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A B S T R A C T   

A performance evaluation method based on the Pareto frontier for different types of enhanced microchannel heat 
sinks has been proposed and applied to find the best comprehensive performance. The concept of Design 
Optimization Area (DOA) developed in our previous work is used for comprehensive evaluation and a micro-
channel heat sink within DOA means that the pumping power Pp and the total thermal resistance Rt could be both 
reduced compared with user demands. The comprehensive evaluation method consists of three steps: (1) con-
ducting a multi-objective optimization of various microchannel structures to obtain the Pareto frontiers; (2) 
determining DOA above those Pareto frontiers based on user demands; (3) selecting the best one with the largest 
DOA. The immediacy and practicability of the method are verified through comparative studies. Detailed 
comparisons through this method between a hybrid microchannel heat sink and other three enhanced micro-
channel structures have been conducted. The results indicate that the hybrid microchannel has superior per-
formance and it enables a lower Pp under the same Rt. The proposed evaluation method can also be applied to 
evaluate the comprehensive performance of various heat exchangers by changing the optimization objectives 
according to the limits or priorities of users.   

1. Introduction 

With the ever-increasing of processing performance and die pack-
aging density, the incorporated transistors in electronics and the cor-
responding power density have risen sharply [1–3]. Consequently, 
thermal management has become one of the essential challenges for the 
future of various electronic devices and efficient cooling solutions are 
needed to satisfy their cooling demands [4–8]. In 1981, the concept of 
microchannel heat sink was proposed [9] and has drawn more and more 
attention due to its high heat extraction capability and high reliability 
[10–12]. However, traditional microchannel heat sink with straight, 
parallel microchannels suffers from two drawbacks [13]. On the one 
hand, the continuous growth of thermal boundary layer along the 
microchannel will bring a large nonuniform temperature distribution 
across the chip, which can result in thermal stress. In addition, a large 
pumping-power consumption is also needed due to the exorbitant 
pressure drop across the microchannel heat sink. Various passive 

strategies by optimizing channel structure have been developed and 
studied to improve the thermal and hydraulic performance of the 
traditional microchannel heat sink. Generally speaking, those micro-
channel structures can be divided into three broad categories and 
Table 1 summarizes some typical structures of these three types of 
microchannels:  

(1) The continuous microchannel: this microchannel type has 
continuous fin cross section and can enhance the flow distur-
bance and thin boundary layer by utilizing special channel 
shapes, such as microchannel mounted with triangular ribs [14], 
wavy microchannel [15], microchannel with structured wall 
surface roughness [16], or placing vortex generators in the 
microchannel, such as herringbone-inspired microstructures 
[17], wire coil inserts [18], etc. The pressure drop penalty is a 
limiting factor for this type of enhanced microchannel structure. 
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(2) The interrupted microchannel: this microchannel type has 
interrupted fins by slotting the microchannel wall. It can also 
bring enhanced fluid mixing and thinner boundary layer thick-
ness by secondary flow and vortex [19–23]. Similarly, the inter-
rupted flow path always brings an extra pumping-power 
consumption.  

(3) The manifold microchannel: this microchannel type consists of a 
channel component that has alternating inlets and outlets used 
for coolant distribution, which can greatly reduce the pumping- 
power consumption due to a considerable flow length reduction 
in microchannel [24–28]. In addition, a better thermal perfor-
mance can be observed when using the manifold structure due to 
the jet-impingement. 

For those existing and upcoming types of microchannel heat sinks, it 
is a challenge to find the best one. Considering that a microchannel heat 
sink with superior comprehensive performance should enable a 
reasonable temperature of the electronic devices with the lowest 
pumping-power consumption, the total thermal resistance Rt and 
pumping power Pp are two essential evaluation criteria that many re-
searchers have adopted to evaluate their microchannel heat sinks. Here, 
the thermal resistance Rt is defined as: 

Rt =
ΔTmax

Q
=

Tmax − Tin

Q
(1) 

where Tmax and Tin are the maximum temperature of the micro-
channel heat sink base and the fluid temperature at the inlet, 

Table 1 
Summary of some typical structures of three types of microchannel structures.  

