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Abstract: This paper presents a detailed literature review on the thermal management issue faced by electronic devices, partic-
ularly concerning uneven heating and overheating problems. Special focus is given to the design and structural optimization of
heat sinks for efficient single-phase liquid cooling. Firstly, the paper highlights the common presence and detrimental conse-
quences of electronics overheating resulting from multiple heat sources, supported by various illustrative examples. Subsequently,
the emphasis is placed on single-phase liquid cooling as one of the effective thermal management technologies for power elec-
tronics, as well as on the enhancement of heat transfer in micro/mini channel heat sinks. Various studies on the design and
structural optimization of heat sinks are then analyzed and categorized into five main areas: (1) optimization of channel cross-
section shape, (2) optimization of channel flow passage, (3) flow distribution optimization for parallel straight channel heat sinks,
(4) optimization of pin-fin shape and arrangement, and (5) topology optimization of global flow configuration. After presenting a
broad and complete overview of the state of the art, the paper concludes with a critical analysis of the methods and results from
the literature and highlights the research perspectives and challenges in the field. It is shown that the issue of uneven and over-
heating caused by multiple heat sources, which is commonly observed in modern electronics, has received less attention in the
literature compared to uniform or single-peak heating. While several design and structural optimization techniques have been
implemented to enhance the cooling performance of heat sinks, topology optimization has experienced significant advancements
in recent years and appears to be the most promising technology due to its highest degree of freedom to treat the uneven heating
problem. This paper can serve as an essential reference contributing to the development of liquid-cooling heat sinks for efficient
thermal management of electronics.

Keywords: electronic cooling; thermal management; multiple-peak heat flux; heat sink; heat
transfer enhancement; design and structural optimization; topology optimization (TO); machine learning (ML)

1. Introduction

The rapid advancement of computing and information technologies in recent decades has made remarkable con-
tributions to the progress witnessed in human society. Electronics, being crucial components, have become indispen-
sable in almost every sector of daily life. To meet the escalating demand for smaller, faster, and more powerful electronic
devices, it has become customary to enclose an increasing number of functional components within a compact volume.
However, this prevailing practice has resulted in a significant increase in power density and the consequential generation
of excessive heat. Hence, the implementation of effective thermal management assumes a vital role in tackling the
increasingly urgent challenge of overheating in modern electronics.

In many instances, it is commonly assumed that the heating surface of electronics exhibits a uniform heat flux for
the purpose of simplification. However, in practical applications, a multiple-peak shape of heat flux is frequently encoun-
tered when several functional elements, acting as heat sources, are concentrated within a small volume of the package
or arranged in an array on a panel. In comparison to uniform heating surfaces, this non-uniform heating, characterized
by multiple-peak heat flux, places higher demands on the effectiveness of thermal management devices. The objective
is to mitigate potential detrimental consequences, such as reduced lifetime, material damage, or thermal runaway.

Numerous techniques have been developed and employed to address the thermal management challenges in the
field of electronics [1]. Among these techniques, single-phase liquid cooling has emerged as one of the most widely
adopted approaches, primarily due to its advantageous attributes, such as simplicity, compactness, safety, and superior
cooling performance [2]. A heat sink, functioning as a device for this purpose, is commonly attached to the heat-gener-
ating surface of an electronic device. It incorporates miniaturized channel structures to circulate the cooling fluid. Using
forced convection heat transfer, this flowing coolant is expected to efficiently remove the generated heat, ensuring an
optimal working temperature range for the electronics.



The cooling performance of a heat sink is subject to the influence of several factors, with the internal structure or
channel configuration assuming a pivotal role in determining flow path patterns and facilitating heat transfer. Therefore,
careful design and structural optimization considerations are essential in achieving enhanced cooling performance [3].
Extensive research efforts have been devoted to this objective, categorized into three levels: size optimization, shape
optimization, and topology optimization (TO). These levels progressively offer greater degrees of freedom for morphing
and sophistication, allowing for more refined improvements in cooling performance [4].

In the existing body of literature, there appears to be a noticeable oversight and limited attention given to the issue
of uneven heating and overheating caused by multiple heat sources, which is indeed a common occurrence in modern
electronics. Although various studies have been conducted on heat sink design and optimization, a clear classification
and analysis of these optimization practices within the available literature are still lacking. Therefore, the primary objec-
tive of this paper is to present a comprehensive review of the design and structural optimization of heat sinks for efficient
single-phase liquid cooling of electronic devices, with a specific emphasis on addressing the challenges posed by het-
erogeneous heating. The rest of the paper is organized as follows. Section 2 will commence by enumerating the detri-
mental consequences of electronics overheating resulting from multiple heat sources, incorporating several illustrative
examples. Subsequently, in Section 3, an extensive survey of the state-of-the-art will explore different practices and
advancements related to heat sink design and structural optimization. Finally, Section 4 will provide conclusions, future
research perspectives, and challenges to overcome.

2. Overheating Problem of Electronics under Multiple Peak Heat Flux

In this section, we present several cases where electronic devices exhibit multiple-peak heat flux. We provide an
overview of the packing/arranging structure and the resulting shape of the heat flux in each case. Examples of such
devices include Lithium-ion battery packs for electric vehicles, arrays of multiple light-emitting diodes (LEDs), power
electronics (such as Insulated-gate bipolar transistors and diodes: IGBTs), multi-chip modules (MCMs), and multi-junc-
tion high concentrator photovoltaics (HCPVs), among others. It is essential for these devices to operate normally within
a typical acceptable temperature range. However, the presence of uneven heat generation significantly increases the
likelihood of device overheating issues.

2.1. Lithium-Ion Battery Packs

Li-ion batteries are extensively employed as energy storage units in electric vehicles, primarily due to their high
capacity and lightweight nature. The packaging of Li-ion batteries can be classified into two main types based on the
shape of the battery cell: cylindrical type (Figure 1a) and prismatic type (Figure 1b). In both packaging types, multiple
battery cells are arranged in an array layout to fulfill the desired storage capacity, ensuring the maximum mileage range
for electric vehicles.

