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 A B S T R A C T

Flow manifolds are devices that distribute or collect fluid across multiple channels, playing a crucial role 
in the performance of many fluid and energy systems. However, designing efficient manifolds that ensure 
uniform flow distribution remains challenging, especially for multi-channel three-dimensional manifolds. This 
study presents a scalable topology optimization framework for systematically designing multi-channel flow 
manifolds. The proposed method builds on the conventional density-based topology optimization formula-
tion by introducing a flow maldistribution coefficient as an explicit constraint. This novel approach was 
implemented using the incompressible Navier–Stokes flow solver available in the open-source CFD suite SU2. 
The performance of the proposed method was benchmarked against two established topology optimization 
strategies using an exemplary planar z-type flow manifold, where both the inlet and outlet manifolds 
were designed simultaneously. The results demonstrate that the proposed method achieves flow uniformity 
comparable to established approaches while significantly reducing computational costs. Furthermore, when 
applied to large-scale three-dimensional problems, the proposed method produces feasible designs that achieve 
uniform flow distribution and exhibit innovative geometrical features. These results highlight the robustness 
and scalability of the proposed method.
1. Introduction

Manifolds are critical components in fluid-flow systems, enabling 
controlled and efficient distribution of fluid across different flow paths. 
Typically, they fall into two categories: combining manifolds, which 
merge multiple incoming flows into a single outlet, and distributing 
manifolds (also called flow distributors), which channel fluid from 
one or more inlets into multiple flow paths [1]. The primary goal 
of manifolds is to ensure uniform or design-specific flow distribution 
across the channels. They play a crucial role in various applications, 
such as in micro-channel heat sinks [2], battery cold plates [3], re-
actors [4], fuel cells [5], heat exchangers [6,7], and gas treatment 
units [8], among others. An inefficient manifold design can result in 
poor heat transfer, temperature control issues, and increased pumping 
power [7,9]. Therefore, optimizing the design of manifolds is essential 
to improve the overall efficiency of fluid-flow systems. 

Manifold design has traditionally relied on empirical approaches, 
most notably London’s 1968 method [10], which is based on Bernoulli’s 
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principle under the assumption of one-dimensional, uniform flow. This 
method yields a simple one-dimensional design formula that links the 
inlet manifold’s curvature to the inlet and outlet lengths, assuming a 
fixed box-type outlet manifold. Since its inception, the characteristic 
tapered shape for the inlet manifold, obtained using London’s method, 
has been widely adopted for applications with parallel channels [11–
13]. These studies advocate the effectiveness of London’s design in 
promoting uniform flow distribution.

Despite its simplicity and popularity, London’s approach exhibits 
several limitations. It assumes one-dimensional velocity and pressure 
distributions, a fixed outlet manifold geometry, and neglects key effects 
such as momentum and viscous losses, which are critical for accu-
rate performance prediction. To address these shortcomings, several 
researchers have extended London’s model. For instance, Refs. [14,15] 
incorporated axial momentum loss in oblique dividing manifolds using 
control volume techniques. These methods yield parametric equations 
that relate geometry and operating conditions to outlet mass flow
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Nomenclature

General symbols
𝐴 Area
𝑎 Characteristics length
𝑐p Specific heat capacity of fluid at constant 

pressure
Da Darcy number
 Fluxes
𝑓 Fluid volume fraction target
𝒈 Inequality constraints vector
 Objective function
𝑚̇ Mass flow rate
𝑁 Total number of constraints
𝑛 Number of channels connected to the 

manifold
 Power dissipation
𝑝 Pressure
𝑞 Penalization parameter
 Residuals vector
Re Reynolds number
 Source terms vector
𝐒 Mean strain rate tensor
𝑇 Temperature
𝑡 Time
𝑽 Conservative variables vector
𝑉 Volume
𝒗 Velocity vector
Greek symbols
𝛼 Inverse permeability
𝜒 Adjoint variable
𝛿 Acceptable tolerance on mass flow fraction 

constraint
𝜀 Porosity
𝜅 Fluid thermal conductivity
𝜇 Dynamic viscosity
𝜃 Target mass flow fraction
𝜙 Flow uniformity coefficient
𝜌 Fluid density
𝝉 Viscous stress tensor
𝛺 Domain

Subscripts

avg Mean quantity
d Part of the design domain
f Fluid
i Index
in Inlet
out Outlet
ref Target value for flow uniformity constraint
s Solid
vol Volume
𝜙 Flow uniformity constraint
Superscripts

𝑐 Convective
𝑣 Viscous
2 
distribution, offering improved accuracy for simple geometries with 
constant cross-sections [15].

Beyond analytical extensions, numerous studies have leveraged both 
experimental and computational fluid dynamics (CFD) methods to 
refine flow distribution in manifold systems. For example, Ref. [16] 
explored the effect of the area ratio and Reynolds number on flow 
uniformity, demonstrating that a smaller area ratio between the total 
cross-sectional area of the channels and the manifold’s cross-section can 
significantly improve flow distribution. Similarly, a review by Ref. [9] 
examined the impact of manifold geometry on flow maldistribution, 
leading to an analytical model that quantifies the relationship between 
these two factors. Additionally, Ref. [17] investigated how different 
manifold shapes and flow configurations impact flow distribution. The 
results reported highlight that symmetric triangular manifold geometry, 
for both combining and dividing manifolds, generates superior flow 
distribution for z-type flow arrangements. For c-type flow arrange-
ments, a triangular dividing manifold, in conjunction with a trapezoidal 
combining manifold, yields the best results. These studies typically vary 
only a limited set of geometric parameters under fixed assumptions, 
failing to explore the full range of the available manifold design space.

As manifold systems grow in complexity, classical design theories 
become inadequate for capturing detailed flow behavior. These meth-
ods often fall short in representing intricate flow phenomena such as 
vortex formation, flow separation, and reattachment, particularly in 
configurations involving multiple branches or T-junctions [18,19]. To 
overcome these limitations, there is an increased interest in CFD-based 
automated design optimization techniques.