Authors Types Structures of microchannel 

Chai et al. 
(2019)  
[14] 

Continuous 
(triangular ribs 
on sidewalls) 

Chen et al. 
(2021)  
[15] 

Continuous 
(wavy channel) 

Singh et al. 
(2021)  
[16] 

Continuous 
(structured wall 
surface 
roughness) 

Marschewski 
et al. 
(2016)  
[17] 

Continuous 
(herringbone- 
inspired 
microstructures) 

Feng et al. 
(2017)  
[18] 

Continuous 
(wire coil 
inserts) 

Xu et al. 
(2008)  
[19] 

Interrupted 

Lee et al. 
(2009)  
[20] 

Interrupted 
(oblique fins) 

Huang et al. 
(2017)  
[21] 

Interrupted 
(slotted 
microchannel) 

Feng et al. 
(2021)  
[22] 

Interrupted 
(microchamber 
and circular 
pin–fin) 

Gao et al. 
(2021)  
[23] 

Interrupted 
(trapezoidal 
fins) 

Drummond 
et al. 

Manifold 
(a hierarchical  

Table 1 (continued ) 

Authors Types Structures of microchannel 

(2019)  
[24] 

manifold 
distributor) 

Li et al. 
(2019)  
[25] 

Manifold 

Luo et al. 
(2020)  
[26] 

Manifold (Z/C/ 
H/U -types) 

Yang et al. 
(2020)  
[27] 

Manifold 
(secondary 
channels) 

van et al. 
(2021)  
[28] 

Manifold 
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respectively. Q is the total heat flux applied to the backside of the heat 
sink and is defined as Q = q’’ × Ahs, where Ahs is the area of the heat 
source, i.e. the area of the microchannel heat sink backside. And the 
pumping power Pp is calculated as: 

Pp = ΔP⋅V̇ (2) 

where ΔP is the pressure drop between inlet and outlet while V̇ is the 
volumetric flow rate. Nevertheless, it’s hard to compare Rt under the 
same Pp because in practice, ΔP and V̇ cannot be determined simulta-
neously and it’s impossible to keep Pp the same either in experiment or 
in simulation. Therefore, an accurate and rapid method combining the 
hydraulic with thermal performance for comprehensive assessment of 
various microchannel heat sinks is needed. Some beneficial attempts 
have been carried out to find out a more reasonable evaluation criteria 
or method for various heat transfer enhancement structures [29–33]. 
However, as demonstrated in our previous study [34], as for micro-
channel heat sink, no positive correlation can be established between 
the convective heat transfer area and thermal performance, which 
means that larger convective heat transfer area would not necessarily 
bring smaller maximum chip temperature, smaller total thermal resis-
tance, or larger average heat transfer coefficient. The thermal perfor-
mance is influenced by many geometrical parameters, rather than 
becoming better with the convective heat transfer area increasing. In 
addition, as for microchannel heat sink obtained by micro/nano fabri-
cation technology, there’s no need to take into account the value of the 
convective heat transfer area because it has nothing to do with the cost. 
Therefore, those existing multiple evaluation criteria related to the 
convective heat transfer area, such as h, Nu, PEC etc., may be not very 
reasonable for evaluating the thermal performance of different micro-
channel structures. Furthermore, the existing methods always evaluate 
the heat sinks with given geometric parameters based on the selected 
thermal and flow parameters. However, it’s necessary to select the 
optimal designs of different types of microchannel structures rather than 
arbitrary ones when comparing their performance. As a result, it is 
needed to consider both Rt and Pp as the optimization objectives and 
compare the optimal designs to decide which type of microchannel 
structures is superior. Since the two objectives are almost in conflict 
with each other, the multi-objective optimization indicates that there is 
no single optimal solution, but rather a set of solutions composed of 
multiple or even infinite Pareto-optimal solutions [35]. Therefore, 
comparing the Pareto-optimal solutions of different heat sinks is a more 
reasonable approach for evaluating the comprehensive performance of 
different microchannel structures. In this study, an accurate and rapid 
method for comprehensive evaluation of different microchannel heat 
sinks has been proposed. The method selects the best one from multiple 
microchannel heat sinks through comparing the Pareto-optimal solu-
tions of different enhanced structures. Those sample points required by 
the multi-objective optimization can be obtained automatically by 
integrating various operations (such as model constructing, mesh 
generating and computational fluid dynamics calculating) together 
through a software platform. It should be noted that this method can be 
also applied to various heat exchangers by changing the optimization 
objectives based on the limits or priorities of users. 

