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ARTICLE INFO ABSTRACT

Keywords: This paper presents the development and application of an optimization algorithm for determining the
Liquid Cold Plate (LCP) geometric parameters of an extruded Liquid Cold Plate (LCP) with internally finned channels. The entire
OpenFOAM

workflow operates within a fully open-source environment, offering a comprehensive and accessible solution
for optimizing LCP geometric parameters for efficient thermal management in railway power electronics as
well as other industrial applications. In particular, the aim is to minimize the maximum temperature and
the temperature gradient at the interface between the LCP and an electronic device for electric trains that
dissipates heat. The algorithm explores a defined range of geometric parameters and automatically generates
combinations and performs Computational Fluid Dynamics (CFD) simulations, using the open-source C++
toolbox OpenFOAM. Implemented in a bash script, the algorithm not only automates the simulation process
but also provides a geometry of the LCP that is easy to manufacture and cost-effective. The correct value
of parameters, such as the distance between the fins bottom surface and the channel base (gap), along with
others, has shown a significant impact, leading to a reduction in both the maximum interface temperature
(8K) and the temperature gradient (25 K/m) within the system.

Parametric simulation
Extruded LCP
Railway electronics

1. Introduction heat dissipation capabilities. Various studies focus on the optimization

of LCP geometry, exploring factors such as channel configurations,

In the field of railway power electronics, the efficient design of
cooling systems is crucial to ensure the proper operation and dura-
bility of electronic components such as traction inverters, converters,
power supply units, and other propulsion system elements [1-5]. These
components generate significant amounts of heat during their normal
operation, and Liquid Cold Plates are often chosen as technical solution
to maintain the temperature of these components below acceptable
threshold values, preventing overheating and potential damage. Given
the pivotal role of these devices, literature abounds with various meth-
ods aimed at optimizing their performance. Different approaches have
been explored to enhance the efficiency, thermal conductivity, and
overall effectiveness of LCPs, proposing optimization methods that
include considerations such as material selection, control strategies and
fluid dynamics [6-8]. Moreover, a significant focus has been placed on
geometric design considerations. Researchers recognize that the physi-
cal structure and layout of LCPs play a critical part in determining their
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fin arrangements, and overall plate design [9-11], contributing to the
advancement of sustainable and reliable transportation systems.

Many optimization approaches utilize the Solid Isotropic Material
with Penalization (SIMP) method [12] to determine the optimal dis-
tribution of material within the design domain. This method helps
to identify regions where material is needed and where voids can
be present, using a design variable, y, that ranges between 0 and 1,
where y = 0 corresponds to the solid domain, and y = 1 represents
the fluid domain. Building upon this methodology, Wang et al. [13]
implemented secondary shape optimization of topological boundaries
using Bezier curves to enhance cold plate heat dissipation. The al-
gorithm adjusts coefficients and control points as design variables,
resulting in improved temperature and velocity distributions. Chen
et al. [14] compared Topology Optimization Cold Plate (TCP) structures
generated using the SIMP method with two specific types of LCPs, the
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Nomenclature

Symbols

| VT | Temperature gradient magnitude (K/m)

A Area of the cross-section (m?)

a Channel width between two fins (mm)

b Fin width (mm)

c Gap (mm)

< Specific heat at constant pressure (J/(kg K))

c, Specific heat at constant volume (J/(kg K))

D, Hydraulic diameter (m)

e Specific total energy per unit mass (J/kg)

g; Components of gravitational acceleration
along the j direction (J/m?)

h Enthalpy (J/kg)

hy Convective heat transfer coefficient
(W/(m*K))

k Thermal conductivity (W/(mK))

ke Turbulent kinetic energy (J/kg)

L Length of the duct (m)

1 Fin length (mm)

n Number of fins

P Perimeter of the cross-section (m)

Pout Fluid outlet pressure (Pa)

Pren Pressure minus the hydrostatic pressure
(Pa)

(0] Volumetric flow rate (L/min)

q; Heat flux (J/m?)

4 Turbulent heat flux (J/m?)

r Heat source term (J/kg)

Rad Heat source by radiation (J/)

S, Surface on which is distributed the thermal
power in the simplified model (m?)