Generally, CFD-based approaches integrate optimization algorithms 
with flow solvers to systematically explore designs based on the cost 
functions and the design variables provided. They not only enhance 
design accuracy by resolving complex flow physics but also offer 
the flexibility to handle diverse, intricate geometries. Thanks to ad-
vances in numerical methods and the accessibility of high-performance 
computing, such techniques have been successfully applied in di-
verse domains, including turbomachinery blades [20], aircraft compo-
nents [21], wings [22], and heat exchangers [23]. CFD-based optimiza-
tion methods can be broadly categorized into shape optimization [20] 
and fluid topology optimization (FTO) [24]. While both shape opti-
mization and topology optimization are valuable for manifold design, 
this paper focuses on the latter, specifically density-based FTO.

The design of manifolds has benefited from advancements in FTO. 
For instance, Ref. [25] employed a two-dimensional FTO with level 
sets to design plate-type manifolds in z-type and u-type configurations. 
The optimization aimed to minimize pressure drop and improve flow 
uniformity by using dissipated power as the objective function. Simi-
larly, Ref. [26] applied two-dimensional FTO to design manifolds for 
both uniform and non-uniform flow distributors, including a constraint 
on the mass flow threshold in each channel. This method was used to 
design a two-dimensional inlet manifold for a four-channel radiator, 
resulting in tapered manifolds similar to those obtained using London’s 
approach. In Ref. [27], a density-based FTO was used to design both 
inlet-distributing and outlet-combining manifolds for a multi-channel 
heat sink. Here, the objective was to minimize the temperature in 
the channels while maintaining an allowable pressure drop. In addi-
tion to two-dimensional approaches, some studies have also explored 
three-dimensional manifold designs using FTO. For example, Ref. [28] 
optimized a turbulent three-dimensional manifold with one inlet and 
three outlets, using dissipated power as the objective while imposing 
constraints on volume fraction and mass flow in each outlet. Similarly, 
Ref. [29] simulated an inlet manifold with three outlets, where the 
objective was power dissipation, and the mass flow at the outlets was 
imposed as a boundary condition.

In the majority of these design studies, power dissipation is the 
primary objective function used in optimization formulations. To en-
sure flow uniformity, these methods typically impose constraints on the 
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mass flow through each channel. While this approach is intuitive, it 
becomes increasingly complex as the number of outlets increases since 
the number of constraints scales linearly with the number of outlets. 
This leads to a higher number of sensitivity computations required per 
optimization step, making optimization less efficient for manifolds with 
a large number of channels. As an alternative, studies by Refs. [30,31] 
investigated the use of a combined objective function that incorporates 
both power dissipation and flow uniformity. The results showed that 
the choice of weights for these objective functions significantly influ-
enced the final design, which can thus result in a costly trial-and-error 
approach. Although these studies highlight significant advancements 
in manifold design, the development of a scalable FTO strategy that 
ensures uniform flow distribution across complex manifold systems 
remains a new research frontier.

Stemming from the above consideration, the objective of this re-
search is to propose a scalable FTO design strategy that enables the 
realization of manifold geometries with uniform flow distribution. To 
achieve this, porosity source terms enabling density-based FTO were 
implemented within the incompressible Navier–Stokes solver available 
in the open-source CFD tool SU2 [32]. Furthermore, adjoint-based 
gradient computation of the objective function was enabled by incor-
porating these source terms into the discrete adjoint solver of SU2. 
A python-based optimization framework, FlowForge, was developed to 
integrate a gradient-based optimization algorithm with both the primal 
and adjoint solvers. This framework was configured with different 
commonly used optimization strategies to benchmark the proposed 
strategy. For this comparative study, the inlet and outlet manifolds of 
an exemplary planar z-type manifold case, consisting of ten parallel 
channels, were optimized. Additionally, to assess the scalability of 
the proposed method to three-dimensional cases, the proposed design 
strategy was applied to optimize the inlet and outlet manifolds for 
two commonly used manifold configurations. These configurations in-
clude cylindrical z-type parallel flow manifolds [1,3] and radial flow 
manifolds [33,34].

2. Governing equations

2.1. Primal solver

To solve the FTO problem, the fluid flow in the design domain is 
governed by the incompressible Navier–Stokes equations [35]. These 
conservation equations can be expressed in the differential form as 
𝜕𝑽
𝜕𝑡

+ ∇ ⋅  𝑐 (𝑽 ) − ∇ ⋅  𝑣(𝑽 ,∇𝑽 ) −  = 0, (1)

where 𝑽  is the vector of the conservative variables for mass, momen-
tum, and energy equations, and  represents the source terms vector. 
The vector 𝑽  is given as 
𝑽 =

{

𝜌, 𝜌𝒗, 𝜌𝑐p𝑇
}⊤ . (2)

In the above expression, 𝜌 is the fluid density, 𝒗 is the velocity vector, 
𝑇  is the temperature, and 𝑐p is the specific heat capacity at constant 
pressure.

Further, the convective and the viscous fluxes in Eq.  (1) are given 
as 

 𝑐 (𝑽 ) =

⎧

⎪

⎨

⎪

⎩

𝜌𝒗
𝜌𝒗⊗ 𝒗 + 𝑰𝑝

𝜌𝑐p𝑇𝒗

⎫

⎪

⎬

⎪

⎭

, 𝑣(𝑽 ,∇𝑽 ) =

⎧

⎪

⎨

⎪

⎩

⋅
𝒗𝝉
𝜅∇𝑇

⎫

⎪

⎬

⎪

⎭

, (3)

where 𝑝 is the static pressure, 𝜅 is the thermal conductivity of the fluid, 
and the viscous stress tensor 𝝉 is defined as 
𝝉 = 𝜇

(

∇𝒗 + ∇𝒗⊤
)

− 𝜇 2
3
𝑰(∇ ⋅ 𝒗), (4)

where 𝜇 is the dynamic viscosity of the fluid.
To enable topology optimization, the influence of porous material 

on fluid dynamics is represented by the Brinkman penalization term, as 
3 
defined in Ref. [28]. According to this approach, a momentum source 
term is introduced to account for the resistance caused by solid/porous 
material. This source term, denoted by  in Eq.  (1), takes the form 

 =

⎧

⎪

⎨

⎪

⎩

⋅
𝜌𝛼(𝜀)𝒗

⋅

⎫

⎪

⎬

⎪

⎭

, (5)

where 𝜀 is the porosity field within the flow domain. The value of this 
porosity ranges from 0 for solid regions to 1 for fluid regions, with 
intermediate values representing porous materials that exhibit varying 
flow resistance. The function 𝛼(𝜀) represents inverse permeability and 
is often defined using an interpolation function [36]. In this study, 𝛼(𝜀)
is defined as 
𝛼(𝜀) = 𝛼s 𝑞

(1 − 𝜀)
𝑞 + 𝜀

. (6)

In Eq.  (6), 𝑞 is a constant that characterizes the curvature of the 
function 𝛼(𝜀), thereby determining the penalization associated with 
intermediate values of 𝜀.

