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ABSTRACT

A topology optimization approach is applied to the design of a compact fluid distribution device
that achieves uniform flow distribution among parallel channels while minimizing the mean resi-
dence time under a pressure loss constraint. Such devices are widely used in applications includ-
ing parallel microreactors, thermal management systems, and energy devices, where both com-
pactness and precise flow control are required. The design problem is formulated using a density-
based method in which the design variable represents the local void fraction of a fictitious porous
medium. The governing equations are based on the incompressible Navier-Stokes equations with
an additional Darcy-type resistance term. The objective function is defined as the spatially aver-
aged design variable, corresponding to the minimization of the effective flow passage volume and
thus the mean residence time. Constraints are imposed on both flow rate uniformity among parallel
channels and the total pressure loss. A two-stage topology optimization strategy is proposed to
obtain physically realizable geometries. The results show that the proposed strategy effectively
removes non-functional regions while preserving flow uniformity, leading to compact designs. Fur-
thermore, numerical investigations reveal that designs with fewer early-stage bifurcations tend to
achieve smaller flow passage areas under identical pressure loss conditions. These findings
demonstrate that topology optimization provides a rational and flexible framework for the system-
atic design of compact fluid distribution devices.
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INTRODUCTION

The performance of many engineering systems
strongly depends on their geometrical configuration, yet
the optimal shape is rarely obvious. In such cases, sys-
tematic design methods based on mathematical optimi-
zation provide a powerful alternative to conventional
trial-and-error approaches. Among various structural op-
timization techniques, topology optimization has at-
tracted increasing attention because it allows the mate-
rial distribution within a prescribed design domain to be
optimized, enabling the generation of novel and non-in-
tuitive structures.

In recent years, topology optimization has been suc-
cessfully extended from structural mechanics to fluid
mechanics. Several studies have demonstrated the po-
tential of topology optimization for fluid flow problems,
including flow channel design, heat transfer enhance-
https://doi.org/10.69997/sct.138994
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ment, and microfluidic devices. Comprehensive reviews
of topology optimization methods for fluid-based sys-
tems can be found in recent literature [1, 2]. Since the
pioneering work on topology optimization for Stokes flow
[3], the method has been successfully applied to a wide
range of fluid-related problems, including channel flow
optimization [4] and catalytic microreactors [5]. These
studies have shown that topology optimization can sig-
nificantly enhance performance compared with conven-
tional heuristic designs.

Fluid distribution devices, which distribute an inlet
flow into multiple parallel channels, are widely used in
various applications such as parallel microreactors, fuel
cell stacks, heat exchangers, and thermal management
systems [6, 7]. In such systems, uniform flow distribution
among channels is crucial for achieving high performance
and operational safety. Uneven flow distribution can lead
to issues such as local overheating, reduced efficiency,
2145
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and degradation of device lifetime [6, 7].

Although various design strategies for fluid distribu-
tion devices have been proposed, including geometrical
optimization based on CFD simulations [8], biomimetic or
fractal-inspired designs [9], and empirically optimized
manifold structures [10], most conventional approaches
rely on predefined geometrical configurations and para-
metric tuning. As a result, the design freedom is inher-
ently limited, and the obtained solutions may not be glob-
ally optimal.

To overcome these limitations, topology optimiza-
tion offers a promising framework for the rational design
of fluid distribution devices. A previous study demon-
strated the feasibility of achieving target flow distribu-
tions using topology optimization [11]. However, this
study primarily focused on objectives such as energy dis-
sipation minimization, while the compactness of the de-
vice, which is closely related to the mean residence time,
has received less attention. In practical applications, the
mean residence time is a key performance indicator be-
cause it directly affects reactor productivity, system re-
sponsiveness, and overall device size. Therefore, design-
ing a compact fluid distribution device while maintaining
uniform flow distribution is of great practical importance.

In the present study, topology optimization is ap-
plied to the design of a fluid distribution device that
achieves uniform flow distribution among parallel chan-
nels while minimizing the mean residence time under a
pressure loss constraint. The optimization problem is for-
mulated using a density-based method, and a two-stage
optimization strategy is introduced to obtain physically
realizable geometries. Furthermore, the effects of pres-
sure loss constraints, initial design variables, and the
number of parallel channels on the optimized designs are
systematically investigated.

