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. . Homogenized modeling of coupled flow-heat transfer in plate heat
« A homogenized porous-medium model exchangers with variable channels and flow configurations
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transport. 1 £

The model is applicable to variable cross-
section and cross-layered channel con-
figurations.

Prediction deviations remain within 2%-
10% under different operating condi-
tions.

Computational time is reduced by about
97% compared to Navier—Stokes mod-
els.

ARTICLE INFO ABSTRACT

Keywords: Plate heat exchangers are widely used in energy conversion systems due to their high efficiency and compact
Compact plate heat exchangers structure. However, their complex stacked geometries and strong coupling between flow and heat transfer
Porous media make high-fidelity Navier—-Stokes equation-based simulations computationally expensive, while existing porous
Homogenization

media modeling approaches often focus on either flow or heat transfer of standardized regular structures. To
address these limitations, a fully coupled three-dimensional homogenized modeling approach is developed
for design and simulation of plate heat exchangers with complex cross-section/layered channels, enabling
the simultaneous homogenization of coupled flow and heat transfer while retaining anisotropic transport
properties, interlayer differences, and macroscopic characteristics within the full 3D domain. The approach
employs an equivalent anisotropic porous medium representing detailed channel structures, with the flow
field described using Darcy’s law and heat transfer represented by an equivalent thermal conductivity tensor
for efficient simulation of the coupled process. The approach is validated using five-layer stacked structures.
The results show that the model performs well across geometries and conditions, with deviations within
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2%/10% under moderate/large temperature differences and 5% for variable cross-section and cross-layered
configurations. The computational cost is reduced by more than 97% compared with the Navier-Stokes model.
The model further identifies that the cross-layered configuration can enhance heat transfer by 50%-60%. The
methodology is expected to support both heat exchanger manufacturers and system designers by reducing
computational effort and dependence on detailed proprietary information, while facilitating more effective
interaction between manufacturers and users.

1. Introduction

Plate heat exchangers (PHEs) are widely applied in aerospace, auto-
motive, and gas turbine systems due to their high efficiency and com-
pact design [1]. Typical types include plate, plate-fin, spiral, printed
circuit, and microchannel heat exchangers [2]. These devices consist of
densely arranged heat transfer surfaces with integrated flow distribu-
tion structures, which provide high thermal performance, compactness,
and reliability.

Although compact heat exchangers have been widely standardized
in terms of structure and application, in practical applications, manu-
facturers and system users aim to further reduce material consumption
and device size while improving design flexibility for unconventional
channel geometries and emerging operating conditions [3,4]. Accu-
rate and efficient numerical approaches thus remain important for
the design and optimization of such compact heat exchangers; how-
ever, high-fidelity computational fluid dynamics (CFD) models often
involve tens of millions of computational cells and require substan-
tial computational resources [5]. This computational cost mainly re-
sults from complex geometries, which introduce numerous fluid-solid
interfaces, stringent mesh requirements, and strongly coupled gov-
erning equations. In addition, full Navier-Stokes simulations require
detailed knowledge of local flow and heat transfer characteristics and
are difficult to validate experimentally except in specific cases or by
manufacturers with access to detailed measurements.

From the users’ perspective, detailed prediction of heat transfer
performance also requires considerable human and computational ef-
fort. In practical engineering applications, the sizing and selection of
heat exchangers are often based on lumped parameters provided by
manufacturers, which simplifies the design process but limits predic-
tive accuracy and flexibility for new configurations. Therefore, there
is a strong need for modeling approaches that provide higher ac-
curacy than lumped parameter models while requiring substantially
lower computational and human effort than full Navier-Stokes CFD
simulations.

Existing CFD model simplification strategies can generally be clas-
sified into two categories: algorithm simplification and geometric sim-
plification. Algorithm simplification reduces computational cost by
simplifying governing equations or introducing empirical correlations
to approximate transport processes, whereas geometric simplification
reduces model complexity by neglecting secondary components such
as headers or flow distributors.

Algorithm simplification approaches aim to preserve macroscopic
thermo-fluid behavior while reducing computational complexity. One
common strategy is equation-level simplification. This approach derives
effective permeability through asymptotic expansion or approximates
channel flow using Darcy’s law with equivalent or spatially varying per-
meability [6,7]. These methods significantly reduce computational cost
compared with full Navier-Stokes models. The inclusion of resistance
terms enables the prediction of pressure losses and supports extension
to multi-channel configurations with acceptable errors [8]. Another
strategy is micro-volume transport modeling. This approach discretizes
the system into control volumes to establish a cross-scale framework
that links local transport processes to macroscopic performance. It has
been validated for heat exchangers and shows good agreement with
experimental flow and temperature distributions [9]. In addition, algo-
rithm simplification can be applied to heat transfer modeling through
equivalent parameter fitting. In this approach, effective material prop-
erties (e.g., Young’s modulus, Poisson’s ratio, and shear modulus) are

expressed as functions of temperature. This method reduces thermal
deformation errors to below 4% and improves computational efficiency
by more than one order of magnitude [10,11].

Data-driven reduced-order modeling provides another approach to
accelerating heat exchanger design and analysis. Yang et al. [12] com-
bined snapshot proper orthogonal decomposition with neural-network
regression to rapidly generate optimized microchannel configurations
and predict the associated temperature, velocity, and pressure fields,
achieving prediction errors below 2% and a computational acceleration
exceeding 7200 times.