Previous research has demonstrated that the convergence of the 
optimization problem can be sensitive to the selection of the parameter 
𝑞 [37]. To address this, the curvature parameter 𝑞 is gradually increased 
in steps during the optimization, starting from 0.01 to 0.1, and finally 
to 1. The update of parameter 𝑞 is based on a convergence criterion 
implemented in the optimization problem. Hence, gradually increasing 
𝑞 in this way prevents the algorithm from converging to suboptimal 
local solutions [28,36].

Parameter 𝛼s, in Eq.  (6), represents the maximum penalization 
for the solid regions, that is, 𝜀 = 0. To effectively characterize the 
impermeable solid regions, this parameter must be sufficiently high; 
otherwise, it would lead to flow diffusion through the porous media. On 
the contrary, very high values of 𝛼s may lead to numerical instability 
and thus a poor solver convergence [28]. Therefore, following the 
recommendation of Ref. [37], the value of 𝛼s is determined based on 
the Darcy number (Da), given as 
Da =

𝜇
𝜌 𝛼s 𝑎2

, (7)

which represents the ratio of viscous forces to the Darcy damping 
forces, with 𝑎 denoting the characteristic length scale of the problem.

The above-mentioned governing equations, (1)–(4), were already 
available within the SU2 suite [32]. To enable density-based topology 
optimization, the SU2 suite was extended with Eq. (5)–(7). The system 
of partial differential equations is discretized through a finite volume 
method, where the convective fluxes are reconstructed utilizing the 
Flux-Difference Splitting (FDS) technique [38]. To attain second-order 
accuracy, the Monotonic Upstream-Centered Schemes for Conserva-
tion Laws (MUSCL) [39] approach is employed, and Spatial gradients 
are calculated using the Green–Gauss method [40]. A time-marching 
scheme, incorporating Euler implicit time integration, is implemented 
to reach a steady-state solution. Finally, the resulting linearized system 
is solved via the flexible generalized minimum residual (FGMRES) 
method [41], supported by an incomplete LU (ILU) precondition.

2.2. Adjoint solver

The adjoint solver provides sensitivity of the objective and the 
constraint values with respect to the design variables. To achieve 
this, the flow solver is differentiated using the discrete adjoint solver 
available within SU2. The implemented adjoint equations can then 
be derived by following the Lagrangian approach as elaborated in 
Ref. [35]. Following this, the adjoint equation of the form 
𝑑
𝑑𝜀

⊤
= 𝜕

𝜕𝜀

⊤
− 𝜒⊤ 𝜕

𝜕𝜀
, (8)

is obtained, where   is the objective function,  is the residual vector 
corresponding the primal solver and 𝜒 is the adjoint variable.
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Table 1
Overview of different manifold design optimization formulations.
 VOA ICA FUA

 
min𝜀
s.t.

bounded by

 = (𝜺)
𝑔vol(𝜺) ≤ 0,

0 ≤ 𝜺 ≤ 1

 = (𝜺)
𝑔vol(𝜺) ≤ 0,
𝒈𝑚̇(𝜺) ≤ 0,
0 ≤ 𝜺 ≤ 1

 = (𝜺)
𝑔vol(𝜺) ≤ 0,
𝑔𝜙(𝜺) ≤ 0,
0 ≤ 𝜺 ≤ 1

 

The source term corresponding to porosity, as shown in Eq.  (5), is 
included in the residual term . In addition, the porosity field (𝜺) is 
registered as a dependent variable in the adjoint solver. The sensitivity 
of the objective function with respect to the design variable is obtained 
using the algorithmic differentiation tool CoDiPack [42].

3. Optimization formulation

A generic topology optimization problem for fluid flow can be 
mathematically defined as
min
𝜀

 (𝜺), (9)

 s.t. 𝒈𝑖(𝜺) ≤ 0, ∀𝑖 = 1,… , 𝑁 (10)
0 ≤ 𝜺 ≤ 1, (11)

where   is the objective function, while 𝜺 denotes the vector of design 
variables, representing the porosity value at each node in the flow 
domain. The vector 𝒈 encapsulates a set of inequality constraints that 
the optimization problem must satisfy. During the design process, the 
optimization algorithm operates on 𝜺, which, as defined earlier, is 
a continuous variable ranging from 0 for solid to 1 for fluid, while 
the intermediate values represent porous materials. Once the design 
converges, a threshold is applied to map these regions to a manufac-
turable solid/void geometry. The objective of the optimization process 
is to identify the optimal distribution of porosity that minimizes the 
objective function while satisfying the imposed constraints.

The choice of the objective function   and the constraints 𝐠 is 
inherently linked to the specific problem considered. In the context of 
employing topology optimization for manifold design, the research re-
ported in this manuscript focuses on three distinct optimization strate-
gies. These approaches are, namely, the volume-only approach (VOA), 
the individual channel approach (ICA), and the flow uniformity-based 
approach (FUA). Among these, the first two formulations (VOA and 
ICA) are the most commonly discussed approaches in the literature, 
while the third formulation (FUA) is a novel contribution of this study. 
The mathematical representation of the three formulations is presented 
in Table  1, and a detailed description is reported in the following 
subsections.

3.1. Volume-Only Approach (VOA)

The volume-only approach originates from the seminal work on 
density-based topology optimization for Stokes flow by Ref. [36], which 
was subsequently extended to incompressible Navier–Stokes flow by 
Ref. [43]. In this approach, the objective function is defined based on 
the rate of energy dissipation and is defined as 

(𝜺) = ∫𝛺f
(2𝜇𝐒 ∶ 𝐒 + 𝜌𝛼(𝜀)𝒗 ⋅ 𝒗) 𝑑𝛺f, (12)

where, 𝛺f  denotes the volumetric fluid domain and 𝐒 is the mean strain 
rate tensor defined as 
𝐒 = 1

2
(

∇𝒗 + ∇𝒗⊤
)

. (13)

This expression in Eq.  (12) arises from the scalar multiplication 
of the momentum equations by the velocity vector, resulting in a 
4 
volume-based power dissipation that also incorporates the effect of the 
Brinkman penalization term [28].

