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ABSTRACT: The growth of computing power in data centers (DCs) leads to an increase in energy consumption and
noise pollution of air cooling systems. Chip-level cooling with high-efficiency coolant is one of the promising methods
to address the cooling challenge for high-power devices in DCs. Hybrid nanofluid (HNF) has the advantages of high
thermal conductivity and good rheological properties. This study summarizes the numerical investigations of HNFs
in mini/micro heat sinks, including the numerical methods, hydrothermal characteristics, and enhanced heat transfer
technologies. The innovations of this paper include: (1) the characteristics, applicable conditions, and scenarios of
each theoretical method and numerical method are clarified; (2) the molecular dynamics (MD) simulation can reveal
the synergy effect, micro motion, and agglomeration morphology of different nanoparticles. Machine learning (ML)
presents a feasible method for parameter prediction, which provides the opportunity for the intelligent regulation of the
thermal performance of HNFs; (3) the HNFs flow boiling and the synergy of passive and active technologies may further
improve the overall efficiency of liquid cooling systems in DCs. This review provides valuable insights and references
for exploring the multi-phase flow and heat transport mechanisms of HNFs, and promoting the practical application
of HNFs in chip-level liquid cooling in DCs.

KEYWORDS: Data centers; chip-level liquid cooling; hybrid nanofluid; energy transport characteristic; hydrodynamic
performance; numerical investigation

1 Introduction

The rapid evolution of information technologies has put forward higher requirements for the intelligent
computing power of data centers (DCs), resulting in an increase in electricity consumption at a rate of more
than 10% annually [1]. The cooling system’s energy consumption accounts for nearly 40% of total energy
consumption [2]. The exponential growth in the number of transistors on the electronic chips makes the heat
production achieve 10°~10* W/cm?. This causes uneven temperature distribution and local overtemperature
in limited space [3]. The heat generated by different electronic components inside the servers in the DCs is
uneven with a transient variation. The specific heat capacity and thermal conductivity of the air are relatively
small, leading to a low cooling efficiency. Decreasing the supply air temperature or increasing the supply air
volume to eliminate local hotspots will cause overcooling and additional energy consumption [4,5]. Forced
air convection heat transfer can only meet the cooling demand below 120 kW/m?, while the liquid cooling
technology can meet the heat flux up to 1000 kW/m? [6]. Traditional air cooling cannot remove the high
heat production and respond to the variation of heat flux of micro chips timely. While chip-level liquid
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cooling can directly take the heat away from the micro chips, which has the advantages of high cooling
capacity and low noise, attracting the attention of many scholars [7]. The microchannel heat sink (MCHS)
is suitable for chip-level cooling in DCs because of its efficient heat transport, easy integration, and small
size [8]. However, traditional pure liquid cannot deal with the heat removal problem of large-power chips
and devices for DCs [9,10]. It is urgent to develop novel cooling mediums to heighten the cooling efficiency.

The concept of nanofluids proposed by Choi et al. points the way to enhance the energy transport
rate of coolant [11]. Metal, metal oxides, or non-metallic oxide nanoparticles with a diameter of less than
100 nm are uniformly dispersed in the base fluid to produce the nanofluid coolants. A lot of research
on traditional mono-nanofluids, i.e., nanofluids with single components, has been carried out [12-15].
Compared with the pure liquid, the thermal conductivity of the mono-nanofluids is heightened, thus
improving the heat dissipation capability of the liquid cooling system. Due to the micro convection and
disturbance on the boundary layer, mono-nanofluids with high thermal performance have been widely
used in electronic component cooling, refrigeration systems, energy storage systems, and other high-tech
fields [16,17]. Results showed that the heat transfer capacity of the traditional coolants had been enhanced
along with an acceptable pressure drop by adding nanoparticles. At present, mono-nanofluids have been
applied in some real scenarios. Micali et al. [18] improved the performance of the air conditioning system
by using AL O;-water nanofluid instead of water in air-cooled chillers. Results manifested that the average
coeflicient of performance (COP) could be increased by 9.1%, achieving energy savings with low cooling costs
and reduced greenhouse gas emissions. Wang et al. [19] confirmed the high stability and heat dissipation
rate of mono-nanofluid in liquid cooling of DCs. The average specific heat capacity of the supramolecular
modified TiO,-nanofluid was 3.15 times higher than that of air cooling based on the experimental results. This
proves the feasibility of nanofluids for improving the cooling efficiency of DCs. Gasmi et al. [20] discussed the
thermal performance of a motile-microorganism within the nanofluid flow. The solar radiation mechanism,
thermophoresis, Brownian motion, and temperature gradient features were explored thoroughly.

The hybrid nanofluid (HNF) contains more than two different particles, which have higher thermal
conductivity and superior cooling efficiency than mono-nanofluids [21,22]. The complex interaction between
different particles and liquid molecules affects the motion and aggregation of the nanoparticles, thus
changing the thermal properties of the coolants. Therefore, revealing the heat transport and hydrodynamic
mechanisms of nanoparticles from a microscopic perspective can provide an opportunity for controlling
the thermo-hydraulic features of HNFs. The practical applications of the HNFs have proved their good
heat transfer performance. Shaalan et al. [23] argued that the electrical efficiency of the photovoltaic (PV)
panels could be improved by 12.1% by employing HNFs compared to air cooling. Kanti et al. [24] found
that the HNFs could reduce the average temperature of lithium-ion batteries (LIB) by 30.3%, ensuring the
temperature uniformity of batteries when the discharge rate was 1C. Nowadays, there are fewer practical
applications of HNFs in DCs. Chip-level liquid cooling using HNFs as working media is a potential heat
dissipation mode, which should be further investigated numerically and experimentally.

As depicted in Fig. 1, the numerical research on nanofluids has increased markedly over the past
decade. There are 2003 papers of numerical studies on nanofluids being published in 2024. Compared to
the traditional mono-nanofluids, there are still few numerical studies on HNFs. However, the growth rate
of the investigations about HNFs has increased. In recent years, the effects of base fluid, concentration, and
other parameters of HNFs on their stability, thermophysical properties, and energy transport characteristics
have been discussed by experiments [25,26]. However, the Brownian motion, aggregation effect, and
thermophoresis of multi-component nanoparticles will affect their hydrothermal performance. The motion
and morphology of nanoparticles are difficult to measure experimentally [27]. Therefore, a growing number
of investigators are devoted to numerical simulation. The main aim is to establish the relationship between
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micro morphology and macro thermo-hydraulic characteristics, revealing the essence of enhanced energy
transport [28,29].
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Figure 1: Number of numerical research on nanofluids over the past decade

Nowadays, there are some reviews of experimental studies on nanofluids. However, there is a lack
of summary, classification, and discussion of numerical studies on HNFs. The research on HNFs has the
following deficiencies. (1) The applicable conditions and application scenarios of various theoretical models
and numerical methods are not divided; (2) The variation trends of heat transfer coefficient (HTC), pressure
drop, and Nusselt number (Nu) have been obtained by numerical simulations and experiments. However,
there is a lack of microscopic mechanism explanations for the nature of the phenomena; (3) Most studies only
discuss the preparation method and the influence of various parameters on the stability and thermophysical
properties of HNFs without practical application data.