Stop; Surface on which is distributed the thermal
power in the entire LCP (m?)

t Time (s)

Tp Thermal power (W)

T, Fluid inlet temperature (K)

Tax Maximum temperature (K)

v Velocity of the coolant (m/s)

v; Componet of velocity along the i direction
(m/s)

v; Componet of velocity along the j direction
(m/s)

U, Componet of relative velocity along the i
direction (m/s)

Uy Componet of relative velocity along the j
direction (m/s)

x; Spatial coordinates (m)

Greek Symbols

a Thermal diffusivity (m?/s)

Rectangular-Channel Cold Plate (RCP) and the Serpentine-Channel Cold
Plate (SCP). The comparison is conducted under the condition of an
equal fluid domain volume fraction. They found that the utilization of
TCP leads to a reduction in the maximum temperature, temperature
difference, and temperature standard deviation of the battery. Sun
et al. [15] introduced a novel two-solid topology optimization method

ay Type I error

Ap Pressure drop (Pa)

€ijk Levi-Civita symbol

Y Design variable

A Friction factor

" Dynamic viscosity (Pas)

; Angular velocity vector

) Density (kg/m?)

7 Component of the stress tensor (Pa)

0, Component of the turbulent stress tensor
(Pa)

Abbreviations

(x2) Mean square

¥ x? Sum of squares

ANOV A Analysis of Variance

CFD Computational Fluid Dynamics

Df Degree of freedom

LCP Liquid Cold Plate

NSGA-11 Non-dominated Sorting Genetic Algorithm
I

PEC Performance Evaluation Criteria

PSO Parametric shape optimization

RCP Rectangular-Channel Cold Plate

RSM Response Surface Method

scp Serpentine-Channel Cold Plate

SIMP Solid Isotropic Material with Penalization

TCP Topology Optimization Cold Plate

for conjugate heat transfer using the SIMP approach. Optimization out-
comes indicated that employing staggered multiple inlets and outlets
enhances heat transfer effectiveness compared to a single distribution.
Additionally, the optimized models demonstrate superior performance
over conventional rectangular flow channels, leading to a reduction
in both average temperature and root mean square temperature. The
same authors in [16] optimized heat sink designs, featuring a detached
inlet section and free-form solid fins at the bottom, outperforming pin
fin designs. The numerical tests demonstrate superior efficiency, lower
pressure drop, and enhanced thermal performance across varying flow
rates for the topology-optimized heat sinks.

The Non-dominated Sorting Genetic Algorithm II (NSGA-II) algo-
rithm is also employed to optimize the performances of LCPs. This is
a multi-objective optimization algorithm widely used for solving opti-
mization problems with multiple conflicting objectives [17-20]. Tian
et al. [21] employed this method to minimize the average temperature
and root mean square temperature of the top and bottom surfaces of an
LCP. Fan et al. [22] optimized a novel liquid-cooled thermal dissipation
system with double-layered dendritic channels using NSGA-II.

Statistical methods like Response Surface Method (RSM) or ANOVA
(Analysis of Variance) are extensively used to optimize LCPs. Wei
et al. [23] integrated NSGA II and ANOVA to explore and enhance
the heat transfer and flow resistance performance of liquid cold plates
featuring serpentine channels. Kili¢ et al. [24] designed and optimized
a cooling plate for a lithium-ion battery pack using Taguchi-grey
relational analysis. They established an empirical correlation to predict
the Nusselt number for three different coolants under various geometric
conditions. Zuo et al. [25] utilized a combination of RSM and NSGA-
I to optimize a multi-channel cold plate under intermittent pulsating
flow focusing on the average heat transfer coefficient and the energy
consumption.

The various optimization methods previously discussed [21,26-
28] offer significant benefits, improving temperature management and
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Fig. 1. Examples of optimized LCP designs (a) [27], (b) [28], (c) [14] (d) [15].

reducing pressure drops. However, the resulting optimized geometries,
shown in Fig. 1, can present challenges in practical industrial applica-
tions, with complexities in manufacturing and potential prohibitive cost
implications, especially for the railway applications where LCPs have
considerable size.

