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Abstract: Nowadays, the number of transistors on electronic components is increasing
exponentially leading to an ultra-high heat flux (106~107 W/m2). The non-uniform load
distribution on the chip and the local hot spots in the thermal environment are key issues
in a data center (DC). Microchannel liquid cooling is an effective method to inhibit heat
accumulation on the chip. Optimizing the air distribution is a crucial approach to realizing
energy savings. This study summarizes the latest research on thermal management by
microchannel liquid cooling and air distribution optimization in DCs. The existing issues
concerning the structure universality of the microchannel heat sink (MCHS), the stability
of flow boiling and the new coolant, the prediction of local hot spots, and the intelligent
control of the cooling system are identified. Furthermore, a novel cooling strategy of multi-
scale synergy is recommended, which is expected to suppress local hot spots and heighten
temperature uniformity. This review provides valuable insights into multi-scale thermal
management for DCs. It paves the way for applying innovative cooling technologies and
artificial intelligence methods to promote the efficient operation and low-carbon retrofit
of DCs.

Keywords: data center; microchannel liquid cooling; air distribution; multi-scale synergy;
intelligent regulation

1. Introduction
As information technology (IT) such as cloud computing and artificial intelligence

evolves at express speed, the DC occupies a crucial position in promoting digital and
intelligent reformation; it is also an important guarantee for ensuring high-quality eco-
nomic/social development. The number, scale, and market proportion of DCs are increas-
ing progressively [1,2], and their power consumption has also increased significantly [3,4].
The proportion of power consumption for the cooling system in DCs is about 38%, second
only to that of IT equipment [5,6]. Improving the cooling efficiency is vital to the green
evolution of DCs.

However, the transient heat production of electronic chips is being improved con-
stantly, while the heating area is very small. If the core chips cannot be cooled in time,
local overheating will reduce the processing speed of electronic components severely
and damage the IT equipment ultimately [7,8]. Therefore, the thermal management of a
DC has become a research focal point. The heat transfer of DCs spans multiple spaces
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and timescales, and the thermal management of DCs is divided into room/system-based,
rack/server-based, and chip-based cooling solutions [9,10]. Bringing the concentrated
heat on the chip from the small-space to the large-space environment efficiently, and then
transferring it to the atmosphere, is closely related to the overall efficiency of the DCs.

The heat is initially generated in electronic chips, which are core components in digital
information. The exponential growth of data transmission and processing brings about
high heat production in the chips. The traditional room air conditioner makes it difficult
to accomplish the heat removal task and will greatly increase the power consumption
of DCs [11,12]. Chip-level liquid cooling technology has gradually become a research
emphasis [13,14]. According to whether the cooling medium contacts the electronic chips
directly, the liquid cooling is divided into direct and indirect type. The direct type mainly
includes immersion cooling [15] and spray cooling [16]. Nevertheless, dielectric fluid or
mineral/synthetic oil are the major coolants of the direct-type cooling, but their heat transfer
coefficient (HTC) is much lower than that of water. Inversely, the coolant in indirect liquid
cooling does not contact with the electronic chips, so cooling mediums with a high heat
capacity can be employed. For instance, adopting nanofluids in indirect liquid cooling is
considered an effective method to heighten the cooling efficiency [17,18]. The security of the
indirect liquid cooling system is better, and the maintenance cost is lower compared with
that of the direct liquid cooling [19,20]. Nowadays, microchannel liquid cooling is gaining
much attention as a promising indirect cooling solution, owing to the advantages of large
area/volume ratio, high heat transfer intensity, small size, lightweight, easy integration,
etc. The structure of the microchannel heat sink (MCHS), the flow distribution, the flow
state, and the characteristics of the cooling mediums have a noteworthy influence on the
cooling efficiency [21,22].

When heat is transferred from the electronic components to the indoor space, the
airflow management controls the temperature field. A reasonable and uniform airflow
distribution ensures that the DC is in a good thermal environment, thereby improving
energy efficiency. The original unorganized air supply method leads to cold and hot
fluid mixing, temperature maldistribution, and large power consumption with excessive
cooling, which is unable to eliminate the local overtemperature. To heighten the cooling
effectiveness, room-scale cooling has gradually evolved into row-scale and rack-scale
cooling technologies. Some researchers have studied the impacts of air management modes,
layouts of computer room air conditioning (CRAC) and server, and air supply parameters
on the indoor environment. Results show that temperature maldistribution with hot air
recirculation or cold air bypass is the crucial factor that worsens the thermal environment.
Reasonable air distribution can significantly heighten the cooling effect and reduce power
consumption [23–25].

