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Abstract
In the current study, a new configuration of minichannels is proposed to improve the thermal performance of conventional 
plate-fin aluminum heat sink used for the thermal management of the electronic components. The case under consideration 
to implement the current idea is an aluminum heat sink equipped with rectangular square minichannels. Hence, an enhanced 
model is investigated, and the obtained results are evaluated as compared with the conventional plate-fin aluminum heat sink. 
A minichannel heat sink (MC-HS) that has 18 parallel minichannels was developed on the aluminum plate and charged with 
acetone. The experimental results demonstrated that the proposed MC-HS startup was successfully under a heat load ranging 
from 10 to 40 W in the vertical orientation. From the investigations, a MC-HS is found to be more effective for the thermal 
management of the electronic components than the conventional method. The thermal resistance of the MC-HS is 20–31% 
lower in comparison with the conventional plate-fin aluminum heat sink. It is shown that the MC-HS not only surpasses the 
conventional solution but also provides greater thermal management of the electronic components.

Keywords  Experimental evaluation · Heat sink · Heat dissipation · Oscillatory motion

Abbreviations
Bo	� Bond number, g(�l−�v)rh

�

2

g	� Gravitational force, m/s2

�l	� Liquid density, kg/m3

�v	� Vapor density, kg/m3

rh	� Hydraulic radius, mm

�	� Surface tension, N/m
Q	� Heat load, W
Rth	� Thermal Resistance, °C/W
U	� Internal energy, J
T	� Temperature, °C

Subscripts
CLFP-OHP	� Closed-loop flat plate oscillating heat pipe
FP-OHP	� Flat plate oscillating heat pipe
MC-HS	� Minichannel heat sink
E	� Evaporator
C	� Condenser
L	� Liquid
V	� Vapor
W	� Watt

1  Introduction

Heat sinks have been incorporated into the thermal man-
agement of electronic systems (Hosseinirad et al. 2019). 
Generally, these conventional heat sinks are designed and 
manufactured in different shapes (Chamanroy and Khosh-
vaght-Aliabadi 2019; Gholinia et al. 2022a, 2021, 2022b). 
With the rapid development of the electronic industry, the 
heat flux in electronic components has almost reached its 
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limit at about 100 W/cm2 (Xie et al. 2007). Therefore, the 
research for more efficient heat sink technologies becomes 
essential for the further development of the electronic indus-
try. The increasing miniaturization of electronic systems 
and their components is setting more demanding criteria 
regarding the thermal management of electronic systems. 
A common thermal management technique for many elec-
tronic components is to use either free convection or forced 
convection. With the development of technology, electronic 
components such as IGBTs, Mosfets, and Diodes have been 
widely used in the field of electronics industries. The ITRS 
(International Technology Roadmap for semiconductors) 
predicts that by 2022 the average power consumption for 
the electronics component to be over 400 W and over 800 W 
by 2026 (Liang et al. 2019). As a result of the miniaturiza-
tion within a small area, together with the power required 
to operate these electronics component, the quantity of heat 
generated by components has increased. This heat must 
be dissipated to maintain the electronic components at an 
acceptable operating temperature range. The conventional 
cooling solutions such as the plate-fin aluminum heat sink, 
and air have now effectively reached their limits (Sun et al. 
2021; Lu et al. 2021; Bedi and Subbarao 2021; Sivasankaran 
and Narrein 2020; Taghilou et al. 2022). Published studies 
on conventional heat sinks are reviewed here. Hashemi et al. 
(Hashemi et al. 2012) numerically studied the heat trans-
fer and flow in a plate-fin heat sink. The effects of channel 
were investigated. It was found that the use of minichannel 
in plate-fin heat sink can increase the heat transfer perfor-
mance. Arshad et al. (Arshad and Ali 2017) experimentally 
investigated the heat transfer and effect of water/graphene 
nanofluid inside the plate-fin heat sink. It was observed 
higher values of heat transfer. Liu et al. (Bao-Min 2004) 
numerically proposed a microprocessor package with a 
narrow water jacket to cool a thermal spread attached to 
the electronic component. The minichannel flow geometry 
offers a large surface area of heat transfer and a high convec-
tive heat transfer (Xie et al. 2007). Ghasemi et al. evaluated 
the effect of Al2O3 nanoparticles in a minichannel heat sink 
for heat dissipation from central processing unit (Ghasemi 
et al. 2021). To improve the thermal performance of liquid-
cooled heat sinks, the use of nanofluid has been considered 
(Ghasemi et al. 2017a). TiO2 nanofluids to increase the heat 
transfer in the minichannel heat sinks were investigated by 
Ghasemi et al. (Ghasemi et al. 2017b). Therefore, Fluid flow 
in a minichannel and convective heat transfer and their appli-
cation in the cooling technology of electronic components 
has attracted the great attention of researchers in recent years 
(Ghasemi et al. 2017c, 2017d, 2017e, 2017f, 2018). It is 
worth noting that the lack of sufficient research on the using 
minichannel charged with acetone in heat sink modules is 
quite obvious, therefore, this article intends to fill this gap 
using the experimental investigations.

