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ABSTRACT 

The performance of microencapsulated phase change 

material slurries of different base fluids inside microchannels is 

numerically investigated. The presence of phase change 

material increases the heat capacity of the fluid during melting. 

For the study, water, polyalphaolefin (PAO) and engine oil 

have been used as base liquids and n-octadecane has been used 
as phase change material and the performance at different 

concentrations flow parameters is analyzed. A microchannel of 

600   hydraulic diameter and 1 cm length was considered for 

the study and the 3D numerical simulations were performed 

using COMSOL. For the study, a heat flux of 50 W/cm2 is used 

for lower mass flow rate and 500 W/cm2 is used large mass 

flow rate. Effective heat capacity method was used to simulate 

the phase change behavior of PCM. Bulk properties of slurry 

were used assuming homogeneous distribution of PCM 

particles. The inlet temperature of the fluid was assumed to be 

at the 23 0C and the melting range of PCM is assumed to be 10 
0C. The pressure drop and heat transfer characteristics were 

simulated and the comparison results for different cases are 

presented. It was found that the performance of the slurry was 

higher compared to its base fluid only under certain conditions. 

 

INTRODUCTION 
With their steadily increasing heat loads and heat fluxes, 

current high power density electronics and semiconductor 

devices, require thermal solutions that go beyond the traditional 

electronic heat sinks that perform at a higher level. Heat sinks 

with mini and microchannels are one of the methodologies that 

are employed for thermal management of these systems. In a 
minichannel, the channel dimensions may range between 200 

µm to 3 mm and in microchannels, the channel dimensions may 

range between 50 µm to 200 µm. Microchannel heat sinks with 

their compact design (that enables the heat to be efficiently 

carried from the substrate into the coolant because of its 

inherently small passageways) and very large surface-to-

volume ratio are capable to remove heat fluxes as high as 1000 

W/cm2 [1]. The typical lengths of traditional microchannels 

(TM) are 1cm to 2 cm (Figure 1). However, due to high heat 

flux conditions, the temperature variation along the heat source 

may be large. In order to maintain isothermality, the mass flow 

rates are increased, which leads to considerable pressure drop. 

In applications where high temperature variation and large 
pressure drop are unacceptable, manifold microchannel heat 

sink (MMC) [2,3] is shown to be an effective way in reducing 

the pressure drop and significantly reducing the temperature 

variation. The MMC heat sink features many inlet and outlet 

channels alternating at a periodic distance (~ 1mm) along the 

length of the MMC (Fig. 1). The flow enters the microchannels 

from the manifold inlet channel, splits and flows through the 

microchannels, then exits to the manifold outlet channel. This 

pattern is repeated along the length of the MMC.  

The performance of the heat sinks can be improved by 

utilizing advanced heat transfer fluids such as encapsulated 

phase change slurries (e.g., [4-7]), nanofluids with metallic 
particles etc., [8] or by changing surface patterns of walls such 

as wavy channels (e.g., [9-11]). Researchers have also 

investigated liquid metals to improve the heat sink 

performance, due to their high thermal conductivity [12-16]. 

 Encapsulated phase change (EPCM) slurry is a two-phase 

fluid with a base fluid and micro or nano-sized particles 

(comprising of phase change material encapsulated in a 

polymer shell). Due to the presence of PCM in the slurry, the 

specific heat of the fluid increases when operating in the 

melting range. In the present study, numerical investigation was 

performed to analyze the performance of EPCM slurry with 
different base fluids and compared with that of the single phase 

liquid.  

Many researchers have studied both experimentally and 

numerically the heat transfer capability of PCM slurry with 

different base fluids. Some of the references are [4-7, 16-29].  

