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Introduction

Aviation today makes a non-trivial contribution to global anthropogenic greenhouse gas emissions,
accounting for roughly 2.5% of energy-related CO5 emissions [1]. Although this share may seem
modest, as seen in Figure 1, global aviation demand continues to grow. This causes emissions to
rise even faster than for other methods of transportation, despite efforts to increase energy efficiency

[2]
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Data source: Bergero et al. (2023). Pathways to net-zero emissions from aviation. OurWorldinData.org/energy | CC BY

Note: Carbon emissions are measured in carbon-dioxide equivalents, without adjustment for additional warming at altitude.

Figure 1: Overview of global aviation demand impact on C'O2 emissions from 1990 to 2021, regardless of the
reduction in CO: intensity per passenger. Adapted from [2].

In addition, non-COs, effects further exacerbate aviation's climate impact, increasing its contribution
to around 4% of global warming to date [2]. The main non-COs2 contributions come from the
formation of persistent contrails, as well as from chemical processes in the atmosphere involving
nitrogen oxides (NOy) [3]. NOy emissions at low altitudes affect local air quality and threaten
respiratory health, while at high altitudes they lead to a series of photochemical reactions that
enhance ozone production (warming effect) and reduce atmospheric methane (cooling effect) [3,
4].



With current measures deemed insufficient to meet climate goals established in the Paris Agreement
[5], the aerospace industry is exploring different solutions, such as the electrification of aircraft
propulsion, to reduce or eliminate in-flight carbon emissions. Electrified aircraft propulsion (EAP)
is widely seen as a promising approach, particularly for short-haul and regional aviation. However,
achieving a significant reduction in emissions via hybrid-electric and fully-electric flight comes with
significant technical challenges, especially in meeting the extreme performance requirements of
aircraft applications.

An important barrier to the success of EAP is the thermal management of the electrical components.
Although these components typically operate at high efficiency (over 90%), the electric power levels
required for some EAP aircraft concepts result in megawatts of waste heat that must be effectively
removed. The rejection into ambient of these thermal power is complicated by the relatively low
operating temperature limits of electric components, approximately 40°C for batteries and power
electronics and up to 120°C for motors [6]. Addressing these cooling requirements without incurring
excessive penalties in power consumption, aerodynamic drag, or system weight is essential. If not
carefully mitigated, such penalties could significantly reduce, or even negate, the overall system-level
benefits of an electrified propulsion architecture [7].

Aerospace is not alone in its quest for advanced thermal management technologies. Across multiple
industries, there is a growing demand for compact, high-performance thermal management solutions.
As devices and systems become more powerful, yet lighter and smaller, they generate higher heat
fluxes per unit volume. This calls for thermal solutions that are simultaneously lightweight, com-
pact, and capable of handling extreme heat loads. Unfortunately, traditional thermal management
hardware is struggling to keep up with these requirements. Conventional heat exchangers (such as
finned tube coils, plate-fin exchangers, or roll-bonded cold plates) are often bulkier than required
and offer limited potential for further performance improvement because their designs have already
reached the limits imposed by traditional manufacturing processes (machining, casting, extrusion,
stamping, and brazing) [8].

In recent years, additive manufacturing (AM), also known as metal 3D printing, has gained expo-
nential interest across several industries, particularly in the aerospace and energy sectors, given its
potential to significantly reduce part count, weight, material waste, and possibly manufacturing
costs, depending upon the application [8]. AM enables the creation of novel geometric designs that
enhance the complexity and performance of thermal management components that are impossible
to produce using conventional manufacturing techniques. With the growing adoption of AM, the
focus shifts toward developing more advanced and efficient cooling systems.

Additive manufacturing has fundamentally changed what is possible in thermal management de-
sign. In recent decades, this capability has enabled the use of porous and lattice-based structures,
geometries inspired by natural forms that were previously too complex or expensive to manufacture
using conventional methods. Unlike traditional cooling geometries limited by machining and as-
sembly processes, these AM-enabled structures offer several advantages: they improve fluid mixing
and create more uniform temperature distributions through their three-dimensional, interconnected
flow paths. Their high surface area density and structural strength allow for compact, lightweight
designs. The geometric versatility of lattice architectures further allows their thermal and flow
characteristics to be tailored to specific applications [9].

However, the thermal and fluid-dynamic behavior of these structures is fundamentally different
from traditional finned surfaces. Flow through lattice geometries is unsteady and three-dimensional,
often resembling flow through porous media rather than flow over discrete fins. Consequently, the
characterization work previously done for classical secondary surfaces must be revisited for these
new geometries. Accurate characterization requires detailed numerical simulations or experimental



studies, from which new correlations can be developed. This need has motivated growing research
interest in understanding and modeling of the thermal and fluid-dynamic behavior of lattice-based
heat transfer surfaces.

For strut-based lattices, initial efforts focused on cross-topology benchmarking to establish per-
formance hierarchies and identify the physical mechanisms governing thermo-hydraulic behavior.
Comparative studies have identified which lattice topologies perform best under specific conditions.
Kaur et al. [10], Castelli et al. [11], and Corbett and Thole [12] evaluated multiple lattice fami-
lies, including octet, TKD, FD-CUBE, cube, Kagome, and body-centered cubic (BCC) structures,
demonstrating that topology fundamentally determines the trade-off between heat transfer enhance-
ment and pressure loss minimization. Importantly, Kaur et al. found that performance rankings
among these topologies are sensitive to thermal boundary conditions, indicating that optimal lattice
selection is highly application-specific. Building on these topology comparisons, parametric inves-
tigations by Liang et al. [13] and Lorenzon et al. [14] examined how strut geometry (specifically
strut shape and diameter) affects the performance within individual lattice families.

Parallel efforts have advanced the understanding of flow and heat transfer surface-based lattices,
also called triply periodic minimal surfaces (TPMS), where research has evolved from pore-scale
hydrodynamics to conjugate heat-transfer modeling and, more recently, to experimental validation
at both coupon and component scale. Early computational work by Rathore et al. [15], Piedra et al.
[16], and Ornelas-Ramén et al. [17] quantified permeability, inertial drag coefficients, and laminar
Nusselt number relationships for diamond, IWP, primitive, and gyroid structures. Subsequent
studies by Rathore et al. [18], Torri et al. [19], and Yan et al. [20] extended the analysis to
conjugate heat transfer in multi-cell domains and full heat exchanger configurations, showing that
TPMS structures outperform conventional fins but incur higher pressure drop penalties. Turbulent
regime investigations by Samson et al. [21], Wang et al. [22], and Brambati et al. [23] produced
increasingly general correlations, with Brambati et al. developing a cross-fluid, multi-topology
formulation. Experimental campaigns by Reynolds et al. [24], Tang et al. [25, 26], and Zou et al.
[27] validated numerical predictions and confirmed consistent performance trends across porosities
and topologies.

Despite this extensive body of work, existing correlations remain topology-dependent and regime-
specific, with inconsistent treatment of parameters, boundary conditions, and data reduction meth-
ods, as highlighted by Caket et al. [28] in their comprehensive review. Taking this into account,
these closure relationships for friction and heat transfer derived from laminar and turbulent studies
do not yet enable robust reduced-order modeling of these geometries across the full Reynolds-
number spectrum. At the same time, emerging design and optimization frameworks for AM heat
exchangers, ranging from stochastic and evolutionary algorithms to topology and multiscale op-
timization, increasingly rely on high-fidelity CFD evaluations with high computational cost for
preliminary design [29-32] or on black-box surrogate models with limited physical interpretability
[29, 33].

Considering this, the main objective of this research project is to develop and verify a reduced-order
model for the design and optimization of additively manufactured compact heat exchangers. This
reduced-order model should connect the microscale thermo-fluid behavior of complex lattice geome-
tries to component-level performance models suitable for preliminary design and design optimization.
It should also allow for a computationally efficient and physically interpretable methodology to sup-
port the early-stage development of advanced thermal management systems enabled by additive
manufacturing.



Research Definition

To accomplish this, the research is organized around three intermediate objectives and three guiding
research questions that define the scope and methodology of the work.

2.1. Research Objectives

Research Objective 1: Characterization of the thermo-hydraulic performance of
lattice structures.

The goal is to establish a comprehensive dataset of friction factor and heat transfer performance for
four representative lattice geometries (Pin Fin, BCC, Gyroid, and Diamond). This dataset should
span laminar, transitional, and turbulent flow conditions and include the effects of porosity and
fluid properties. The outcome is an extensive database for correlation development, addressing the
current lack of information across the full range of operating conditions.

Research Objective 2: Formulation of performance correlations for friction factor
and Nusselt number.

The goal is to formulate mathematical correlations for friction factor and Nusselt number that
remain valid across all flow regimes and account for geometric and fluid property variations. These
correlations should enable performance predictions for different lattice designs and working fluids
without requiring case-by-case simulations. The outcome must provide designers with predictive
tools that work beyond the narrow ranges of existing correlations, particularly capturing the under-
represented transitional regime.

Research Objective 3: Formulation and verification of a preliminary design model
for heat exchangers incorporating lattice structures.

The goal is to create an ¢ — NTU-based model that predicts heat exchanger performance with
sufficient accuracy for design purposes while being computationally efficient. The model should
reproduce both thermal and hydraulic behavior within acceptable error bounds when compared
against high-fidelity simulations. The outcome must be a verified tool that enables fast design
exploration and optimization without the computational burden of CFD analysis.



2.2. Research Questions 6

2.2. Research Questions

To meet these objectives, the research is structured around the following research questions and
sub-questions:

RQ 1 - What computational setup allows for the characterization of the thermo-
hydraulic behavior of lattice structures in a way that captures the effects of geom-
etry, flow regime, and porosity across the entire laminar-turbulent spectrum?

RQ 2 - What generalized relationships can accurately describe the friction fac-
tor and Nusselt number of lattice structures across varying geometries and flow
regimes?

Sub-questions:

RQ 2.1 - What is the most suitable characteristic length scale for the non-dimensionalization of
thermo-hydraulic performance data to develop general correlations?

RQ 2.2 - Which correlation expressions can accurately capture the trend in friction factor and
Nusselt number from laminar to turbulent flow, ensuring also smooth and physically meaningful
trends over the transitional regime?

RQ 2.3 - How do the proposed correlations compare to existing empirical models in terms of
predictive capability and generalization?

RQ 3 - How can the derived correlations be integrated into a reduced-order model
to accurately predict the performance of heat exchangers?

Sub-questions:

RQ 3.1 - What are the limitations of simplified reduced-order approaches in predicting the thermo-
hydraulic performance of heat-exchangers?

RQ 3.2 - How much is the difference in terms of computational time, memory requirements, and
solution accuracy between the reduced-order model and high-fidelity CFD analysis?

2.3. Thesis Outline

The thesis report is structured as follows. The report continues with Part I, which is organized as a
scientific article and constitutes the core part of the thesis. This part presents the adopted numeri-
cal methodology for the thermo-hydraulic characterization of lattice-based heat transfer structures
and the development of correlation-based reduced-order heat exchanger models including their val-
idation against high-fidelity CFD data. It concludes with the application of the developed tool in
an optimization study targeting the optimal design of a cold plate. Part |ll comprises the literature
study, providing a comprehensive review of advanced secondary heat transfer surface characteri-
zation techniques, component-level modeling approaches, and heat exchanger performance opti-
mization methods. This review supports the research definition, enabling the identification of the
research gap and the formulation of the research objectives. Finally, Part IV concludes the report
by summarizing the main findings of the work, addressing the formulated research questions, and
outlining recommendations for future developments aimed at broadening the applicability of the
proposed framework.
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A Reduced-Order Framework for the Thermo-Hydraulic Design

of Additively Manufactured Compact Heat Exchangers

Sérgio Machado!?, Niccold Casini?, Lorenzo Mazzei?,
Riccardo Da Soghe?, Floyd van Steen!, Carlo De Servi!

L Delft University of Technology, 2629 HS Delft, The Netherlands
2Ergon Research S.r.l., Via Giuseppe Campani 50, 50127, Firenze (Fl), Italy

The increasing electrification of aircraft subsystems and the integration of high-power-density components
are creating significant challenges for onboard thermal management systems. These key subsystems are
reaching their performance limits, motivating the development of new advanced solutions. One promising
option is the adoption of innovative heat exchanger concepts featuring complex internal geometries, such
as strut-based lattice structures, and triply periodic minimal surfaces (TPMS), that are only feasible to
manufacture through additive processes. The aim of this work is to develop a systematic methodology
to characterize the thermo-hydraulic performance of advanced heat transfer structures based on periodic
unit cell (Representative Volume Elements) simulations. The resulting numerical data are then used to
calibrate reduced order models suitable for the preliminary design of heat transfer devices. More in detail,
the study focuses on the characterization of four heat transfer topologies over a wide range of Reynolds
and Prandtl numbers and structure porosities. The performance data from the simulations were used
to derive empirical correlations for the friction factor and Nusselt number as a function of the topology
porosity. These correlations were then implemented into an e — NT'U-based model to support preliminary
design activities. To verify this methodology, a cold plate was analyzed and the results were validated
against CFD simulations. The methodology showed adequate accuracy for preliminary design, providing
reliable predictions where CFD is computationally prohibitive. Future work will expand geometric inputs

beyond porosity to broaden the design space of additively manufactured heat transfer devices.

1. Introduction

The increasing electrification of aircraft subsystems
and the integration of high-power-density components
are creating significant challenges for onboard thermal
management systems. An important barrier to the
success of electrified aircraft propulsion is the thermal
management of the electrical components. Although
these components typically operate at high efficiency
(more than 90%), given the levels of electric power
that the propulsion system is required to deliver, the
cooling loads aboard aircraft can be on the order of sev-
eral megawatts. As devices and systems become more
powerful, yet lighter and smaller, they generate higher
heat fluxes per unit volume. This requires thermal so-
lutions that are simultaneously lightweight, compact
and capable of handling extreme heat loads. Unfortu-
nately, conventional thermal management hardware is
struggling to keep up with these requirements because
their designs have already reached the limits imposed
by traditional manufacturing processes.

In the field of heat transfer devices, additive manu-
facturing (AM) has fundamentally expanded the de-
sign space. In recent years, this capability has en-

abled the development of heat exchangers with porous
and lattice-based structures, that were previously too
complex to manufacture using conventional methods.
Unlike traditional heat transfer geometries, these AM-
enabled topologies offer several advantages: they im-
prove fluid mixing and create a more uniform temper-
ature distribution along the flow paths. Their high
surface area density and structural strength allow for
more compact and lightweight thermal designs. Fur-
thermore, the geometric versatility of lattice architec-
tures allows their thermal and flow characteristics to
be tailored to meet specific requirements.

Since the adoption of secondary surfaces in heat
exchanger design, the scientific community has made
sustained efforts to characterize their thermo-hydraulic
performance. However, the thermal and fluid char-
acteristics of the lattice structures are fundamentally
different from those of traditional finned surfaces.
Flow through lattice geometries is inherently unsteady
and three-dimensional, often resembling flow through
porous media rather than flow in finned channels. Con-
sequently, the characterization work previously done
for classical secondary surfaces must be revisited for
these new geometries. Accurate characterization of



their thermo-hydraulic performance requires detailed
numerical simulations or experimental studies, from
which new correlations can be developed. This need
has motivated an increasing number of studies target-
ing the modeling of the thermal and fluid behavior of
lattice-based heat transfer surfaces, although this re-
search area still remains underdeveloped.

For strut-based lattices, initial efforts focused on
cross-topology benchmarking to establish performance
hierarchies and identify the physical mechanisms gov-
erning thermo-hydraulic behavior. Comparative stud-
ies have identified which lattice topologies perform
best under specific conditions. Kaur et al. [10],
Castelli et al. [11], and Corbett and Thole [12] eval-
uated multiple lattice families, including octet, TKD,
FD-CUBE, cube, Kagome, and body-centered cubic
(BCC) structures, demonstrating that topology funda-
mentally determines the trade-off between heat trans-
fer enhancement and pressure loss minimization. Im-
portantly, Kaur et al. found that performance rankings
among these topologies are sensitive to thermal bound-
ary conditions, indicating that optimal lattice selection
is highly application-specific. Building on these topol-
ogy comparisons, parametric investigations by Liang et
al. [13] and Lorenzon et al. [14] examined how strut
geometry (specifically strut shape and diameter) af-
fects the performance within individual lattice families.
Their results confirm that decreasing porosity (thereby
increasing wetted area and enhancing fluid mixing) im-
proves heat transfer at the cost of higher hydraulic
losses.

Parallel efforts have advanced the understanding of
surface-based lattices, also called triply periodic mini-
mal surfaces (TPMS), where research has evolved from
pore-scale hydrodynamics to conjugate heat-transfer
modeling and, more recently, to experimental valida-
tion at both coupon and component scale. Early com-
putational work by Rathore et al. [15], Piedra et al.
[16], and Ornelas-Ramén et al. [17] quantified perme-
ability, inertial drag coefficients, and laminar Nusselt
number relationships for diamond, IWP, primitive, and
gyroid structures. Subsequent studies by Rathore et al.
[18], Torri et al. [19], and Yan et al. [20] extended
the analysis to conjugate heat transfer in multi-cell
domains and full heat exchanger configurations, show-
ing that TPMS structures outperform conventional fins
but incur higher pressure drop penalties. Turbulent
regime investigations by Samson et al. [21], Wang et
al. [22], and Brambati et al. [23] produced increasingly
general correlations, with Brambati et al. developing a
cross-fluid, multi-topology formulation. Experimental

campaigns by Reynolds et al. [24], Tang et al. [25, 26],
and Zou et al. [27] validated numerical predictions and
confirmed consistent performance trends across porosi-
ties and topologies.

Despite this extensive body of work, existing correla-
tions remain topology-dependent and regime-specific,
with inconsistent treatment of parameters, boundary
conditions, and data reduction methods, as highlighted
by Caket et al. [28] in their comprehensive review. Tak-
ing this into account, these closure relationships for
friction and heat transfer derived from laminar and tur-
bulent studies do not yet enable robust reduced-order
modeling of additively manufactured geometries across
the full Reynolds-number spectrum. At the same time,
emerging design and optimization frameworks for AM
heat exchangers, ranging from stochastic and evolu-
tionary algorithms to topology and multiscale optimiza-
tion, increasingly rely on high-fidelity CFD evaluations
with prohibitive computational cost for preliminary de-
sign [29-32] or on black-box surrogate models with
limited physical interpretability [29, 33].

The main goal of this work is to develop and verify a
reduced-order framework for the thermo-hydraulic de-
sign and optimization of additively manufactured com-
pact heat exchangers. This framework should connect
micro-scale thermo-fluid characteristics of lattice struc-
tures to component-level performance predictions suit-
able for preliminary design optimization. To establish
this connection, the study begins with a systematic
characterization of the thermo-hydraulic performance
of four geometries (pin fins, BCC, gyroid, and dia-
mond) using periodic unit cell simulations. The re-
sulting numerical data are used to develop correlations
for the friction factor and the Nusselt number, which
are subsequently implemented in an € — NTU-based
model for preliminary design.