2. Construction of the performance evaluation method 

This section introduces the specific steps and features of the 
comprehensive evaluation for different types of microchannel heat 
sinks, including an example to show the DOA determination method. 
Moreover, careful comparisons are made to illustrate the immediacy and 
accuracy of the comprehensive evaluation method. It should be pointed 
out that those Pareto frontiers used in the following analyses in this 
section are not real but are created to present the characteristics of the 
performance evaluation method. 

2.1. Evaluation method procedures 

The Evaluation method procedure steps are as follows: 
(1) Conduct a multi-objective thermal and hydraulic design optimi-

zation of various microchannel heat sinks to obtain the Pareto frontiers. 
Minimizing the pumping-power consumption Pp and thermal resistance 
Rt at the same time is the optimization objective. Obviously, the trade- 
off between Rt and Pp will be established, since these two objectives 
are in conflict with each other, which means that as Pp decreases, Rt will 
increase. Therefore, a set of solutions, namely Pareto-optimal solutions 
will be obtained. Every solution of the Pareto-optimal solutions is the 
best trade-off between the total thermal resistance and pumping power. 
A concave curve named Pareto frontier will be formed and it represents 
the performance limitation. In addition, Pareto frontiers of different 
enhanced microchannel structures can be obtained with high efficiency 
through the novel optimization approach developed in our previous 
work [35]; 

(2) Determine the region of Design Optimization Area (DOA) above 
those Pareto frontiers based on the limits or priorities of users. As 
described in our previous work [34], each datum point within the DOA 
represents the pumping power and the thermal resistance can be both 
reduced. Consequently, the DOA size can be used to characterize the 
comprehensive performance of a given type of microchannel heat sink, 
and a larger DOA means that more microchannel heat sinks of this type 
with specific geometric parameters can satisfy user demands. Method 
for DOA determination will be described below; 

(3) Select the best enhanced microchannel structure with the largest 
DOA area. As for a specific heat dissipation problem in practice, the 
design optimization should be conducted under the same design con-
straints required by users, such as the design space (e.g. the cooling area, 
the size of the substrate used for obtaining enhanced microchannels), 
thermal conditions (e.g. the heating power, the thermal boundary), heat 
sink material, coolant, acceptable maximum temperature and temper-
ature uniformity and available pumping power. Besides, the users can 
determine which types of microchannels (as we mentioned above) can 
be selected and decide what parameters of these structures can be set as 
the variables. After that, the multi-objective optimization can be carried 
out to obtain the Pareto frontiers and compare the DOAs of different 
types. 

2.2. DOA determination method 

As shown in Fig. 1, assuming that those Pareto-optimal solutions (i.e. 
Pareto frontier) of a given microchannel heat sink (continuous 

Fig. 1. Definition of DOA for a given Pareto frontier without requirements on 
pumping power Pp and thermal resistance Rt. 
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microchannel, interrupted microchannel or manifold microchannel) are 
obtained through a multi-objective optimization. The determination 
process for DOA is based on the requirements of users. Generally, those 
requirements can be divided into four broad categories according to 
users:  

(1) Without requirements, because of the Pareto frontier indicating 
the performance limitation of a corresponding heat sink, the re-
gion above the Pareto frontier is defined as DOA if the users 
accept arbitrary pumping-power consumption Pp and thermal 
resistance Rt. A reduction in Pp and Rt can be observed simulta-
neously for data points within DOA;  

(2) Pp requirement, if Pp < Pp1 is required by users, DOA is defined as 
the region enclosed by the line Pp = Pp1 and the Pareto frontier, as 
shown in Fig. 2;  

(3) Rt requirement, if Rt < Rt1 is required by users, DOA is defined as 
the region enclosed by the line Rt = Rt1 and the Pareto frontier, as 
shown in Fig. 3;  

(4) Pp and Rt requirements, if Pp < Pp1 and Rt < Rt1 are both required 
by users, similarly, DOA is defined as the region enclosed by the 
line Pp = Pp1, the line Rt = Rt1 and the Pareto frontier together, as 
shown in Fig. 4. Actually, to ensure the safety and longevity of the 
driven pump and electronics, some specific operating conditions 
may be required by users. For example, there are only three 
operating conditions can be accepted by users and we can select 
the one that can satisfy users cooling demands through the rela-
tive position between those operating conditions and the Pareto 
frontier. 