Figure 1c and Figure 1d show measured temperature contours of a prismatic battery cell at its initial and final stage
of discharging, respectively. Notably, distinct temperature gradients are observed between the upper region (hotspot)
and the bottom at the initial stage of discharging, as well as between the middle upper region (hotspot) and the bottom
at the final stage of discharging. The array arrangement of the unit cells in the battery package leads to the emergence
of a multiple-peak heat flux pattern. Handling this uneven heating surface with multiple hotspots poses greater complex-
ity compared to a uniform heating surface, necessitating the use of appropriate thermal management techniques. For
instance, Figure 1b illustrates the use of a thermal conductive pad along with a liquid cooling plate [5].

Although Lithium-ion batteries typically operate within a temperature range of —20-60 °C [6], their capacity during
normal charge and discharge is highly sensitive to temperature variations. It has been reported [7] that the capacity fade
of these batteries can increase from 28.0% to 51.0% as the battery temperature rises from 21 °C to 45 °C. Moreover,
when insufficient cooling leads to overheating, the chemical components within the battery packages are susceptible to
decomposing and subsequent exothermic reactions. This may result in the sudden generation and release of excessive
heat and gaseous products, triggering thermal runaway or even explosion [8].



(c) (d)

Figure 1. Lithium-ion battery package with array arrangement of battery cells. (a) cylindrical type [9]; (b) prismatic type [5]; camera-
measured temperature contours of the single battery cell (c) at the initial stage of discharging and (d) at the end of discharging, under
a constant current [10]. Reprinted/adapted with permission from Refs. [5,9,10], October 2023, Elsevier.

2.2. Multiple LED Arrays

LED packages find widespread usage in various industrial and residential sectors [11] due to their numerous ad-
vantages, including low energy consumption, high photoelectric conversion efficiency, high luminous flux, and long
lifespan. Typically, individual LED chips are arranged in an array configuration (Figure 2a), connected to the silicon die
using Au-Si bonding, and then bonded to a heat spreader (Figure 2b).

Research has indicated that approximately 60% to 70% of the power supplied to LEDs is converted into excess
heat. This heat generation can lead to delamination within the electronics packages and hinder the dissipation of heat,
posing a significant risk to their proper functioning [12]. A numerical study conducted by Zhang et al. [13] demonstrates
that even when a microchannel heat sink is employed for liquid cooling of the LED package, temperature hotspots may
persist, as shown in Figure 2c. This exacerbates the issue of package overheating, where localized temperatures may
approach or exceed the upper limit (e.g., 85 °C [14]) for normal operation, potentially resulting in device damage.
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Figure 2. LED package. (a,b) array arrangement of LED chips and layer structure [15]; (c) temperature distribution on the surface of
a microchannel heat sink [16]. Reprinted/adapted with permission from Refs. [15,16], October 2023, Elsevier.

2.3. Power Electronics

An insulated-gate bipolar transistor (IGBT) is a power semiconductor device with three terminals that serves as an
electronic switch in high-power applications such as variable-frequency drives, electric vehicles, trains, variable-speed
refrigerators, lamp ballasts, arc-welding machines, and air conditioners [17]. Figure 3a presents an actual example of
an IGBT module (Infineon FF225R17ME4), which consists of three sub-modules with diagonally arranged diodes and
IGBT chips. The temperature limits for IGBT modules range from 125 °C to 150 °C, depending on the rated voltage [18].
To ensure efficient heat dissipation, an air-cooled heat sink equipped with multiple intermediate layers of different ma-
terials (as shown in Figure 3c) is employed.
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Figure 3. Thermal management for IGBT module. (a) a real opened IGBT module [19]; (b) simulated temperature distribution of
IGBT module [20]; (c) air-cooling of IGBT module using a heat sink [21].



As power electronics continue to advance, there is a growing demand for highly compact IGBTs that experience
non-uniform and high heat flux generation [21]. Figure 3b illustrates a simulated temperature contour of an IGBT module
based on the power loss of the IGBT diode chips, with a heat sink simplified as an aluminum block. It is evident that
temperature hotspots appear at the chip locations, with a temperature difference of up to 25.6 °C, indicating high thermal
gradients. This phenomenon becomes even more significant in densely packaged powerful IGBT modules containing
hundreds of chips. According to Choi et al. [22], semiconductor-related failures account for 34% (the highest proportion
among all failure causes) in power converter systems of IGBT modules, with solder failures induced by high tempera-
tures comprising nearly 60% of these failures [23].

2.4. Single-Chip Modules (SCMs) and Multi-Chip Modules (MCMs)

Central processing unit (CPU) chips play an essential role in modern society. Depending on the number of inte-
grated chips, CPUs can be classified into single-chip modules (SCMs) and multi-chip modules (MCMs). An SCM typi-
cally consists of a substrate, a CPU chip (also known as a die), a thermal interface material (TIM-1) between the inte-
grated heat spreader (IHS) and the chip, and another TIM-2 between the heat sink and the IHS, as illustrated in Figure
4a. On the other hand, an MCM consists of multiple chips in a package, which can be arranged in a 3D stack or multiple
3D stacks, as shown in Figure 4b.
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Figure 4. Thermal management issue for CPU chips. (a) an SCM with a heat sink [24]; (b) multiple-peak heat generation [25]. Re-
printed/adapted with permission from Refs. [24,25], October 2023, Elsevier.

During operation, both SCMs and MCMs can generate heat flux with a multiple-peak shape (Figure 4c). This occurs
due to the varying locations of transistors within an SCM and the presence of multiple chips in an MCM. However, as
the demand for performance and compactness of next-generation processors continues to rise, the heat density gener-
ated by the chips increases, leading to more severe overheating issues. SCMs and MCMs have specified normal work-
ing temperatures (ideally below 50 °C) to ensure optimal efficiency, security, and lifespan. Most CPUs should operate
at temperatures below 85-90 °C, such as the case of an Intel Core i5-12600K processor cooled by a suitable dual heat
sink air cooler, where the junction temperature should not exceed 70 °C [26]. It is important to note that for every 10 °C
increase in junction temperature, the device failure rate doubles [27]. Exceeding the upper limit (105-110 °C) [28] for a
certain period may trigger self-protective shutdown mechanisms to prevent material damage and related issues.