1.1 � Concept of Minichannel Heat Sink

The heat sink material has higher thermal resistance or low 
thermal conductance, which impedes the electronic com-
ponent heat transfer rate. The plate-fin aluminum heat sink 
can improve the cooling capacity by increasing the surface 
area of the cooling fins, but it is constrained by the space 
for installation (Wang et al. 2017; Marcinichen et al. 2013; 
Mudawar 2013; Li et al. 2021). Therefore, if heat generation 
by electronics components is to increase further in the com-
ing years, more effective cooling methods will be needed. 
A new heat transfer device must effectively transfer the heat 
from the electronic components. The systematic dissipa-
tion of heat from the constrained areas of microelectronic 
components makes thermal management to be a challenging 
job and needs a more cost-effective and reliable solution 
(Gnanadurai and Varadarajan 2016; Mehta and Mehta 2016; 
Kavoosi Balotaki and Saidi 2019; Mohsen et al. 2021). One 
method for reduction in thermal resistance and increasing 
the thermal conductivity of the heat sink is to incorporate 
two phase heat transfer, and this is accomplished by the min-
ichannel in the heat sink by experimentally characterizing its 
thermal performance while it is bottom heated and uniformly 
cooled with flowing air. The MC-HS is a relatively new type 
of two phase heat transfer device. The MC-HS is of a more 
simple structure and has some additional advantages like 
miniaturization, high heat transfer capacity, flexibility, and 
low cost over the traditional heat pipe (Liu et al. 2019; Al-
Zaidi et al. 2018; Mehta et al. 2020a, 2020b; Qi et al. 2020; 
He et al. 2020; Fairley et al. 2015). The MC-HS consists of 
parallel minichannels machined in a metal plate as shown 
in Fig. 1.

The idea of the minichannel on metal plates has been 
substantially investigated as an oscillating heat pipe (OHP) 
in the past few years due to its high heat transfer potential 
and its viable candidacy for various thermal management 
solutions. In contrast to the traditional heat pipe, the OHP 
has lower resistance with no wicking structure, and exists 

Fig. 1   Concept of minichannel on metal plate (Mehta et  al. 2020a, 
2020c; Cheng et al. 2010)



Iranian Journal of Science and Technology, Transactions of Mechanical Engineering	

1 3

as a flat shape (Zhang et al. 2021). The MC-HS embedded 
with OHP is partially charged with a working fluid and the 
hydraulic radius of the channel is made sufficiently small in 
order to form stable liquid slugs and vapor plugs to form two 
phase heat transfer. The MC-HS device structure is designed 
to meander through an evaporator section and condenser 
section multiple times so that, during operation, the con-
tinuous liquid slugs and vapor plugs create an unbalance, 
nonuniform vapor pressure that displaces liquid slugs and 
vapor plugs to and from the evaporator section in an oscil-
latory motion (Ayel et al. 2018). This results in a cyclic two 
phase heat transfer process consisting of both latent heat and 
sensible heat transfer. In order to understand the MC-HS 
more clearly, the experimental data of previous research are 
summarized in Table 1. Previous researchers have investi-
gated the thermal performance of CLFP-OHPs with opera-
tional and geometrical parameters. Till date there is no best 
model of thermal management for electronic applications 
which can give the optimum thermal performance over a 
wide range of operations. As a result, the OHP has not been 
extensively used for electronic systems. The MC-HS has a 
geometrical advantage for miniaturization and direct inte-
gration in electronic components because of its relatively 
simple structural design. However, results and discussions of 
the previous investigations have characterized the OHP only 
for axial heating modes, where the evaporator and condenser 
section are orientated parallel to its length. Based on this 
heating mode, the CLFP-OHP has been shown to efficiently 
manage the heat loads, and operate with the lower heat load. 
In the heat transferring mode, the CLFP-OHP is now tasked 
with transferring heat both axially and across its thickness, 
through its channels. There have been limited published 
investigations of the CLFP-OHP application operating in 
the heat transferring mode. The CLFP-OHP has the potential 
to be widely used for the cooling of electronic components. 
As per results obtained in previous researches, the CLFP-
OHP is a very favorable technology for achieving effective 
heat removal rates and uniform temperature on systems. 
Thus, the current research investigates the applicability of 
a CLFP-OHP for use as a heat transferring device in elec-
tronic applications. This investigation will help in further 
characterizing CLFP-OHP as the MC-HS for its future use 
in thermal management.