The above determination process for DOA is based on a single type of 
heat sink under different user demands. Next, the practicability and 
visualization of the comprehensive evaluation method will be verified 
througn careful comparisons between the Pareto frontiers of two types 
of heat sinks, namely type-I and type-II. Generally, within the range 
under discussion, the two Pareto frontiers may intersect or separate each 
other under the same operating conditions.  

(1) Specific operating condition requirements 

Case 1. Disjoint Pareto frontiers. 
As shown in Fig. 5, there are only three operating conditions can be 

accepted by users and we define those as 1#, 2# and 3# from bottom to 
top. As for 1# operating condition, neither type-I heat sink nor type-II 
heat sink can satisfy the cooling demands. It is necessary to develop 
new types of heat sinks with better overall performance. As for 2# 

Fig. 2. Definition of DOA for a given Pareto frontier with requirement on 
pumping power Pp. 

Fig. 3. Definition of DOA for a given Pareto frontier with requirement on 
thermal resistance Rt. 

Fig. 4. Definition of DOA for a given Pareto frontier with requirements on 
pumping power Pp and thermal resistance Rt. 

Fig. 5. Two disjoint Pareto frontiers of type-I and type-II heat sinks and three 
operating conditions required by users. 
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operating condition, it is type-I heat sink, but not type-II heat sink, that 
can meet the user demands. Similarly, as for 3# operating condition, 
both type-I heat sink and type-II heat sink can satisfy the cooling 
demands. 

Case 2. Intersected Pareto frontiers. 
As shown in Fig. 6, it is easy to understand that new types of heat 

sinks with better overall performance should be proposed under 1# 
operating condition. Type-I heat sink can satisfy the cooling demands 
under 2# or 4# operating condition and type-II heat sink can satisfy the 
cooling demands under 3# or 4# operating condition.  

(2) Pp requirement, i.e. Pp < Pp1 

Case 1. Disjoint Pareto frontiers. 
As mentioned above, if Pp < Pp1 is required by users, DOA is defined 

as the region enclosed by the line Pp = Pp1 and the Pareto frontier. Fig. 7 
shows a clear comparison between the DOA of type-I heat sink and that 
of type-II heat sink. Type-I heat sink has larger DOA, which means that 
more microchannel heat sinks of this type with specific geometric pa-
rameters can satisfy user demands. The shadow region in Fig. 7 indicates 
the larger DOA of type-I compared with that of type-II. 

Case 2. Intersected Pareto frontiers. 
As shown in Fig. 8, a distinction is made between the DOA com-

parison and it can be divided into two parts based on the intersection, 
which is defined as (Pp0, Rt0). Here, we take the line Pp = Pp0 as the 
dividing line to explain the DOA analysis. Clearly, it can be seen that 
type-II heat sink has larger DOA on the left of the line Pp = Pp0. By 
contrast, type-I heat sink has larger DOA on the right of the line Pp = Pp0.  

(3) Rt requirement, i.e. Rt < Rt1 

Case 1. Disjoint Pareto frontiers. 
As mentioned above, if Rt < Rt1 is required by users, DOA is defined 

as the region enclosed by the line Rt = Rt1 and the Pareto frontier. As can 
be seen from Fig. 9, it is obvious that type-I heat sink has larger DOA, 
which means that more microchannel heat sinks of this type with spe-
cific geometric parameters can satisfy user demands. The shadow 
region in Fig. 9 illustrates the larger DOA of type-I compared with that of 
type-II. 

Case 2. Intersected Pareto frontiers. 
Here, the line Rt = Rt0 is selected as the dividing line to explain the 

DOA analysis. Fig. 10 shows a clear comparison between the DOA of 
type-I heat sink and that of type-II heat sink. It is obvious that Type-I 
heat sink has larger DOA than Type-II below the line Rt = Rt0. By 
contrast, Type-II heat sink has larger DOA than Type-I above the line Rt 

Fig. 6. Two intersected Pareto frontiers of type-I and type-II heat sinks and four 
operating conditions required by users. 

Fig. 7. Comparison of DOA for two disjoint Pareto frontiers of type-I and type- 
II heat sinks. 

Fig. 8. Comparison of DOA for two intersected Pareto frontiers and it can be 
divided into two parts according to the line Pp = Pp0. 

Fig. 9. Comparison of DOA for two disjoint Pareto frontiers of type-I and type- 
II heat sinks. 
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= Rt0.  