To verify the proposed framework, a cold plate de-
sign case study for power electronics cooling is used
to identify optimal geometries targeting two compet-
ing global objectives: maximizing thermal effectiveness
while minimizing pressure drop. The reduced-order
model predictions for these optimal designs are then
validated against CFD simulations. Lastly, the compu-
tational efficiency of the reduced-order model enables
exploration of a more sophisticated design approach in
which porosity is treated as a spatially varying parame-
ter rather than a uniform property. This additional de-
gree of freedom is investigated as a means to improve
temperature uniformity across the cold plate while pre-
serving the global thermo-hydraulic performance of an
optimal uniform-porosity design.



2. Methodology

In this section, the methodology to design and optimize
the performance of a cold plate will be outlined.

2.1. Characterization of Lattice Structures

The foundation of the model lies in characterizing the
selected lattice structures in terms of both pressure
losses and thermal performance. To establish corre-
lation laws that accurately describe the behavior of
these structures, several approaches are available. Tra-
ditionally, correlations for smooth channels and con-
ventional fins have been derived primarily from exper-
imental data. However, conducting a comprehensive
experimental campaign requires significant time and
resources for manufacturing test articles. Given these
limitations, the present work will characterize these
novel lattice structures through numerical simulations.

Four geometries were selected for this analysis: pin
fins, BCC, gyroid, and diamond. A graphical represen-
tation of the unit cell of each geometry is presented in
Fig. 2. Pin fins have been considered in the study be-
cause they are one of the most widely used cooling fea-
tures in traditional heat exchangers. Thus, their perfor-
mance serves as the benchmark for the AM topologies
analyzed in this study. The BCC is selected as a repre-
sentative example of strut-based lattices, whereas the
gyroid and diamond structures represent surface-based
lattices. The pin fins consist of vertical cylindrical pins
arranged in a staggered configuration with equal lateral
and longitudinal spacing. The BCC features four lig-
aments with circular cross-sections oriented along the
diagonals of a cubic domain. The gyroid and diamond
structures are defined through implicit trigonometric
functions, as proposed by Schwarz [34] and Schoen
[35], respectively.

2.1.1. Computational Domains

To minimize the computational cost of the CFD sim-
ulations aimed at characterizing the thermo-hydraulic
characteristics of the various topologies, the periodic
nature of the lattice structures was exploited. Specifi-
cally, the computational domain includes only a single
unit cell that serves as a representative volume element
(RVE). Streamwise periodic boundary conditions were
applied under the assumption of fully developed flow.
The specific geometry of each structure enables fur-
ther computational savings. For the pin fin and BCC
configurations, vertical and lateral symmetry permits
to capture the performance of the entire geometry by
simulating only one quarter of the unit cell. The TPMS
structures essentially consist of two topologically equiv-
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Figure 2: Unit cells of the studied geometries.

alent but non-connected flow channels. Since both
channels exhibit identical hydrodynamic and thermal
responses under the same boundary conditions, the
computational domain can be limited to a single chan-
nel.

The geometry of the various computational domains
was generated using the commercial software nTop
[36], which is designed for implicit modeling and can
generate TPMS structures directly from their mathe-
matical definitions.

2.1.2. Computational Grid

The geometries were meshed using a commercial soft-
ware [37]. A polyhedral mesh with prismatic inflation
layers was used to discretize the computational do-
mains. To determine the appropriate mesh configu-
ration, a mesh sensitivity analysis was performed, ex-
amining the influence of both the mesh sizing and the
number of prismatic layers on the simulation results.
The pin fin geometry was selected for this sensitivity
study, conducted at a Reynolds number of 1500. To as-
sess mesh independence and quantify discretization un-
certainty, the Grid Convergence Index (GCl) methodol-
ogy proposed by Roache [38] was used. This approach
provides a standardized method to demonstrate grid in-
dependence. The GCI method is based on Richardson
Extrapolation theory and indicates how much the so-
lution would change with further mesh refinement. A
small GCI value confirms that the solution is within the
asymptotic range of convergence, providing confidence
that the chosen mesh resolution adequately captures



the flow physics with minimal discretization error.

For this study, four meshes were evaluated with a
refinement ratio of 1.5, resulting in four grids with ap-
proximately 15, 25, 35, and 50 grid elements per hy-
draulic diameter (Mesh 0, 1, 2, 3, respectively). The
results of this analysis are presented in Fig. 3 and Tab.
1.
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Figure 3: Results of the wall heat flux sensitivity to mesh
refinement.

Even the coarsest mesh (Mesh 0) can be considered
adequately refined, with a relative deviation from the
finest grid of approximately 2.4%. As shown in Tab.
1, the three finer meshes are well within the asymp-
totic range of convergence, with the highest GCI value
being approximately 0.5%. Therefore, further refine-
ments beyond Mesh 1 would significantly increase com-
putational cost with negligible improvement in solution
accuracy. Consequently, Mesh 1 was selected for the
characterization of all structures.

Table 1: Mesh sensitivity analysis results and grid conver-
gence index.

Mesh Dy /A -] ¢[Wm™2] GCI[%]
Mesh 0 15 1.702 x 104 -
Mesh 1 25 1.685 x 10* 0.505
Mesh 2 35 1.681 x 10* 0.148
Mesh 3 50 1.680 x 10* 0.001

Another important mesh parameter is the number
of inflation layers, which controls the resolution of the
boundary layer region. In the previous analysis, 15 pris-
matic layers were used for all tested meshes, which is
generally considered adequate. To evaluate the sensi-
tivity of the solution to this parameter, different vari-
ants of Mesh 1 were tested in which the number of
layers was varied between 5, 15, and 25. The results
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are presented in Fig. 4 and Fig. 2.
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Figure 4: Results of the wall heat flux sensitivity to the
number of inflation layers.

The analysis of the results reveals that increasing
the number of layers from 5 to 15 leads to a solution
deviation of approximately 1%, while a further increase
from 15 to 25 layers reduces this deviation to only 0.1%.
Based on these findings, Mesh 1 with 15 prismatic
layers was selected as it provides the optimal balance
between solution accuracy and computational cost.

Table 2: Results of the mesh sensitivity to the number of
inflation layers.

Mesh  Prism Layers [-] ¢ [W m 2]
Mesh 15 5 1.703 x 10*
Mesh 115 15 1.686 x 10*
Mesh 195 25 1.688 x 104

2.1.3. Numerical Setup

All cases were simulated using a commercial solver
[37]. As mentioned before, periodic boundary condi-
tions were applied along the streamwise direction, with
a user-defined pressure gradient enforcing the desired
mass flow rate. For the TPMS structures, periodic
boundary conditions were applied in the lateral direc-
tions. For the pin fin and BCC structures, symme-
try boundary conditions were applied at the two unit
cell symmetry planes as well as at the unit cell lat-
eral surface. These settings are applicable under the
assumption of fully developed flow and of an infinite
lattice matrix. Finally, the top, bottom, and internal
surfaces were treated as smooth, no-slip walls., main-
tained at a constant prescribed wall temperature. An
example of the gyroid computational domain and re-
spective boundary conditions is shown in Fig. 5.
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Figure 5: Example of the computational domain and sum-
mary of boundary conditions.

The working fluid was assumed to be incompressible,
with thermophysical properties (density, viscosity, ther-
mal conductivity, and specific heat) evaluated at the
bulk inlet temperature and held constant throughout
the domain.

Furthermore, the simulations were conducted using
a steady-state, pressure-based solver using the SIM-
PLE algorithm for pressure-velocity coupling. Besides
this, a second-order upwind scheme was used for the
spatial discretization in the transport equations. For
turbulence modeling, the RANS k — w shear stress
transport (SST) model was adopted. Literature on tur-
bulent flow in lattice structures, especially in TPMS,
shows no clear consensus on the optimal turbulence
model, with researchers choosing between k — € vari-
ants (Standard, RNG, Realizable) and £ —w SST. Yan
et al. [20] compared multiple turbulence models across
a wide Reynolds numbers range. His study concluded
that the k—w SST provided the most consistent predic-
tions for both friction factor and Nusselt number, par-
ticularly at low Reynolds numbers. Although some k—e
variants offer computational efficiency and handle swirl
and separated flows well, the K —w SST model is supe-
rior for low-Reynolds number flows and complex bound-
ary layers. Additionally, the mesh resolution selected
in the sensitivity analysis naturally ensures y™ 1,
meeting the near-wall refinement requirements of this
model. Therefore, despite its potential to be slightly
dissipative in free shear regions, the k —w SST model
was selected based on its proven accuracy on internal
flows and compatibility with the mesh resolution used
in this study.

Finally, due to the large number of simulations re-
quired for the characterization of the structures, the
simulation process was automated using the Python
library PyFluent [39].

~
~
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2.1.4. Computational Model Validation

To assess the reliability of the numerical setup, a val-
idation study was conducted using the pin fin geome-
try. The pin fin configuration analyzed has a height-
to-diameter ratio (H/D) of 4, with both streamwise
(X/D) and spanwise (S/D) spacings equal to 2. The
predicted friction factors and Nusselt numbers from
the simulations were compared with well-established
empirical correlations available in the literature.

In particular, the friction factor was compared
against empirical correlations derived from experimen-
tal data by Metzger [40] and Ostanek [41]. As shown in
Fig. 6, the CFD results demonstrate good agreement
with Metzger's correlation across the entire Reynolds
number range, while a modest deviation from Os-
tanek’s correlation is observed, particularly at lower
Reynolds numbers.

—— Metzger (1986) CFD

---- Ostanek (2012) °

fo [-1]

0.1

1000
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Figure 6: Friction factor predictions estimated from the
simulation results against the predictions of empirical corre-
lations from Metzger [40] and Ostanek [41].

The Nusselt number predictions were also compared
with the results of the empirical correlations from Met-
zger [40] and Chyu et al. [42]. As presented in Fig.
7, the CFD model predictions show good agreement
with both correlations throughout the Reynolds num-
ber range analyzed.

In general, the validation study confirms that the
numerical model accurately captures both the friction
and heat transfer characteristics of the pin fin configu-
ration. This provides confidence in the reliability of the
computational setup and justifies its application to the
characterization of the studied subset of structures.

2.1.5. Numerical Dataset

Regardless of the specific geometry analyzed, the sim-
ulation domain consisted of a unit cell of 5 mm in all
three dimensions. Its porosity varied as a function of



e CFD

—— Metzger (1986)

---= Chyu (2009)

1060
Rep [-]

10000

Figure 7: Nusselt number predictions estimated from the
simulation results against the predictions of empirical corre-
lations from Metzger [40] and Chyu et al. [42].

the geometry characteristics in a range of 25% to 95%.
To evaluate performance across different flow regimes,
simulations were conducted over a Reynolds number
range spanning from 100 to 100,000. Two working
fluids were considered: air and a 50-50% by volume
water-ethylene glycol mixture (WEG50-50). This al-
lowed the effect of Prandtl number on heat transfer
to be captured throughout all the investigated topolo-
gies. The inlet bulk temperature was also varied be-
tween 303.15 K and 343.15 K, while the wall tempera-
ture was consistently defined as the bulk temperature
plus 40 K, thus maintaining a constant temperature
difference between the fluid and the wall in all simu-
lation cases. This comprehensive test matrix enabled
systematic evaluation of the effects of geometry, flow
regime, and fluid properties on the thermo-hydraulic
performance of the studied lattice structures.

2.1.6. Post-Processing and Data Reduction

Given the streamwise pressure gradient and the wall
temperature as boundary conditions, the primary out-
puts of the simulations are the mass flow rate, 2, and
the wall heat flux, ¢. These two quantities, combined
with the geometric characteristics of each structure,
are sufficient to calculate all the relevant performance
parameters.

It is important to calculate the flow and thermal
properties to define the reference volume or area be-
ing considered. In particular, in this work, a distinc-
tion is made between superficial quantities and pore
quantities, as commonly done in the field of porous
media modeling. The former are defined with respect
to the total cross-sectional area of the computational
domain, as if the channel were empty, and represent
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bulk-averaged properties of the medium as observed
externally, without considering porosity or internal fea-
tures. Instead, pore quantities, also referred to as in-
trinsic or interstitial quantities, are defined with respect
to the fluid volume within the porous medium. These
quantities describe the local flow conditions within the
channel and account for the porosity (¢) of the struc-
ture, as defined in Eq. 2.1.

W
‘/total
where V; and Vioia represent the fluid volume and total
unit cell volume, respectively.
For example, the superficial velocity is calculated us-
ing the total frontal area of the unit cell, A¢otal, which

includes both the solid and fluid regions, as shown in
Eq. 2.2.

(2.1)

B m
,OAimtotal
In contrast, the pore velocity accounts for the actual
flow area available to the fluid. Since the fluid occupies
only the porous fraction of the total area, the fluid
frontal area is given by Ainf = @Aintotal. |he pore
velocity is therefore defined as shown in Eq. 2.3.

Us

(2.2)

W

p Ain g

This distinction is important because the pore ve-
locity represents the actual velocity experienced by the
fluid as it flows through the structure, while the super-
ficial velocity provides a normalized reference based on
the overall geometry.

Another important distinction lies in the definition
of the hydraulic diameter. For an infinitely wide chan-
nel, as for the periodic and symmetry boundary condi-
tions imposed in the unit cell, the superficial hydraulic
diameter, Dy, 4, is simply twice the unit cell height, 2H,
representing the hydraulic diameter of an empty chan-
nel with the same external dimensions. In contrast, the
pore hydraulic diameter, Dy, ,, accounts for the actual
geometry within the porous structure and is defined
based on the fluid volume and interfacial surface area
of the unit cell: Dy, ;, = 4Viuid/Ainterface- This diame-
ter characterizes the effective local flow passages inside
the lattice structures.

To enable a general interpretation of the results in-
dependently of specific flow conditions or fluid proper-
ties, all thermo-hydraulic quantities were expressed in
dimensionless form. The use of dimensionless parame-
ters allows for direct comparison between different ge-
ometries and operating conditions, and facilitates the

Up (2.3)



development of generalized correlations. The key pa-
rameters considered in this study are the Reynolds num-
ber, friction factor, and Nusselt number.

The Reynolds number is defined as shown in Eq.
2.4,

_ pvDy

Re ,
I

(24)

Here p and p are the fluid density and dynamic vis-
cosity, respectively, v is the characteristic velocity (ei-
ther superficial or pore, depending on the definition
adopted), and Dy, is the corresponding hydraulic diam-
eter.

The Darcy friction factor is obtained from the pre-
scribed streamwise pressure gradient, AP/L, as

_AP D,

. 25

Additionally, the average convective heat transfer
coefficient is defined as

q

h=—"—,
Twall - 7—‘inlet

(2.6)
where ¢ is the wall heat flux and Tan and Tiniet
denote the imposed wall and inlet fluid temperatures,
respectively.
Finally, the Nusselt number provides a dimensionless
measure of convective heat transfer in the unit cell and
is computed according to Eq. 2.7.

(2.7)

It is important to note that each of these dimension-
less parameters can be defined using either superficial
or pore quantities. To distinguish among them the
subscripts (s) or (p) are introduced. Accordingly, the
superficial definitions (Res, fs, Nus) are computed
with v, and Dy, 5, whereas the pore definitions (Rep,
fp, Nup) use v, and Dy, .

2.1.7. Data Regression and Correlation Formulation

One of the objectives of this study is to develop physics-
based correlations that describe the thermo-hydraulic
performance of each investigated structure. These cor-
relations are intended to capture the effect of the pri-
mary geometric parameter, porosity (¢), and to remain
valid across laminar, transitional, and turbulent flow
regimes, as well as across the Prandtl number range
representative of typical coolants.
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Friction Factor

Analyzing hydraulic performance, based on superficial
and pore quantities, it was observed that while the
use of pore-based quantities allows for a better scaling
of the numerical data, the resulting distribution does
not exhibit a consistent correlation applicable across
all porosities. In contrast, the superficial definition pro-
duces clearer relationships between f; and Reg, with
a monotonic shift in the curves as porosity varies, as
shown in Fig. 8 for the pin fin structure. Therefore,
the friction factor correlations were fitted based on the
superficial quantities.
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Figure 8: Comparison of the superficial and pore-based
friction factor-Reynolds number trends for the pin fin con-
figuration.

The main challenge in formulating a friction factor
correlation is to define a mathematical expression that
can accurately predict the friction factor across the full
range of flow regimes. Many compact heat exchangers
operate in the transitional region, where neither purely
laminar nor fully turbulent models provide accurate pre-
dictions [43]. Therefore, the correlation must ensure
a smooth and physically consistent transition between
flow regimes. A single, continuous expression is par-
ticularly advantageous, as piecewise correlations often
exhibit discontinuities and lose predictive accuracy near
regime boundaries, which can introduce numerical in-
stability in optimization or system-level analyzes.



Few attempts have been made in the literature to
develop correlations for a range of Reynolds numbers
as wide as that analyzed in this study (100 — 100,000).
For instance, in pipe flow, the analytical solution f =
64/ Re is typically used for the laminar regime, while
the Colebrook equation [44] is commonly adopted for
turbulent flow. Recognizing the need for a continu-
ous expression, Morrison developed a correlation that
spans the entire range of Reynolds numbers, from lam-
inar through transitional to fully turbulent flow [45].
This was accomplished using a sigmoid-type function
(see Eq. 2.8) to smoothly transition between the lam-
inar and turbulent regimes.

@)= —
1+ (2)
This function transitions smoothly from 1 to 0, with

the parameter k controlling the transition behavior:

when k > 1, the function exhibits a sharp sigmoid-
like transition with a clear inflection point at x;, while

k < 1 produces a more gradual decay. The inverse

trend, thus from 0 to 1, is obtained using 1 — o(x).
Following Morrison's approach, the mathematical

properties of the sigmoid function can be leveraged

to establish a single friction factor correlation of the
form

(2.8)

f = o(Re) fam + (1 — o(Re)) frurb, (2.9)

where flam and flam are the values of the friction fac-
tor in the laminar and turbulent regimes, respectively,
predicted via two dedicated correlations.

The next step was to identify the mathematical ex-
pressions that best fit the data in the two flow regimes
for all the structures studied. The use of a consistent
formulation for all geometries, facilitates model imple-
mentation and its adaption if the lattice structure is
changed, and provides indirect evidence that the cor-
relation captures reliably the underlying flow physics.

Starting from the laminar regime, the analytical
form f = A/Re was not accurate enough to cap-
ture the trends between f; and Res observed for all
structures. Better agreement was obtained using Er-
gun's equation (Eq. 2.10), originally developed to de-
scribe pressure losses in packed columns [46]. The
Ergun model combines two contributions: a viscous
term proportional to 1/Re derived from the Kozeny-
Carman law for laminar flow through porous media,
and an inertial term independent of the Reynolds num-
ber, obtained empirically from experimental data at
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higher Reynolds numbers. By superposing these two
asymptotes, Ergun's equation provides a continuous
transition between the viscous and inertial flow regimes

flam =A+ %

This formulation is particularly appropriate for lat-
tice or porous structures, where unsteady flow features
and local recirculation appear even at relatively low
Reynolds numbers, making the simple analytical 1/Re
formulation inadequate.

For the turbulent regime, the classical friction factor
correlation for smooth pipes and channels, proposed by
Blasius [47] and Moody [48], was found to be accurate
for all cases studied. This correlation, presented in Eq.
2.11, has also been applied by Hicks [49] for turbulent
flows in porous media, supporting its validity for lattice
structures.

