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Transient cooling characteristics of Al,O;-water nanofluid flow in a microchannel subject to sudden-pulsed heat
flux are numerically examined in details. The attention is focused on the effects of microencapsulated phase
change material (MEPCM) inside top wall of a microchannel on the transient cooling heat transfer behaviour of
the microchannel. Two small portion of the bottom channel wall are exposed to a pulse heat flux. The Al,O4-
water nanofluid as the working fluid with a fully developed velocity profile flows into the microchannel to cool
the channel walls. Transient conjugate heat transfer is studied using a three-dimensional model in the three parts
of the microchannel which are the nanofluid flow, the solid walls of the channel, and the MEPCM layer. The par-
tial differential equations governing the energy conservation are presented and transformed into a dimensionless
form. The finite volume method is employed to numerically integrate the equations for the temperature distri-
bution in the microchannel. The numerical results are compared with the available works in the literature and
found in good agreement. Besides, the predictions show that the presence of the MEPCM layer cannot effectively
control the rise of the temperature of the microchannel in the presence of a pulse heat flux. For a typical pulse
heat flux, the bulk temperature of the channel can be raised up to 2 °C while the presence of the MEPCM layer
would only suppress the temperature rise by 0.2 °C. It is also found that the temperature of the top wall is under
the significant influence of the MEPCM layer. The increase of the amplitude of the heat flux pulse results in better
cooling effect of the MEPCM layer.

1. Introduction and higher with a reasonable temperature difference [2, 3]. The mi-

crochannels are also capable of providing a thermal resistance as low as

The heat removal has become important issue in further miniatur-
ization of microelectronics, due to the significant grow of the integra-
tion density and waste-heat generation of micro-chipsets, processors and
high-power density transformers. Developing high performance heat re-
moval systems are playing a key role in advancement of power elec-
tronic devices. These devices produce notable amount of heat due to
their increased heat current-voltage handling-capability. Removing a
significant amount of waste-heat from a constrained small space of the
component requires sophisticated cooling systems and new advanced
techniques [1]. There are also many other industrial processes such as
aircrafts, and avionics systems, and petrochemical plants, that they re-
quire efficient cooling systems.

The experimental researches reveal that micro-channel heat sinks are
capable of removing high surface heat fluxes in the order of 10* W/m?

* Corresponding authors.

0.03 °C/W [4]. As indicated by Vafai and Zhu [1], one disadvantage of
microchannel heat-sinks is the comparatively high temperature growth
along the channel due to low flow rate of coolant and the large amount
of the surface heat-flux that should be removed. In some applications
such as cooling of electrical components, a significant temperature dif-
ference among the heat sink is extremely undesirable as it produces ther-
mal stresses in the component. This thermal stress is due to the differ-
ence in the thermal expansion behaviour of the structure materials of
the component. Moreover, the temperature raise and the temperature
difference in an electronic component induce undesirable influence on
the electrical performance of the component [1]. Moreover, in some
electronic or industrial applications, there are situations in which the
high power active time of the electronic component is limited or pe-
riodic. Hence, the generated waste-heat in the component can be seen
is in the form of a pulse heat flux. Such a pulse heat flux can increase
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Nomenclature
A Perimeter area for MEPCM particles (m?)
A* Area (m?)
ARy, Aspect ratio of the bottom wall
AR, Aspect ratio of the channel wall
AR,  Aspect ratio of the top wall
0 Flow rate (m3/s)
AT,z Reference temperature difference
[ Specific heat at constant pressure
dt Average particle size
Dty Hydraulic diameter
H Dimensionless height
h Heat transfer coefficient (W/meK)
H* Height (m)
hyg Solid-liquid phase change latent heat (J/kg)
k Conductive thermal coefficient (W/m?eK)
L+ The channel length
n Surface normal vector
Nu Nusselt number
P Heat flux pulse duration
D Pressure (kPa)
Pe Peclet number
Pr Prandtl number
q Heat transfer (W)
q” Heat flux (W/m?2)
R Thermal resistance
Re Reynolds number
Sb* Correct secondary cooling parameters
Ste* Stefan number
T Temperature (°C)
t Time (s)
Ty Fusion temperature (°C)
ut Fluid velocity
Uys Inlet fluid velocity (m/s)
U Interstitial overall heat transfer coefficient
v MEPCM particle volume
w Dimensionless width
wt Width
xt x direction coordinates
yt y direction coordinates
zt z direction coordinates
Greek symbol
a Thermal diffusivity (m?/s)
B Coefficient of thermal expansion (1/K)
y Heat flux pulse amplitude
€ Ratio of comparison and MEPCM porosity
0 Dimensionless temperature
H Dynamic viscosity (Nes/m?)
& Melting rate
p Density (kg/m?)
v Kinematic viscosity (m2/s)
¢ Nanoparticles
@ Mass fraction of nanoparticles
Subscript symbol
air Air between the MEPCM particles
b Bulk (average) properties
bf Base fluid
bf/nf Base fluid to nanofluid ratio
bw Bottom wall solid
ch Channel
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ch,b The interface between the flow in channel and bottom
wall