As a representative means of geometric simplification, porous me-
dia models [13] are widely applied in numerical simulations of heat
exchangers, particularly for fluid flow in tube bundles, to predict tem-
perature and pressure drop. Previous studies have applied these models
to various configurations [14-16]. For example, in 3D finned tube heat
exchangers, porous media models achieve pressure drop errors below
approximately 10% [17]. Zeng et al. developed a porous-media-based,
tube-level 3D method that combines distributed flow-resistance and
energy-exchange source terms with a two-fluid model [18]. Applied to a
full-scale 4474-tube steam generator, the method predicted individual-
tube flow distribution and spatially varying thermal-hydraulic charac-
teristics without resolving the complete tube-bundle geometry [19].
In tube bundle regions with two-phase flow and boiling heat transfer,
these models simplify the simulation while maintaining pressure drop
and temperature errors of approximately 13% [20]. In plate-fin heat
exchangers, porous media models are used to analyze flow and heat
transfer characteristics with high computational efficiency [21-23]. In
low-temperature plate-fin heat exchangers, 3D transient and steady-
state simulations are performed by combining empirical correlations
for heat transfer and pressure drop in fin materials [24,25]. These
approaches achieve average temperature distribution errors of less than
1 K while reducing grid count and computational cost, thereby enabling
the simulation of complex multi-layer heat exchanger structures.

Porous media modeling can be extended through homogenization,
in which heterogeneous structures are represented as equivalent ho-
mogeneous media with anisotropic effective properties. Under the as-
sumption of periodicity, detailed geometrical features are replaced by
macroscopic transport parameters. This treatment enables efficient sim-
ulation of coupled heat and mass transfer without resolving micro-scale
structures. The approach is widely applied in porous and composite
systems where full-resolution modeling is computationally prohibitive.
It has also been applied to solid oxide fuel cell stacks and multi-stack
modules to predict thermo-fluid behavior [26-29].

Most existing heat exchanger models focus on simplified calcu-
lations of individual flow or heat transfer processes [8,9,30]. The
coupling between flow and heat transfer is often not fully consid-
ered [22-24]. Their effective parameters are commonly derived from
empirical correlations, experimental data, or detailed simulations and
may require recalibration for different geometries or operating con-
ditions. Moreover, reduced-dimensional models have a limited abil-
ity to represent interlayer differences and local flow redistribution.
These limitations motivate a physics-based three-dimensional frame-
work that simultaneously homogenizes coupled flow and heat transfer
using anisotropic and spatially varying transport properties. Such a
framework is needed to efficiently represent macroscopic temperature
and velocity fields and flow redistribution in variable-cross-section and
cross-layered heat exchangers.

Therefore, there is a strong need to study new methods of designing
compact heat exchangers, with higher accuracy than lumped-parameter
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Nomenclature
A Plane area Vp Pressure gradient in the flow direction
C, Specific heat capacity, J kg~! K1 an Heat flux, W m~2
Dy, Hydraulic diameter, mm Re Reynolds number
d Height, mm St Heat source term
f Darcy friction factor T Temperature, K
K Permeability Uy, Average flow rate of the pore fluid, m™?
k Thermal conductivity, W m~! K1 w Width, mm
p Pressure, Pa z Length, mm
Greek symbols
Q Repeating unit volume P Density, kg m~3
Subscripts
c Cold out Outlet
ch Channel PHE Plate heat exchanger
h Hot s Solid
in Inlet
models and with lower human and computational effort than full k= TqAxT (€D
1~ 12

Navier-Stokes CFD models. This paper aims to address this challenge
with a novel methodology satisfying both needs, by developing a ho-
mogenized modeling approach for fully coupled thermo-fluid behavior
in PHEs. The heterogeneous structure is represented as an equiva-
lent anisotropic porous medium, where the flow field is described
using Darcy’s law, and heat transfer is modeled using an effective
thermal conductivity tensor. The method is applied to both repeating
unit and multi-layer stacked configurations with constant and variable
cross-section channels, and is validated against fully coupled detailed
simulations under different thermal and geometric conditions. The
proposed approach entails high accuracy and simplified applicability
to different types of heat exchangers with limited use of computational
resources and access to confidential information from manufacturers,
and increases the interaction of manufacturers with users and system
designers.

2. Homogenization of heterogeneous stacked structures

As shown in Fig. 1, the homogenization method [31] is used to
simplify plate heat exchangers with multiple flow channels. The com-
plex stacked structure is represented as an equivalent porous medium
with simplified geometry, which enables efficient simulation of the
overall thermo-fluid behavior. By solving the temperature, velocity,
and pressure fields within the porous region, the performance of the
stacked structure is predicted with reduced computational cost. In this
framework, solid plates and fluid channels are treated as the matrix and
pore phases of the porous medium, respectively.

To approximate fully developed laminar flow, Darcy’s law is refor-
mulated based on its analogy with the Darcy—Weisbach equation. A
spatially varying permeability is introduced to reproduce the velocity
profile obtained from the Darcy-Weisbach formulation. For heat trans-
fer, an equivalent anisotropic thermal conductivity tensor is used to
represent the effective transport properties in the homogenized domain.

2.1. Numerical methods for the calculation of homogenization parameters

Each component exhibits distinct physical properties. Therefore,
the effective homogenized parameters are calculated by treating the
heterogeneous structure as a representative unit. In this work, the
volume-averaging method is used to obtain the effective parameters.