To ensure that the problem is well-posed, this formulation also 
includes a volume constraint, limiting the maximum allowable material 
within the design domain. This constraint can be written as 

𝑔vol(𝜺) =
∑

𝑉𝑖 𝜀𝑖
𝑓𝑉

− 1, (14)

where the notation 𝑉𝑖 stands for the volume of the 𝑖th cell and 𝜀𝑖
represents its corresponding porosity value. Furthermore, 𝑉  represents 
the volume of the design domain, and 𝑓 denotes the target fluid volume 
fraction.

This VOA formulation is a widely adopted approach for fluid flow 
topology optimization, for example, in Refs. [27,28,36,44].

3.2. Individual Channel Approach (ICA)

The ICA formulation builds upon the traditional VOA approach, 
by including adaptations specific to manifold design, as reported in 
Refs. [25,26]. In ICA, the objective function remains the same as that 
in VOA, that is, power dissipation () as defined in Eq.  (12), while 
the constraints include additional mass flow rate restrictions for each 
outlet. These additional constraints are defined as 

𝒈𝑚̇(𝑽 (𝜺)) =
∫𝐴𝑖

𝐧 ⋅ 𝒗 𝑑𝐴

𝜃𝑖 𝑚̇in
− 1 − 𝛿 , 𝑖 = 1,… , 𝑛 (15)

where 𝑚̇in is the total inlet mass flow rate, 𝜃𝑖 represents the desired 
fraction of inlet flow at the 𝑖th channel, 𝑛 is the total number of 
channels over which the flow has to be distributed, and 𝛿 is the 
acceptable tolerance on the specified mass flow fractions.

As evident from Eq.  (15), constraints 𝐠MF depend on state variables, 
involving flux evaluations across cell faces. This dependency implies 
that, in an adjoint-based optimization framework, an additional adjoint 
equation must be solved for each outlet to compute the required sensi-
tivities accurately. Hence, the number of adjoint evaluations required 
will scale with the number of outlets in this approach.

3.3. Flow Uniformity based Approach (FUA)

The FUA formulation, proposed in this study, builds upon the 
previously mentioned VOA formulations by proposing extensions spe-
cific to the manifold design problem. As with the earlier approaches, 
the objective function in FUA formulations remains as power dissipa-
tion (). However, an additional constraint, namely the flow unifor-
mity coefficient, is introduced alongside the volume constraint in this 
formulation.

This flow uniformity coefficient ensures uniform flow distribution 
across the manifold’s multiple outlets. This coefficient utilizes an en-
semble quantity to represent flow uniformity, rather than restricting 
individual outlet flow rates (as used in ICA). This flow uniformity 
coefficient is defined as the standard deviation of mass flow rates across 
the outlets, as shown in Eq.  (16). Thus, 𝜙 equals 0% for a uniformly 
distributed flow and takes on a value greater than 0 in the presence of 
any flow maldistribution. In Eq.  (16), 𝑚̇𝑖 is the mass flow rate in the 
𝑖th channel, 𝑚̇avg is the average mass flow rate across all the channels 
and 𝑛 is the total number of channels. 

𝜙 =

√

√

√

√

√

√

∑𝑛
𝑖=1

(

𝑚̇𝑖 − 𝑚̇avg
𝑚̇avg

)2

𝑛
× 100% (16)

In the FUA formulation, this coefficient 𝜙 is then used directly as a 
constraint in the design optimization process, expressed as 

𝑔𝜙(𝑽 (𝜺)) = 𝜙
𝜙ref

− 1 ≤ 0, (17)

where 𝜙ref represents the desired value of the flow uniformity coeffi-
cient.
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Fig. 1. Geometric illustration of the planar z-type flow manifold case. The 
light blue regions indicate the design domains subject to optimization, while 
the dark gray regions represent fluid domains not participating in the opti-
mization process.

Table 2
Geometric parameters used in the planar z-type flow manifold case.
 Parameter Symbol Unit Value  
 Manifold width W m 61.5 × 10−3 
 Manifold height H m 15 × 10−3  
 Inlet/outlet length D m 10 × 10−3  
 Channel width B m 3 × 10−3  
 Channel length L m 50 × 10−3  
 Channel pitch P m 1.5 × 10−3  
 Channel fillet radius R m 0.25 × 10−3 
 Number of channels 𝑛 – 10  

Unlike the ICA formulation, which constrains the mass flow rate at 
each outlet individually through 𝑔MF, the FUA approach only requires a 
single constraint for flow uniformity, independent of the number of out-
lets. As a result, this formulation reduces the number of constraints in 
the optimization problem, aiming to achieve an even flow distribution 
with the optimized designs.

3.4. Optimization algorithm

The entire topology optimization framework is implemented in 
an in-house Python-based optimization framework, called FlowForge. 
This framework interfaces with the SU2 to obtain flow objectives and 
their constraints, and provides them to the employed optimization 
algorithm. To consistently communicate with different optimization 
algorithms, this framework integrates the open-source Python package
pyOptSparse [45].

4. Case study - planar z-type manifolds

To evaluate different optimization formulations, a planar z-type 
manifold with ten parallel channels was selected. Such channel con-
figurations find application in micro-channel heat exchangers [46], 
reactors [25], and compact tube heat exchangers [47]. To achieve 
uniform flow distribution in such a parallel flow manifold is inherently 
challenging due to the orientation of the outlet channels relative to the 
inlet, as established in the literature by Refs. [48,49].

A schematic of the selected configuration is presented in Fig.  1. 
As illustrated, the inlet and the outlet manifolds form the design 
domain, denoted by 𝛺d in Fig.  1, while the ten parallel channels do 
not participate in optimization. In the figure, the channel numbering is 
defined such that channel 1 is located closest to the inlet, while channel 
10 is the farthest downstream. The geometrical values used for this case 
are detailed in Table  2.

