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Highlights

e The NEPCM-filled complex cavity was numerically studied in the presence of an electric
field.

e The electric field enhanced the heat transfer if applied in a valid setup.
e The Bea.. increases with the electric field and diminishes with the Ra.
The ANSYS Fluent can solve complex problems in the presence of an electric field.

Abstract:

The effects of an electric field on heat transfer, free convection, and entropy generation of nano-
encapsulated phase change material (NEPCM) dissolved in water in a complex inclined chamber are
studied. The enclosure consists of a rectangular cavity heated from below and the remaining walls are
considered adiabatic. The fluid is cooled by eight cooling tubes, each with four notches. The effects of
the electric field, inclination angle ({ = 45° and ¢ = 90°), and Rayleigh number (Ra=10°, 10*, and
10°) in equal concentration of NEPCM (¢ = 2%) are studied using ANSYS Fluent CFD code. The
dimensionless form of fluid governing equations, electric potential equation, electric charge density
equation, and entropy generation equation are used to set the primitive parameters. Grid verification
and validation tests are performed to ensure the reliability of the solution. Calculations show that with
increasing Ra, the average Nusselt number (Nu,,.) decreases from ¢ = 45° to 90°, but when an
electric field is applied, the results are reversed. As the Rayleigh number increases in conjunction with
the electric field, the buoyancy effect becomes more pronounced. Furthermore, owing to its high heat

transfer potential and lowest irreversibility, the straight cavity ({ = 90°) is desirable at Ra=10".

Keywords: Natural convection, NEPCM, Entropy generation, Electric field, Ansys Fluent.



1.Introduction

Thermal management of electronic devices is one of the requirements of the electronics industry,
which has grown a lot in recent years. Due to increased performance and reduced size, the heat
generated by new electronic equipment has increased dramatically. As a result, several studies have
been conducted on micro heat sinks. They focused on the use of pin fins, their arrangement, and their
cross-sectional shape. Apart from heat sinks, latent thermal energy storage has been proposed as a
potential candidate because it stores energy in the form of latent heat. Materials used to store latent
heat energy are known as phase change materials (PCM). The motivation for this study is to introduce
NEPCM into the water to increase the heat storage capability. Then analyze free convection inside a
closed heat exchanger acting as a heat sink cavity by applying an electric field. The latent heat of
solid-liquid phase change can release or absorb a significant amount of energy in a new type of
nanofluid called NEPCMs suspension [ 1]. Several studies have been carried out on natural convection
and second law analysis inside various cavities filled with NEPCMs suspension. Ghalambaz et al. [1]
investigated the natural convective flow and heat transfer of NEPCMs in a base square cavity. They
used the finite element method to discretize and solve the non-dimensional governing equations to
understand the critical role of fusion temperature. Aly and Alsedais [2] used incompressible smoothed
particle hydrodynamics to simulate double-diffusive convection in a complex-shaped porous cavity
suspended by nano-encapsulated phase change materials. They concluded that the Stefan number has
a little effect on temperature, concentration, and velocity. The impact of fusion temperature, porous
medium, volume concentration of NEPCM, and magnetic field on the heat transfer performance of
two complex geometries was explored by Seyyedi et al. [3], [4]. They used CVFEM, a combination of
finite element and control volume methods, to solve the governing equations. Mehryan et al. [5] used
finite element based CFD software to investigate the mixed convection of NEPCM suspensions in a
wavy wall cavity containing a rotating solid cylinder. They concluded that the wall undulation number
causes a significant change in the Nusselt number. Shehzad et al. [6] investigated the effect of fin
orientation on the natural convection of NEPCM water suspension in a heat exchanger with wing-like
fins. The results showed that vertically aligned fins improve thermal performance compared to
horizontally aligned fins. Sadeghi et al. [7] studied the natural convection and entropy generation of
NEPCMs in an inclined L-shaped cavity. According to the findings, the Stefan number, micro-
rotation parameter, and non-dimensional fusion temperature have a negative effect on natural
convection heat transfer. Cao et al. [8] used the Finite volume method to investigate the free
convection of a mixture of water and NEPCM inside a metal foam porous medium. Adding NEPCM
to water increased the average heat flux of the PCM tank. Hussain et al. [9] solved the natural
convective flow equations in a nano-encapsulated phase change material suspended in water inside a
staggered and grooved porous cavity using FlexPDE software. Almutairi [ 10] investigated the cooling