PROBLEM FORMULATION AND
METHODOLOGY

Design problem

In this study, the topology optimization of a fluid dis-
tribution device is conducted using the same two-dimen-
sional geometry as that employed in [11], in order to en-
able a direct comparison with the previous study.

A schematic of the computational domain is shown
in Fig. 1. The design domain is defined between a single
inlet and multiple outlet channels, and topology optimiza-
tion is performed only within this region. The inlet velocity
is specified as a uniform profile, and pressure boundary
conditions are imposed at the outlets. No-slip boundary
conditions are applied on all solid walls.

The optimization problem is formulated such that
the objective function corresponds to the minimization of
the spatially averaged design variable over the design
domain. Since the design variable represents the local
Tonomura et al. / LAPSE:2026.0471
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void fraction of the porous medium, minimizing its aver-
age value leads to a reduction in the effective flow pas-
sage volume, which is equivalent to minimizing the mean
residence time of the fluid. Two constraints are imposed
in the optimization problem. The first constraint ensures
uniformity of flow rates among all outlet channels, which
is evaluated by the normalized deviation of individual
outlet flow rates from the target value. The second con-
straint is imposed on the total pressure loss between the
inlet and the outlets to ensure practical operating condi-
tions. Accordingly, the design problem is formulated as a
constrained optimization problem with the objective of
minimizing the mean residence time while satisfying the
constraints on flow rate uniformity and pressure loss.
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Figure 1. Computational domain and design domain [11].

Topology optimization method

In this study, a density-based topology optimization
method is employed to determine the optimal material
distribution within the design domain. The design varia-
ble is defined as a continuous scalar field that represents
the local void fraction of a fictitious porous medium, tak-
ing values between 0 (solid region) and 1 (fluid region).

To model the presence of the porous medium, a
Darcy-type resistance term is introduced into the mo-
mentum equations. The inverse permeability is interpo-
lated as a function of the design variable, such that high
resistance is imposed in solid-like regions and negligible
resistance is applied in fluid-like regions. This approach
enables a smooth transition between solid and fluid re-
gions during the optimization process.

To avoid numerical instabilities such as checker-
board patterns and mesh dependency, a PDE-based fil-
tering technique is applied to the design variable. Fur-
thermore, a smoothed Heaviside projection is employed
to promote clear separation between solid and fluid re-
gions and to reduce gray-scale regions in the optimized
designs.
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The optimization problem is solved using a gradient-
based algorithm. Sensitivities of the objective function
and constraints with respect to the design variables are
evaluated using the adjoint method. The design variables
are then updated iteratively until convergence is
achieved.

Governing equations

The fluid flow in the design domain is modeled as a
steady, incompressible laminar flow. The governing
equations are the incompressible Navier-Stokes equa-
tions with an additional Darcy-type resistance term to
represent the effect of the fictitious porous medium.

The continuity equation is given by

Veu=0 M

where u denotes the velocity vector. The momentum
equation is expressed as

p(us VIu=-Vp+uViu—ay)u (2)

where pis the pressure, p is the fluid density, and u is the
dynamic viscosity. The last term represents the Darcy-
type resistance introduced to model the porous medium.
The inverse permeability a(y) is defined as a function of
the design variable y, such that high resistance is im-
posed in solid-like regions and low resistance is imposed
in fluid-like regions.

Specifically, the inverse permeability is interpolated
using a convex function of the design variable, which al-
lows a smooth transition between solid and fluid phases
during the optimization process. This formulation enables
the flow field to be continuously modified as the design
variable evolves.

These governing equations are solved numerically
using the finite element method at each optimization it-

eration to evaluate the objective function and constraints.

Objective function and constraints

The optimization problem is formulated to minimize
the mean residence time of the fluid while satisfying con-
straints on flow rate uniformity and pressure loss.

