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Abstract. This study tackles a complicated heat transfer problem about the cooling capability of a confined slot NEPCM-water
suspension impinging jet for cooling a hot surface within the mixed convective region (with Ri = 1 and Re = 100 and 300). A NEPCM-
water slurry comprises nano-sized capsules containing phase change material particles dispersed in a water-based solution. The
cooling medium involves a porous metal foam (Da = 0.001), and the entire configuration is subjected to a uniform magnetic field
that satisfies the laminar region (Ha = 50, A = -75°) and electric field (between the surface and confining wall). The non-dimensional
governing equations of both the fluid and electromagnetic field are solved by ANSYS Fluent. This involves implementing a
nondimensionalization scheme and incorporating additional partial differential equations (PDEs) into the code. Additionally,
memory allocation is optimized for efficient execution. Flow patterns, isotherms, heat capacity ratio, entropy generation
components, and Bejan number are computed for both water and a 2% NEPCM-water suspension. The findings indicate that
increasing the Reynolds number from 100 to 300, coupled with the introduction of electromagnetic fields (EMF) enhances Nuave by
67.1% for the NEPCM-water slurry. However, this increase in heat transfer is accompanied by a proportional rise in entropy
generation under EMF at Re = 300. Interestingly, the simultaneous application of electric and magnetic fields results in a notable
reduction in entropy generation, with Ngen decreasing by 35% and 14% for the NEPCM-water suspension at Re = 100 and 300,
respectively, compared to pure water. Moreover, the average Bejan number (Beave) exhibits a decreasing trend with increasing
Reynolds numbers, indicating a diminishing relative importance of heat transfer irreversibility. By the introduction of EMF, Beave
demonstrates a 35.9% decline for NEPCM suspension at Da = 0.001 as Re increases from 100 to 300. These results underscore the
complex interplay among fluid dynamics, electromagnetic fields, and entropy generation in impinging jet systems, offering
effective understandings for improving heat transfer methods across many industrial applications.

Keywords: EMF, Impinging jet, Ansys Fluent, NEPCM, Mixed convection, EHD.