Taking the effective thermal conductivity as an example, as shown
in Fig. 1, Fourier’s law is applied to determine the heat flux. The
effective thermal conductivity k, along the x direction is calculated as
follows:

where ¢ is the heat flux density, T; and 7, are the temperatures at
the left and right boundaries, and Ax is the distance between the
two temperature boundaries. The effective thermal conductivities along
the y and z directions are calculated using the same approach. The
anisotropic thermal conductivity tensor is then expressed as:

ka0 0
k=|0 &k 0 @
0 0 &

2.2. Approximation of laminar flow

Darcy’s law is a linear empirical relation that describes the rela-
tionship between fluid velocity and pressure gradient in porous media,
and allows efficient and numerically stable solutions. In this work, the
similarity between Darcy’s law and the Darcy-Weisbach equation is
used to derive a modified form that represents laminar channel flow.
For laminar flow in the channel with Reynolds number Re,;, < 2300,
the flow field is described by the Navier-Stokes equations:

V- (pu)=0 (3)
pu-Vyu=-Vp+uViu @

where p is the density, u is the velocity vector, p is the pressure, and u
is the dynamic viscosity.

For laminar flow, Darcy’s law is applied to describe the relationship
between pressure gradient and average velocity in porous media [31]:

U
Vp = Eua\,g (5)

where u,,, is the average fluid velocity and K is the permeability.
The permeability is determined by relating Darcy’s law to the Darcy-
Weisbach equation.

The Darcy-Weisbach equation describes the pressure drop in a
channel as a function of fluid properties and average velocity:

2
Uyvg

vp=r2 6

2 D,

where Dy, is the hydraulic diameter and f is the friction factor. For
laminar flow, the friction factor is given by:
4g.

= =¢ 7
f Re (7)
and the Reynolds number is defined as:
/mangh

U

Re = ®
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V- (pu)=0 J] 7 (pw)=Q
p(u-V)u=—Vp + uviu Homogenization Vp = %uav
pCyp(u- V)T + V- (—kVT) = 0 (pCp)esiut - VT + V(—keilVT) = Sy
il W=y
Laminar flow simplification Equivalent ‘ K=Ky
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Heat transfer simplification

(Based on Fourier's Law)

Effective thermal conductivity
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[
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Fig. 1. Schematic illustration of the homogenization modeling approach.

Substituting Eqgs. (7) and (8) into Eq. (6) gives:

Vp= Lty ©

Dy
2g;
By comparing Eq. (9) with Eq. (5), the effective permeability in the
flow direction is obtained as:
2g.
where g is a correction factor related to the channel geometry. For
circular channels, g, = 16. For square channels, g_ is given by [32]:

(10)

av

g = 24<1 — 1.3553g, + 1.9467g,% — 1.7012g,° + 0.9564¢g,* — 0.2537g.j>

. Weh  Zeh
8, = MIn N
Zch  Weh

Under the fully developed laminar-flow assumption, Eq. (10) in-
dicates that the equivalent permeability is determined by the local
hydraulic diameter and cross-sectional shape and does not explicitly
depend on the Reynolds number. Variations in the Reynolds number
affect the pressure gradient and average velocity through the gov-
erning equations but do not alter the geometry-based permeability.
This formulation is applicable to the viscous-dominated laminar regime
considered in this study. At higher Reynolds numbers, where inertial
effects, flow separation, or secondary flows become significant, an
additional correction, such as the Darcy-Forchheimer term, may be
required.

(1D

12)

For the channel geometry considered here, the permeability is as-
signed only along the principal flow direction, while the permeability
components in the two orthogonal directions are set to zero. This
anisotropic representation constrains the fluid to flow along the channel
direction and assumes no transverse flow or fluid exchange between
adjacent channels.

2.3. Simplification of heat transfer model

The energy conservation equation is expressed as:

pC, (- V)T + V- (=kVT) =S¢ 13)

where T is the temperature, p is the density, C, is the specific heat
capacity, k is the thermal conductivity, and S; is the heat source
term. In the homogenized model, separate temperature variables are
defined for different regions, including T, T,, and T; for the solid,
cold fluid, and hot fluid, respectively. These variables are coupled
through convective heat transfer to describe energy exchange between
the regions:

V. (=kVT,) = S5 a4
pCpe - V)T, +V - (=k.VT,) = S5 (15)
pnCon - V)T, + V- (=k, VT;,) = SB 16)

where k, is the equivalent anisotropic thermal conductivity of the solid
phase, and k. and k, are the thermal conductivities of the cold and
hot fluids, respectively. Through homogenization, these temperature
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Table 1
Governing equations of flow and heat transfer.
Physical field Equation Coupling
parameters
Mass V-(pw)=0 (T), u
__ 2
Flow pu-Vyu=-Vp+ uVia+pg p(T), u(T), u
Vp=£u, H(T), g
K U
V- (7kaolidVT;ohd) = Si-o“d
Heat Petuid Cp sruia @+ V) Trpyig + V- (*kﬂuidVTﬂuid) = Sél"'d T, u

(PCy) s @ VT + V - (=keg VT) = Sy

variables are defined at each point in the computational domain and
energy exchange is represented by volumetric source terms.

The convective heat transfer between the solid and fluid phases
depends on the surface area of the channel, the temperature difference,
and the heat transfer coefficient. In the homogenized formulation, this
process is represented by volumetric source terms Sy:

Ach _ N ukc Ach

S”T"zh@ (TS_TC) = D, |2 (Ts_Tc) a7
A Nuky, Ag,

Sp=nied (r,-1,) = et 1) a8)

S5 =-S5 - st 19

where A, is the convective heat transfer area, € is the control volume,
and A is the convective heat transfer coefficient, defined as:
h= Fhkair (20)
For hydrodynamically and thermally fully developed laminar flow
under a uniform wall heat flux, the Nusselt number is independent
of the Reynolds number for a given channel geometry. Under the
conditions considered in this study, Nu = 4.36 for circular channels
and Nu = 3.61 for square channels [33].
For heat conduction in the solid domain, the equivalent anisotropic
thermal conductivity is calculated using Eq. (2). Thermal radiation is
neglected for temperatures below 1400 K [34].