(2.10)

C

urb = 5 2.11
ft b ReD ( )

With the form of the friction correlations established,
a significant number of parameters needed to be fitted
to the simulation data. Given the complexity of fitting
all parameters simultaneously, this process was tack-
led in three sequential steps using the least squares
(LS) method: estimating the optimal value for the co-
efficients A and B of the correlation for the laminar
region, estimating the optimal value of the coefficients
C and D for the correlation of the turbulent region,
and then fitting the sigmoid function parameters. It
is important to note that although Morrison [45] de-
fines the inflection point of the sigmoid function as
the Reynolds number at which the transition occurs
and indicates it with Rey, in this work x4 is simply con-
sidered as a tuning parameter without direct physical
meaning.

This process was repeated for each geometry stud-
ied, meaning each porosity of each topology. However,
relying on a separate set of correlation parameters for
each porosity is impractical for heat exchanger prelim-
inary design. To address this, a general correlation
for each structure was developed by expressing the fit-
ted parameters as functions of porosity. This approach
yields a friction correlation explicitly defined in terms of
both Reynolds number and porosity. Details about the
final correlations and additional results are provided in
Appendix B.

Figure 9 compares CFD-predicted friction factors
with the fitted correlations. The results demonstrate
strong agreement, with most data points falling within



+10% deviation across the investigated Reynolds num-
ber and porosity ranges. The accuracy of the fitted
correlations is measured by the root mean square error
(RMSE) and coefficient of determination R?, reported
in Tab. 3. Overall, the correlations exhibit excellent
agreement with the CFD data, with R? > 0.99 and
low root-mean-square errors (RMSE < 7%) across all
cases. Among the geometries, the diamond and BCC
correlations show the most accurate fits, with the low-
est RMSE values and R? nearly equal to unity. The
gyroid geometry shows slightly higher deviation but re-
mains well within acceptable limits (RMSE < 7%).
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Figure 9: Deviation between the friction factor correlation
predictions and CFD simulation results for all four struc-
tures.

Table 3: Goodness of fitting for the friction factor correla-
tions.

Geometry RMSE [%] R?Z[-]

Pin Fin 6.5 0.9979
BCC 5.6 0.9998
Gyroid 6.9 0.9924
Diamond 4.2 0.9993

Nusselt Number

In contrast to the friction factor results, the heat trans-
fer analysis revealed that using pore-based quantities
causes Nusselt number data to collapse onto a single
curve for each structure, regardless of porosity. This
collapse is illustrated in Fig. 10 for the pin fin structure.
This means that a single correlation can be formulated
for each studied geometry, with geometrical character-
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istics such as porosity implicitly included in the pore
quantities definition.
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Figure 10: Pore Nusselt number results for the pin fin
configuration.

The Dittus-Boelter correlation [50], shown in Eq.
2.12, accurately reproduces the relationship between
the Nusselt and Reynolds numbers while accounting for
the influence of the fluid through the Prandtl number.
Its power-law form is simple, requiring only the fitting
of three parameters (E, F, and G).

Nu = ERef P (2.12)

In their original work on turbulent heat transfer in
smooth pipes, Dittus and Boelter proposed different
values for the Prandtl number exponent: G = 0.4
for heating and G = 0.3 for cooling. This distinc-
tion reflects the coupling between the momentum and
thermal boundary layers when the fluid thermophysi-
cal properties vary with temperature. For a fluid be-
ing heated, the temperature increases toward the wall,
which typically decreases the fluid's viscosity. This
lower viscosity near the wall reduces the damping of
turbulent fluctuations in the near-wall region, enhanc-
ing turbulent mixing and heat transfer. Conversely, for
a fluid being cooled, the viscosity increases near the
wall, which damps turbulent fluctuations and reduces
heat transfer efficiency.

In the present numerical study, all thermophysical
properties, including viscosity, are prescribed as con-
stants in space and are independent of temperature.
Thus the physical mechanism behind the heating/-
cooling case differences, are not captured. Therefore,
the distinction between heating and cooling cases be-
comes irrelevant, and the Prandtl number exponent
was treated simply as a fitting parameter.

Finally, the fitting procedure for Nusselt number cor-



relations is simpler, with a single correlation fitted for
each structure using the least squares method. Figure
11 compares CFD results for Nusselt number with the
predictions of the fitted correlations. The correlation
predictions show strong agreement with the CFD sim-
ulations, with most data points falling within +20%
deviation. More details on the correlation formulation
and additional results can be found in Appendix B.
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Figure 11: Deviation between the Nusselt number corre-
lation predictions and CFD simulation results for all four
structures.

The values of the indicators presented in Tab. 4 indi-
cate a strong agreement between the correlations and
the CFD data, with all R? values exceeding 0.98 and
RMSE values remaining below 13%. The gyroid and
diamond geometries show the most accurate fits, with
RMSE values around 67%, while the BCC configura-
tion presents the largest deviation, though still within
an acceptable range for empirical correlations. Overall,
the correlations demonstrate high predictive capability
across the different geometries and effectively capture
the heat transfer trends over the analyzed flow condi-
tions.

Table 4: Goodness of fitting for the Nusselt number corre-
lations.

Geometry RMSE [%] RZ[-]

Pin Fin 8.0 0.9924
BCC 12.42 0.9897
Gyroid 6.5 0.9952
Diamond 6.9 0.9933
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2.2. Component-level Modeling
2.2.1. Cold Plate Modeling

An effective tool for cold plate preliminary design op-
timization requires a modeling approach that balances
physical accuracy with computational efficiency. The
model must be capable of rapidly evaluating multi-
ple design configurations while capturing the essential
physics governing thermal and hydraulic performance.
Additionally, it should seamlessly integrate the detailed
correlations derived before.

Thermal Performance

The thermal performance of the cold plate is modeled
using the e-NTU method, a heat exchanger reduced-
order (HERO) model, which provides a simple yet phys-
ically sound framework for heat exchanger analysis. Al-
though the e-NT'U method was derived for two-fluid
heat exchangers [43], it can be adapted to cold plate
configurations through appropriate modeling assump-
tions.

Copeland [51] proposed an approach that treats the
cold plate base as an isothermal surface at temperature
T;Dase. This assumption implies that the hot-side heat
capacity rate becomes infinite (Cax — 00), resulting
in a heat capacity ratio of C* = 0. Under these con-
ditions, Cpin corresponds to the working fluid's heat
capacity rate, Cy. With this simplification, the effec-
tiveness becomes

Q0 _ a1
Qmax Cmin(TSbase - Tfm) ’
Since C* = 0, the e NTU relationship simplifies to

(2.13)

€ =

e=1—e NV, (2.14)

The NTU depends on both the fluid heat capacity
rate and the cold plate conductance, UA, which is
t 1

computed as
-1
)\sAbase + nghAinterf) :

Here, h represents the convective heat transfer co-
efficient in the cold plate calculated from the Nus-
selt number correlations, and 7, is the overall fin ef-
ficiency that accounts for the reduced effectiveness of
the finned surfaces. The overall fin efficiency reads

UA= ( (2.15)

finned

nozl_W(l_nf)a (2.16)

where Afnned represents the finned (extended) area
and ¢ the fin efficiency, which is defined as



_ tanh (mLeg)
N ML

m — [ hpeff
)\s Ac, eff’
here, Leg is the effective length of the fin, peg is the
effective fin perimeter, and A; f is the effective fin
cross-sectional area. The formulation in Eq. 2.15
explicitly incorporates both the conduction resistance
through the base plate (#/\sA”%°) and the convective
resistance at the fluid-solid interface (1/n,hA™).
Deans et al. [52] proposed an alternative approach
that interprets the cold plate as a two-stream cross-
flow heat exchanger. In this framework, heat conduc-
tion along the fins is treated as a pseudo-fluid stream
with an equivalent heat capacity rate, Cs, defined
based on fin geometry, as shown in Equation 2.18.

nt (2.17)

)

_ NhP.g tanh (mLeg)
B 1

~ cosh (nLeg)

Cs

e (2.18)

where N is the number of fins and h is the heat
transfer coefficient.

In contrast to Copeland’s methodology, this method
yields a non-zero heat capacity ratio, requiring the use
of the cross-flow e-NTU relationship for both fluids
mixed, namely

1
1 c* 1

[— e NTO) T T _(O"NTO) ~ NTU

(2.19)

9

to predict the cold plate effectiveness.

Another difference is the calculation of thermal con-
ductance. Since fin efficiency is implicitly incorporated
through the solid heat capacity rate, Cs, the cold plate
conductance reduces to UA = hA™ef  However,
this formulation does not intrinsically capture the tem-
perature variation along the base plate, which was ac-
counted for in Copeland’'s method through the con-
duction resistance term. When necessary, this tem-
perature gradient can be computed separately using
Fourier's law of conduction.

Both methodologies account for the temperature
gradient that develops along the extended surfaces,
which reduces the heat transfer effectiveness. How-
ever, they employ different strategies to model this
effect. Copeland'’s approach explicitly incorporates the
overall surface efficiency, 7,, as a multiplier in the con-
vective thermal resistance. In contrast, Deans’ method
embeds this effect within the equivalent solid-side heat
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capacity rate, Cy, treating fin conduction as a thermal
capacitance effect.

These methods require information about geomet-
ric characteristics of the fins, including their effective
length, perimeter, and cross-sectional area. While
these quantities are straightforward to obtain for strut-
based structures such as Pin Fins and BCC lattice,
their determination for TPMS geometries presents ad-
ditional challenges due to their complex topology. For
TPMS, the effective fin length is approximated as half
the unit cell height, Leg = Hyc/2. The effective
perimeter is obtained from the ratio of the total finned
area to the height of the unit cell, Pog = A™f /[T ..
Finally, the effective cross-sectional area is calculated
by dividing the solid volume by the unit cell height,
Ac,eff = Vs/Huc-

Hydraulic Performance

While the preceding analysis addresses the thermal per-
formance of the cold plate, the hydraulic characteris-
tics are equally critical for system design. Pressure
losses are computed using the predictions of the fitted
empirical correlations through the Darcy-Weisbach fric-
tion factor definition (see Eq. 2.9).

2.2.2. Model Implementation

As a proof of concept, the methodology was applied
to the design of a cold plate. The selected test case
represents a relevant aerospace application for evaluat-
ing design methodologies for additively manufactured
heat exchangers. The same design problem has been
studied by Raske et al. [31], Daifalla et al. [32], and
Chiodi et al. [33].

The baseline design has been proposed by a rele-
vant OEM in the aerospace sector, namely, Rolls-Royce.
More in detail, the test case consists of a cold-plate
heat exchanger used as a heat sink for power elec-
tronics. As shown in Fig. 12, the baseline geometry
features a multi-pass serpentine channel with 180° U-
bends, and both the flow inlet and outlet positioned on
the same side. The power electronics are represented
by six heating elements or cells, three on each side
of the cold plate. Unlike conventional heat exchang-
ers, cold plates must maintain the surface temperature
of each heating cell uniform and within the allowable
operating range of the power electronics. The 180°
U-bends in the serpentine configuration generate high
pressure losses providing limited heat transfer enhance-
ment.

In this work, the working fluid is WEGb50-50, with
an inlet temperature of 333.15 K and a mass flow rate
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Figure 12: Rolls-Royce cold plate benchmark geometry,
adapted from [32].
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of 0.05kg/s. Each heating cell generates a heat flux
of 94,500 Wm~2 and the external walls of the cold
plate are assumed to be adiabatic. The cold plate
material is characterized by a thermal conductivity of
As = 2024 Wm 1K1,

The application of the HERO model to the test case
required some specific adaptations. The serpentine
channel is replaced by a U-shaped configuration filled
with the structures investigated in this study. To pro-
mote uniform flow distribution up to the last heating
cells, a septum extends along the centerline, covering
two-thirds of the cold plate total length. This flow
configuration is illustrated schematically in Fig. 13.

-
»

Figure 13: Schematic of the adapted coldplate.

Additionally, since the HERO model is based on the
€ — NTU formulation, it assumes unidirectional flow
and uniform boundary conditions over each modeled
surface. Consequently, it cannot directly represent the
flow reversal at the U-turn or the spatially varying heat
flux imposed by individual heating cells. To address
these limitations, three modeling strategies of increas-
ing complexity were implemented.

In the first one, see Fig. 14, the two branches of
the cold plate are concatenated into a single equiva-
lent channel, with the same total heat transfer area
but with an overall length double the original one and
a width halved with respect to that of the cold plate.
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This simplification allows the entire device to be rep-
resented by a single control volume, assuming uniform
heat flux distribution over the external walls. While
this approach, indicated as the lumped-parameter ap-
proach, provides a computationally efficient way of es-
timating the average wall temperature and the overall
thermal performance of the cold plate, it cannot cap-
ture spatial temperature variations.

= =

Figure 14: Lumped-parameter modeling approach: the two
branches of the cold plate are represented as a single equiv-
alent straight channel with uniform heat flux.

To capture the thermal gradient along the plate, a
second modeling approach was evaluated. This is de-
picted in Fig. 15, where the cold plate is divided into
six consecutive modules, each represented by an in-
dependent control volume. The outlet temperature of
each module becomes the inlet temperature of the next
one, allowing the temperature evolution along the flow
path to be captured. Although the uniform heat flux
assumption is retained within each module, this strat-
egy , which is referred to as the segmented modeling
approach, provides a higher spatial resolution of the
temperature difference across the cold plate without

significantly increasing model complexity.

.|

Figure 15: Segmented modeling approach: the cold plate
is divided into six modules connected in series.
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Finally, the discretized modeling approach (Fig. 16)
is based on a discretization scheme that resolves the
actual heat flux distribution in the cold plate surface
as illustrated in Fig. 16.

However, this higher spatial resolution increases
complexity. Furthermore, the heat applied to the
top and bottom surfaces does not transfer directly to
the working fluid. Instead, it first conducts through
the solid on the top and bottom thin end plates,
where a portion is redistributed laterally by in-plane
conduction. The model thus needs to solve a two-
dimensional steady-state heat conduction problem on
the end plates.
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Figure 16: Discretized modeling approach: the cold plate
is divided into multiple control volumes.

In principle, this problem could be solved numeri-
cally using a finite-volume or finite-element method.
However, such an approach would require the iterative
solution of a coupling scheme between the fluid and
the solid solvers and would be computationally expen-
sive. Assuming steady-state conditions, uniform ther-
mal conductivity and convective heat transfer coeffi-
cient, and that the end plate thickness is much smaller
than its lateral dimensions, the two-dimensional heat
conduction problem on the end plates can be solved
efficiently. Applying a Fourier transform to the gov-
erning heat conduction equation converts the partial
differential equation into an algebraic expression in the
spectral domain, as described in [53], significantly re-
ducing computational cost.

Since the heat conduction problem on the end plates
depends on the convective heat transfer coefficient,
which in turn depends on the local fluid conditions
determined by the heat flux distribution, the solution
procedure requires an iterative approach. Starting with
an initial estimate of the heat transfer coefficient, the
conduction problem is solved to obtain the local heat
flux distribution. This heat flux is then applied to each
control volume, where the ¢ — NTU method updates
the heat transfer coefficient, and the iteration contin-
ues until convergence is achieved.

Beyond the thermal coupling between solid con-
duction and fluid convection, the discretized model
must also ensure mass conservation across the net-
work of control volumes. In this regard, it is assumed
that the working fluid flows through a set of inde-
pendent concentric U-shaped channels without cross-
communication with the parallel channels, as repre-
sented in Fig. 17. Thus, the mass flow rate is con-
served along each tube of flow. At the component
level, the total mass flow supplied to the inlet man-
ifold equals the total mass flow exiting through the
outlet.

The manifolds are treated as plena, regions where
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Figure 17: Schematic representation of the concentric U-
shaped channels or tubes of flow used in the discretized
model.

static pressure is spatially uniform. Thus, the pressure
drop between inlet and outlet must be equal for all
channels. To satisfy this constraint, the mass flow
rate must distribute among the channels such that
pressure losses in each branch are equal. Channels
with lower hydraulic resistance (e.g. due to shorter ef-
fective length) carry a larger share of the total flow,
while those with higher resistance receive proportion-
ally less. The flow distribution is achieved by solving
the network continuity equations across the network
of control volumes iteratively. The solver adjusts the
individual channel mass flow rates until two conditions
are met: equal pressure drop across all branches and
conservation of the total inlet mass flow rate.

Because the thermal and hydraulic problems are in-
herently coupled, an outer iteration loop is required to
ensure convergence of all field variables. Despite these
nested iterations, the computational cost remains mod-
erate due to the analytical nature of the 2D conduction
problem solution and the efficiency of the e— NT'U for-
mulation. The number of control volumes was selected
based on a grid sensitivity analysis, which showed that
further refinement beyond 32 channels (96 x 64 con-
trol volumes) produced less than a 0.1% change in all
performance metrics. The details of the discretized
model derivation and the results of this grid sensitivity
analysis are provided in Appendix C.

Model Verification

Before using it in the case study, the heat exchanger
reduced-order (HERO) model was validated against
CFD simulations of four TPMS arrays studied by Casini
et al. [54]. Two coupons featured Gyroid structures
with porosities of 75% and 55%, while the remaining
two had Diamond structures with the same porosities.
The computational setup is described in detail in Ref.
[54]. The computational domain consisted of an array
of 5 unit cells with lateral translational periodicity, as
shown in Figure 18.
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Figure 18: Coupon computational domain and correspond-
ing boundary conditions.

In the verification exercise, whose results are pre-
sented in Figure 19, two versions of the HERO model
were compared: Copeland’'s single-stream model
(HERO SS) and Deans’ two-stream model (HERO
TS). Regarding discretization, the lumped-parameter
version of the HERO model was adopted since the
configuration involves only a 5-unit cell array with a
constant temperature boundary condition at the exter-
nal wall.

For the Gyroid structures, HERO SS underestimated
the heat transfer rate by 5.0% at 55% porosity and
1.6% at 75% porosity, while HERO TS showed larger
deviations of 9.0% and 10.1%, respectively. For the
Diamond structures, the agreement was notably bet-
ter: HERO SS slightly overpredicted heat transfer by
1.9% at 55% porosity and 3.2% at 75% porosity, while
HERO TS remained within 2.4% to 5.9% deviation.

Bmm CFD mmm HERO SS HERO TS
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+1.9%

140 1 -5.0%

9.0% +3.2%
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Figure 19: Comparison between CFD and HERO model
predictions of heat transfer rate for Gyroid and Diamond
coupons at different porosities.

These deviations, all within 10%, can be attributed
to several factors. First, the correlations were obtained
for a fully periodic domain representing fully devel-
oped flow, whereas the CFD computational domain
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comprised only five unit cells in the streamwise direc-
tion. This length is insufficient to render entrance
effects negligible, and the developing region exhibits
higher heat transfer rates. Consequently, the reduced-
order model, based on fully developed flow correlations,
would be expected to underpredict the CFD results.
This holds true for the two-stream approach; however,
the single-stream approach overpredicts the heat trans-
fer rate for the Diamond geometry by a small margin
(<3%). This result points to another source of devi-
ation. The correlation regression process itself carries
some uncertainty, which, combined with possible nu-
merical uncertainties from the CFD simulations used
to generate the synthetic dataset, may be the cause of
this slight overprediction.