(4) Pp and Rt requirements, i.e. Pp < Pp1 and Rt < Rt1 

Case 1. Disjoint Pareto frontiers. 
As mentioned above, if Pp < Pp1 and Rt < Rt1 are both required by 

users, similarly, DOA is defined as the region enclosed by the line Pp =

Pp1, the line Rt = Rt1 and the Pareto frontier together. As shown in 
Fig. 11, it is obvious that type-I heat sink has larger DOA than type-II 
heat sink. There are more microchannel heat sinks of type-I with spe-
cific geometric parameters that can meet the thermal and hydraulic 
performance demands. 

Case 2. Intersected Pareto frontiers. 
The line Pp = Pp0 is taken as the dividing line. As shown in Fig. 12, 

type-II heat sink has larger DOA than that of type-I heat sink on the left 
of line Pp = Pp0. By contrast, type-I heat sink has larger DOA than that of 
type-II heat sink on the right of line Rt = Rt0. 

Certainly, the proposed performance evaluation method may 
encounter the situation that those Pareto frontiers of different types of 
enhanced microchannels are very close. Obviously, those types of 
enhanced microchannels have the almost same comprehensive perfor-
mance and which one to choose depends on the limits or priorities of 
users. Moreover, it should be noted that the Pareto frontiers of different 

enhanced structures shown above are assumed to be obtained at the 
same operational conditions. 

3. Validation and application of the performance evaluation 
method 

In order to validate the immediacy and accuracy of the compre-
hensive performance evaluation method, comparative studies between 
the hybrid microchannel heat sink combining manifold distributor with 
secondary channels proposed in our previous study [34,35] and other 
three enhanced microchannel structures, namely microchannel heat 
sink with wire coil inserts [18], microchannel heat sink with cavity and 
rib [36] and interrupted microchannel heat sink with rib [37] are con-
ducted. The heat sink we proposed before contains trapezoid fins in 
microchannel. The coolant is water and the substrate is silicon. And the 
multi-objective optimization was performed under uniform heat flux of 
200 W/cm2 with four dimensionless design variables which are defined 
based on those geometric parameters shown in Fig. 13 (b). The opti-
mization domain contains 10 channels and the channel length is 10.6 
mm, which represents a completed heat sink. 

Besides, we also compare the straight rectangle microchannel heat 
sink [38] and the microchannel heat sink with a grooved structure [39] 
to illustrate the application in intersected Pareto frontiers. 

As shown in Fig. 14 (a), Feng et al. [18] designed four different kinds 
of microchannel heat sinks with wire coil inserts: microchannel with 
long wire coil at the center line (LWCC), microchannel with long wire 
coil on the bottom (LWCB), microchannel with three segments of short 
wire coil at the center line (SWCC) and microchannel with three seg-
ments of short wire coil on the bottom (SWCB). The additional wire coil 
can intensify the flow disturbance, thereby thinning the boundary layer 
and enhancing heat transfer. They carried out numerical simulation 
using water as coolant with uniform heat fluxes of 20 and 40 W/cm2 

respectively. Here, they carried out the optimization with a computa-
tional domain of 40 mm × 1.5 mm and the solid domain was set as 
copper. As shown in Fig. 14 (b), those four enhanced microchannel heat 
sinks they designed have lower thermal resistance when comparing with 
that of the plain rectangular (PR) microchannel heat sink under the same 
pumping power. In addition, those four Rt-Pp data points of LWCC, 
LWCB, SWCC and SWCB almost coincided under different heat fluxes, 
indicating that those data points may around the Pareto-optimal solu-
tions. Therefore, data points with the lowest Rt under the same Pp are 
figured out and assumed as the Pareto frontier of the microchannel with 
wire coil inserts. 

Fig. 15 illustrates a clear comparison between the two Pareto fron-
tiers of the hybrid microchannel and the microchannel with wire coil 

Fig. 10. Comparison of DOA for two intersected Pareto frontiers and it can be 
divided into two parts according to the line Rt = Rt0. 

Fig. 11. Comparison of DOA for two disjoint Pareto frontiers of type-I and type- 
II heat sinks. 

Fig. 12. Comparison of DOA for two intersected Pareto frontiers and it can be 
divided into two parts according to the line Pp = Pp0. 
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inserts. As mentioned above, Feng et al. simulated the single micro-
channel which demands less pumping power and has better thermal 
performance than a completed heat sink. Besides, the channel material, 
copper, in their study has a thermal conductivity of 400 W/m⋅K 
approximately while silicon used in our design is 159 W/m⋅K. However, 
it is obvious that the hybrid microchannel heat sink proposed in our 

previous work can maintain a lower Rt under the same Pp in most cases. 
The shadow region in Fig. 15 represents the larger DOA of our hybrid 
microchannel compared with that of Feng’s structure. 