According to the above literature, the existing reviews for the thermal management
of DCs typically focus on liquid cooling and air cooling separately. However, the heat
on the electronic chip will eventually dissipate into the large space affecting the thermal
environment. There is a lack of systematic discussion on multi-scale thermal management.
Therefore, the latest research on micro-scale liquid cooling and large-scale air cooling
is outlined. The issues, solutions, prospects, and the synergy of cooling technologies
at different levels are analyzed. The framework of this review is depicted in Figure 1.
Firstly, the applications of microchannel liquid cooling in DCs are summarized, including
the configurations of MCHSs, the phase change cooling characteristics, and the thermal
performance of nanofluids. Secondly, the optimizations of large-space air management are
analyzed, including the air distributions, the configurations of rack-based cooling, and the
monitoring and prediction of the indoor environment by machine learning (ML). Finally,
existing issues and further research points on chip-level cooling and multi-scale thermal
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management are clarified. An innovative hybrid cooling system is introduced to eliminate
the uneven load and local overheating in DCs.
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Figure 1. The framework of this review.

The novelty of this paper includes the following: (1) considering the overall path
of heat transport, the current research and existing problems of cooling technologies at
different levels are discussed systematically; (2) the development directions and solutions
of chip-level liquid cooling are pointed out, including flow state and cooling medium; (3) an
innovative hybrid cooling system with chip-level microchannel cooling and large-space air
cooling is recommended to solve the local overheating of high-power DCs while improving
the overall energy efficiency.

2. Non-Uniform Load Distribution on Chip for Micro-Scale
To cope with the challenge of an extremely high load of electronic components with

weight and volume limitations, the MCHS was put forward by Tuckerman and Pease [26]
and has been widely used to suppress local overheating in electronic devices [27,28]. The
schematic of the assembly structure for microchannel liquid cooling is presented in Figure 2.
The MCHS is closely fitted with the electronic chip by thermally conductive silicone grease.
The cooling medium is driven by the pump to flow in the MCHS to absorb heat from the
chip. Then, the cooling medium is cooled to a constant temperature by a condenser. The
research on microchannel liquid cooling mainly includes MCHS configuration optimization,
flow boiling performance, and novel coolants.
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Figure 2. Schematic of the assembly structure for microchannel liquid cooling. (a) Rack; (b) Server [29];
(c) Microchannel heat sink.
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2.1. MCHS Configuration Modification for Solving Non-Uniform Load
2.1.1. Sidewall Modification

The geometric structure of the MCHS has an apparent impact on its thermal charac-
teristics. Configuration optimization is a popular method to strengthen heat transfer with
high efficiency and no external power [30,31]. Some investigations have been performed on
the modification of sidewall of the channel, which obtained good performances in thermal
capacity, pressure drop, and temperature uniformity [32–38]. The main configurations in
the open literature include the jetting and throttling structures (Figure 3a), micro-plates
(Figure 3b), micro-ribs (Figure 3c), and combination of grooves and ribs on the sidewalls
(Figure 3d). Results indicated that the periodic interruption of the boundary layers caused
by the jetting/throttling structures or grooves was the essential factor for enhanced thermal
capability [32–34]. The micro-plates and ribs on the sidewalls brought about flow accel-
eration. The cooling capability was closely related to structural parameters [35–37]. The
combination of grooves and ribs gave rise to a stronger disturbance in the thermofluid near
the sidewalls [38]. The alternation between fluid acceleration and deceleration heightens
thermal transport efficiency.
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2.1.2. Embedded Pin-Fins