ch,s The interface between the flow in channel and side wall

cht The interface between the flow in channel and top wall

cond Conduction

ww Top wall

d Outlet adiabatic section

hi First heating section

h2 Second heating section

i Inner wall

in Inlet

int Internal

max Maximum

nf Nanofluid

np Nanoparticle

o Outer wall

pcml Phase change microcapsule layer

pcmp Microencapsulated particle

sw Side wall

w Wall surface

x x direction

y y direction

4 z direction

Super scripts

* ratio

+ Dimensional parameter

the temperature difference along a microchannel for a period of time
accordingly. Thus, the methods that are capable of reducing the tem-
perature difference along a microchannel and managing the pulse heat
fluxes are highly demanded.

Many various aspects of flow and heat transfer in a channel have
been investigated by recent researchers. The effect of using a perforated
baffle in a channel [5], a channel with a rotating inner surface [6], mag-
netic field effects [7] have been addressed in the recent year. One of the
new aspects of enhancing the cooling performance of a channel is using
nanofluids as the working fluid.

Nanofluids are a new type of engineered working fluids, which are
a stable suspension of nanoparticles and a base fluid. Nanofluids show
enhanced thermophysical and thermal properties compared to the pure
base fluid. Thus, nanofluids are proposed as alternative working flu-
ids in many cooling systems. Shirvan et al. [8] have utilized alumina
nanoparticles to enhance the heat transfer of the working fluid in a
channel. There are excellent comprehensive studies that reviewed the
preparation [9], applications [10-12] and thermophysical properties of
nanofluids [13].

Ho and his colleagues [3, 15, 15] as well as Farid and Hallaj
[16] have proposed using a particulate suspension of liquid/solid phase
change material as a working fluid to regulate the temperature differ-
ences along a microchannel. Results of [14] disclose that a coolant con-
taining MEPCM shows better heat transfer performance compared to
a regular coolant. In addition, employing a coolant with MEPCM as
the working fluid results in a lower wall temperature of microchan-
nel. There are also interesting studies that addressed the effect of using
phase change materials in thermal systems such as the melting process
of erythritol in spheres [17], melting in a square cavity [18], melting of
a nano-enhanced phase change material using nanoparticles [19, 20],
and hybrid nanoparticles [21]. In [22], a new fundamental design of
a microchannel is proposed in which a layer of phase change material
is placed in the channel walls to enhance the surface heat absorption
capacity of the microchannel structure. Jamekhorshid et al. [23] have
performed an excellent review on the microencapsulated phase change
materials and their applications in thermal energy storage systems. Fur-
thermore, Sabbah et al. [24] have theoretically investigated the effect
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Fig. 1. The schematic view of the microchannel physical model and MEPCM in celling wall; (a) the side view in flow direction, (b) the cross-section view, (c) the

heat flux pulse at the heated zones.

of using PCMs on the thermal management of high-power lithium-ion
packs. They compared the effect of using PCMs with an air-cooled sys-
tem. They found that a system using PCMs is capable of safe operation
in stressful conditions and acts better than an air-cooled system. Con-
sidering high-temperature environment (40 °C), Ping et al. [25] have
addressed the effect of using PCM-fins for thermal management of Li-
ion battery module. The PCM-fins are utilized to diminish the extreme
pick temperatures and enhance the temperature-uniformity of the bat-
tery module. The results of this study demonstrated that PCM-fin struc-
ture is capable of reducing failure-risk of batteries by enhancing the heat
dissipation efficiency in passive thermal-management systems. Samimi
et al. [26] have tried to enhance the low thermal conductivity of PCMs
using carbon fibers for application in Li-ion battery cells. The outcomes
indicate that using carbon fibers in the PCM would enhance the perfor-
mance of Li-ion battery cell.