Most of these analyses assume homogeneous and 
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hydrodynamically fully developed flow. In current study, 

performance of encapsulated phase change material slurry in a 

traditional microchannel is investigated and compared to that of 

single-phase fluid. Three different base fluids (water, engine oil 

and polyalphaolefin (PAO)), with different particle volume 
concentrations (0.1, 0.2, and 0.25) were used. PAO is a 

dielectric oil used in cooling of military avionics systems and is 

inexpensive and stable. In the current study, the mass flow rate 

was chosen in order to maintain thermally developing region 

for all the cases. It was found that for constant mass flow rate, 

though the thermal performance (heat transfer coefficient 

improvement) of slurry was found to be better than the base 

fluid, the increase in viscosity resulted in decreased overall 

performance (comparison of heat transfer improvement and 

pressure drop increase).   
 

 

  
(a) 

 

 
(b) 

 

Figure 1 (a) Traditional microchannel heat sink  (b) Manifold 

microchannel heat sink  (length~1-2mm) 

 

NOMENCLATURE 
 

Ab [m
2
] Area of channel base 

c [-] Volume concentration of slurry 

cm [-] Mass concentration of slurry or loading 

fraction 

Cp [J/kgK] Specific heat  

Cp,bulk,1 [J/kgK] Numerical specific heat of bulk fluid 

Cp,bulk,2 [J/kgK] Theoretical specific heat of bulk fluid 

Cp,f [J/kgK] Specific heat of base fluid 

Cp,p [J/kgK] Specific heat of EPCM particles 

Cp,pcm [J/kgK] Specific heat of PCM 

Dh 

e 

[m] 

[1/s] 

Hydraulic diameter 

Magnitude of shear rate 

h [W/m2K] Heat transfer coefficient 

hsf [J/kg] Latent heat of fusion of PCM 

Gz [-] Graetz number 

H [m] Height of the channel or tube 

k [W/mK] Thermal conductivity 

kbulk [W/mK] Thermal conductivity of bulk fluid 

keff [W/mK] Effective thermal conductivity of bulk fluid 

kfluid [W/mK] Thermal conductivity of fluid 

kp [W/mK] Thermal conductivity of EPCM particle 

kpcm [W/mK] Thermal conductivity of PCM 

L [m] Length of the channel 

LeD [m] Hydrodynamic entrance length 

LeT [m] Thermal entrance length 

 ̇ [kg/s] Mass flow rate 

mw [m] Total thickness of wall and channel, W+2tw  

Nu [-] Nusselt number 

p [Pa] Pressure 

PF [-] Performance factor, (h/hslurry)/(∆pf/∆pslurry) 

Pr [-] Prandtl number 

Q [W] Heat supply 

q [W/cm
2
] Heat flux 

Re [-] Reynolds number 

T [K] Temperature 

T1 [K] Lower melting temperature  

T2 [K] Higher melting temperature 

Tm [K] Average melting temperature = (T1+T2)/2 

TMr [K] Melting range = T2-T1 

Tin [K] Temperature at microchannel inlet 

Tout [K] Temperature at microchannel outlet 

Twall,max [K] Maximum wall temperature 

tw [m] Thickness of channel wall 

tbase [m] Height of microchannel base 

uin [m/s] Inlet Velocity 

uout [m/s] Outlet Velocity 

W [m] Channel thickness 

∆p [Pa] Pressure drop, pin-pout 

∆Tbulk [T] Bulk temperature rise, Tout-Tin 

αf [m
2
/s] Thermal diffusivity of pure fluid 

αslurry [m
2
/s] Thermal diffusivity of slurry 

ρf [kg/m
3
] Density of base fluid 

ρslurry [kg/m
3
] Density of slurry 

µf [Pa.s] Dynamic viscosity of base fluid 

µslurry [Pa.s] Dynamic viscosity of slurry 

 

Subscripts 

b Channel base 

bulk Bulk  

f Base fluid  

in Inlet   

out Outlet  

m Mean  

max Maximum  

p Particle  

pcm PCM  

slurry Slurry  

w Wall  

NUMERICAL MODEL 
Figure 2 shows the schematic of the microchannel used for 

simulation and the dimensions represented in the schematic are 

shown in Table 1. Only half of the channel was considered for 

simulation because of symmetry.  