2.4. Coupling analysis of laminar flow and heat transfer equations

Thermo—fluid characteristics arise from the intrinsic coupling of
flow dynamics and heat transfer processes. Within the established
model, the governing equations are solved in a coupled manner, with
thermophysical parameters updated across varying temperature condi-
tions. Key interactive mechanisms consist of variations in density and
viscosity, and convective mass and energy transport (see Table 1).

Temperature-dependent properties introduce coupling between the
governing equations. The fluid density p(T') affects the momentum
equation through the buoyancy term pg, which modifies the flow field.
The dynamic viscosity u(T) influences the velocity distribution and
the associated transport processes. The velocity field u determines the
convective term in the energy equation, which controls the temperature
distribution. These interactions establish a two-way coupling between
flow and heat transfer.

In the present study, the flow and heat transfer equations are solved
simultaneously to capture the coupled behavior. The model consid-
ers laminar flow with temperature-dependent properties and neglects
phase change and turbulence effects. Under these assumptions, the cou-
pled formulation provides a consistent representation of thermo-fluid
transport in the homogenized domain.

3. Case study description
3.1. Plate heat exchanger with parallel straight channels

The homogenized model is applied to two types of compact plate
heat exchangers. As shown in Fig. 2(a)-(b), one configuration has

Table 2

Geometry parameters of the heat exchanger models.
Parameter Value Units Description
WphE 100 mm Width of the plate heat exchanger
dpyg 100 mm Height of the plate heat exchanger
Zpyg 8.4 mm Length of the plate heat exchanger
Fen 3 mm Radius of the channel
W, 3 mm Width of the channel
Zey 3 mm Length of the channel

Table 3

Material properties of the heat exchanger.
Parameter Value Units Description
ky 15 W m! K! Thermal conductivity of the stainless steel
Py 7800 kg m—3 Density of the stainless steel
Cps 420 J kg K1 Heat capacity for stainless steel

a symmetric structure with circular channels on both the cold and
hot sides. The other configuration has an asymmetric structure with
circular channels on the cold side and square channels on the hot
side. Both configurations adopt a multi-plate stacked structure. The
plates are made of stainless steel, and air is used as the working fluid.
The channels are arranged in a staggered configuration, with cold
and hot streams flowing perpendicular to each other. The geometric
parameters and material properties of the PHE are listed in Tables 2
and 3. The channel geometry influences both heat transfer performance
and hydraulic characteristics [35-37]. The two heat exchangers are
modeled using three configurations:

» Model 1, referred to as the full-geometry Navier-Stokes laminar
flow single repeating unit model (NS-SRU), retains detailed geo-
metrical features and solves the Navier—Stokes equations for fluid
flow.

Model 2, referred to as the Darcy’s law single repeating unit
model (DL-SRU), applies Darcy’s law to simplify the flow field
based on Model 1, thereby reducing computational cost.

Model 3, referred to as the Darcy—Fourier homogenized repeating
unit model (DL-FL-HRU), further simplifies the geometry by rep-
resenting it as a porous medium. Heat transfer in the solid domain
is modeled using an equivalent anisotropic thermal conductivity
based on Fourier’s law.

The NS-SRU model is used as the reference solution. The accuracy
of the DL-SRU and DL-FL-HRU models is evaluated by comparing
temperature and velocity deviations relative to the NS-SRU model.
The deviation is defined as the relative difference in cross-sectional
averaged values.

The cross-sectional averaged values are evaluated using area-
weighted averages over the corresponding flow cross section. The
average temperature and velocity are defined as

T=L [ 74, @en
Af A

_ 1

U= — |u| dA, (22)
f JAf

where A, is the flow cross-sectional area, T is the local temperature,
and |u| is the local velocity magnitude.

The boundary conditions of the plate heat exchanger are summa-
rized in Table 4. At the inlet, pressure and temperature boundary
conditions are specified. At the outlet, a pressure outlet condition is
imposed, and the heat flux is set to zero. No-slip boundary conditions
are applied at the walls, and all external surfaces are assumed to be
thermally insulated.
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Fig. 2. Geometry of the modeling domain for a unit of crossflow heat exchanger SRU model and schematic diagram of parallel-flow plate heat exchanger with

different arrangements.

Table 4
Boundary conditions of the heat exchanger models.
Parameter Value Units Description
Pin 3 Pa Inlet relative pressure
Pout 0 Pa Outlet relative pressure
Toun 400 K Inlet temperature for the hot flow
The 300 K Inlet temperature for the cold flow

3.2. Plate heat exchanger with variable cross-section channels

Section 3.1 considers circular and square channels with constant
cross sections along the flow direction. In practical applications, chan-
nel geometries in stacked structures are more complex and may vary
along the flow direction. In addition to straight parallel channels sep-
arated by ribs, geometries such as wavy, trapezoidal, and staggered
channels are used to enhance flow mixing and heat transfer [38-41]. In
these configurations, the cross section varies along the flow direction.
Therefore, a constant permeability is not sufficient to represent the flow
field when replacing the Navier-Stokes equations.