2 � Implementation Methodologies 
of Minichannel Heat Sink (MC‑HS)

The MC-HS comprises a base, a CLFP-OHP developed on 
the base, and a thin sheet. The MC-HS can be better under-
stood by Fig. 2. The device further comprises a plurality of 
cooling fins extending outwardly in both directions trans-
verse to the plane of the cooling device. The heat produced 

by an electronic components such as IGBT, Mosfet, and 
Diode is dissipated into the atmosphere through the cooling 
fins. The MC-HS comprises minichannels that carry work-
ing fluid. The CLFP-OHP is further divided into an evapora-
tion section, an adiabatic section, and a condenser section in 
such a manner that the substrates of one or more electronic 
components are attached to the device at the evaporation 
section, and the cooling fins are attached to the condensa-
tion section. The heat produced by electronic components 
evaporates working fluid in the evaporation section. The 
increased temperature and pressure at the evaporation sec-
tion transfer the working fluid toward the condensation sec-
tion via the adiabatic section in the form of liquid slugs and 
vapor plugs. In the condenser section, the temperature and 
pressure decrease, and liquid slugs and vapor plugs move 
back toward the evaporation section to continue the evapora-
tion–condensation cycle, whereas the heat is dissipated to 
the atmosphere via cooling fins.

This oscillatory movement of working fluid and provi-
sion of cooling fins optimizes heat dissipation with lower 
heat transfer resistance. The MC-HS carries working fluid 
through the minichannels machined at the top of the base. 
The minichannels of the MC-HS are sealed by a thin sheet. 
The thin sheet and base are made up of highly conductive 
material such as aluminum. The thin sheet is brazed to the 
top of the base to form MC-HS. Here, it is to be noted that 
the mini channels of the MC-HS are machined on the top of 
the base by using a vertical milling machine.

2.1 � Hydraulic Radius of Minichannel Heat Sink 
(MC‑HS)

The hydraulic radius of minichannels is kept to be small 
enough so that the liquid slugs and vapor plugs can be devel-
oped in the minichannels of the MC-HS. The maximum 
radius of the channel in MC-HS is given by the Bond num-
ber (Bo) (Mehta et al. 2020c, 2019; Khandekar et al. 2002; 
Kim and Kim 2020a; Srikrishna et al. 2019) as follows:

The bond number is defined as the ratio of gravitational 
and surface tension forces. Rearranging Eq. (1), the maxi-
mum hydraulic radius of the channel for MC-HS can be 
found as follows:

It is widely reported that if Bo ≤ 2, the effect of the 
surface tension force of working fluid dominates over 
that of gravitational force (Mehta et al. 2020a, b). In the 
present investigation, acetone is used as a working fluid. 

(1)Bo =
g(ρl − ρv)rh,max

σ

2

(2)rh,max ≤

√

σBo

g(ρl − ρv)
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Table 1   Summary of CLFP-OHP experimental researches

Type of 
research

Researchers Driving fluid Evaporator 
area (mm2)

Condenser 
area (mm2)

Number 
of chan-
nel

Ares of chan-
nel (mm2)

Heat load 
(watt)

Filling ratio (%)

Experimental Khandekar 
et al. (2002)

Water 30 × 22 30 × 13 12 2.2 × 2 25–70 25

/Visualization Ethanol 30
70

Experimental Yang et al. 
(2004)

Ethanol 100 × 30 100 × 60 40 2 × 2 10–200 90

Experimental Qu and Yang 
(2009)

Acetone 20 × 60 100 × 60 22 1.5 × 1.5 10–100 50

20.90
Experimental Chang et al.  

(2010)
Acetone 25.4 × 25.4 25.4 × 90 16 0.762 × 0.762 10–140 70

Water 10 1 × 1
Nano fluids 8 1.7 × 1.175

1.75 × 1.17
Experimental Thompson and 

Ma (2010)
Acetone 63.5 × 31.75 76.2 × 76.2 15 0.762 × 0.762 10–180 7

Experimental/
Visualization

Chien et al. 
(2011)

Distilled water 15 × 40 40 × 40 8 2 × 2 140 40

50
60
70

Experimental Lefevre et al.  
(2012)

Methanol 190 × 90 30 × 90 8 4 × 4 80 70

FC-72

Type of 
research

Investigators Working fluid Evaporator 
size (mm2)

Condenser size 
(mm2)

Number 
of chan-
nel

Size of chan-
nel (mm2)

Heat load 
(watt)

Charge ratio 
(%)

Experimental Failed  (2014) Water 83 × 32 82.5 × 31.75 10 2 × 2 10–100 75
Experimental Laun et al. 

