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a b s t r a c t 

The convection heat transfer of nano-encapsulated phase change material (NEPCM)-water suspensions 

in a divergent minichannel heatsink was experimentally investigated. The mini heatsink was made of 

eight minichannels with a divergent angle of 1.38 °. The minichannel was heated at the bottom, and the 

NEPCM-water was used as the cooling working fluid. The average Nusselt number, the index of perfor- 

mance, and the pressure drop of NEPCM-water compared to the pure water were examined. The exper- 

iments show that employing NEPCMs could be advantageous in low Reynolds number flows and low 

heating powers. The phase change heat transfer of NEPCM particles promoted the heat transfer by 82% 

compared to pure water. Moreover, using the NEPCM particles was not advantageous at large Reynolds 

numbers, where the sensible heat was the dominant mechanism of heat transfer. 

© 2020 Elsevier Ltd. All rights reserved. 
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. Introduction 

The advancement of technology in the miniaturization of elec- 

ronic components and magnetic devices has increased the heat 

eneration and surface heat fluxes of these elements. Moreover, 

CMs can be used as an compact thermal energy storage medium 

 1 , 2 ]. In many cases, conventional heating techniques such as 

ooling by heatsinks or air cooling are not adequate. Hence, re- 

earchers continuously seek for practical approaches to address 

hese technological cooling demands. Among the various proposed 

pproaches, the microchannel and minichannel heatsinks have 

roven their high performance [ 3 , 4 ]. 

The heat transfer performance of micro/mini channels could 

e further improved by using an enhanced working fluid such as 

anofluids [ 5 , 6 ] or hybrid nanofluids [7] . Many other approaches

ave also been reviewed in the study of Hussien et al. [8] . During

he past several years, slurries of Micro-Encapsulated Phase Change 

aterials (MEPCMs) have been proposed and utilized as a poten- 

ial type of working fluids. In MEPCM slurries, the microparticles 
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ould undergo a phase change and influence the heat transfer by 

hase change. The core of MEPCMs is made of a Phase Change 

aterial (PCM), which melt/solidify at its fusion temperature and 

tore/release heat to the surrounding in the form of latent heat. 

he PCM core is enclosed by a shell, which is typically a polymer. 

ecently, the MEPCM slurries and suspensions and their thermal 

nd hydrodynamic properties have been reviewed in the compre- 

ensive investigations of Delgado et al. [9] and Chen et al. [10] . 

Considering the application of MEPCM suspensions in chan- 

el heatsinks, Wang et al. [11] investigated the convective flow 

eat transfer of MEPCMs suspensions in a microchannel. The mi- 

rochannel heatsink was a stainless-steel plate with ten carved 

icrochannels of 0.35 × 0.35 mm cross-section and length of 

40 mm. The microcapsules were made of paraffin-cores and 

elamine-formaldehyde resin shells, while the host fluid was 

ater. The experimental results showed that using MEPCM- 

uspension could improve the Nusselt number by 1.36 times. 

oreover, using the MEPCM particles could lead to a drastic in- 

rease of the pressure drop along the channel. 

Sabbah et al. [12] theoretically examined the heat transfer and 

hermal performance of MEPCM-suspensions in a microchannel by 

 numerical 3D model. Their findings indicate that using MEPCM 

articles enhances the heat transfer and uniformity of the cooling. 

till, the particular advantage of using encapsulated particles de- 
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http://www.ScienceDirect.com
http://www.elsevier.com/locate/hmt
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijheatmasstransfer.2020.120717&domain=pdf
mailto:cjho@mail.ncku.edu.tw
mailto:mohammad.ghalambaz@tdtu.edu.vn
mailto:wmyan@ntut.edu.tw
https://doi.org/10.1016/j.ijheatmasstransfer.2020.120717


C.J. Ho, Y.-C. Liu, T.-F. Yang et al. International Journal of Heat and Mass Transfer 165 (2021) 120717 

p

w  

l

o

t

t

n

m

p

t

f

c

p

t

[

d

g

t

w

a

l

a

m

t

c

t

i

r

t

p

c

2

t

l

w

i

o

d

p

s

t

n

b

a

v

n

t  

[

t

p

t

s

s

l

p

h

d

[  

h

o

s

a

n

Nomenclatures 

A ch the single-channel’s cross-area at the inlet (m 

2 ) 

Ar a single channel aspect ratio ( H ch / W ch ) 

COP the coefficient of performance 

C p the heat capacity per unit mass (J/(kg.K)) 

df the measurement’s uncertainty 

D H the hydraulic diameter of the channel (mm) 

f the coefficient of the friction factor 

FOM the index of performance 

H c the thickness of channel material at the thermo- 

couple location (mm) 

h the average of the forced convection heat transfer 

(W/(m 

2 .K)) 

I the supplied current to the element (A) 

k the thermal conductivity (W/(m . K)) 

L ch the channel length (m) 