Therefore, this paper reviews the progress of numerical investigations of HNFs in recent years, sum-
marizes the existing numerical methods, and identifies future research directions and opportunities. The
innovations of this paper include the following aspects. (1) The advantages and disadvantages, applicable
conditions, and scenarios of theoretical models and numerical methods are clarified and compared; (2)
The energy transport features and thermal performance of HNFs are analyzed and illustrated. Molecular
dynamics (MD) simulation is recommended for the analysis of microscopic motion and behavior of
nanoparticles; (3) The limitations, opportunities, and future perspectives are discovered from the aspects of
intelligence algorithm, mechanism exploration, and synergy effect of various modification methods.

Firstly, the theoretical models and numerical methods of flow and heat transfer for HNFs were intro-
duced in Section 2. The single-phase model, two-phase model, and thermophysical parameter correlations
were elaborated in detail. The characteristics and procedures of the finite element method, finite volume
method, and MD simulation were compared. Secondly, the energy transport characteristics of HNFs were
analyzed in Section 3, including the thermal conductivity, dynamic viscosity, and HTC. Thirdly, the combina-
tion of HNFs and other heat transfer improvement methods was discussed thoroughlyin Section 4, including
the passive and active methods. Finally, the opportunities and future perspectives for high-efficiency energy
transport were proposed in Section 5. The limitations of the current study mainly include the lack of control
methods for the thermophysical properties of nanofluids and the practical application in cooling systems of
DCs. Therefore, it needs to be further studied in the aspects of configuration modification and optimization,
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synergy and regulation of multi-nanoparticles, and the combined methods for heat transfer improvement.
This review provides feasible methods for revealing the microscopic mechanism of thermal improvement
of nanoparticles, thus regulating the thermo-hydraulic performance of HNFs. It promotes the practical
applications of HNFs in chip-level liquid cooling of DCs, battery thermal management, renewable energy
utilization, etc.

2 Model Description and Methodology

The experimental study on the HNFs can only analyze the thermal and hydraulic performances from the
macro-level. While the numerical simulations can clarify the variation of multi-physical fields and explain the
heat transport mechanism and flow resistance features at the micro-level. Moreover, the numerical method
has low cost and high efficiency, which provides a sufficient theoretical basis for the experiments.

2.1 Theoretical Models
2.1.1 Single-Phase Model

Considering the extremely small volume of nanoparticles, for the low concentration of less than 5%,
some researchers defined the HNFs as homogeneous fluids and established a homogeneous model under
laminar flow, i.e., single-phase model, to characterize the thermo-hydrodynamic features [30-32]. The
following hypotheses are proposed [33]. The nanoparticles are assumed to move at the same velocity as the
base fluid without a velocity slip. Nanoparticles are uniformly dispersed in the base fluid. Both the liquid
phase and solid phase are in hydrodynamic and thermodynamic equilibrium states. The velocity difference
and heat transfer between the solid particles and the fluid are ignored.

The continuity, momentum, and energy equations are summarized as follows [32]:

Continuity equation [32]:
v-(pu)=0 @)

where p and u are the density and mass-averaged velocity of nanofluids.

Momentum equation [32]:
p(u-vu)=-vp+v-(uvu) )

where p is the pressure, and p denotes the viscosity of nanofluids.

Energy equation [32]:
Py (E : VT) =v-(AVT) (3)

where A is the thermal conductivity, G, is the heat capacity, and T is the temperature.

2.1.2 Two-Phase Model

The effects of gravity, the friction between fluid and solid particles, and Brownian force on the
nanoparticles will affect the thermo-hydraulic features of the nanofluids. Therefore, some scholars proposed
a two-phase model to analyze heat and mass transports considering the HNFs as solid-liquid mixtures
[32,34-36]. The assumptions for the numerical simulations include: The nanoparticles are in thermal
equilibrium with the base fluid; The thermophysical properties of both nanoparticles and base fluid are
considered temperature-dependent; The buoyancy density is assumed a Boussinesq approximation; The
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radiation, viscous dissipation, and external forces are ignored; There is no chemical reaction; The slip velocity
of nanoparticles is introduced considering the different velocity for each phase.

Thus, the continuity, momentum, and energy equations are expressed as:

Continuity equation [37]:
V- (PHNFZHNF) =0 (4)

where pynr and ZHNF are the mixture density and mass-averaged velocity of HNFs, respectively.

Momentum equation [37]:

—_ —_ n —_ —_
V- (PHNF”HNF”HNF) =-Vpunr+ V- [TunE — 7] + PHNE E+ V- (Z (PkPkudr,kudr,k) (5)
k=1
where, pgnr and Zdr,k denote the mixture viscosity of nanofluids and the drift velocity of the phase k,

respectively. Ay is the thermal conductivity of the phase k. g is the gravitational acceleration. Uarx is the drift
velocity for secondary phase k, defined as [37]:

— —

Udrk = Uk = WHNF (6)
Energy equation [32]:

koL K
v (Z ‘Pk“kPka,kT) =V (Z (<Pklk)VT) (7)

k=1 k=1

where ¢ is the volume fraction of the phase k.

The density and viscosity of HNFs is calculated by [37,38]:

PHNF = @Pnp1Pnpl + Pnp2Pnp2 + (1 ~ @np1 — (Pnp2) Pbf = Z PkPk (8)
k=1
UHNF = Z Pxpx 9)
k=1

The shear stress of HNFs tynr and the total shear stress 7 are defined as [37]:

THNF = #HNFVZHNF (10)
n

T==) Qrpxiiiiy (11)
k=1

In conclusion, the single-phase model ignores the movement of nanoparticles in the base liquid. The
two-phase model considers the velocity slip of nanoparticles leading to an additional computational load.
Therefore, it is necessary to balance the relationship between computational cost and accuracy. At low
Reynolds number (Re), the errors of the single-phase model and the two-phase model are relatively small.
With the increase of the Re, the results obtained by the two-phase model have higher accuracy [32]. When
the concentration of the nanofluid is low, the convective heat transfer process can well conform to the single-
phase assumption [39]. With the increase of the nanoparticle volume fraction (>4%), Moraveji et al. [40]
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indicated that the gap between the single-phase and two-phase models was 4%-10%. Although the two-
phase model has higher accuracy, if the error is within the acceptable range, the single-phase model can
be used. Ding et al. [41] pointed out that the single-phase model was inaccurate when the Peclet number
exceeds 10, due to the significantly uneven particle distribution. Nevertheless, many researchers choose the
single-phase model considering the additional computational cost of the two-phase model. Therefore, the
model accuracy and computational efficiency need to be balanced according to specific working conditions
for engineering applications.