As described in the previous section, the design var-
iable y represents the local void fraction of the fictitious
porous medium. Therefore, the mean residence time is
proportional to the effective flow passage volume in the
design domain. In this study, the objective function is de-
fined as the spatially averaged design variable over the
design domain Qg , given by

T0) = o o, vdQ (3)

where |Q,4| denotes the area of the design domain. Mini-
mizing this objective function corresponds to minimizing
the effective flow volume and thus the mean residence
time.

To ensure uniform flow distribution among the outlet
Tonomura et al. / LAPSE:2026.0471
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channels, a constraint on the outlet flow rates is imposed.
The flow rate through the i-th outlet, Q;, is evaluated by
integrating the normal velocity over the outlet boundary.
The flow uniformity constraint is defined based on the
normalized deviation of each outlet flow rate from the
target value Qurg, €XpPressed as

1 i—Qtarges

gl = Ezil [QQs:getg t] S £ (4)
where N is the number of outlet channels and ¢ is a pre-
scribed tolerance.

In addition, a constraint is imposed on the total pres-
sure loss between the inlet and the outlets to ensure
practical operating conditions. The pressure loss Ap is
defined as the difference between the spatially averaged
inlet pressure and the averaged outlet pressure, and the
constraint is expressed as

8= Ap < Appax = APy ()

where Apn.x denotes the allowable maximum pressure
loss, Ap, is the pressure loss that would be obtained if
the entire design domain is completely open to flow, and
B is the design parameter.

Accordingly, the optimization problem is formulated
as a constrained minimization problem with the objective
of minimizing the mean residence time subject to the
constraints on flow rate uniformity and pressure loss.

Optimization procedure

The optimization problem is solved using a gradient-
based optimization algorithm. At each iteration, the gov-
erning equations described in the previous section are
solved to obtain the velocity and pressure fields, from
which the objective function and constraint values are
evaluated. All simulations were performed using COM-
SOL Multiphysics® 6.0, which provides a finite element
framework for solving the governing equations and im-
plementing topology optimization.

The sensitivities of the objective function and con-
straints with respect to the design variables are com-
puted using the adjoint method. Gradient-based optimi-
zation methods are widely used in topology optimization
because they efficiently handle large numbers of design
variables through adjoint sensitivity analysis, making
them computationally more efficient than population-
based optimization methods for high-dimensional design
problems. This approach enables efficient sensitivity
evaluation with a computational cost that is independent
of the number of design variables, making it suitable for
large-scale topology optimization problems.

The design variables are updated iteratively using
the Method of Moving Asymptotes (MMA), which is
widely used in topology optimization due to its robust-
ness and numerical stability. During the optimization pro-
cess, the filtering and projection techniques described in
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the previous section are applied at each iteration to en-
sure mesh-independent solutions and to promote clear
separation between fluid and solid regions.

The optimization is terminated when the relative
change in the objective function over successive itera-
tions becomes sufficiently small, indicating convergence
of the solution. The resulting optimized distribution of the
design variable is then interpreted to obtain the final ge-
ometry of the fluid distribution device.

RESULTS AND DISCUSSION

This section presents the results of the topology op-
timization of the fluid distribution device. First, the effec-
tiveness of the proposed two-stage optimization strat-
egy is demonstrated. Subsequently, the effects of pres-
sure loss constraints, initial design variables, and the
number of parallel channels on the optimized designs are
systematically investigated.

Two-stage topology optimization

In this study, water (298K) was used as the working
fluid. The values N, ¢, and 8 were set to 6, 0.001, and 1.25,
respectively. The initial value of the design variable, y,,
was set to 0.5. The topology optimization problem was
solved using COMSOL Multiphysics® 6.0. The resulting
solution is referred to as the first-stage optimization re-
sult. The obtained distribution of the design variable is
shown in Fig. 2 (left), where red and blue regions corre-
spond to fluid and solid phases, respectively. The black
lines indicate streamlines.