N the number of the channels in the heatsink 

Nu the average of Nusselt number in a channel 

P the consumed power for pumping working fluid 

through a channel (W) 

p the measured pressures (Pa) 

Pe Péclet number 

q cooling power (W) 

q" the element heat flux (W/m 

2 ) 
˙ Q volumetric rate of the working fluid (m 

3 /s) 

Re Reynolds number 

Sb the subcooling number 

Ste ∗ the heating-power compared to the fusion’s latent 

heat 

T the temperatures ( °C) 

T M 

the particle’s fusion temperature ( °C) 

u m 

the average of the inlet velocity (m/s) 

V the supplied voltage to element (V) 

W the width of the channel (mm) 

x 1 , x 2 , x n the experimental measurements 

Greek symbols 

β the angle of channel pathway expansion (deg) 

� the difference operator 

�H the fusion’s latent heat (J/kg) 

�T ref a reference temperature q h / ρb f C p ˙ Q ( °C) 

�x an observation uncertainty 

ε the convection ratio 

θ the dimensionless temperature 

μ the working fluid’s dynamic viscosity (N.s/m 

2 ) 

ρ the working fluid’s density (kg/m 

3 ) 

ω nepcm 

the nanoparticle’s volumetric concentration (%) 

ω pcm 

the nanoparticle’s mass concentration (%) 

Subscripts 

bf the host liquid 

ch the channel 

eff effective values based on the average of outlet and 

inlet 

in the inlet of a channel 

m an average property 

mtd computed values based on the average of outlet and 

inlet 

nepcm the nanocapsules 

out the outlet of a channel 

tc thermocouples 

w the channel’s bottom wall 
2 
ends on the heating-power and the inlet cooling temperature as 

ell as the fusion temperature of the particles. Liu et al. [13] , uti-

izing a comprehensive model, analyzed the heat transfer behavior 

f MEPCM slurries in a rectangular microchannel. In their model, 

hey considered the heat transfer resistance between the micropar- 

icles and the base fluid. Their findings showed that the Nusselt 

umber could be raised to 190% by using 20% a mass fraction of 

icrocapsules. They also reported that a channel with a larger as- 

ect ratio (width/height) at its cross-section could better improve 

he releasing the latent heat of microparticles and the heat trans- 

er. 

In 2012, Farid and Al-Hallaj [14] filed a patent on the mi- 

rochannel heat exchangers with MEPCM materials for cooling ap- 

lications. In 2014, Wang [15] introduced a patent on the applica- 

ion of MEPCM liquids for cooling of automobile batteries. Ho et al. 

16] experimented on the advantage of using divergent channels 

esign in mini channel heatsinks. The results revealed that a diver- 

ent minichannel could improve the heat transfer rate and reduce 

he pressure drop. Thus, a divergent channel, which works with 

ater as the coolant, provides a better coefficient of performance 

nd lower thermal resistance compared to a parallel channel. Fol- 

owing [16] , Ho et al. [17] examined the convective heat transfer 

nd pressure drop of n-eicosane MEPCM-suspensions in divergent 

inichannel heatsinks. They examined the thermal performance of 

he suspension for two divergent angles of 1.36 ° and 2.06 ° and 

ompared their findings with a parallel channel. They discovered 

hat using MEPCMs improves heat transfer with the cost of a surge 

n the pressure drop. A divergent channel with an angle of 1.36 °
esulted in the improvement of the heat transfer and reduction of 

he pressure-drop penalty compared to a parallel channel. The im- 

rovement was pronounced at high Reynolds numbers and large 

oncentrations of microparticles. Increasing the channel angle to 

.06 ° reduced the heat transfer at high Reynolds number. The heat 

ransfer could be declined to a level lower than that of a paral- 

el channel. Hence, the angle of divergence is a critical parameter, 

hich could boost the benefit of using MEPCM suspensions, but 

t should be selected carefully. The simple convective heat transfer 

f nanofluids with no phase change has also been investigated in 

ivergent channels [18] and corrugated walls [19] . 

Very recently, a novel class of encapsulated phase change sus- 

ensions, nano-encapsulated phase change materials (NEPCMs) 

uspensions, has been introduced, and their heat transfer advan- 

ages have been reviewed by Liu et al. [20] . The tiny size of 

anocapsules allows researchers to synthesize a uniform and sta- 

le suspension of NEPCM particles. Hence, the NEPCM-suspensions 

re an advanced type of hybrid nanofluids, which are promising for 

arious heat transfer applications [21-23] . Dispersed phase change 

anoparticles can move with the liquid and contribute to heat 

ransfer by their sensible and latent heat of fusion [24] . Seyf et al.

