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ABSTRACT: Nanofluid-cooled microchannel heat sinks (NCMHS) feature high heat dissipation efficiency and serve
as a critical thermal management solution for electronic devices. This study employs a computationally efficient
multi-layer modeling approach to conduct three-layer topological optimisation of the NCMHS. The flow and heat
transfer within the NCMHS are described using a single-phase nanofluid-based thermofluid model that accounts for
temperature-sensitive fluid properties. On this basis, a three-layer thermofluid model of the NCMHS is constructed by
introducing assumptions regarding the velocity profile and an adaptive temperature profile in the thickness direction,
together with the interlayer coupled heat flux derived from Fourier’s law. This model describes the conjugate heat
transfer in the fluid channel and the heat conduction in the top and bottom plates in a two-dimensional manner,
while comprehensively accounting for the influences of out-of-plane flow boundaries and heat transfer. Comparative
validation against a full three-dimensional model demonstrates that the developed three-layer model achieves good
numerical consistency. Based on this model, a three-layer topological optimisation framework for the NCMHS is
further established by representing the channel layout with a fictitious density field. Numerical examples investigate the
influences of temperature-sensitive fluid properties, pressure drop, heat source characteristics, and nanofluid properties
on the optimized design of the NCMHS. The results elucidate that temperature-sensitive fluid properties significantly
influence the optimized design. As the pressure drop increases, the optimized design tends to become more complex.
In addition, reducing the nanoparticle volume fraction promotes the emergence of more branched channels in the
optimized design.

KEYWORDS: Topological optimisation; convective heat transfer; three-layer thermofluid model; nanofluid; heat sinks;
temperature-sensitive fluid properties

1 Introduction

With the sustained promotion of electronic equipment in the pursuit of greater efficiency and more
compact structural design, thermal management has become increasingly essential to the performance and
reliability of modern electronic packaging systems [1,2]. As an effective solution for thermal management,
microchannel heat sinks (MCHS) have gained widespread adoption in electronic cooling applications [3].
In such systems, heat generated by the chip is transferred through the metal substrate via conduction into
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the microchannels of the MCHS. The coolant flowing through these channels then removes it via convective
heat transfer. Consequently, both the flow channel geometry and the choice of coolant significantly influence
the overall thermal performance of MCHS.

The heat transfer performance of MCHS can be effectively enhanced through the optimization of
their geometric configurations. Currently, the mainstream optimization approaches for MCHS primarily
encompass size optimization and shape optimization. Representative methods under these two categories
include the conjugate gradient method [4,5], particle swarm optimization [6,7], and genetic algorithms [8],
to name a few. However, these conventional optimization methods are inherently constrained by predefined
geometric frameworks, which leads to limited design freedom and imposes significant restrictions on the
comprehensive optimization of flow channel structures.

As a structural optimization method, topological optimisation [9] does not rely on a predefined initial
structure and allows for simultaneous changes in size, shape, and topology. This provides greater design free-
dom and enables significant improvements in structural performance. Topological optimisation originated
in the field of solid mechanics [10,11] and has since been widely applied in various physical disciplines [12,13],
including optics, acoustics, electromagnetics, fluid mechanics [14-17], and heat transfer [18-22]. Currently,
the prevailing topological optimisation techniques cover the homogenization method, the density method,
the level set approach, as well as the evolutionary structural optimization method [13]. The application of
topological optimisation to fluid dynamics dates back to Borrvall and Petersson’s groundbreaking study
in 2003 [14], which initiated the use of topological optimisation for Stokes flow fields and established the
fundamental theoretical framework based on the density method. Subsequently, a density-based topological
optimisation approach for flow problems governed by the Navier-Stokes equations was proposed by
Gersborg-Hansen et al. [23]. For unsteady fluid flow, density-based topological optimisation methods were
independently developed by Kreissl et al. [16] and Deng et al. [17]. Duan et al. [15,24] and Zhou and Li [25]
put forward level set-based topological optimisation methods for Navier-Stokes flows. Additionally, Deng
etal. [26] developed a level set method for fluid topological optimisation with body forces considered. Pingen
and Maute [27] applied the density method to tackle topological optimisation for non-Newtonian fluid
flow problems.

The pioneering work of Dede [18] and Yoon [19] marks the starting point for research on topological
optimisation of thermofluid systems; these authors first proposed density-based topological optimisation
methods for forced heat transfer scenarios. In their studies, the governing equations adopt a coupled form
of the convection-diffusion equation together with the Navier-Stokes equations. Thereafter, Matsumori
et al. [28] employed the density-based topological optimisation approach to investigate the design optimiza-
tion of MCHS under constant inlet power. Koga et al. [29] examined the topological design optimization
of microchannel heat sinks with the density method, using a weighted function of flow energy dissipation
and heat transfer as the cost function. Zhang et al. [30] performed topological optimisation of nanofluid-
cooled heat sinks and assessed how temperature-sensitive fluid properties influence the optimized designs.
Alexandersen et al. [31] put forward a density-based topological optimisation method for creating natural-
convection cooling structures within a large-scale three-dimensional heat sink. Recently, a multi-scale
topological optimisation approach incorporating diverse lattice configurations was proposed by Zhang
et al. [32], which is applied to the design of hybrid porous heat sinks for high-power electronic devices.

Although topological optimisation has made significant progress in addressing convective heat transfer
problems, several challenging issues persist. Topological optimisation based on a fully three-dimensional
thermofluid model requires solving a large number of physical degrees of freedom and typically involves
hundreds of iterations, resulting in high computational costs. In contrast, the classical two-dimensional
thermofluid model offers lower computational demands; however, it neglects the thermal flow influences in
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the thickness direction, which leads to considerable errors. McConnell and Pingen [33] pioneered a two-
layer thermofluid model and implemented topological optimisation for two-layer heat sinks based on the
lattice Boltzmann method. In their study, the 3D MCHS was defined as a bilayer structure composed of
a bottom substrate layer and a thermofluid channel layer. Different from conventional two-dimensional
(2D) thermofluid models, this approach takes into account the heat exchange between the bottom plate and
thermofluid channel, thereby improving the prediction accuracy of temperature fields. Haertel et al. [34]
assumed a fixed interlayer heat transfer coefficient to obtain heat flux values and established a two-layer
thermofluid topological optimisation model. Similar assumptions have been widely employed in successive
studies to build multilayer models for topological optimisation [35-39]. Yan et al. [40] introduced a two-layer
heat sink model using the variational dimension reduction method, which is based on invariant temperature
profiles along the thickness direction of the thermofluid layer and the substrate. However, this model did not
consider the heat-transfer phenomena taking place in the cover plate. Conversely, Zhao et al. [41] devised
a three-layer heat transfer model based on the premise of an adaptive temperature distribution over the
thickness of the thermofluid channel. Jia et al. [42] proposed a novel three-layer thermofluid model dedicated
to power-law fluids and afterwards explored the topological optimisation of microfluidic heat sinks with the
use of non-Newtonian fluids.