The micro pin-fins embedded in the center of the flow passage can strengthen chaotic
advection, and promote thermofluid redistribution, which has an obvious impact on
heat transfer. Some researchers have introduced a variety of combinations of fins and
microchannels, revealing the mechanism of the heightened cooling efficiency [39–50]. The
main configurations of embedded pin-fins in the existing literature are described in Figure 4.
The embedded pin-fins induce more severe turbulence on the mainstream and obtain better
cooling performance. The hydrodynamic characteristics have a direct influence on the
temperature performance of the MCHSs. Eneren et al. [40] examined the evolution features
of the velocity field in heat sinks with offset strip fins or square pin-fins by micro-PIV. The
consistent monotonic decay of flow perturbations with a single exponential mode was
proved. The pressure drop and flow friction caused by fin structures were also analyzed,
which helped to explain the essence of heat transport enhancement.
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The layout, volume fraction, and shape of the pin-fins also have an important impact
on the thermofluid features [41–45]. The non-closed droplet pin-fin introduced more violent
disturbance and a more uniform temperature field. For the asymmetric fins, the flow
direction had a considerable effect on the heat dissipation [43]. The staggered arrangement
and small volume fraction were beneficial to heighten the cooling capability [45]. Moreover,
the synergy effect of grooves and fins was explored, the combined configurations obtained
a superior cooling effect under a relatively small pump power because of the flow passage
enlargement [48–50]. To reduce pump power and heighten the comprehensive capability
of this kind of configuration, further structural optimization is needed.

2.1.3. Flow Direction Variation

Some scholars find that the flow direction variation is conducive to interrupting the
boundary layer and enhancing the impinge impact on the sidewalls, thereby taking away
the heat rapidly [51–57]. Breaking the sidewalls to form secondary passages or adopting
curved microchannels are typical methods as shown in Figure 5. The results revealed that
the secondary channels destroyed the boundary layer and promoted thermofluid mixing.
The wavy microchannels with or without microstructures heightened the thermal capability
and optimized the thermofluid distribution by the periodic variation in the flow field. The
MCHSs with up–down wavy structures had a better cooling effect than their left–right
wavy counterparts, because the Dean vortices near the sidewalls induced a more efficient
mixing of cold and hot fluids [55]. In addition, the synergy effect of secondary/wavy
channels and embedded pin-fins triggered the backflow and tended to achieve a better
overall performance due to the uniform flow distribution and adequate mixing [56,57].
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2.2. Flow Distribution Optimization for Solving Non-Uniform Load

The flow route and distribution in the MCHSs have an obvious influence on the
cooling capacity and pump power, which is a notable element impacting the system’s
capability [21,58–63]. The flow divergence/confluence caused by various inlet/outlet lay-
outs directly modifies the flow state and heat transfer characteristics [64–71]. Figure 6
summarizes the main arrangements in the open literature. Xia et al. [68] introduced three
types of entrance/exit positions and configurations for heightening the temperature homo-
geneity (Figure 6a). The I-shaped layout and the rectangular configuration provided the
most uniform velocity distribution because of the interaction between the fluid branching
and the header wall. Savino et al. [69] designed double-layer cooling plates, and the opti-
mizations of the flow configuration and the header design were performed (Figure 6b). The
cross-flow mitigated the fluid maldistribution, enhanced the thermal capacity, and reduced
the thermal resistance by 11.8%. Rajalingam et al. [70] found that the temperature difference
on the cooling plate could be effectively reduced by adding another entrance. Modifying
the angle between the two entrances could heighten the temperature uniformity (Figure 6c).
Cao et al. [71] compared different manifold structures (Figure 6d); the pump power of
manifold MCHSs was lower than that of the parallel microchannels. The effectiveness of
shortening the flow path for reducing power consumption was verified again.
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In addition, the MCHSs with fractal network configurations can optimize the flow
distribution and improve the temperature homogeneity better than the traditional parallel
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channels. The fractal level and local structure are the key factors affecting the heat dissi-
pation capability [72–74]. Topology optimization has attracted more and more attention
in recent years. It provides a feasible method to heighten the comprehensive efficiency
of MCHSs [75–79]. The multiple targets of enhanced HTC and reduced pump power are
expected to be achieved by this approach.

2.3. Flow Boiling and Novel Cooling Medium for Solving Non-Uniform Load
2.3.1. Flow Boiling Characteristics

Many studies have shown that latent heat can obtain higher cooling efficiency and
eliminate overheating accompanied by lower power consumption better than single-phase
liquid cooling. However, the micro-scale boiling instability easily leads to a boiling cri-
sis, which seriously hinders the application of microchannel flow boiling [80–82]. Some
researchers tried to optimize the two-phase distribution and heighten boiling stability by
changing the configuration [83–95]. The gas–liquid distribution could be adjusted by chang-
ing the aspect ratio of the microchannel, thus mitigating the bubble confinement [95,96].
Moreover, some scholars noted that the capillary effect on the contact surface had a con-
siderable impact on the phase change cooling of the microchannels [96–101]. The mixed
wettability surface was expected to realize lower ONB, larger HTC, and higher CHF si-
multaneously [99]. Table 1 provides the typical cooling mediums, configurations, and
main findings in the open literature. The results revealed that the microstructures had a
non-negligible impact on bubble behavior and two-phase evolution, which could regulate
the thermofluid features.