 

A. Assumptions 

 

 All three fluids are assumed to have constant properties. A 

constant heat flux was supplied on the wall. The following 

assumptions are used for the study.  

 

i. Flow is steady and laminar. 

ii. Particle concentrations used for the current study range from 

0 to 0.25 and hence the fluid can be considered Newtonian 

[24]. 

iii. The particle distribution is homogeneous so that the bulk 

properties are assumed constant except heat capacity, which 
is a function of temperature. 

iv. The melting inside EPCM particles takes place over a range 

of temperatures, between T1 and T2. 
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v. The particles are assumed to follow the fluid without any 
lag i.e., the difference in the particle and fluid velocities is 

negligible [7]. 

vi. There is no temperature gradient inside the particle or the 

particle melts instantaneously and there is no delay in 

absorption of heat inside the particle [7].  

vii. The effect of particle depletion layer is negligible [30, 31].  

viii. The shape of the encapsulated particles is spherical. 

ix. Brownian motion can be neglected for the high velocities 

used [32]. 
 

Table 1 Channel dimensions used  

Parameter Value Units Descriptions 

H 750 µm Channel height 

L 0.25, 0.5, 
0.75, 1 

cm Channel length 

W 500 µm Channel width 

tbase 150 µm Height of channel base 

tw 150 µm Thickness of channel wall 

mw 800 µm W+2tw 

Dh 600 µm Hydraulic diameter 

 

 

B. Governing equations  

 

The governing equations are as follows:  

(a) The mass and momentum equations for the fluid inside the 

simulation domain can be written as:  

 
𝜕𝑢

𝜕𝑥
+
𝜕𝑣

𝜕𝑦
+
𝜕𝑤

𝜕𝑧
= 0                                                                (1) 

 

𝜌 {𝑢
𝜕𝑢

𝜕𝑥
+ 𝑣

𝜕𝑢

𝜕𝑦
+𝑤

𝜕𝑢

𝜕𝑧
} = −

𝑑𝑝

𝑑𝑥
+ 𝜇

𝜕 𝑢

𝜕𝑥 
+ 𝜇

𝜕 𝑢

𝜕𝑦 
+ 𝜇

𝜕 𝑢

𝜕𝑧 
       (2) 

 

𝜌 {𝑢
𝜕𝑣

𝜕𝑥
+ 𝑣

𝜕𝑣

𝜕𝑦
+𝑤

𝜕𝑣

𝜕𝑧
} = −

𝑑𝑝

𝑑𝑥
+ 𝜇

𝜕 𝑣

𝜕𝑥 
+ 𝜇

𝜕 𝑣

𝜕𝑦 
+ 𝜇

𝜕 𝑣

𝜕𝑧 
        (3) 

 

𝜌 {𝑢
  

  
+ 𝑣

  

  
+ 𝑤

  

  
} = −

  

  
+ 𝜇

   

   
+ 𝜇

   

   
+ 𝜇

   

   
    (4) 

 

(b) Energy equation for the microchannel wall/fin is:  

 

𝜕 𝑇 
𝜕𝑥 

+
𝜕 𝑇 
𝜕𝑦 

+
𝜕 𝑇 
𝜕𝑧 

= 0                                                 (5) 

 

(c) The energy equation for the bulk fluid is given below: 
 

ρ𝐶 (𝑢
𝜕𝑇

𝜕𝑥
+ 𝑣

𝜕𝑇

𝜕𝑦
+ 𝑤

𝜕𝑇

𝜕𝑧
) =

𝜕

𝜕𝑥
(𝑘
𝜕𝑇

𝜕𝑥
) +

𝜕

𝜕𝑦
(𝑘
𝜕𝑇

𝜕𝑦
)+

𝜕

𝜕𝑧
(𝑘
𝜕𝑇

𝜕𝑧
) 

   (6)     

C.  Boundary conditions  

 

(a) For flow inside the microchannel 

 

u = 0 at the walls           (7) 

 

p = p0, atmospheric pressure at the outlet              (8) 
 

u = (│u│, 0, 0) at the inlet                                        (9) 

 