In the region from the inlet to just upstream of the
first bifurcation point, the streamlines are nearly parallel
to the y-axis and the velocity component in the x-direc-
tion is negligible. This indicates that the flow in this region
can be regarded as fully developed and that the region
does not contribute to the flow distribution process. From
the viewpoint of reducing the mean residence time, such
a region should therefore be eliminated.

Based on the first-stage optimization result, a clear
channel geometry without gray-scale regions was ex-
tracted following the procedure proposed in Ref. [9]. In
addition, the region identified as unnecessary from the
viewpoint of mean residence time reduction was re-
moved, and the geometry shown in Fig. 2 (right) was gen-
erated. However, subsequent CFD analysis confirmed
that this geometry no longer satisfied the flow uniformity
constraint that was achieved in the first-stage result.

Therefore, the geometry shown in Fig. 2 (right) was
adopted as a new design domain, and the second-stage
topology optimization was performed. The optimized re-
sult obtained after the second stage is shown in Fig. 3.
CFD analysis confirmed that the final design satisfied the
flow uniformity constraint. As a result, a fluid distribution
device was designed with a reduction of 76.3% in the

Tonomura et al. / LAPSE:2026.0471
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design domain area compared with the initial configura-
tion.

Figure 2. First-stage optimization result (left) and the
design space generated for second-stage optimization
(right).

Figure 3. Second-stage optimization result.

These results demonstrate that the proposed two-
stage topology optimization strategy is effective for ob-
taining physically realizable and compact fluid distribu-
tion device designs.

A comparison with the results reported in Ref. [11]
provides further insight into the characteristics of the op-
timized designs. In Ref. [11], the optimization was per-
formed using the dissipation function as the objective
function, whereas the present study employs the mean
residence time as the objective. Although both studies
yield designs that initially bifurcate into two branches,
noticeable differences can be observed in the resulting
geometries. The design reported in Ref. [11] exhibits
wider channel widths and a shorter distance from the in-
let to the first bifurcation. Moreover, the flow is gradually
redirected, resulting in a smooth branching into six chan-
nels. These features can be considered advantageous
from the viewpoint of minimizing the dissipation function,
as they contribute to reducing flow resistance and en-
ergy loss. In contrast, the present study aims to reduce
the effective flow passage volume by minimizing the
mean residence time. This objective promotes the for-
mation of narrower channels and longer straight sections
prior to branching, leading to a more compact distribution
region. These differences highlight that the resulting to-
pology is strongly influenced by the choice of the objec-
tive function, and demonstrate the flexibility of topology
optimization in tailoring designs to specific performance
requirements.

Effects of initial design variables and

pressure loss constraint

In topology optimization problems, the obtained so-
lution often depends on the initial values of the design
variables, and the optimization process may converge to
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Figure 4. Optimization results for all combinations of seven values of 8 (= 1.25, 1.5, 1.75, 2, 2.5, 3, 4) and five values
of y, (= 0, 0.25, 0.5, 0.75, 1). The red regions represent the fluid, and the blue regions represent the solid. The
designs highlighted with black frames correspond to the cases that achieved the minimum objective value for

each . The legend indicates (8, y,).

local optima. In addition, the flow channel structures ob-
tained under different pressure loss constraints may ex-
hibit characteristics different from those of the design
derived in the previous section.

In this section, the first-stage optimization de-
scribed in the previous section was performed for a total
of 35 cases, consisting of five different initial values of
the design variable y,and seven different values of .

The resulting optimized channel structures are sum-
marized in Fig. 4. As shown in the figure, the obtained

Tonomura et al. / LAPSE:2026.0471
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flow channel structures can be classified into two groups
based on their topological features: those that first bifur-
cate into two branches (e.g., Fig. 4(1d), hereafter referred
to as Group A) and those that first bifurcate into three
branches (e.g., Fig. 4(1e), hereafter referred to as Group
B). It is found that the designs belonging to Group A tend
to exhibit smaller objective function values than those
belonging to Group B. Moreover, for each value of 3, the
design with the minimum objective function value always
belongs to Group A. These results indicate that, under
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identical pressure loss conditions, the channel geome-
tries in Group A tend to have smaller flow passage areas
in the branching region compared with those in Group B.