The flow in the selected case is simulated at an inlet velocity of 
1.0 m/s, while the outlet is set to a gauge pressure of 0 Pa. Besides, no-
slip boundary conditions are enforced along the manifold and channel 
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Table 3
Configuration parameters used for the topology optimization of flow
manifolds.
 𝛼 𝑞 𝑓 𝛿 𝜙ref  
 1 × 103 [0.01, 0.1, 1] 0.6 1 × 10−3 1 × 10−3 

Fig. 2. Comparison of adjoint gradients (AD) against finite-difference gradi-
ents (FD) obtained for the planar z-type flow manifold case.

walls. The thermo-physical properties of the fluid are set to constant, 
with a density of 995.7 kg∕m3 and dynamic viscosity of 9.975 × 10−3

Pa s. Thus, the flow in the manifold corresponds to a Reynolds number 
(Re) of 1000, given the inlet velocity and the inlet length as the 
characteristic length.

The results reported in this manuscript utilize Sparse Nonlinear 
OPTimizer (SNOPT) [50], a gradient-based optimization method, to 
solve the constrained optimization problem. The SNOPT algorithm 
updates the design variables based on the gradient information of both 
the objective function and constraints. The optimality and feasibility 
tolerance value of 1×10−6 were set as optimization termination criteria. 
The optimization parameters considered for this case are summarized 
in Table  3, and the number of design variables for this case is 30099.

5. Results

5.1. Gradient verification

To assess the accuracy of the gradient values obtained using the 
adjoint (AD) method, the sensitivity values obtained are compared with 
those calculated using the finite difference (FD) method. In the current 
study, a first-order accurate forward finite difference method with a 
step size of 1 × 10−5 was used. This step size was determined from a 
sweep of step sizes that minimized the finite-difference error, balancing 
truncation and round-off effects. Fig.  2 presents the comparison of the 
sensitivities obtained using the two methods, AD and FD, for the power 
dissipation ( ) and the flow uniformity (𝑔𝜙).

It can be observed that for 20 randomly selected design variables, 
the two sensitivities correlate well for the two cost functions,   and 
𝑔𝜙. The average deviation between the sensitivities obtained from the 
two methods is less than 1%. Hence, it can be concluded that the 
adjoint method was accurately implemented and the adjoint solver has 
sufficiently converged to provide accurate sensitivity values required 
for the optimization study.

5.2. Comparison of optimization strategies

The performance of the three optimization formulations described 
in Section 3, namely, VOA, ICA and FUA, are evaluated using the 
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Fig. 3. Optimization history objective function  ∕𝑜 (top) and maximum 
normalized constraint violation 𝑔𝑖 (bottom).

planar z-type manifold case, elaborated in Section 4. The optimizations 
were carried out on a high-performance computational infrastructure 
featuring 28 cores of an Intel Xeon Gold 5220R (2.2 GHz) processor, 
complemented by 256 GB of memory.

To obtain the optimization results, the design domain was initialized 
with porosity values of 0.5. Optimal manifold designs were obtained 
in all three cases by substantially reducing the objective function 
while respecting the imposed constraints. Fig.  3 presents the obtained
6 
Table 4
Comparison of optimization results obtained from different strategies. The 
baseline design represents a fluid-only solution of the initial geometry.
 Units Baseline VOA ICA FUA  
  ∕0 – 0.131 0.145 0.157 0.158 
 𝜙 % 35.4 38.8 0.089 0.099 
 Total iterations – – 203 508 481  
 Time per iteration min – 2 12 3  

optimization history for the three strategies. The top figure illustrates 
the evolution of the objective function, and the bottom shows the 
variation of the maximum normalized constraint violation across all 
constraints during the optimization process (see Fig.  3).

Based on the results obtained, Table  4 compares the key perfor-
mance indicators of the three optimization strategies considered in this 
study. In this table, the performance of the baseline manifold config-
uration (initial geometry with all fluid nodes) is compared with the 
designs obtained using the three strategies. In terms of fluid dynamic 
performance, it can be observed that all three strategies have a higher 
value of the objective function when compared to that obtained for 
the baseline design. This is primarily due to the higher maximum 
velocity in the optimum manifolds. Although the optimum designs 
obtained using ICA and FUA exhibit comparable power dissipation 
values, they are higher than that obtained by the optimum design from 
VOA. In contrast, the flow maldistribution coefficient is significantly 
lower for the geometries obtained using the ICA and FUA strategies 
when compared with baseline and VOA. Besides, the 𝜙 values from ICA 
and FUA were also found to be comparable to each other. Thus, it can 
be concluded that the VOA approach cannot provide an efficient design 
of the manifold. Meanwhile, both ICA and FUA can achieve superior 
flow uniformity.

Besides fluid dynamic performance, Table  4 also compares the 
computational cost associated with the different strategies. It can be 
observed that ICA takes the most number of optimization steps (503), 
Fig. 4. Comparison of the baseline design and optimal designs obtained through different optimization strategies for the planar z-type flow manifold.
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Fig. 5. Comparison of normalized mass flow rate variation across the channels 
for optimum designs obtained through different strategies, alongside the 
baseline design.

arguably due to the complex formulation of the optimization problem 
with multiple constraints. Meanwhile, VOA takes the least number of 
optimization steps (203); however, it fails to achieve an even flow 
distribution. Meanwhile, FUA takes 481 design steps to reach an op-
timum design. Further, it can be observed that the computational cost 
per design step is significantly higher for ICA (∼12 min) than that for 
FUA (∼3 min). This is because in the ICA strategy, each channel mass 
flow is individually constrained, thus requiring 1 primal evaluation 
and 11 adjoint evaluations (1 objective and 10 constraints) per design 
step. In contrast, the ensemble mass flow approach employed by FUA 
strategy dramatically reduces the cost per design step and consequently 
the overall temporal cost of optimization.

Fig.  4 presents the optimal manifold designs obtained for each 
optimization strategy. It can be observed that the geometries obtained 
using ICA and FUA strategies feature almost identical shapes. This is 
primarily due to the nearly perfect flow uniformity values obtained 
in the two optimal designs. In contrast, the shape obtained through 
VOA features noticeably different inlet and outlet manifold shapes. 
Specifically in the inlet manifold, ICA and FUA feature a sharp taper 
as compared to that obtained in VOA. In addition, it can be observed 
that the manifold connecting channels 7–10 features a narrow sec-
tion as compared to that obtained through VOA, promoting smoother 
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flow redirection. Meanwhile, in the outlet manifold, the transition 
from channels 1 to 5 is more gradual in ICA and FUA  with rounded 
connections that help reduce sudden changes in flow direction.