(b) The boundary conditions for the heat transfer equations are 

as follows: 

 

For the wall: 

 

q.n = qw; constant heat flux at the base of the fin       (10) 

 

q.n = 0; adiabatic at symmetry plane and top plate               

(11) 

 
For the fluid: 

 

T = Tin at the inlet                                                (12) 

 

              q.n = (ρcpuT).n; which is the convective heat flux 

boundary condition at the outlet/exit,                            (13) 

 

For wall and liquid interface: 

 

Tw = T; continuity of temperature                       (14) 

 

        −𝑘 
 𝑇 

 𝑛
= −𝑘𝑓

 𝑇 

 𝑛
; continuity of heat flux       (15)                                                                 

 

D. Slurry Properties  
 

(a) Density: The bulk density of the slurry can be calculated by 

equation (16), using, c, the volume concentration and the 

density of PCM: 

 

𝜌𝑏𝑢𝑙𝑘 = 𝜌 𝑐𝑚𝑐 + (1 − 𝑐)𝜌𝑓              (16) 

 

For calculating the PCM particle density, both the densities 

of the PCM and shell material and their volume fractions were 

used, where the PCM average volume fraction in the particle is 

assumed to be around 90% [4]. 

 

Figure 2 3D schematic flow domain 
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(b) Dynamic viscosity: The slurry viscosity is calculated by 

equation (17) as proposed by Vand [33, 34]: 

 

𝜇𝑏𝑢𝑙𝑘 = 𝜇𝑓(1 − 𝑐 − 1.16𝑐
 )− .5                         (17) 

 

(c) Heat Capacity: The specific heat of the slurry can be 

calculated by equation (18) [26, 36]: 

 

𝑐 ,𝑏𝑢𝑙𝑘 = 𝑐𝑚𝑐 , + (1 − 𝑐𝑚)𝐶 ,𝑓          (18) 

 

where 𝑐𝑚 is the mass concentration, which can be determined 

by the density of PCM and bulk density of slurry as shown in 
equation (19)  

 

𝑐𝑚 = 𝑐
𝜌   

𝜌    
                                                        (19)  

 

𝑐 ,  is the specific heat of EPCM particles and is equal to 

𝑐 , 𝑐𝑚  when the temperature of the particle is outside of the 

melting range. When the temperature of the particle is within 

the melting range, sine profile as shown in Figure 3 and 

described by equation 20 [26] can be used for the specific heat 

of the particle. The specific heat of solid and liquid phases of 

PCM is assumed equal in the equation. 

 

 
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


 
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



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




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pcmppp
T
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c

T

h
cc 1

,,, sin..
2




       (20) 
 

The maximum value of the specific heat during phase 

change is attained when the temperature of the slurry is in the 
melting range.  

 

(d) Thermal conductivity: The bulk thermal conductivity of the 

slurry suspension can be calculated as follows [26]: 

 

𝑘𝑏𝑢𝑙𝑘 = 𝑘𝑓

2 +
𝑘 𝑐𝑚
𝑘𝑓

+ 2𝑐 (
𝑘 𝑐𝑚
𝑘𝑓

− 1)

2 +
𝑘 𝑐𝑚
𝑘𝑓

− 𝑐 (
𝑘 𝑐𝑚
𝑘𝑓

− 1)
                   (21) 

 

The effective thermal conductivity of slurries in flow is 

enhanced due to the particle motions and particle-fluid 

interactions. It can be evaluated as follows:  

beff kfk .       (22) 






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






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250,
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p

p

p

m

p

PemB

PemB

PemB

BcPef

 

where the particle Peclet number is defined as, 

 

f

p

p

ed
Pe



2



           (23) 
 

Since the velocity is not fully developed in the current 

analysis, the shear rate is a function of all the spatial 

coordinates and corresponding velocities. The magnitude of the 

shear rate, e can be calculated using the following equation: 

 

2
1

2

1













 

i j

jiije 

       (24) 
 

 where  is the shear rate.  