25] simulated the heat transfer of a NEPCM slurry in a micro- 

ube heatsink using a 3D model. They assumed a lumped mass 

hase change model for the nanoparticles. The authors examined 

he impact of Reynolds number, particle concentration, and fu- 

ion temperature on the cooling behavior of the slurry. Their re- 

ults showed that a rise in the mass fraction of particles and in- 

et Reynolds number could improve the Nusselt number and tem- 

erature uniformity in the heatsink. Furthermore, the convection 

eat transfer of NEPCM suspension and slurries have also been ad- 

ressed in other theoretical works such as backward-step channels 

26] , micro pin-fin heatsinks [27] , and enclosures [ 28 , 29 ], but they

ave not been investigated for divergent channels. 

The literature review shows that the experimental researches 

n the convective heat transfer and thermal behavior of NEPCM- 

uspension in mini/microchannels are scarce. Ho et al. [30] ex- 

mined the heat transfer of NEPCM-suspensions in a minichan- 

el heatsink with a uniform cross-section area. The results showed 
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hat using NECPM-particles could raise the heat transfer rate by 

bout 70% while the index of performance improved by about 45%. 

oreover, it was found that the nanoparticles are of interest at 

mall Reynolds numbers since the liquid passes through the chan- 

el slowly. Indeed, when the fluid slowly passes through the chan- 

el, there is enough time for the heat transfer and interaction be- 

ween liquid and nanoparticles and heat absorption by latent heat. 

As stated, Ho et al. [ 16 , 17 ] explored the forced convection heat

ransfer of water [16] and MEPCM suspensions [17] in the diver- 

ent minichannel heatsinks. Since the liquid has more time to 

ass the channel, the divergent channel design has a notable ad- 

antage over a rectangular minichannel heatsink. Hence, it could 

e expected that this advantage becomes more evident for the 

EPCM suspensions and the contribution of the latent heat. The 

iterature works [ 16 , 17 ] were limited to micro encapsulated phase 

hange suspensions and pure water or a parallel geometry chan- 

el [30] , while the objective of the present research is to address 

he convection heat transfer, thermal performance, and pressure 

rop of nano-encapsulated phase change suspensions in a diver- 

ent minichannel heatsink with a divergent angle of 1.36 °. 

. Experimental method 

.1. Experimental setup 

An experimental setup was constructed to test the forced con- 

ective heat transfer of NEPCM-water in a divergent minichannel 

eatsink. A water-base stable suspension was synthesized to be 

sed as the working fluid. The suspension was introduced to the 

ivergent minichannel to cool the heatsink. The schematic dia- 

ram of the experimental setup is depicted in Fig. 1 . As seen, a

entrifugal pump draws the cold NECPM suspension from a se- 

ies of cold heat exchangers and pushes it through a controlled 

emperature heat exchanger. After the control heat exchanger, the 

uspension passes through the minichannel and absorbs the heat 

n the form of sensible and latent heat. Since the NEPCM parti- 

les shall be solidified, the cold heat exchangers were employed 

o subcool the suspension. Later, the control heat exchanger was 

sed to adjust the temperature of the working fluid before entering 

he heatsink. The heat exchangers were immersed in temperature- 
Fig. 1. The test setup and NE

3 
ontrolled water tanks. Cotton layers insulated the experimental 

etup and connecting pipes. 

The flow rate of the suspension was measured using a flow 

eter just before the minichannel test module. A pressure gauge 

as utilized to record the pressure difference along the minichan- 

el. Two thermocouples were used to monitor the inlet and exit 

emperatures of the heatsink. Seven thermocouples were used to 

easure the heatsink temperatures. A block of pure copper with a 

hermal-conductivity of 401 W/m ·K was adopted as the construc- 

ion material for the heatsink. Eight divergent minichannels were 

rilled in the copper block to construct the heatsink. The chan- 

els were initially etched on the copper block by using the cut- 

ing electric discharge method. Then, a computer numerical con- 

rol machine (CNC) was employed to complete the channel pas- 

ages. A schematic view of the channel shape and dimensions are 

llustrated in Fig. 2 . The values of the geometric specifications are 

eported in Table 1 . The symbol A r indicates the height/width (as- 

ect ratio) of a channel, and N denotes the quantity of the etched 

hannels. 

The experiment of Ho et al. [31] indicates that the copper is not 

 proper material to be utilized as the fixture of the heatsink. Cop- 

er is highly thermal-conductive, which leads to high heat losses. 

hus, Teflon was used as a fixture of the test module. Teflon has 

ood insulation properties, and it is also resistant to high tempera- 

ures up to 150 °C. The acrylic glass (PMMA) was chosen for the 

op cover. Since the acrylic is transparent and thermal resistive, 

he flow in the channel could also be monitored visually with- 

ut much heat losses. Two planar elements were used to heat the 

inichannel uniformly. One of the elements heated the minichan- 

el, and the other element, which was mounted behind the first el- 

ment, supplies a heat flux to cover the losses at the fixture. Thus, 

ll of the generated heat by the first element will reach the sus- 

ension flow. The heating elements are plates of 2 × 50 × 6 mm 

laced below the minichannel. A DC power supply controlled the 

equired power of the elements. The contacting gap between the 

lates and the heatsink was filled with thermal paste to reduce the 

hermal resistance and temperature differences between the ele- 

ent and the heatsink. Moreover, several bolts were used to hold 

he fixture tight and add pressure between the elements and the 

eatsink. 
PCM suspension loop. 
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Fig. 2. The geometry of the divergent channel. (a) top view, (b) side view (units are in mm), (c) schematic diagram 

Table 1 

The size specification of minichannel and the mini heatsink. 