In [22], a Chinese company has introduced a patent to enhance the
surface heat absorption capacity of the microchannel and improve the
temperature control capability of the channel. Following the idea of
[22], the present study aims to model and simulate three-dimensional
transient heat transfer of Al,05-water nanofluids in a microchannel in
which there is a layer of microencapsulated phase change material em-
bedded inside the top wall of the channel, and the bottom wall of the
channel is subject to a pulse heat flux. To the best of the author’s knowl-
edge, the results of the present study are new and have not been ad-
dressed yet.

2. Analysis
2.1. Model description

The schematic view of the physical model of the microchannel and
the coordinate system are illustrated in Fig. 1. The microchannel section
is rectangular and the walls of the channel are thick. The solid walls are
highly thermal conductive made of copper. The geometrical and physi-
cal details of the channel are represented in Figs 1(a) and (b). All of the
outer walls of the channel are well insulated and can be considered as
adiabatic. Two wall heat flux sources of ¢” j, ; =q” j, , =q” , are imposed
at the bottom of the channel.

In most of electronic devices or computer chipsets, the rate of the
electrical power demand of the device is known for performing a com-
putational task. This electrical demand later would be changed into the
heat loss and should be removed from the surface of the chip. Hence,
the heat flux is considered as the key boundary condition of the present
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study. The characteristic parameters of the study are the temperature
profiles in the channel and at the location of heat pulses which show
the surface temperature of the chipset. The elements are subject to tran-
sient heat flux with the pulse time P and amplitude of y. As plotted in
Fig. 1(c), the wall heat flux suddenly rises from its base flux of q” 5 ;
to (1+y)q” p; during a pulse time of P, and then, it drops to its base
flux of q” p, ;. A fully developed Al,03-water nanofluid as working fluid
enters the channel with the uniform temperature of T;. The fluid flows
through the channel and passes over the heated sections of the channel
and finally exits the channel through the outlet.

The top wall of the channel is made of acrylic PMMA. A layer of
micro capsulated phase change material (with the fusion temperature
of 34.7 °C and the latent heat of 243kJ/kg) is embedded inside the
top wall. The phase change layer is filled with microencapsulated phase
change material particles, and the pores are filled with air. The phase
change layer absorbs some of the heat flux of the elements through the
thermal conductive walls, and it also interacts with the working fluid
through convective heat transfer. The thermophysical properties of ma-
terials are reported in Table 1 [27, 28].

2.1. Mathematical model

To mathematically model the flow and heat transfer in the mi-
crochannel, some basic assumptions are required. These basic assump-
tions are as follows: the nanoparticles are dispersed in the base fluid
uniformly and the nanofluid is stable. Hence, no aggregation, sedition,
or concentration gradient occurs in the nanofluid. In addition, there is
no chemical reaction between the nanoparticles and the base fluid. The
nanoparticles and the base fluid are in local thermal equilibrium due to
very small size of nanoparticles. The nanofluid flow is incompressible
and laminar with Newtonian behaviour. The thermophysical properties
of the solid wall, the nanofluid and MEPCM layer are constant. Con-
sidering the phase change microcapsule layer inside the top wall, the
container filled with the phase change microcapsules is assumed as a
uniform and isotropic material filled with air with the porosity of &,

The cross-section of microchannel is very small, and hence, the
Reynolds number is low. Thus, the laminar flow assumption for the mi-
crochannel is considered and the results are reported for the fluid flow
with the Maximum Reynolds number of 2000. The natural convection
effects inside the microchannel and in the MEPCM layer are neglected
due to very small size of the channel, and change phase occurs at the
melting temperature.
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The thermophysical properties of the phase change micro capsules.

Material density (kg/m?)

MEPCM 800 2.21
Air 1.29 1.005
copper 8960 385
Al, 04 3600 765
acrylic PMMA[27, 28] 1.18 1421

Specific thermal capacity (kJ/kg®K)

Thermal conductivity (W/meK)
0.19

0.024

401

25.08

0.190

As the fluid flow in the channel is fully developed and the ther-
mophysical properties are constant, the velocity profiles in the chan-
nel would remain fully develop and constant. Hence, following the
study of Lee and Garimella [29], the analytic velocity profile in a three-
dimensional channel with a rectangular cross section can be evaluated

as:
+
u (yt,z4) = _E<_dp > Wer 3
* | ”3 dx* ”bf n=13...
(_1)("—1)/2 ) COSh(nﬂ'y+/VVC';) cos nrzt (1a)
n3 cosh(nzH}Y, /2/W 1) ) w

Using the velocity profile of Eq. (1a), the bulk velocity of the
nanofluid in the channel can also be evaluated as [29]:

wt hd na(HY /W)
uy=— - (22 12192 Zen 3 L cann | 2 en en)
12\ dx+ ™ \ H}, | 454 0 2