These geometric differences directly influence flow distribution in 
the channels, as shown in Fig.  5. The baseline design exhibits sig-
nificant flow non-uniformity, with channels farther from the inlet 
receiving disproportionately higher flow rates. This trend is consistent 
with observations reported in prior studies for a rectangular manifold 
design, for example, in Ref. [9]. Similarly, the optimum design obtained 
through VOA does not effectively balance the flow distribution, as 
channels near the inlet experience much lower flow rates than those 
farther downstream. In contrast, the optimum designs from ICA and 
FUA formulations achieve a near-uniform flow distribution.

To further evaluate the flow distribution within the channels, Fig. 
6 presents the pressure at the inlet and outlet of each channel, along 
with their corresponding pressure drop values. Fig.  6 (top) illustrates 
the pressure profiles across the ten channels at both the inlet and outlet 
for each manifold design. It can be observed that, in the baseline and 
optimum design from VOA, the inlet pressure distribution is relatively 
uniform across all channels as compared to that obtained in optimum 
geometries from ICA and FUA. However, it can be seen that the 
outlet pressure features a steep gradient from channel 1 to channel 
10, for baseline and the optimum geometry from VOA. This results in 
higher pressure drop values and, consequently, increased flow rates in 
channels 7 to 10, leading to a high flow maldistribution. In contrast, 
the designs obtained using ICA and FUA strategies display pressure 
variations from channel 1 to 10, at both the inlet and outlet. Although 
the variations seem comparable to those in VOA and the baseline case, 
the slope of the two pressure profiles (inlet and outlet) is similar. 
Hence, these pressure variations effectively compensate for each other, 
resulting in a more uniform pressure drop across the channels, as shown 
in Fig.  6 (bottom). More specifically, the pressure drop remains nearly 
constant from channels 1 to 7, with a modest decline observed in the 
final channels. This leads to a more uniform flow distribution and thus 
a reduced maldistribution.

Fig.  7 illustrates the velocity flow field obtained from CFD simu-
lations for the four manifold configurations. It can be observed that 
the flow in the baseline design suffers from a large recirculation zone 
in the inlet manifold, particularly near channels 8–10. Additionally, 
flow separation can be observed in the baseline configuration at the 
outlet manifold, particularly near channels 1 through 4. In contrast, the 
optimized geometries feature reduced recirculation and flow separation 
zones by incorporating tapered inlet and outlet manifolds. Although 
beneficial, this tapered shape leads to sharp curvature, particularly 
near the channel junctions, which leads to steep velocity gradients. 
Fig. 6. Comparison of channel-wise pressure variation (top) and pressure-drop (bottom) among different optimum designs obtained and the baseline design.
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Fig. 7. Mid-plane normalized velocity fields of optimum designs, alongside the baseline configuration.
Consequently, leading to elevated velocities which increase the kinetic 
energy of the flow and, thereby, raise the overall power dissipation 
compared to the baseline geometry, as reported in Table  4. This effect 
is especially pronounced in the ICA and FUA configurations, where 
the sharper transitions near the downstream channels (particularly 
channels 7 to 10) cause substantial local velocity amplification, directly 
contributing to higher energy losses in those regions.

The similarity in geometry and flow behavior between the ICA and 
FUA designs indicates that a global flow uniformity constraint alone 
is sufficient to achieve a balanced flow distribution. Unlike methods 
that impose individual mass flow rate constraints on each channel, the 
single-constraint formulation used in FUA simplifies the optimization 
process and significantly reduces computational cost. Although the FUA 
strategy is attractive as an alternative to the ICA strategy to obtain 
uniform flow manifolds, it must be noted that it cannot accommo-
date control over individual channel flow rates, as it directly uses an 
ensemble quantity.

6. Application to three-dimensional cases

To evaluate the scalability of the proposed method, FUA strategy 
is applied to three-dimensional cases. More specifically, it is applied 
to two commonly used manifold configurations: the cylindrical z-type 
flow manifold and the radial flow manifold. For both cases, the opti-
mization is formulated as summarized in Table  1, with simultaneous 
optimization of both the inlet and outlet manifolds.

6.1. Cylindrical z-type flow manifolds

This test case directly extends the planar z-type flow manifold case 
discussed in Section 4. The baseline design in this case consists of 
cylindrical manifold geometries, as illustrated in Fig.  8. The channel 
numbering is the same as that used for the planar case, as shown in 
Fig.  1 and the geometric parameters used are listed in Table  5. The 
geometry features a fillet of radius 0.25 mm to prevent flow from 
turning over sharp corners.
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Fig. 8. Illustration of the geometry used for the cylindrical z-type flow mani-
fold design case. The light blue volumes (manifolds) correspond to the design 
domains subject to optimization, whereas the dark gray volumes (channels) 
represent fixed fluid regions excluded from the optimization process.

Table 5
Geometric parameters used in the cylindrical z-type flow manifold design
case.
 Parameter Symbol Unit Value  
 Manifold diameter Dm m 15 × 10−3  
 Manifold length Lm m 61.5 × 10−3 
 Channel diameter Dp m 3 × 10−3  
 Channel length Lp m 50 × 10−3  
 Channel pitch 𝑠 m 1.5 × 10−3  
 Number of channels 𝑛 – 10  
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Fig. 9. Optimum geometry obtained for the cylindrical z-type manifold case 
using the FUA strategy, highlighting the inlet and outlet manifolds.

The flow in the cylindrical manifold case is simulated by imposing 
an inlet velocity of 1.0 m/s and a gauge pressure of 0 Pa at the outlet. 
Besides, no-slip boundary conditions are applied along the walls of 
both the manifolds and channels. The fluid is assumed to have constant 
thermo-physical properties, with a density of 995.7 kg∕m3 and dynamic 
viscosity of 9.975 × 10−3 Pa s. Under these conditions, the Reynolds 
number (Re) is approximately 1000, considering the inlet diameter as 
the characteristic length and the inlet velocity as the reference velocity.

The optimization problem was configured with parameters sum-
marized in Table  3, and the total number of design variables used 
was ∼250 × 103. As for the two-dimensional case, the inlet and outlet 
manifolds constitute the design domain, while the parallel channels are 
kept fixed during optimization. The optimization was initialized with 
a uniform porosity field of 0.6 and converged to a feasible design after 
523 steps. The total computational cost was approximately 96 h using 
140 cores of Intel Xeon E5-2680v4 processors.