In addition to optimizing geometric structures, altering coolants also contributes to improving the heat
transfer performance of heat sinks. Nanofluids have gained widespread attention due to their high thermal
conductivity, which enables performance enhancement of heat sinks [43]. Numerous numerical [44-47] and
experimental [48,49] investigations have demonstrated the prominent performance advantages of nanofluid
microchannel heat sinks (NCMHS) in thermal management fields. Currently, research on topological
optimisation of NCMHS remains relatively scarce. Zhang et al. [30] conducted topological optimisation for
NCMHS based on a classical 2D thermofluid model that considers temperature-sensitive thermophysical
properties of nanofluids. The study showed that temperature-sensitive fluid properties can significantly
impact the optimized designs. Chen and Yaji [50] studied the topological optimisation of NCMHS using an
Eulerian-Eulerian approach.

Nanofluids are essentially two-phase mixture systems composed of a continuous base fluid phase and a
discrete nanoparticle phase. However, at low nanoparticle volume fractions, due to the nanoscale size of the
particles, nanofluids can be approximately regarded as a uniform fluid. Therefore, many researchers [5,30]
have adopted a single-phase fluid model in simulating their flow and heat exchange. For this single-phase
approach, the nanofluid’s thermophysical properties can be obtained equivalently by using those of the
base fluid and the nanoparticles. Considering this, the current work also employs a single-phase nanofluid
thermofluid model for describing the convective heat transfer within the NCMHS.

In this study, we utilize a computationally cost-effective multi-layer modeling approach to conduct
three-layer topological optimisation of NCMHS, with full consideration of the temperature-sensitive ther-
mophysical properties of the working fluid. By introducing the velocity profile assumption and adaptive
temperature profile assumption along the thickness direction, and incorporating the interlayer coupled heat
flux derived from Fourier’s law, a three-layer thermofluid model for NCMHS is established. Built upon
this model, a three-layer topological optimisation framework for NCMHS is further developed, where the
channel layout is represented by a fictitious density field. Moreover, the influences of temperature-sensitive
fluid properties and the nanofluid’s characteristics on the optimized channel geometries of the three-layer
NCMHS are explored.

It should be emphasized that, compared with the study reported in Reference [30], although both works
were devoted to the topological optimisation of the NCMHS, the underlying methodological frameworks
are fundamentally distinct. Reference [30] employed a classical two-dimensional thermofluid model that,
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despite its merits of concise formulation and low computational cost, neglected the heat conduction in
the bottom and top plates as well as the effects of solid walls and heat transfer in the thickness direction
on the thermofluid layer, resulting in significant deviations from actual physical scenarios. In contrast, the
three-layer thermofluid model developed in this study fully accounts for the aforementioned factors, thereby
enabling a more accurate characterization of the flow and heat transfer behaviors within the NCMHS.

2 Physical Model
2.1 Geometric Model

As shown in Fig. 1, the NCMHS adopts a three-layer structure, which comprises a base plate, thermo-
fluid channel, and top plate. For the top surface of the upper plate, an adiabatic boundary condition is
adopted, while the chip serves as the heat source and is tightly bonded to the base plate. Heat first conducts
inside the base plate and is transmitted to the internal cooling channel of the NCMHS. The circulating coolant
then flows through the channel and dissipates heat by means of convective heat transfer.

Upper plate

Thermal-fluid channel

Bottom plate N

.

Heat source

(b)

Layer 3
— Layer 2
~
Layer 1
y , :
/_' Flow coupling Thermal coupling
X

(@) (©

Figure 1: Schematic diagram of nanofluid-cooled microchannel heat sinks used in this paper: (a) 3D view, (b) three-
layer geometric structure, and (c) three-layer thermofluid coupling model.

Layer 1 and Layer 3 represent the bottom and upper plates, respectively. As the contact surface between
the bottom plate and the thermal fluid channel serves as a critical reference plane for heat transfer analysis,
Layer 1is specified at this exact location. By the same token, Layer 3 is defined on the interface between the top
plate and the thermal fluid channel. Layer 2 refers to the thermofluid channel, which is specifically defined
as the central cross-section of the channel. The thickness values of the two cover plates and the thermofluid
channel are assigned as 0.1 and 0.2 mm correspondingly. The origin of the Cartesian coordinate system is
placed on Layer 1, and the z-direction coordinates for Layers 1 to 3 are marked as z;, 2, and z;. The fluid
flow governing equations are solved within Layer 2, while the thermal analysis covers both the in-layer heat
conduction inside each individual layer and the interfacial thermal coupling between neighboring layers.
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2.2 Thermophysical Properties of the Nanofluid

In this study, the AL O5-H,O nanofluid is approximated as a single-phase fluid with the temperature-
sensitive property adopted from [51]. The nanofluid’s dynamic viscosity u,y, specific heat capacity ¢, , .
thermal conductivity k, 7, and density p,, s are defined by

pus=(1=65) pos + ¢pPp: 0))
(1=0p) porepis + pPpCp.p
Cpnf = > ()
Pnf
X 28.837 ) ¢
Un x 10° = —0.4491 + +0.574, — 0.1634¢; +23.053.
C C
¢ ¢ ¢;
+0.0132¢° — 23547352 123,498 — 301852, (3)
T TR 0,
k 1 0.2246 0.0235
= 0.9843 + 0.398¢%7% (—) (M) ,
ko dp(am) Hof
2
_3.951722 4 34.034¢—§ + 32.509¢—§ (4)
T¢ T2 T2

where ¢, , = 765 J/(kg-K) represents the specific heat capacity of Al,O5 nanoparticles and p, = 3970 kg/m’
represents the density of Al,O; nanoparticles. The dynamic viscosity (u; ), specific heat capacity (c,,p ),
thermal conductivity (k ), and density (p; ¢) of the base fluid are defined as

Py =999.79684 + 0.068317355T¢ — 0.010740248Té

+0.00082140905T%" - 2.3030988 x 10> T, (5)
Cp.bf = 1000 x (4.2174356 — 0.0056181625T¢ + 0.0012992528 T
—0.00011535353 T4 + 4.14964 x 10" T%?), (6)
ups =1/ (557.82468 +19.408782T¢ + 0.1360459T¢ — 3.1160832 x 10 T¢ ) , 7)
kyr = 0.5650285 + 0.0026363895T¢ — 0.00012516934 T
- 1.5154918 x 10 ° T2 - 0.0009412945 T (8)

where T¢ = (T, — 273.15)°C represents the temperature in Celsius for Layer 2, T, represents the temperature
in Kelvin for Layer 2, ¢, and d,, are the volume fraction and diameter of the nanoparticles, respectively.