(2015)
Acetone 80 × 30 15 × 30 20 1.3 × 1.3 50–500 W 80

Experimental Hao et al. 
(2014)

DI Water 57 × 28 57 × 36 6 2 × 2 50–80 55

Experimental Thompson 
et al. (2014)

Acetone 30 × 30 30 × 30 15 1.02 × 1.02 50–250 W 80

Experimental Manno et al. 
(2015)

Ethanol 105 × 45 125 × 67 10 2 × 2 10–100 50

/Visualization
Experimental Ayel et al. 

(2015)
FC-72 10 × 120 200 × 120 12 1.6 × 1.7 30 -180 50

Experimental Zhang et al. 
(2016)

HPLC water 25 × 40 30 × 40 10 1 × 1.5 75–225 65

Experimental Lee and Kim 
(2017)

FC-72 10 × 16 15 × 16 5 2 × 2 50 50

/Visualization
Experimental Jang et al. 

(2017)
FC-72 25 × 54 25 × 54 5 2 × 2 5–28 70

/Visualization
Experimental Kim and Kim 

(2020a)
R-134a 24 × 53.5 24 × 53.5 20 0.6 × 2 4–48 50

/Visualization Ethanol
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Table 1   (continued)

Type of 
research

Investigators Working fluid Evaporator 
size (mm2)

Condenser size 
(mm2)

Number 
of chan-
nel

Size of chan-
nel (mm2)

Heat load 
(watt)

Charge ratio 
(%)

Experimental Kim and Kim 
(2020b)

Ethanol 20 × 35 20 × 35 10 0.5 × 1 9–31 50

FC-72
HFE-7000
R-134a

Experimental Yoon and Kim 
(2017)

Ethanol 10 × 18 18 × 18 5 1 × 0.5 5–20 55

/Visualization
Experimental Kim and Kim 

(2018)
Ethanol 10 × 18.5 15 × 18.5 10 10 × 18 2–16 50%

/Visualization
Experimental Alijani et al. 

(2018)
Isopropyl 

alcohol
14 × 28 20 × 20 50 0.2 × 0.2 2.1–5.3 30

26 0.4 × 0.4
13 0.8 × 0.8
7 1.6 × 1.6

Experimental Wits et al. 
(2018)

Water 50 × 50 50 × 50 12 2.2 × 2 20–100 40

Methanol
Ammonia

Experimental Stevens et al. 
(2019)

Butane 12 × 12 24 × 64 34 1 × 1 10–40 46

Experimental Cecere et al. 
(2018)

R134a 120 × 10 100 × 140 11 3 × 3 0–200 50

/Visualization WaterSelf-
rewetting 
mixture

Experimental Liang et al. 
(2018)

Ionic liquids 57 × 28 57 × 36 8 2 × 2 50–250 67

/Visualization Water
Experimental Yoon and Kim 

(2019)
Ethanol 10 × 18.5 15 × 18.5 10 1 × 0.5 2–26 55

/Visualization
Experimental Jo et al. (2019) Ethanol 10 × 28 10 × 28 10 1.6 × 1.6 2–16 50
/Visualization
Experimental Takawale et al. 

(2018)
Ethanol 32 × 101.4 65 × 101.4 34 1.2 × 1.2 20–180 40

/Visualization 60
80

Experimental Jang et al. 
(2018)

FC-72 25 × 54 25 × 54 28 0.82 × 0.3 1.5–5 50

20 1.55 × 0.3
12 3.25 × 0.3
16 0.82 × 0.3
16 1.55 × 0.3

Experimental Ayel et al. 
(2018)

FC-72 10 × 120 160 × 120 22 2.5 × 2.5 20–150 50

/Visualization
Experimental Jun and Kim 

May (2019)
Ethanol 10 × 33.5 15 × 33.5 20 1 × 0.5 16–24 47

/Visualization
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The thermophysical properties of acetone are presented in 
Table 2. This investigation used a Bo of 2, as reported in the 
previous study (Wits et al. 2018; Shafii et al. 2001).

As per Eq. (2), the rh,max is 2.47 mm for acetone as a 
working fluid. To achieve high thermal performance with 
the working fluid, the maximum hydraulic radius of the 
channel of water and acetone is compared. According to 

Eq. (2), the rh,max of MC-HS was plotted in Fig. 3 in the 
temperature range from 20 to 140 °C. Both for acetone and 
water, the rh,max decreases with the temperature increase 
but the acetone have a smaller one. At 140 °C, their rh,max  
values are 1.64 and 3.34 mm, respectively. To investigate 
the thermal performance of the MC-HS, a square 2 × 2 mm2 
channel was used in the investigation to make sure liquid 
slugs and vapor plugs could be formed inside the minichan-
nel. The hydraulic radius of the 2 × 2 mm2 square channel is 
within the range of calculated rh,max . The evaporator sec-
tion, condenser section, and adiabatic section were 30 × 70 
mm2, respectively. The charge tube was used to charge the 
working fluid in the MC-HS. The MC-HS was arranged in 
a sandwiched manner between the base and the thin sheet. 
As shown in Fig. 4, the condenser section includes cooling 
fins transversely extended from both the base and thin sheet 