Overall, although the HERO TS model shows more
consistent behavior by underpredicting heat transfer
across all geometries, the HERO SS model exhibited
substantially lower deviations. Therefore, the single-
stream formulation will be adopted for the application
to a real system test case and will hereafter be referred
to simply as the HERO model.

The verification exercise also included a comparison
of the pressure drop predicted by the HERO model
against those from the reference CFD simulations. The
pressure drop comparison, shown in Figure 20, re-
vealed generally good agreement across all configura-
tions, with relative deviations within +£10%. For the
Gyroid structures, the HERO model slightly underpre-
dicted the pressure drop by 9.0% at 55% porosity and
6.6% at 75% porosity. For the Diamond structures,
the model slightly overpredicted the pressure drop by
4.6% at 55% porosity and underpredicted it by 8.1%
at 75% porosity.

Similar to the heat transfer process, the fact that
entrance effects are neglected would suggest that the
HERO model should underpredict the pressure losses.
However, for the Diamond structure at 55% poros-
ity, the HERO model slightly overpredicts the pressure
drop. The absence of systematic deviations associated
with either geometry or porosity suggests that the ob-
served discrepancies stem from inherent uncertainties
in both the correlation formulation and the CFD simu-
lations themselves.

In summary, the HERO model predictions showed
reasonable agreement with CFD results across all
tested configurations, with pressure drop deviations
not exceeding +9% and heat transfer deviations re-
maining within +£10%. These results indicate that
the HERO model can adequately capture both the hy-
draulic and thermal behavior of heat exchangers fea-



s CFD mm HERO

2500 +4.6%

2000

1500 1

AP [Pa]

1000 1

500

Gyroid 55%

Gyroid 75% Diamond 55% Diamond 75%

Figure 20: Comparison between CFD and HERO predic-
tions of pressure drop for Gyroid and Diamond coupons at
different porosities.

turing lattice structures with considerably lower com-
putational cost than high-fidelity simulations. The ob-
served deviations are consistent with typical limitations
of reduced-order formulations, which arise primarily
from the homogenization of local flow structures and
thermal gradients.

3. Results and Discussion

This section presents, first, the results of a parametric
analysis aimed at assessing the thermo-hydraulic per-
formance of each lattice structure for the cold plate de-
sign problem; second, the accuracy and computational
cost of the cold plate model based on the adopted
discretization approach for various lattice structure ge-
ometries.

3.1. Component-level Performance of Lat-
tice Structures

To compare the performance of the lattice structures
under consideration, hen adopted for the geometry of
the internal channels of the cold plate, the porosity
of each candidate topology was varied in the range
of 0.45 to 0.85, and the resulting cold plate average
external wall temperature and pressure drop were ana-
lyzed. This porosity range was selected to ensure the
manufacturability of all lattice structures while provid-
ing sufficient design space to identify the main perfor-
mance trends. The segmented modeling approach was
used for the cold plate model, as it offers a reasonable
trade-off between computational efficiency and spatial
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accuracy.
Figure 21 summarizes the thermo-hydraulic perfor-
mance of the four lattice structures for the cold plate
design. A consistent trend emerges across all geome-
tries: higher porosity reduces pressure drop but also
leads to poorer heat transfer and, consequently, higher
external wall temperatures, highlighting the inherent

trade-off between heat transfer and pumping power.
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Figure 21: thermo-hydraulic performance map comparing
lattice structures across the design space. Each data point
represents a simulation at a specific porosity value, with
porosity increasing from right to left along each curve.

The BCC structure stands out as as the best so-
lution if minimizing pumping power is the dominant
design constraint. However, regardless of the chosen
porosity, cold plates with this channel topology feature
wall temperatures 3 — 10 K higher than that achieved
with the other design options.

In contrast, TPMS structures demonstrate superior
thermal performance, allowing for the lowest wall tem-
peratures. However, this advantage comes at the
expense of significantly higher pressure losses. Be-
yond a certain pressure loss threshold, around 5 — 6
kPa, the thermal performance approaches an asymp-
tote, and further decreases in porosity produce only
marginal thermal improvements despite substantial in-
creases in pressure drop. Within the TPMS family, the
gyroid and diamond structures show comparable per-
formance across much of the operating range. While
all diamond configurations deliver strong thermal per-
formance, those with lower porosities yield the highest
pressure drops observed in this study.

The pin fin structure-based designs occupy an in-
termediate position between the solutions with TPMS



and BCC lattices, offering favorable thermal perfor-
mance while requiring substantially lower pressure
drops than TPMS-based cold plates.

These performance differences can be attributed to
the distinct characteristics of each topology. The BCC
structure presents a cross-shaped geometry that forms
four triangular channels aligned with the primary flow
direction. While the struts do induce turbulence and
promote mixing, the relatively large open flow area al-
lows a significant portion of the mass flow to bypass
regions of high momentum exchange. This flow charac-
teristic explains both the observed low pressure losses
and the reduced heat transfer effectiveness, as the in-
tensity of mixing remains insufficient and the secondary
heat transfer surfaces are ineffective.

TPMS structures, by contrast, feature minimal free
flow area, forcing the fluid through highly tortuous
pathways. This topology intensifies secondary flows
that enhance mixing and heat transfer. The improved
thermal performance naturally comes with higher pres-
sure penalties due to the increased flow resistance
through these channels of complex shape.

The pin fin configurations represents an intermedi-
ate solution with its performance strongly dependent
on porosity. At higher porosities, the flow experiences
minimal deflection around the pins, resulting in perfor-
mance closer to the BCC lattice. However, as porosity
decreases, the flow path becomes progressively more
tortuous, leading to increased pressure losses accom-
panied by enhanced heat transfer. This enhancement
arises from two mechanisms: first, the intensification
of flow mixing, and second, the increase in available
surface area for convective heat transfer.

3.2. Selected Optimal Designs

To identify a single optimal design for each topology, all
designs from all structures were combined into a single
set to establish a global Pareto front with respect to
the design objectives. Each objective value was then
normalized to [0, 1] using

__ rrglobal
F* = F F min (3 1)
global Fglobal ) ’
max — L'pip

where FE°P and Felobal represent the minimum and
maximum values across the whole set of solutions.
This creates a normalized objective space where (0,0)
represents the ideal performance or utopia point, as
this theoretical solution would yield simultaneously the
lowest wall temperature and lowest pressure drop found

in the dataset. For each topology, the Euclidean dis-
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tance from each point in the design set to the utopia
point was calculated, and the design solution exhibit-
ing the minimum distance was identified as the optimal
trade-off for that structure.

This approach implicitly assigns equal weighting to
thermal performance and pressure drop. In practice,
heat exchanger optimal design strongly depends on
application-specific constraints and objectives. Accord-
ingly, a more rigorous approach would require a multi-
criteria decision making framework incorporating ex-
plicit cost functions or weights defined based on the
intended operating conditions. The distance-to-utopia
approach adopted here therefore serves only as a an
initial comparative metric in the absence of specific ap-
plication requirements are not defined and the selected
geometries should not be regarded as universally opti-
mal.

Figure 22 shows the optimal design selected for each
structure in the normalized objective space, and Tab.
5 summarizes the corresponding performance metrics
for these designs.
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Figure 22: Normalized performance objectives space of the
four investigated structures. The starred markers indicate
the optimal trade-off point for each structure.

Among the selected optimal designs, the solutions
with diamond and gyroid lattices achieve the lowest
wall temperatures (T, =~ 345K) with nearly identi-
cal pressure drops (AP ~ 1.1 — 1.2kPa), demonstrat-
ing the superior thermo-hydraulic performance of these
topologies. The cold plate with pin fin structures ex-
hibits comparable performance, but requires a slightly
higher pressure drop to achieve similar levels of cool-
ing. The selected BCC geometry shows weaker thermal
performance despite its moderate pressure drop. Com-



pared to the baseline design (see Fig. 12), all lattice-
based designs substantially outperform it, reducing the
average wall temperature by 13 — 14K as well as the
pressure drop by an order of magnitude.

Table 5: Summary of the optimal trade-off designs identi-
fied for each structure and comparison with the benchmark
serpentine channel.

Geometry ¢ T, [K|] AP [Pa]
Serpentine - 359.17 12597
Pin Fin ~ 68% 345.57 1298
BCC 45% 349.76 676
Gyroid 79% 345.43 1157
Diamond  85%  345.30 1138

The optimal designs of the TPMS and pin fin config-
urations are extremely close to each other, with perfor-
mance differences within model uncertainty. Therefore,
no conclusive ranking can be established among these
three structures. Given their comparable performance,
these design solutions will be used as test cases to
assess the different discretization schemes considered
for the HERO model (lumped-parameter, segmented,
and discretized), and ultimately to validate the HERO
model against high-fidelity numerical simulations.

3.3. Model Validation

The three modeling approaches under consideration for
the Hero model differ fundamentally in how they rep-
resent the spatial variation of fluid properties and flow
distribution within the cold plate. By comparing the
predictions obtained with these approaches and also
against the results of high-fidelity CFD simulations,
this section is aimed at identifying the HERO model
implementation that enables a trade-off between com-
putational cost and accuracy suitable for cold plate
preliminary design.

3.3.1. Comparison of Modeling Approaches

Table 6 presents the results obtained with the three
modeling approaches and the high-fidelity CFD sim-
ulations for each of the three optimal cold plate de-
signs. The reported percentage error refers to the
deviation of the reduced order model prediction from
the corresponding CFD result. The percentage er-
rors for pressure drop are computed using the stan-
dard relative definition with respect to the CFD ref-
€rence, EI“I‘OI"[%] = |APHERO - APCFD| /APCFD X
100. For wall temperature, the error is normalized
by the wall-to-inlet temperature difference Error[%]
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|Tw 1ERO — Tw.cFD| / (Tw,crD — Tin) % 100, in order
to avoid misleadingly small percentage values.

The lumped-parameter approach consistently yields
higher values for both average external wall temper-
ature and pressure drop when compared to the more
complex approaches. The wall temperature difference
is particularly significant, stemming from the model’s
inability to capture the streamwise evolution of fluid
temperature. By evaluating thermophysical proper-
ties at inlet temperature and assuming them constant
throughout the domain, this approach fails to account
for the exponential decrease in fluid viscosity as tem-
perature rises. This viscosity reduction increases the
Reynolds number along the flow path, which implies an
increase in heat transfer. Since the lumped-parameter
model does not capture these phenomena, it system-
atically underestimates thermal performance. Pressure
drop is also overpredicted, though to a lesser extent.

The segmented approach, by dividing the domain
into six modules, captures properly the variation in
fluid properties as the bulk temperature is updated
in each module. The pressure drop estimate also
decreases compared to the lumped-parameter model,
though more moderately than the wall temperature.
This is the result of two competing effects: the de-
crease in fluid density with temperature increases flow
velocity, which would typically raise pressure losses,
while the exponential decrease in viscosity reduces fric-
tion. The viscosity effect appears dominant, leading to
a net reduction in predicted pressure drop.

The discretized approach, despite splitting the do-
main into several control volumes, produces results
generally comparable to those obtained with the seg-
mented model. The modest differences in wall temper-
ature and pressure drop arise primarily from the non-
uniform distribution of mass flow rate across parallel
channels. Channels located closer to the heat sources
exhibit higher mass flow rates, which slightly reduces
both local wall temperatures and overall pressure losses
compared to the uniform flow distribution assumption
inherent in both the segmented and lumped-parameter
discretization approaches.

3.3.2. Comparison with CFD Results

The results were validated against full-scale CFD con-
jugate heat transfer simulations using the setup from
Casini et al. [54]. The mesh featured 15 elements
per hydraulic diameter, resulting in approximately 80
million cells, consistent with the mesh resolution used
by Daifalla et al. [32] for the same test case. Con-
sidering this, these high-fidelity simulations came at a



Table 6: Comparison between the results predicted by the Lumped-parameter, Segmented, and Discretized models and
the reference CFD simulations for each optimal design. The percentage error refers to the deviation of the reduced order
model prediction from the corresponding CFD result.

Pin Fin
Objective Lumped Error [%] Segmented Error [%] Discretized Error [%] CFD
Ty [K] 348.28 28.2% 345.57 5.3% 345.38 3.6% 344.95
AP [Pa) 1338 35.7% 1298 31.77% 1214 23.2% 985
Gyroid
Objective Lumped Error [%] Segmented Error [%] Discretized Error [%] CFD
Ty [K] 348.19 31.9% 345.43 7.7% 345.17 5.4% 344.55
AP [Pa] 1181 4.5% 1157 2.4% 1114 -1.4% 1130
Diamond
Objective Lumped Error [%] Segmented Error [%] Discretized Error [%] CFD
Tw [K] 348.11 16.6% 345.30 -5.3% 345.21 -6.0% 345.98
AP [Pa) 1149 -8.7% 1138 -9.6% 1101 -12.5% 1259

significant computational cost. Beyond the extensive
work required for geometry generation and meshing,
each simulation required approximately 6 hours to con-
verge on a 196-core cluster. In contrast, the discretized
HERO model offers dramatic computational savings:
in the same 6-hour window, the reduced-order model
can be evaluated 20,000 times.

Across all three geometric configurations, the seg-
mented and discretized formulations demonstrate sub-
stantially better agreement with CFD predictions than
the lumped approach. While the lumped formulation
remains useful for preliminary design screening and
qualitative comparisons, its lumped treatment of flow
and heat transfer results in the largest deviations from
the reference solutions.

The HERO model’s accuracy shows clear geometry-
dependent patterns. For the Pin Fin configuration, all
three approaches predict wall temperatures in close
agreement with CFD, with the segmented and dis-
cretized models nearly matching the reference value.
However, all models significantly overestimate pressure
drop (Error =~ 23% for the discretized approach), sug-
gesting that the Pin Fin geometry is particularly sensi-
tive to local flow effects not captured by the reduced-
order model.

Analysis of the velocity contour at the mid-height
plane (Fig. 23) reveals the source of this overpre-
diction. In the straight sections, the flow encounters
a staggered pin arrangement that forces the fluid to
weave through the struts, generating substantial pres-
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sure losses. However, during the U-turn region, which
comprises roughly one-third of the cold plate, the geo-
metric orientation changes with respect to the incom-
ing flow. The pins that were previously staggered now
align to create open flow channels, allowing the fluid to
bypass the obstacles with minimal resistance. This flow
bypassing effect substantially reduces the actual pres-
sure drop compared to what the HERO model predicts,
since it is based on the straight-section flow regime.

Velocity
0.50

0.25

0.00
[m s?-1]

252
22y

Figure 23: Velocity contour of the pin fin configuration
predicted by CFD simulation.

The Hero model estimates for the gyroid-based con-
figuration of the cold plate exhibit excellent agreement
with CFD results for both wall temperature and pres-
sure drop with all discretization options. The smooth,
continuous flow path characteristic of gyroid structures
appear to reduce local flow nonuniformities, making
the predictions less sensitive to modeling simplifica-



tions. This inherent flow uniformity allows even the
model adopting the segmented approach to achieve
high accuracy.

For the diamond configuration, all models slightly
underpredict wall temperature, though the deviations
remain small. The pressure drop is systematically un-
derpredicted regardless of the discretization approach,
suggesting the presence of additional localized losses
that are not fully captured by the reduced-order mod-
els. In fact, a limitation of the reduced-order model
is its failure to account for local losses from inlet and
outlet area contraction and expansion, as well as losses
associated with flow turning. These considerations are
case-specific and can be the subject of future research.

From a practical standpoint, the segmented model
represents a good balance between computational com-
plexity and accuracy, making it well-suited for paramet-
ric studies that require evaluating hundreds of config-
urations. However, when more detailed spatial infor-
mation is needed, such as limiting thermal gradients
along the wall, the discretized model becomes partic-
ularly valuable, as it provides the resolution necessary
to support such design purposes.

As an example, Fig. 24 compares wall temperature
distributions predicted by the HERO model against
high-fidelity CFD results.

The HERO model predictions show little variation
across different cold plate configurations. This is ex-

pected, since these designs were selected specifically
for their comparable performance. In contrast, the
CFD results reveal meaningful differences between ge-
ometries. The diamond structure exhibits a higher av-
erage wall temperature, as reported in Tab. 6. While
gyroids and pin fins show similar temperature distribu-
tions overall, pin fins display higher temperatures in
the U-bend region due to the fact that pins do not
promote enough flow mixing as described earlier.

The comparison reveals that the reduced-order
model predicts steeper temperature gradients near the
heating zones boundaries on the upper part of the cold
plate when compared with the CFD simulation result.
This occurs because the model does not account for
flow mixing and redistribution after the turn or lat-
eral heat transport between adjacent tubes. Despite
this limitation, the HERO model implementing the dis-
cretized approach still provides a reliable estimate of
the temperature distributions in the cold plate.

3.4. Porosity Field Optimization

Another advantage of the discretized HERO formula-
tion is its ability to accommodate spatially varying lat-
tice properties along the flow path. Unlike uniform-
porosity models, the discretized approach can treat
porosity as a local design variable. This capability en-
ables a more sophisticated design strategy in which the
internal architecture of the cold plate can be spatially

Wall Temperature [K]

335 340 345 350 355 360
IR ]
CFD - Pin Fin CFD - Gyroid CFD - Diamond

HERO - Pin Fin HERO - Gyroid HERO - Diamond

Figure 24: Temperature distribution on the external wall of the cold plate according to the discretized HERO and CFD
model predictions.
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tuned to address local thermal performance require-
ments.

As discussed previously, minimizing the average wall
temperature alone is insufficient for power electron-
ics cooling. Temperature uniformity is equally criti-
cal, making the mitigation of local hot spots a primary
design driver. Accordingly, the cold plate design was
optimized to spatially redistribute the lattice structure
porosity to achieve more uniform wall temperatures for
the same pressure drop and average wall temperature
of the baseline design.

To allow a smooth spatial variation of porosity, the
distribution was parameterized through a reduced set
of control points rather than optimizing directly its
value in each cell, as illustrated in Fig. 25. Each con-
trol point prescribed a local porosity value and the full
field was reconstructed through normalized radial basis
function (RBF) interpolation. This approach ensured
smooth spatial gradients consistent with manufactura-
bility constraints, reduced the dimensionality of the op-
timization problem, and prevented non-physical check-
ered patterns that could arise from direct cell-by-cell
porosity specification.

“« ..
- ...

Figure 25: lllustration of the 36 control points parameteri-
zation defined for the spatial optimization problem.

The RBF interpolation employed a Gaussian kernel
centered at each control point. For a given spatial
location (x,y) and a set of M control points located
at ¢; = (cg,i,¢y;) With associated porosity values ¢;,
the local porosity field ¢(x,y) was computed as:

Sy ¢ wil,y)
Z£Vi1 U}i(ﬂf, y)
where the weights were defined by Gaussian basis func-

tions:

wi(x,y) = e{ (3.3)

The parameters o, and o, control the smoothness
of the interpolation in the streamwise and transverse
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directions, respectively, and were set to 75% of the
spacing between consecutive control points in each di-
rection. Normalization by the sum of weights ensured
that intermediate regions blend smoothly between con-
trol point porosity values.