Subsequently, for all 35 first-stage optimization re-
sults, channel geometries were generated by eliminating
gray-scale regions and removing flow-irrelevant regions
using the same procedure as described in the previous
section. Among these cases, the geometry generated
from the result shown in Fig. 4(4a) exhibited the smallest
flow passage area. A second-stage topology optimiza-
tion was then performed using this geometry as the new
design domain. As a result, a fluid distribution device with
areduction of 79.6% in the initial design domain area was
obtained.

Effect of the number of parallel channels

In this section, the effect of the number of parallel
channels on the optimized flow channel topology was in-
vestigated. Topology optimization calculations were per-
formed for cases with N = 4and N = 8in order to ex-
amine how the flow channel configurations in the fluid
distribution design domain change with the number of
outlets. The governing equations, objective function, and
constraints were identical to those used in the design
problem with N = 6. However, the inlet flow rate was ad-
justed such that the flow rate per outlet channel was the
same as that in the N = 6 case.

A A

(a) (yo = 05,N =4), ] = 0305 (b) (¥ = 0.75,n = 4), | = 0.348

A H

(c) (yo=0,N =8), ] =0.354 (d) (¥o = 0.75,N = 8), ] = 0.430

Figure 5. First-stage topology optimization results for
different numbers of parallel channels.

For each value of N, first-stage topology optimiza-
tion was performed for five different initial values of the
design variable, y, = 0,0.25,0.5,0.75, and 1. For the case of
N = 4, the distributions of the design variable corre-
sponding to the minimum and maximum objective func-
tion values are shown in Fig. 5(a) and Fig. 5(b), respec-
tively. The corresponding results for N = 8 are shown in
Fig. 5(c) and Fig. 5(d).
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Itis observed that the designs with the minimum ob-
jective function value initially bifurcate into two branches,
whereas those with the maximum objective function
value initially bifurcate into three branches. This ten-
dency is consistent with the results obtained for the N =
6 case, indicating that the relationship between the initial
branching structure and the objective function value is
preserved even when the number of parallel channels is
changed.

CONCLUSIONS

In this study, a topology optimization approach was
applied to the design of a compact fluid distribution de-
vice that achieves uniform flow distribution among paral-
lel channels while minimizing the mean residence time
under a pressure loss constraint. The optimization prob-
lem was formulated using a density-based method com-
bined with incompressible Navier-Stokes equations in-
cluding a Darcy-type resistance term.

A two-stage topology optimization strategy was
proposed to obtain physically realizable geometries. In
the first stage, an optimized material distribution was ob-
tained, while gray-scale regions and flow-irrelevant ar-
eas were identified. In the second stage, these regions
were removed and the optimization was repeated using
the reduced design domain. The results demonstrated
that the proposed strategy effectively eliminates non-
functional regions while maintaining flow uniformity,
leading to highly compact fluid distribution devices.

The effects of pressure loss constraints and initial
design variables were systematically investigated
through multiple optimization runs. The optimized flow
channel topologies were classified into two characteristic
groups based on their initial branching structures. De-
signs that initially bifurcate into two branches were found
to yield smaller objective function values than those that
initially bifurcate into three branches. This tendency was
consistently observed under identical pressure loss con-
ditions.

Furthermore, the effect of the number of parallel
channels was examined by performing topology optimi-
zation for cases with four and eight outlets. The same re-
lationship between the initial branching structure and the
objective function value was observed, indicating that
the identified design tendency is robust with respect to
the number of parallel channels.

A comparison with a previous study using dissipa-
tion minimization as the objective function highlighted
that the resulting topology strongly depends on the
choice of the objective function. While dissipation mini-
mization favors wider and smoother channels, minimizing
the mean residence time promotes narrower flow pas-
sages and a more compact distribution region. These re-
sults demonstrate the flexibility of topology optimization
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in tailoring fluid distribution devices to specific perfor-
mance requirements.

Overall, the present study provides a systematic
framework for designing compact and high-performance
fluid distribution devices and offers insights into the re-
lationship between objective functions and resulting flow
channel topologies.
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