Table 1   (continued)

Type of 
research

Investigators Working fluid Evaporator 
size (mm2)

Condenser size 
(mm2)

Number 
of chan-
nel

Size of chan-
nel (mm2)

Heat load 
(watt)

Charge ratio 
(%)

Experimental Al-Zaidi et al. 
(2018)

HFE-7100 20 × 25 20 × 25 15 1 × 0.4 10–50 48

/Visualization
Experimental Lim and Kim 

(2019)
HFE-7100 15 × 15 15 × 33.5 20 0.5 × 0.5 5–12 50

Experimental Qu et al. 
(2019)

Ethanol 30 × 15 65 × 15 18 1.5 × 1.8 0–200 50

/Visualization
Experimental Kearney et al. 

(2016)
Novec 649 50 × 10 50 × 10 44 1.5 × 1.9 0–50 30

Novec 774 40
50
70

Fig. 2   MC-HS

Table 2   Properties of acetone at 20 °C and 1 atm (Mehta et al. 2020a)

Property Acetone

Boiling point (°C) 56
Surface tension (N/m) × 10–3 23.7
Liquid density (Kg/m3) 790
Vapor density 0.64
Liquid specific heat (KJ/Kg°C) 2.16
Dynamic viscosity (Pa-sec) × 10–3 0.32

Fig. 3   r
h
,max versus temperature for water and acetone
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outwardly for dissipating heat produced by the electronic 
components in the atmosphere.

2.2 � Fabrication of Minichannel Heat Sink (MC‑HS)

Figure 4 shows the two-phase flow in the form of liquid 
slugs and vapor plugs in the MC-HS. As shown in Fig. 4, 
the MC-HS is configured to carry the working fluid in the 
form of liquid slugs and vapor plugs in a closed-loop con-
figuration. The MC-HS is provided with a charge tube at the 
condenser section to charge the MC-HS with working fluid. 
The hole is drilled to the base to braze the charge tube to the 
minichannels. To realize this, MC-HS is first evacuated with 
the help of a mechanical vacuum pump and then is charged 
with the working fluid via a charge tube.

The minichannel structure was machined onto the base of 
the device as shown in Fig. 5a and b shows the assembly of 
a MC-HS. During operation, the heat from electronic com-
ponents is received by the evaporator section of the MC-HS. 
This evaporates the working fluid and converts it into the 
liquid slugs and the vapor plugs that flow in minichannels. 
The evaporation phenomena that occurred in the evapora-
tion section raised the temperature and vapor pressure in 
this section. This causes the liquid slugs and the vapor plugs 
to flow toward the condenser section through the adiabatic 
section of the MC-HS. At the condenser section, the tem-
perature and pressure of the vapor plugs drop and the vapor 
plugs start condensing. The heat carried by the liquid slugs 
and the vapor plugs is dissipated in the condenser section 
using cooling fins. The condensation further drops the vapor 
pressure of the working fluid and hence the fluid flows back 
toward the evaporator section. The cycle of evaporation and 
condensation continues and the oscillating flow is developed 
in the MC-HS. As a result of the oscillation of the liquid 
slugs and vapor plugs, the heat of electronic components 

is continuously transferred from the evaporator section to 
the condenser section. In the MC-HS, due to the oscillatory 
flow of the liquid slugs and vapor plugs inside the MC-HS, 
reduces the thermal resistance experienced in the heat 
transfer. In this way, a higher thermal resistance problem of 
conventional heat sink cooling methods is overcome which 
makes the MC-HS to be more suitable for the dissipation of 

Fig. 4   Oscillatory motion in 
MC-HS

Fig. 5   CLFP-OHP embedded in the MC-HS
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the heat produced by electronic components. The MC-HS 
is placed vertically, i.e., perpendicular to the printer circuit 
board on which the electronic component is mounted, to 
optimize the oscillatory motion of working fluid so that 
the liquid slugs and vapor plugs circulate more smoothly 
in the minichannels and enhance the operating range of the 
MC-HS.

3 � Experimental Apparatus of MC‑HS

The experimental setup of the MC-HS is depicted in Fig. 6. 
The experimental setup is comprised of the MC-HS, a power 
supply system, an air supply system, the temperature scan-
ner, the RS485 USB converter, and the personal computer. 
The objective of the experimental setup is to characterize the 
thermal performance of the MC-HS for variation in applied 
heat load at the evaporator section. The MC-HS was fab-
ricated with a CLFP-OHP structure. The MC-HS has 18 
parallel channels with a length of 90 mm and 9 turns with a 
hydraulic radius of the channel of 2.44 mm, which created 
a closed-loop FP-OHP. The MC-HS is made of aluminum. 
The area of the MC-HS is 90 × 70 × 5 mm3.