To address this issue, a 3D model of a 20-channel parallel-flow plate
heat exchanger is constructed, as shown in Fig. 2(c). Two representative
channel configurations are considered: a straight channel formed by a
single-layer arrangement of rectangular ribs, and a cross-layered chan-
nel formed by a staggered arrangement of ribs. These configurations are
selected to assess the capability of the homogenized model to capture
flow and heat transfer in channels with spatially varying geometry. The
cross-layered configuration improves flow uniformity, reduces pressure
drop, and increases fluid residence time, enhancing heat transfer perfor-
mance. According to the modeling approach described in Section 3.1,
both Navier-Stokes (N-S) and homogenized models are established
for the two configurations. The geometric parameters and boundary
conditions are summarized in Tables 5 and 6.

3.3. Model specifications
The governing equations for the NS-SRU, DL-SRU and DL-FL-HRU

models are described in detail in Table 7. The assumptions used for the
numerical calculation are as follows:

Table 5
Geometric parameters of the parallel-flow plate heat exchanger models.
Parameter Value Units Description
we 57 mm Width of the channel
Zc 67 mm Height of the channel
de 1 mm Length of the channel
Weip 1 mm Width of the rib
Zyipy 0.5 mm Height of the rib
Whe 44 mm Weith of the heat exchanger
dye 44 mm Length of the heat exchanger
Table 6

Boundary conditions of the parallel-flow plate heat exchanger models.

Model Boundary Boundary conditions

Cold inlet Air; 300 Pa (relative pressure); 300 K
Single-layer Hot inlet H,; 100 Pa (relative pressure); 500-1000 K

Cold/Hot outlet 0 Pa (relative pressure); —n-q =0

Cold inlet Air; 300 Pa (relative pressure); 300 K
Cross-layered Hot inlet H,; 100 Pa (relative pressure); 500-1000 K

Cold/Hot outlet 0 Pa (relative pressure); —n-q =0

(1) The airflow is a compressible, steady-state, laminar flow;

(2) The inertial term is retained in the Navier-Stokes reference
model but neglected in the Darcy-based models because the
investigated flow conditions are within the viscous-dominated
laminar regime;

The thermophysical properties of the fluid are treated as
temperature-dependent properties;

Radiative heat transfer is excluded consistently from all models
to isolate and evaluate the homogenized treatment of convection
and conduction;

Neglecting the viscous dissipation term in the energy equation;
Local thermal non-equilibrium is assumed in the homogenized
domains. Separate energy equations are solved for the fluid and
solid phases, and their thermal interaction is represented by an
interfacial heat-transfer source term.

€)]

4

)]
©

COMSOL Multiphysics is used to build the models. Quadratic dis-
cretization is applied to the velocity field, and linear discretization
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Table 7
Governing equations.

Governing equation

Mass balance V- (pu)=0 @
NS-SRU Momentum balance  p(u-V)u=—-Vp+ uV>u+ pg (5)
Energy balance pCy(u-V)T +V - (=kVT) =0 (23)
Mass balance V- (pu)=0Q (24)
DL-SRU Momentum balance Vp= %um, 6)
Energy balance pCy(u-V)T +V - (=kVT) =0 (23)
Mass balance V- (pu) =0, (25)
DL-FL-HRU  Momentum balance Vp= Ly 6)

K fav

Energy balance (PCp) gy @-T +V - (<keVT) = Sp (26)

is applied to the pressure field. Heat transfer in both solid and fluid
domains is discretized using linear elements. A segregated solver is
employed, and the fluid flow and heat transfer variables are solved
using the PARDISO solver to ensure stable convergence. Convergence
was considered achieved when the relative residuals of all dependent
variables decreased below 1 x 1074, All operating conditions reported
in this study satisfied this criterion without residual divergence or
persistent oscillation. All simulations were performed on a dual-socket
Linux server equipped with two AMD EPYC™ 7H12 processors (64 cores
each, 2.4 GHz; 128 cores in total), with 48 CPU cores allocated to each
simulation.

For the fully resolved geometric model with parallel straight chan-
nels, unstructured tetrahedral meshes with local refinement near the
channel walls are used, resulting in approximately 370,000 elements.
In contrast, the homogenized model uses a coarser mesh with approx-
imately 27,000 elements. Mesh independence verification is provided
in the Supporting Information.

For the variable cross-section configurations, unstructured tetrahe-
dral meshes with boundary layer refinement are employed to resolve
the velocity field. Mesh convergence is evaluated using the cross-
sectional average velocity as the indicator. As shown in the Sup-
porting Information, when the total number of elements exceeds 8
million, the average velocity approaches a stable value, indicating
mesh-independent solutions. Considering the balance between accuracy
and computational cost, mesh sizes of 7.2 million and 8.21 million ele-
ments are adopted for the single-layer and cross-layered configurations,
respectively.

3.4. Model validation

To validate the proposed model, the experimental data reported by
Jorge A. W. Gut et al. and the 3D and one-dimensional CFD results
from Flavio C. C. Galeazzo et al. are used for comparison [42-44].
Based on the geometric parameters of the plate heat exchangers in
these studies, both parallel-flow and series-flow configurations are
reconstructed. Corresponding N-S detailed models and homogenized
models are established. The comparison results are presented in Fig.
3. The predicted heat load agrees with the experimental and numerical
data within 15% over the range of operating conditions. This agreement
indicates that the proposed model provides reliable predictions under
different configurations and operating conditions.

4. Results and discussion
4.1. Constant cross-section plate heat exchangers

4.1.1. Comparison of circular-channel structure

The heat transfer and flow characteristics in a circular-channel
cross-flow plate heat exchanger are evaluated using the NS-SRU, DL-
SRU, and DL-FL-HRU models under two operating conditions with inlet
temperatures of 300/400 K and 300/1000 K. The distributions of cross-
sectional average velocity and temperature along the flow direction are
shown in Fig. 4.