STUDY PARAMETERS 
 

The base fluids used for the study are water, oil and 

polyalphaolefin (PAO) and n-eicosane was assumed as the 

PCM. Table 2 shows the thermophysical properties of the base 

fluids and the PCM used in the study.  

Table 2 Properties of base fluids  

 Water Oil PAO PCM 

particle 

Density (kg/m
3
) 997 865 783 774 

Specific heat 

(J/kg.K) 
4180 1880 2240 2180 

Thermal 

conductivity 
(W/m.K) 

0.604 0.145 0.143 0.15 

Viscosity (Pa.s) 0.001 0.837 0.00445 - 

Latent heat 

(J/kg) 
- - - 244x103 

 

In order to analyze the behavior of the fluids under 

hydrodynamically fully developed and developing region, three 

different flow conditions were used. As shown in Table 3, 
different particle concentrations are assumed and the properties 

of bulk fluids calculated using equations (16), (17), (18) and 

(21) are shown in Table 4.  

 

As shown in Table 3, three different flow conditions, one 

constant Re and two different mass flow rates are used. Since 

 
Figure 3 Specific heat of encapsulated PCM, function of 

temperature [4] 
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the particle heat capacity as shown in equation (20) is 

temperature dependent, the following equation was used to 

calculate the bulk heat capacity of slurry (assuming the PCM 

starts to melt at the inlet and all the PCM is completely melt at 

the exit of the channel) 

 

𝑐 ,𝑏𝑢𝑙𝑘, = 𝑐𝑚 (𝑐 , 𝑐𝑚 +
ℎ  

𝑇  
) + (1 − 𝑐𝑚)𝑐 ,𝑓   (25) 

 

Table 3 Simulation Parameters 

Flow and 

Heat 

Transfer 

Parameters 

Value Description 

Q [W/cm
2
] 500, 100 Heat flux 

c 0, 0.1, 0.2, 0.25  Volume concentration  

Re 50 Reynolds number 

𝒎̇ [kg/s] 3.12x10-4, 3.12x10-5 Mass flow rate 

 

Table 4 Properties of bulk fluids at different concentrations 

Base fluid, c ρbulk 

(kg/m
3
) 

Cpbulk,2 

(J/kg.K) 

kbulk 

(W/m.K) 

µbulk 

(Pa.s) 

Pr 

Water, c=0.1 974.7 5958.8 0.528 0.0013 15.16 

Water, c=0.2 952.4 7820.8 0.462 0.0020 34.37 

Water, c=0.25 941.25 8784.9 0.431 0.0026 53.95 

Oil, c=0.1 855.9 4114.6 0.146 1.13 31.79 x103 

Oil, c=0.2 846.8 6396.1 0.146 1.70 74.25 x103 

Oil, c=0.25 842.25 7555.4 0.147 2.22 114.2 x103 

PAO, c=0.1 782.1 4650.6 0.144 0.0060 193.29 

PAO, c=0.2 781.2 7064.7 0.145 0.0090 440.24 

PAO, c=0.25 780.75 8273.9 0.145 0.0118 670.64 

 

The hydrodynamic entrance length (LeD) and thermal 

entrance length (LeT) for the fluids is shown in Table 5. 

 

𝐿𝑒𝐷 = 0.05𝑅𝑒𝐷ℎ                                  (26) 

 

𝐿𝑒𝑇 = 0.05𝑅𝑒𝑃𝑟𝐷ℎ                              (27) 

            
It can be observed from the table that the flow can be 

considered hydrodynamically fully developed for all the cases, 

except for water at larger mass flow rate.  

 

For all the cases used in the study, the flow is not thermally 

fully developed as shown by the Graetz number for the cases in 

Figure 4. In the figure, Graetz number is be calculated using 

equation (28): 

 

𝐺𝑧 =
𝐷ℎ𝑅𝑒𝑃𝑟

𝑥
                                                         (28) 

 

where x = L = 0.01m in Figure 4.  