2.5. Multi-Junction High Concentrator Photovoltaics (HCPVs)

The utilization of solar photovoltaic systems for renewable electricity generation has experienced significant growth
in recent years [29]. Conventional single-junction solar cells face the limitation of low maximum theoretical efficiency of
sunlight conversion (32—33%) [30]. In contrast, multi-junction solar cells offer the potential to significantly increase the
theoretical conversion efficiency, reaching up to 45%. This is achieved by the stacking of multiple solar cells [31] and by
increasing the band gaps to harness a broader solar spectrum while minimizing transmission and thermalization losses
[32].

Figure 5a shows the operational principle of an HCPV system. Incident sunlight is reflected by the non-imaging
dish concentrator to the crossed compound parabolic concentrator (CCPC) lens array, which is composed of 8 x 10
CPV cells. The detailed structure of a single CCPC lens is depicted in the right part of Figure 5a. The CPV module is
affixed to a water-cooled heat sink via Artic Silver Adhesive. Figure 5b presents the solar flux contour on such CPV cells
array, displaying multiple peak profiles reaching a maximum of 2.940 x 108 W-m~2. This non-uniform distribution of solar
flux inevitably leads to heterogeneous heat generation and large temperature gradients on the CPV board. Numerous
studies have highlighted the consequences of CPV cells exposed to high and non-uniform solar concentration ratios.
For instance, the open circuit voltage of CPV cells is inversely proportional to their temperature, thereby reducing the
power conversion efficiency [33]. The effects of high temperature become particularly significant at concentration levels
approaching 1000 suns, even for a brief duration of a few milliseconds [33].
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Figure 5. High concentrator photovoltaics (HCPV) system cooled by a liquid multi-channel heat sink [34]. (a) schematic diagram and
working principle of HCPV; (b) power map of an array of CPV cell modules. Reprinted/adapted with permission from Ref. [34],
October 2023, Elsevier.

2.6. Short Summary

The aforementioned examples demonstrate that modern electronic devices have specific normal operating tem-
peratures and maximum temperature limits. The former ensures optimal performance and a guaranteed device lifetime,
while the latter prevents shutdown, material damage, and thermal runaway. However, the increasing demand for smaller,
multifunctional, faster, and more powerful electronics has led to a significant rise in heat generation, resulting in more
frequent occurrences of overheating.

Furthermore, the pursuit of higher capacity and performance has driven the rapid development of electronic pack-
ages or boards with increased integration levels. The arrangement of functional elements in these integrated packages,
such as arrays or stacks, inevitably leads to uneven heat generation with multiple-peak heat flux shapes. This amplifies
the temperature gradient, posing additional challenges for efficient cooling compared to cases of uniform heating or
single heat source. Besides the examples presented in the above text, similar problems can also be found in motor
inverters in electric vehicles [35], in GaN high-electron-mobility-transistors (HEMTs) [36], and in many other modern
electronic devices. Consequently, efficient thermal management technologies have become particularly needed to ad-
dress the issues of overheating and uneven heating caused by multiple-peak heat flux in electronics. This problem
remains inadequately addressed in the current literature, underscoring the need for further research in this area.

3. Heat Sink Design and Structural Optimization

Avariety of techniques have been developed and utilized for thermal management in electronics [1]. One prominent
method is single-phase liquid cooling using forced convection. This technique offers numerous advantages and has
gained widespread adoption. In this section, our focus will be on the pivotal component of liquid cooling systems: the
heat sink.

Heat sinks for electronic cooling typically feature compact and miniaturized structures, with characteristic channel
lengths ranging from hundreds of micrometers to several millimeters. The cooling performance of heat sinks is strongly
influenced by the geometries and topologies of the flow channels, i.e., how the flow paths of the cooling fluid are ar-
ranged and organized. Therefore, this section will provide a comprehensive examination of the design and structural
optimization of heat sinks, offering detailed insights into their characteristics and performance.

3.1. Heat Sink Design— Basic Structures and Variants

Atypical heat sink for liquid cooling consists of an entrance part (inlet tube/manifold), an exit part (outlet tube/man-
ifold), and the main domain with flow paths in the middle. Heat sinks can be classified into several basic types based on
the flow channel configuration: parallel-channels type, pin-fin type, and complex type. Examples and variants of these
heat sink types are illustrated in Figure 6.

The parallel straight channels type heat sink is one of the most common and conventional structures. Its main
domain comprises multiple straight channels arranged in parallel, with thin solid walls separating neighboring channels
(Figure 6a). Some variants in this category include wavy/serpentine channel shapes (Figure 6b) [37], cavities channels
(Figure 6d), or ribbed channels (Figure 6e) [38,39]. Compared to the basic parallel straight channel type, these variants
can generally create the secondary flow, local vortices, and recirculation near the enhancement elements (cf. Figure 7),
which then disturb the establishment of thermal boundary in the channel. The heat transfer could thereby be enhanced
but at the expense of higher pressure drop (pumping power). Numerous studies have focused on optimizing the size
and/or shape of the unit enhancement elements, such as ridges, cavities, and obstacles, to obtain an improved thermal-
hydraulic performance of the heat sink. For more detailed information, readers are invited to refer to the review papers
[3,40], and Section 3.2.2.
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[37]; (c) pin-fin structure [41]; (d) straight channel with cavities [38]; (e) straight channel with ribs [39]; (f) Complex (hybrid) structure
[42,43]. Reprinted/adapted with permission from Refs. [37-39,41-43], October 2023, Elsevier.
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Figure 7. Local flow disturbance generated by different channel structuration for heat transfer enhancement. (a) zigzag and wary
channel [44]; (b) cavity channel [45]; (c) ribs on the bottom walls [46]; (d) ribs on the side walls [47]. Reprinted/adapted with permis-
sion from Refs. [44,46], October 2023, Elsevier.