performance of three integrated circuits in an inclined square cavity filled with NEPCM-water



suspension. Active parameters included Rayleigh number, inclination angle, and NEPCM
concentration. Alhashash and Saleh [11] used FlexPDE to investigate the heat transfer in a rotating
cavity filled with NEPCM suspension. The results show that at higher rotational speeds, NEPCM
experiences less phase change and reduced heat transfer. Fereidooni [12] employed finite element
method to numerically analyze natural convection of NEPCM-water suspension in I'-shaped cavity
under the influence of magnetic field. The results showed that the Ha number had a negative effect on
the intensity of heat transfer in the NEPCM suspension medium. Using FlexPDE CFD software,
Zidan et al. [13] numerically analyzed the natural convection flow and entropy of a NEPCM-water
suspension in a reversed T-shaped porous cavity with two hot baffles. They concluded that rising the
fusion temperatures cause the expansion and displacement of the melting-freezing zones. In addition
to studying the effects of magnetic fields, the researchers also investigated the effects of electric fields
on natural convection. Electrodes or surfaces in the cavity were considered by the authors to inject
charged particles inside the electric field [14], [15], [16], [17], [18], [19], [20], [21].

Based on the above literature and the stated purpose of this study, we will investigate the natural
convection and the second law of thermodynamics in the NEPCM-water suspension enclosure with
notched cooling tubes using non-dimensional governing equations in Ansys Fluent with some
additional equations for the electric field and electric charge density. Contrary to previous studies that
looked at the magnetic field as a moderator of fluid flow and heat transfer, this study looks at the
electric field as a possible tool to increase the heat transfer mechanism inside a complex medium. As
a result, we show how Rayleigh number, inclination angle, and electric field affect the streamline,

isotherm, isoline charge density, and Bejan number in a heat sink cavity filled with NEPCM.

2.Mathematical formulation

2.1 Problem statement

In this paper, we investigate the effect of an electric field on steady laminar natural convection in a
NEPCM-water suspension filled heat sink cavity with complex cooling tubes. Each tube has four
notches that distort the fluid inside the cavity. Fig. 1 depicts the geometry and mesh of the complex

heat sink enclosure with cooling tubes.
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Fig. 1. The problem schematic; a) cavity with notched cooling channels, b) Grid view.

In this figure, the characteristic length of the cavity is L, and the cavity height is H, which is twice the
length of the cavity. This cavity is chosen because it has a higher heat transfer capability due to its
aspect ratio of 2:1 and rectangular shape [22]. Eight complex-shaped cooling tubes inside the cavity
remove absorbed heat from the electronic board's bottom wall; all other walls are insulated. The
cavity bottom wall and cooling tubes generally remain at fixed temperatures 7y and 7' but 7o < 7.
Uniform electric potentials of ¢o and ¢ with o < ¢, are applied to the collectors (tubes wall) and
emitter (bottom wall) electrodes, respectively. In other words, when a voltage ¢; is applied to the
bottom wall electrode, a constant direct current electric field is generated, and the complex shape tube
walls act as a grounded electrode, go. As a result, the homogeneous electric charge density, ¢, with
charge carrier mobility, K, is injected through the bottom wall into the fluid medium. The magnetic

field's effect is ignored due to the electrostatic limit [23].