 

 

Table 5 Thermal Entrance lengths for slurries and base fluids 

for the parametric study 

Fluid  
𝒎̇   = 3.12x10

-4
 

(kg/s) 

𝒎̇  = 3.12x10
-5 

(kg/s) 
Re =  50 

 LeD (m) LeT (m) LeD (m) LeT (m) LeD (m) LeT (m) 

Water, 

c=0 
0.0150 0.104 0.0015 0.0104 0.0015 0.0104 

Water, 

c=0.1 
0.0112 0.169 0.00112 0.0169 0.0015 0.0227 

Water, 

c=0.2 
0.0074 0.254 0.00074 0.0254 0.0015 0.0516 

Water, 

c=0.25 
0.0057 0.306 0.00057 0.0306 0.0015 0.0809 

Oil, c=0 1.79x10-5 0.195 1.79x10-6 0.0195 0.0015 16.3 

Oil, c=0.1 1.33x10-5 0.424 1.33x10-6 0.0424 0.0015 47.7 

Oil, c=0.2 8.83x10-6 0.656 8.83x10-7 0.0656 0.0015 111.4 

Oil, 

c=0.25 
6.77x10-6 0.773 6.77x10-7 0.0773 0.0015 171.3 

PAO, c=0 3.37x10-3 0.235 3.37x10-4 0.0235 0.0015 0.1047 

PAO, 

c=0.1 
2.51x10-3 0.485 2.51x10-4 0.0485 0.0015 0.2899 

PAO, 

c=0.2 
1.66x10-3 0.732 1.66x10-4 0.0732 0.0015 0.6604 

PAO, 

c=0.25 
1.27x10-3 0.854 1.27x10-4 0.0854 0.0015 1.0060 

 
 

 

NUMERICAL RESULTS 
 

The pressure drop and bulk temperature rise are defined as 

in Equation (29), and the bulk mean outlet temperature of the 

fluid at the exit are calculated as in Equation (30): 
 

 𝑃 = 𝑝 𝑛 − 𝑝 𝑢    𝑇 = 𝑇 𝑛 − 𝑇 𝑢               (2 )                    
     

𝑇 𝑢 =
∫𝑇𝑐 ,𝑏( , 𝑢⃗ )𝑑 

∫ 𝑐 ,𝑏 ( , 𝑢⃗ )𝑑 
                                  (30) 

       

 

Figure 4: Log (Gz
-1

) for the flow parameters used 
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where ds is the surface area at the corresponding boundary 

(inlet for average pressure calculations and outlet for bulk mean 

temperature calculations). For the simulations, unstructured 

mesh was created using the default mesh option in COMSOL 

and the results were checked for grid independency. The results 
were found to satisfy the global energy balance at the inlet and 

outlet of the channel within 4% balance.  

 

A. Hydrodynamic Performance 
 

The pressure drop obtained for the three base fluids for the 

three flow conditions is shown in Table 5. Figures 5 to 7 show 

the pressure drop ratio (as defined in equation (31)) for the flow 

conditions used.  

 

𝛥𝑃𝑟𝑎   =
𝛥𝑃      

𝛥𝑃         
                              (31) 

 

From Table 5, it can be observed that the pressure drop of 
oil is larger for all the individual cases due to higher viscosity 

of the fluid. The pressure drop increase is larger when the case 

with constant Re is considered. Figures 5-7, show that the 

pressure drop increases with increase in particle concentration, 

as expected.  

Table 5 Pressure drop for the base fluids 

Flow Parameter 
Base 

Fluid 

Pressure Drop 

(pa) 

𝒎̇ =3.12x10
-4 

kg/s  

Water 2.06x103  

Oil 7.05x105 

PAO 9.29x103 

𝒎̇  =3.12x10
-5 

kg/s  

Water 85.83 

Oil 7.05x104 

PAO 473.58 

Re = 50 
(𝒎̇ =3.13x10

-7 
kg/s for water, c=0) 

(𝒎̇ =2.63x10
-4

kg/s for oil, c=0) 

(𝒎̇ =1.41x10
-6

kg/s for PAO, c=0) 