2.1.3 Thermophysical Parameter Correlations

The heat capacity ¢, can be written as [42]:
Cp,HNF = ((PnplcP,nplpnpl + Pnp2CP,np2Pnp2 + (1 - q)npl - (Pnp2) CP,bbef)/PHNF (12)

The volume fraction of HNFs is calculated by [42]

PHNE = D, Pk (13)
k=1

The Einstein model is usually used to calculate the effective viscosity of dilute nanofluids, defined
as [43]:

puNE = ot (1+ 2.5¢1uNF) (14)

With the increase of concentration, the classical Brinkmann model is widely used to calculate the
dynamic viscosity yunr of HNFs [44], shown as

Hof

o (15)
(1- gunr)™’

UHNF =

For specific nanoparticles, some scholars have used the following formulas and compared them with
the experimental data. When the volume fraction is 0.0625%-1% and the temperature is 25°C-50°C, the
dynamic viscosity of AL, O;-MWCNT/SAE40 oil could be predicted by Eq. (16) [45]. The maximum deviation
between the experimental data and the predicted data was 2%.

0.01719
R

Selvarajoo et al. [46] studied the viscosity of MWCNT-A,0; at a ratio of 20:80 when the volume
concentration ranged from 0.01% to 0.2%, and obtained the following formula. For the volume concentration
of 0.25%-1.0% and the temperature of 30°C-50°C, the error of viscosity between the predicted data and
experimental data was less than 1.1%.

HHNF
Ubf

= 1.123 + 0.3251¢pnr — 0.08994T + 0.002552T2 — 0.00002386 T° + 0.9695 (
PHNF

pinE = 0.887 — 0.0027 T +0.275 Qrne 17

For the temperature ranging from 20°C to 60°C and the concentration of 0.005, the dynamic viscosity
of AL O;-TiO,/Water can be calculated by [32]:

Uune = 1.147 — 0.409T + 0.416T°°%2 "
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The thermal conductivity of two-component heterogeneous mixtures can be calculated by the

Hamilton-Crosser model considering the empirical shape factor n [47,48].

AHNF = (/\npl(/)npl + Aan(Pan) /(PHNF (19)

Anpt  Anpt+ (1 —=1) Ao + (n = 1) (Anpt — Abf) @HNE

Mot Aapr+ (1= 1) Aot — (Anp1 — Abr) @rne

where n = 3/y, y is the ratio between the sphere area and real area with equal volumes.

(20)

For different types of nanoparticles, Eq. (20) can be rewritten as [49]:
Spherical AL Os:

@ _ AaLo, + 22t + 2 (AaL0, — Abf) QuNE 1)

Aot AaLos + 2Abf — (Aal,05 — Abf) QHNF

Cylindrical MWCNT:

Antz _ Amwent +3.9Abs + 3.9 (AMwenT — Abf) PHNE (22)

Abf AMwenT + 3.9 — (AMwenT — Abf) PHNE

Platelet graphene:

Anf3 _ Ac +4.7 s +4.7 (Ac - Abf) QHNF
Abs Ac +4.7Mps — (Ac — Abf) QuNF

(23)

To improve the correlation accuracy, some models take the temperature and particle size into account,
as follows [50]:

b c
Anf a dbf) (/\np) dp e
— =1+64.7 —_— — | Pr"Re 24
Abf Pnp (dnp Abf (24)

where Pr and Re are the Prandtl and Reynolds numbers, respectively. dy;, is the nanoparticle diameter, and
dyr is molecular diameter of the base fluid. For Al,Os;-water nanofluids: a = 0.7460, b = 0.3690, ¢ = 0.7476,
d = 0.9955 and e = 1.2321. The subscript nf represents the nanofluid.

Then, a function of thermal conductivity is proposed based on “static” and “dynamic” (considering the
Brownian motion) [51]:

AMANE = Astatic + ABrownian (25)

Considering both static and dynamic, for Co-Ag-Zn ternary-nanofluid, the above formula can be
written as [52]

PcorCotPagrag+Pznizn pcodco+aghagt @rndzn
( — ‘PfINFg + (n - 1) ’\bf - (n - 1) )‘bf e (/)IiNFg PHNEF
Astatic = /\bf (26)
(‘PCOACO+¢Ag/\Ag+<Pzn)LZn ) + (n - 1) Abs + (A  PcohcotPaghagt9znzn )
PHNF bf bf P PHNE
PCoPCotPagPrgtPznpPzn ) ( PCoCp.CotPagp gt PznCpzn )

1 PHNF ( QHNF QHNF 2Kpg Tref

Brownian = (27)

2 3ndppune
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where Kj is the Boltzmann constant (1.38 x 1072%),

and dp represents the nanoparticle size.

T:ef is the reference temperature of nanofluid (293 K),

2.2 Numerical Methods
2.2.1 Finite Element Method

The finite element method (FEM) is usually applied to solve the approximate solutions for partial
differential equations. The characteristic of this method is that there is no restriction on the shape of
the solution region. The accurate solutions of the differential equations are approximated piecewise. It is
suitable for situations with complex boundary domains. FEM is performed to the entire region discretization,
and each sub-region becomes a finite element. The specified boundary conditions are embedded into the
algebraic equations of each element. The slip, Joule heating, and viscous dissipation are ignored. There are
four common methods, namely the Galerkin method, the Collocation method, the Sobdomain Method, and
the least square method. Among them, the Galerkin method is used in HNFs more frequently.

Some investigators examined the thermo-hydraulic features of HNFs by FEM. The results indicated that
the heat transport rate of binary-nanofluids was higher than that of traditional mono-nanofluids [53-55].
For instance, Ain et al. [54] explored the energy transport characteristics of binary-nanofluids by Comsol
software. An artificial neural network (ANN) model was trained to predict various parameters, i.e., Rayleigh
number (Ra), Hartmann number (Ha), and concentration. The new approach was proved to be feasible in
predicting the thermal features of HNFs. Madkhali et al. [56] and Nawaz et al. [57] compared the thermal
and hydraulic characteristics of mono-nanofluid and HNFs. They concluded that the heat transport rate of
ternary-nanofluid was higher than that of mono-nanofluid and binary-nanofluid.