In parallel channel-type heat sinks, another factor that greatly affects their thermal and hydraulic performances is
the flow (mal)distribution, which is closely related to the inlet/outlet position(s) and the shape of the distributor and
collector [48,49]. While uniform flow distribution is often the target to achieve for cooling a uniform heat-generating
surface, the heterogeneous heat-generating surface, due to the presence of multiple heat sources, changes and com-
plicates the rule. Research on flow distribution in this context will be further reviewed and analyzed in Section 3.2.3.
Additionally, the channel cross-sectional shape can also be subjected to optimization, and relevant studies will be sum-
marized in Section 3.2.1.

The pin-fin heat sink (Figure 6c¢) is another common category for liquid cooling purposes, where the flow domain is
a cavity filled with an array of fins usually having the same height. Various fin shapes have been considered, including
rectangular, triangular, circular, or others. The shape, the spacing, and the arrangement of fins all impact the heat sink’s
performance and are therefore subjected to optimization. Section 3.2.4 will further introduce studies on pin-fin structure
optimization.

The last category of the heat sink combines two or more of the aforementioned enhancement structures. Examples
include a combination of cavity, rib, and parallel-straight channels or the use of porous medium (such as metal foam) in
general, as shown in Figure 6f. Despite offering better cooling performance, these complex heat sink structures should
consider the associated increase in pressure drop as an important factor. It is worth noting that a new trend has emerged,
where the global flow channel configuration of these complex heat sinks is not based on some predefined geometries
but is typically the result of topology optimization (TO). More discussion on this topic will be provided in Section 3.2.5.

3.2. Structural Optimization of Heat Sinks for Liquid Cooling

This sub-section presents in detail the structural optimization of heat sinks for electronic cooling, which are cate-
gorized into five main areas: (1) optimization of channel cross-section shape, (2) optimization of channel flow passage,
(3) flow distribution optimization for parallel-straight channel heat sinks, (4) optimization of pin-fin shape and arrange-
ment, and (5) TO of global flow channel configuration. Note that emphasis is given to the optimization approach used,
the level of complexity and flexibility (size, shape, or topology), and the applicability and prospects to address the prob-
lem of uneven heating with multiple-peak heat flux. Regarding performance comparison of different studied heat sinks
and their tested conditions, readers are invited to refer to specific review papers such as [40,50-54].



3.2.1. Channel Cross-Section Optimization

The structural optimization of parallel-straight channel heat sinks often involves optimizing the cross-sectional
shape of the channel. The optimized shape is then extended along the flow direction to form the entire channel length
without further modifications of the channel passage (to be introduced in Section 3.2.2). Based on the design parametri-
zations, the studies in this category could be classified into three classes, as shown in Figure 8: (a) optimization of single
channel cross-section size/parameter based on a predefined simple geometry [55—-65]; (b) optimization of single channel
cross-section shape [66,67]; and (c) TO of the entire cross-section of the heat sink [68]. The key step in the optimization
is establishing the relationship between the design variables and the objective function, either by direct physics analysis
or by constructing a surrogate function.
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Figure 8. Cross-section optimization of straight channel heat sinks. (a) single channel cross-section geometrical parameters optimi-
zation [59]; (b) single channel cross-section shape optimization [67]; (c) entire cross-section topology optimization [68]. Re-
printed/adapted with permission from Refs. [67,68], October 2023, Elsevier.

The size/parameter optimization of channel cross-section has received a lot of attention due to its predefined and
simple geometry, allowing for the establishment of explicit analytical relations between the design variables and the
objective function. For instance, Shao et al. [55] optimized the number, width, height of microchannels, and thickness of
solid separating walls for a conventional parallel-straight microchannel heat sink using a genetic algorithm (GA). Other
studies in this line have also been conducted (e.g., [69]), often assuming fully developed laminar flow pattern and sim-
plified heating boundaries (e.g., constant Nusselt number). When dealing with more complex heat sink geometries or
under real operating conditions, the use of surrogate functions becomes necessary. Response Surface Analysis (RSA)
is a commonly applied approach for this purpose [56,70,71]. The global thermal resistance is typically considered as the
(single) objective criterion, with constraint(s) such as fixed pressure drop or pumping power. The conjugate-gradient
method is often used [60—63], considering design variables such as the number of channels, the channel aspect ratio,
and the channel-to-pitch ratio. When multiple objectives (thermal resistance, pressure drop/pumping power, weight, etc.)
are involved, the non-dominated sorting genetic algorithms (NSGA-II) coupled with CFD simulations are frequently used
(e.g., [57,58,72,73]) to determine optimal values of design variables. Recent advancements include the application of
“Jaya” algorithm proposed by Rao et al. [64], showing promising effectiveness in heat sink optimization. Machine learn-
ing (ML) techniques have also been introduced for cross-section optimization purposes. Shaeri et al. [74] utilized an
artificial neural network (ANN) for multi-objective optimization of an air-cooled heat sink, achieving significant weight
reduction and pressure drop reduction with a negligible decrease in heat transfer coefficient.

Relatively fewer studies have focused on evolving the shape of channel cross-section beyond a predefined geom-
etry. Foli et al. [66] used a multi-objective genetic algorithm (MOGA) to optimize the thermo-hydraulic performance of a
heat exchanger by utilizing non-uniform Rational B-splines (NURBS) as design parameters. Ge et al. [67] employed
MOGA and multi-objective particle swarm optimization (MOPSO) to optimize the cross-section shape described by six
variables (Figure 8b). Their results indicated that modifying the rectangular cross-section shape to a curvy boundary
shape yielded effectively reduced pumping power without a significant increase in thermal resistance. Pai and Weibel
[75] developed ML-based surrogate models to predict the Nusselt number (Nu) and the friction factor under fully devel-
oped internal flow in channels with arbitrary cross-section. The optimized channel cross-section for different objective
functions using ML-based models has been demonstrated.