Water 85.83 

Oil 6.45x107 

PAO 2.92x103 

 

 

 

 
 

 
 

From Figure 5 it can be inferred that the variation in 

pressure drop ratio for water is higher for  ̇  compared to the 

variation in PAO and oil. This could be due to the 

hydrodynamically developing flow in case of water. For the 

remaining two fluids, the flow is fully developed at the larger 

mass flow rate. From Figure 6, it can be observed that the 

variation in pressure drop ratio at different concentrations for 

all the three fluids is slightly different, but due to the fully 

developed nature of the flow, the variation for water is not as 

much. From Figures 6 and 7 it can be observed that the increase 

in pressure drop with particle concentration is larger for 

constant Re case compared constant mass flow rate. 
 

B. Thermal Performance  

 

All the numerical results are based on the same mass flow 

rate and same inlet temperature 𝑇 𝑛 =296.9K. Two different 

mass flow rates were used  ̇  =3.12x10-4kg/s and  ̇   

=3.12x10-5kg/s. For larger flow rate, a heat flux of 500 W/cm2 

was used. For lower flow rate and constant Re cases, a heat flux 

of 50 W/cm2 was used. It should be noted that the temperature 

rise in the slurry would depend on the amount of PCM melted 
and hence, the bulk temperature rise may not be the same. The 

 

Figure 5 Pressure drop vs. concentration 
𝒎̇ =3.12x10-4kg/s  

 

 

 

 

 

Figure 6 Pressure drop vs. concentration 
𝒎̇  =3.12x10-5kg/s  

 

 

 

 

Figure 7 Pressure drop vs. concentration 

Re = 50 
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heat transfer performance was evaluated using the heat transfer 

coefficient defined as: 

)( max, inw TT

q
h


    (32) 

Tw,max is the maximum wall temperature at the heater. The 

Nusselt number ratio defined as in Equation (33) is shown in 

Figures 8 to 10. It can be observed that though the ratio of heat 

flux and mass flow rate is kept constant for both the cases, the 

increase in Nuratio is larger for lower mass flow rate suggesting 

the importance of thermal development length.  
 

𝑁𝑢𝑟𝑎   =
𝑁𝑢      

𝑁𝑢 
                                (33) 

 

The Nu for each fluid is defined as in equation.  
 

𝑁𝑢 =
ℎ𝐷 

𝑘
                                         (34) 

 

For all the cases, Nusselt number ratio increases with 

increase in particle volume concentration. The Nuratio for all the 

three fluids is larger at  ̇  compared to ̇ . The Nuratio is 

highest for constant Re cases for all the fluids. Water has the 

highest ratio and increases faster than oil and PAO. For 

example, if the cases with c=0.25 are considered (shown Table 

6), the Nuratio for water is higher for each case compared to 

PAO and oil, suggesting the thermal conductivity importance in 
heat transferred. In case of both PAO and oil, the variation in 

thermal conductivity is not as much due to the presence of 

PCM, whereas for water, the decrease in thermal conductivity 

affects the Prandtl number which in turn affects the Nusselt 

number. If the individual Nu is considered for constant Re, oil 

has the highest Nu (as shown in Figure 11) due to the high Pr 

of the fluid.  

 

 
 

 

Table 6 Nuratio for slurries at c=0.25 

Flow Parameter Base Fluid Nuratio  

𝒎̇ =3.12x10
-4

kg/s  Water 1.59 
𝒎̇ =3.12x10

-4
kg/s Oil 1.18 

𝒎̇ =3.12x10
-4

kg/s PAO 1.32 
𝒎̇  =3.12x10

-5
kg/s  Water 1.82 

𝒎̇  =3.12x10
-5

kg/s  Oil 1.32 
𝒎̇  =3.12x10

-5
kg/s PAO 1.46 

Re = 50 Water 5.48 
Re = 50 Oil 1.37 
Re = 50 PAO 4.23 

 

 
  

Figure 8 Nuratio for 𝒎̇  =3.12x10-4kg/s 

 

Figure 9 Nuratio for 𝒎̇  =3.12x10-5kg/s 

 

Figure 10 Nuratio for Re = 50 
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D. Performance Factor (PF) 

 

The combined thermal and hydrodynamic performance is 

analyzed by estimating the performance factor (PF) which is 

calculated using equation (35).  
 