2.2.2 Finite Volume Method

The finite volume method (FVM) divides the computing domain into several non-overlapping control
volumes. The governing equations are solved for each control volume. The interpolation functions are only
used to calculate the integral of the control volumes. The different interpolation functions can be adopted
for corresponding terms in the differential equations. Some investigators explored the thermo-hydraulic
features of HNFs in MCHSs by ANSYS Fluent software. The models of steady laminar flow and conjugate heat
transfer are usually employed without thermal energy sources. The HNFs are considered incompressible and
the thermophysical properties depend on the temperature. The gravity, radiation, and heat loss are ignored.
The numerical calculation process is depicted in Fig. 2. A geometric model and computational grid are
established firstly by ANSYS Fluent software, CFD software, CFX software, etc. Then, the governing equations
are derived based on specific assumptions, and the initialization and boundary conditions (velocity, pressure,
constant heat flux, or constant wall temperature) are set. The equations are discretized with second-order
upwind. If the residual criteria are less than 1075, the results are output. Otherwise, the rationality of the mesh
should be checked before recalculation.

The FVM has high efficiency and good convergence, which are adopted to explore the energy transport
features of HNFs [28,34,58,59]. Jamshidmofid et al. [28] investigated the cooling capacity and pressure drop
of Ag-Al, O3/water nanofluid within left-right and up-down wavy microchannels by FVM. The combination
of wavy configuration and HNF mitigated the temperature maldistribution without excessive pressure drop.
Jasim et al. [34] employed the FVM to study the thermal performance of Al,O;-Cu/water nanofluid in a
vented cavity. The impacts of particle concentration and operating parameters on the thermal features were
discussed. The cooling capability was heightened by high concentration and the counter-clockwise rotation
of the cylinder.
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Figure 2: Numerical calculation for the hydrothermal features of HNFs in micro heat sinks by FVM

2.2.3 Molecular Dynamics Simulation

MD simulation can be used to study the structures and properties of atoms or molecules at the nano-
scale. According to the principle of statistical mechanics, the physical properties of the molecular system can
be obtained from the motion of a single molecule, i.e., the trajectory, speed, and position of the molecule.
Different potential functions (e.g., EAM, Lennard-Jones (L-])) are selected to analyze the impact of particle
type, particle size, and other factors on the motion trajectory, number density, and distribution function of
molecules. The specific flow chart of MD simulation is provided in Fig. 3. Firstly, the simulation domain,
physical parameters of the particles, and the solution equations should be established and determined. The
temperature of the entire system is controlled at a setting value by the Langevin thermostat. The canonical
ensemble NVT (N is atomic number, V is volume, and T is temperature) ensures the model to a quasi-steady
state and prevents errors in subsequent calculations. After that, the numerical simulations are performed in a
micro canonical ensemble NVE (E denotes energy). The dynamic behavior of individual particles (position,
velocity, etc.) can be obtained by solving the particle motion equations. Thus, the thermal and hydrodynamic
performances and other information of the whole system can be derived based on the statistical calculation
of the particle motion rules.

The resultant force Fj; on the i particle is the vector sum of the forces between the i and j particles,
expressed as [60]:

dui
Fyj = my— 28

The gradient of the potential function E;; can be calculated by [61]:

s3]
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where r is the distance between particles i and j. . is the cutoft radius (r < ). ¢ is the potential energy, given
by [62]:

+
€12 = A\/ &1 &2, 012 = M (30)

2

where subscripts 1 and 2 represent the different nanoparticles. « is the energy coefficient.

l System initialization |

[ Calculate interaction forces of molecules |

| Solve Newton's equations I

4>‘ Run the ensemble NVT ‘

No +

f the system
is stable

Yes

| Run the microcanonical ensemble NVE |

‘ Particle motion and morphology |

Figure 3: Flow chart of MD simulation

The difference in density and surface charge for different particles in HNFs is relatively large. This will
lead to an aggregation effect and threaten the coolant stability. Hou et al. [62] introduced the concept of
“degree of looseness” to assess the aggregation patterns of nanoparticles. With the increase of looseness,
the thermal conductivity of Janus nanofluid rose first and then decreased. Wang et al. [63] found that the
nanoparticles presented a completely aggregated form, a mixed form, and a completely dispersed form
respectively when the quantity of charges was low, medium, and high. Some researchers have adopted MD
simulation to study the particle collision, Brownian movement, and thermophoresis effect [64-66]. Results
illustrated that the micro motion and morphology of nanoparticles determined the thermal properties
of novel coolants. Chen et al. [64] revealed the effect of included angle and particle arrangement on the
thermal conductivity of Cu-Ar nanofluids. A denser interfacial layer around particles, i.e., a compact heat
flux passage, could be created to transfer more heat by optimizing the angle and arrangement of particles.
Wang et al. [66] conducted an MD simulation to explore the boiling heat transfer performance on wall
surfaces with different nanoparticles. The surface with hybrid nanoparticles presented superior wettability.
The early boiling initiation and high heat flux were achieved due to the better matching between the solid
and liquid atoms.

In conclusion, the morphology and aggregation of particles at the micro-level are the fundamental
factors affecting the stability and thermal properties of nanofluids. The particle combination, preparation
method, operating condition, and base fluid play important roles in the morphology and motion of aggre-
gations. The motion and morphology of solid-liquid atoms cannot be obtained by traditional experiments.
MD simulation can directly reflect the microscopic features of particles, and explain the energy transport
mechanism from the micro-level. However, there are few MD studies on the cooling capability and flow
resistance features of HNFs in mini/micro heat sinks, which need to be further carried out.
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3 Energy Transport Characteristics of Hybrid Nanofluids
3.1 Thermal Conductivity

The thermal conductivity of the cooling medium greatly affects the heat transfer rate. A large number
of studies have manifested that adding nanoparticles can heighten the thermal conductivity of the coolant.
A lot of efforts have been conducted to discover the important degree of operating factors on the thermal
conductivity of nanofluids, including the temperature and volume fraction [67,68], pH level [69,70], surface
modification [19,71] and dispersant [72,73]. Results demonstrated that the high temperature, large volume
fraction, high PH level, and surface modification could heighten the thermal conductivity due to the variation
of agglomeration degree. Some studies have shown that the addition of dispersants could improve the
thermal conductivity of nanofluids, but other studies have obtained the opposite conclusion.

There is a disagreement on whether HNFs can improve thermal conductivity compared with traditional
mono-nanofluids. Some experimental studies indicated that the synergy effect of multi-particles could
improve thermal conductivity [74-76]. Nevertheless, other researchers have found that some particle
combinations reduced the thermal conductivity compared to the corresponding mono-nanofluids [77,78].
The high temperature and large concentration were helpful in heightening the thermal conductivity because
of more intense Brownian motion, micro convection, and particle collisions [79,80]. In addition, some
researchers employed neural network algorithms to predict the thermal conductivity of HNFs. They found
that the volume fraction was the most important parameter [81,82].