Temperature-sensitive thermophysical behaviors of the nanofluid with ¢, = 1% and d, = 13 nm are
shown in Fig. 2. More specifically, both the density and the dynamic viscosity of the nanofluid decrease
with increasing temperature. The dynamic viscosity decreases markedly as temperature rises, suggesting
that viscous dissipation may be reduced when the nanofluid flows in a high-temperature environment.
The thermal conductivity increases with temperature. The specific heat capacity exhibits a nonlinear trend,
initially decreasing and then increasing. These variations reveal that the thermophysical performance of
nanofluids exhibits strong temperature dependence. Therefore, the temperature dependence of nanofluids
should be taken into account when performing heat transfer and flow calculations.
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Figure 2: Temperature-sensitive thermophysical behaviors of the nanofluid with ¢, = 1% and d, = 13 nm.

2.3 Three-Layer Thermofluid Model

In this work, a steady thermofluid problem is investigated, and the flow is taken as incompressible and
laminar inside the NCMHS. Furthermore, the flow is taken to be fully developed during the formulation
of the three-layer model. The procedure from Zhao et al. [41] is used to derive the three-layer thermofluid
model for the NCMHS.

2.3.1 Fluid Flow Model
In the thermofluid layer, the full 3D flow governing equations are expressed as

V-u=0 9)
pug (U V)u==Vp+p,Viu’

where u represents the 3D velocity field, and p represents the 3D pressure field. The mathematical
simplification methods presented below refer to the work of Zhao et al. [41].

In the thermofluid channel, the velocity component in the z-direction is zero, and both the velocity
components and pressure remain constant along the z-axis, i.e.,



Comput Model Eng Sci. 2026;148(3):17 7

du, 0
=0,— =0. 10
0z 0z (10)

u, =0,

The flow velocity at any point within the thermofluid channel can be determined by interpolating the
velocity vectors at the intersection points where a line through the point along the z-direction crosses three
distinct planes. A second-order Lagrangian interpolation polynomial is then applied to further interpolate
these values, yielding the velocity field on any x-y plane. Given that Layer 1 and Layer 3 satisfy the no-slip
boundary condition, the velocity field for an arbitrary x-y plane can be expressed as

u(z) = (z-2)(z-2) u(z). (11)

(z2-21) (22— 23)

With reference to Eqs. (10) and (11), Eq. (9) is simplified. By further setting z = z,, the flow governing
equations defined on the thermofluid layer are derived as follows.

The continuity equation is defined as

ou, OJuy
—+0=0. 12
ax dy ’ (12)

The momentum equation in the x-direction is given as

ouy (z3) Juy (z2)  9dp(z)
0x +pustty (22) dy 0x
+ azux (Zz) + azux (Zz) + Zux (Zz)
an ox?2 8)/2 (Zz - Z]) (Zz - 23) '

Pnfux (22)

(13)

The momentum equation in the y-direction is given as

ouy (z2) duy(z2)  dp(z2)
Prfiix (22) e +pusity (22) dy - dy

b g 0%u, (2) . *u, (z2) N 2u, (22) .
o0x2 8y2 (22 - Zl) (Zz - Z3)

(14)

The momentum equation in the z-direction vanishes.

It can be seen that the flow governing equations are decoupled in the z-direction, which can also be
written as

{v-u2d=o

) 15
Puf (U2a - V) tag = =V pog + pn Vo + Kythrg 15)

where u,; and p,,; represent the 2D velocity field and 2D pressure field at the central cross-section
of the thermofluid channel, respectively, and V is the 2D gradient operator. Compared to the 2D N-S
equations, Eq. (15) includes an additional body force term with a coefficient of K,, = (ZZ_Z?’;%

The Neumann boundary condition for the flow problem is expressed as

n' (—p2d1+y(Vu2d+(Vu2d)T))n = —po, (16)

where n represents the outward normal vector on the boundary, and I is the unit tensor.
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The schematic diagram of the design domain and boundary conditions of the NCMHS is shown
in Fig. 3, which is highly consistent with the relevant settings reported in [30]. Q represents the fluid domain,
I, and T, are the inlet and outlet boundaries, respectively, I, is the boundary of the design domain wall,
and Is is the boundary of the solid-fluid wall. Pressure boundary conditions are defined at I';,, and I';,;;, and
the velocity boundary condition at I's and T, is defined as no-slip in the form of

u; =0, onlguly,
PO = AP: on Fin) (17)
Po=0, on Loy,

Figure 3: Schematic diagram of the design domain and boundary conditions of the NCMHS.

2.3.2 Heat Transfer Model

The schematic representation in Fig. 4 demonstrates the reciprocal thermal coupling phenomena
between successive layers, where gray regions stand for solid domains while blue areas denote fluid zones.
The established heat transfer framework covers not only the heat transport processes inside each individual
layer but also the interfacial thermal linkage between nearby layers. Q

and Q{j represent the coupled heat
fluxes between the solid or fluid regions of layer i and layer j.

N
ij

f
Q) Qs Q
! / y Layer 3

Layer 2

/—IQlC I Q Isz; Layer 1

Figure 4: Schematic diagram of the coupled thermofluid influences between adjacent layers.
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Afterwards, with the help of the derivation technique introduced in the work of Zhao et al. [41],
the governing equations describing heat transfer in the first three layers can be formulated in the form
shown below.

Layer 1:
dlv'(ksle)+des+Q1$2:0 ( 8)
1
AV - (ksle) +d1Qs + Qifz =0
Layer 2:
d,V - (ksVT) + Ko (Q5,+Q35) =0
f fy_o (19)
dyV - (kﬂfVTZ) + K, (QZI + st) = dZPnpr,nfuzd VT,
Layer 3:
dsV - (ksVT3) +Q3,=0
fo_ (20)
437 - (k,VT3) + QL =0

where d; (i =1,2,3) represents the thickness of layer i, k; and k, s represent the thermal conductivity of
the solid and nanofluid, respectively, and T; (i = 1,2, 3) represents the 2D temperature field of layer i. The
thermal conductivity of the solid is ks = 50 W/ (m - K). Q, represents the heat source applied to Layer 1. A
temperature-sensitive heat source proposed by Matsumori et al. [28] is used, assuming an ideal heat source
at temperature T, with heat flow input from the bottom plate’s bottom boundary. The heat generation rate
is proportional to the temperature difference between the heat source and the bottom plate, expressed as:

Q =p(To-T1), (21

where f3 is the heat generation coeflicient controlling the heat generation rate, and the heat source tempera-
ture is set to Ty = 340 K. K, is the correction factor for the coupled heat fluxes between Layer 2 and adjacent
layers, and its value depends on the boundary conditions set for the problem. The K. will be specifically
determined in Section 2.3.3.