Zhai [36] presented another complex microchannel heat sinks by 
adding internal ribs into two cavities (Fig. 16 (a)). Vortices in the cavity 
zones are observed due to the sudden enlargement area and reduced 
velocity, which can help to strengthen the mixing of cold and hot 
coolant. A multi-objective thermal and hydraulic design optimization of 
the microchannel structure was conducted with deionized water as 
coolant at a given heat flux of 100 W/cm2. The optimization domain is 
10 mm in length with single silicon-based channel. Those Pareto- 
optimal solutions are plotted in Fig. 16 (b). Similarly, Fig. 17 gives a 
clear comparison between the two Pareto frontiers of the hybrid 
microchannel and the microchannel with cavity and rib. It is obvious 
that our design can maintain a lower Rt under the same Pp. The shadow 
region describing the larger DOA of our hybrid microchannel compared 
with that of Zhai’s structure is also marked. Besides, the size of our 
computational domain is larger than that of Zhai’s, it means that our 
structure needs to dissipate more heat with longer total fluid path. 
Therefore, our design has a better comprehensive performance. 

Fig. 18(a) shows the microchannel heat sink with ribs in the inter-
rupted transverse developed by Chai et al. [37]. They studied inter-
rupted microchannel heat sinks with five different rib configurations, i. 
e. rectangular (IMCHS-R), backward triangular (IMCHS-BT), diamond 
(IMCHS-D), forward triangular (IMCHS-FT) and ellipsoidal (IMCHS-E). 
The interrupted microchannel without ribs (IMCHS) was also selected. 
The numerical simulation was performed on a control volume 

Fig. 13. (a) The schematic diagram of the hybrid microchannel heat sink and (b) the optimization geometric parameters in our previous work [35].  

Fig. 14. (a) The structure of the rectangular microchannel heat sink with wire coil inserts and (b) numerical simulation results of Feng et al. [18].  

Fig. 15. Comparison of the DOA between the hybrid microchannel heat sink in 
our study [35] and the enhanced structure designed by Feng et al. [18]. 
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containing a single microchannel and surrounding solid along with the 
silicon base at a heat flux of 100 W/ cm2. The coolant is water and the 
channel length is set as 10 mm. Compared with straight, parallel 
microchannels (MCHS), the special design can reduce the total thermal 
resistance and the total entropy generation rate by 4–31% and 4–26%, 
respectively, as shown in Fig. 18(b). Since Chai et al. specified the design 

domain of the rib (0.5 mm in length) and the five Rt-Pp curves of 
different ribs almost coincided, it indicates that those data points could 
be approximated as Pareto-optimal solutions. 

Similarly, Fig. 19 shows the comparison between the two Pareto 
frontiers of the hybrid microchannel and the interrupted microchannel 
with rib. Due to the fact that our design selected a larger computational 
domain but maintain a lower Rt under the same Pp, it means that our 
design has a better overall performance. The shadow region describing 
the larger DOA of the hybrid microchannel compared with that of Chai’s 
structure is also marked. 

Ansari et al. [39] presented a grooved heat sink (Fig. 20 (c)) which 
enhanced the convective heat transfer due to the increase in heat ex-
change area and convective heat transfer coefficient compared with the 
same smooth microchannel in depth. They conducted multi-objective 
optimization and obtained the Pareto frontier as shown in Fig. 20 (d). 
Another study [38] focused on the geometric optimization of traditional 
rectangle microchannel heat sink (Fig. 20 (a)). They adopted the 
empirical correlation of the total thermal resistance and pumping power 
and use the augmented ε-constraint method to get the Pareto frontier 
(Fig. 20 (b)). Both designs set the single microchannel region with 10 
mm in length as the computational domain and optimized with water as 
coolant and silicon as heat sink material. 