(1b)
where u, is the velocity in the flow direction, and u, is the bulk (average)
velocity in the channel. dp/dx* is the pressure drop along the channel.
The governing equations for the energy conservation in the nanofluid
inside the channel, the solid walls and MEPCM are written as:

Nanofluid in microchannel:

+2
w2,

Hpr

oT . oT kg 2T . T | T
5 T T 2 2 2 @
ot ox PnfCpns \ Oxt ay+t ozt

The solid walls:
oT _ ke ( *T | *T | &°T ) 3)
ot PewCp,cw 0x+2 0y+2 az+2

MEPCM layer [30, 31]:
oT _ kpem 0T . 0T = 9°T hys [ 0¢
VI — _(1 _gpcml)ppcml_ =5
ot ppcmlcp,pcm[ 0x+2 (3y+2 0Z+2 Cp,pcml or

C)]

where T, ¢ and t denote the temperature, melt phase field, and time,
respectively. The thermophysical properties of k, p and ¢, indicate the
thermal conductivity, density and specific heat capacity, respectively.
The subscripts of pcml, cw and nf denote the PCM layer, channel walls,
and nanofluid, respectively. Here, hy, is the latent heat of the MEPCM
layer. In Eq. (4), the term 0&/0t denotes the melting rate which can be
defined as follows [30, 31]:

a A

ot ppcmhlsl/pcmp

U,
T (T = Tyy) )
where A and V denote the perimeter area and the volume of the mi-
croencapsulated particles, respectively. The subscript of pcmp indicates
the microencapsulated particle. Here, Ty, is the fusion temperature, and
U is the overall thermal heat transfer coefficient. The overall thermal
heat transfer coefficient is evaluated using the following relation [30]:

Nu k
_ pemp" pemp
Upemp = ar ©
pemp

where d* is the size of microencapsulated particle, and Nu is the Nus-
selt number of the microencapsulated particle. The micro capsule is
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placed in the quiescent air, and hence, Nu,,y,, = 2.0. This Nusselt num-
ber, Nu=2.0 corresponds to the heat transfer of a heated sphere in a
large amount of stagnant fluid. More details about the governing equa-
tions and physical model can be found in [30-32].

Based on the problem description, the corresponding boundary con-

ditions for the microchannel can be introduced as:

Initialcondition : t=0: T(xt,y*,z7,0) =T, yt, z%) (7a)
and for t> 0:
Inlet : T = T}, and Outlet : 9T /on™ = 0; (7b)

At the insulated walls surfaces : 0T /ont = 0 where n is the surface normal

(7¢)
At the inner walls surfaces of the channel : &, (0T/6n+)nf
= cw(aT/an*)cwand Ty =T (7d)
At theinterface of two different walls : k, (dT/an+)nf
= k(0T /on*), and T, =T, (Te)
At the interface of pcm layer and wall : k., (0T/0n+)pcm,
=k (9T /on*), and T, =T, (7f)
At the surfaces subject to heat flux : —k,, (9T /on*)_ =4q'}® (7g)
where q”,(t) is introduced as:
q”h’],—OO <t<0
g =90 +1q"y,0<t <P ®)

¢ P<t<o

The microchannel is symmetric at the plane of x-y at z=0. Hence,
in order to reduce the computational costs, the channel is modeled as
a symmetric channel where at the symmetric plane the zero heat-flux
boundary condition, of 0T/dn* =0, is employed.

2.3. Non-dimensional form of governing equations

Invoking the following non-dimensional parameters:
%)
the governing equations along with their boundary conditions are trans-
formed into their non-dimensional form. In Eq. (9), 6 and u denote the

dimensionless temperature and the dimensionless velocity, respectively.
The reference temperature difference is also evaluated as:

[(th,lA;—,J + q,,h,zA;z)/(A;] + AZ,Z)]D;

AT, rpr = A (9b)
bf
The dimensionless form of governing equations is obtained as:
Nanofluid:
D, 90 20 Dy, 0%0

0%9
—  — +ty —=a,,, —— —=+
Re, Pry, 0Fo ' “ox "/t Re, Pr,, < ox2 9y

2
. ;ﬁ) (10
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Solid walls:
20 . 920 | 9’0 , %6
m—“cw/bf(ﬁ“La_yZ’LE an
MEPCM layer:
8 0%0 | 0%0 | 9%0 1 o
IFo - /f<a_ * 52 t oz ) T e Pniny Sz 5F, (12
where the dimensionless parameters are:
knf k kpcml
Knpror = 7 Ty’ ofby = Tor “and k0= " (13a)
* K PofCpbf o * PofCpbf d
urpor = Cns ot g o ooy = Rewpps e < emi /b
* PbrCpbf
=k _— (13b)
peml/bf ppcmlc ,peml

and the non-dimensional numbers of Prandtl number (Pr), the Reynolds
number (Re), Peclet number (Pe), Stefan number (Ste) are defined as:

+Df +pt
Pyrity D u utD
Re,, = 4 Hhn JPr= bf  Peyy= b “h (145)
Hpr bf  PprQpy @
C [AT b c b AT b T — T,
Stepcml = M’ Stebf = M, Sbbf = M b,in
hl: ' hls ’ ATref,bf
(14b)
where ayc=kys / p ¢, and the hydraulic diameter is evaluated as D} =
M — 2ARch,x +
(HE W)~ T4ARy,  ch’

The non-dimensional initial and boundary conditions are also ob-
tained as:

Initial condition : t =0 : 6(x,y,z,0) = 0(x,y, z) (15a)
and for t>0:
Inlet : 6 =0;, and Outlet : 00/on =0 (15b)
At the insulated walls surfaces : 06/dn =0 (15¢)
At the inner walls surfaces of the channel : k*,,f/bf(ae/an)nf
=k /5y (00/0n) and 6, = 6., (15d)
At the interface of two different walls : k*,,f/,,f(aé'/an)nf
=k /5y (00/0n) and 8, = 6., (15¢)
At the interface of pcm layer and wall © k™ .., /57 (30 /01)
= k* s (00/0n),and b, = 6., (15f)
At the surfaces subject to heat flux : (00/0n),,, = q*” ) (15g)
where g*” p,(t) is introduced as:
-1, —0<t<0
g (1) = —%(Hn,o«sp 16)
1, P<t<oo

The thermophysical properties of MEPCM layer are evaluated using
the following relations:

Ppeml = ¢pcm[pair + (1 - ¢pcm1)ppcmp (173-)
€ peml, £ )P pempCp,pemp

epcmlpair + (1 — £

Epeml PairCp.air +1-

(17b)

C =
p.pcml
pcml)ppemp

where subscript of air denotes the air in MEPCM layer. The top phase
change microcapsule layer is filled with 40% air and 60% micro capsules
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Fig. 2. The flowchart of the solution method.

which results in the porosity of MEPCM as &,y = 0.4. The thermophys-
ical properties of the nanofluid are evaluated using the relations intro-
duced in the study of Khanafer and Vafai [13] for nanoparticle of size
22.2~47.7 nm. In this work, two volume fractions (mass fractions) of
$=1.4% (w,,p =5%) and ¢p=2.7% (wnp =10%) are studied. The impor-
tant flow and heat transfer characteristics are defined as:

1

ut (x%) = / utdy*dz* (18a)
b A% (= H+ W) Jyr=o Jzr=—wit 2
T ! *TdA™ 18b
bx = QC o Cpmity chyx ( )
pm0 JAG
T,(xt) = T,;
Oy = b T bin (18¢)
AT erps

where u*y,, T, and 6, , are the bulk velocity, bulk temperature and
non-dimensional bulk temperature. Here, Q(= ut, A% ) is the channel
flow rate.

3. Numerical method

In the present study, the fluid flow was handled using the analyti-
cal solution. The melting rate equation is iteratively calculated by the
transient method simulation. The system of discretized equations are
solved numerically. Fig. 2 demonstrates the flowchart of the solution.
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Table 2
The details of the utilized of grid tests.
Label Grid numbers in heated section  Structure grid in heated section (long, wide, high)  Grid size in solid and PCM layer(height, width) T 1, max error%
Gridl 254541 (161, 51, 31) (41, 31) 80.8 0.30
Grid2 304451 (161, 61, 31) (41, 31) 80.63 0.087
Grid3 468671 (161, 71, 31) (41, 31) 80.56 X
The solution area can be divided into a base/side/top wall solid zone, w0 =0% d =19.4 W/ 2) Line
a micro-channel fluid zone, and the MEPCM layer solid zone. The three | Cup = V70 qn =17 cm
parts of the solution area are solved in the order from the inlet section A th,x =025,4 wa =0.5 Correlation ——
to the outlet. The longitudinal iterations are solved from the bottom to 401 AR 05 W =05
the top and then along the flow direction to the outlet. The boundary awx T VT T T Simulation |——-—
conditions at the acrylic and the layer of phase change microcapsule in- [ 7, =34°C
Lin
terfaces for temperature continuity and heat balance are simultaneously
monitored and satisfied. |
3.1. Grid check | E
.1. Grid chec
=