The area of the evaporator section, adiabatic section, and 
condenser section was 30 × 70 mm2, respectively. In addi-
tion, to minimize the thermal contact resistance between 
the heaters and the evaporator section, thermally conductive 
paste was put between the heater and the surface. Based 
on the experimental observation in the previous research, 
various parameters of the MC-HS were selected and listed 
in Table 3.

The experimental apparatus of the MC-HS is depicted 
in Fig. 7. The setup also allows the acquisition of tempera-
ture measurements during operation. The temperatures 
were measured by K-type thermocouples and collected 
by the temperature scanner then the data interfaced with 

the personal computer via RS 485 USB converter. In order 
to obtain temperatures of acetone inside the MC-HS test 
section simultaneously, six K type thermocouples with an 
accuracy of 0.1 °C were inserted into small holes drilled 
by the machining method at different locations along the 
edge channel of the evaporator section and condenser sec-
tion of the device. The assembly was wrapped in insula-
tion to reduce heat losses to the ambient. During testing, the 
electrical power (10–40 W) to the evaporator section was 
regulated by a variable transformer monitored by ammeter 
and voltmeter. The condenser section of was cooled by air 
at an ambient temperature of 1 ± 30 °C. Prior to operation, 
the MC-HS is evacuated and then partially charged with 
the de-gassed working fluid. Precise charging of the device 
is achieved using a syringe. When the acetone enters the 
device, it orientates itself naturally into a series of liquid 
slugs and vapor plugs inside the minichannels due to the 
dominance of surface tension forces.

4 � Uncertainty Analysis

The uncertainties analysis of the MC-HS has been calcu-
lated by Moffat (Moffat 1985) and Kline and McClintock 
method (Kline 1953). The thermal performance, an impor-
tant parameter of the MC-HS is calculated from Eq. (3).

where Te, Tc, and Q are the average temperatures of the evap-
orator, condenser, and heat load, respectively.

The parameters that contributed significantly to the 
uncertainty of thermal resistance are listed in Table 4. The 
uncertainty analysis of MC-HS is as follows.

According to the uncertainty analysis method, the input 
power for the MC-HS can be calculated by multiplying U 
and I expressed as follows: 

(3)Rth =
Te − Tc

Q

Te =
1

4

4
∑

i=1

Ti

Tc =
1

4

4
∑

i=1

Ti

Fig. 6   MC-HS experimental setup

Table 3   MC-HS parameters

Charge 
Ratio

Orientation Channel 
size

Channel 
shape

Working fluid

60% Vertical 2 × 2 mm2 Square Acetone
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The uncertainties can be expressed:

The voltage and current of heat load input system have 
accuracies both of 0.5. For 10 W, the detailed measured data 
are: U = 30 V, I = 0.33 A, Te-Tc = 30 °C (Acetone, charge 
ratio = 60%); then.

(4)Q = U × I

(5)�Q

Q
=

√

(

dU

U

)2

+

(

dI

I

)2

(6)�R

R
=

√

(

δTe

Te − Tc

)2

+

(

δTc

Te − Tc

)2

+

(

δQ

Q

)2

(7)�Q

Q
=

√

(

0.5% × 80

30

)2

+
(

0.5% × 1

0.3

)2

= 2.31%

(8)�R

R
=

√

(

0.5

30

)2

+
(

0.5

30

)2

+ (2.13)2

Selected coverage factor (K) as 2, then maximum uncer-
tainty (Ømax) is:

This is the maximum one for its small heat load and small 
temperature difference.

5 � Results and Discussion

The objective of this research was to investigate the thermal 
performance of the MC-HS for use in electronic cooling. 
The performance enhancement due to MC-HS was deter-
mined by subtracting the heat loss to the environment and 
heat transfer through the MC-HS from the heat load input.

5.1 � Temperature Responses of Evaporator 
and Condenser Section

The geometry of MC-HS plays a significant role in thermal 
performance which greatly affects the distribution of work-
ing fluid and the transition of flow patterns, especially when 
the cross-sectional shape is not circular, such as rectangular, 
the effect of the angled corners on the flow patterns is more 
obvious (Zhang et al. 2021). The start-up process of MC-HS 
involves the onset of two phase flow oscillations for the esti-
mation of the thermal performance of MC-HS at low heating 
load. The startup characteristic of the MC-HS is indicated 
by the variation of the temperature at the evaporator section.