Table 1. Typical configurations and phenomena of the flow boiling in microchannels.

Author Coolant Configuration Finding

Drummond et al. [87] HFE-7100 Manifold channel
Shortening flow length achieved
maximum HTC with acceptable

pressure drop

Deng et al. [88] DI water Microchannel with pin-fins HTC increased with reduced pressure
drop and more stable boiling

Li et al. [89] Pure acetone
(CH3COCH3)

Microchannel with grooves
and fins

Periodic impact promoted nucleation
and steam removal

Tiwari et al. [90] Water Wavy microchannel Curved structure delayed the
evolution from bubble to slug

Zhao et al. [91] DI water Leaf-vein-type structure Bubbles mainly moved along the
vein structures

Xia et al. [83] and
Zong et al. [92]

Pure acetone
(CH3COCH3)

Microchannel with flow
direction variation

Lower ONB and delayed CHF with a
more stable boiling

Luo et al. [85] and
Fallahtafti et al. [93] HFE-7100 Microchannel with jet effect Decreased thermal resistance with

pressure drop augmentation

Cheng et al. [94] Water Microchannels with
different widths

Narrow microchannels impeded the
bubble evolution

Zhang et al. [96] and
Zhao et al. [97] Water Different surfaces with

various wettability

Hydrophobicity surface obtained
lower ONB; superhydrophilic surface

heightened HTC and reduced
pump power

Vontas et al. [100] Ethanol Six different wettability cases Liquid film evaporation was better
than contact line evaporation



Energies 2025, 18, 149 8 of 22

2.3.2. Nanofluid

Nanofluid is a novel coolant that has stable and high thermal conductivity by adding
metal or non-metal nanoparticles uniformly to the traditional coolant, as proposed by Choi
et al. [102]. Nowadays, the research on nanofluids with a single type of particle mainly
includes the following: (1) preparation and stability; (2) energy transport parameters;
(3) surface characteristics; and (4) convective heat transfer characteristics. Based on the
existing literature, the high temperature, large volume fraction, high PH level, and surface
modification can effectively increase the thermal conductivity [103–106]. Some researchers
believe that compared with pure water, the HTC for the nanofluids is heightened, especially
for high concentrations. However, some researchers discovered that nanofluids did not
observably enhance heat transport. Eneren et al. [107] found that the interplay of abrasion,
erosion, and corrosion caused by the particle agglomeration was the main reason. Some
scholars attributed this phenomenon to different evaluation indicators and excessively
large concentrations [108,109].

A hybrid nanofluid is composed of two or more nanoparticles mixed with the base
liquid, which is expected to meet the multiple requirements of good stability, high ther-
mal conductivity, and good rheology [110–118]. Compared with mono-nanofluids, some
investigators concluded that the synergy effect of multi-particles with high thermal con-
ductivity markedly improved the thermal transport capability [115,116]. However, other
researchers argued that some combinations of particles reduced the thermal transport in
comparison with the corresponding mono-nanofluids [117,118]. Some efforts have been
made in studying the thermohydraulic capability of the nanofluid medium in MCHSs, as
listed in Table 2.

Table 2. Summary of nanofluids for microchannel liquid cooling.

Author Coolant Configuration Finding

Esmaeilzadeh
et al. [106]

DI water and 1-pyrene
carboxylic-acid-functionalized

graphene nanofluid
Heat pipe Thermal performance increased

by 49.4%

Eneren et al.
[107] Al2O3/water and TiO2/water Straight channels Channel material abrasion due to

particle agglomeration

Souby et al.
[108]

rGO–Co3O4 and
MWCNT–Fe3O4

hybrid nanofluids
Straight channels Reduced maximum temperature

of the CPU for high concentration

Chu et al. [111] AIN-Ti2O3/water
hybrid nanofluid Circular channels Improved HTC for

high concentration

Bahiraei et al.
[112] Graphene–silver nanoparticles L-shaped and C-shaped

heat sink
Lower irreversibility than

pure water

Jamshidmofid
et al. [113]