𝑃𝑒𝑟𝑓𝑜𝑟 𝑎 𝑐𝑒 𝑓𝑎𝑐𝑡𝑜𝑟, 𝑃𝐹 = (
ℎ𝑠𝑙𝑢𝑟𝑟 
ℎ𝑏𝑎𝑠𝑒𝑓𝑙𝑢  

)/(
 𝑃𝑠𝑙𝑢𝑟𝑟 
 𝑃𝑏𝑎𝑠𝑒𝑓𝑙𝑢  

) (35) 

 

It can be observed from Figures 12 and 13 that for constant 

mass flow rate cases, the PF is less than 1, suggesting the 

performance of slurry is lower compared to their base fluid. 

When the performance of all the three liquids is compared, the 

PF of PAO is highest, which could be due to the lower 

viscosity compared to oil and thermal conductivity is not 

lowered as much when compared to water PF. Though there is 

no degradation of thermal conductivity for oil with the addition 
of EPCM particles, the viscosity increase is much larger factor. 

Hence PF of oil is lowest compared to PAO and water at any 

concentration. Though the Nuratio is larger for water, the PF 

factor is lower than PAO. 

 

 
From Figure 14, it can be observed that PF is greater than 1 

for constant Re for a particle concentration of 0.1 with PAO as 

the base fluid and for all other cases, PF is lower than 1. As the 

particle concentration increased, the increase in viscosity 

affected the PF. The exceptional case of PAO at c = 0.1 can be 

due to the large increase Nusselt number but not as much 

increase in the pressure drop at that concentration.  

 
In case of microchannels, due to the fixed length of 

channels, improving the heat capacity of the fluids by adding 

EPCM particles is not always advantageous, since the flow may 

not be thermally fully developed and the increase in viscosity 

can be larger than the improvement in heat transfer 

performance.  As can be observed from the results, for the cases 

where the thermal developing length is an order of magnitude 

larger than the length of the channel, base fluids always 
performed better compared to slurry flows, even when the 

thermal conductivity of base fluid is comparable to that of base 

fluid. Though engine oil has the same thermal conductivity as 

PCM, the overall performance is not high for slurry due to the 

very high Prandtl number. Hence, using PCM slurry is 

advantageous only if the base fluids have low viscosity and 

thermal conductivity (such as PAO).  

CONCLUSION 

The performance of three different types of encapsulated 

phase change material slurries is investigated under constant 

mass flow rate and Re conditions in thermally developing 
regime. The following conclusions can be drawn from the 

study.  
[1] The thermal performance of slurries is larger for 

constant Re condition than constant mass flow rate condition 

for any fluid.  

[2] PF of base fluids is larger than slurries for both the 

cases where constant mass flow rate condition is used. The 

increase in pressure drop dominates the increase in heat transfer 

enhancement due to presence of PCM particles.  

[3] The Nu for oil is the largest due to high Pr, however, 

when the Nuratio is considered, water performs better.  
[4] The PF of PAO is higher for all the cases, suggesting 

that both thermal conductivity and viscosity are important to 

consider when slurry flow is considered in microchannels, 

where the flow mostly in thermally developing regime.  

[5] The PF of PAO is greater than 1 for the constant Re 

condition. An optimum volume concentration for PAO in 

microchannels is 0.1. 

 

Figure 11 Nusselt number for Re = 50 

 

 

Figure 12 Performance Factor for 𝒎̇  =3.12x10-4kg/s 

 

Figure 14 Performance Factor for Re = 50 
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From the study it can be concluded that in case of 

microchannel flows, since the length of microchannel is 

limited, utilizing PCM slurry is advantageous if the heat 

transfer fluid being used has low viscosity and equal or lower 

thermal conductivity than PCM material.  
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