According to the assumption made by Zhao et al. [41], the temperature at any point within the
thermofluid channel can be determined by interpolating the temperature values at the intersections of the
line that passes through the point along the z-direction with three distinct planes. The resulting second-order
Lagrange interpolation expression for the temperature field as a function of z is given as

> zZ-2z;
T (x0, y0,2) = Z T (x0, Y0, Zi) H L. (22)
i=1 1<i<3 %i T %j
By combining Fourier’s law and Fq. (22), the coupled heat flux Q;; is derived as follows.
Layer 1:
oT 221 - 22— 23 21— 2
Qs:_ks_z—zlz_ks( -1)+ T—T)
e G- @-m P Gy @) T
(23)
¥ oT 221 — 22 — 23 Z1— 2
Q :_kn_z=21:_kn( h-T)+ T—T)
12 fazl f (z1—22) (21— 23) (hi-T2) (z3—21) (23 — 22) (- T2)
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Layer 3:
oT 23— 2p 223—21—22
s:—ks(——2:23):k5( h-T,) + ;- T )
2 % Yo LS oy s RS
(24)
T (_8_T_):k Z3— 22 T _T 2z3-21 -2, T, _ T
Q32 nf 0z |Z—23 nf (Zl —Zz) (Zl —23) ( 1 2) +(Z3 _Zl) (Z3 —Zz) ( 3 2)
Layer 2:
Q2 =-Qn
. 25
{023:—032 25)

The inlet temperature of the AL, O3;-H,O nanofluid is set to T;, = 293.15K, with adiabatic boundary
conditions imposed on the wall, expressed as

{ T= Tin: on Fin (26)

-n-VT=0,onl,,uly "’

2.3.3 Determination of the Correction Factor K.

This section discusses the determination of K,. Fig. 5 shows the dimensions and domain setup of Layer 2
of the NCMHS, with the white and gray regions assigned to the fluid and solid subdomains correspondingly.
The characteristic length L =1 mm. Leveraging the bilateral symmetry of the entire domain relative to the
centerline, only the upper half is utilized as the effective computational domain, and symmetry boundary
conditions are prescribed along the central symmetry axis.

. . Design domain
Fluid domain g Solid domain
r=1 (y =0)
Inlet Outlet
A A
=Ty —»{ __1___1___ ol ],
Py=0Ap —> 4 L5 D=0
v A 4 >
L L
A
y
1.5L I L 3L I
rr r|~ »
L&x

Figure 5: Dimensions and domain setup of Layer 2 of NCMHS.

The plane cooling channel with three parallel fins (as shown in Fig. 6) is selected as the 2D model for
Layer 2. The finite element computations are carried out using both the three-layer and fully 3D thermofluid
coupling models. ¢, = 1%, d, = 36 nm, B = 10° W/(m’-K) and Ap =100 Pa are used. The average temperature
in the design domain of Layer 1 is adopted as the evaluation criterion, which can be expressed as

Tm,e:ledx/fldx, (27)
D D

where D is the design domain of Layer 1.
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Figure 6: Plane cooling channels with three parallel fins.

Table 1 lists the values of parameter T,y under different K. conditions. Analysis of the tabulated data
indicates that when K. = 1.3, the T,y value calculated by the three-layer thermofluid model is close to the
result obtained from the full three-dimensional thermofluid model. Fig. 7 presents the temperature field of
the first layer predicted by the two models at K. = 1.3. Evidently, the temperature distributions derived from
the two numerical models show satisfactory consistency.

Table 1: Average temperature of Layer 1 under different K. conditions.

Thermalfluid Coupling Model Tove
Full 3D 320.37 K
Three-layer (K, = 1.25) 320.13 K
Three-layer (K, = 1.30) 320.43 K
Three-layer (K, = 1.35) 320.71K
328K
(a) Three-layer model (b) 3D model 203K

Figure 7: Temperature fields in Layer 1 obtained using (a) the three-layer thermofluid model and (b) the fully 3D
thermofluid model computed for the design shown in Fig. 6.

Furthermore, to ensure predictive fidelity under diverse pressure-drop boundary conditions, K. values
are calibrated for the specific operating conditions examined in this study using the procedure described
above (Table 2).

Table 2: Values of K, used for different pressure drops.

Ap (Pa) 20 50 100 200 500
K. 1.35 1.3 1.3 1.2 1.05

3 Topological Optimisation

This work adopts the density-based approach to optimize the flow channel design of the NCMHS,
with the aim of boosting its overall heat transfer capability. A design variable denoted as y is defined to
describe the virtual material density distributed in the design domain of the thermofluid layer. This variable
y is a continuous quantity that spans the interval from 0 to 1, with 0 representing the solid phase and 1
corresponding to the fluid phase.
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3.1 Modified Three-Layer Thermofluid Model

To facilitate subsequent topological optimisation, the preceding governing equations are reformulated
to incorporate design variables.

First, based on the research by Borrvall and Petersson [14], a body force term is used to Eq. (15) and one
obtains

V- Urg = 0 (28)
Puf (t2g - V) trg = =V pra + pn Vg + Kyttrg — o (y) hra”
where « () stands for the inverse permeability of the porous medium, which is given as
1-
24 ()/) = ‘xmaxq ( Y) > (29)
q+y
where g = 0.01 denotes a tuning parameter. oy, has the form of
1 .uin
max = |1+ — > 30
“ ( " Re) D, L2 (30)
where the Darcy number is D, = 10%, and Re represents the Reynolds number, expressed as
in inL
Re = Pintinl (31)
[/‘in
We have
Uin= [ lusdldt/Lopin = [ pugdU/Lipin = [ pasdr/L (32)
The interpolation can be used for the heat transfer model as
Layer 1:
AV (kVT) +diQs + Q2 (y) =0, (33)
Layer 2:
A,V - (k(y) VT2) + K (Qai () + Qa3 (v)) = daypuscpnsthaa - VT, (34)
Layer 3:
d3V - (ksVT3) + Qa2 (y) =0, (35)

where Q;; (y) and k (y) represent the coupled heat fluxes between layer i and layer j, and the thermal
conductivity of Layer 2, respectively, which can be expressed as [52]

Y (Q{] (1+pc) - ij) +Qj;

Qij(y) = 1+ poy (36)
B y (kng (14 pe) = k) + ks
k(y) = T+ poy , (37)

where p. = 5.
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3.2 Filtering and Projection

To restrict the complexity of the design, the Helmholtz equation [53] is used to filter out fine-scale design
features. It can be expressed as follows:

_ 292 — i
Vst Yy y,mD, (38)
Vys-n=0,0on9D

where r is specified as the mesh size and y s represents the design variable after filtering.

To prevent the emergence of blurred boundaries and non-manufacturable elements, the following
function is used to project the design variables [54] as

vy = tanh (B, (s~ v5)) + tanh (Bpys)
" tanh (B, (1-yg)) + tanh (B,y;)

where y, denotes the design variable after projection. yg = 0.5 determines the threshold of projection, so

(39)

that design variables less than or greater than 0.5 are projected to 0 or 1, respectively. 8, = 8 is used.