The measured evaporator temperature data for the 
MC-HS at 10 W are displayed in Fig. 8. At 10 W, the evapo-
ration process was relatively weak in the evaporator section, 

(9)∅max = K ×
�R

R
= 2.12% × 2 = 4.25%

Fig. 7   MC-HS experimental 
apparatus

Table 4   Uncertainty of the main parameters

Parameters Accuracy

Evaporator temperature  ± 0.5 °C
Condenser temperature  ± 0.5 °C
Voltage 0.1%
Current 0.1%
Thermal resistance 4.26%



	 Iranian Journal of Science and Technology, Transactions of Mechanical Engineering

1 3

and thus the generated vapor plugs were insufficient and the 
liquids slugs moved slowly, resulting in the low-frequency 
and large-amplitude characteristics. With the assistance of 
the gravity force, the MC-HS started up easily for vertical 
(90°) orientation. And the startup time and temperature were 
57 °C and 225 s, respectively. At an increased heat load, the 
working fluid in the MC-HS is involved in the minichannel, 
and the faster fluid flow in the device results in a shorter 
startup time. Low heat load and short start-up time indicate 
rapid and sensitive thermal responses, which are required 
for electronic cooling applications (Xu et al. 2019; Sagar 
et al. 2022).

After heating for a certain period, the temperature dif-
ference between the evaporator section and condenser sec-
tion provides a sufficient driving force for the oscillation 
motion of the working fluid. The operation characteristic of 
the MC-HS is indicated by the variation of the temperatures 
at the evaporator section and condenser section. The tem-
perature responses of the evaporator and condenser sections 
are presented in Fig. 9 with the corresponding performance 
of the plate-fin aluminum heat sink when the heat load was 
increased from 10 to 40 W. In all tests, the maximum heat 
load given by the heat load input system was 40 W, and the 
heat dissipated through the cooling fins which were cooled 
by incoming air. The heat sink was tested repeatedly to set 
a baseline for the MC-HS performance. Both the plate-fin 
aluminum heat sink and MC-HS s had similar boundary 
conditions. For all heat loads investigated, the MC-HS pro-
vides a lower evaporative temperature relative to the solid 
heat sink. The percentage reduction in evaporator tempera-
ture, when using the cooling device is varied between 14 
and 25%, depending on the heat load. On the other hand, 
the MC-HS device had minimal temperature improvement 
across its surfaces compared to the solid heat sink.

5.2 � Comparison of Temperature Difference 
of MC‑HS and Heat Sink

As indicated in Fig. 10, with the increasing heat load, the 
temperature difference between the evaporator section and 
the condenser section becomes larger. This is an expected 
result as the heat transfer amount is increased if the heat load 
is larger. From Fig. 10, the MC-HS had 18 °C lower tem-
perature difference than the heat sink at 40 W. It is observed 
that the temperature difference between the evaporator and 
condenser section for the MC-HS is smaller than that for 
a plate-fin aluminum heat sink at the same heat load. For 
example, when the heat load is 40 W, the temperature differ-
ence for the heat sink is about 58 °C while for the MC-HS it 

Fig. 8   The startup characteristics of MC-HS at 10 W

Fig.9   Temperature responses of evaporator and condenser section

Fig. 10   Comparison of temperature difference of MC-HS and Heat 
Sink
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is 40 °C. This observation indicates that the MC-HS is better 
than a plate-fin aluminum heat sink in terms of heat transfer 
capability. The oscillatory motions of liquid slugs and vapor 
plugs are evident in the temperature profiles of the MC-HS. 
The heat sink embedded with minichannels essentially uti-
lizes the changes in the temperature and pressure during the 
expansion and contraction of volume in the process of phase 
changes to stimulate the oscillation motion of liquid slugs 
and vapor plugs in the minichannels.

The MC-HS was able to maintain an operational tempera-
ture for the electronic component even with 40 W heat loads. 
At an increased heat load, more fluid in the CLFP-OHP is 
involved in the MC-HS working cycle, and the faster oscil-
latory flow in the device results in a reduction in temperature 
difference and hence improvement in thermal performance.

The temperature difference between the evaporator and 
condenser sections indicates the oscillatory motion of work-
ing fluid in the device. The experimental results indicated 
that the MC-HS achieved a steady state condition through 
natural convection cooling. The heat load accumulation 
made the saturation pressure high enough to drive the 
oscillatory motion of liquid slugs and vapor plugs, and the 
working fluid from the bottom was pushed to the condenser 
section.

5.3 � Thermal Performance of MC‑HS

The thermal performance of the MC-HS is evaluated by the 
thermal resistance. The temperature difference between the 
evaporator and condenser section is very important for jus-
tifying the thermal performance of the MC-HS. If Rth is 
calculated to be a smaller value, the heat transfer capabil-
ity of the MC-HS is better. The obtained thermal resistance 
values of both heat sink and MC-HS s are plotted in Fig. 11.