Graphene oxide-cobalt
oxide/water hybrid nanofluids

MCHS with sinusoidal
cavities and

rectangular ribs

Nanofluid increased the HTC
more than the pressure drop

Aguirre et al.
[114]

Al2O3-
MWCNT/water/ethylene glycol Micro pin-fin heat sink Nanoparticles did not ensure a

higher thermal efficiency

Chen et al.
[116] MWNTs and Fe2O3 /

Heat conductive networks were
formed by MWNTs and

Fe2O3 particles

Jana et al. [117] Cu/water and
CNT–Cu/water / Mono-nanofluid showed the

greatest thermal conductivity
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In conclusion, the development of phase change cooling and new cooling mediums
is important to heighten the efficiency of microchannel liquid cooling. However, these
approaches have not been applied to the thermal management of actual DCs due to
the instability of the boiling process and the agglomeration of nanofluids. The particle
motion and scale effects at the micro-level directly affect the stability and energy transport
characteristics of nanofluids. In addition, the nanoparticles increase the dynamic viscosity,
which leads to a large pump power. The overall energy efficiency should be considered for
applying nanofluids [119,120].

3. Local Hot Spots in Indoor Environment for Large-Scale
Based on the overall heat removal route, after the heat is carried out from a small space

to the room space, reasonable air distribution is indispensable for transferring the heat to
the atmosphere efficiently [121]. The main issues of air distribution in DCs cover the uneven
flow distribution, the mismatch between the air supply and demand, and the airflow loss.
It is urgent to develop more efficient control methods to ensure that the indoor environment
of the DCs is maintained within the safe thresholds [23]. The hot air recirculation and
cold air bypass remain a matter of concern leading to thermal inefficiencies. Shortening
the route of cold air and employing row-scale and rack-scale cooling technologies with
cold/hot aisle containment are identified as effective ways to heighten energy efficiency,
as displayed in Figure 7 [122]. Moreover, artificial intelligence technology for thermal
performance prediction and optimization has made important progress in recent years.
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3.1. Air Management for Solving Local Hot Spots

To avoid the instability and non-uniformity in the air velocity and temperature fields
caused by unreasonable air conditioning systems and suppress the local hot spots caused
by hot air recirculation, some researchers have carried out optimization studies on the air
management [123–129].

Cold/hot aisle containment can markedly improve airflow distribution, reduce the
mixing of cold and hot air, and heighten energy efficiency [130–135]. Lee et al. [130]
proposed an airflow management method of overhead downward flow with cold aisle
containment, which effectively avoided the interlacing of hot/cold air. The impacts of
supply air temperature and velocity on the cooling capability were studied, and a relatively
low power consumption was achieved. Jao et al. [131] performed experiments to test the
impact of inhomogeneous heat load, configurations, and airflow rate on the air distribution
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for aisle semi-containment, full containment, and non-containment. The high flow rate and
the fully enclosed cold aisles were proved to enhance the air distribution uniformity.

The arrangement of the CRAC has a significant impact on the temperature distribution,
airflow circulation, and bypass [136–141]. Locating the CRAC perpendicular to the racks
presented a superior effect for enhancing flow uniformity, reducing hot air recirculation, and
cold air bypass compared with the inline arrangement [138]. Abbas et al. [139] evaluated
the thermal features for different configurations of symmetrical/unsymmetrical cooling
units and contained/non-contained top aisles by numerical simulation, as described in
Figure 8. They found that the aligned arrangement and top aisle containment were benefi-
cial to modifying the temperature distribution, indoor environment, and energy saving.
Considering the variation in the outdoor environment, Fang et al. [140] compared the effect
of different arrangements of the CRAC on the velocity and temperature fields in the DC; the
temperature distribution at the entrance of the racks was estimated by a uniformity index.
For row-based cooling, the reasonable layouts of the CRAC and aisle containment could
guarantee the balance between the air supply and demand. The layout of the cold/hot/cold
aisle promoted the heat balance and heightened the energy efficiency [141].
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3.2. Rack-Based Cooling for Solving Local Hot Spots

The rack-based cooling technology is a feasible method to accurately control the
temperature distribution in the cabinet. Some efforts have been made to illustrate the
air supply mode and the arrangement of servers in the local thermal environment of the
racks [142–144]. The direct-supply air types mainly include (1) an overhead air supply
or (2) an air supply through a raised floor with perforated tiles. For overhead air supply,
the cooling effect is influenced by the airflow rate and airtight treatment. The airflow
distribution could be improved by employing a deflector and a diffuser [145,146]. For air
supply through a raised floor with perforated tiles, the geometry of the underfloor plenum
had a considerable impact on the velocity and pressure distributions. Modifying the
structure of the underfloor plenum and ventilation tiles played an active role in eliminating
the vortices and optimizing the flow distribution [147–149].