In light of this, achieving a balance between optimal performance
and feasibility is crucial in ensuring the successful implementation of
these advanced optimization approaches in industrial contexts. When
the general design of the LCP is fixed, this equilibrium can be realized
through the parametric shape optimization [29,30]. In this process,
the shape is parameterized and specific features of the design, such as
dimensions, angles, or contours, are expressed as variables.

The present investigation presents a new Parametric Shape Opti-
mization (PSO) algorithm, based on an Computational Fluid Dynamics
(CFD) through a fully open-source approach, for a LCP with internally
finned channels. The geometry with straight channels between the
plate fins contribute to a reduction in energy consumption required
to drive the flow. Moreover, finned plates can be easily manufactured
using machining techniques such as milling [16] and extrusion [11],
as shown in Fig. 2. In more detail, a parametric analysis was con-
ducted to achieve hydraulic equivalence (pressure drop) among all
generated configurations by varying the selected geometric parame-
ters. In many prior works [31-34], various LCP models deriving from
different combinations of geometric parameters were compared by
keeping constant boundary conditions such as thermal power, inlet
flow rate, or velocity, but the hydraulic equivalence was not preserved.
This approach can lead to non-comparable results in terms of thermal
conditions, potentially resulting in erroneous conclusions. For instance,
Hadad et al. [31], demonstrated that, with the same inlet flow rate,
an increase of the fin length of an LCP leads to a higher maximum
temperature. This result could be misinterpreted, as it is commonly
established that the temperature decreases with the increase in total
convective surface area corresponding to the length of the fin [35].
This occurs because, with the same flow rate, models with shorter fins
have a smaller hydraulic diameter (D)) and this will result in higher
fluid velocities and consequently a higher convective heat transfer
coefficient (#,), conversely, a longer fin results in a higher D, that leads
to lower fluid velocity and a lower A, [36]. However, when a LCP is
integrated in an hydraulic circuit in place of another, this typically
alters the operating point of the entire system, thus changing the
boundary conditions on the LCP itself. The need to maintain constant
the operating conditions during a parametric optimization study of a
device is, instead, well known to Fernandes et al. [37]. These authors
have indeed conducted two parametric studies aimed at minimizing
the thermal resistance of an LCP, while keeping either the flow rate or
the pump power constant. However, a study where both conditions are
simultaneously kept constant is missing. This is the reason why the two
parametric studies by Fernandes et al. yield different results. Moreover,
some performance evaluation criteria (PEC) have been developed for
evaluating the performance of heat exchangers [38]. The most used
criteria are based on the entropy production theorem [39] and can be
used depending on the specific objective function and constraints of the

y

y

y
,//

Fig. 2. Extruded part of an internally finned LCP.

optimization. In general, three cases are defined [40]: (1) reduced heat
transfer surface for equal pumping power and heat duty; (2) increased
ratio of thermal power to temperature unit for equal pumping power
and fixed total lenght of exchanger tubing and (3) reduced pumping
power for equal heat duty and total length of exchanger tubing.

In this work, the selected approach for parametric analysis, as
detailed in Section 2, does not fall into any of the three previous cases
because it compares models that are hydraulically equivalent and thus,
as said, when integrated into the same hydraulic circuit, they work
at the same operating point of mass flow rate and total pressure drop
Q — Ap. In this way, unlike the previously defined PEC, conditions of
equal flow rate and pump power are simultaneously satisfied making
it more meaningful to compare the different maximum temperatures
of the various for all the LCP configurations , and ,favouring the so-
called isointegration conditions can be favoured. In the railway sector,
maintaining isointegration is crucial when enhancing the LCP device
while ensuring it remains interchangeable with the previous version.
This approach prevents any imbalance in the hydraulic circuit where
multiple elements, old and new, are arranged in parallel.

2. Materials and methods

As it is depicted in Fig. 3, the focus of this investigation is a LCP
section with a length of L = 100 mm, on top of which, an electronic
device is mounted generating a thermal power T, = 2000 W that needs
to be dissipated. The system operates with a flow rate Q = 38 L/min and
a pressure drop Ap = 1.3 x 10% Pa, while the liquid coolant is a mixture
of water 60% and glycol 40%. In particular, the focus of this study is
the internally finned U-shaped channel of the LCP, primarily fabricated
through extrusion. The key aspect targeted for optimization pertains to
the cross-sectional profile of the extruded part of the LCP, presenting
itself as a channel with fins on the upper section.