The spatial optimization study is conducted starting
from the optimal uniform-porosity gyroid cold plate
identified in the preceding design phase, reported in
section 3.2. This configuration represents a well-
balanced solution in terms of pressure drop and av-
erage wall temperature, but still exhibits local high-
temperature regions associated with the imposed heat
flux distribution and flow path geometry.

The spatial porosity optimization was formulated as
a constrained single-objective optimization problem, in
which the porosity distribution within the lattice core
was treated as the design variable. The objective was
to reduce temperature non-uniformities along the cold
plate wall, while preserving the global thermo-hydraulic
performance achieved by the optimal uniform-porosity
reference design.

Let ¢ denote the vector of design variables defining
the spatial porosity field. For a given porosity distri-
bution, the discretized HERO model provides the cor-
responding wall temperature field and pressure drop.
Considering this, the optimization problem was defined
as

m(;n ATy (9) = Ty max (@) — Tyw,min ()
subject to Ilw(gb) —-1<0,
Tw,ref
AP(¢)
=\ 1<
APref b= 0’

0.45 < ¢; <0.85, i=1,..., M.

The objective function minimizes the difference be-
tween the maximum and minimum wall temperatures,
thereby directly targeting the reduction of local hot
spots and improving temperature uniformity across the
cold plate.

Two inequality constraints were also introduced to
ensure that the optimized design did not degrade the
global performance relative to the reference configura-
tion. The first constraint limited the mean wall tem-
perature to values equal to or lower than that of the
optimal uniform-porosity gyroid design, while the sec-
ond constraint enforced an upper bound on the total
pressure drop. Finally, porosity values were bounded
within a predefined interval ¢ = [0.45,0.85] to ensure
structural feasibility and consistency with the validated



correlation ranges.

The constrained optimization problem was solved
using a genetic algorithm (GA), selected following the
best practices for nonlinear optimization problems with
multiple design variables. In the present study, a pop-
ulation size of 200 individuals is adopted, consistent
with commonly recommended ranges for maintaining
genetic diversity in problems of moderate dimensional-
ity [55, 56]. Convergence was assessed using a combi-
nation of objective function tolerance, constraint viola-
tion tolerance, and stagnation criteria over successive
generations, ensuring that the optimization terminated
only once both performance improvement and feasibil-
ity had stabilized. The algorithm was implemented
using the Python Pymoo optimization library [57].

Figure 26 shows the final optimized porosity field.
Porosity decreases significantly in the final section of
the flow path in the upper left corner, which corre-
sponds to the hottest region, as shown in Fig. 24.
Lower porosity regions also appear at the U-turn cor-
ners, reducing coolant flow in the outer regions and
redirecting it toward the inner areas where the heat-
generating cells are located and the cooling require-
ments are highest. In contrast, porosity increases in
the remaining sections of the cold plate, to maintain
the overall pressure losses comparable to that of the
uniform-porosity reference design.

¢ [
0.45 0.50 0.55 0.60 0.65 0.70 0.75 0.80 0.85

|

Figure 26: Optimized porosity field.

Table 7 summarizes the key performance indicators
for the uniform-porosity reference design and the spa-
tially optimized porosity field.

The results indicate that spatial porosity optimiza-
tion successfully improved wall temperature unifor-
mity while maintaining a comparable global thermo-
hydraulic performance. The maximum wall tempera-
ture difference is reduced from 30.27 K in the uniform-
porosity configuration to 28.09 K in the optimized de-
sign, corresponding to a reduction of approximately
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Table 7: Comparison of global performance metrics be-
tween the uniform-porosity reference design and the spa-
tially optimized porosity field.

KPI Reference Optimized
AP [Pa] 1114 1125
Ty [K] 345.17 345.44
AT max [K] 30.27 28.09

7%. At the same time, the mean wall temperature
remains essentially unchanged, increasing by less than
0.3 K relative to the reference case. Similarly, the total
pressure drop shows only a marginal increase of approx-
imately 1%, remaining within the imposed constraint
and confirming that the redistribution of porosity does
not introduce an hydraulic penalty.

The improvement in temperature uniformity ob-
served in Fig. 27, is achieved through a spatial redistri-
bution of porosity: regions prone to elevated wall tem-
peratures benefit from locally reduced porosity, enhanc-
ing heat transfer effectiveness, while compensatory in-
creases in porosity elsewhere preserve the global pres-
sure drop. The porosity reduction at the U-turn corners
is intended to reduce flow in the outer regions, thereby
redirecting a greater portion of the coolant toward the
inner sections where the heat-generating cells are po-
sitioned. The net result is an improvement of heat
transfer where it is most needed.

From a design perspective, these results demon-
strate that spatial porosity optimization offers clear
advantages for applications where temperature unifor-
mity is critical, such as power electronics cooling. The
ability to redistribute heat transfer capability without
increasing pressure drop highlights the value of treat-
ing porosity as a spatially variable design parameter.
More generally, this result illustrates how the adoption
of a model based on a fine discretization of the heat
transfer geometry, such as the HERO model, enables
design solutions that cannot be achieved using conven-
tional lumped-parameter models or by adopting the
same geometric patterns throughout the heat transfer
device.

4. Conclusion

The research work focused on the thermo-hydraulic
characterization of novel lattice structures as heat
transfer surfaces and the subsequent implementation
of the derived performance correlations into a reduced-
order model that enables rapid analysis and design op-
timization of thermal management components. As
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Figure 27: Comparison of wall temperature distribution on
the external wall of the cold plate for the uniform-porosity
and optimized designs.

a proof of concept, the proposed methodology was
applied to a cold plate test case to identify optimal
cold plate geometries targeting two competing objec-
tives: maximizing thermal effectiveness while minimiz-
ing pressure losses. The main findings can be summa-
rized as follows.

1. The predictions of friction factor and Nusselt
number obtained with the derived correlations
fall within deviations of <10% and <15%, re-
spectively, with respect to the CFD simulations
results used for the fitting.

. The comparison of different discretization ap-
proaches reveals that the assumption of constant
properties across the cold plate typical of the
lumped-parameter modeling approach leads to
inaccuracies, particularly in predicting thermal
effectiveness. In contrast, the segmented and
discretized versions of the model showed compa-
rable and more accurate results.

3. The reduced-order model predictions demon-
strated close agreement with the results of the
full-scale CFD simulations, while requiring only
a fraction of the computational cost. However, a
limitation of the methodology was identified. It
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does not predict anisotropic flow effects, since
its models are built upon the assumption of
isotropic periodic structures.

. Using a finely discretized representation of the
heat transfer device proved particularly beneficial
for optimizing the spatial distribution of porosity.
The optimization algorithm strategically reduced
porosity in high-temperature regions where ther-
mal demands were most critical, while simulta-
neously increasing porosity in regions where cool-
ing requirements were less stringent, in order
to maintain pressure losses below the prescribed
constraint.

Future work will expand the characterization to in-
clude geometric inputs beyond porosity and explore
additional topologies to broaden the design space of
additively manufactured heat transfer devices. Fur-
thermore, experimental validation of the correlations
would enhance their reliability and, therefore, increase
confidence in the preliminary design tool.
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Thermo-hydraulic Performance of
Heat Transfer Surfaces

The design of heat transfer surfaces has long been an essential component in the advancement of
the efficiency and compactness of thermal systems. From early shell-and-tube exchangers and plate-
and-fin configurations to novel topology-optimized lattices, the fundamental engineering objective
has remained unchanged: to maximize the heat transfer rate per unit volume while minimizing the
associated pressure losses.

The earliest heat exchangers, shell-and-tube, double-pipe, and plate-type configurations developed
in the early 20" century for industrial applications, were prime surface designs. In these devices,
heat transfer occurs directly at the primary surface (the tube wall or plate) without additional
appendages or extensions. While robust and easily manufactured, prime surface heat exchangers
faced a fundamental limitation: when one or both fluids had low heat transfer coefficients (as is
common with gases), achieving adequate thermal performance required very large surface areas.
This translated directly into heavy, bulky equipment unsuitable for applications with strict weight
and volume constraints, such as aerospace systems.

The development of compact heat exchangers in the mid-20%" century addressed these limitations

through the introduction of secondary/extended surfaces, fins or appendages attached to the pri-
mary surface to multiply the available heat transfer area. This approach proved particularly effective
for gas-side heat transfer, where the heat transfer coefficients are typically much lower than those
on the liquid side. By adding fins, designers could increase surface area by a large factor compared
to the prime surface alone. The result was a new class of heat exchangers with dramatically higher
surface area density (area per unit volume), enabling substantial reductions in size and weight while
maintaining or improving thermal performance [58, 59].

As applications expanded into aerospace, microelectronics, and other high-performance energy
systems, simply adding surface area proved insufficient. Designers needed not only more area, but
also higher heat transfer coefficients to meet increasingly aggressive performance targets. This
drove the development of advanced fin geometries, such as offset strip fins, louvered fins, and pin
fins, that went beyond passive area augmentation. These surfaces actively enhance heat transfer
through flow interruption, thermal boundary layer disruption, and repeated thermal development.
These designs demonstrated that strategic geometric manipulation could yield disproportionate
gains in thermal performance, establishing the foundation for modern compact heat exchanger
technology [43].
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In recent decades, attention has shifted toward porous and lattice-based structures, inspired by
natural forms and enabled by advances in computational design and additive manufacturing. These
structures offer several advantages over conventional cooling geometries: they enhance fluid mixing
and promote more uniform temperature distributions, while their high surface area density and me-
chanical strength enable compact thermal designs. Additionally, the geometric versatility of lattice
architectures allows their thermal and flow characteristics to be tailored to specific applications,
making them attractive candidates for lightweight, multifunctional heat exchangers.

Due to their geometric complexity, analytical methods are insufficient for characterizing these high-
performance fins and lattice structures. Performance must be determined through controlled ex-
periments or high-fidelity computational analyses, with results generalized into correlations using
recognized scaling laws [43].

The thermo-hydraulic performance of a heat transfer surface refers to the simultaneous consider-
ation of its heat transfer and pressure drop characteristics. In practical design, both aspects are
inseparable: an increase in heat transfer rate often comes at the expense of higher flow resistance.
To generalize experimental or numerical findings across fluids, geometries, and operating condi-
tions, results are usually expressed in terms of dimensionless correlations. These correlations allow
surface-specific behavior measured at small scale to inform system-level design [43, 58]. In this
way, dimensionless correlations connect the detailed local behavior to the overall performance of
compact heat exchangers.

Since the introduction of secondary surfaces in heat exchanger design, the scientific community has
made sustained efforts to characterize their thermo-hydraulic performance through dimensionless
correlations. Early foundational work established benchmark correlations for smooth channels and
pipes, including friction factor correlations by Blasius [47], Colebrook [44], and Moody [48], as well
as heat transfer correlations expressed in terms of Nusselt number by Dittus and Boelter [50] and
Gnielinski [60]. Building on these foundations, subsequent research has systematically characterized
various enhanced surface geometries. Notable examples include the comprehensive characterization
of multiple fin configurations by Kays and London [43], such as offset strip-fin, louvered-fin, and
wavy-fin surfaces, the widely adopted offset strip-fin correlations developed by Manglik and Bergles
[61], and the characterization of pin-fin arrays by Metzger et al. [40]. These correlations have been
extensively validated and continue to serve as reference in heat exchanger design and modeling.

Recent advances in additive manufacturing have expanded the design possibilities for heat transfer
surfaces, enabling complex three-dimensional geometries with interconnected flow paths. These
structures achieve extremely high surface area densities and promote more uniform flow and tem-
perature distributions than conventional finned designs. However, their thermo-hydraulic behavior
differs fundamentally from that of traditional surfaces: flow is unsteady, three-dimensional, and
often resembles flow through porous media [9]. Consequently, the characterization work previously
done for fins and pin fins must be revisited for these new geometries. Reliable characterization
requires high-fidelity numerical simulations or experiments, from which new correlations must be
developed. This challenge has driven growing research interest in understanding and modeling
the thermo-hydraulic behavior of lattice-based heat transfer surfaces, as reviewed in the following
section.

1.1. Lattice Structures

Although definitions may vary slightly between authors, lattice structures are generally described
as three-dimensional architectures made up of interconnected cells that are arranged repeatedly
and continuously in space. They can also be understood as porous materials formed by networks
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of struts and nodes distributed throughout a three-dimensional volume [9]. This broad definition
encompasses a wide variety of structures, which can be classified based on characteristics such
as uniformity, randomness, and periodicity. For the purpose of this work, the focus is placed on
uniform and periodic lattice structures. These can be further divided into two main categories:
strut-based lattices, which are designed using geometric wireframes, and surface-based lattices,
which are defined through mathematical formulations.

1.1.1. State-of-the-Art Characterization of Strut-Based Lattices

Strut-based lattice cooling structures are receiving increasing attention as potential internal cool-
ing architectures for compact heat exchangers and aerospace applications such as turbine vane
trailing edge cooling. Compared to conventional pin-fin or ribbed channels, these geometries offer
several advantages: enhanced mixing and vortex generation promote more uniform temperature dis-
tributions, while increased surface area and mechanical strength enable compact thermal designs.
The versatility of lattice structures, encompassing numerous configurations and topologies (see Fig-
ure 28) with struts manufactured in various shapes, allows their thermal and mixing characteristics
to be tailored to specific applications.

Cubic Fluorite

Diamond TKD - Kelvin FCC Octet

Figure 28: 3D illustration of examples of strut-based lattice structures.

Given the thermo-hydraulic and structural potential of these structures, coupled with advances in ad-
ditive manufacturing that have increased the feasibility of implementing them in cooling applications,
the scientific community has made considerable efforts to characterize their behavior. Research can
be broadly understood through two complementary approaches: cross-geometry comparisons that
map the performance landscape across topologies and hybrid concepts, and within-family paramet-
ric studies that quantify sensitivities to design variables such as strut thickness, porosity, and flow
configuration.

The first approach focuses on identifying the best-performing topologies and understanding why
certain configurations excel. Researchers have sought to determine which lattice families achieve
optimal thermo-hydraulic performance and what flow mechanisms drive these advantages. Kaur
et al. [62] experimentally investigated four regular lattice geometries (Octet, TKD, FD-CUBE,
and Cube) with similar porosity to assess their suitability for turbine vane trailing edge cooling.
The additively manufactured test articles were examined under representative conditions, with heat
flux imposed on either both walls or a single wall. Tests were conducted in the turbulent regime
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(10,000 < Re < 40,000), typical of turbine vane trailing edge cooling applications. The study
compared overall thermo-hydraulic performance, defined as (Nu/Nug)/(f/fo)'/?, across geometries,
as presented in Figure 29, weighting heat transfer enhancement against pressure drop penalties.
Results showed that the Cube lattice achieved the highest thermo-hydraulic performance across
the Reynolds number range. The Octet and FD-CUBE structures achieved high heat transfer
performance but at the expense of high pressure losses, illustrating the inherent trade-off in lattice
design. An important finding was the sensitivity of performance to thermal boundary conditions,
as heating both walls versus a single wall yielded different relative rankings, indicating that optimal
lattice selection is highly application-specific.

L A Octet, e~0.823 ] AOctet, €~0.823
| A Octet, £~0.888 A Octet, £~0.888
4 4 . ©TKD, £~0.856 4 4 plrlosrsenl O TKD, £€~0.856
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Figure 29: Thermo-hydraulic performance (THP) of the lattice structures, when heating both walls (left) and a
single wall (right), adapted from [62].

Building on this comparative approach, Castelli et al. [11] conducted a high Reynolds number
experimental campaign (Re = 18,000 — 40,000) to benchmark the performance of a Kagome
lattice structure against traditional choices for turbine vane cooling, such as pin-fin arrays and
matrix structures. Eight coupons were tested in total: Smooth, Dimples, Pin Fins, Simple Matrix
(SM), Double Matrix (DM), and three versions of Kagome (LD/MD/HD) with varying lattice
densities. The Double Matrix achieved extremely high Nusselt numbers (up to 13x the Dittus-
Boelter correlation) but incurred large friction penalties that degraded overall efficiency at high
Reynolds numbers. The high-density Kagome lattice (Kagome-HD) matched the efficiency of Pin
Fins and Simple Matrix while offering potential structural advantages. These results confirmed
that while "brute-force" approaches using high surface area and enhanced mixing can be effective
to increase the heat transfer performance, they often suffer from excessive hydraulic losses. The
Kagome lattice offered a more balanced thermo-hydraulic performance at engine-relevant Reynolds
numbers.

To better understand the flow physics underlying these performance differences, Corbett and Thole
[12] compared two novel lattice structures through combined experimental and numerical analysis.
Their study, with an emphasis on the numerical analysis, consisted of Large Eddy Simulations (LES),
validated against experiments, to examine unit-cell rows of the Kagome and BCC lattices at Re =
20,000. The numerical analysis revealed distinct flow development characteristics, as evidenced in
the turbulence intensity contours depicted in Figure 30. BCC reached hydrodynamic and thermal
development in fewer unit cells, while Kagome exhibited asymmetric flow patterns and uneven
local heat transfer. Vortex shedding from BCC struts coupled strongly with endwall boundary
layers, significantly enhancing local heat transfer. The authors concluded that development length
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and coherent vortex dynamics are topology-dependent features that should inform system-level
design decisions, such as the placement of mixing sections versus flow stabilization regions.

Tl
1.6

0.8

0.4

0.0
12

Figure 30: Turbulence intensity at mid-height and mid-span planes for the (a-b) Kagome and (c-d) BCC lattices,
adapted from [12].

The comparative studies reviewed above establish a performance hierarchy among lattice families
and reveal the flow mechanisms responsible for their distinct behaviors. However, understanding
which topology performs best does not address how to optimize that topology for a specific appli-
cation. This requires a parametric analysis: systematic variation of geometric parameters within a
single lattice family to quantify design sensitivities and develop the functional relationships necessary
for predictive modeling and correlation-based design.

Liang et al. [13] conducted a combined experimental and CFD investigation of FCC lattices in a
rectangular channel, holding porosity constant while varying strut cross-sectional shape (circular,
rectangular, elliptical). The non-circular geometries, rectangular and elliptical struts, increased
both local and spatially averaged Nusselt numbers due to enhanced wetted area and stronger
vortex formation in the wake regions. However, the circular FCC have a superior overall efficiency,
once friction penalties are included. This shows that strut shape offers a way to tune the heat
transfer-pressure loss trade-off without changing porosity, providing designers with an additional
variable to adjust performance.

Extending this parametric approach to a different lattice family, Lorenzon et al. [14] experimen-
tally characterized staggered BCC arrays with three strut diameters using additively manufactured
coupons. As expected, larger struts increased the wetted surface area and consequently the Nusselt
number, but also led to higher friction factors due to increased flow blockage. The overall thermo-
hydraulic efficiency remained approximately constant across the diameter range, indicating that
geometric variations produce proportional shifts in both heat transfer and pressure loss. When the
Nusselt number, friction factor, and Reynolds number were normalized using a hydraulic diameter
that incorporates the BCC strut geometry, the data from all three configurations collapsed onto
single curves, as shown in Figure 31. This dimensional analysis enabled the development of power-
law correlations for Nu and f as functions of Reynolds number and the ratio of the strut diameter
to the coupon hydraulic diameter. These correlations are valid for turbulent flow (Re > 10,000)
with air as the working fluid and provide a predictive model for this specific BCC configuration.
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Figure 31: Comparison of experimental results against proposed correlation for: (left) modified friction factor, f*,
and (right) modified Nusselt number, Nu* , adapted from [14].