The proper layout of servers can heighten the cooling efficiency and avoid hot
spots [150–153]. The installation of air deflectors, baffles, and top exits effectively mit-
igates the overheating. Wu et al. [154] improved air management by installing baffles at
the cabinet entrance. The optimal arrangement and structure parameters for the baffles
were obtained, which could effectually mitigate the hot spots in the cabinet for a fan-wall
DC. Wang et al. [155] analyzed the layouts of the server and the response features of the
thermal environment within the cabinet to the dynamic heat load experimentally and
numerically. They concluded that the near-heat source impact, thermal buoyancy, and
top heat accumulation were the main factors affecting the thermal environment. Feng
et al. [156] discussed the impact of blind plates on the air environment parameters in the
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racks. They found that the blind plates benefited a heightened thermal capability and
realized energy saving. The high-power IT equipment was recommended to be set at the
rack’s center.

3.3. Prediction Control for Solving Local Hot Spots

In recent years, some researchers have begun to explore the application of intelligent
technologies such as machine learning (ML) for hot spot prediction, shutter control, and
global optimization to retain the indoor environment of DCs.

Some initial attempts at indoor environment prediction in DCs by ML have been
conducted [157,158]. Wang et al. [122] proposed two frameworks both model driven
and data driven severally to establish the transient thermal model of DCs; both methods
could predict the real-time temperature. Sasakura et al. [159] constructed a gradient-
boosting decision tree model to predict the temperature at the cabinet entrance after
the CRAC was shut down. The ML model showed good robustness. Khan et al. [160]
adopted five supervised ML classification models to illustrate the indoor environment of
the DC; the random forest classification model presented the optimal precision. Wang
et al. [161] adopted a deep learning model to forecast the thermal features for air cooling.
The datasets were established by various thermal environments for different air parameters.
The convolutional neural network (CNN) model predicted the peak temperature in the
CPU accurately through Bayesian optimization.

The preliminary explorations show that ML intelligent algorithms can achieve the
accurate prediction of thermal environment parameters. However, the various temperature
prediction models are only applicable to specific scenarios and do not consider the ambient
temperature and chip temperature comprehensively.

Matching the supply and demand of cooling in DCs by efficient and intelligent con-
trol methods is a challenge [142]. The accurate prediction of local hot spots provides
opportunities for intelligent regulation [162–166]. Grishina et al. [167] introduced an unsu-
pervised ML model to identify hot spots and then adjusted the cluster load schedule. Saiyad
et al. [168] established an artificial neural network (ANN) to predict thermal parameters,
which achieved fast temperature prediction and could be used for real-time energy-efficient
control. Fulpagare et al. [169] proposed a deep reinforcement learning (DRL) algorithm to
detect and regulate the thermal environment parameters for individual zones. The power
consumption of the fan was reduced by 12% to 50%.

At present, there is still a lack of multi-scale models for the overall heat transport
path. Considering the dynamic variation in the heat load, it is necessary to further heighten
the accuracy and timeliness of hot spot location and thermal environment classification
by ML. The intelligence algorithm provides the possibility for the synergic operation and
regulation of different cooling methods according to real-time parameters.

4. Discussion and Outlook
As the electronic chips tend to miniaturize with high frequency and low delay, the

heat production on the chips increases dramatically with local overheating, which seriously
threatens the stable operation of DCs. The development direction and hot spots of DC
cooling technology mainly include three aspects: (1) Chip-level liquid cooling is an effective
method to eliminate high heat flux in a small space. Microchannel liquid cooling has the
advantages of high cooling efficiency and easy integration, which has a good application
potential in DC thermal management [21,22]. By optimizing the configuration, changing
the flow regime, and modifying the cooling medium, higher energy transport efficiency
can be achieved under a smaller flow rate, thus improving the water utilization efficiency
and reducing the power usage efficiency. (2) ML provides a feasible solution for parameter
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classification and hot spot prediction [142,158]. The real-time monitoring of temperature
parameters and the intelligent control of operating parameters are inevitable requirements
for the development of DCs. Employing AI technologies to supervise and regulate the
operating conditions in real-time is vital for realizing energy savings. (3) The thermal
management systems at different levels are closely linked and synergic [10,161]. It is of
much concern to establish hybrid thermal management from the chip-scale cooling to
the large-space environment considering the overall heat transport path and the dynamic
variation in the heat load. The synergy of multi-scale cooling technologies is expected to
cope with the heat dissipation and energy efficiency issues of high-power DCs. To solve
the existing issues and promote the practical application of advanced cooling technologies,
further studies are recommended to be carried out.