The geometric parameters, as depicted in Fig. 4, are: a - the channel
width between two fins, b - the fin width, ¢ - the distance between the
fin bottom surface and the channel base, n - the number of channels, /
- the fin length.

The CFD model used for the investigation takes advantage of the
geometric symmetry of the channels and reduced representative model
is employed to minimize the required computational cost. In particular,
only the section of the LCP illustrated in Fig. 3b is modelled, composed
of two fins, a central channel, and two side semi-channels.
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b) Thermal power

Inlet flow
rate

Fig. 3. (a) Extruded LCP, (b) CFD simplified model.

Heater

Metal

Fluid

Fig. 4. Geometric parameters: a - Channel width between two fins, b - Fin width, ¢ - Distance between the fin bottom surface and the channel base, n - Number of channels, / -

Fin length.

In an effort to mitigate computational complexity during this initial
optimization phase, the fins are parameterized with a rectangular con-
figuration, avoiding the presence of fillets and rounded features. More-
over, in order to maintain hydraulic equivalence, the Darcy-Weisbach
formula [41] has been adopted:

ApL ?

where, D, is the hydraulic diameter; A is the friction factor, a di-
mensionless quantity, used in the Darcy-Weisbach equation for the
description of friction losses in pipe flow, that depends on the Reynolds
number and the relative roughness of the inner surface of the duct; L is
the length of the duct; p is the density of the coolant; v is the velocity of
the coolant. Therefore, when incorporated into the same hydraulic cir-
cuit, all geometric configurations exhibit identical volumetric flow rates
and pressure drops, providing comparable outcomes for the resulting
heat transfer characteristics.

By representing the velocity v as a function of the volumetric flow
rate Q and the area of the cross-sectional profile A, v = Q/A, it
becomes feasible to establish a geometric constraint equation (Eq. (2))
that relates the wet perimeter P and the area A in a manner that ensures
a similar pressure drop 4p for the same volumetric flow rate Q:

ApL _, P
Ap=——0"— 2
p=—"5"0"5 2

(€Y

Considering p and A constant and fixing L and Q, it is evident that,
the only parameter upon which 4p depends is the ratio P/A3. This ratio,
with reference to Fig. 4, can be expressed as a function of the geometric
parameters of the extruded channel:
P/A3 _ 2(an+bn—b+c+ln).

(anl + anc + bnc — bc)3

3

It should be noted that the hydraulic diameter formula is effective
for pipes or flows with simple geometries such as circles or rectan-
gles [42]. Therefore, keeping the parameter P/A® constant may still
result in models with slightly different pressure drops.

Once this constraint is defined, the optimization of the LCP shape
unfolds through the stages outlined in Fig. 5.

~ Start

!

Input
Assign parameters
(a, b, c,n)

Generate combinations

Calculate parameter | for each combination

!

1 is complex?

Yes

o | Discard combination

/

Generate csv file with combinations more 1

Calculate boundary conditions
(v_inlet and P_inlet)

I

Assign geometric parameters to BlockMesh utility (OpenFOAM)
and assign boundary conditions

Run CFD simulation with OPENFOAM

= OpenVFOAM

Write results (T_max and mag(grad(T)))

A
is it the last combination?

I

“Perform ANOVA in R-Studio e Studio

Generate graphs with main effects and two-way interactions
! )

1
END

Fig. 5. Flowchart optimization algorithm.
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Table 1
Independent parameters combinations.
Parameter Level 1 Level 2 Level 3 Level 4 Level 5 Level 6 Level 7
a [mm] 2 2.5 3 3.5 4 4.5 5
b [mm] 2 2.5 3 3.5 4 4.5 5
¢ [mm] 0.5 1 1.5 2 2.5
n 17 18 19 20 21
I | ] | Spl
2 TP,
top; 1
4
A |
7717 =
APL‘

Fig. 6. Boundary condition for the simplified CFD model.