TO of heat sink cross-sections has been explored in two studies to the best of the authors’ knowledge. Dokken and
Fronk [68] discretized the heat sink cross-section into bit arrays (Figure 8c) and used a micro-GA to generate optimal
shapes that minimize the system’s entropy generation rate. Lee et al. [76] developed a TO method to minimize the
thermal resistance under the constraint of fixed pumping power. This approach enables the design of lighter heat sinks
with higher thermal performance for practical applications. It is important to note that both studies address the problem



of localized (multiple) heat sources rather than simplified uniform heating surfaces, highlighting the superiority of TO in
treating electronic cooling problems under multiple-peak heat flux. However, this approach differs from the TO of the
global channel configuration to be discussed in Section 3.2.5, as it maintains the same optimized cross-section topology
throughout the channel length (flow direction). Actually, this optimization approach focuses on the mass flow distribution
inside the heat sink without presetting parallel channels, providing prospects for tailoring flow distribution to address
multiple-peak heat flux cases (cf. Section 3.2.3).

3.2.2. Channel Flow Passage Optimization

Different from the channel cross-section optimization, this category focuses on modifying the channel geometry
along the flow passage direction to disturb the development of the thermal boundary layer and enhance heat transfer.

Many studies in this category concentrate on the basic straight channel-type heat sinks and involve modifications
to the shape of channel side walls (cf. Figure 9a). For example, Khudhur et al. [77] numerically investigated the channel
walls with added or subtracted pins. They found that among various fin shapes, the semicircular fins exhibited the best
thermal performance, with Nu number increasing by about 21% (added) and 32% (subtracted) compared with smooth
straight channels. Rajalingam and Chakraborty [78] studied the effect of gradual and sudden variation of the channel
cross-sectional area on the thermohydraulic performance of a heat sink. They reported that a combination of alternating
large and small cross-sectional areas along the channel length achieved the best performance at high Reynolds num-
bers (Re). Similarly, Zhu et al. [79] proposed periodic gradual-expansion and sudden-constriction cross-sections by
incorporating backward right-angled trapezoidal grooves in the channel side walls. This channel passage shape resulted
in an increase in 1.31-2.14 times in the Nu number and 1.02-1.45 times in the pressure drop compared to the smooth
straight microchannels. Similar results were also reported by Samadi et al. [80], who investigated the groovy structures.
Chen et al. [81] proposed a cross-rib microchannel to induce self-rotation of the coolant to enhance the cooling capacity
(cf. Figure 8c¢), achieving an increase in 28.6% or 14.3% compared to rectangularly or horizontally ribbed microchannels,
respectively. While these mentioned studies generally examined the effects of some channel geometrical parameters
on the thermo-hydraulic performance of the heat sink, they did not employ specific optimization algorithms to determine
the optimal design. In contrast, Wang and Chen [82] used a cantor fractal baffle on the microchannel side walls and
performed structural optimization using GA to minimize the global thermal resistance. Zhang et al. [83] numerically
tested various split-and-recombine type microchannels and used the NSGA-II algorithm to obtain optimal channel con-
figuration parameters. Other studies on modification and optimization of channel side walls have also been reported,
employing machine learning surrogates [84], fuzzy grey approach [85], etc.

A few other studies work on the channel bottom wall closer to the heating surface, adding pins or altering the
channel height, as shown in Figure 9b,e. For example, Cao et al. [86] proposed adding straight-slot fins with different
aspect ratios to the channel base walls. Rajalingam and Chakraborty [87] compared various shapes of micro-ribs on
the channel bottom wall and found that aerofoil and reversed aerofoil micro-ribs improved heat transfer and reduced the
pressure drop, respectively. Zhang et al. [88] studied a countercurrent flow mini-channel heat sink with cavity structures
(zigzag, square-wavy, and wavy) on the bottom wall. Numerical results showed that zigzag cavities yielded the lowest
wall temperature and the best wall temperature uniformity.
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(a) Trapezoidal grooves in channel sidewalls (b) Fin added to channels

(¢) Channels with cross-ribs

Optimised DC

(f) Free-shape twisted channel

Figure 9. Different types of heat sink channel flow passage optimization. (a) backward right-angled trapezoidal grooves in channel
sidewalls [79]; (b) channels added with fins [86]; (c) channels with cross-rib [81]; (d) channels with deflectors [89]; (e) Channels with
various cavities [88]; (f) free-shape twisted channel [90]. Reprinted/adapted with permission from Refs. [79,88-90], October 2023,
Elsevier.

More complex channel flow passage geometries have also been studied, e.g., by structuring both the side walls
and the bottom wall. Narendran and Gnanasekaran [91] explored the potential of ribs and inertial-based spillway chan-
nels to enhance heat transfer and overcome flow maldistribution, a critical issue that will be further addressed in Section
3.2.3. Tan et al. [92] introduced multi-jet twisted square microchannels and observed a 16.48% increase in Nu with a
small rise in pressure drop. Jiang and Pan [93] proposed trapezoidal cavity channels and solid/slotted oval pins to
enhance heat transfer. Design variables such as aspect ratio, distance from the center of the oval pin to the center of
the cavity, and slot thickness were optimized using GA and BP (backpropagation) neural networks. Shen et al. [89]
employed deflectors (cf. Figure 9d) to induce mixing flow between the channels of the heat sink. A7 °C decrease in the
substrate peak temperature could be achieved compared to traditional straight channel heat sinks. Tian et al. [90] used
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conventional and rational Bernstein—Bézier functions to define and optimize the passage pattern, cross-section, and
twist of the channel (cf. Figure 9f). The optimized design could bring the highest drop in average temperature and root
mean square temperature of the heating surface.

It should be noted that this category of channel structure optimization acts on disturbing the establishment of ther-
mal boundary layer along the flow direction. Once the channel flow passage is optimized, the same geometry of the
channel will be multiplied into a parallel arrangement. Therefore, it is less applicable to address the unevenly heating
problem due to the existence of multiple heat sources on the heating surface.

3.2.3. Flow Distribution Investigation/Optimization on Parallel Straight Channels

The presence of the coolant flow maldistribution among the parallel channels can lead to thermal performance
deterioration of the heat sink and the formation of localized temperature hot spots in electronic devices [94]. Therefore,
achieving proper delivery and distribution of cooling fluid across the parallel micro/mini channels is a crucial issue for
optimizing the cooling performance of the heat sink. Plenty of research has been devoted to achieving uniform flow
distribution for an evenly heating surface. These researches can be categorized into three main approaches: (1) ar-
rangement of heat sink inlet/outlet positions or injecting angle; (2) design and structuration of the manifolds (headers);
and (3) shape modification of the parallel channels.