1.1.2. State-of-the-Art Characterization of Surface-Based Lattices

Surface-based lattices can also be termed triply periodic minimal surfaces (TPMS). TPMS are
smooth, continuous surfaces that exhibit zero mean curvature at every point and repeat period-
ically in three independent spatial directions. Additionally, these surfaces divide space into two
interpenetrating but non-overlapping flow paths. The mathematical foundations of TPMS date
back to Schwarz's 1865 description of the Diamond and Primitive structures [34]. Building on this
work, his student Neovius described the complement of the Primitive structure (C(P) or Neovius
structure) in 1883 [63]. Nearly a century later, Schoen [35] expanded the family of known mini-
mal surfaces by proposing additional configurations, including the Gyroid, IWP, and several others.
Examples of these structures are shown in Figure 32.

= O 8%

Diamond Primitive Neovius
Gyroid Fischer-Koch Split-P Lidinoid

Figure 32: 3D illustration of examples of surface-based lattice structures.

At the time of their discovery, TPMS structures were not considered for thermal management
applications because manufacturing methods did not exist to produce them. The recent devel-
opment of additive manufacturing changed this limitation. TPMS structures are now attractive
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candidates for heat transfer applications because of their high surface area density, smooth flow
paths, and self-supporting geometry, features that make them well-suited for multifunctional com-
ponents such as lightweight compact heat exchangers. However, a complete understanding of their
thermo-hydraulic behavior has not yet been established. Recent studies have therefore focused on
benchmarking their thermo-hydraulic performance and developing correlations and models for their
heat transfer and pressure loss characteristics.

The foundational stage of TPMS research, particularly in the context of fluid dynamics and heat
transfer, centered on hydrodynamic modeling under laminar or creeping flow conditions, with the
goal of establishing permeability and inertial drag correlations.

Rathore et al. [15] performed pore-scale CFD simulations of four TPMS geometries: Diamond,
IWP, Primitive, and Gyroid. The domain consisted of a 4x4x4 array of unit cells, with translational
periodic boundary conditions applied between inlet and outlet to simulate a hydrodynamically
developed flow condition and no-slip conditions prescribed to all the lateral walls, as depicted
in . Through these simulations, the authors quantified key transport properties including the
permeability (K) and higher-order inertial coefficients (5 and «) and established the range of
validity for the Darcy law in these structures.
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Figure 33: Representation of a lattice computational domain with the translational periodic condition in the
streamwise direction, adapted from [15].

While the previous study was performed on arbitrarily selected structures in terms of porosity,
Piedra et al. [16] extended this approach by systematically varying porosity to develop power-law
correlations between porosity and the transport coefficients in the Darcy-Forchheimer formulation,
for Primitive and IWP topologies. Importantly, the simulations were conducted on single unit cells
with periodic boundary conditions on the lateral walls, and extended inlet and outlet sections.

Importantly, both studies adopted representative volume element (RVE) approaches, although with
different modeling assumptions. This RVE-based methodology represents a significant computa-
tional advantage as it enables an efficient characterization of transport properties that can subse-
quently be extrapolated to full-scale components without the prohibitive cost of simulating entire
structures.

The next phase of research expanded from purely hydrodynamic analysis to conjugate heat transfer
(CHT) modeling, addressing how the TPMS topology affects both fluid-side convection and solid
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conduction pathways. Rathore et al. [18] extended their hydrodynamic work to include conjugate
heat transfer simulations using the same 4x4x4 unit cell domain. The authors applied constant
heat flux to the lateral walls and examined laminar flows spanning 0.01 < Re < 100. This study
analyzed how the Nusselt number varies with flow conditions, characterized the dominant heat
transfer mechanisms, and mapped local temperature distributions within the TPMS structure.

Building on Piedra’s approach [16], Ornelas-Ramén et al. [17] investigated Gyroid structures across
different porosities. They simulated flow through a 3x3x3 array of Gyroid unit cells arranged in a
channel with heating applied to one wall. Following Piedra’s methodology, they derived porosity-
dependent correlations for the Darcy-Forchheimer transport coefficients (Figures 34a and 34b),
highlighting the distinct hydraulic characteristics of Gyroids compared to Primitive and IWP sur-
faces. As shown in Figure 34a, permeability transitions from linear behavior at low porosities
to power-law dependence at high porosities, while the Forchheimer coefficient exhibits the inverse
trend (Figure 34b), which was not captured in the other topologies analysis. Additionally, their ther-
mal analysis went further by establishing a Nusselt number correlation for laminar flow conditions
(Figure 34c), valid across different fluids with Prandtl numbers ranging from 0.7 to 14.
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Figure 34: Darcy-Forchheimer transport coefficients and thermal performance of Gyroid structures. Simulation
data (symbols) and fitted correlations (lines) adapted from [17].

Torri et al. [19] extended the analysis beyond laminar flow conditions by comparing TPMS types
(Gyroid, IWP, Primitive, Diamond) against conventional turbulator geometry at two fixed Reynolds
numbers, one laminar and one turbulent.Their results showed that TPMS structures delivered su-
perior heat transfer compared to the conventional fin geometry, though at the expense of higher
pressure drops. Besides this, Torri noted a practical limitation: meshing an entire heat exchanger
filled with TPMS structures was computationally prohibitive, making it necessary to develop meth-
ods that reduce this computational cost.
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Moving from micro-scale analysis to system-level design, Yan et al. [20] simulated full TPMS heat
exchangers using conjugate heat transfer models for laminar water flow. They compared four TPMS
types (Gyroid, Diamond, Primitive, and IWP) against a printed circuit heat exchanger (PCHE),
evaluating Nusselt number and friction factor. Each TPMS heat exchanger consisted of a 4x4x4
stack of unit cells with two fluids flowing in separate channels in a cross-flow arrangement. The
study combined system-level performance metrics with detailed analysis of local flow patterns and
heat transfer mechanisms. As illustrated in Figure 35 for the gyroid geometry, the curved internal
architecture generates secondary circulation flows that create localized regions of enhanced and
reduced heat transfer on the channel walls. While significantly weaker than the main flow, these
secondary flows represent an important contribution to the overall heat transfer enhancement.
Consistent with Torri's findings [19], the TPMS heat exchangers showed superior heat transfer
compared to the PCHE, though at the cost of higher pressure losses. Nevertheless, when assessed
using an overall performance evaluation criterion that accounts for both heat transfer enhancement
and pressure drop penalty, the TPMS designs remained favorable.
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Figure 35: Velocity streamlines and wall heat flux distribution in a gyroid heat exchanger. Adapted from [20].

Other studies have focused on fully turbulent regime analyses, consistent with the operational
range of some compact heat exchangers and aerospace cooling applications. Samson et al. [21]
studied Gyroid heat sinks at high Reynolds numbers (2,500 — 40,000), systematically varying cell
size, porosity, and material properties, and reporting thermo-hydraulic performance metrics (Nu, f,
n). Although no correlations were formulated connecting geometrical parameters with performance
metrics, previous conclusions from other studies were reinforced. First, Gyroids outperformed the
benchmarking geometry, in this case, straight fins, but with increased pressure losses. Additionally,
Nusselt trendlines collapsed into a single curve despite geometrical variations, provided that the
Nusselt number was defined using the typical porous media hydraulic diameter, since this length
scale accounts for changes in heat transfer area resulting from variations in geometrical parameters.

Wang et al. [22] extended the investigation of the turbulent regime (1,000 < Re < 20,000) to other
four TPMS types (Primitive, Neovius, Fischer-Koch and IWP). In this work, correlation models for
Nu and f are proposed as functions of both Reynolds number and a morphological volume-share
parameter (R = V;/Viotal), that can be interpreted as a porosity. However, the Nusselt number
correlation is not valid for fluids other than the studied one which is helium as it does not account
for the Prandtl number. On the other hand, Brambati et al. [23] developed a universal turbulent
correlation of the form Nu = ARe™ Pr"™, valid across fluids (air, water, acetone), TPMS topologies
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(Gyroid, Primitive, Diamond) and structure porosities. In this work, CHT simulations are performed
on an array of 3 TPMS unit cells, with a counterflow arrangement with a hot and cold fluid. This
work marked a step toward topology-independent predictive modeling and cross-fluid generalization.

The field started converging toward generalized, multi-parameter correlations that incorporate flow
regime, fluid properties, and morphology metrics, yet validation remains limited beyond ideal, small-
scale or single-material test domains. A significant turning point in the literature came with the shift
toward experimental validation, which was essential to verify numerical predictions and evaluate
whether these structures could actually be manufactured. Early experimental work on TPMS relied
on non-metallic materials because additive manufacturing technology was not advanced enough to
produce these complex geometries in metal [24, 64]. As AM technology matured, the fabrication of
metal TPMS test articles became feasible, and the following publications have reported experimental
results on TPMS performance.

Reynolds et al. [24] conducted one of the most comprehensive experimental studies on TPMS heat
exchangers, testing nine different topologies. In addition to this, Gyroid structures were examined
over a wide range of porosities (20% to 93%) and hydraulic diameters (2 mm to 10 mm). The
heat exchangers were printed with a polymeric material, and because the thermal conductivity of
the polymer is low, the fluid used on one channel of the heat exchanger was air, a fluid with low
heat capacitance, such that a measurable temperature gradient was created even for small heat
transfer rates. Water was used as the second fluid. The experimental results showed that, with
proper parameterization, the relationship between Nusselt number and Reynolds number was largely
independent of porosity and hydraulic diameter, confirming the previous results obtained by Samson
et al. [21]. This finding enabled the development of a single correlation for the Gyroid structure
valid for a range of different fluids and for the Reynolds number range tested (100 < Re < 2,500).

Tang et al. presented two studies [25, 26] that combined numerical analysis and experimental
campaigns. The first study evaluated the convective heat transfer performance of three TPMS
structures, Diamond, Gyroid, and IWP, whose respective test articles were manufactured from
aluminum and tested under constant wall temperature conditions [25]. Performance was compared
against a conventional finned heat sink with equivalent surface area. Experimentally validated
simulations showed that TPMS structures outperform traditional fins in heat transfer efficiency but
with higher flow resistance, consistent with previous findings. Among the tested geometries, the
Diamond topology showed the highest Nusselt number enhancement, followed by Gyroid and IWP.
Beyond performance comparison, the study examined the mechanisms responsible for enhanced
heat transfer in TPMS structures.

The second study expanded this investigation to five TPMS topologies: Fischer-Koch-S, Diamond,
IWP, Gyroid, and Primitive [26]. The test articles were tested in a Reynolds number range of
200 — 4,000 under isothermal wall conditions. Experimental measurements of temperature differ-
ence and pressure drop were combined with numerical simulations to characterize thermal and
hydraulic performance. The Fischer-Koch-S structure achieved the highest heat transfer perfor-
mance, followed by Diamond, IWP, Gyroid, and Primitive. The study introduced the perforated
area ratio, defined as the unobstructed projected area when the TPMS structure is viewed orthog-
onally in the flow direction, to explain variations in flow and heat transfer behavior. This analysis
revealed that non-perforated structures (Diamond, Fischer-Koch-S) produce more uniform velocity
fields and superior heat transfer compared to perforated geometries.

The experimental investigations discussed thus far have focused on heat exchangers composed of
stacks or arrays of TPMS unit cells [24-26]. Zou et al. [27] extended this work to industrial scale by
manufacturing and testing a Diamond meter-scale heat exchanger. The experimental results first
validated numerical simulations, which provided insight into the flow structures and heat transfer
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mechanisms within the heat exchanger. The experimental data was then used to develop friction
and heat transfer correlations valid for different fluids across 1,000 < Re < 25,000. The Nusselt
number correlation was also compared against results from previous studies [23, 24|, showing good
agreement with deviations smaller than 20%.

In summary, extensive research has been conducted to characterize the flow phenomena and heat
transfer mechanisms in lattice structures. In the past decade, numerous numerical and experimental
studies have explored a wide variety of topologies, ranging from strut-based designs to continuous
TPMS geometries, to investigate their thermo-hydraulic behavior. Despite this progress, most re-
ported correlations for the Nusselt number and the friction factor remain geometry-specific and
confined to narrow Reynolds number ranges (either laminar or turbulent regime), limiting their gen-
eral applicability. This limitation is particularly significant for compact heat exchanger applications,
where the Reynolds number of interest typically falls within the range 500 — 15,000 [43]. Although
it is generally recommended to design outside of the transition regime, this range inevitably en-
compasses the transition region, making it difficult to avoid in practice. Consequently, the absence
of a predictive model for this regime becomes highly restrictive for the design of compact heat
exchangers.

Furthermore, as concluded by Caket et al. [28] in their extensive review, characterization efforts have
often remained fragmented, employing different modeling assumptions, morphological descriptors,
boundary conditions, and data reduction methods, thus preventing the formulation of universal
scaling laws. A clear research gap therefore persists: currently, there are no comprehensive, cross-
regime correlations or physical laws that consistently describe hydrodynamic and thermal transport
across porosities and flow regimes in lattice structures. To support the design of compact heat
exchangers, a thorough and consistent characterization of these novel structures is required.



Component-Level Heat Exchanger
Modeling

The design of advanced thermal management systems requires predictive system-level models that
capture the essential physics without excessive computational cost, to avoid expensive simula-
tions and/or prototyping. The empirical correlations discussed previously describe local microscale
physics, and predictive models are the key to connect this information with component-level per-
formance.

Heat exchanger design involves several tasks that differ in their objectives and constraints. In a
sizing or preliminary design problem, the heat transfer area must be determined to allow both
cold and hot streams to reach desired outlet temperatures while maintaining pressure drops below
acceptable thresholds. Without explicit pressure drop constraints, the design process may yield
an excessively compact heat exchanger with unfeasible pressure drops. In contrast, in off-design
or simulation analyses, the heat exchanger geometry and size are known, and the objective is to
determine the outlet conditions of both streams given their inlet temperatures and mass flow rates.
Rating is a related but distinct task: given a fixed heat exchanger geometry, the analysis evaluates
whether the existing area is sufficient to achieve the desired outlet temperatures while satisfying
the maximum allowable pressure drop limits [43, 59].

For sizing problems, the logarithmic mean temperature difference (LMTD) approach is well-suited
because the outlet temperatures are known variables, making it straightforward to calculate the
required heat transfer area. When optimizing heat exchanger geometry to achieve the best perfor-
mance, the design variables become the geometrical parameters. With inlet conditions specified,
the outlet temperatures or power output, balanced against pressure drop across the heat exchanger,
becomes the objective function to be determined. Considering this, this scenario effectively consti-
tutes a simulation problem. For simulation applications, the LMTD technique could theoretically
be applied iteratively until convergence, but this approach is inefficient. The e-NTU method is
more suitable for these cases, as it allows calculations to proceed sequentially based on two non-
dimensional parameters: € (heat exchanger effectiveness) and NTU (number of transfer units),
whose definitions are provided in the next section [59].
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2.1. Fundamentals of the Effectiveness-NTU Method

To introduce the formulation of the e<NTU method, it is convenient to start from a simple steady-
state heat transfer problem. In a heat exchanger, thermal energy flows from the hot fluid at
bulk temperature T}, to the cold fluid at bulk temperature T through an interfacing wall. This
process occurs in three sequential steps: heat transfer from the hot fluid to the wall by convection,
conduction through the wall itself, and finally heat transfer from the wall to the cold fluid by
convection. Under steady operating conditions, the heat flux remains constant throughout this
series of processes.

This heat transfer sequence can be understood through an electrical circuit analogy, as illustrated in
Figure 36, where heat flux corresponds to electric current and temperature difference corresponds
to voltage. The three sequential heat transfer processes, two convection steps and one conduction
step, are then equivalent to three thermal resistances connected in series.
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Figure 36: Thermal resistance network analogy of a heat exchanger, illustrating the conduction and convection
processes as a series of equivalent thermal resistances.

In the general case, the heat transfer areas associated with the hot and cold sides of the exchanger
are not necessarily equal, due to different surface geometries or flow arrangements. The three
thermal resistances are therefore defined as

1 t 1
Ry = R

i = Tlo,h hh Ah7 )\s AW - Tlo,c hc Ac ’

(2.1)

where Ay and A. denote the effective heat transfer areas on the hot and cold sides, respectively,
and Ay, represents the characteristic conduction area of the separating wall.

In the absence of extended surfaces, the overall surface efficiency 7, is unity. However, when fins
are present, the temperature gradient along the extended surface reduces their effectiveness. The
overall efficiency must therefore account for this reduction, as expressed by:

mo=1- 211 —m) (22)

where At represents the finned (extended) area and 7 the fin efficiency.

Since the thermal resistances are arranged in series, the total thermal resistance corresponds to the
sum of the individual contributions:

Rtotal = Rh + Rw + Rc (23)

The heat transfer rate can therefore be expressed directly in terms of the total thermal resistance
as

o Th - Tc
== -° 2.4
Q Rtotal ( )
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The overall heat transfer capacity of the exchanger is characterized by the thermal conductance,
UA. With this definition, the heat transfer rate can also be computed as follows

Q= UA(Ty — To) (2.5)

Comparing these two expressions for the heat transfer rate, (), the thermal conductance can be
defined as the reciprocal of the total thermal resistance

1

1 1 t 1
UA = - TR 26
Riotal (no,hhh As 770,chc ) ( )

It is important to note that the numerical value of the overall heat transfer coefficient depends on
the choice of the reference area. However, the thermal conductance UA, and therefore the heat
transfer rate, remains invariant.

Originally proposed by Kays and London [43], the e-NTU method is based on three non-dimensional
parameters, chosen based on their convenience and physical significance.

Firstly, the heat capacity rates of the hot and cold streams are given by

Ch =1nwmepn, Co=meccpe, (2.7)
and the heat capacity ratio is defined as

C’min

Cc* = .
Cmax

(2.8)

where, Cihin and Clax are the smaller and larger of the two magnitudes of C}, and C., respectively.

For a heat exchanger with inlet temperatures Tj,;, and 7¢ i, and outlet temperatures Tj, oyt and

Tt.out, the effectiveness is defined as:

. Q _ Gh(Ti-Tpv)  Co(TE T
Qmax Cmin (T}iln - Tcin) Cmin(T}iln - Tgn>

€

(2.9)

this is the ratio of the actual heat transfer rate in a heat exchanger to the thermodynamically
limited maximum possible heat transfer rate in a counterflow heat exchanger with infinite heat
transfer surface.

The overall heat transfer capability of the exchanger is described by the Number of Transfer Units
(NTU):

UA

NTU =
C(min’

(2.10)

Closed-form relationships between ¢, NTU and C* are available for several canonical flow config-
urations (counterflow, parallel flow, and cross-flow with mixed or unmixed streams), as tabulated
by Kays and London [43] and presented from Equation 2.11 to Equation 2.14.