3.3 Optimization Problem

This research takes the weighted average value of both the mean temperature and the peak temperature
in the design domain of Layer 1 as the objective function, and its specific expression is as follows

b TN dx N
[pldx

fD Tldx
[pldx

where the peak temperature is approximated by the p-norm of the temperature field over the design domain
of Layer 1 with N = 10. w is the weight coeflicient. f denotes the state vector, taken as f = (14,x, td,y»
p2d> T1, T2, T3). The weak form of the governing equations for the three-layer thermofluid model can be
expressed as

J(f.y)=w +(1—w)( (40)

E (f’)’p):‘/l;P,de‘uzddx=0 (41)
Ez(f,yp):/Dpnf(uzd-v)uw.u;ddx—/Dpzdv-u;ddx+nynf(Vuzd):(Vugd)dx
+[Da(yp)uzd-u;d—Kvuzd-u;ddx+faD (pzdI—yanuzd)n-u;dds=O (42)

E; (f,yp)=—fDdlkSVTl-VTl'dx+fDdesTl’dx+fDQ12(yp) T1’+faDd1ksVTl.nTl’d5:0 (43)

E4(f:)/p>:'/DdZ)/anpr,nf(uzd'V) T2T2,dX+fDd2k()/p)VT2VT2,dx

— [ K(Qu(rp)+ Qs (1)) Tadx = [ dak(y,) VT>-nTds =0 (44)

Es (f,)/p)=—fDd3ksVT3'VT3'dx+[DQ3z(yp)T3'+faDd3kSVT3-nT3'd$=0 (45)

Eg (yf,y)zfDrZV)/f'Vy}dx-i-nyfy}dx—/l;yy}dx=0 (46)
tanh - + tanh

() (B (=) tanh (o) o)

tanh (/)’p (1 - )//3)) + tanh (ﬂp)’ﬁ)
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where y%, )y, pyy T{, T; and Tj are the test functions corresponding to yy, #24, p2a Ti» T2 and T,
respectively. The topological optimisation problem can be described as

Minimize: J (f (y),y)

Subject to: (48)

3.4 Sensitivity Analysis

In the present work, the adjoint sensitivity analysis approach is utilized to acquire the gradient
information required for updating the design variable y. To begin with, we compute the Eulerian derivative
of the objective function J(f, y) with respect to the design variable y, as

aI(f.y) _ ALy, (auf,y))Ta_f
dyp 9Y)p of 9Yp

The residual of the governing equations can be obtained from the weak forms as

E(f’)’p) :El(f’)’p)+E2(f’Yp)+E3(f’Yp)+E4(f’Yp)+E5 (f’)’p) =0 (50)

(49)

The Euler derivative is taken on both sides of Eq. (50) with respect to y, as

dE(f’)’p) :aE(f’)’p)Jr(aE(f’)’p))ﬁ:
of 9Yp

dy, Yy
From (51), it can be deduced that

a_f:_ aE(f:)’p) _laE(f:)’p)
9y of 9Yp

0 (51)

(52)

Substituting (52) into (49), we get

Aty Iy (anf,y))T(aE (f,yp))‘l OF (£, 7y)

(53)

dy, 9y of of %)

Introducing the adjoint variable w, we can obtain the adjoint equation as

E(fry5)\  (31(f.y)
( of )“’( of ) oY
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Then (53) can be rewritten as

di(fy) _Ify) 19 (forr)

(55)
dyp 9Yp 9%p
The gradient information can be derived using the chain rule as
dj(f.y) _ (1) _ rOE(fove) ) dye dyy 56)
dy 9p 9y dyy dy

3.5 Numerical Implementation

The thermophysical properties of nanofluids are dependent on temperature, which makes the ther-
mofluid model we investigate a typical bidirectionally coupled system. Specifically, the velocity field can
influence the temperature distribution through the convective term in the Layer 2 heat transfer governing
equation from the corresponding formula. Meanwhile, temperature fluctuations will change the nanofluid’s
thermophysical properties, and then regulate the dynamic behavior of the fluid flow. This kind of reciprocal
interaction results in a strong coupling influence between the flow and heat transfer processes. For the
purpose of obtaining more accurate numerical solutions, we employ a fully coupled finite element method
to handle these governing equations.

Topological optimisation is performed using a numerical iterative approach. The flowchart in Fig. 8
illustrates this numerical iterative process, which is similar to that in reference [30]. First, the design
variables y and other parameters are initialized. Subsequently, the governing physical equations, i.e., Eqs. (28)
and (33)-(35) are solved. The objective function is then computed. Convergence is checked to decide
whether to proceed to the next iteration. In this study, the convergence criterion is specified as a variation
in the objective function smaller than 0.001. If convergence is not achieved, the sensitivity analysis is
performed, and the design variables are renewed using the globally convergent method of moving asymptotes
(GCMMA) [55]. The internal tolerance factor and constraint penalty factor of the GCMMA algorithm are
set to 0.1 and 1000, respectively. Finally, regularization is carried out using Eqs. (38) and (39). This iterative
process continues until either the convergence criterion is satisfied or the maximum number of iterations is
reached, thereby completing the optimization.

Initialization

4,{ Solve physical equations l

| Compute objective function |

Yes
Convergence?

| Sensitivity analysis |

v

| Update design variables y |

v

—{ Regularization of design variables‘

Figure 8: Flowchart of the proposed optimization procedure.
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4 Numerical Examples

Topological optimisation for NCMHS is implemented in this section, relying on the established three-
layer thermofluid model, to clarify the optimized structural patterns under diverse operating circumstances.

4.1 Influences of the Weight Coefficient on Optimized Designs

We first study a typical optimization case where w = 0.5, Ap = 200 Pa, and 8 = 10* W/(m’-K). ¢, = 1%
and d, = 36 nm are set. The design variable y is initially assigned a value of 0.5. The computational domain
is discretized using 14,716 rectangular mesh elements. The influence of the number of grid elements on the
optimized design is provided in Supplementary File S1 of the Supplementary Material. From Fig. 9, we can
see that the objective function gradually decreases with the increasing number of iterations and stabilizes
once the convergence criterion is satisfied. Fig. 10 shows the distribution of the design variable y at selected
iterations. Fig. 11 presents the distribution of velocity and temperature in Layer 2 at various iteration stages.
The optimization process evolves as follows. Within the first 8 iterations, the gray area of the initial design
decreases alongside an increase in nanofluid velocity. Between iterations 8 and 20, island-like solid regions
form in the design domain, leading to more flow channels and an expanded fluid-solid heat transfer area.
From iteration 20 to 30, intermediate densities are binarized to 0 and 1, and boundary jagged features are
removed. Clear flow channels are thus formed in the following iterations.

335
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Figure 9: Convergence histories for a typical optimization case.
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Figure 10: Distributions of the design variable y at different iterations.
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(a) Initial design (b) Iteration 8 (c) Iteration 20

0.25m/s 336 K

1

Om/s 293K

(d) Iteration 30 (e) Optimal design

Figure 11: Velocity and temperature distributions for the designs shown in Fig. 10.