Studies have investigated the effect of flow inlet angle between the inlet port and parallel channels [95], as well as
the locations of inlet/outlet positions [96,97] (cf. Figure 10). Kumar and Singh [94] reported that an I-type flow arrange-
ment provided better thermal performance for uniform heating compared to a D-type heat sink having a more uniform
flow distribution. Chen et al. [98] reported the best cooling performance of an air-cooled battery thermal management
system with the inlet and outlet located in the middle of the plenums.

n N
J C
G -
LI L
| type N type S type D type

Inlet/outlet are coplanar to channels

] O [m]
O [m] a
U type V type C type

Inlet/outlet are perpendicular to channels

Figure 10. Different arrangements of global inlet-outlet position for parallel straight channel heat sink [99]. Reprinted/adapted with
permission from Ref. [99], October 2023, Elsevier.

Additionally, the design and shape of headers have been examined by Manikanda Kumaran et al. [96], with trian-
gular inlet headers and trapezoidal outlet headers shown to provide better flow uniformity. Many other novel header
designs [96,100-102] have also been proposed and tested, as summarized in the review paper by Ghani et al. [54].
Besides modifying the inlet/outlet header shapes, studies have been performed on adding obstacles inside the header
to address the issue of flow maldistribution, including staggered pin-fin array (Figure 11a) [103], non-uniform-sized mini-
inlet baffle (Figure 11b) [104,105], thin layers of porous media [106], and optimized manifold configurations (Figure 11c)
[107].
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Figure 11. Design and structuration of the manifolds (headers) by (a) pin-fin structure [103], (b) baffle [104], and (c) baffle and mini-
baffle [107]. Reprinted/adapted with permission from Refs. [103,104,107], October 2023, Elsevier.

The geometry of the heat sink channel has also been considered as a design parameter to adjust flow distribution.
Studies have shown that decreasing the header/channel area ratio [108], using parallel channels with variable channel
height [109], optimizing geometry parameters (number of channels, channel width, and channel length) [110,111], and
adjusting channel height, width, length, header length, and connection tube diameter [112] can improve the flow distri-
bution uniformity.

Most studies aim to achieve uniform flow distribution under the assumption of uniform heat flux at the base wall of
the heat sink. However, for more realistic scenarios with heterogeneous heating surfaces and multiple-peak heat flux,
intentional non-uniform flow distribution may be desirable for better cooling of local hotspots. This aligns with observa-
tions in the literature (e.g., [113,114]), indicating that optimal flow distribution is typically non-uniform and follows certain
trends based on defined optimization objectives and constraints. Kumar and Singh [94] emphasized the importance of
aligning the flow arrangement and actual flow distribution with the heat flux shape to achieve lowered peak temperature
and thermal resistance. Li et al. [99] optimized the channel inlet sizes of parallel mini-channel heat sinks under a non-
uniform multiple-peak heat flux. The flow distribution was tailored step by step according to the temperature distribution
on the heating surface, resulting in reduced peak temperature. Annapurna et al. [115] used MOGA to determine suitable
orifice diameters to reach the target flow distribution (uniform or non-uniform) among parallel channels. These effective
practices underscore that optimizing the flow distribution among parallel channels constitutes a simple but practical
approach to tackle the cooling issue of unevenly heating surfaces with multiple-peak heat flux. The simpler geometry
and the fewer number of design variables to handle could largely save the required computational resources and costs
compared to the TO approach.

3.2.4. Fin-Shape and Arrangement Optimization for Pin-Fin Heat Sinks

Pin-fin structures are widely employed in heat sinks due to their large fluid-solid contacting surface area for heat
transfer. Conventional pin-fin heat sinks typically feature simple, regular, and uniformly distributed fins. Numerous stud-
ies have been conducted to optimize the geometry of pin-fins in order to enhance the cooling performance. These
studies primarily focus on size or shape optimization of pin fins and their arrangement, either based on a predefined
geometry or through mathematical parametrization (cf. Figure 12). More recently, there have been advances in the TO
of pin-fin structures.

The size optimization of the pin-fin structures is relatively straightforward and relies on simple pin geometry, such
as a cuboid or cylinder, which remains unchanged during optimization. Design variables often include the number,
height, width/length (or diameter), or the spacing/pitch of the pins [116]. Various optimization algorithms have been
employed, utilizing simplified physical models or assisted by CFD simulations. For example, Ahmadian-Elmi et al. [116]
reported that a rise in the number and diameter of pin-fin would increase both the heat transfer coefficient and pressure
drop while increasing the fin height and transverse pitch had the opposite effect. Huang et al. [117] used the Levenberg—
Marquardt Method to optimize the heights and widths of non-uniform fins, while Yang et al. [118] employed the Taguchi
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method or GA-RSA method [119]. It has been found that better thermal performance could be achieved with increased
fin height and inter-fin spacing of outer fins. However, the effects of those geometrical parameters could be decayed at
a high Reynolds number. Chen et al. [120] applied the direction-based GA to search for the optimal fin design variables
for lowered entropy generation rate and material cost. A similar approach has been adopted by Wang et al. [121]. Jiang
and Pan [122] used the orthogonal test, NSGA-II, and k-mean clustering methods for multi-objective optimization of
rectangular fins. Their results showed that a non-uniform fin array with higher pin heights (at the second and fourth row)
and thinner fin thicknesses (along the direction of flow) could reduce the thermal resistance of the heat sink. Multi-
objective optimization is frequently performed using algorithms like NSGA-II [123—-125]. Some studies have explored
factors beyond geometry, such as pin-fin porosity and location angle with respect to the flow direction [41] or heat sinks
with staggered diamond-shaped pin-fin arrays [126]. Chen et al. [127] optimized the structure of a sinusoidal wavy plate-
fin heat sink with crosscut using the Bayesian Optimization (BO) algorithm. Machine-learning techniques have also been
applied in this area, with ANN used to optimize the geometry of tapered squared cross-section pin-fins [128] and elliptical
pin-fin microchannel heat sinks [129]. Most of these studies focus on uniform heating surfaces, with the exception of
Yang and Mills [130], who optimized pin arrangement and geometry for localized heat sources using a CFD-assisted
GA method.