2.2 Governing equations
Navier-Stokes equations, Maxwell's equations, and Gauss' law are used to derive the equations that
govern the flow field. As a result, In the absence of electrical and viscous dissipation, the governing

equations are [17], [18]:
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v.J=0 (6)
In Eq. (2), the volumetric electrical body force, F,is given by (see Ref. [24]):
ﬁ=qE)—%EzV£+%V<pﬂ%(m))) )
The first term on the right-hand side of Eq. (7) is due to the Coulomb force, the second term is due to
the inhomogeneity of the permittivity of the dielectric fluid, and the last term is due to the non-
uniformity of the electrical permittivity. In general, the second and third terms are the largest
contributors to the EHD body force in phase-change processes like boiling, where the EHD body
force acts on the liquid-vapor interface [25]. As a result, the last two terms are ignored in the current
study. The current density equation is as follows (see Ref. [24]):

J=0Ey—DVq +qV ®)
The terms aﬁo, DVq, and qI_/) in Eq. (8) are the mobility of ion, the diffusion of the charge, and the
convection of the charge, respectively. The electric conductivity o can also be written as ¢ = Kq (see

Ref. [26]). Replacing Egs. (7) - (8) into the main Egs. (1) - (6), the governing equations are:
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The boundary conditions for the above set of equations are as follows.
Hotwall: u=v=0,T =T, ¢ = ¢, =¢qp (16)
aT Jd¢p 0dq
Insulated walls: u = v = 0, Tl el
. dq
Cooling tubewalls:u =v =0,T =T, ¢ = Porm = 0
2.3. characteristics of NEPCM-water suspension
The NEPCM suspension's bulk properties are calculated using [ 1 ]:
pp = pr(1 =) +ppd (17)
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2.4 Stream-function-vorticity formulation (Dimensionless forms of the governing equations)
The stream-function-vorticity formulation is utilized to modify a system of non-dimensional equations
into a form that can be numerically integrated. The vorticity, stream function, and dimensionless

variables are as follows:
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Thus, Egs. (9)-(15) can be rewritten in non-dimensional forms using Eqs. (24) and (25):
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Where Ray, Pry, Sg, E¢, Prg, Ng and D, are defined as follows:
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The boundary conditions by considering stream-vorticity in non-dimensional formulation take the
form:

Hotwall:‘P=a—‘y=0,9=1,¢‘=1,Q=1 (33)
Y

Insulated walls: ¥ = a_lp = 6_9 = 6;13 = 6_Q =0

aYy ‘'on  on  on

aQ

=0

oV
Cooling tube walls: ¥ = T2 =0,06=0,¢=0,
2.5 Nusselt number
The indicators of heat transfer rate in the cavity are calculated by Nu,,. in the cavity and Nuy,.,; (local

Nusselt number) on the hot bottom wall:
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2.6 Second law of thermodynamics analysis
The rate of entropy generation can be calculated as follows:
Y Y S B0 a2 4 (22| R
gen 12 [\ox dy To | \Ox dy dy Ox T,
The heat transfer, viscous dissipation, and electric field all contribute to the generation of local

entropy in Eq. (36). In non-dimensional form, the local entropy generation is as follows:
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The Eq. (37) can be generalized as:

Npgen = Npur + Nppr + Ny gr (39)
The first term is the entropy generation due to heat transfer, the second term is for fluid friction and
the last term is the influence of the electric field. In this study, the second law of thermodynamics is
evaluated by calculating the local Bejan number which represents the strength of the entropy

generation due to heat transfer irreversibility to the overall entropy generation [27], [28]:

Be, = NL,HT/NL,gen (40)
The average Bejan number is:
J, BeL (X, Y)dA (41)
Beave =
J, dA