To investigate the influences of the weight coefficient on the optimized designs, additional topological
optimisation cases with w = 0, 0.2, 0.8, and 1 are examined under the optimization settings described
above. Figs. 12-14 present the optimized designs, the temperature distributions in Layer 1, and the velocity
and temperature distributions in Layer 2 for different weight coeflicient cases, respectively. Table 3 lists the
values of &, ], T,y and T, for the optimized designs shown in Fig. 12, where T, denotes the maximum
temperature in the design domain of Layer 1. £ denotes the fluid volume fraction within the design domain
of Layer 2.

r r r
'/‘4::-. \‘ g,:':\ \‘ 7 — \‘
e = =
\ ‘y “ ‘y \.—y
L=~ Z, LS~~~ Z, |\~ Z,
(aw=0.0 (byw=0.2 (cyw=20.5

(dw=0.8 (e)w=1.0
Figure 12: Optimized designs with different values of weight coefficient.

As can be seen from Fig. 12, the optimized designs obtained with different weight coefficients exhibit
only minor differences, and their structural features are quite similar. Likewise, Figs. 13 and 14 show that the
temperature and velocity fields corresponding to these designs are also very similar. Furthermore, the data
in Table 3 indicate that the objective function values, as well as the average and maximum temperatures in the
design domain of Layer 1, differ only negligibly among the optimized designs for different weight coefficients.
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Figure 13: Temperature distributions in Layer 1 for optimized designs in Fig. 12.

0.24m/s 317K

= | |

Om/s 293K

Figure 14: Velocity and temperature distributions in Layer 2 for optimized designs in Fig. 12.

Table 3: Values of &, J, T,,. and T}, for optimized designs in Fig. 12.

Weight Cases w=0.0 w=0.2 w=0.5 w=0.8 w=10
3 0.807 0.805 0.802 0.802 0.803

J (K) 312.92 312.92 312.85 312.86 312.79
Toye (K) 312.81 312.83 312.78 312.83 312.79
T (K) 317.39 317.48 317.60 317.96 317.69

This may be attributed to the fact that, for the optimized designs under different weight coeflicients,

the temperature distribution in the design domain of Layer 1 is relatively uniform (as confirmed by the
temperature distributions in Fig. 13). Consequently, the two terms constituting the objective function,
i.e., Taye and the p-norm of the temperature field, take closely comparable values, which may render the
optimized design results largely insensitive to variations in the weight coefficient.
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4.2 Influences of Temperature-Sensitive Fluid Properties on Optimized Designs

In this section, Ap = 200 Pa, f§ = 108 W/(m*-K), w = 0.5, ¢y = 1% and dp = 36 nm are used. The
optimized results of the nanofluid with temperature-sensitive properties are shown in Fig. 15a and Fig. 15¢,
respectively. To facilitate the comparison of results, coolants with constant fluid properties are introduced,
and corresponding topological optimisation studies are conducted. Eqgs. (1)-(4) are used to compute the
thermophysical properties of the fluid under this constant temperature condition, where the original variable
temperature is replaced by a fixed temperature T,. Here, several representative constant temperatures are
selected for Ty, such as Ty = Ti,, Ty = Ty, and Ty = Ty, where Ty, denotes the average temperature within
the design domain for the temperature field shown in Fig. 15¢. The computed values of dynamic viscosity
for these constant problems are listed in Table 4. The optimized results under the constant conditions are
also shown in Fig. 15. Table 5 presents the optimized results calculated using temperature-sensitive fluid
properties to facilitate comparison.

Design 1 Design 2, 1y=1i, Design 3, 1y=11, Design 4, 1=1,
\ ' '
\ -\

‘,/

L-\
v/ "
‘ /

0.25m/s 318K
_ —
U T

Om/s 293K

Figure 15: Optimized designs, and the corresponding flow velocity and temperature distributions for the temperature-
sensitive problem and constant thermophysical problems. (a-d) correspond to the optimized designs for the
temperature-sensitive problem (a) and constant thermophysical problems with the nanofluid properties at Ty = Tjj, (b),
Ty = Tt (¢) and Ty = Ty (d). (e-h) show the velocity and temperature fields in Layer 2 correspond to the optimized
designs in (a-d), respectively.

Table 4: Values of T, and the corresponding dynamic viscosity y,s for the problems with constant fluid properties.

Parameters Design 2 Design 3 Design 4
T, (K) 293 305.7 340
png (107* Pa-s) 12.0 8.3 4.2

Table 5: Values of &, ¢, and ] for optimized designs in Fig. 15 computed using temperature-sensitive fluid properties.

Design Design 1 Design 2 Design 3 Design 4
¢ 0.80 0.83 0.80 0.74
J (K) 312.8 3131 312.9 313.3

¢, (107* m?/s) 1.90 2.04 1.96 1.81
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From Fig. 15, we can see that the optimized designs for the temperature-sensitive problem differ
significantly from those for constant cases. This phenomenon may be attributed to the dynamic viscosity
of nanofluids. As summarized in Table 4, the dynamic viscosity declines as T rises. It is well established
that the pressure drop is proportional to the viscous dissipation of the fluid. Correspondingly, when the
pressure drop remains consistent, the optimized design for high-viscosity working fluids generally employs a
uncomplicated structural layout and sets aside a larger percentage of the flow field, which effectively alleviates
the steep velocity gradient, which is distinctly reflected in the optimized design illustrated in Fig. 15. Design 2
has a simpler geometry and a larger fluid domain, which may contribute to a higher flow velocity (see Table 5).
However, this design may reduce the heat transfer area. In contrast, Design 4 presents the opposite trend:
its intricate design and more compact fluid domain expand the heat transfer surface, yet they bring about
a relatively low flow velocity (see Table 5). As indicated by Fig. 15, the structural complexity of Design 1
is similar to that of Design 3, which lies between those of Design 2 and Design 4. Table 5 shows that the
optimized result obtained by accounting for temperature-sensitive properties delivers the best overall heat
transfer performance.

4.3 Influences of the Pressure Drop AP on Optimized Designs

In this section, ¢p = 1%, d, = 36 nm, =10>* W/(m*K) and w = 1 are used. The optimized results
for different pressure drops are shown in Figs. 16 and 17. Table 6 provides a set of critical data for each
corresponding optimized design. The variation trend of optimized designs in Fig. 16 indicates that the
number of branch channels within the flow domain increases progressively with the rise in pressure drop.
Under low pressure drop conditions, cooling performance may be primarily improved by raising flow
velocity, which may be realized via optimized designs featuring fewer branch channels. With the gradual
increase of pressure drop, the nanofluid obtains a more powerful flow driving force. Thus, it is capable of
overcoming the flow resistance brought by the complex branch channels while keeping a high flow rate.
In turn, more intricate branching flow channels are generated under higher pressure drops, which expands
the heat transfer area and further optimizes the heat transfer performance of the NCMHS. As evidenced
by Fig. 17 and Table 6, the flow rate are significantly enhanced at high pressure drops. Consequently,
elevating the pressure drop remarkably improves the overall cooling performance of NCMHS, resulting in a
continuous reduction of the objective function.
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Figure 16: Optimized designs for optimization problems with different pressure drops.
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Figure 17: Velocity and temperature fields in Layer 2 for the optimized designs shown in Fig. 16.