Specification W rib W ch H ch L ch H c A r D H N

Value (mm) 0.3 2.2 1.5 50 5 0.68 1.6 8 
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Seven thermocouples were drilled holes below a divergent 

hannel next to the center of the heatsink. The depth of each 

rilled hole was 5 mm from the bottom of the heatsink. The ther- 

ocouples were connected to a data logger, which records the 

emperatures. The one-dimensional heat conduction approach was 

mployed to evaluate the temperature of the surface channel. The 

ocation of the thermocouples is depicted in Fig. 3 . The local heat 

ux can be computed using the surface temperature of the chan- 

el. Moreover, the total amount of absorbed heat by the suspen- 

ion would be the difference between the inlet and outlet en- 
Fig. 3. The placement of the thermocouples below the divergent channel. 

s

t

b

h

4 
halpies of the suspension. Tapes and rings were used to water- 

roof the fixture and heatsink at the bolts and joint locations and 

educe the heat losses. The details of the test module are illus- 

rated in Fig. 4 . 

.2. Synthesis of the suspension 

The encapsulated particles were synthesized in water using the 

nterfacial condensation polymerization approach. The PCM core 

as eicosane (the latent heat 247.3J/g), while the formaldehyde 

as used as a shell. The emulsion was synthesized using the ul- 

rasonication method. More details about the preparation method 

nd Scanning Electron Microscopy (SEM) photo of the nanocap- 

ules have been reported in our previous study [30] . The test re- 

ults indicate a uniform capsule size of 250-350nm in the wa- 

er. The thermophysical properties of the NEPCM-suspension were 

ummarized in Table 2 . Since the nanoparticles are denser than 

he water, the overall density of the suspension is higher than the 

ase fluid. Moreover, the concentration of nanoparticles is low, and 

ence their influence on the thermophysical properties is mini- 
Table 2 

The measured thermophysical properties of suspension as a function of nanopar- 

ticles concentration. 

ω pcm ω pcm (%) μ × 10 3 (N.s/m 

2 ) k (W/m.K) c p (J/kg.K) P (kg/m 

3 ) 

0.0 0.8 0.602 4180 994 

0.63 0.97 0.6 4140 996 

1.8 1.16 0.59 4080 999 

3.8 1.25 0.57 3960 1020 
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Fig. 4. The test module and the minichannel heatsink. 
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al. It is also interesting that suspending the nanoparticles in the 

ots fluid slightly reduced the overall thermal conductivity of the 

uspension, but the dynamic viscosity raised. The DSC curves of 

EPCMs samples showed that the phase transition temperature of 

articles during the heating cycle was 34.4 °C. 

. Experimental analysis 

.1. The characteristics variables 

The Reynolds number shows the strength of the flow in the 

hannel, which was defined using the channel’s hydraulic diame- 

er: 

e = 

ρu m 

D H 

μ
(1) 

In the above definition, u m 

indicates the suspension’s average 

elocity. The average velocity was computed using the volume flow 

ate and the area of the channel as ˙ Q / N A ch . The hydraulic diame- 

er D H was computed as D H = 4 × A ch / L ch , where L ch denotes the

hannel’s wet perimeter, and A ch represents the area of the chan- 

el cross-section at the inlet of the channel. The volumetric flow 

hrough a passage ( ˙ Q ) was adjusted in the experiment to change 

he Reynolds number. Since the Reynolds number was computed 

or one channel, the volume rate of the heatsink was divided by 

he number of channels, N = 8. The size of the channel is in the or-

er of a millimeter; hence, the Reynolds numbers are of the order 

f hundreds and in the range of 112~940. 

As mentioned earlier, the one-dimensional conduction model 

as used to compute the surface temperature at the interface of 

he fluid and bottom of the minichannel. Then, the recorded tem- 

eratures of the thermocouples at the beneath of the microchannel 

nd the element’s heat flux were used to compute the surface tem- 

erature. The one-dimensional conduction between the location of 

he thermocouple and the surface of the channel was written as: 

 w 

= T tc −
q ′′ e f f H c 

k 
(2) 
c 

5 
In the above relation, q ′′ 
e f f 

shows the element heat flux beneath 

he heatsink. Since the hating power of the element was controlled 

y DC supply, the heat flux was evaluated as the power divided 

y the element surface. The symbol H c denotes the copper thick- 

ess between the thermocouple location and the channel surface. 

he subscripts of w, tc , and c show the channel surface (wall), the 

hermocouple, and copper. The demanded pumping power ( P ) to 

ass the suspension through the heatsink was computed using the 

ecorded pressure drop between inlet and outlets of the heatsink 

P multiplied by the flow rate ˙ Q . It should be noted that mea- 

uring the pressure drop at the inlet and outlet of the miniature 

orts of the minichannel is not possible. Thus, following the study 

f Ho et al. [31] , the pressures were measured next to the inlet

nd outlet ports, and then the pressure drop was corrected by tak- 

ng account of the pipe losses and expansion and contraction local 

osses. The inlet’s hydraulic-diameter was used for computations. 

he details of the pressure corrections have been discussed in the 

tudies of Ho et al. [31] as well as [30] . 