Energy and Al 26 (2026) 100923

For the moderate temperature difference case, the flow remains
laminar. The velocity decreases along the hot channel and increases
along the cold channel due to density variation with temperature
under a constant mass flow rate. The velocity change is limited due
to the small temperature gradient. Both simplified models reproduce
the NS-SRU results with small deviations. The maximum temperature
deviation is within 6.0 K on the hot side and 3.5 K on the cold side,
corresponding to relative errors within approximately +2%, while the
velocity deviation remains below 0.04 m/s. These results confirm that
the simplified models provide accurate predictions under moderate
temperature differences.

For the large temperature difference case, stronger coupling be-
tween flow and heat transfer is observed. The homogenized models
capture the overall trends of velocity and temperature, although the
deviation increases. For the DL-SRU model, the maximum temperature
deviation reaches 23 K on the hot side and 18.3 K on the cold side.
For the DL-FL-HRU model, the maximum deviation is 6.42% on the
hot side and 9.03% on the cold side, with the largest discrepancy near
the channel midpoint. The velocity deviation remains within +3.0%.
Despite the increased deviation, the accuracy remains acceptable for
engineering applications.

To further assess the local behavior, transverse temperature and
velocity profiles at axial positions of 0.01, 0.05, and 0.09 m are pro-
vided in the Supporting Information. The DL model captures the overall
transverse temperature variation, although the discrepancy increases in
the channel core. The velocity profiles reconstructed from the cross-
sectional average DL velocities reproduce the parabolic distributions
predicted by the NS-SRU model, whereas detailed near-wall features
are not directly resolved by the homogenized model.

The increased deviation is attributed to the coupling between prop-
erty variation with temperature and flow redistribution. Variations in
density and viscosity modify flow resistance and reduce the volumetric
flow rate under a fixed pressure drop, leading to lower velocities than
in the moderate case. The error shows spatial dependence, with larger
deviations in regions with strong temperature gradients, where the
assumption of spatially uniform equivalent properties becomes less
accurate.

Compared with the DL-SRU model, the homogenized model simpli-
fies the geometry and introduces equivalent source terms and
anisotropic thermal conductivity. This reduces local accuracy but pre-
serves overall performance prediction.

4.1.2. Applicability of the homogenized model to geometry-varying channel
structures

The applicability of the homogenized model to asymmetric channel
structures is evaluated using a stacked configuration with a square
cross section on the hot side and a circular cross section on the cold
side. The inlet temperatures of the cold and hot fluids are 300 K and
1000 K, with corresponding inlet Reynolds numbers of 272 and 76. The
cross-sectional average temperature and velocity distributions along
the flow direction are compared in Fig. 5. The homogenized models
capture the overall temperature evolution along the flow direction with
good agreement. For the DL-SRU model, the maximum temperature
deviation is 24 K with —4.2% on the hot side and 21 K with —4.3%
on the cold side. For the DL-FL-HRU model, the maximum deviation is
42 K with 7.5% on the hot side and 32 K with 8.7% on the cold side.
The velocity distributions also show consistent trends among the three
models. The maximum velocity difference remains below 0.10 m/s,
with relative deviations within +9.5% for both streams. These results
indicate that the homogenized models preserve the overall thermo-fluid
behavior in geometry-varying channels.

The deviations are associated with the geometric characteristics
of the flow channels. The simplification of the momentum equation
based on Darcy’s law depends on local flow resistance and velocity
distribution. For square channels with an aspect ratio of 1:1, the friction
factor can be predicted accurately using empirical correlations, with
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Fig. 4. Comparison of temperature and velocity of NS-SRU, DL-SRU and DL-FL-HRU model for both small (a, b) and large (c, d) temperature differences.

a deviation below 0.05%, which supports the approximation of the
Navier-Stokes equations. However, compared with circular channels,
square channels exhibit higher flow resistance and more non-uniform
velocity distributions, which introduce additional deviations in the
homogenized representation of local flow fields.

In contrast, heat transfer modeled by Fourier’s law is less sensitive to
geometric variation. The equivalent thermal conductivity formulation
remains valid across different channel shapes, allowing consistent pre-
diction of temperature fields. Therefore, despite geometric asymmetry,
the homogenized models maintain acceptable accuracy in predicting
overall thermo-fluid performance.

4.1.3. Application to multi-layer stacked structure
The proposed modeling approaches are extended to a five-layer
staggered-flow plate heat exchanger, denoted as NS-MRU, DL-MRU,

and DL-FL-HMRU. The detailed distributions of temperature and ve-
locity predicted by the three models are shown in Fig. 6(a)-(f), with
cross-sectional average profiles in Fig. 6(g)—(h).

Both homogenized models reproduce the temperature evolution
along the flow direction for hot and cold streams. The DL-MRU model
agrees well with the NS-MRU results, with temperature deviations
within +4%. The DL-FL-HMRU model shows slightly larger deviations,
generally within 6.0%, mainly in regions with strong temperature
gradients. Despite these local differences, the global temperature distri-
bution and interlayer heat transfer are captured consistently. A similar
behavior is observed for the velocity field. The DL-MRU model remains
close to the NS-MRU results, with most deviations within +10%. The DL-
FL-HMRU model shows larger deviations in limited regions, especially
where density variation and flow redistribution are significant. The
maximum velocity difference remains below 0.13 m/s. The overall
evolution of velocity along the flow direction is preserved.
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The deviations originate from enhanced coupling between flow
and heat transfer in the multi-layer configuration. Multiple interfaces
and strong temperature gradients lead to larger variations in fluid
properties, which increase local discrepancies. These deviations remain
confined and do not affect the overall transport behavior.