Table 6: Values of Re, ¢, & and ] for optimized designs with different pressure drops.

Ap (Pa) & Re ¢, (1075 m?/s) J (K)
20 0.81 29 3.4 330
50 0.85 61 71 323
100 0.83 103 12.0 318
200 0.80 163 19.0 313
500 0.71 280 32.6 307

4.4 Validation of the Three-Layer Thermofluid Model

In this section, the proposed three-layer thermofluid model is validated using the optimized designs.
The optimized geometries presented in Fig. 16 are numerically computed via both the three-layer simplified
model and the full-scale 3D thermofluid model under their respective specified pressure drop conditions.
The optimized design shown in Fig. 16 is extruded in the thickness direction and then assembled with the
bottom and top plates to construct a fully integrated three-dimensional heat sink. Body-fitted grids are
used for these two models. The material properties, heat source, and boundary conditions adopted in the
numerical simulations are consistent with those described in Section 4.3. Based on this precondition, the
numerical calculation procedures are re-conducted via the finite element method. The corresponding grid
independence tests for both models are provided in Section S2 of the Supplementary Material.

Figs. 18 and 19 show the temperature field in Layer 1, and the velocity and temperature fields in Layer 2,
respectively, as computed by the two models when Ap =100 Pa. Table 7 shows Ty, for the cooling channels
illustrated in Fig. 16 computed by the two models. The outcomes obtained in this study show a strong
and consistent match between the newly established three-layer model and the full three-dimensional
numerical model. A detailed comparison of the time consumption required for calculation under different
pressure drop scenarios is summarized in Table 8, where all simulations are run on an identical hardware
configuration equipped with an Intel(R) Core(TM) i9-11900 2.50 GHz CPU and 128 GB RAM. As clearly
illustrated in the table, the presented three-layer structure cuts down the mean calculation duration by over
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90% relative to the fully 3D counterpart. This finding further verifies that the introduced simplification
strategy can realize a dramatic drop in computational overhead while maintaining high prediction precision.

324K
(a) Three-layer model (b) 3D model 293K

Figure 18: The temperature fields in Layer 1 for the cooling channel illustrated in Fig. 16¢, computed by the three-layer
thermofluid model (a) and the full 3D thermofluid model (b) when Ap =100 Pa.

0.15m/s 323 K
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(a) Three-layer model (b) 3D model

Figure 19: The velocity and temperature fields in Layer 2 for the cooling channel illustrated in Fig. 16¢, computed by
the three-layer thermofluid model (a) and the full 3D thermofluid model (b) when Ap =100 Pa.

Table 7: T,y for the cooling channels illustrated in Fig. 16, computed by both the three-layer model and the full 3D
model under the corresponding pressure drops.

AP Tave (OC)

3-Layer Model 3D Model Error
20 56.47 56.63 0.28%
50 49.88 50.27 0.78%
100 45.00 45.13 0.29%
200 40.04 40.37 0.82%
500 35.00 35.39 1.10%

Table 8: Computational time for the cooling channels illustrated in Fig. 16, computed by both the three-layer model
and the full 3D model under the corresponding pressure drops.

Computational Time (s)

A
? 3-Layer 3D Percentage (%)
20 9 91 9.9
50 15 192 7.8
100 20 285 7.0
200 25 256 9.8
500 26 195 13.3

Total 95 1019 9.3
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4.5 Influences of the Heat Source on Optimized Designs

In this section, the influences of heat sources on the optimization results are investigated, including
the magnitude of the heat generation coefficient, the distribution locations and geometries of heat sources.
Ap =200 Pa, w = 0.5, ¢, = 1% and d, = 36 nm are used.

4.5.1 Influences of B on Optimized Designs

As shown in Eq. (21), when Ty, is fixed, 8 directly determines the magnitude of the heat generation
amount. The optimized results for different § are shown in Figs. 20 and 21. The data in Table 9 include the
Reynolds number Re, nanofluid volume fraction & within the design domain, average dynamic viscosity of
the nanofluid 4, ; within the design domain, objective function value J, and flow rate ¢, corresponding to
the different results in Fig. 21. 4, ; can be calculated as

pnfszynfdx/fDldx. (57)
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Figure 20: Optimized designs for different j3.
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Figure 21: Velocity and temperature fields in Layer 2 for different f.

Table 9: Values of Reynolds number Re, nanofluid volume fraction &, average dynamic viscosity 4, ., objective function
J (K), and flow rate ¢, corresponding to optimized designs for different j3.

B (W/(m*-K)) ¢ Re #,; (107 Pa-s) ¢, (107 m?/s) J (K)
107 0.82 142 11.2 1.65 297
10 0.80 163 8.5 1.90 313
10° 0.79 189 6.5 2.20 334

The optimized designs in Fig. 20 show that certain differences exist among the optimized designs
obtained under different heat generation coeflicients. These differences may be attributed to the temperature-
sensitive characteristics of the dynamic viscosity of nanofluid. The data in Table 9 show thatas f3 increases, the
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average dynamic viscosity of the nanofluid #, ; within the design domain gradually decreases. Specifically,
when S is large, more heat may be introduced from the bottom plate into the thermofluid channel of the
NCMHS, and the rise in temperature may lead to a reduction in the nanofluid dynamic viscosity. Given that
the geometric complexity of the optimized designs exhibits negligible variation under different conditions
(see Fig. 20), the decrease in dynamic viscosity may allow for a higher flow rate under identical pressure
drop conditions, thereby enhancing heat transfer. This is supported by the flow rate data presented in Table 9.
Therefore, under conditions with a higher heat generation coefficient, the thermal performance of the
NCMHS may be primarily enhanced by increasing the flow velocity.

4.5.2 Influences of Heat Source Location on Optimized Designs

In certain special cases, excessive local power may lead to a nonuniform heat source distribution, thereby
affecting the performance and safety of the system. In this section, the influences of different heat source
locations on the optimized designs are discussed. The heat generation coefficient is set as 8 = 10° W/(m*-K),
and the heat source area is kept constant at a value of S = 2 mm? in all designs.

First, under the condition of a square heat source, the heat source is placed at the left, center, and
right locations of the design domain for optimization, respectively. Fig. 22 shows the optimized designs
with different heat source locations, while Fig. 23 shows the velocity and temperature distributions in Layer
2 corresponding to the optimized designs in Fig. 22. The objective function values corresponding to the
optimized designs in Fig. 22a—c are 300, 299 and 298 K, respectively.
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Figure 22: The optimized designs with the heat source located at the left (a), center (b), and right (c) of the design
domain.
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Figure 23: Velocity and temperature distributions in Layer 2 for the optimized designs shown in Fig. 22.