The friction factor was introduced by using pressure drop, the 

ydraulic diameter of the channel, and the channel length L ch as: 

f = 

1 

2 

D H 

L ch 

�p 

ρu 

2 
m 

(3) 

The mean temperature of the inlet and outlet of the channel 

nd the wall temperature were used to introduce the Nusselt num- 

er: 

u mtd = 

h mtd D H 

k 
(4) 

ere, h mtd indicates the average heat transfer coeffi- 

ient, which was evaluated by using the surface heat flux 

 mtd = q 
′′ 
e f f 

/ ( T w 

− ( T in + T out ) / 2 ) . The subscripts of out and in 

epresent inlet and outlet of the minichannel. 

In order to judge the effectiveness of using the NEPCM in water 

ompared to the pure water, the convection ratio ( ε 
h mtd 

) was intro- 

uced as a ratio of heat transfer coefficient of the NEPCM suspen- 
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ion to the host fluid: 

 

h mtd 
= 

h mtd,nepcm 

h mtd,basic 

(5) 

here the subscripts of nepm and basic show the NEPCM- 

uspension and the hots fluid, respectively. An enhanced convec- 

ion heat transfer due to the presence of NEPCM particles leads to 

 

h mtd 
greater than unity, while deterioration of heat transfer leads 

o a convection ratio smaller than unity. 

It should be noted that not only NEPCM particles contribute to 

eat transfer but also they increase the required pumping power. 

herefore, the ratio of the total absorbed energy rate ( q e f f ) to the 

ecessary pump-power ( P m 

), was introduced by the Coefficient of 

erformance ( COP ): 

OP = 

q e f f 

P m 

(6) 

Considering the convection ratio ( ε 
h mtd 

) and the pump-power 

etween two states of using NEPCM-water suspension and pure 

ater, the performance index ( FOM ) was introduced as: 

 O M mtd = 

ε 
h mtd 

( P nepcm 

/ P basic ) 
1 
3 

(7) 

The Peclet number ( Pe ), Stefan number ( St e ∗), and subcooling 

arameter ( S b in ) are defined as below: 

 e = 

ρc p u m 

D H 

k 
, St e ∗ = 

c p �T f 

�H 

, S b in = 

T M 

− T in 
�T re f 

(8) 

In the above equation, the Stefan number represented the com- 

arison of the imposed heating power and the latent heat ( �H ). 

he parameter S b in denotes the subcooling parameter. This param- 

ter compares the imposed inlet cooling temperature ( T in ) with the 

usion temperature of NEPCM particles ( T M 

). 

Finally, the dimensionless wall temperature was introduced us- 

ng the temperature difference between the wall and the inlet tem- 

eratures.: 

w 

= 

T w 

− T in 
�T re f 

(9) 

here the temperature difference was normalized to the relative 

emperature ( �T ref = q e f f / ρb f C p ˙ Q ). 

.2. Uncertainties of the experiment 

The uncertainties of the measured values, computed values, and 

he results of the experiment are summarized in Table 3 . These 
Table 3 

The uncertainty summary of the measured and comput

Item Symb

Input 

Length of microchannel (mm) L ch 

Hydraulic diameter(mm) D H 
Current (A) I 

Concentration (%) ω pcm 

Voltage (Volt) V 

Measured 

Temperature (K) T tc 

Pressure drop (Pa) �p

Volume flow rate (m 

3 /s) Q 

Difference of inlet and outlet Temperatures �T 

Result 

FOM FOM 

COP COP 

Pumping power P 

Convection ratio ε 
h mtd 

Avg. Nusselt number Nu mtd

Avg. heat transfer coefficient (W/(m 

2 K)) h mtd 

6 
ata were used for the error analysis of the findings. The uncer- 

ainties of the computed parameters were evaluated using the fol- 

owing relation: 

ror r ( x 1 , x 2 , · · ·, x n ) = √ 

(�x 1 
∂ f 

∂ x 1 
) 

2 

+ (�x 2 
∂ f 

∂ x 2 
) 

2 

+ · · · + (�x n 
∂ f 

∂ x n 
) 

2 

(10) 

here the error indicates a computed error of a variable, which 

s a function of x 1 , x 3 , …, x n . Here, �x is the uncertainty of each

easurement. 