Compared with the single-layer configuration, the multi-layer exten-
sion does not lead to significant error accumulation. The homogenized
models maintain consistent predictive capability across scales and cap-
ture interlayer interactions. This indicates that the proposed approach
provides a reliable balance between accuracy and computational effi-
ciency for multi-layer compact heat exchangers.

4.2. Variable cross-section plate heat exchangers

4.2.1. Homogenization of variable cross-section channel repeating units

For the 20-channel plate heat exchanger unit, the cold inlet tem-
perature is fixed at 300 K, while the hot inlet temperature varies from
500 K to 1000 K. The homogenized model is compared with the N-S
model using the average cold velocity, average hot velocity, and overall
average temperature as evaluation metrics. The results are shown in
Fig. 7.

For the single-layer arrangement, as shown in Fig. 7(a), the ho-
mogenized model agrees well with the N-S model, with relative de-
viations within +2.5% over the entire operating range. The deviations
show slight variation with increasing hot inlet temperature but re-
main small. At higher temperatures, local discrepancies increase due
to stronger coupling between flow and heat transfer and property
variation, while the overall prediction remains stable. This indicates
that the homogenization approach captures the dominant transport
behavior for geometrically regular channel structures.

For the cross-layered arrangement shown in Fig. 7(b), the channel
cross section varies along the flow direction. Therefore, a piecewise

Location (mm)

and DL-FL-HRU model for square-circular channel heat exchanger: (a)-(c)
temperature; (h) cross-sectional average velocity.

permeability function is introduced to represent the spatial variation
in flow resistance. Two permeability values, x, and «,, are assigned to
the corresponding local channel geometries:

K1,
Ky(x) =
Ky,

Here, 2, and ©Q, denote the unions of the intervals correspond-
ing to the two geometrical regions. Their boundaries are determined
directly from the dimensions and locations of the original channel struc-
ture. The computational mesh is locally refined near the permeability-
transition interfaces. For the cross-layered configuration, the principal
direction of the permeability tensor is aligned with the local channel
direction in each layer.

The deviations in both cold and hot average velocities remain
within 2%, and the overall temperature deviation is within 3%. These
results indicate that the homogenized model maintains high accuracy
for variable cross-section channels.

Compared with the single-layer arrangement, slightly larger devia-
tions are observed in the cross-layered configuration due to enhanced
pressure variation and flow redistribution. However, the deviations
remain limited, indicating that the spatial permeability representation
captures the influence of variable cross-section geometry on the overall
flow behavior. This result demonstrates the capability of the homog-
enized model to handle spatially varying flow resistance in complex
channel geometries.

X € Q,

@7
X € £2,.

4.2.2. Applications to variable cross-section stacked structures

Stacked plate heat exchanger models with five repeating units are
constructed for two configurations using the N-S model and the homog-
enized approach. The models are compared using the average velocities
of the cold and hot fluids and the overall average temperature.
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The 3D temperature fields of the cross-layered stacked structure pre-
dicted by the two models are shown in Fig. 8(a)-(b). The homogenized
model reproduces the global temperature distribution of the N-S model
and captures the streamwise temperature gradient and interlayer heat
transfer.

For the single-layer stacked structure, the homogenized model
agrees well with the N-S model. As shown in Fig. 8(c), the relative
deviation of the average cold-side velocity ranges from 1.4% to 3.8%,
and that of the hot-side velocity ranges from —1.1% to 1.6%. The
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overall average temperature deviation ranges from —2.4% to 1.4%,
indicating a slight underestimation at high temperatures. All deviations
remain within +4%. No accumulation of deviations is observed in the
five-layer structure, which indicates stable performance across layers.

For the cross-layered stacked structure, the homogenized model also
captures the overall trends, with increased deviations. As shown in
Fig. 8(d), the deviation of the average cold-side velocity ranges from
2.7% to 4.5%, and that of the hot-side velocity ranges from —3.2%
to 1.9%. The overall temperature deviation ranges from —3.5% to
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—1.0%, indicating consistent underestimation. All deviations remain
within approximately +5%, which shows that the homogenized model
with piecewise permeability represents the macroscopic thermo-fluid
behavior.

Compared with the single-layer configuration, the larger deviations
in the cross-layered structure result from increased geometric com-
plexity. This enhances interlayer coupling, flow redistribution, and
pressure variation, which increases the difficulty of resolving local
features. However, the deviations remain limited, indicating that the
homogenized approach is robust for multi-layer variable cross-section
systems.

4.2.3. Performance comparison of PHE configurations using the homoge-
nized model

Under identical boundary conditions, the heat transfer performance
of single-layer and cross-layered configurations is evaluated using the
homogenized model. The heat transfer rate as a function of Reynolds
number is used to assess the effect of structural design for both unit
and stacked models.