A clear pattern can be observed from the results in Fig. 22 that the solid fins are mainly located within
and around the heat source regions. The heat dissipation process of the heat source can be divided into
two sequential stages. In the first stage, heat entering through the bottom plate boundary is conducted
through the solid substrate to the thermofluid channel layer. In the second stage, convective heat transfer
within the thermofluid channel layer transports the heat away from the NCMHS. Given that the thermal
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conductivity of the solid substantially exceeds that of the fluid, a greater solid fraction within and around
the heat source regions promotes rapid heat conduction from the bottom plate to the thermofluid channel
layer. Meanwhile, the dispersed arrangement of multiple small solid fins increases the heat transfer area and
further enhances the cooling performance of the NCMHS. The results in Fig. 23 show that as the heat source
location approaches the outlet, the average temperature within the design domain decreases. The primary
reason is likely that the fluid not passing through the heat source region exhibits a lower temperature. This
observation is corroborated by the objective function values.

4.6 Influences of Nanofluid Features on Optimized Designs

In this section, the influences of the diameter and volume fraction of AL, O; nanoparticles on the
optimized designs are investigated. Furthermore, the differences in heat dissipation performance between
the optimized designs of nanofluid and base fluid are compared and analyzed. w = 0.5, Ap = 200 Pa and
B =10® W/(m?K) are used.

4.6.1 Influences of the Nanoparticle Diameter on Optimized Designs

The nanoparticle volume fraction is fixed as ¢, = 1%. The optimized results for several typical
nanoparticle diameters are presented in Figs. 24 and 25. Fig. 26 illustrates the influences of d, on the flow
rate and the objective function. From Fig. 26, we can see that as the nanoparticle diameter increases, the
heat transfer performance of the NCMHS generally increases. From the results in Fig. 24, it can be observed
that the flow channel topology remains similar, indicating that the heat transfer area between the nanofluid
and solid is not the main cause of the performance variation. However, from Fig. 26, we can see that
the variation trend of the flow rate is generally opposite to that of the objective function. Consequently,
the velocity variations arising from different nanoparticle diameters are likely the main reason affecting the

cooling capability.
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Figure 24: Optimized designs for typical nanoparticle diameters.
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Figure 25: Velocity and temperature distributions of the results in Fig. 24.

313.6 2.00
—=— Objective function

3134+ o Flow rate L 1.95
¥ Q
8 E
531321 L1.90 T
< 3
o =
231301 185 €
3, z
2 8
03128 L 180

312.6 . . . ' —+1.75

0 20 40 60 80 100

Nanoparticle diameter (nm)

Figure 26: Influences of d, on the flow rate and the objective function of optimized designs.

4.6.2 Influences of the Nanoparticle Volume Fractions on Optimized Designs

d, =36nm is used. The optimized results for different ¢, are shown in Figs. 27 and 28. Fig. 29
illustrates the variation of the objective function and Re with ¢,. Fig. 29 presents the influence of ¢, on the
characteristic dynamic viscosity y;, and flow rate ¢,.
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Figure 27: Optimized designs for different nanoparticle volume fractions.
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Figure 28: Velocity and temperature distributions for the optimized designs in Fig. 27.
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Figure 29: Influences of ¢, on the objective function and Re of optimized designs.

From the variation of the objective function in Fig. 29 and the velocity and temperature in Fig. 28 with
respect to ¢,, it is evident that as ¢, increases, the heat transfer performance of the NCMHS decreases.
The optimized designs in Fig. 27 show that the branched flow channels are reduced with the increase of ¢,,
indicating that the convective heat transfer area between the nanofluid and solid decreases, which may be
one cause of the decline in heat dissipation performance.

As shown in Fig. 30, increasing the nanoparticle volume fraction leads to a rise in y;, and a correspond-

ing decrease in flow rate. The reduction in flow rate may be another factor contributing to the decline in
NCMHS performance.

4.6.3 Topological Optimisation for the Base Fluid of the Nanofluid

To better investigate the influences of nanofluid properties on the optimized designs, the base fluid
(H,O) is selected as the coolant for the topological optimisation design of NCMHS. The temperature-
sensitive thermophysical properties of the nanofluid (p,.f, ¢, 7> tns> and k, ¢) are replaced by those of the
base fluid (py s, cppf> tos> and kyg). Fig. 31 presents the optimized designs for the base fluid along with
the corresponding velocity and temperature distributions. The data in Table 10 represent the y;,, Re and
¢, of the base fluid. Compared with the results presented in Figs. 24 and 27, the optimized design shown
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in Fig. 31 exhibits more intricate flow channels. The optimized design corresponding to the base fluid not
only features a more complex flow channel layout but also achieves a higher flow rate, which undoubtedly
results in superior heat transfer performance. This performance enhancement may be largely attributed to
the lower dynamic viscosity of the base fluid.
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Figure 30: Influences of ¢, on ¢, and y;, of optimized designs.
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Figure 31: Optimized design and the velocity and temperature distributions in Layer 2 for the base fluid of the
nanofluid, (a) optimized design, (b) velocity and temperature distributions.

Table 10: Characteristic dynamic viscosity y;,, Reynolds number Re and flow rate ¢, of the base fluid.

J (K) Hin (10’4 Pa- s) Re ¢, (107> m?/s)
312.3 10.0 205 20.6

5 Conclusions

In this study, a low-cost three-layer thermofluid model is employed to perform topological optimisation
design of the cooling channels in the NCMHS. Numerical investigations are conducted to examine the
influences of temperature-sensitive properties, pressure drop, heat source, and nanofluid characteristics on
the NCMHS optimized designs. The main conclusions are as follows.

(1) A nanofluid with temperature-sensitive properties is employed as the coolant, and a three-layer
thermofluid model for NCMHS is established in this work. Specifically, under the assumptions of the velocity
profile and an adaptive temperature profile along the thickness direction, combined with the interlayer
coupled heat flux deduced from Fouriers law, the simplified thermofluid model is derived. The model
tully considers the influences of out-of-plane flow boundaries and heat transfer characteristics. Under this
modeling architecture, two-dimensional formulations are used to describe the conjugate heat transfer of
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the thermofluid layer, as well as heat conduction in the bottom and top plates. A density-based topological
optimisation method is integrated into the model to obtain a three-layer topological optimisation method.
The numerical results show that the optimized structure of NCMHS achieves a reasonable layout and
improved heat dissipation capacity.

(2) The influences of temperature-sensitive fluid properties, pressure drop, heat source characteristics,
and nanofluid properties on the optimized designs are numerically investigated. The results demonstrate that
the optimized designs for nanofluids with temperature-sensitive properties differ significantly from those
obtained under the constant-property assumption. As the pressure drop increases, the number of branched
flow channels grows. Conversely, with increasing nanoparticle volume fraction, the complexity of branched
flow channels in the optimized design decreases, and the heat transfer performance of the corresponding
design decreases accordingly.

This study still has several limitations that merit further investigation in future work. First, a minimum
length scale constraint could be incorporated into the topological optimisation process to effectively control
structural feature sizes and filter out small, unintended design features, thereby yielding flow channel designs
with improved manufacturability. Second, the current determination of the correction factor K, relies on
tedious empirical methods; therefore, more efficient and physically sound computational approaches need
to be developed in future research.
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