4.1. Issues and Solutions for Microchannel Phase Change Liquid Cooling

The main concern of the current investigation is the heat and mass transport mech-
anisms in the micro-scale boiling process; there have been few practical studies in actual
DCs. The main reasons include three aspects: (1) For the micro-scale, the ONB is relatively
high, which leads to the explosive growth of nucleate bubbles. The rapid bubble expansion
in the micro-space easily causes millisecond-level fluctuations in the wall temperature,
resulting in uneven distribution of the two-phase fluid and serious boiling instability. The
unstable flow boiling increases flow resistance and induces premature dryout and a liquid
cooling system crisis [80–82]. (2) In the micro-space, the bubble behavior and two-phase
flow evolve rapidly, showing complex nonlinear and chaotic characteristics. Especially, the
complex microstructures increase the motion randomness of bubbles, which has a signif-
icant impact on bubble behavior and flow evolution [84,89]. (3) It is difficult to measure
the transient multi-physical fields and predict the HTC, pressure drop, CHF, and other
parameters during flow boiling.

Solving the above issues is a prerequisite for controlling the flow boiling process and
applying it to the chip-level cooling in DCs. Computer vision and deep learning provide
new ways for bubble parameter extraction, transient velocity field measurement, and flow
pattern recognition [170–172]. It is essential to introduce computer vision, machine learning,
and control technologies for ensuring the stability of the phase change cooling system.

4.2. Issues and Solutions for Novel Cooling Medium

The thermal characteristics of various nanofluids are very different due to the particle
type, size, concentration, dispersant, etc. Some researchers concluded that nanofluids did
not observably enhance heat transport [107–109]. Moreover, there are conflicting conclu-
sions about the effect of hybrid nanofluids on energy transport efficiency in comparison
with single-component nanofluids [115–118]. In general, the main challenges for the prac-
tical application of nanofluids include: (1) nanoparticle agglomeration leading to poor
stability and material abrasion [107] and (2) flow friction heightened by nanoparticles,
which causes an increase in pump power consumption [119,120].

To find out the key parameters affecting the thermal properties of nanofluids, the
particle type, size, concentration, preparation method, operating parameter, etc., need to be
comprehensively analyzed. ML is a promising method for the prediction of thermal trans-
port parameters. Moreover, the motion and morphology of nanoparticles, i.e., Brownian
motion, thermophoresis, infiltration, etc., directly impact the stability, thermal properties,
and cooling performance of nanofluids. These should be further studied by molecular
dynamics simulations and experiments to reveal the essence of particle deposition and to
find effective control methods for high-efficiency energy transport.
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4.3. Issues and Solutions for Multi-Scale Thermal Management

The optimization studies of air distribution mainly depend on numerical simulation
and similarity experiments, which need to be examined based on the actual DCs. The
temperature prediction models for DCs are only applicable to specific scenarios [173]. The
transient distribution of air temperature needs to be supervised to obtain the thermal
stagnation zone within a large space [142]. Moreover, the temperature difference between
the air outlet of the server and the return air inlet of the cooling unit can reflect the issues
of cold air bypass. The temperature difference between the air inlet of the server and the
supply air outlet of the cooling unit can reflect hot air recirculation. However, the above
two temperature differences have not been fully monitored. Reducing the two temperature
differences helps to achieve a balance between efficiency and cost. In addition to the
temperature of the indoor environment, the chip and device temperatures also need to be
monitored to locate and predict the non-uniform load [174].

A single air cooling technology makes it difficult to take away the heat accumulated on
chips within a small space and realize the multiple goals of local hot spot elimination and
efficiency improvement. Considering the dynamic variation in the heat load and the overall
heat transfer path, an innovative cooling strategy with multi-scale synergy is recommended
as depicted in Figure 9. Microchannel liquid cooling is used to eliminate uneven load
distribution on the chip, and air management is adopted to control the indoor environment
of DCs. A total energy efficiency prediction model under different cooling modes should
be constructed. When the power consumption of single air cooling exceeds that of the
hybrid system, the corresponding chip temperature is defined as the threshold. If the chip
temperature is lower than the threshold, the air cooling system operates separately. If the
temperature is greater than the threshold, the microchannel liquid cooling is started, and
the hybrid cooling system works cooperatively.