The comparison of the DOAs is illustrated in Fig. 21. It indicates that 
if Pp < 0.13 W, the structure proposed by Ansari et al. [39] has a larger 
DOA and performs better in heat dissipation, while if Pp > 0.13 W, it is 
better to select the rectangle microchannel in the work of Kwanda et al. 
[38], of which the DOA is larger. The left shadow region describes the 
larger DOA of the grooved structure in the study of Ansari et al. [39] 

Fig. 16. (a) The microchannel structure with cavity and rib and (b) the Pareto frontier obtained from a multi-objective optimization (Zhai [36]).  

Fig. 17. Comparison of the DOA between the hybrid microchannel heat sink in 
our study [35] and the enhanced structure designed by Zhai [36]. 

Fig. 18. (a) The structure of the microchannel heat sink and (b) numerical simulation results of Chai et al. [37].  
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compared with the rectangle microchannel and the right shadow region 
describes the larger DOA of the rectangle microchannel in the study of 
Kwanda et al. [38]. It means that under a higher pumping power, the 
optimal rectangle microchannel may have superior comprehensive 
performance to some kinds of enhanced microchannels. And it also 
demonstrates that it is reasonable to compare the Pareto frontiers of 
different types of microchannels and select the superior one considering 
the users’ requirements, instead of comparing the structures with spe-
cific geometric parameters under some specific conditions to declare 
which one is superior. 

In summary, the above analyses suggest that the comprehensive 
evaluation method developed in this paper can select the best one from 
various enhanced microchannel heat sinks through comparing the DOA 
in Pareto frontiers determined by the limits or priorities of users with 
high accuracy and immediacy. It is obvious that the hybrid micro-
channel heat sink combining manifold with secondary channels pro-
posed in our previous work has the largest DOA among those four 
enhanced structures, which means that under those studied conditions, 
our hybrid microchannel cooling strategy can maintain a lower thermal 
resistance under the same pumping power. It should be noted that if 
researchers or engineers value other evaluation criteria, such as h, Nu, f, 
or PEC, due to their limits or priorities, they can certainly use those 
evaluation criteria to evaluate the performance of microchannel heat 
sinks. However, the comparison should be carried out between the DOAs 
in Pareto frontiers of those optimal designs. 

4. Conclusions 

In this work, a comprehensive performance evaluation method based 
on the Pareto frontier for different types of enhanced microchannel heat 
sinks is proposed. The immediacy and accuracy of the comprehensive 
evaluation method are verified through detailed comparisons of DOA for 
different types of enhanced microchannel heat sinks. The key conclu-
sions are as follows: 

(1) The concept of Design Optimization Area developed in our pre-
vious work is used to evaluate the comprehensive performance of 
different types of microchannel heat sinks. A microchannel heat 
sink within DOA means that the pumping power and the total 
thermal resistance could be both reduced compared with user 
demands. A larger DOA suggests that more microchannel heat 
sinks of a given type with specific geometric parameters can meet 

Fig. 19. Comparison of DOA of the microchannel heat sink in our study [35] 
and that proposed by Chai et al. [37]. 

Fig. 20. (a) The microchannel structure and (b) the Pareto frontier of the heat sink selected by Kwanda et al. [38]. (c) The microchannel structure and (d) the Pareto 
frontier of the heat sink proposed by Ansari et al. [39]. 
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user demands. The region of DOA can be determined according to 
the requirements of users;  

(2) The comprehensive evaluation method consists of three steps: 1) 
conducting a multi-objective thermal and hydraulic design opti-
mization of various microchannel heat sinks to obtain the Pareto 
frontiers; 2) determining the region of Design Optimization Area 
above those Pareto frontiers based on the limits or priorities of 
users or designers; 3) selecting the best one with the largest DOA 
area. The immediacy and practicability of the method are verified 
through comparative studies between the Pareto frontiers of two 
types of heat sinks;  

(3) Careful comparisons have been conducted by selecting different 
microchannel structures. Furthermore, it shows that the hybrid 
microchannel heat sink proposed in our previous study has larger 
DOA by comparing with the other three enhanced microchannel 
structures, i.e. microchannel with cavity and rib, microchannel 
with wire coil inserts and interrupted microchannel with rib, 
based on this method. The results mean that our design enables a 
lower pumping power under the same total thermal resistance 
within a certain range;  

(4) This performance evaluation method is helpful for users to find 
the best one from various types of microchannel heat sinks. 
Furthermore, by changing the optimization objectives according 
to the limits or priorities of users, this method could enable the 
comprehensive evaluation of various heat exchangers, such as 
refrigeration, air conditioning and energy recovery systems, etc. 
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