Counterflow:

. 1 —exp[-NTU (1 - C*)]

1 —C*exp[-NTU (1 — C*)] (211)
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Parallel Flow:
. 1 —exp[—NTU (1+ C*)]

2.12
14+ C* ( )
Cross-flow, Both Fluid Unmixed:
exp (—C*NTU™) -1
e=1—exp ( CrNTU 022 (2.13)
Cross-flow, Both Fluid Mixed:
1
€= i ok i (2.14)

1 — exp(—NTU) Tz exp(—C*NTU) NTU

These relationships enable component-level performance prediction, given only the geometric con-
ductance (U A) and flow capacity rates. However, the preceding analysis and relationships are only
valid under the following set of assumptions:

1. The heat exchanger operates under steady-state conditions.
2. There is no heat transfer to the surroundings.

3. The specific heat at constant pressure is constant for each fluid, which is valid if the temper-
ature difference is not significant.

4. The overall heat transfer coefficient between the fluids is constant throughout the heat ex-
changer.

If the overall heat transfer coefficient or the specific heat of each fluid is not uniform, heat exchanger
calculations may be made by subdividing the heat exchanger into sections over which these quan-
tities are nearly uniform and by applying the previously developed relations to each subdivision.
This method, referred to as the cell method in [65], consists of discretizing the heat transfer area
into a finite number of elements over which the aforementioned assumptions hold. An example of
this discretization can be observed in Figure 37. Although complexity appears to increase signifi-
cantly with discretization, the problem can still be resolved using simple algebraic equations, so the
computational cost does not increase substantially.
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Figure 37: Example of the discretization scheme used in the cell method for a shell-and-tube heat exchanger,
adapted from [65].

This approach is also particularly useful for computing the performance of heat exchangers with
complex flow arrangements. Navarro and Cabezas-Gémez [66] validated the model by comparing
the simulated results against established theoretical algebraic relations for various configurations,
demonstrating high accuracy even for complex industrial designs where existing e-NTU relations
are often unavailable or imprecise.



2.2. Adaptation of the Effectiveness-NTU Model to a Cold Plate 50

2.2. Adaptation of the Effectiveness-NTU Model to a Cold
Plate

To design and evaluate two fluid heat exchangers, the e-NTU method developed by Kays and
London [43] is widely used in industry and the scientific community. However, its application to
electronic cooling devices such as heat sinks and cold plates is not evident, though with the right
set of assumptions it becomes possible. Copeland [51] applied the e-NTU method to air-cooled
heat sinks, by modeling them as isothermal. An isothermal heat sink, at temperature 7?2, implies
that Chhax — 00, thus, C* = 0. Intuitively, Ci,in is the heat capacity rate of the working fluid.
Under this condition, the counterflow, parallel flow, and cross-flow (both fluids mixed) effectiveness
relationships all converge to a single solution given by Equation 2.15.

e=1—e NV (2.15)

In addition, the resistance network, depicted in Figure 36, is reduced to only the solid conduction
and fluid-side convection resistances. The thermal conductance UA is then given by Equation 2.16.

VA= . _< =+ )1 (2.16)
Rtotal >\soli d Abase Mo h Ainterface .

Following the definitions of NTU (Equation 2.10 and effectiveness, which in this case reduces
to Equation 2.17, the cold plate performance can be evaluated using the same methodology as
conventional two-fluid heat exchanger analysis.

0 amr-Te
Qmax Cmin (stase - Tfm)

€

(2.17)

Deans et al. [52] introduced a new approach for the thermal design of parallel plate heat sinks used
in power electronics. The study reinterprets the fin array as a two-stream cross-flow heat exchanger,
where the conduction along the fins is treated as a pseudo-fluid stream. An equivalent fin-side heat
capacity, Cy, is defined based solely on geometry, as shown in Equation 2.18, quantifying energy
conduction along the solid structure.

_ NhP tanh(mLgy)

Cy - B i (2.18)
cosh (mLgy)
Therefore, the heat transfer rate can be written as follows:
O = Cu(TY™ — THP) = Cy(Ti" — Tp™) (2.19)

By applying conventional cross-flow (with both fluid mixed) e-NTU relation Equation 2.14, the
authors demonstrated that the heat sink can be evaluated as a single thermodynamic unit, rather
than as independent fins. The predicted thermal resistance values agreed within +15% of measure-
ments. Importantly, the study revealed that the optimal fin design does not necessarily correspond
to the optimum array design, a component-level insight enabled by the e-NTU analogy.
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Building upon this work, Ortega et al. [67] validated the cross-flow effectiveness heat sink model on
a liquid-cooled mini-channel cold plate and characterized its performance limits. Their experimen-
tal investigation, conducted on a cold plate featuring straight fins, demonstrated good agreement
with the thermal resistance model derived from a two-stream cross-flow e-NTU formulation. In
comparison, the traditional single-stream e-NTU model adequately predicted the overall thermal
resistance, although with increasing deviation at higher flow rates. Furthermore, analysis of the
proposed model revealed two asymptotic regimes: a low-NTU convective limit, where the effec-
tiveness approaches zero and thermal resistance is governed primarily by fin-side convection, and a
high-NTU limit, where the effectiveness approaches unity and thermal resistance converges to its
thermodynamic or advective limit.



Heat Exchanger Performance
Optimization

Heat exchanger performance optimization has evolved in parallel with the development of increas-
ingly sophisticated heat exchanger designs. Early design practices relied on empirical correla-
tions and trial-and-error procedures. While practical, these methods were time-consuming and
did not guarantee optimal solutions. This motivated the development of systematic optimization
approaches capable of handling the complex design space defined by numerous geometric and op-
erational parameters. These parameters must be adjusted to balance multiple, often conflicting
objectives while satisfying design constraints.

Traditional gradient-based optimization algorithms are inadequate for heat exchanger design prob-
lems, as heat exchanger models are typically highly nonlinear, nonconvex, and discontinuous, often
involving implicit correlations, numerical solvers, or CFD-based performance evaluations that do not
provide analytical gradients. Moreover, the presence of multiple local optima and mixed continu-
ous/discrete design variables causes gradient-based approaches to converge prematurely or produce
infeasible solutions [29].

To address these limitations, researchers have adopted stochastic optimization methods, such as
genetic algorithms, simulated annealing, and particle swarm optimization. These techniques do not
require gradient information and are suitable for nonlinear, multi-objective, and constrained design
problems [29]. A major challenge in applying such methods is the computational cost of repeatedly
evaluating the heat exchanger performance for thousands of design candidates. Each evaluation
requires determining thermalhydraulic performance through numerical simulations that solve the
governing flow and energy equations. Many studies therefore employ surrogate-based approaches,
in which reduced-order models or regression-based correlations replace detailed CFD simulations,
enabling efficient design space exploration while maintaining sufficient predictive accuracy.

Rao et al. [29] published a comprehensive review of studies applying advanced optimization algo-
rithms to heat exchanger design. They examined various techniques, including genetic algorithms,
particle swarm optimization, differential evolution, simulated annealing, and teaching-learning-based
optimization across different heat exchanger types. The review analyzed how these algorithms
optimize key design variables such as tube diameters, baffle spacing, and fin geometry while ad-
dressing multiple objectives including cost, weight, and thermal performance. The authors found
that stochastic optimization methods consistently outperform traditional trial-and-error approaches
by providing more efficient solutions for complex, multi-objective problems. They concluded that
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hybrid approaches and the integration of machine learning techniques and artificial intelligence
represent the most promising directions for future research in this field.

The maturation of AM has not only enabled novel heat exchanger geometries but also relaxed many
of the constraints traditionally imposed by manufacturability considerations. This expanded design
freedom has made it feasible to apply adjoint-based and generative design methodologies, which
were previously impractical due to the inability to manufacture their complex geometries using
conventional techniques. Consequently, AM has made it possible to develop optimization frame-
works in which complex geometries generated by topology optimization can be directly fabricated,
eliminating the traditional gap between optimal designs and manufacturable solutions.

For instance, Yeranee et al. [30] developed a density-based topology optimization framework inte-
grated with Triply Periodic Minimal Surface (TPMS) lattice infilling to design an advanced cooling
channel for gas turbine blade trailing edges. The computational domain, depicted in Figure 38,
represented a wedge-shaped trailing-edge passage operating at Reynolds numbers between 10,000
and 30,000. The optimization maximized heat transfer under fixed pumping power while enforc-
ing flow uniformity through flow-rate ratio constraints. A continuous design variable governed the
local solid-fluid distribution throughout the domain, with intermediate density values subsequently
materialized using Diamond-type TPMS structures, selected for their superior surface-to-volume ra-
tio. The optimized designs were validated against baseline pin fin and uniform lattice configurations
through CFD simulations, and manufacturability was confirmed by fabricating a prototype via Laser
Powder Bed Fusion in Inconel 718, with geometric fidelity verified through micro-CT scanning.
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Figure 38: Trailing-edge cooling channels domains for (a) pin fin baseline, (b) uniform, and (c,d)
topology-optimized Diamond TPMS lattices, adapted from [30].

Extending beyond academic test cases, the Rolls-Royce cold-plate benchmark, provides an indus-
trially relevant platform to evaluate optimization methodologies for additively manufactured heat
exchangers. The same configuration has been successively studied by Raske et al. [31], Daifalla et
al. [32], and Chiodi et al. [33], enabling a direct comparison between topology, parametric, and
multiscale machine-learning-based approaches.
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The test case consists of a cold-plate heat exchanger used as a heat sink for power electronics. As
shown in Figure 39, the baseline geometry features a multi-pass serpentine cooling channel with 180°
U-bends, where both the flow inlet and outlet are positioned on the same side. The power electronics
are represented by six heat cells, three on each side of the cold plate. This serpentine design is
commonly used in cold plates due to their specific operational requirements. Unlike conventional
heat exchangers, cold plates must maintain the surface contact temperature of each heat cell within
the operating tolerances of the power electronics, which requires uniform temperature distribution
across all heat cells. However, the 180° U-bends in the serpentine configuration generate high
pressure losses due to secondary flows while providing limited heat transfer enhancement.
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Figure 39: Rolls-Royce cold plate benchmark geometry, adapted from [32].

Raske et al. [31] used fluid topology optimization to redesign this cold-plate geometry, utilizing the
commercial solver ToffeeX to generate an optimal flow path. The design domain was treated as
a porous medium where an impermeability field was iteratively updated to minimize an objective
function comprising weighted pressure losses and thermal energy extraction terms. The optimized
geometry was markedly different from the serpentine baseline, featuring microchannels and chaotic
flow paths with a fluid splitter at the inlet that effectively directed coolant toward the heated
regions. This topology-optimized design achieved significant reductions in both pressure drop and
peak temperature.

Both Chiodi et al. [33] and Daifalla et al. [32] adopted a different approach by replacing the
serpentine with a channel filled with Gyroid lattice structures, though fundamentally different mod-
eling strategies were applied to optimize the cold-plate performance. Chiodi et al. [33] treated the
Gyroid lattice as an equivalent porous medium at the macroscale, characterized by a permeability
tensor and heat transfer coefficients. To bridge the scales between the macroscopic flow field and
the microscopic lattice geometry, machine learning models were trained on a database of microscale
Direct Numerical Simulations performed on periodic Representative Volume Elements of individual
lattice unit cells. These models enabled the prediction of closure relationships as nonlinear functions
of local geometry and flow conditions, capturing the effects of Reynolds number and lattice param-
eters on permeability and heat transfer. This multiscale approach enabled topology optimization of
the spatial distribution of lattice wall thickness across the domain without explicitly resolving the
intricate lattice geometry, significantly reducing computational cost and enabling exploration of a
broader design space.

In contrast, Daifalla et al. [32] simulated the full explicit Gyroid geometry using high-fidelity
Conjugate Heat Transfer CFD, with meshes exceeding 80 million cells to adequately resolve the flow
phenomena within the lattice structure. The substantial computational expense of this approach
required a parametric optimization strategy rather than full topology optimization. A Design of
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Experiments framework was adopted, where Kriging surrogate models were constructed from an
initial set of CFD evaluations to approximate the relationship between design parameters and
performance metrics. The NSGA-II algorithm then explored this surrogate model to identify optimal
configurations. Eleven geometric parameters were optimized, including cell dimensions (size and
aspect ratio along different axes) and thickness variation parameters (minimum and maximum wall
thickness across combined planes). Although this high-fidelity method provided accurate predictions
of thermal and fluid behavior for specific geometric configurations, the computational burden limited
the number of design evaluations compared to the more efficient multiscale framework applied by
Chiodi and co-workers.
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Conclusions

This thesis presented the development and validation of a tool for the thermo-hydraulic design and
optimization of additively manufactured compact heat exchangers. This tool integrates information
on the flow and heat transfer processes occurring in complex lattice geometries at micro-scale level
to predict the performance of actual heat transfer devices adopting those fin or channel topologies,
while minimizing computational cost. Its purpose is to support early-stage design and optimization
of additively manufactured heat exchangers or cold plates.

The first part of the work focused on the numerical characterization of representative lattice geome-
tries. Four structures were investigated, Pin Fin, BCC, Gyroid, and Diamond. These topologies
were chosen to assess both strut-based and surface-based geometries. Their pressure loss and heat
transfer characteristics were determined by performing a series of periodic unit cell simulations,
which covered a wide range of Reynolds numbers, porosities, as well as two types of working fluids,
namely air and a water-glycol mixture. The accuracy of the numerical setup was verified against
the predictions of empirical correlations for pin-fin arrays. This systematic simulation campaign pro-
duced a consistent dataset that describes how geometry and flow conditions influence the thermal
and hydraulic performance of lattice structures.

From this dataset, empirical correlations were derived for the friction factor and the Nusselt num-
ber of each topology. The formulation of the correlations was tailored to accurately predict the
friction factor and the Nusselt number over laminar, transitional, and turbulent regimes, ensuring
a smooth and physically meaningful transition between these regimes. Porosity was introduced
in the correlations to capture the actual geometric configuration of the tested topologies. The
resulting correlations showed excellent agreement with CFD data, with typical deviations within a
few percent (<10%), confirming that the main physical mechanisms were correctly represented.

In the second stage, the developed correlations were implemented into a reduced-order heat ex-
changer model (HERO) model to predict the thermo-hydraulic performance of an additively man-
ufactured cold plate. Several discretization schemes of the cold plate geometry were assessed: a
simple approach treating the plate as a single element, a discretization of the cold plate into a set
of control volumes equal in number to the heating zones to account for the streamwise variation
of fluid properties, and a detailed discretization of the cold plate geometry to resolve local effects
such as non-uniform heating and mass flow distribution. The results obtained with the three mod-
eling approaches were compared against high-fidelity CFD results. The comparison shows that with
the use of a few control volumes or the full discretization of the cold plate geometry, the HERO
model can predict wall temperatures and pressure drops with reasonable accuracy, while achieving
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computational speeds several orders of magnitude faster than CFD simulations.

Lastly, the finely discretized representation of the cold plate enabled the optimization of the porosity
distribution along the flow path. The optimization algorithm strategically reduced porosity in high-
temperature regions where thermal demands were most critical, while simultaneously increasing
porosity in regions where cooling requirements were less stringent. The optimized design achieved a
measurable improvement in wall temperature uniformity while preserving the mean wall temperature
and overall pressure drop of the uniform-porosity reference.

1.1. Revisiting the Research Questions

To further understand to what extent the research questions were answered, this section revisits
each question and discusses how the conducted work addressed them.

RQ 1 - What computational setup allows the characterization of the thermo-
hydraulic behavior of lattice structures in a way that captures the effects of geom-
etry, flow regime, and porosity across the entire laminar-turbulent spectrum?

To address this question, the work first explored how to define computational domains and bound-
ary conditions of CFD models suitable for reproducing the periodic characteristics of flow and heat
transfer in lattice structures while minimizing simulation cost. The study established that represen-
tative unit cell simulations with periodic boundary conditions provide an effective characterization
approach. By exploiting the inherent periodicity of lattice structures, a single unit cell subjected to
streamwise periodic conditions can reliably capture the flow and heat transfer physics under fully
developed conditions while reducing computational requirements. For Pin Fin and BCC configu-
rations, the application of symmetry boundary conditions allowed simulation of only one quarter
of the unit cell. For TPMS structures, which contain two topologically equivalent flow channels,
simulating a single channel was sufficient.

Since the objective of the study was to characterize the thermohydraulic behavior over a wide
range of Reynolds numbers, particular attention was devoted to the selection of an appropriate
turbulence model. Given the large number of simulations required, RANS models represented an
obvious compromise between computational cost and accuracy. Although the literature on turbulent
flow through lattice structures does not indicate a universally accepted RANS model, the k — w
SST formulation was selected because of its proven robustness in internal flows and its ability to
provide reliable predictions in low-Reynolds-number regimes.

Although the periodic computational setup is well suited for characterizing fully developed laminar
and turbulent flows, its applicability in the transitional range requires careful interpretation. Flow
transition is inherently local and involves the spatial development of turbulent instabilities. Conse-
quently, the flow transition is modeled in an effective, averaged sense rather than resolved explicitly.
Therefore, predictions in the transitional range are expected to exhibit higher uncertainty than in
fully laminar or turbulent regimes.

All things considered, the reliability of the computational setup was verified against the predictions
of widely adopted pin fin correlations. The friction factor and Nusselt number results showed
good agreement with the predictions of these correlations, increasing the confidence that both the
modeling assumptions and the numerical setup were appropriate for the characterization study.
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RQ 2 - What generalized relationships can accurately describe the friction fac-
tor and Nusselt number of lattice structures across varying geometries and flow
regimes?

RQ 2.1 - What is the most suitable characteristic length scale for the non-dimensionalization of
thermo-hydraulic performance data to develop general correlations?

The development of these generalized relationships began by examining which characteristic length
scale is most suitable as similarity parameter for the thermo-hydraulic data obtained for different
porosities and flow regimes. The superficial definition of hydraulic diameter was the most effective
option to correlate friction factor data, whereas the pore-based definition is more suitable to reduce
the dimensionality of the heat transfer data. Considering this, porosity is treated explicitly in the
friction factor correlations, whereas its contribution is implicit in the pore-based quantities used for
the Nusselt number correlations.

RQ 2.2 - Which correlation expressions can accurately capture the trend in friction factor and
Nusselt number from laminar to turbulent flow, ensuring also smooth and physically meaningful
trends over the transitional regime?

To ensure smooth transitions between regimes, a sigmoid-type weighting function was used to
smoothly transition between the laminar and turbulent regimes, replacing traditional piecewise fits.
This formulation accurately reproduces the shift in flow behavior from the viscous-dominated regime
(laminar flow) to the inertial-dominated regime (turbulent flow) without introducing discontinuities
and ensuring physical consistency across the full Reynolds number range. The resulting correlation
for the friction factor combined the Ergun-type expression for the laminar regime with a Blasius-
type dependence for the turbulent regime. Conversely, the Nusselt number was correlated using a
single Dittus-Boelter-type power law.

RQ 2.3 - How do the proposed correlations compare to existing empirical models in terms of
predictive capability and generalization?