The main reason for the different thermal conductivity properties can be attributed to the various parti-
cle combinations, as plotted in Fig. 4. We can observe that the Fe,O; nanoparticles are mainly concentrated
at the contact points between neighboured nanotubes or bridging nanotubes (Fig. 4a). A homogeneous
network was formed by Multi-walled carbon nanotube (MWNT) and Fe, O5; nanoparticles, which established
effective conductive pathways to heighten the thermal conductivity [76]. The nanoparticles formed the
dendritic aggregations, which constructed an efficient energy transport channel. The linear chains spanned
the whole cluster (called backbone), while some particles did not run through the entire cluster (called dead
ends) [83]. The backbone was mainly responsible for the improvement of thermal conductivity. Therefore,
when there were more backbones and fewer dead ends, the thermal conductivity would be improved [84]
(Fig. 4b). As depicted in Fig. 4c, there was no good contact between the nanoparticles of Cu and CNT.
Thus, no thermal conductivity path was formed. The weakened synergy effect between Cu and CNT
nanoparticles resulted in a larger interfacial thermal resistance, leading to no obvious variation in thermal
conductivity [77]. The nanoparticle agglomeration built an efficient heat path, which was beneficial to
heighten thermal conductivity [85] (Fig. 4d). There was an optimal diameter of the agglomeration structure.
When the aggregations exceeded a certain diameter, a further increase in the mass of aggregations would
reduce the Brownian motion. In consequence, the thermal conductivity performance would be weakened.

Fe,0; MWNTs dead ends

|backbone

Figure 4: (Continued)
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Figure 4: Schematic for synergy effect of different nanoparticles, (a) network pattern; (b) dispersion pattern; (c) branch
pattern; (d) agglomeration pattern

We can observe that the numerical studies on the thermal conductivity of HNFs are less than that of
traditional nanofluids. The effects of dispersants, PH level, and surface modification on the heat conductivity
of HNFs are lacking. The applicability and transferability of intelligent algorithms to predict thermal
conductivity need to be further improved. The synergy mechanism of different nanoparticles is still unclear
and needs to be further explained by MD simulation.

3.2 Dynamic Viscosity

The large viscosity of the cooling medium will increase the flow resistance and pump power, which
reduces the economy of the liquid cooling system in DCs. For traditional mono-nanofluids, the dynamic vis-
cosity will be increased with the augmentation of particle concentration [86]. However, there are conflicting
conclusions about the variation tendency of dynamic viscosity with the dispersant concentration [87-89].
This may be related to the various particle types, particle sizes, and preparation methods, which need to
be comprehensively analyzed. Moreover, some investigators established neural network models to predict
the dynamic viscosity of traditional nanofluids. Results demonstrated that the neural network showed
better prediction performance for more data samples. The prediction accuracy was related to the input
parameters [90,91].

Nowadays, there are few reports about the dynamic viscosity of HNFs in the open literature, especially
the numerical studies, as demonstrated in Table 1. Moldoveanu et al. [92] conducted experiments on the
energy transport features of HNF and argued that the dynamic viscosity was higher than the corresponding
mono-nanofluid. Alnaqi et al. [93] concluded that the increase in concentration led to a considerable
increment in viscosity, which dramatically increased the pump energy consumption. Some experiments
revealed that the high temperature and low concentration were beneficial in reducing viscosity [94,95].
As the volume fraction of hybrid nanoparticles increases, the viscosity of coolant will be increased. This
phenomenon may be related to the aggregation of nanoparticles for high concentration. When aggregations
are formed within the nanofluid, higher viscosity, greater pressure drop, and larger pump power consumption
are observed. Compared with traditional mono-nanofluids, HNFs have more complex interactions between
various particles and base fluid. It is necessary to further study their rheological properties for reducing
pump power. Intelligent algorithms, such as machine learning (ML), provide a new way to predict the
thermophysical properties of HNFs and regulate the thermal and hydraulic properties. However, there are
few related reports.
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Table 1: Effect of concentration on the dynamic viscosity of HNFs

Volume fraction Results

AL O;: 1%, 3%, 5%
TiO,: 1%, 2%, 3%
0.0625%, 0.25%, 0.5%

Authors Coolant

Moldoveanu et al. [92] Al O;-TiO,/water Viscosity increased

Alnagqi et al. [93] MWCNTs-Si0,/Ethylene Viscosity, pressure

glycol (EG)-H,O drop, and pumping
power increased
Esfe et al. [94] MWCNTs-SiO,/SAE40 0%, 0.0625%, 0.125%, Viscosity increased

0.25%, 0.5%, 0.75%, 1%,
1.5% and 2%
SWCNH: 0.00476%,
0.0476%, 0.4787%
TiO,: 0.00256%, 0.0257%,
0.2583%

Bobbo et al. [95] SWCNH-TiO,/water Viscosity increased

3.3 Heat Transfer Coefficient

The synergy effect of multi-nanoparticles has a significant impact on the activation energy and
aggregation morphology. The interaction between different particles induces complicated micro convection
and motion, which influences the thermophysical properties and heat transport characteristics. Particle type,
size, concentration, and other parameters have an obvious effect on the HTC of HNFs. Most studies indicated
that appropriate particle combinations and relatively large concentrations could achieve a superior heat
transport capability [96-100]. The main results are summarized in Table 2.

Table 2: Effect of concentration on the HTC of HNFs

Results

Authors

Coolant

Volume fraction

Chu et al. [30]

AIN-AL O;/Water

1%, 2%, 3%, 4%

HTC enhanced by 21.13%,
28.85%, 38.56% and 43.77%

Souby et al. [31]

rGO-Co;04 and
MWCNT- Fe3 04

0%-0.2%

No significant change for the
HTC

Acharya et al. [53]

Ag-MgO/water

0%-0.015%

HTC increased

Huminic et al. [96]

MWCNT-
Fe;O4/water

0%-0.3%

Entropy generation
decreased 26.48%, HTC
increased

Bahiraei et al. [97]

Graphene-Ag/water

0.02, 0.04, 0.06, 0.1%

HTC increased

Cimpean et al. [98]

Ahmad et al. [99]

Cu-AlL, O3 /water

Cu-TiO,/EG

Cu: 0.01%, 0.02%,
0.03%, 0.04%

AL 0O5: 0.01%, 0.02%,
0.03%, 0.04%
Cu: 0.02%, 0.04%,
0.08%, 0.10%

Da <107 Energy transport
enhanced as ¢¢, increased
and @a1203 decreased
Da >107% Opposite behavior

HTC increased

(Continued)
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Table 2 (continued)

Authors Coolant Volume fraction Results
TiO,: 0.3%
Ardeh et al. [100] Al,O;-Cu/water and 0%-5% At low concentrations, HTC
Al 05-Si0,/water did not increase significantly