3. Numerical details

3.1 Numerical method

Natural convection and entropy generation are simulated by ANSYS Fluent academic version CFD
code with an integrated non-dimensionalization scheme. The governing equations are discretized
using a pressure-based finite volume method. Since the buoyancy term is treated by the Boussinesq
approximation [29], the temperature variations of fluid properties are neglected. Wall boundaries are
assumed to be smooth and without roughness. The COUPLED algorithm is used to couple the
pressure and velocity fields. The PRESTO scheme is employed for spatial pressure discretization [30]
and second-order upwind applied to the formulation of the convection contribution to the coefficients
in the finite-volume equations The convergence criterion for conservation equations is 10°. The
electric effect is introduced by the potential equation and the charge density equation as two user-
defined scalars (UDS) with exclusive user-defined functions to cover the source terms of the
equations. The boundary conditions also considered the effects of electric potential and charge density
through UDS values in the walls. Two user-defined functions are used to couple the electric field as

source terms for momentum equations. Custom functions are used to compute entropy generation and



the Bejan number. The pressure-based finite volume approach is utilized to discretize the governing

equations. Except for the Boussinesq approximation's buoyancy factor.

3.2 Grid check
The mesh sensitivity study for NEPCM-water suspension without electric field at Ra=10* and { =90°
was performed to determine the proper cavity mesh. As shown in Fig. 2, a mesh of 265894 or finer is

suitable for the grid-independent solution and diminishing discretization errors in numerical

simulation.
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Fig. 2. Convergence of the Nu,y,. at the bottom hot wall with successive mesh refinement.

3.3 Validation of the numerical approach

The numerical method has been validated utilizing using the numerical data of Yang and Ordonez's
[31]. However, when the modified Ra is considered, there is no exact test case that is similar to
problem cooling tubes. Warrington and Powe [32] presented experimental results for air free
convection between a hot cylindrical body with radius R and its cold square enclosure with length L.
They calculated Ra and Nu using a hypothetical gap width L defined as the distance between an
imaginary outer sphere with the volume of a cube and an imaginary inner sphere with the volume of a
cylinder. The average Nusselt number recomputed with modified Rayleigh number, Ra;, for an aspect
ratio of 0.2 as shown in Table 1. Our findings are consistent with those of Yang and Ordonez [31]. In
addition to checking the validity of the model, the contours of the isotherms and streamlines were

compared to those contours that presented in references [31], [32] (Fig. 3).

Table 1. Validation the numerical method

Ra Rar present Warrington and Powe Yang and percent error related
study [32] Ordonez [31] to Ref. [31]

104 1.114x10* 5.156 5.286 5.156 0%

103 1.114x10° 8.07 8.67 8.06 -0.12%

108 1.114x106 14.56 14.229 14.49 -0.48%




(b) This study

(c) Refs. [31] and [32] (d) This study
Fig. 3. Comparison of isotherms (a, b) and streamlines (c, d) obtained with this study and from references (Ref. [31] (solid

lines) and Ref. [32] (dashed lines)) at Ra=10*

4. Results and discussion

This study investigates natural convection heat transfer and entropy generation in a complex cavity
filled with NEPCM-water suspension with notched cooling tubes subjected to an external electric
field. The suspension of the base fluid and NEPCM is considered as a diluted suspension. NEPCM
particles have a shell of polymethyl methacrylate (PMMA) and a core of n-octadecane [33]. For
simplicity, dielectric permittivity and ionic mobility are assumed to be constant. The main forces that
govern the fluid flow are the Coulomb force and the buoyancy force. The buoyancy force is changed
due to inclination of the cavity ({ = 45° and 90°), but the Coulomb force is fixed between bottom
wall and the tubes for Rayleigh number 10*-10°. The results are presented in the form of isotherms,
streamlines, isolines of electric charge density, Bejan number, heat capacity ratio, and Nusselt

number. Table 2 lists the non-dimensional parameters used.