The range and uncertainty of the computed outcomes are also 

eported in this table. For example, the reported values of the Nus- 

elt number are within ± 6.8~15.9 (%) uncertainty. The pumping 

ower was also computed within ± 1.2~15.8 uncertainty. 

. Results and discussion 

The influence of employing NEPCM-water on the thermal per- 

ormance of a divergent minichannel with a divergent angle of 

= 1.38 ° was examined. The friction factor, the local variation of 

ormal wall temperature, the average Nusselt number, the coeffi- 

ient of performance, the convection ratio, and the index of perfor- 

ance were addressed for various Reynolds numbers and NEPCM 

oncentrations ( ω PCM 

= 0~3.8%). The inlet temperature for all exper- 

ments was fixed around 34 °C, which is slightly lower than the fu- 

ion temperature of 34.4 °C. 

Fig. 5 illustrates the variation of friction factor for different 

oncentrations of nanoparticles in the divergent channel with 

= 1.38 °. This figure exhibits that an increase of the particle 

oncentration surges the friction factor. The straight-line shows 

he theoretical friction factor for a fully developed flow of a 

traight channel. For pure water and a low Reynolds number, e.g., 

e bf,mean = 112, the friction factor is slightly smaller than that of the 

heoretical formula. As the Reynolds number rises, the measured 

riction factor will be higher than that of the theoretical method. 

his is since the theoretical formula predicts the friction factor for 

 fully developed flow, while the flow has not reached a fully de- 

eloped state in the minichannels of the present experiment. How- 

ver, due to the change of the geometry and the gradually expand- 

ng of the flow channel, the outlet velocity reduces, and the flow 

ondition is close to the fully developed hydrodynamic behavior 

n a straight channel. It is also found in Fig. 5 that the presence

f nanoparticles notably increases the friction factor. Attention to 

able 2 indicates that the increase in the concentration of nanopar- 

icles leads to a significant viscosity argumentation. An increase in 
ed variables. 

ol Range Uncertainty 

50mm ± 0.2 mm 

1.2mm ± 0.1mm 

0.65~1.15 ± 0.005 Ampere 

0.63~3.8 ± 0.0001% 

16~26.2 ± 0.05 Volt 

38.5~86.3 ± 0.3 K 

200~6900 ± 10 Pa 

8.33E-07~7.0E-6 ± 0.1~1.1 (%) 

0.35~8.3 ± 0.3 K 

0.61~1.47 ± 5.6~23.8(%) 

2224~589094 ± 5.5~22.5(%) 

0.80041E-05~4.7E-3 ± 1.2~15.8(%) 

0.7~1.71 ± 8.2~25.6(%) 

 

2.45~9.02 ± 6.8~15.9 (%) 

782~ 4529 ± 6.2~15(%) 
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Fig. 5. Relation between friction factor and Reynolds number for various concen- 

trations of NEPCM particles and reference line [32] . 
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he viscosity of liquid results in a higher pressure drop. Hence, the 

igher the concentration of nanoparticles is, the larger the friction 

actor is. It is clearly noted from this Fig. 5 that the increase of

eynolds number reduces the friction factor, and the rise in the 

oncentration of nanoparticles boosts the friction factor. Analysis of 

he recorded data reveals that the growth of the particles’ concen- 

ration inclines the pressure drop along the channel. Table 2 shows 

hat a 3.8% concentration of particles leads to a 72% surge in the 

ynamic viscosity. 

The distributions of the dimensionless wall temperature along 

he flow direction of the phase change suspension with differ- 

nt concentrations in the divergent flow channel are presented in 

igs. 6 and 7 . The results are reported for q eff= 20.6 W ( Fig. 6 )

nd q eff= 30.2 W ( Fig. 7 ). The outlet temperatures (T out ) at vari-

us Reynolds numbers were found as 40 °C at Re bf = 90, 35.7 °C at

e bf = 325, and 34.7 at Re bf = 729 for Fig. 6 . The variation of con-

entration of nanoparticles induces minimum impact on the out- 

et temperature, and hence, the reported outlet temperatures could 

e considered for all concentrations. Similarly, the outlet tempera- 

ure for a higher heating power of 30.2 were found as 42.9 °C at 
ig. 6. Variation of normal wall temperature along the channel when 20.6 W as a function

f 1.8%, and (c) concentration of 3.8%. 

7 
e bf = 90, 36.5 °C at Re bf = 325, and 35.1 at Re bf = 729. Here, x + 

enotes the local length along the channel in flow direction. 

As seen, when the flow rate is low, the working fluid should ab- 

orb a significant amount of heat until it reaches the outlet. Thus, 

n this case, the liquid temperature is fairly higher than the fu- 

ion temperature of nanoparticles. As a result, a uniform full melt 

f particles could be expected. In the case of a moderate flow rate, 

he working fluid is only a few degrees higher than the fusion tem- 

erature of nanoparticles. Thus, it could be expected that some of 

he nanoparticles do not melt completely. This situation could get 

orsen for larger Reynolds numbers and high flow rates. The re- 

ults showed that the outlet temperature was further increased for 

igher heat flux. In this case, the nanoparticles could better con- 

ribute to the heat transfer due to a higher temperature difference 

etween the liquid and particles’ fusion temperature. As a gen- 

ral conclusion, the increase of the heat flux or the reduction of 

ow rate would boost the temperature growth of liquid through 

he channel and will intensify the phase change heat transfer of 

anoparticles. 