For instance, Huminic et al. [96] found that the increase in heat conductivity and HTC could be
attributed to the combined network of nanoparticles and the delayed development of the boundary layer.
Ahmad et al. [99] also believed that the increase in heat transfer was caused by the enlargement of particle
volume fraction. In summary, compared with pure coolants, HNFs exhibit a higher HTC. This is mainly
because the nanoparticles have high thermal conductivity and Brownian motion characteristics. The particle
movement thins the thermal boundary layer and enhances the HTC. However, some existing literature
reported that high concentration was not conducive to enhancing heat transfer. Souby et al. [31] and Ardeh
et al. [100] assessed the thermal-hydraulic characteristics of HNFs by different evaluation indexes. Results
indicated that when the Re was constant, the HTC was improved by HNFs. However, the HTC did not change
significantly for a constant flow rate. At low concentrations and low flow rates, there is no obvious difference
in HTC between the nanofluids and the pure coolants. Moreover, the nanofluids cause an increase in cooling
cost due to the increased pump energy consumption. Thus, evaluating the thermal features by Re may be
inaccurate, because the Re is related to the physical properties of the HNFs. The HNFs induce larger pump
power and pressure drop, which can not be ignored. The pump power and economy of the liquid cooling
system using HNFs need to be considered comprehensively.

According to the open literature, the researches on heat transport characteristics of HNFs are mainly
based on experiments. There is a lack of numerical research to reveal the mechanism of particle motion
and energy transport at the micro-level. There are opposite conclusions about the effect of dispersants on
thermal conductivity and viscosity, which need to be further explored. Increasing the concentration of HNFs
can increase the thermal conductivity and dynamic viscosity. However, the upper limit of concentration for
enhancing HTC has not been clearly explained. The effect of surface modification and PH level on the thermal
performance of HNFs is still unclear. The synergy mechanism of different nanoparticles on thermo-hydraulic
performance has not been uncovered.

4 Combination of Hybrid Nanofluid and Other Heat Transfer Improvement Methods

Because of the excellent heat transfer potential, nanofluids are widely used in the convective heat transfer
process of various heat exchangers. Effective convective heat transfer is essential for high energy efficiency
in fields of high-power electronic component cooling in DCs. Heat transfer improvement technologies can
be divided into passive and active methods according to the external energy. The passive methods without
external energy mainly include surface modification and configuration optimization, etc. The heat transport
efficiency can be greatly heightened by increasing the heat transfer area, modifying flow distribution,
destroying the boundary layer, and inducing flow disturbance. The active methods require external energy,
such as pulsating flow, electric field, magnetic field, etc. The existing literature shows that the HNFs coupled
with other heat transfer improvement methods can further heighten the overall performance of the liquid
cooling system.
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4.1 Passive Method for Heat Transfer Improvement

Some researchers have conducted numerical simulations on the thermo-hydraulic characteristics of
the HNFs in complex MCHSs. The combined effect of configuration modification and novel coolant was
analyzed and revealed.

Fig. 5 demonstrates some typical configurations for efficient cooling in open literature. Some efforts
have been made to investigate the hydrothermal features of HNFs in MCHSs with corrugated or wavy
walls (Fig. 5a). The coupling of wavy configuration and nanoparticles had a favorable effect on heat
dissipation [29,101]. The optimal structural parameters for the best thermal performance were obtained.
The excessive amplitude of the wavy or corrugated configurations would weaken the cooling effect. Akhtari
et al. [102] investigated the synergy impact of the double-layered microchannel and HNF on cooling
performance. The Cu 3%-ALO; 1%-water nanofluid obtained an increased Nu with 10%, and a 17.97°C
decrement of peak temperature. The cross-section shape of the channel and the shape of the particle had
obvious impacts on the hydrothermal characteristics (Fig. 5b). Results illustrated that the rhombus cross-
section tended to achieve the best hydrothermal performance, and the trapezoidal one led to the optimal
temperature distribution. The effective contact area had a great impact on the heat dissipation rate. The
lamina-shaped nanoparticle with a relatively high concentration presented a larger HTC compared to the
spherical nanoparticle for TiO,-MgO-GO ternary-nanofluid [103].

Wavy channel Various cross-sections

(b)
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Figure 5: Schematic of different micro structures for enhancing heat transfer of HNFs, (a) wavy channel; (b) various
cross-sections; (¢) micro pin-fins; (d) porous channel with variable cross-sections

Some research focused on the combination of pin-fin configurations and HNFs (Fig. 5¢). The pin-fin
configurations were optimized to balance the heat transfer rate and friction losses [104-106]. In addition,
the influence of nanoparticle shape and slip mechanisms were also explored. Adopting the shear-thinning
fluids as base fluid could prevent the dramatic increase of pressure drop owing to the reduction of
viscosity, compared to the water. Aguirre et al. [107] concluded that the micro heat sink with pin-fins and
vortex generators increased the HTC with an obvious increment of flow resistance for Newtonian fluid.
However, the shear-thinning fluids with multi-nanoparticles reduced the pump energy consumption by 20%.
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Therefore, the addition of nanoparticles did not ensure an improvement in the overall efficiency of the cooling
system. Excessive pump power would reduce the energy efficiency of the liquid cooling system.

The combination of nanofluids and porous media can enhance heat transfer, and reduce pump power
due to the high thermal conductivity and permeability (Fig. 5d). Zhai et al. [32] established analytical
methods considering the thermodynamic characteristics and nanoparticle migration to reveal the essence of
energy transport improvement. The thermophoresis of nanoparticles in the convective heat transfer process
at the micro-scale was more obvious than that at the macro-scale. The reason could be attributed to the high
particle concentration near the wall and the full mixing in the porous region.

Many investigations have been carried out to heighten the cooling capability of MCHSs by complex
configurations and HNFs. However, the modified structures often increase the flow resistance and require
additional pump power consumption. Too complex configurations have the defects of machining cost and
system economy. It is imperative to explore more efficient and reasonable optimization methods. In addition,
more accurate and quantitative indexes are needed to evaluate the temperature uniformity of MCHSs.

A large number of studies have shown that nanofluids have a better cooling effect than pure fluid.
However, some results have indicated that the increment of heat transport was less than the increase of
pressure drop, resulting in a decrement in overall performance [108]. These contrary conclusions can be
attributed to the difference between the particle parameters and the heat sink structures. Therefore, the
synergy mechanisms of HNFs and micro structures need to be revealed.

4.2 Active Method for Heat Transfer Improvement
4.2.1 Pulsating Flow

Many studies have shown that pulsating flow can improve the cooling capability and inhibit nanoparticle
deposition in the channel. The periodic change of fluid velocity produces the vortexes, enhances the fluid
mixing, and destroys the boundarylayer [109-111]. Xu et al. [112] employed the combination of pulsating flow
and graphene nanofluids to heighten the heat transport. The optimal pulsation frequency was not affected
by the nanofluid concentration. The inhibiting effect of pulsating flow on the nanoparticle deposition was
proved by image processing technology.