The first step is the assignment of geometric parameters, as shown
in Table 1, in which seven levels for the parameters a and b and five
levels for the parameters ¢ and n are assigned.

Combining all parameters results in 7> + 52 = 1225 sets. For each
set of the parameters, the value of the parameter / is calculated using
Eq. (3) in which g, b, ¢ and n are the independent variables, / is the de-
pendent variable and P/ A3 is fixed at 7.02x10° m~>, in order to achieve
a flow rate Q = 38L/min and a pressure drop 4p = 1.3 x 103 Pa (from
Eq. (2)), that correspond to the system imposed operating conditions.
The calculated parameter / is added to the set of geometric parameters,
while the parameter sets resulting in a complex / are discarded.! At this
stage, for each ith combination of parameters, appropriate boundary
conditions are calculated and assigned to the simplified CFD model, so
that they correspond to the actual boundary conditions of the entire
LCP (Fig. 6).

More specifically, the thermal power for the ith combination T),,
modelled as a volumetric heat source in the entire iron domain, is
computed as:

Tp =

i

Stop, TP (4)
where Stop;» @S shown in Fig. 6, is the surface on which the thermal
power Tp is distributed in the actual LCP and Sp, is the surface
on which the thermal power of the simplified (reduced) model is
distributed.

The inlet fluid velocity for the ith combination v; is computed as:

v, = — 5)

where A; is the channel cross-sectional area of the LCP for the ith
combination of parameters.

The other boundary conditions assigned to the model are: symmetry
for the outer lateral vertical boundaries; zero gradient for the front and
back surfaces of the solid regions; zero gradient for the bottom surface
of the Aluminium bottom region; a constant fluid inlet temperature
of T;;, = 333 K, and a constant fluid outlet pressure of p,,, = 0 Pa.
To model the heat transfer at all coupled walls the boundary con-
dition turbulentTemperatureCoupledBaffleMixed is used. This boundary

1 Complex values of / correspond to the case in which the fin is in
interference with the lower side of the cross-sectional area.
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condition represents heat transfer through the solid wall as expressed
by Fourier’s law [43]. Upon defining boundary conditions for each
parameter combination, a conjugate heat transfer simulation is run
using OpenFOAM 9. Initially, geometric parameters are assigned to
the parametric structured mesh implemented in the blockMesh dictio-
nary, employing nineteen blocks (Fig. 7) interconnected through the
mergePatchPairs function. The mesh independence analysis, depicted in
Fig. 8, aims to ascertain the optimal number of cells required for the
simulation. The optimal mesh size for each domain includes: Heater
mesh size of 1.5 mm, Upper Metal mesh size of 0.75 mm, Fluid mesh size
of 0.375 mm, Bottom Metal mesh size of 1.5mm, and a total of 320 x 103
cells.

The solver used for simulating conjugate heat transfer in the multi-
region system is chtMultiRegionFoam [43] in which the well-known
compressible Navier Stokes equation [44] are solved for the fluid
regions (Egs. (6)-(9)):

dpv;
9 %P% _ 6)
ot ox;
apv) 4 OPrgn  0P8iX; 9
ot e eepon, = -8 === 2 (a4, ) )
d(pe) + 9 (pvje) + d(pke) + 9 (pvjke) = _ %4 +4n) + pr+ Rad
ot ) J ot ax; ‘" 0x;
opu; P}
—W{_ﬂgjvj"‘g(q’jvi) ®)
i J

6,0 _ dp* aprgh

o o VT ©

and the solid region (Eq. (10)):

Ao _ o (, on 10
ot axj 6xj

The thermo-physical properties of the regions are provided in
Table 2.

The results of the simulations in terms of maximum temperature
T,.. and temperature gradient magnitude | VT | at the interface
between the Heater and Upper Metal, as presented in Section 3, are
analysed through the ANOVA in order to assess the main effects and
two-way interactions. The automation of all the tasks described earlier
is performed through a Bash script and it lasts about 170 h for 10692
cases simulated using 12 cores of an Intel Xeon CPU E5-2640 v2
2.00 GHz processor with RAM DDR192 GB. Once the parameter matrix
for individual cases is generated, the script copies the template folder,
containing the CFD model, for each case. Subsequently, it assigns the
geometric parameters and the boundary conditions, initiates the CFD
simulation and records the results in a csv file.