Table 2: The default values of the dimensionless parameters

Pry O Prg ¢ Y P Ng Ste Ny N, p/pr De d Ec & x B,/ Br

6.2 0.5 1 0.02 04 107* 1 0.2 3 6 0.9 1 0.05 1 0

10
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The results of isotherms contours, local and average Nusselt number, stream function, the Bejan
number, isoline of electric charge, and heat capacity ratio for NEPCM-water suspension in complex
heat sink cavity under normal condition and electric field conditions are shown in Figs. 4-9. Fig. 4
illustrates the isotherm contours for a range of laminar Rayleigh numbers, inclined cavity ({ = 45°),
and straight cavity ({ = 90°) with (A® = 1) and without electric field (A® = 0). The fluid flow
inside the notch as shown in Fig. 1 are no longer clear due to the smaller size of the figure. But the

effect of the notches is significant.

According to Fig. 4 and Fig. 5, the Nu,ye and Wy, increase with Ra and electric field. However, by
applying an electric field to the fluid of the cavity at Ra=10" the heat transfer decreased due to the
saturation charge effect of electric charges which strongly injected from the hot wall (bottom wall). In
other words, we need a threshold of Rayleigh number to apply an effective electric field. In Fig. 8 this
negative effect is apparent for Ra=10° where the electric charge bands are wider than in the other
cases with higher Rayleigh number. The values of Nu,,, increase in the presence of electrical field for
Ra=10"*and Ra=10° because the coulomb force and the bouncy force are in the same direction. In fact,
the electric field strengthens the convection flow. But at Ra=10°, convection flow is weak, so the
Coulomb force cannot contribute significantly to the heat transfer enhancement. The effect of
inclination angle is different. Under normal condition, the Nu decreases with the increase of the
inclination angle from 45° to 90°, but in the presence of an electric field, Nu increases. For example,
in Ra=10* the Nusselt number increases by 21.41% for { = 45°, and 64.21% for { = 90° and for
Ra=10° these values increase by 42.16% and 77.08%, respectively. It is interesting that in the
presence of an electric field, the Nusselt number increases by 202.25% at { = 90° when the Rayleigh
number rises from Ra=10* to Ra=10°. In fact, the thickness of thermal boundary-layer decreases with
increase of the Rayleigh number and therefore, the heat transfer coefficient and Nusselt number

increase.
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Fig. 5. The contours of streamlines for NEPCM-filled cavity with and without electric field
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From Fig. 5, it is clear that with the increase of Ra and the application of the electric field, the
maximum stream function increases. This means that the fluid flows at a higher velocity to transfer
the applied heat from the electronic devices to the cooling tubes. However, at Ra=10> for this complex
cavity, it seems that the density of electric charge injection is not enough to provide the required
Coulomb force to increase heat transfer from the bottom wall to the top wall of the cavity and the
upper cooling tubes. According to the last term in momentum equation (Eq. (27)), this term has a
positive value that can help to increase the fluid velocity and therefore the values of W, increase.
For { = 45° there is only one center of vortices which is formed around the first cooling tube
according to slope direction. For { = 90°, there are two vortex centers due to the same fluid passing
between the cooling tubes up and down. Moreover, by applying the electric field, the center of
vortices was strengthened and moved upwards. It is clear from the figure that for { = 45°, the center
of vortices shifted up (around the second raw of the cooling tubes) and for { = 90°, the maximum
stream function has increased by about 34.6%. Fig. 6 shows the local and the average Bejan numbers
inside the cavity with and without the influence of the electric field. Due to the irreversibility of fluid
friction and heat transfer the Bejan number has an inverse relationship with the Rayleigh number.
Contrary to previous studies about magnetic field [27], [28], with the application of electric field, the
Bejan number increases due to irreversibility of the heat transfer. Indeed, in the presence of an electric
field, both the first and third terms in the RHS of Eq. (37) increase, but the increasing in the first term
(due to the irreversibility of heat transfer) is more than that of last term (due to the irreversibility of
electric field). At low Ra, specifically Ra=10’and { = 90°, the local Bejan number is close to one due
to the dominant conduction heat transfer mechanism in most regions. At Ra=10°, part of the
irreversibility of heat transfer is reduced due to minimizing the heat transfer irreversibility. The
electric field has no significant effect on the Bejan number at this Ra. For example, in Ra=10°and { =

90° the average Bejan number has increased by 16.66%.