In comparison with existing empirical models for lattice structures, the obtained correlations showed
significantly broader validity. They are applicable over a wider range of Reynolds numbers than
typically considered for correlation development, as well as across broad ranges of porosities and
Prandtl numbers. The proposed correlations were derived from a comprehensive parametric study
covering porosities from 25% to 95%, Reynolds numbers from 100 to 100,000, and Prandtl numbers
from 0.7 to 15, representative of gases to commonly used liquid coolants. This broad validity range
makes the developed correlations applicable to different thermal management applications, such as
liquid-cooled heat sinks, air-cooled heat exchangers, and turbine blade cooling.

Almost every correlation achieved an R? value exceeding 0.99, demonstrating an excellent statistical
fit. The friction factor predictions fell within £10% of most CFD simulations used for fitting, while
Nusselt number predictions remained within £20%, confirming that the derived mathematical
relationships and the adopted data reduction can reliably capture performance trends. This level of
accuracy is well aligned with expectations based on traditional correlations reported in the literature.
However, comparing the correlation predictions with recent lattice studies is not straightforward.
Experimental investigations often involve surface roughness from manufacturing processes, which
affects the performance with respect to geometries with smooth surfaces. In addition, numerical
studies employ different modeling assumptions, boundary conditions, and data reduction methods,
making cross-comparison of correlation predictions difficult.
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RQ 3 - How can the derived correlations be integrated into a reduced-order model
to accurately predict the performance of heat exchangers?

RQ 3.1 - What are the limitations of simplified reduced-order approaches in predicting the thermo-
hydraulic performance of heat-exchangers?

The derived correlations were integrated into heat exchanger preliminary design models of increas-
ing discretization complexity. In particular, three versions of the model were developed differing
in the level of detail in which the heat transfer geometry is discretized. The lumped approach,
although computationally efficient, led to an overprediction of the wall temperatures and pressure
drops because the variation in temperature and consequently in the thermophysical properties of
the cooling medium is not accounted for in the model. The segmented approach addressed this
limitation by dividing the flow path into six large control volumes, allowing local updates of the
working fluid thermophysical properties along the streamwise direction. This significantly improved
agreement with CFD results. The most complex version, based on a detailed discretization of the
geometry, features similar accuracy, though accounts also for non-uniform heating conditions.

Despite the benefits of these discretized versions of the reduced-order model, the heat transfer and
hydraulic problems in each control volume are still solved using an averaged 1D approach. The
three-dimensionality of the flow and the conjugate heat transfer problems is therefore not resolved
in detail. Consequently, transverse heat transfer and local flow maldistribution across different
lattice channels cannot be predicted with confidence. This limitation was evident in the analysis of
the optimal pin fin configuration. The reduced-order model prediction significantly overestimated
the pressure losses estimated by the CFD simulation. This was attributed to the dependence of
the structure dependence to the direction of the incoming flow, which was not considered in either
the correlation development or the HERO model formulation. The correlations were developed
assuming unidirectional flow, but the U-bend in the cold plate geometry forced a change in flow
direction.

Moreover, local phenomena, such as entrance and discharge effects cannot intrinsically be captured.
If these effects prove significant, they should be addressed through dedicated models. The flexibility
and modularity of the design tool ensures that such local loss models can be easily implemented
and calibrated if necessary.

In summary, due to these limitations, the model is suitable for preliminary design, parametric
studies, and design-space exploration, while detailed assessment requires higher-fidelity conjugate
heat transfer simulations as well as experiments.

RQ 3.2 - What are the trade-offs in computational time, memory requirements, and solution accu-
racy between the reduced-order model and high-fidelity CFD analysis?

Lattice-based heat exchangers exhibit inherently complex geometries with small-scale features that
must be resolved using fine spatial discretization to accurately capture local flow and heat transfer
phenomena. This requirement leads to dense meshes; for the cold plate test case considered
here, the resulting mesh contains approximately 80 million elements. Beyond mesh size alone,
this geometric complexity also significantly complicates geometry preparation and mesh generation,
making these steps time- and resource-intensive within the CFD analysis workflow. Moreover, these
operations must be repeated for each design solution to be analyzed. Computational demands
become, then, significant, as geometry, mesh, and solution files require large memory allocations.
Consequently, the CFD simulations reported in this work were executed on a 196-core cluster, with
each simulation still requiring several hours to converge.
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In contrast, individual simulations using the reduced-order model are completed in seconds, require
negligible memory resources, and generate an output file of limited size. The resulting difference in
computational cost is not meaningfully comparable to that of CFD analyzes, as the reduced-order
model does not represent a cheaper or faster implementation of the same equations of the CFD
model. Its computational efficiency makes the reduced-order framework particularly well-suited
for design exploration contexts where the computational costs of the CFD simulations would be
prohibitive. In optimization studies or preliminary design screening, where hundreds or thousands of
configurations may require assessment, the reduced-order model enables parametric analyzes at a
scale that would be impractical with CFD simulations. On the other hand, CFD provides sufficient
physical fidelity to validate early-stage design results and support further development toward higher
technology readiness levels.

When the reduced-order model results were verified against CFD simulations, they demonstrated ex-
cellent alignment, with deviations generally below 10% for both thermal and hydraulic performance
metrics. The demonstrated predictive capability of the reduced-order framework, achieved at neg-
ligible computational cost, provides the necessary confidence to use it as a practical preliminary
design tool for the next-generation of compact heat exchangers.

1.2. Closing Remarks

The overall research objective was to establish a computationally efficient yet physically grounded
framework that closes the gap between the microscale thermo-fluid dynamics of lattice geometries
and the component-level performance of additively manufactured heat exchangers. This goal was
successfully achieved through the formulation of performance correlations and their integration
into a reduced-order model capable of predicting heat exchanger performance with high accuracy
at a fraction of the computational cost of CFD simulations. The model demonstrates that com-
plex lattice-based heat exchangers can be effectively characterized and optimized using lower-order
approaches, offering a powerful tool for early-stage thermal design and design-space exploration.
This framework thus enables rapid design-space exploration that takes full advantage of the ge-
ometric flexibility offered by additive manufacturing for next-generation compact heat exchanger
applications.



Future Work Recommendations

While the proposed methodology proved to be effective and accurate for the thermo-hydraulic
characterization and modeling of additively manufactured heat exchanger cores, several aspects
remain open for further development, as explained in the following recommendations.

Experimental validation of the proposed correlations.

While the correlations derived in this work showed strong agreement with CFD data, their predictive
capability remains inherently tied to the assumptions underlying numerical modeling. A natural and
necessary extension of the present research is therefore the experimental validation of the proposed
friction factor and Nusselt number correlations. Dedicated experimental campaigns conducted
on additively manufactured lattice samples, spanning representative ranges of Reynolds number,
porosity, and working fluids, would provide a critical benchmark to quantify model uncertainty and
identify potential systematic deviations.

However, such validation is non-trivial. Additively manufactured metallic samples are typically char-
acterized by significant surface roughness and geometric imperfections, which would compromise a
direct and fair comparison with the smooth geometries investigated numerically in this study. Two
complementary strategies could address this mismatch. The first consists in scaling up the lattice
geometries such that surface roughness effects become negligible relative to the hydraulic diameter
(Rq << Dp,). The second option involves the use of additively manufactured technical ceramics,
which exhibit much lower surface roughness and better surface finish than metallic AM processes.
Experimental confirmation using either approach would strengthen the confidence in the proposed
correlations and support its adoption in design workflows.

Extension of the numerical dataset to additional geometries and geometrical parameters.

The current database includes a limited set of lattice morphologies, such as gyroid, diamond, and
BCC and only the porosity of the structures was varied to generate the numerical dataset. This
restricts the generality of the correlations. Including additional geometries, such as other versions of
strut or surface-based lattices enumerated in the literature review, as well as anisotropic variations
of existing unit cells (e.g. stretched or compressed along specific axes) would expand the design
space and enable a more comprehensive description of the structure-property relationships. This
extension would also require the development of anisotropy-aware models, improving predictive
accuracy for components in which flow changes direction.
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Inclusion of surface roughness effects in the performance characterization.

The present methodology assumes topologies with smooth surfaces . However, surface roughness,
inherently resulting from the additive manufacturing process, can significantly influence both fric-
tional losses and convective heat transfer. Capturing these effects is essential to design devices for
practical applications, especially for metal AM processes where surface finishing is often limited.
A future study could incorporate controlled roughness levels in CFD simulations or experimental
campaigns to quantify the sensitivity of friction and heat transfer coefficients to roughness metrics
such as the average surface roughness R, or the equivalent sand-grain roughness k5. The resulting
correlations would enable the design tool to predict performance under as-built conditions.

Application of the tool to two-fluid heat exchanger design problem.

The reduced-order framework developed in this work was applied to single-fluid cold plates. An
important next step is extending it to two-fluid heat exchangers. By incorporating the lattice-based
friction and heat transfer correlations into a two-fluid e — NT'U model, the framework could support
preliminary design and performance evaluation of compact heat exchangers with additively manufac-
tured cores. This would enable the analysis of recuperators, intercoolers, and other configurations
where compactness and high surface area are essential. This development would significantly expand
the applicability of the tool, facilitating early-stage design and optimization of advanced thermal
management systems.
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Periodic Flow Modeling

This appendix details the mathematical formulation used by Ansys Fluent [37] for streamwise-
periodic flow simulations, providing the theoretical foundation for the computational methodology
used in the thermo-hydraulic characterization of the lattice structures, in section 2.1.

Streamwise-periodic flow occurs when both the geometry and the resulting flow field repeat in a
spatially periodic manner along the primary flow direction. The periodicity assumption permits
reducing the computational domain to a single representative volume element, with appropriate
boundary conditions ensuring equivalence to the full extended geometry.

In particular, the periodic formulation in Ansys Fluent requires:

= Incompressible flow;
= Constant thermophysical properties (density, viscosity, thermal conductivity, heat capacity);

= Transport properties may vary spatially in a periodic manner (permitting periodic turbulent
flows with position-dependent effective properties);

= No net mass addition across periodic boundaries or volumetric source terms;
» Pressure-based solver (required for all thermal cases);

= Uniform thermal boundary condition types across all walls (either all constant temperature
or all specified heat flux, though adiabatic walls may be combined with either);

= For constant temperature walls: all walls may be at the same temperature, with no viscous
heating or volumetric heat sources allowed;

= For heat flux walls: non-uniform flux distributions are allowed across different boundaries:

= Solid regions, if present, must not intersect periodic planes.

These constraints ensure that the periodic module accurately represents the behavior of the infinite
repeated component.

For a domain with periodicity vector L, the velocity field satisfies:

—

@(F) = @(F + L) (A1)

This spatial periodicity allows a single module to completely characterize the flow kinematics. How-
ever, the pressure field itself is not periodic. Instead, the streamwise pressure gradient drives the
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flow, with each module experiencing an identical prescribed pressure drop:
Ap = p(7) — p(F + L) (A2)

This constant pressure drop per module serves as the fundamental driving parameter. The problem
can be formulated by either specifying Ap directly or prescribing the mass flow rate, with the solver
determining the corresponding pressure gradient required to sustain that flow.

When walls are maintained at constant temperature 1y, as in the present study, the physical
temperature field 7'(7) cannot be periodic, as the fluid temperature necessarily increases as it
absorbs heat while progressing downstream. To preserve a periodic formulation, Fluent introduces
a scaled temperature:

(r) = ;;((7;))__%/ (A.3)

This normalized variable 6 is spatially periodic, even though T'(7) is not. The bulk temperature is
defined as the mass-flow-weighted average over the cross-section:

/pr-mdA
Tb(ﬂ)fA—

7) = (A.4)
/ p|5- 1| dA
A

where the integration is performed over the flow cross-section A at position 7. The bulk temperature
assigned at the inlet periodic plane serves as the reference for normalization. This transformation
allows for a periodic thermal field solution capturing the physical temperature rise through the
relationship between 6, T}, and T,,.



Confidential: Correlation Details

This appendix contains supplementary confidential information to the correlation derivation process
and is not available in the public version.
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Discretized Reduced-Order Model

This appendix includes the analytical derivations of the discretized reduced-order model described
in subsection 2.2.2.

C.1. End Plate Conduction Problem

Considering a thin wall of thickness ¢ and thermal conductivity Ag, subjected to a spatially varying
heat flux giop (2, y) on its upper surface and to a convective boundary condition with a uniform heat
transfer coefficient h on its bottom surface (interface) exposed to a fluid at a bulk temperature
Teo.

Under the thin-wall approximation, temperature variations through the thickness are neglected,
and the wall temperature can be represented by its thickness-averaged value T'(z,y). Assuming
steady-state conditions, the Fourier's heat transfer equation gives

st V2T(2,9) = Giop(,Y) — dbot (2, ), (C.1)

where Gpot (2, y) represents the heat flux at the bottom of the end plate.

At this bottom interface, heat transfer to the fluid is governed by Newton's law of cooling:

(jbot(-ra y) =h (T(xa y) - Too)~ (C2)

Defining the temperature relative to the fluid bulk temperature, 0(z,y) = T(x,y) — T, and
substituting Equation C.2 into Equation C.1, one obtains

At V20(2,7) = Grop(,y) — ho(z,y). (C.3)

To solve Equation C.3 efficiently, following the approach described in [53], a two-dimensional Fourier
transform is applied using the following definitions

Flhor k) = F(t(ag) = [[ s emirtion auay, (C4)
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~

Fay) = F b ky)) == g [ Flheaky) om0 b iy, (C5)

where k, and k, are the spatial wavenumbers, and K = ,/kZ + k2 is the total wavenumber
magnitude. Using the property F{V20} = — K20, the Fourier transform of Equation C.3 yields

~

kot K20k, ky) = Grop(ka, ky) — RO (ks k). (C.6)
Rearranging gives

~

0k, ky) = Giop(Ka, ky)- (C.7)

TOMNEK2+h

From Equation C.2, the heat flux bottom surface in the frequency domain is Ginterface = ho.
Substituting in Equation C.7 yields

h .
TSI KI LT Giop (K, ky), (C8)
;/_/

H(K)

abot (km ky)

where H(K) represents the spatial attenuation of the surface heat flux pattern as it propagates
through the cold plate end wall to the bottom interface. This transfer function H(K) quantifies
how effectively lateral heat conduction within the wall smooths out spatial variations in the applied
heat flux. For spatially uniform heating, K = 0 — H(0) = 1, meaning that the heat flux applied
on the top surface is directly transferred to the end plate bottom interface. On the other hand, for
spatially varying heating, as K increases, H(K) — 0, which means that rapid spatial variations
in the top surface heat flux are significantly damped before reaching the interface. The damping
strength is also determined by whether conduction or convection dominates the heat transfer process.
Conduction through the solid end wall (characterized by Ast) and convection at the bottom surface
(characterized by h) compete with each other, and their relative importance controls how much
the spatial variations of the imposed heat flux are attenuated.

C.2. Mass Flow Distribution

The steady-state flow distribution is determined by solving a nonlinear system that enforces equal
pressure drop across all parallel channels with the same bulk cross-sectional area while maintaining
the specified total mass flow rate. A decoupled Newton method is employed, which iteratively
updates local channel mass flow rates and the global pressure drop in alternating steps until con-
vergence.

Each channel j has a monotonically increasing pressure-mass flow relationship AP;(r;), where
steeper curves correspond to higher-resistance channels and gentler curves to lower-resistance chan-
nels. The physical steady state requires that all channels experience the same pressure drop AP*
while their individual mass flow rates sum to the prescribed total

Ne
ij == mtot. (Cg)
7=1
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Graphically, this steady state corresponds to a horizontal line at y = AP* intersecting each channel
curve AP;(1h;) at exactly one point. The abscissae of these intersection points correspond to the
individual mass flow rates, 1.

The problem is formulated as a nonlinear system of N. + 1 equations:
fj(m])_AP* :07 j:]')"'JN07

A (C.10)
ij_mtot = 0,
j=1

where f;(1i2;) represents the nonlinear pressure-mass flow characteristic of channel j. The structure
of the problem, however, allows for an efficient decoupled approach: since channels interact only
through the shared pressure drop AP* rather than directly with one another, a diagonal Newton
method can be used. In this method, each channel equation is independently updated, followed by
a global correction to AP* that enforces the prescribed total mass flow rate.

The iterative procedure begins with a uniform distribution of the total mass flow rate across all

channels )
. (0) Mtot .
m - = —_— = 1 .
] Nc ) .] )

This uniform distribution provides an initial guess for the common pressure drop

., NL. (C.11)

* 1 Je .
APHO = 3" £ (). (C.12)
¢ j=1

With these initial values established, the iterative process begins. For each channel j, it is possible
to define the residual

rj = filing) — AP7, (C.13)

which measures the deviation from global pressure drop equilibrium. If r; > 0, the channel pressure
drop exceeds AP* and the mass flow rate must be reduced; if r; < 0, the mass flow rate is too low
and needs to be increased. To correct this imbalance, a Newton step is applied to each channel
independently yielding

(k)

. (k+1 . (k i

m§+):m§)_ ,7(/{)' (C.14)
fj(mj )

After the local mass flow rate updates, the total mass flow rate constraint is generally violated

Ne¢
gD =5l g £ 0. (C.15)
j=1

Therefore, a scalar Newton step is applied to correct this global imbalance. The key insight is that
each channel’s flow rate responds to changes in the imposed pressure drop according to the implicit
relationship 7; = fJ’»(AP*). Differentiating this equilibrium condition with respect to AP* reveals
how each channel's mass flow rate adjusts: 72;/d(AP*) = 1/f](r;). Summing these individual
sensitivities gives the total response of the flow imbalance to the pressure adjustments
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(C.16)

Considering this, the global pressure drop update is then computed according to Equation C.17.

gktD)

APHEED — A pHi(R) _
. (k
SN [1/ £ )]

(C.17)

The local channel updates (Equation C.14) and global pressure drop correction (Equation C.17) are
iterated until both the pressure drop equilibrium and the imposed total mass flow rate are satisfied
within specified tolerances:

max |75 < €p, lg| < em, (C.18)
J

where ¢, and €, denote the pressure drop-equality and mass flow-balance tolerances, respectively.
A simulation was considered to be converged, once both of these tolerances fell under 1076,

C.3. Grid Independence Study

Since both the end plate conduction problem and the mass flow rate distribution are computed
numerically, the accuracy of the reduced-order model depends on the adequate grid resolution.
The end plate conduction problem is particularly sensitive to discretization because the accurate
representation of ¢op(,y) requires sufficient grid refinement to resolve spatial variations in the
heating pattern.

To ensure the reliability of the numerical predictions, a grid independence study was conducted
considering a cold plate configuration filled with gyroid structures with a porosity of 65%. The
study systematically varied the number of channels, which directly controls the number of control
volumes in the discretization. Grid convergence was assessed by monitoring key performance indi-
cators, specifically the average wall temperature T, and the pressure drop AP, as functions of grid
refinement.

Figure 40 presents the results of the grid independence study. The number of channels varied from
4 to 64, resulting in a number of control volumes ranging from 12 x 8 to 192 x 128.
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Figure 40: Results of the grid independence study of the discretized HERO model.
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The results show that increasing the number of channels beyond 32 does not improve the predictions
of the average wall temperature and pressure drop by more than 0.1%. Taking this into account, in
the present analysis, the solutions obtained with the configuration with 32 channels were considered
grid independent, and this discretization was adopted for the study.
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