Fig.  9 depicts the optimum geometry obtained using the FUA op-
timization strategy for the cylindrical z-type manifold case. Consistent 
with the observation from the planar case, the inlet manifold exhibits a 
tapered configuration, whereas the outlet manifold is characterized by 
branched connecting structures.
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To better understand the geometrical features, an orthographic view 
of the inlet manifold is illustrated in Fig.  10, which includes top, 
bottom, and side views. It can be observed that the manifold features 
a pronounced tapering along the primary flow direction, progressively 
narrowing to facilitate uniform flow distribution across the channels. 
Additionally, it can be observed that this tapering is symmetric about 
the midplane of the channel assembly.

In contrast, the outlet manifold geometry, shown in Fig.  11, is 
notably more complex and asymmetric. A close inspection reveals that 
each channel exit is connected to the outlet via distinct, curved flow 
paths that remain spatially distinct before converging into a single 
channel near the outlet. The manifold exhibits a swept-back shape, in-
dicating a controlled and gradual redirection of flow from the channels 
into the outlet plenum.

Fig.  12 (left) compares the mass flow rate (𝑚̇) distribution obtained 
from the optimized and baseline designs across the 10 channels. The 
baseline design exhibits a notable imbalance in flow distribution; more 
specifically, the channels away from the inlet receive disproportion-
ately high flow and vice versa. In contrast, the optimized geometry 
achieves highly uniform 𝑚̇, with the flow uniformity coefficient (𝜙) 
value of 0.1%. This effect is directly attributable to the tapered inlet 
shape, which moderates flow acceleration and distributes it evenly 
across the channels. Besides, the segregated outlet geometry preserves 
individual channel flow paths and prevents cross-channel interference.

The impact of the optimized geometry on flow behavior is also 
illustrated in Fig.  12, which compares the inlet and outlet pressure 
distributions (right) and pressure drops (center) across the 10 parallel 
channels for both the baseline and optimized designs. The baseline 
design exhibits a relatively uniform inlet pressure, but a sharp decline 
in outlet pressure from channel 1 to channel 10. This consequently 
results in a steep gradient in pressure drop values and poor flow bal-
ance. This indicates limited outlet connectivity and unstructured flow 
coalescence. The optimized manifold, however, maintains a consistent 
pressure drop across all channels. The pressure drop curve is flatter, 
indicating a more balanced flow distribution and reduced variation 
in channel-level resistance. The tapering inlet and individually guided 
outlet corridors together contribute to balanced hydraulic resistance 
and reduced pressure variability between channels.

Fig.  13 reports the mid-plane velocity magnitude contours normal-
ized by the maximum velocity for baseline and the optimum designs. 
The baseline design (left) shows pronounced channel-to-channel ve-
locity variation, with channels 6–10 having relatively high velocities 
compared to channels 1–5. In contrast, the optimized geometry (right) 
exhibits a much more uniform velocity field, consistent with the ob-
served improvements in both mass flow rate distribution and pressure 
Fig. 10. Orthographic views of the optimized inlet manifold for the cylindrical z-type flow manifold case, shown from the top, bottom, and two lateral perspectives.
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Fig. 11. Orthographic views of the optimized outlet manifold for the cylindrical z-type flow manifold case, shown from the top, bottom, and two lateral 
perspectives.
Fig. 12. Channel-wise comparison of flow properties, for the cylindrical z-type flow manifold case, between the baseline and the optimum configurations; mass 
flow rate (left), pressure drop (center), and pressure variation at the inlet and outlet (right).
Fig. 13. Mid-plane, normalized velocity fields of the cylindrical z-type flow manifold case; (a) baseline configuration, (b) optimized design.
drop reported earlier. Nevertheless, similar to the planar case, the 
region of high velocity is increased in the optimized design, indicating 
a higher power dissipation compared to the baseline design.

6.2. Radial manifold

The next three-dimensional case focuses on manifolds commonly 
employed in chemical reactors and vertical heat exchangers [8,33,
34]. In such manifolds, the fluid enters from the top and is radially 
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distributed into multiple parallel channels through a cylindrical inlet 
manifold. Meanwhile, at the downstream end, a similar cylindrical 
manifold collects the flow from these channels and directs it toward 
the outlet pipe.

To optimize the design of such manifolds, an exemplary mani-
fold geometry and topological configuration were selected and are 
illustrated in Fig.  14(a). The chosen geometry consists of two radial 
manifolds (inlet and outlet) encompassing a 5 × 5 matrix of cylin-
drical channels. Cross-sectional views of the system, along with the 
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Fig. 14. Illustration of the geometry used for the three-dimensional radial manifold case.
Fig. 15. Optimal geometry obtained for the radial manifold case using the 
FUA strategy, highlighting the inlet and outlet manifolds.

geometrical specifications, are shown in Fig.  14(b). The values of the 
geometrical specifications are tabulated in Table  6. Each channel is 
numbered in Fig.  14(b) (circles) for reference in the analysis.

The flow in the selected case is simulated by imposing an inlet 
velocity of 1.25 m/s and a gauge pressure of 0 Pa at the outlet. 
Besides, no-slip boundary conditions are applied along the walls of 
both the manifolds and channels. The fluid is assumed to have constant 
thermo-physical properties, with a density of 995.7 kg∕m3 and dynamic 
viscosity of 9.975 × 10−3 Pa s. Under these conditions, the Reynolds 
number (Re) is approximately 1000, given the inlet diameter as the 
characteristic length and the inlet velocity as the reference velocity.

The optimization parameters used in this case are identical to 
those employed in previous cases, as summarized in Table  3. The 
total number of design variables in this case is ∼460 × 103. Starting 
from a uniform porosity field of 0.6, the optimization converged to a 
feasible solution in 732 iterations. The total computational time was 
approximately 142 h on 168 Intel Xeon E5-2680v4 CPU cores.

Fig.  15 shows the optimum geometry obtained using the FUA op-
timization strategy. A detailed view of the optimized inlet region is 
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Table 6
Geometric parameters used in the radial manifold design case.
 Parameter Symbol Unit Value  
 Manifold diameter Dm m 29 × 10−3 
 Manifold height Hm m 10 × 10−3 
 Inlet/outlet length He m 5 × 10−3  
 Inlet/outlet diameter Di m 8 × 10−3  
 Channel diameter Dp m 3 × 10−3  
 Channel length Lp m 40 × 10−3 
 Channel pitch 𝑠 m 3 × 10−3  
 Number of channels 𝑛 – 25  

provided in Fig.  16(a), illustrating the smoothly tapered transition into 
the channel array. Internally, the optimized geometry features complex 
flow-dividing structures, as shown in Fig.  16(b). These features subdi-
vide the inlet volume into multiple segments, introducing directional 
control within the plenum and shaping the internal flow path without 
requiring manual prescription. In addition, they also contribute to 
imparting rotational momentum to the flow, which promotes effective 
distribution toward the peripheral channels (e.g., 1, 5, 21, 25).