3. Results and discussion

Table 3 summarizes the analysis of variance for the LCP maximum
temperature, performed on the open source software R-Studio [45]. All
single factors and two-way interactions, except for the interaction b-n,
are found to be significant because the p-value [46] is under the type I
error a; = 0.005 [47] but, by plotting the marginal means of the maxi-
mum temperature in Fig. 9, it is evident that the single factor with the
greatest influence is the gap (c). As the gap increases, the temperature
rises more than linearly. This is due to the fact that the effective section
for cooling is the area between the fins. If the gap increases, this area
decreases to maintain a constant P/A3 ratio. The effects of b and n show
similar linear trends; T,,,, decreases with their increase. The maximum

max
temperature as a function of a exhibits a non-monotonic trend, indeed,

2 The number of cases equals the total combinations of parameters minus
the cases where / is complex (7% x 5% — I_is_complex.)
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Fluid ——
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Fig. 7. Structure of the parametric mesh implemented in the BlockMesh dictionary.

440 -

Mesh Independence Analysis

of@—‘i“

®
]

1
420 !

P ————

ﬂb

[

400 -

) —e— Heater Tmax
—o— Heater Tmin
—e— UpperMetal Tm
—e— UpperMetal Tm

ax
in
o Fluid Tmax

Temperature [K]
w
&

; £ — —eo—Fluid T __
1
360 | : —eoe— BottomMetal Tmax
: —aoa— BottomMetal Tmin
o\o_?\: e o
340 i
o-c—9 © © >)
I
320 — : : : '
0 0.5 1 1.5 2 2.5
Number of Cells %108

Fig. 8. Mesh independence analysis.

Table 2

Thermo-physical properties of the regions.
Region Material p LX) ke [=2] ¢, [kﬁ] c, [kﬁ] u [Pas]
Heater Iron 8000 80 450
U pper metal Aluminium 2700 200 900
Fluid Water 60% - Antifrogen 40% 1027 0.445 3640 10.47 x 107°
Bottom metal Aluminium 2700 200 900

for * = 3.5mm, a temperature peak is obtained; however, for lower
values of a*, the temperature decreases significantly, while for higher
values, the temperature decreases slightly. As for the interactions,
shown in Fig. 10, the one between ¢ and n appears to be the most
significant. From the graph in Fig. 10(f), it is observed that for low

values of ¢ the factor » is highly significant, while for high values of ¢
the factor n becomes non-significant.

Table 4 summarizes the analysis of variance for the magnitude of
the temperature gradient. Also in this case all single factors (see Fig. 11)
and two-way interactions (see Fig. 12) are found to be significant. In
this case, plots on the marginal means of the single factors | VT |, in
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EffectofaonT
max

400 — . . :
3907
X,
3
380}
C
®
L
2 /——G\Q\Q
370
360 — :
2 2.5 3 3.5 4 4.5 5
a [mm]
(a) Effect of a on Trax
Effectofcon T
max
400 — ‘ ‘ : :
390
X,
3
I—E 380
C
®
(V)
=
3701
360 — * - : *
0.5 1 1.5 2 2.5

¢ [mm]

(c) Effect of ¢ on Timax

Fig. 9. Effects of single factors on the maximum temperature 7,

Table 3
ANOVA on the T, . Factor, degree of freedom, sum of squares, mean square, Fisher’s
test statistic, p-value.

Factor Df > x? (x2) F value p-value
a 6 6160 1027 1279.147 <2e—-16
b 6 9364 1561 1944.591 <2e—16
c 4 68642 17160 21 382.056 <2e-16
n 4 1409 352 439.020 <2e-16
a:b 36 431 12 14.930 <2e—16
a:c 24 1276 53 66.228 <2e-16
a:n 24 148 6 7.669 <2e—16
b:c 24 1437 60 74.623 <2e—16
b:n 24 38 2 1.994 0.00317
cin 16 497 31 38.722 <2e-16
Redsiduals 900 722 1
Table 4

ANOVA on the | VT |. Factor, degree of freedom, sum of squares, mean square, Fisher’s
test statistic, p-value.

