are equal to 0.99895, thereby
demonstrating the high accuracy of the ANN predictions.
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Figure 14. Correlation coefficient of the test set.

To further assess the performance of the neural network, Figure 15 presents a comparison between
the ANN predictions for all considered obstacle configurations together with the CFD results. This
comparison shows that the predictions provided by the ANN closely match the CFD values, accurately
capturing the same trend.

4
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ANN Base ANN Trap-B
5 % CFD Rect ¢ CFDTi
ANN Rect ANN Tri
A CFD Trap-A % CFD Cyl
ANN Trap-A ANN Cyl
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Re

Figure 15. Comparison between the predictions of the ANN and the CFD results for all
the considered obstacles.
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Additionally, the ANN offers enhanced performance in terms of computational time, as obtaining
a single prediction requires only 6-10~* s, whereas performing the CFD simulation of a single case
requires 1000 s. This corresponds to a speed-up factor of 1.67-10° when compared to the performed
CFD simulations.

4. Conclusions

This study investigated the impact of obstacle geometry, number, and placement within a
serpentine flow field of a VRFB half-cell using a three-dimensional numerical model. The most
important findings are summarized as follows:

e  Among the tested geometries, the rectangular (Rect) obstacle yielded the highest mean electrolyte
velocity but also had the largest pressure drop and lowest flow uniformity. In contrast, streamlined
shapes such as cylindrical (Cyl) and trapezoidal (7rap-B) structures provided a better balance,
improving velocity and maintaining uniformity with substantially lower hydraulic penalties.

e Increasing the number of obstacles from 1 to 3 significantly enhanced flow uniformity across all
geometries, with the most notable gains occurring when increasing from 1 to 2 elements. Trap-4
demonstrated efficient performance scaling, with its 2-block configuration reaching the same
mean velocity as Trap-B with 3 blocks. The improvement rate diminished beyond 2 obstacles for
all geometries.

e In terms of obstacle placement, introducing blocks into the curved section of the serpentine
channel led to notable improvements (up to 9% over the Base case), with a negligible increase in
pressure drop.

e  With the performed simulations, an ANN-based model has been developed, which provides
extremely fast and accurate predictions of the considered case, reducing the computational time
required to obtain the results by 6 orders of magnitude. This approach could be employed in future
work to efficiently explore alternative obstacle designs. Its rapid inference capability would allow
for fast evaluation of multiple configurations without the need to generate new meshes and run
additional CFD simulations, thereby facilitating broader parametric or optimization studies.
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