Fig.  17 shows the outlet manifold, which contrasts with the in-
let manifold in structure. Instead of a symmetric taper, the outlet is 
characterized by a branching network that merges individual channel 
flows into a single exit port. The branches are smoothly contoured and 
spatially distributed to match the positioning of the channels while 
guiding the flow toward the outlet with minimal abrupt transitions.

Fig.  18 (left) shows the mass flow rate distribution across the 25 
channels for both the baseline and optimized designs. In the baseline 
case with simple cylindrical manifolds, the flow is highly uneven, with 
much greater flow through the central channels due to a minimal 
resistance path. In contrast, the optimized design achieves near-uniform 
flow distribution. This improvement directly reflects the effects of 
the optimized inlet and outlet geometries: the radially tapering inlet, 
combined with the internal divider structures, ensures balanced flow 
distribution to all channels.

These trends are further explained by the pressure profiles shown in 
Fig.  18 (center, right). The baseline design exhibits significant variation 
in both inlet and outlet pressures, resulting in inconsistent pressure 
drops across the array. These imbalances drive the flow maldistribution 
observed earlier. The optimized design, on the other hand, shows 
flattened pressure profiles at both the inlet and outlet planes. The con-
sistent pressure drops across channels confirm that the internal dividing 
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Fig. 16. Visualization of the optimized inlet manifold obtained for the radial manifold case. (a) External views from multiple orientations. (b) Sectional views 
of the manifold.
Fig. 17. Orthographic views of the optimized outlet manifold geometry ob-
tained for the radial manifold case, shown from the top, bottom, and two 
lateral perspectives.

features and branching outlet paths effectively homogenize resistance 
and eliminate preferential flow paths, resulting in a well-balanced flow 
distribution across the parallel channel array.

Fig.  19 presents the mid-plane contours of the normalized velocity 
magnitude for the baseline and optimized geometries. In the baseline 
design, peak velocities are concentrated near the central inlet and outlet 
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junctions, while low-velocity and recirculation zones are evident within 
both manifolds. These features indicate inefficient flow extraction and 
contribute to elevated local velocity gradients, as well as poor utiliza-
tion of the outer channels. In contrast, the optimized design exhibits 
a more uniform velocity distribution across all channels. The flow is 
more effectively directed at both the inlet and outlet, with reduced 
stagnation regions and smoother transitions. This leads to improved 
flow distribution and lower energy dissipation due to more streamlined 
flow routing.

7. Conclusions

The objective of this work was to propose a scalable topology 
optimization strategy for designing multi-channel flow manifolds with 
uniform flow distribution.

To achieve this, a novel design optimization strategy was real-
ized using a density-based topology optimization framework developed 
within the open-source CFD suite SU2. The proposed strategy, referred 
to as a flow uniformity-based approach (FUA), incorporates the flow 
maldistribution coefficient as a constraint in the design problem. To 
evaluate the effectiveness of the proposed strategy, it was benchmarked 
against two other commonly used design strategies, namely, volume-
only approach (VOA) and individual channel approach (ICA). The 
benchmark study was performed on a planar z-type flow manifold con-
figuration with ten channels, where both the inlet and outlet manifolds 
were optimized simultaneously.

Subsequently, to demonstrate the robustness and scalability of the 
proposed FUA strategy, the proposed approach was applied to two 
exemplary manifold cases in three dimensions. More specifically, a ten 
Fig. 18. Channel-wise comparison of flow properties between the FUA-optimized optimum geometry and baseline designs for the radial manifold case; mass flow 
rate (left), pressure drop (center), and pressure variation at the inlet and outlet (right).



S. Vermani and N. Anand Computers and Fluids 302 (2025) 106847 
Fig. 19. Mid-plane, normalized velocity fields for the radial manifold case; (a) 
Baseline (b) Optimized.

channel cylindrical z-type manifold and a radial flow manifold with 
twenty-five channels; in both cases, the inlet and outlet manifolds were 
optimized simultaneously.

From the research reported in this manuscript, the following con-
clusions can be drawn:

1. The commonly used VOA strategy does not provide an optimum 
design of the manifold. The VOA approach focuses more on 
reducing the peak velocities in the design domain and hence is 
suitable to find the least resistance flow path. This is evident 
from the low pressure drop values for the optimum design 
obtained using VOA, as compared to ICA and FUA approaches. 
Thus, a VOA approach cannot be used to design flow manifolds 
with uniform flow distribution.

2. The optimum designs obtained using the ICA and FUA ap-
proaches lead to identical manifold designs. However, since 
the ICA approach uses constraints for individual channels, the 
computational cost of one design step scales with the num-
ber of channels. Thus making ICA computationally expensive, 
particularly for multi-channel manifold cases. In contrast, the 
FUA approach uses an ensemble quantity, more precisely the 
flow maldistribution function, making it independent of the 
number of channels. Thus making FUA approach cost-efficient 
in realizing the optimum design for multi-channel manifolds.

3. Achieving uniform flow distribution in a manifold requires a 
balance with the resulting increase in overall system pressure 
drop.

4. Although the FUA approach is attractive for designing uniform 
flow manifolds, it cannot design manifolds that might need 
custom flow distribution in the channels. In such cases, ICA 
approach can be deemed more efficient as the flow in individual 
channels can be constrained.

5. Although simple, FUA strategy was successful in obtaining fea-
sible optimum manifold designs for the three-dimensional cases 
featuring ten and twenty-five channels. Therefore by addressing 
these complex cases, rarely treated in open literature, advocates 
the robustness, effectiveness and scalability of the proposed FUA 
strategy.

Future research will focus on incorporating turbulence model and 
heat transfer into the optimization framework, allowing for the simul-
taneous optimization of flow uniformity and thermal performance. In 
addition, hybrid formulations that combine the uniformity enforced by 
FUA with localized ICA on selected outlets could enable overall flow 
balancing while providing explicit control for critical channels.
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