However, the pulsating flow consumes a greater pump power consumption than the constant flow.
Inversely, some researchers concluded that the pulsation flow did not provide high HTC. Based on the
existing research, the cooling capability of pulsating flow was related to Re and pulsation parameters [113,114].
For different heat exchangers, there was an optimal pulsation frequency/amplitude, and a suitable Re for the
best heat transport.

The mechanism of enhanced heat transfer can be explained from the perspective of real-time variation
of velocity field obtained by particle image velocimetry (PIV) technology. However, the micro motion and
scale effect of nanoparticles will affect the velocity, concentration, and temperature fields, which are difficult
to measure experimentally, especially for HNFs.

4.2.2 Electric Field

Many researchers have found that the electric field could enhance the cooling capability of the
HNFs [115,116]. The electric field mitigated the nanoparticle deposition to a certain extent. The elec-
trophoretic force, dielectrophoresis force, and electrostriction force were very important for enhancing
energy transport [117]. In addition, the Marangoni number, particle concentration, and particle size were
also important factors affecting the cooling capability of nanofluids [59].
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Some scholars have made a preliminary exploration of the micro motion of nanoparticles under an
electric field by MD simulation. Zhao et al. [118] established the MD model to discover the impact of an
electric field on the heat transport process of nanofluid. They found that the electric field could reduce the
interfacial thermal resistance, disturb the movement of water molecules, and weaken the bond between
particles, thus enhancing energy efficiency. Wang et al. [119] found the collision of Cu particles and water
molecules could be suppressed by an electric field. The aggregation of nanoparticles was weakened as the
electric field intensity increased.

4.2.3 Magnetic Field

The effect of the magnetic field on the thermophysical properties of nanofluids was studied. The
results demonstrated that the magnetic field had a prominent impact on both HTC and friction factor. The
magnetic field had a positive contribution to the increase of Nu by adjusting the movement and aggregation
of nanoparticles [120,121]. The nanofluids with smaller particles were more suitable for energy transport
improvement under the applied magnetic field. However, some studies have shown that the magnetic field
increased the temperature of the boundary layer, resulting in a weak energy transport rate [122,123].

The magnetic field also has a noteworthy impact on the flow characteristics of nanofluids. Babu
et al. [124] studied the flow features of ZrO,-MgO/propylene glycol water nanofluid. They found that the
flow velocity was increased by the magnetic field, which led to an increment of flow friction. However, the
opposite conclusion was obtained by Azhar et al. [125]. They argued that the increment of magnetic field
intensity would decrease the friction factor for SiO,-GO-TiO,/water nanofluid. In addition, some researchers
discovered that the Lorentz force impeded the flow of nanofluids, causing the reduction of fluid velocity and
the increase of fluid temperature [54,126-128].

The impact of the magnetic field on the thermo-hydraulic features of HNFs can be summed up in two
conditions, as described in Fig. 6. In Fig. 6a, the increase in magnetic field intensity will lead to a decrease
in the flow rate of nanofluids. It can be found that the opposite Lorentz force will be generated under this
condition, which hinders the nanofluid flow and deteriorates heat transfer. Nevertheless, when the magnetic
metal nanoparticles move toward the heating surface under the magnetic field, the boundary layer will be
destroyed and the heat transfer can be strengthened, as depicted in Fig. 6b.
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Figure 6: Effect of magnetic field on the nanoparticles, (a) horizontal motion; (b) downward motion

5 Opportunities and Future Perspectives for High-Efficiency Energy Transport

In summary, the existing investigations on the stability, thermophysical properties, and thermo-
hydraulic characteristics of HNFs are mainly limited to specific conditions. The research mainly focuses
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on the sensitivity of preparation parameters, particle parameters, and operating parameters to the thermal
performance of the novel coolants. There is a lack of active control methods for enhancing the stability and
thermal conductivity of HNFs. The existing results indicate that the HNFs are expected to solve the cooling
problem of high-power chips in DCs. However, existing studies do not consider the layout of actual cooling
systems in DCs. The wear of the cooling systems caused by the nanoparticles is not analyzed. Therefore,
the combination and optimization of MCHSs and HNFs, the microscopic motion of nanoparticles, and the
synergy effect of multi-physics fields need to be further studied.

5.1 Solutions for Configuration Modification and Optimization

The complex configurations in the open literature induce higher HTC accompanied by larger pump
power. Balancing thermal efficiency and pump power consumption by further optimizing the heat sink and
HNFs is critical for the practical application of microchannel liquid cooling in DCs. Most literature has
studied the variation of thermal and hydraulic performances with single parameters. The importance degree
and internal relations of the different factors have not been elucidated quantitatively.

Some researchers have tried to optimize the structural parameters of heat sinks by intelligent algorithms
to improve the HTC and decrease the pump power. Rabiei et al. [129] performed multi-objective optimization
by genetic algorithm. The impact of heat sink configuration and nanofluid concentration on heat transfer
and pump power was revealed. Results showed that the pump power was mainly affected by the nanofluid
concentration, while the cooling performance was mainly affected by the heat sink configuration. Tang
et al. [130] constructed a numerical model to explore the thermo-hydraulic features of HNFs in a heat sink
with jet-impinging and micro ribs. The intelligent algorithm was adopted to obtain the optimal configuration
for multiple targets. The field synergy principle was employed to elucidate the inherent law of thermal
enhancement of HNFs.

At present, the response surface method (RSM) and genetic algorithm are the main methods for multi-
objective optimization of MCHSs. However, the optimized results are only applicable to specific conditions.
The applicability of the optimal configurations of heat sinks should be improved by comprehensive parameter
sensitivity analysis and ML. The interaction of micro-scale structures and multi-nanoparticles has not been
fully revealed. It is crucial to use intelligent algorithms to optimize the cooling capability and flow resistance
of HNFs.

5.2 Solutions of the Synergy and Regulation of Multi-Nanoparticles

Compared to the traditional nanofluids, the thermal and hydrodynamic features of the HNFs are more
complicated because of the interaction between various particles. The impact of concentration, dispersant,
PH level, and surface modification on the thermo-hydraulic features of HNFs should be analyzed thoroughly.