It indicates that the thermal resistance decreases with an 
increase in the heat load. The results indicate that the ther-
mal resistance of the MC-HS varies from 3 °C/W to 1 °C/W 
when the heat load changes from 10 to 40 W. The thermal 
resistance for a MC-HS is generally 20–31% smaller than 
that of the plate-fin aluminum heat sink at the same heat 
load. For the 10 W heat load, the plate-fin aluminum heat 
sink has a thermal resistance of 3.75 °C/W, while the ther-
mal resistance of the MC-HS is 3 °C/W, reduced by 20%. 
For the other heat loads, 30–40 W, the thermal resistance 
of the MC-HS is reduced by 28.16–31.03%, respectively, if 
the plate-fin aluminum heat sink is replaced by the MC-HS.

Compared with a plate-fin aluminum heat sink, the fluid 
of the MC-HS is divided into many relatively minichannels 
by the closed-loop structure; the oscillatory motion of liq-
uid slugs and vapor plugs in minichannel reduces thermal 
resistance. It is found that the minichannels have proper flow 
circulation and are easier to form a circulating flow of work-
ing fluid. Particularly, the square channels can generate more 

driving force, which consequently increases the flow velocity 
of the working fluid and improve the thermal performance 
of the MC-HS. For the MC-HS, the nonuniform distribution 
of liquid slugs and vapor plugs makes the pressure distribu-
tion inside the minichannels uneven, which is easier to form 
two phase heat transfer. By comparing the MC-HS with the 
conventional heat sink, experimental results show that the 
MC-HS has a more intense self-excited oscillation motion 
of working fluid. Therefore, it can increase the flow velocity 
of the working fluid and increase the thermal performance 
of the MC-HS. Working fluid acts an essential role in the 
thermal performance of MC-HS, which directly determines 
the operating range of the device. The latent heat and boil-
ing point of acetone are lower, which are beneficial to the 
evaporation of the evaporator section and the condensing of 
the condenser section (Kim and Kim 2020b). Therefore, it 
would increase the pressure difference between the evapora-
tor section and the condenser section. Consequently, the low 
dynamic viscosity of acetone is beneficial to the oscillatory 
flow of the working fluid (Kim and Kim 2020a). In addi-
tion, the cooling fins enlarged the condenser surface area and 
increased the thermal performance of the MC-HS. Hence the 
thermal resistance of a MC-HS should easily surpass a plate-
fin aluminum heat sink device. The MC-HS technology is 
maturing as a real world thermal management solution for 
electronics systems. Recent advancements in manufacturing 
have enabled MC-HS to be embedded inside a wide range of 
conventional cooling techniques.

5.4 � Model Validation

To check the validity of the minichannel heat sink, verifica-
tion was made by comparing the results with the experimen-
tal data of Mehta et al. (Mehta et al. 2020a). The geometric 

Fig. 11   Thermal performance comparison of MC-HS and plate-fin 
aluminum heat sink
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parameters of the MC-HS are substantially the same as that 
of the literature, and the charge ratio is set as 60%. Figure 12 
compares the present results with the experimental data 
for acetone. In Fig. 12, the maximum deviation of thermal 
resistance from the experimental data is 4.2%. Therefore, it 
can be seen that the present results are in a good agreement 
with the experimental data.

6 � Conclusions

A new enhanced model is investigated to improve the ther-
mal performance of conventional plate-fin aluminum heat 
sinks. Compared with the conventional plate-fin aluminum 
heat sink, the new MC-HS has 18 parallel minichannels 
machined on the aluminum base plate, which forms more 
pathways for working fluid to oscillate between the evapo-
rator section and the condenser section. The MC-HS was 
oriented vertically and the evaporator section was used to 
give heat load up to 40 W. According to the results, it is 
concluded that the MC-HS is an effective method in the 
thermal management of electronic devices, which has the 
following advantages.

•	 The MC-HS with 2 × 2 mm2 square channels and charged 
with acetone achieved thermal resistance of 1 °C/W.

•	 Compared to the plate-fin heat sink, the enhanced model 
was better due to two phase heat transfer occurred in min-
ichannels. The MC-HS can operate in the heat spreading 
configuration, as evidenced by temperature responses of 
the evaporator and condenser sections changes with the 
heat load.

•	 Experimental results show that the thermal resistance 
of the MC-HS is reduced by 20–31%. The MC-HS can 
reduce the temperature difference between 14 and 25%.

•	 The proposed methods in this study guarantee the lower 
thermal resistance required in the electronic devices.

The thermal resistance is decreased with an increase in 
the heat load. The experimental results indicate the new 
MC-HS is more superior for the high dissipation of the elec-
tronic components.

7 � Future Work

In future work, the dispersion of nano-sized particles in the 
working fluid could be the better choice for enhancing the 
heat transfer capability of MC-HS. The correlation of dif-
ferent performance parameters can be established in future 
research work so that more insight into the operating char-
acteristics of MC-HS is understood.
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