The effect of grid size on the numerical results is analyzed by cal-
culating the results for three different grid sizes. The details of the uti-
lized grids are reported in Table 2. This table also shows the evaluated
maximum steady state temperature, and the relative temperature calcu-
lation errors at the first heated zone for Reyr=>500. In Table 2, the re-
sults are evaluated for ¢” , ; =q”  , =29.6 (W/cm?), Ty ;, =34 °C, AR
chx =0.25, ARy, =0.5, AR, . =0.5, W, =1. These parameters are
also selected as the default values for calculation of future results in the
present work, otherwise the value of each parameter will be stated. In
the present study, it is also assumed that q” 1 =q” =q” p,. The error
in the Table 2 is the percentage of the relative error which calculated as
100 x (the difference of Ty, ; at the studied grid size - Tp, 1 yax at the grid
size 3)/ Ty 1, max at the grid size 3. It is clear from Table 2 that the rel-
ative temperature error for Grid 2 is 0.087% which is suitable for most
engineering calculations and the purpose of this study. Similarly, the
relative temperature error at Reyr=2000 is also evaluated which was
0.012% for Grid 2. Hence, Grid 2 is selected for future calculations.

The inlet section and the outlet section of the channel are also tested
to be long enough to not affect the results. In fact, when the Reynolds
number is high, the longer outlet section is required to capture the axial
downstream thermal effects in channel walls and nanofluid flow. How-
ever, in the low Reynolds numbers in which the flow is slow, the axial
conduction heat transfer effects toward upstream get important, and
hence, a longer inlet section is required. After checking various sizes of
inlet and outlet sections, it is found that the inlet section of Lt /Lt =2
and outlet section of L* ;/L* = 3 are sufficient for the Reynolds number
in the range of 500-2000.

3.2. Validation

To check the correctness and accuracy of the results, the results of the
present study are compared with the results of heat transfer in a simple
rectangular channel as reported by Lee and Garimella [29]. Using the
present numerical approach, the same problem as those reported by Lee
and Garimella is solved and the results are compared with the Nusselt
number that is evaluated using the analytic solution in [29]. The results
are plotted in Fig. 3. As seen, the results of the present study are in good
agreement with the results available in the literature. In the separate
numerical runs, the predicted Nusselt number is also compared with the
previous work of Lee el al. [33]. It is found that the predicted Nusselt
number is in agreement with the result of Lee et al. [33]. Thus, this result
confirms the validity of the computational scheme used in the present
investigation.

4. Results and discussion

The effects of the presence/absence of MEPCM on the transient tem-
perature distribution of the channel system are studied. The calculations
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Fig. 3. A comparison between the Nusselt numbers evaluated in the present
study and those reported in the study of Lee and Garimella [29].

Table 3

The maximum allowable temperature
(°C) for various Reynolds numbers and
various heat flux powers.

Heat flux Re,;=500  Rey=2000
Ste*yrs=0.1 56 -
Ste*yps=0.2 75 60

Ste*yrs =0.3 92 72

Ste*yr =04 - 82

are performed for the surface heat flux with normal heat flux until a
steady solution is achieved (t=0s). After two minutes (120 s) of steady
state normal flux, a heating pulse of y is suddenly applied at the heated
zones to increase the heat flux. The results are evaluated for various heat
flux powers. The heat flux powers of ¢” ,=7.1, 13.5, 16.5, 19.4 and
24.7 (W/cm?) correspond to dimensional parameters of Ste*ppe =0.1,
0.2, 0.25, 0.3 and 0.4, respectively. Here, the heating pulse size is se-
lected based on the maximum allowable heating power under different
Reynolds numbers. These maximum temperatures for various Reynolds
numbers and heat flux powers are summarized in Table 3. The pulse du-
ration in the present study is adopted as 10 min, i.e. P=10min (t=121s-
7205s) while the original heating power is 40 minutes. Hence, the total
time for one cycle is 50 minutes.

In the present study, the main attention is on the cooling behaviour
of the channel in the presence of the pulse heat flux. Hence, we have
only reported the results for the temperature behaviour of the fluid and
the heated locations. Furthermore, due to negligible effect of convective
heat transfer in the very tiny layer of MEPCM, the temperature distri-
bution in the molten part of MEPCM layer is linear and in the solid part
is constant.