Regardless of the heating power, employing the nanoparticles 

educes the wall temperature for the cases with small Reynolds 

umbers significantly. The increase of concentration of nanoparti- 

les boosts the wall temperature reduction. At middle Reynolds- 

umbers, there is also a decrease in the wall temperature, but this 

dvantage is only notable at high concentrations of nanoparticles. 

t high Reynolds numbers, using NEPCM particle lose its advan- 

age. In the case of high heating power (30.2 W), the wall tem- 

erature slightly grows. The presence of 0.63% nanoparticles de- 

eriorates the heat transfer at high heat power of (20.6W) and 

igh Reynolds numbers, but NEPMCs could still be advantageous 

n the lower heating power of 30.2W. As a general conclusion, us- 

ng phase change nanoparticles at low Reynolds numbers notably 

nhances the convection rate and declines the wall temperature. 

t the middle Reynolds number, a very good wall temperature re- 

uction could be observed. However, solely high concentrations of 

anoparticles could be beneficial at high Reynolds numbers. As the 

eating power increases, high concentrations of nanoparticles are 

equired to maintain the advantage of using NEPCMs. 

Fig. 8 shows the average Nusselt number under different 

eating power and the nanoparticle concentration for the di- 

ergent minichannel. In various experimental conditions, it can 

e seen that the Nusselt number rises with an increase of the 

eynolds number for the middle and low Reynolds numbers 

 Re bf,mean = 112~403). The incline of the average Nusselt number fol- 

ows a similar trend as the experimental results of the pure water. 

owever, the presence of NEPCMs with a concentration of 0.63% 
 of the concentration of nanoparticles; (a) concentration of 0.63%, (b) concentration 
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Fig. 7. Variation of normal wall temperature along the channel when 30.2 W as a function of the concentration of nanoparticles; (a) concentration of 0.63%, (b) concentration 

of 1.8%, and (c) concentration of 3.8%. 

Fig. 8. The impact of Reynolds number and heat capacity ratio on the average Nusselt number ( Nu mtd ) at different heating powers; (a) 10.5 W, (b) 20.6 W, and (c) 30.2 W . 
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eteriorates the heat transfer in the case of low hating power, 

0.5 W, and at a slightly higher Reynolds number ( Re bf,mean = 672). 

he phase change suspension with different concentrations has a 

urning point at a higher Reynolds number ( Re bf,mean = 940). Us- 

ng NEPCMs at a high Reynolds number is not beneficial regard- 

ess of the concentration of the nanoparticles. This turning point 

hifts to lower Reynolds numbers as the heating power increases 

o 20.6 W and 30.2 W. It is speculated that the generation of 

hese turning points is related to whether a phase change ma- 

erial can absorb the channel heat in the form of latent heat. 

efore this critical Reynolds number, the phase change particles 

ould effectively absorb the heat, so the heat transfer was domi- 

ated by latent heat. After this critical Reynolds number, the heat 

ransfer is dominated by sensible heat. Besides, the high Reynolds 

umber part is also consistent with the dimensionless wall tem- 

erature distribution. The highest Nusselt number corresponds to 

he maximum Reynolds number and the largest magnitude of 

 pcm 

/( Ste ∗ × (1 + Sb in 
∗). 

As shown in Fig. 9 , the highest heat transfer ratio appears in 

he experimental condition of Reynolds number 112, when the 

ctual latent heat sensible heat ratio is 0.0712. This figure, in 

greement with the previous observations, shows that the gen- 

ral advantage of using nanoparticles is toward a high concen- 

ration of nanoparticles and low flow rates (small Reynolds num- 

ers). It is worth noting that at the lowest Reynolds number, the 

istribution of heat transfer ratio does not follow the concentra- 

ion change and has a certain trend. It can be seen that when 

 ω pcm 

/( Ste ∗ × (1 + Sb in 
∗) = 0.512 (1.8%), the heat transfer ratio is

he lowest, followed by the actual latent heat sensible heat ratio 
8 
t 0.0712 (0.63%) and 0.1080 (3.8%). It is speculated that at the 

owest Reynolds number, the benefit of convection heat transfer is 

uite low, and there is a competition between the decrease of sen- 

ible heat due to the presence of nanoparticles and the enhance- 

ent of latent heat capacity. The experimental results show that 

he time that the suspension passes through the channel should 

e extended so the phase change capsules could better absorb 

eat (meaning low flow rate). Moreover, it is also necessary to 

ncrease the heat absorption rate (control of heating power) to 

chieve the best heat transfer ratio. In addition, physical proper- 

ies must be considered. For instance, the increase of concentra- 

ion may drastically increase the viscosity, which diminishes the 

onvection heat transfer and deteriorate the overall heat transfer 

ate for small Reynolds numbers. Besides, in the low concentra- 

ion part, consistent with the dimensionless wall temperature, the 

eat transfer ratio is less than unity in the high Reynolds number 

egion. The maximum heat transfer ratio takes place at Re bf = 112, 

nd the actual latent heat sensible heat ratio of 0.0712, which 

eaches 82%. 