Factor Df > x? (x?) F value p-value
a 6 13742450 2290408 21777.34 <2e—-16
b 6 19767 022 3294504 31324.34 <2e—-16
¢ 4 1542418 385604 3666.35 <2e—16
n 4 4670470 1167617 11101.78 <2e-16
a:b 36 1421735 39493 375.50 <2e-16
a:c 24 59117 2463 23.42 <2e—16
a:n 24 78299 3262 31.02 <2e—16
b:c 24 43021 1793 17.04 <2e-16
b:n 24 114253 4761 45.26 <2e-16
c:in 16 20144 1259 11.97 <2e—16
Redsidual s 900 94657 105

Applied Thermal Engineering 260 (2025) 124873

Effect of b on Trn

ax

400 — ‘ : : ‘
390
Ty
5380
C
@®
()]
=
3701
360 ’ ' :
2 2.5 3 3.5 4 4.5 5
b [mm]
(b) Effect of b on Tax
EffectofnonT
max
400 — : : ‘ :
390
i
£

Mean T

370 1

360 - - : - -

(d) Effect of n on Tmax

max*

Fig. 11, show all monotonic trends, particularly the plots of factors
a and b exhibit steeper slopes. This means that a greater width of
the channels and fins leads to a decrease in thermal gradient. Also,
an increase in the number of fins (1) contributes, albeit more mildly,
to reducing the thermal gradient. On the contrary, an increase in
the factor ¢ causes an increase in the magnitude of the temperature
gradient. From these results, an optimized geometry has been obtained,
which application is detailed in Section 3.1.

3.1. Comparison between a reference LCP and an optimized one

A comparison is performed between a reference LCP, characterized
by: a = 3mm, b = 3mm; ¢ = 1mm, n = 19, and / = 4.85mm, and
an optimized one with the same external dimensions, characterized by
a=2mm, b =3mm, ¢ = 0.5mm, n = 19, and / = 10.2mm. The results
are summarized in Table 5. In particular, Fig. 13 highlights a decrease
of maximum interface temperature equal to 8 K. This improvement is
primarily due to the decrease of parameter ¢ from I mm to 0.5mm,
which in turn, to maintain hydraulic congruence, leads to an increase
in the dependent variable / from 4.85 mm to 10.2 mm. As a consequence,
there is an increase in the heat exchange surface area that leads to a
lower maximum interface temperature. The decrease of parameter a
from 3 mm to 2 mm and the increase of parameter b from 3 mm to 4 mm
also contribute to a performance enhancement. Parameter n, on the
other hand, remains constant to maintain the same external dimensions
of the LCP.

Also, the temperature gradient in the LCP is slightly decreased, as
shown in Fig. 14. Indeed, referring to the trends in Fig. 11, it can be
observed that the decrease in a and the increase in b cause two opposite
effects that balance each other out, while the decrease in ¢ reduces the
magnitude of the gradient.



R. De Rosa et al.

EffectofaandbonT
max

Fig. 10. Effects of the interactions on the maximum temperature T,

400
. 3901 b [mm]
= ——2
% ——25
£ —e—3
'E 380 —e—35
© 4
% ——45
370} Bé;j—_.‘?m ——5
360
2 3 4 5
a [mm]
(a) Effect of a : b on Tiax
EffectofaandnonT
max
4001
. 390
X n
% ——17
1S —e—18
'E 380 19
[ g —e—20
]
s 21
370
360
2 3 4 5
a [mm]
(c) Effect of a : n on Thmax
EffectofbandnonT
max
400
3901
=, n
% ——17
1S —e—18
IE 380 19
© —e—20
2 21
370
360
2 3 4 5
b [mm]
(e) Effect of b: n on Thmax
Table 5
Comparison.
LCP a[mm] b[mm] c¢[mm] n 1[mm] T, [K] |VT]|[K/m] 4p [Pa]
Reference 3 3 1 19 4.85 365 951 1.3
Optimized 2 4 0.5 19 10.2 357 926 1.5

Regarding pressure drop (Fig. 15), the optimized LCP exhibits an
average Ap of 1.5 x 103 Pa, comparable to that of the reference LCP,
which is 1.3 x 103 Pa.