14
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Fig. 6 The contours of local Bejan number for NEPCM-filled cavity with and without electric field

Fig. 7 shows the effects of Rayleigh number, inclination angle and electric field on the heat capacity

ratio (Cr). In the red region, the nano-encapsulated phase change particles undergo phase change

15



within their capsules where the phase change move toward the cooling walls. It is obvious that the
phase change occurred in a wider region at Ra=10> for { = 45°and { = 90°. As it is known, the
values of W, and Nu,,. increase with the increase of the Rayleigh number, and as a result, the heat

transfer rate and the fluid flow rate increase, which leads to an increase in the phase change rate.

{=45° ¢=90°

AD =0 AD =1

AD =0

AD =1

Ra = 103

Ra = 10*

Ra = 10°

Fig. 7. The effects of Rayleigh number, inclination angle, and electric field on the heat capacity ratio.
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Isolines of electrical density are presented in Fig. 8. It is clear that the Ra augments the distortion of
isoelectric density Nevertheless, in the case of low Ra, the Lorentz force is insufficient to influence
the fluid flow; in contrast, with high Ra, the fluid flow is enhanced due to the greater influence of the

electric field. At ¢ = 90°, the isoline of electrical density affect the fluid flow symmetrically, so
almost the entire cavity is affected by the electric field.

7 =45° 7=90°

Ra = 103

Ra = 10*

Ra = 10°

Fig. 8 The contours of electric density distribution that injected by the bottom electrode

Fig. 9 shows the Nuy.ca variations alongside the bottom hot wall of the enclosure for two inclination
angles of the cavity. The increase of the Nusselt number means that the temperature gradient has

increased. Therefore, the heat transfer between the heated wall and fluid is enhanced.
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Fig. 9 Influences of Ra, and electric field on Nuiocal with; a) { = 45°, { = 90°

It is clear that Nuj.cal boosts as Ra and electric field. In general, the highest heat transfer is near the
cooling boundaries, so for { = 45°, Nujoca has high peak due to inclination (Fig. 9a), and at { = 90°
there is a maximum Nusselt number (Fig. 9b) which is located between two cooling tubes. Among the

cases, the effect of the electric field at Ra=10" is so high that the fluid defect is significant.

5. Conclusion

Simulation by ANSYS Fluent was addressed in this study to explain the characteristics of heat
transfer, free convection, and entropy generation. In addition to the mass, momentum, and energy
equations, two additional equations with associated boundary conditions are programmed to fully
account for the effect of the electric field. A parametric study was performed for various parameters,
e.g., Rayleigh number, inclination angle, and electric field. The enclosure is cooled by eight cooling
channels. The cavity is filled with NEPCM-water suspension. The contribution of the latent heat
energy absorption and release of NEPCM nanoparticles owing to phase change is considered. The
results for vorticity, isotherms, local and average Nusselt number, and Bejan number were expressed
and discussed. The main conclusions can be summarized as follows:

- The ability of the finite volume method integrated into ANSYS Fluent to investigate a complex
problem can be proven due to an excellent agreement in the validation process.

- The results show that Nuay. boosts with increasing Rayleigh number (Fig. 4). The conclusions also
state that in complex geometries, higher Ra facilitates heat transfer in all regions.

- It is proposed to use the electric field as a heat transfer tool since convective heat transfer is
enhanced with the electric field.

- Beave increases with electric field and diminishes with Ra. The Bea. at low Rayleigh number
indicates that conductive heat transfer mechanism is the dominant mode of heat transfer.

- The fluid flow and heat transfer at Ra=10° and inclination angle 90° is the best (Fig. 4-9).
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