Energies 2025, 18, x FOR PEER REVIEW 15 of 24 
 

 

ommended as depicted in Figure 9. Microchannel liquid cooling is used to eliminate une-
ven load distribution on the chip, and air management is adopted to control the indoor 
environment of DCs. A total energy efficiency prediction model under different cooling 
modes should be constructed. When the power consumption of single air cooling exceeds 
that of the hybrid system, the corresponding chip temperature is defined as the threshold. 
If the chip temperature is lower than the threshold, the air cooling system operates sepa-
rately. If the temperature is greater than the threshold, the microchannel liquid cooling is 
started, and the hybrid cooling system works cooperatively. 

To achieve synergy cooling, the roadmap of the multi-scale system is described in 
Figure 10. The multi-scale model will be established, and the parameter sensitivity analy-
sis will be carried out. The hot spots of the large space and the local overheating on the 
chip will be located and predicted by the ML based on the databases of influencing factors. 
For the hot spots of the large space, the airflow distribution optimization will be con-
ducted. For the local overheating on the chip, microchannel liquid cooling will be per-
formed. By real-time monitoring of thermal environment parameters and chip tempera-
ture, the cooling mode and operating parameters are intelligently controlled to minimize 
the total power consumption. 

Server 2

Server 1

Server 3

Server 4

Server 5

Server 6

Server 7

Server 8

Server 9

Server 10

CRAC

Tile

Tile Tile
Return Air

Supply AirPlenum

Fan

Cold Aisle

Hot Aisle Hot AisleRack Rack

Condenser

Chip 
MCHS

Chip
MCHS

 

Figure 9. Schematic of the hybrid cooling system. Figure 9. Schematic of the hybrid cooling system.

To achieve synergy cooling, the roadmap of the multi-scale system is described in
Figure 10. The multi-scale model will be established, and the parameter sensitivity analysis
will be carried out. The hot spots of the large space and the local overheating on the chip
will be located and predicted by the ML based on the databases of influencing factors. For
the hot spots of the large space, the airflow distribution optimization will be conducted.
For the local overheating on the chip, microchannel liquid cooling will be performed.
By real-time monitoring of thermal environment parameters and chip temperature, the
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cooling mode and operating parameters are intelligently controlled to minimize the total
power consumption.
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5. Conclusions
Advanced cooling methods with high efficiency and energy saving are important

guarantees for the green, low-carbon, and sustainable development of DCs. In this paper,
the latest research on micro-scale microchannel liquid cooling and large-scale air cooling
is introduced. Microchannel liquid cooling can remove the heat concentrated on the
electronic chips precisely. Air management can ensure a favorable indoor environment.
The multi-scale synergy cooling is expected to address the local overheating and energy
saving challenges in DCs.

• Optimizing the structure and arrangement of MCHSs can effectively heighten the
cooling efficiency, but the complex structures usually result in a large pump power of
liquid cooling systems. The optimized configurations are only suitable for specific
conditions; their applicability and transferability are insufficient. The stability of flow
boiling and nanofluids should be heightened to promote their practical application
in DCs.

• Modifying air distribution and adopting rack-based cooling are effective means to
eliminate the local hot spots in the large space and improve the thermal distribution
within the racks. Machine learning provides valuable insights for hot spot prediction
and control. The accuracy and timeliness of the prediction models need to be further
heightened considering the dynamic variation in the heat load and various scenarios.
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• The innovative hybrid cooling with micro-scale liquid cooling and large-scale air
cooling is expected to solve the local overheating and energy efficiency issues. A
multi-scale synergy model should be established to realize fast prediction and dynamic
control by real-time monitoring of the environment and chip temperatures.
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Nomenclature

ANN Artificial neural network
CHF Critical heat flux
CNN Convolutional neural network
CPU Central processing unit
CRAC Computer room air conditioning
DC Data center
DRL Deep reinforcement learning
HTC Heat transfer coefficient
IT Information technology
MCHS Microchannel heat sink
ML Machine learning
ONB Onset of nucleate boiling
PIV Particle image velocimetry
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