Applied Thermal Engineering 260 (2025) 124873

Effectofaandcon T
max

400
_ 390
=, ¢ [mm]
é —e— 05
£ —1
'E 380 ——15
© ——2
2 25
360
2 3 4 5
a [mm]
(b) Effect of a : ¢ on Tiax
EffectofbandconT
max
400
. 390
X, ¢ [mm]
% —e—17
2 \N‘xo —e—18
'E 380 19
© —e—20
3 21
370 \\\
360
2 3 4 5
b [mm]
(d) Effect of b : ¢ on Tiax
EffectofcandnonT
max
400
_ 390
=, n
é ——17
E ——18
IE 380 19
© —e—20
2 21
370
360
0.5 1 1.5 2 2.5

¢ [mm]

(f) Effect of ¢: n on Thax

max*

4. Conclusions

This study has presented a comprehensive approach for optimizing
the geometric parameters of Liquid Cold Plates to enhance thermal
management in railway power electronics. Through the development
and application of an optimization algorithm, the objective was to
minimize the maximum temperature and temperature gradient at the
interface between the LCP and electronic devices. Using parametric
simulation techniques and Computational Fluid Dynamics simulations
with the open-source C++ toolbox OpenFOAM, the proposed method-
ology automates simulations and generates LCP geometries that are
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Fig. 11. Effects of single factors on magnitude of the temperature gradient | VT |.

both easy to manufacture and cost-effective, indicating the potential
for real-world implementation of optimized LCP designs.

The optimization process introduced a new approach to optimize
parameters, emphasizing the approximation of similar operating points
rather than ensuring their exact equivalence across all Liquid Cold
Plate (LCP) models. The methodology is based on the Darcy-Weisbach
formula, where, once a Q — Ap operating point is defined, the value
of P/A3 is derived. Therefore, from a computational perspective, the
methodology works for any operating point and any value of P/A3.
Specifically, the predefined value of P/A? is satisfied through a series
of independent geometric parameters (a, b, ¢, n) and a dependent
parameter (). While there is complete control over the independent
parameters, which can thus be chosen to ensure the extrudability of the
product, the same cannot be said for the dependent parameter (1) that
results from them. Therefore, critical aspect of the methodology could
be that, in the aftermath, it is necessary to evaluate the combinations
of parameters that result in an unrealizable L. It should also be noted
that, by conducting a preliminary study on the domain of the function
I = f(a,b,c,n, P/A%), it is possible to ensure that the values of I are all
compliant with the extrudability constraints. The study of the domain
of I = f(a,b,c,n, P/A?) has not yet been integrated into the algorithm
but has been conducted preliminarily in this case.

This approach enhances the reliability and applicability of opti-
mization results in industrial contexts, providing a valuable framework
for future research and development in thermal management systems.

Extensive simulations and analyses conducted using the proposed al-
gorithm showed significant reductions in computational effort, signifi-
cantly reducing the time required compared to manual approaches, or
saving several hours when conducting parametric studies with commer-
cial software, but also providing significant improvements in LCP per-
formance, including reductions in maximum interface temperature and
temperature gradient. The ANOVA revealed significant influences of
geometric parameters on both maximum interface temperature (7},,,)
and temperature gradient (VT') in the Liquid Cold Plate (LCP). Notably,
the gap ¢ had the most pronounced effect on 7,,,, while factors a and
b primarily impacted the temperature gradient. Comparison between
a reference and optimized LCP showed a decrease in T, in the
optimized version equal to 8K, primarily due to a reduction in ¢ and
an increase in dependent variable /.

Future developments will integrate this algorithm into a new system
tailored to optimize the entire liquid thermal management system
through lumped-parameter models. The new system aspires to ensure
ideal operating temperatures of electronic components while mini-
mizing energy consumption across the entire system, which includes
pumps, valves, radiators, and motor-fans. This holistic approach holds
promise for advancing thermal management solutions across diverse
industrial applications, fostering enhanced efficiency and performance
in electronic devices.
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