Unit:mm

(I) Circular micro pin fins (IT) Square micro pin fins

(III) Streamline micro pin fins (IV) Diamond micro pin fins B =0.025.

Figure 12. Structural optimization of pin-fin type heat sinks. (a) pin-fin size and spacing optimization [131]; (b) single fin-shape
optimization [132]; (c) topology optimization [133]. Reprinted/adapted with permission from Refs. [131,132], October 2023, Elsevier.

Shape optimization of pin-fin heat sinks involves modifying the boundary of a predefined or non-predefined pin
geometry using optimization methods. Ismayilov et al. [134] utilized CFD-assisted MOGA to vary the shape of hydrofoil
pin-fins, while Keramati et al. [132] employed composite Bézier curve parameterized by control points (Figure 12b) and
optimized it using Deep Neural Network (DNN). Huang et al. [135] proposed extracting the wake flow contours in the
channels as pin-fin geometry contours to enhance the thermo-hydraulic performances of micro-pin-fin heat sinks. In
terms of TO, Ghasem and Elham [133] utilized a gradient-based method for multi-objective TO of pin-fin heat sinks,
demonstrating improved cooling performance with optimized hydrofoil-shaped fins (cf. Figure 12c) compared to conven-
tional (circular) in-line and staggered fins as well as those after sizing optimization.

However, the complexity of CFD simulation and optimization often limits these studies on pin-fin shape optimization
to a single pin shape or, at best, a single slice along the flow direction. Consequently, research addressing shape or
topology optimization for the cooling of an entire heat-generating surface remains relatively scarce. Additionally, the
inherent geometry simplicity and array arrangement of pin-fin structures may restrict the design flexibility and diversity
regarding uneven heating due to the existence of multiple heat sources. In this regard, more efforts on the TO of pin-fin
heat sinks are still needed.

3.2.5. Topology Optimization (TO) of Global Flow Configuration

Unlike the size or shape optimization methods that always start from a predefined geometry, the TO approach acts
directly on the spatial distribution of materials and their connectivity within a design domain. The topology that mini-
mizes/maximizes the objective function(s) could be determined by running an optimization algorithm under specific
constraints. Particularly for thermal-fluid problems in the structural optimization of heat sinks, the TO of global flow
channel configuration enables the flexible organization and arrangement of both fluid and solid elements, allowing for
the creation of solid islands or flow paths without predetermined geometries. Holding the highest degrees of freedom
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for the design, this approach has gained significant attention from academia and industry owing to its ability to obtain
innovative designs of heat sinks (or heat exchangers in a general sense) with greatly improved effectiveness. Some
illustrative examples of TO-derived designs are shown in Figure 13.

The TO process typically comprises four basic stages [4]: (1) design parametrization, (2) heat transfer modeling,
(3) optimization process, and (4) final realization. Based on the design parametrization, the TO for single-phase heat
sinks can be classified into three types: density-based, level-set, and direct explicit. These methods differ in their repre-
sentation of the relationship between design variables and physical properties, such as the density distribution used to
describe the flow paths in the density-based method [136]. Once parametrized, the design variables are mapped, inter-
polated, and updated iteratively to approach the optimum configuration. This process involves modeling heat transfer in
both fluid and solid domains coupled with fluid flow to compute the distribution of state variables (pressure, velocity, and
temperature) at each optimization iteration. Various solvers have been implemented over the years, including the finite
element method (FEM), the finite volume method (FVM), and the Lattice Boltzmann Method (LBM), typically assuming
laminar, incompressible, and steady-state flow [137—139]. Regarding the optimizer, both gradient-based and non-gradi-
ent-based approaches can be employed. The gradient method calculates the objective function’s gradient and its stag-
nant point, often using the adjoint method [140]. Currently, a combination of the density-based method, FEM, and gra-
dient-based optimizer represents the mainstream approach for TO of heat sinks/heat exchangers [4]. This approach has
demonstrated good efficacy in handling optimization problems with a high number of design variables [141]. More de-
tailed information about these methods and relevant studies can be found in recent review papers [4,142]. However, the
implementation of such a TO strategy may encounter difficulties in handling numerical artifacts, describing clear solid-
fluid interfaces, and, more importantly, avoiding local optima [143]. Conversely, novel, gradient-free approaches, such
as GA and BO, have emerged as alternative ways to overcome these limitations and converge towards a global opti-
mum.

There have been few attempts to perform TO of global flow channel configuration in heat sinks using the non-
gradient approaches. This is primarily due to the complexity of modeling conjugate heat transfer and fluid flow, the
challenges in formulating the optimizer, and the high computational costs involved. Among these attempts, Yoshimura
et al. [144] proposed a Kriging surrogate model-assisted GA method on single-/multi-objective TO of cooling flow chan-
nel configurations. Later, the NSGA-Il method was coupled with the Kriging surrogate model to search for better designs
of lattice-structured heat sinks in terms of thermal performance and material cost [145]. Mekki et al. [146,147] developed
and tested a GA-based TO method for thermo-fluid equipment in aerospace applications, focusing on elementary fin
shapes using voxel representation (cf. Figure 13c). Weber et al. [148] also employed a GA method to optimize the
shape/topology of a heat exchanger fin, achieving optimal designs when coupled with free-form deformation. Yaji et al.
[149] proposed a hybrid data-driven multi-fidelity topology design that combines density-based methods for low-fidelity
TO and NSGA-II for selecting the optimal Pareto front. However, the majority of the mentioned TO studies deal with
simplified 2D or pseudo-3D design domains (e.g., [150]). Among studies with 3D parametrization (e.g., [151,152]), most
are performed under uniform heating conditions, with only a few exceptions addressing more complex but realistic
heating boundaries involving multiple heat sources [153,154] or shifted thermal loads [155]. Notably, Li et al. [154]
developed a GA-based TO method (GATO) for convective cooling of a heating surface with multiple heat sources. The
design domain was represented as a binary matrix, where each element was considered either as fluid or as solid. The
allocation determining the global flow channel configuration in the heat sink was optimized using GA. The results demon-
strated that the optimized flow channel configuration, being dependent on the design and operating parameters, con-
sistently led to improved performance compared to the parallel straight channel configuration. Zhang et al. [156] also
tried to address the cooling problem of a non-uniform heating surface by optimizing the topology of the regenerative
cooling channel. In particular, the influence of different heat flux distributions on the heat transfer efficiency of the TO
design has been investigated. Wang et al. [157] proposed a multiphysics TO for the conformal cooling channel design
of the injection molding process. The overall cooling channel layout has been optimized based on the non-uniform
thermal load distribution in the design domain, leading to both low-pressure drop and high heat transfer rate. These
attempts show the superiority and flexibility of the TO approach in the situation of non-uniform and/or unsteady heat
boundaries, highlighting its broad prospect in handling the general thermal-fluid structural optimization problems.
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Figure 13. TO of global channel configuration of heat sinks. (a) flow channel generation by density-based gradient adjoint optimizer
[158]; (b) level-set TO for thermal-fluid problem [159]; (c) non-gradient GA-based TO approach [147]; (d) non-gradient Bayesian
method for TO of heat sink in natural convection [145]. Reprinted/adapted with permission from Refs. [147,158], October 2023, Else-
vier; from Ref. [159], October 2023, John Wiley and Sons.