The relationship between the performance index ( FOM ) and the 

eynolds number at various values of heating power and concen- 

rations is shown in Fig. 10 . The trend is similar to the heat trans-

er ratio since FOM is indeed a combination of the heat transfer 

atio and pump power. Therefore, it is consistent with the trend 

f the heat transfer ratio, but the increase of the concentration of 

anoparticles gradually increases the viscosity of the suspension 

nd, eventually, the required pump power. This figure shows that 

he FOM is generally higher than unity at low to middle Reynolds 

umbers and low to middle values of heating-powers. The FOM 
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Fig. 9. The impact of Reynolds number and heat capacity ratio on the heat convection ratio at various heating powers; (a) 10.5 W, (b) 20.6 W, and (c) 30.2 W 

Fig. 10. The impact of Reynolds number and heat capacity ratio on the performance index ( F O M mtd ) at various heating powers; (a) 10.5 W, (b) 20.6 W, and (c) 30.2 W. 

Fig. 11. The overall variation of the coefficient of performance and index of performance as a function of Reynolds number when q eff = 30.2 W; (a) COP , and (b) F O M mtd . 
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rops to below unity at high Reynolds numbers and high heating 

owers. 

Fig. 11 (a) depicts the relationship between COP and Reynolds 

umber. This figure was plotted when the heating power was con- 

tant at q eff= 30.2 W, and the flow rate was increased gradually. As 

een, the pumping power drastically increases by the increase of 

he concentration of nanoparticles, but the heat transfer rate in- 

reases moderately, and in some cases, it could deteriorate. Thus, 
9 
t can be seen that COP is inversely proportional to the concen- 

ration of NEPCM particles. Fig. 11 (b) provides a comprehensive 

ap for the index of performance of the suspension at various 

eynolds numbers and latent heat sensible heat ratios. This fig- 

re illustrates the FOM for various values of latent heat sensible 

eat ratio ( ω pcm 

/[ Ste ∗ × (1 + Sb in 
∗)). Interestingly this figure demon-

trates that using nanoparticles at a moderate Reynolds numbers 

f Re = 403 leads to an increase of heat transfer rate and an ac-
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eptable increase of pumping power. So, the FOM is above unity. 

he benefit of using nanoparticles at higher Reynolds numbers de- 

ends on the latent heat sensible heat ratio. 

. Conclusion 

The convective heat transfer of a nano-encapsulated phase- 

hange suspension in a divergent channel mini heatsink was ad- 

ressed experimentally. The heatsink was made of copper with 

ight divergent flow passages. The subcooled NEPCM-suspension, 

s the working fluid, was circulated in the heated minichannel. The 

hase change nanoparticles move with the water in the channel 

nd melt. During their melting process, they and absorb the chan- 

el’s heat in the form of latent heat. Various characteristic param- 

ters such as Nusselt number, temperature variation at the channel 

all, convection heat transfer ratio, coefficient of performance, and 

he index of performance were investigated. The outcomes indicate 

hat the advantage of using the NEPCM suspension depends on the 

ow Reynolds number, concentration of nanoparticles, and heating 

ower. The main finding of the present research can be summa- 

ized as follows. 

1) The presence of NEPCM particles leads to a notable pressure 

drop across the channel due to the augmentation of dynamic 

viscosity. However, when the Reynolds number is low, they 

can significantly contribute to the heat transfer and reduce the 

channel temperature and boost the Nusselt number. 

2) The maximum heat transfer ratio could be detected a low 

Reynolds number of 112, and the concentration of 3.8% and 

maximum element power q eff = 30.2 W. The temperature dif- 

ferences are quite significant in the divergent channel for this 

case. Since at a small Reynolds number, the suspension passes 

through the channel slowly, the nanoparticles could effectively 

melt and absorb the element’s heat. This case corresponds to 

82% heat transfer enhancement in the channel compared to the 

pure fluid. 

3) Considering the pumping power and heat transfer, the moder- 

ate Reynolds number of Re = 403 could result in a performance 

of index higher than unity for all concentrations of nanopar- 

ticles and heating powers. In the case of high Reynolds num- 

bers, the suspension passes through the divergent channel too 

quickly, and hence, the nanoparticles cannot properly absorb 

the heat and melt. In such a case, the heat transfer mostly oc- 

curs by the sensible heat of the suspension. Thus, using NEPCM 

particles could not be advantageous unless for high concentra- 

tions. 
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