4.1. Bulk temperature distribution

The bulk temperature distributions along the flow direction during
a heating cycle for Reynolds numbers of 500, 1000 and 2000, respec-
tively, are shown in Figs. 4-6. The results are plotted for three sections
of the channel. The first section is placed at the beginning of the first
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Fig. 4. The bulk temperature distribution at different locations with/without MEPCM during one cycle Re; =500, y =0.9.
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Fig. 5. The bulk temperature distribution at different locations with/without MEPCM during one cycle and Re,;=1000, y =0.9.
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Fig. 6. The bulk temperature distribution at different locations with/without MEPCM during one cycle and Re,z= 2000, y =0.4.
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Fig. 7. The bulk temperature difference along the channel in flow direction
with/without MEPCM for various times during one cycle and Re = 2000,
y=0.4.

heating zone, i.e. xu¢= 0. The second section is located in the middle of
the distance between two heated zones, i.e. xp¢ =Ly, ; +0.5L. The third
section is after the second element, i.e. xpr=Ly,; +L; + Ly 5. The results
are compared for two cases of the presence of MEPCM at the ceiling wall
(top) wall and in the absence of MEPCM when @np =0% (pure water).
Fig. 4 clearly shows that the presence of the heat pulse rises the bulk
temperature of the working fluid during its active time. The maximum
temperature can be observed at the end of the pulse duration. As seen,
the pulse heat flux induces a temperature raise about 2 °C after the sec-
ond element. However, as depicted in Fig. 5, this temperature raise is as
lows as 1 °C in the case of a higher Reynolds number, i.e. Reps=1000.

The results show that the temperature difference due to the pres-
ence of the MEPCM layer is more obvious in the case of low Reynolds
numbers (Rebf =500). In this case, the maximum temperature difference
is 0.2 °C. The increase of Reynolds number diminishes the effect of the
presence of the MEPCM layer. In the case of Reys=1000, the maximum
temperature difference due to presence of the MEPCM layer is only
0.1 °C. Fig. 6 shows the results for lower amplitude of heat flux pulse
of y =0.4. As seen, the temperature differences are also smaller.

4.2. Bulk temperature difference in fluid flow

The bulk temperature differences (the difference between inlet and
the fluid in the channel) along the channel in the flow direction for
various time step ratios t/P are presented in Figs. 7-10. The results of
Figs. 7 and 8 are plotted for two pulse flux amplitudes of y =0.4 and
y=0.9. Here, Ty;, and Ty, denote the bulk temperature of the fluid at
inlet and the bulk temperature of the fluid at each channel cross-section,
respectively. Figs. 7 and 8 aim to study the effect of the presence of the
MEPCM layer on the bulk temperature raise of the channel. Figs. 9 and
10 denote the effect of various time steps in the range of —0.5 < t/P <5.0.
The negative time step of t/P=—0.5 denotes the steady state situation
before the rise of the heat flux power. These figures show that the trend
of the behaviour of the results in the presence or absence of the MEPCM
layer is similar. This is because of the fact that the convective interaction
between the MEPCM layer and the fluid is very low compared to con-
duction mechanism heat transfer with side walls. The most impact of the
presence of MEPCM layer can be seen through conduction in side walls.

4.2. Average temperature of the channel walls
Figs. 11 and 12 are plotted to show the average temperature of the

top wall of the channel in the presence or absence of the MEPCM layer
and for two pulse powers of y =0.9 and 1.30. The results of these figures
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Fig. 8. The bulk temperature difference along the channel in flow direction
with/without MEPCM for various times during one cycle and Rey=1000,
y=0.9.

are reported for various mass fractions of nanoparticles. These figures
reveal the significant effect of the presence of MEPCM layer on the tem-
perature of the top wall. The presence of nanoparticles smoothly affects
the results. For lower sudden pulse power (y =0.9), the wall tempera-
ture distributions for the cases without MEPCM are shown in red lines.
It is clear in Fig. 11 that the maximum steady wall temperature is about
40.15 °C in the absence of the PCM layer. However, due to the lower
thermal conductivity and density of MEPCM, the maximum steady wall
temperature may be as high as 41.0 °C. So that, the MEPCM does not
play an important role to reduce wall temperature raise for the case with
a steady state situation or low sudden pulse power (y =0.9). For high
sudden pulse power (y =1.3), i.e. Fig.12, the top wall with MEPCM has
a role to reduce the wall temperature raise owing to the phase change
effect.