Some scholars have provided prediction models for energy transport parameters for specific ranges. ML
with self-learning ability can provide an effective approach for the nonlinear prediction of thermophysical
properties of HNFs. The thermal conductivity, viscosity, and surface tension are expected to be fast predicted
by a data-driven model. Based on the numerical or experimental samples, a database can be established.
The flow and heat transfer characteristics will be classified. The intrinsic interaction of specific parameters
and thermo-hydraulic properties can be discovered by intelligence algorithms. The parameter prediction
correlations with wide applicability can be obtained, as plotted in Fig. 7.
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Figure 7: Flow chart of ANN prediction for thermophysical properties of nanofluids

Besides, the synergy effect and micro morphology of different nanoparticles are not completely clear,
which is directly related to the stability and thermal properties of novel coolants. The MD simulation provides
a solution for discovering the particle motion and aggregation at the micro-level. Lietal. [131,132] conducted a
series of MD simulations to illustrate the impact of agglomeration morphology on the heat transport features
of traditional mono-nanofluids. By adjusting the distance between nanoparticles, different aggregation
morphology will be formed under Van der Waals forces as displayed in Fig. 8. The smaller particle size
and lower fractal dimension resulted in higher thermal conductivity and viscosity. The agglomeration
morphology directly affected the energy transport characteristics.

(b) Spherical (c) Short chain (d) Long chain

(a) Uniform dispersion . . .
agglomeration agglomeration agglomeration

Figure 8: Schematic of different aggregation morphology for Cu nanoparticles [132]

Based on the heat transport models of traditional mono-nanofluids, the more complex MD models for
HNFs can be established. The impact of concentration, particle type, size and shape, and other operating
parameters on the nanolayer thickness, motion trajectory, and distribution function can be clarified. Thereby,
the relationship between the particle morphology and energy transport properties of the coolant can
be revealed. By adjusting the type and size of the nanoparticles, the optimal combination of different
nanoparticles will be obtained, and the heat and mass transport essences can be uncovered.
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5.3 Solutions of Combined Method for Heat Transfer Improvement

The boiling heat transfer can obtain higher cooling efficiency accompanied by acceptable pump energy
consumption compared to single-phase heat transfer. The combination of flow boiling and HNFs is expected
to achieve better heat transfer capability. There is a lack of numerical study to illustrate the interaction of
gas-liquid-solid. The traditional numerical simulation can not reveal the influence of the particle motion on
the hydrothermal characteristics in depth. Yin et al. [133,134] explored the effects of nanoparticle motion on
flow boiling features by MD simulation under two conditions: suspension and deposition.

The heat transport mechanism and the flow boiling pattern of HNFs are closely linked. The bubble
behavior and flow evolution for the boiling process of HNFs need to be further explored. The coupling of flow
and temperature fields, solid particles, and gas-liquid interactions make bubble growth and flow patterns
more complicated, which produces different heat transport mechanisms.

The different particles have different surface tension and wettability, thus affecting the liquid film
evaporation. The micro-scale effect and multi-phase flow lead to a nonlinear transient flow field in MCHSs.
The HNFs will enhance the randomness of bubble motion and cause the variation of flow pattern. In
recent years, the rapid developments of artificial intelligence (AI), computer vision (CV), and ML have
provided new ways for extracting bubble dynamics parameters, measuring transient physical fields, and
recognizing flow patterns. The effects of particle migration, mixing ratio, and other parameters on bubble
growth, flow pattern, and heat transfer can be explained by combining the MD simulation and image
processing techniques.

Moreover, the combination of passive and active technologies may further improve the comprehensive
performance of the liquid cooling system in DCs. The coupling effect of multi-physics fields, such as electric
field, magnetic field, ultrasound, etc., on fluid morphology and energy transport can be fully revealed by the
MD model and ML. It is of great significance for the enrichment and development of the theory of micro-
scale flow and heat transfer, as well as the practical applications of HNFs in the advanced liquid cooling
systems for DCs.

6 Conclusions

The hybrid nanofluid (HNF) is able to heighten the heat dissipation potential of the chip-level
liquid cooling system in data centers (DCs). In this paper, the latest numerical studies on HNFs are
introduced and analyzed. The theoretical models, numerical methods, thermophysical parameters, and
thermo-hydrodynamic characteristics are outlined. The characteristics, applicable conditions, and scenar-
ios of each method are elucidated. The limitations, opportunities, and future perspectives are provided.
Molecular dynamics (MD) simulation is recommended to analyze the nanoparticle motion and morphology.
Intelligent algorithms can be used to predict the physical parameters of nanofluids to regulate their thermal
performance. The boiling heat transfer of HNFs and the synergy effect of multi-physical fields are expected
to further improve the overall performance of liquid cooling systems. The key findings are as follows:

(1)  The aggregation morphology and particle motion can not be captured by traditional visualization
experiments and numerical simulation. Molecular dynamics (MD) simulation provides a novel per-
spective to explain the synergy mechanism of different particles and reveal the essence of enhanced
heat transport from the micro-level.

(2)  The existing parameter prediction models are only suitable for a specific parameter range. The robust-
ness and transferability need to be improved. Intelligent algorithms, such as machine learning (ML),
present feasible solutions for fast prediction and optimization, which also provides an opportunity for
the intelligent control of heat transport and flow resistance features of HNFs.
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(3)  There is a lack of numerical investigation on the flow boiling features of HNFs. The effects of particle
migration, mixing ratio, and other parameters on bubble growth, flow pattern, and heat transfer are
expected to be elucidated by the combination of MD simulation and computer vision (CV). The
synergy of passive and active technologies may realize the control of the aggregation morphology and
particle motion of HNFs, thus further improving the overall efficiency of cooling systems in DCs.
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Nomenclature

o Specific heat capacity (J/kg-K)
d Diameter (m)

E Potential function (eV)

F Resultant force (N)

g Gravitational acceleration (m/s*)
Ha Hartmann number

Kz Boltzmann constant

m Mass (kg)

Nu Nusselt number

P Pressure (Pa)

Pr Prandtl number

re Cutoff radius (A)

Ra Rayleigh number

Re Reynolds number

t Time (s)

T Temperature (K)

u Velocity vector (m/s)

Greek symbols

o Energy coefficient

€ Potential energy (eV)

A Thermal conductivity (W/mK)
U Dynamic viscosity (Pa-s)

p Density (kg/m’®)

o Scale parameter

T Shear stress (N/m?)

¢ Volume fraction

1 Ratio between the sphere area and the real area with equal volumes
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Subscript

bf Base fluid

dr Drift

k Phase k

np Nanoparticle

nf Nanofluid

ref Reference

Abbreviations

ANN Artificial neural networks

Al Artificial intelligence

CNT Carbon nanotube

Ccv Computer vision

DC Data center

EAM Embedded atom model

EG Ethylene glycol

FEM Finite element method

FVM Finite volume method

HNF Hybrid nanofluid

HTC Heat transfer coefficient

LIB Lithium-ion batteries

MCHS Microchannel heat sink

MD Molecular dynamics

ML Machine learning

MWNT Multi-walled carbon nanotube

PIV Particle image velocimetry

1% Photovoltaic

RSM Response surface method
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