For the repeating-unit model, as shown in Fig. 9, the heat-transfer
rate increases with decreasing Reynolds number for both configura-
tions. The cross-layered configuration consistently achieves a higher
heat-transfer rate, with an enhancement of approximately 50%—-60%.
This improvement arises from the combined effects of increased resi-
dence time, flow redistribution, and thermal boundary-layer redevel-
opment. The lower flow velocity extends the fluid residence time,
allowing the fluid temperature to approach the solid temperature more
closely. The spatial variation in hydraulic resistance redistributes the
flow among different channel regions, promoting more uniform uti-
lization of the heat-transfer area. In addition, repeated changes in
the local cross section and flow direction interrupt the continuous
development of the thermal boundary layer, thereby renewing the
fluid-solid temperature gradient and enhancing convective heat trans-
fer. A similar trend is observed for the stacked model, with stronger
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Fig. 9. Heat transfer performance comparison of single-layer and cross-layered
configurations.

enhancement. The performance gain increases from about 40% to
over 60%, particularly at low Reynolds numbers, indicating that the
combined effects of residence time, flow redistribution, and repeated
thermal boundary-layer redevelopment become more pronounced in
the stacked configuration.

The homogenized model is intended to predict macroscopic tem-
perature, velocity, and flow-distribution characteristics rather than
channel-scale details. Therefore, thermal boundary-layer redevelop-
ment, local separation, recirculation, and near-wall gradients are not
explicitly resolved; their macroscopic effects are represented through
the geometry-dependent permeability and anisotropic effective trans-
port properties. The model may consequently lose accuracy in en-
trance regions, near abrupt geometric transitions, or at higher Reynolds
numbers where inertial and secondary-flow effects become significant.

Overall, the cross-layered configuration improves heat transfer per-
formance, and the homogenized model captures these differences with
low computational cost. This supports its use for rapid performance
evaluation and structural optimization of heat exchanger designs.
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4.3. Accuracy and computational efficiency of the homogenized models

The prediction accuracy and computational efficiency of the homog-
enized models for both repeating unit and five-layer stacked configu-
rations are summarized in Fig. 10(a). A total of 420 deviation samples
were collected for the repeating unit model and 164 samples for the
stacked model, covering temperature, velocity, and pressure fields.

As shown in Fig. 10(a), the deviation distribution is approximately
Gaussian and centered around zero, which indicates unbiased predic-
tion. More than 97.7% of the samples fall within +10%, and 74.2%-84.6%
fall within +5%. Under moderate temperature variation, the deviations
of key variables remain within +2%, which indicates high prediction
accuracy.

Fig. 10(b) compares the wall-clock solution times of the three
models using the same 48-core computational configuration and con-
vergence criterion. For the single-layer configuration, the N-S, Darcy,
and homogenized models required 9 min 45 s, 1 min 28 s, and 16 s,
respectively. For the multi-layer configuration, the corresponding solu-
tion times were 47 min 42 s, 3 min 15 s, and 1 min 29 s. Compared
with the N-S models, the homogenized models reduce computational
time by 97% for both unit and stacked configurations.

In addition, the computational cost of the N-S model increases
significantly with geometric complexity, particularly for cross-layered
and multi-layer structures. In contrast, the homogenized model shows
only a small increase in computational time, which indicates a low
sensitivity to structural complexity.configurations.

Overall, the homogenized approach achieves a good balance be-
tween accuracy and computational efficiency. It maintains acceptable
deviations under variable operating conditions while significantly re-
ducing computational cost. The results demonstrate its applicability to
complex geometries and large-scale configurations, supporting its use
for rapid performance evaluation and system-level modeling of plate
heat exchangers.

5. Conclusion

Plate heat exchangers exhibit geometric complexity and strong mul-
tiphysics coupling, which lead to high computational cost in numerical
simulations. To address this issue, a 3D homogenized model is devel-
oped, in which detailed geometries are represented by an equivalent
anisotropic porous medium. The flow field is described using Darcy’s
law, and heat transfer is represented by an equivalent anisotropic
thermal conductivity tensor, while accounting for coupling effects and
temperature-dependent properties. The method is applied to both cross-
flow configurations with constant cross-section channels and parallel-
flow configurations with variable cross-section channels. Its validity is
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evaluated using repeating-unit and five-layer stacked models through
comparison with full-geometry Navier-Stokes simulations. The main
conclusions are as follows:

» The proposed model shows consistent predictive accuracy across
geometries and operating conditions. For regular channel struc-
tures, deviations remain within +2% under moderate temperature
conditions and within +10% under large temperature differences.
For variable cross-section and cross-layered configurations, devia-
tions are within +5%. The model captures the dominant flow and
heat transfer behavior, while local discrepancies are associated
with strong temperature gradients and property variation, which
affect flow and heat transfer characteristics.

The homogenized model is effective for performance evaluation
of different configurations of heat exchangers. The cross-layered
structure increases heat transfer by approximately 50%-60% at
the unit level, with additional enhancement in stacked systems.
This enhancement is associated with increased fluid residence
time and the disruption of the thermal boundary layer. The
extended residence time promotes heat exchange, while the pe-
riodic variation of flow direction reduces thermal boundary layer
resistance.

The homogenized model achieves a balance between accuracy
and computational efficiency. Analysis of 584 samples shows
that the deviation distribution is approximately Gaussian. More
than 98% of the samples fall within +10%, and most samples
are concentrated within +2%, indicating high prediction reliabil-
ity. The computational time is reduced by 97% compared with
the Navier-Stokes model, which enables efficient large-scale and
complex simulations.

The proposed homogenization approach provides a fast and reliable
tool for performance prediction and is suitable for structural compar-
ison of plate heat exchangers with complex channel configurations. It
enables efficient prediction of coupled flow and heat transfer behavior
and can be extended to layered energy conversion devices, such as fuel
cells and electrolyzers. The method significantly enhances the design
capabilities of manufacturers and may facilitate feedback from system
designers by making it easier to share results based on a simplified and
highly accurate methodology.
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