Fig. 13 shows the temperatures difference between the bottom wall
temperature and the inlet temperature for various mass fractions of
nanoparticles. The pulse heat flux increases the temperature of the bot-
tom wall. However, the presence of the MEPCM layer tends to absorb
some of the heat, and hence, it smoothly decreases the maximum tem-
perature of the bottom wall. The presence of the nanoparticles also
smoothly affects the temperatures difference between the bottom wall
and the bulk temperature of the working fluid. Although the results
of the present study show little enhancement of heat transfer due to
the presence of nanoparticles, the addition of the nanoparticles also in-
creases the pressure drop in the channel due to the increase of dynamic
viscosity. The increase of pressure drop requires more pumping power
and is not of interest.

4. Conclusion

The heat transfer of Al,05 nanofluids in a microchannel of rectangu-
lar cross-section with thick highly thermal conductive walls is modeled.
A layer of microencapsulated PCM is embedded in the celling wall of the
channel. The bottom wall of the channel is subject to two heat flux zones
with pulse shape heat power. When the heat flux power increases, the
MEPCM layer goes through a phase change process to absorb some of
the extra heat fluxes of the heat flux pulse. The governing equations for
heat transfer in the working nanofluid, the channel walls, and MEPCM
layer are presented in the form of partial differential equations, and
then, they transformed into non-dimensional form. The finite volume
method is employed to solve the governing equations associated with
the boundary conditions of the model. The results are compared with
the literature results and found in good agreement. The results of the
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Fig. 9. The bulk temperatures difference along the
channel in flow direction with/without MEPCM for
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Fig. 10. The bulk temperatures difference along the
channel in flow direction with/without MEPCM for
various times during one cycle and Re,= 1000, y =0.9.
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Fig. 11. The average temperature at celling wall of the channel with/without MEPCM for various mass fractions of nanoparticles during one cycle and Re,;=1000,

y=0.9.

numerical calculations are reported in the form of plots and tables. The
main outcomes of the present study can be summarized as follows:

1 The pulse heat flux rises the bulk temperature of the channel up
to 2 °C. However, the average maximum temperature-difference of
the fluid in the presence/absence of MEPCM is about 0.2 °C at low
Reynolds number (Rebf= 500). The average temperature difference
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of fluid caused by the presence/absence of MEPCM layer is about
0.1 °C for higher Reynolds numbers. The cooling effect the presence
of MEPCM layer on lowering fluid temperature was not as expected.
The heating pulse starts to increase the temperature very quickly
until the temperature reaches to its highest value at the end of the
heating pulse. After that, the temperature drops slowly under normal
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Fig. 13. The temperatures difference at interface of the bottom wall surface and nanofluid with/without MEPCM for various mass fractions of nanoparticles during

one cycle and Re,;=1000, y =0.9.

heat flux condition, which is due to the axial heat transfer effects in
the conductive walls of the channel.

2 The temperature of the celling wall is under influence of the MEPCM
layer. It is found that the larger the amplitude of the heat flux pulse,
the better cooling effect of the MEPCM layer. However, in the steady
state case, the presence of the MEPCM layer can act as a barrier for
heat transfer which is not of interest.

3 The presence of nanoparticles marginally enhances the heat transfer.
The increase of the mass fraction of nanoparticles also improves the
heat transfer enhancement.

In the present study, the effect of the presence of a MEPCM layer in
the celling wall of the channel is studied. The results show that the inter-
action between the fluid and the MEPCM layer is low, and the MEPCM
layer only would absorb some of the energy of the heat flux pulse due
to conduction in the channel walls.

In the present study, the layer of MEPCM is considered at the celling
section of the channel due to the low thermal conductivity of the
MEPCM materials. Indeed, a large amount of heat exchange occurs be-
tween the bottom wall and the fluid inside the channel. This heat trans-
fer mechanism is critically important to take away the off-pick heat of
the heat sources. The side walls also partially contribute to the convec-
tive heat transfer with the fluid inside the channel through the conduc-
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tion mechanism with the bottom wall. As a result, adding a low con-
ductive layer to this part may significantly reduce the heat transfer rate.
The celling is the part of the channel with minimum contribution in con-
vection mechanism with the fluid flow. Thus, this part of the channel
was supported using a layer of MEPCM to enhance the pick-load heat
transfer using the phase change materials.

Another important point is the solidification of MEPCM. Usually,
there is a significant difference between the solidification time and melt-
ing time of a PCM due to the difference between the mechanisms of nat-
ural convection and change in thermo-physical properties of the solid
and liquid states. Considering the very thin layer of MEPCM, the natu-
ral convection effects are negligible. However, the change in the ther-
mophysical conditions and the heat pathways of conjugate heat transfer
inside the walls may be important. Study of the solidification of MEPCM
layer in the channel can be the subject of future studies.
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