4. Conclusions and Perspectives

This paper provides a comprehensive literature review on thermal management for electronic devices facing une-
ven heating and overheating issues, with a specific focus on the design and structural optimization of heat sinks for
efficient single-phase liquid cooling. The key conclusions can be summarized as follows:

In electronic devices, non-uniform heating with multiple heat sources is a common occurrence due to the
stacking/array arrangement of functional units for increased power or capacity. This multiple-peak heat flux
condition poses a greater risk of overheating compared to uniform heating or single-peak heating, leading to
detrimental consequences such as reduced efficiency, device shutdown, decreased lifespan, irreversible com-
ponent damage, or even thermal runaway. Therefore, an efficient thermal management approach is crucial for
cooling non-uniform heating surfaces with multiple heat sources.

Conventional heat sinks for single-phase cooling can be categorized into parallel channel, pin-fin, and complex
types, with different variants proposed to enhance heat transfer performance. Notably, structural optimization
can be performed using size, shape, or TO methods. Research efforts have been directed towards optimizing
(1) the shape of the channel cross-section, (2) the channel flow passages, (3) flow distribution uniformity or
adaptability in parallel-channel heat sinks, (4) the shape and arrangement of pin-fins, and (5) the topology of
global flow channel configuration in heat sinks.

The TO of global flow channel configurations involves allocating and organizing the fluid and solid phases
within the design domain of a heat sink without geometry presetting. Offering the highest design flexibility, this
approach shows promise in addressing the cooling challenges posed by non-uniform heating with multiple
heat sources, surpassing the limitations of size or shape optimization methods. Currently, the most popular
TO method for heat sink structural optimization combines density-based design parametrization, FEM for heat
transfer modeling and gradient-based optimizers. While this TO strategy is efficient and straightforward, it also
faces limitations such as local optimum trapping, vague fluid-solid boundary, inaccuracy in modeling conjugate
heat transfer modeling, non-physical topologies obtained, etc.

Several research gaps and challenges arise from the inadequate attention given to the multiple-peak heat flux
issue, which is, in fact, commonly encountered in modern electronics but insufficiently addressed in the literature. These
gaps and challenges highlight the key issues in current research and development:
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(1) The majority of heat sink design and structural optimization studies are still based on simplified uniform
heating conditions. Some very recent work has started to consider more realistic non-uniform heating bound-
aries in the optimization, which should be prioritized in future studies. More adapted design guidelines and
optimization approaches also need to be developed specifically for the cooling of uneven heating surfaces
caused by multiple heat sources.

(2) The limitations of the current density-based methods for TO of global flow channel configuration have been
identified. More efforts should be directed towards improving the effectiveness and applicability of these
methods. Additionally, there is a significant need to explore and develop gradient-free approaches (e.g., GA,
BO) as promising alternatives.

(3) ML technique has recently emerged and has been applied in the structural optimization of heat sinks. Cur-
rently, ML shows interesting applications when combined with size or shape optimization approaches, either
for accelerating the modeling process by improving the prediction of thermo-hydraulic performances or for
enhancing the optimization algorithms. ML-assisted TO approaches [160] for heat sink/heat exchangers,
although still rare, hold great promise and represent a ground-breaking direction for future research.

(4) The majority of TO studies rely only on CFD simulations, while experimental validation is indispensable for
verifying simulation results and assessing the optimization effectiveness. The rapid development of additive
manufacturing technologies offers promising ways for the realization of topologically optimized heat sinks
with complex internal structures [161,162]. Therefore, additional efforts are needed to conduct experimental
testing and performance comparisons of heat sinks optimized using different characterization methods.

Addressing these research gaps and challenges will significantly contribute to advancing the field of heat sink
design and optimization, enabling more efficient cooling of electronic devices with multiple-peak heat flux conditions.
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Abbreviations
ANN Artificial Neural Network
BO Bayesian Optimization
CCPC Crossed Compound Parabolic Concentrator
CFD Computational Fluid Dynamics
CpPvV Concentrator Photovoltaics
CPU Central Processing Unit
DNN Deep Neural Network
FEM Finite Element Method
FVM Finite Volume Method
GA Genetic Algorithm
HCPV High Concentrator Photovoltaics
HEMTs High Electron Mobility Transistors
IGBT Insulated-Gate Bipolar Transistor and Diodes
IHS Integrated Heat Spreader
LBM Lattice Boltzmann Method
LED Light-Emitting Diode
MCM Multi-Chip Modules
ML Machine Learning
MOGA Multi-Objective Genetic Algorithm
MOPSO Multi-Objective Particle Swarm Optimization
NSGA Non-Dominated Sorting Genetic Algorithm
PSO Particle Swarm Optimization
RSA Response Surface Analysis
SCM Single-Chip Module
TIM Thermal Interface Material
TO Topology Optimization
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