1. Introduction

Understanding the intricate interplay between fluid dynamics and thermal management in the vicinity of magnetic fields,
electric fields, or electromagnetic fields (EMF) has been a compelling pursuit for decades. In today's landscape, driven by the
pressing demands for compact high-performance computing devices and the relentless pursuit of advancements in solar energy
utilization, electric machinery, fuel cells, hydrogen engines, and cleaner technologies, the application of hot spot cooling
techniques has emerged as a focal point of interest for both industry professionals and researchers at the forefront of scientific
exploration [1]. One of the well-recognized techniques for heat removal from high thermal power density sources is known as
impinging jet cooling [2]. Therefore, the possibility of the use of the electromagnetic field as a modern approach for enhancing the
efficiency of the impinging jet cooling system can be more interesting in comparison with the conventional passive enhancement
methods [3, 4]. Numerous researchers have conducted both numerical simulations and experimental investigations to explore the
heat transfer characteristics of jet impingement while employing various methods for enhancing heat transfer, including both
active and passive techniques. Extensive literature reviews on the subject of heat transfer in impinging jets are available in the
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references [5, 6]. In addition to traditional approaches for enhancing the efficiency of impinging jets -such as the geometrical
modification of the medium and nozzle, adjusting surface roughness, exploring different flow regimes, and utilizing extended
surfaces- researchers have explored innovative methods including the use of porous media, metal foam, ribs, and dimples [7-18].
Furthermore, some studies have focused on incorporating nanoparticles into base liquids to improve thermal conductivity [19-21].
Additionally, other researchers have advocated for the use of slurries containing PCM encapsulated at micro and nano scales
instead of conventional nanofluids [22-27]. Mohib Ur Rehman et al. [28] demonstrated that nonliquids enhance heat transfer by
increasing efficient thermal conductivity while NEPCM suspensions augment the heat removal efficiency by enhancing the capacity
of the latent heat storage. Indeed, the thermal performance of fluids containing nanoparticles can be further enhanced with
increased particle concentrations. Notably, NEPCM slurry outperforms nanofluids at similar particle loadings. For a thorough
understanding of the use of nanoparticles and NEPCM slurry, readers are encouraged to consult the comprehensive review
conducted by Mohammadpour and Lee [29]. Recently, some researchers have specifically focused on experimental research aimed
at enhancing impinging jet heat transfer techniques using metal foams filled with solid-liquid phase change materials [30, 31]. In
parallel, researchers have initiated the utilization of magnetic fields in impingement jet cooling systems [1, 32-35]. The utilization
of a magnetic field allows for the manipulation of fluid flow, the induction of stirring or mixing, and the modification of heat
transfer characteristics. This methodology finds common application in the field of magnetohydrodynamics (MHD), which explores
the interaction between magnetic fields and electrically conductive fluids. The objective is to actively control or enhance heat
transfer by leveraging the magnetic field [36-38]. In 2023, Selimefendigil and Oztop [39] numerically evaluated the performance of
a system of multiple impinging jets including an encapsulated phase change material in the form of a packed bed under the control
of magnetic fields. The findings revealed that the spatial average Nusselt number significantly increased when employing PCM in
the impinging jet system and nanoliquid, particularly at the highest Hartmann number. From existing literature, it is evident that
traditional methods effectively enhance heat transfer, while the addition of nanoparticles and the use of encapsulated phase
change materials (PCMs) significantly improve cooling performance in impingement systems. However, the introduction of a
magnetic field, while serving to control fluid flow, inherently decreases cooling performance. In this study, we aim to investigate
a confined slot-impinging jet subjected to both magnetic and electric fields. Notably, the magnetic field will be applied in a direction
aimed at increasing heat transfer. The jet fluid consists of a mixture of water and NEPCM suspension, with flow occurring through
a porous medium known as metal foam in the mixed convection region. The novelty of this study stands out compared to previous
works by focusing on the positive impact of magnetic fields to improve the performance of the impinging jet system. We
successfully applied the complex equations of the electric field to the cooling system of the impingement jet, analyzing the thermal
management problem and adherence to the 2nd thermodynamics law. Furthermore, we explore the effects of using metal foam
and NEPCM suspension to enhance heat transfer. Finally, from a numerical standpoint, we convert the system of complicated
equations into non-dimensional form equations and solve them using the Ansys-Fluent finite volume CFD code, with careful
consideration of user-defined -scalars and -functions.

2. Problem Statement and Formulation

Figure 1 schematically illustrates a wall-confined single-slot impingement jet heat removal system. The bottom surface or
impinging surface is kept at T, fixed temperature. Positioned above is the upper confiner wall, which is thermally and electrically
insulated and features a central slot. A uniform cooling jet impacts the hot wall at a perpendicular angle, with the U, jet inlet
velocity and temperature of T.. The inlet jet passes downward through a porous medium made of metal foam. The slot is presumed
to a sufficient extent to induce a two-dimensional planar jet flow, a configuration commonly observed in literature. This design
choice results in a superior impingement region and guarantees consistent cooling distribution post-impinging. Notably, a big
aspect ratio is defined to maximize heat transfer [1, 40]. To minimize computational expenses half of the model, which meets
symmetrical conditions, is modeled. The slot hydraulic diameter, denoted as D,, serves as the origin for nondimensionalizing all
geometric lengths. The working fluid is a 2% suspension of the NEPCM water. A no-slip condition is imposed on all surfaces. The
vector of the applied uniform magnetic field is directed to assist the forces in the medium for enhancing the heat transfer. Uniform
electric potentials of ¢, and ¢, where ¢, < ¢, applied to the uppers and lower walls act as collector and emitter, respectively to
accomplish an electric field. As a result, the uniform electric charge density along with the charge carrier mobility, represented by
K, is introduced into the fluid medium through the bottom wall.

2.1. Numerical equations

The flow condition is supposed to be steady-state, incompressible, and two-dimensional with constant fluid constraints to
analyze the mixed convection flow. The effects of viscous dissipation and radiation are disregarded. Maxwell’s equations for
electromagnetic fields, fluid conservation equations that utilize the Boussinesq approximation, and Gauss law are employed to
develop the governing equations of the system. Given that the problem occurs in the mixed convection region (low Reynolds
numbers), modeling the porous media requires only the Darcy term, without considering the Forchheimer term [41]. Thus, under
Darcy's law, a source term was added to the momentum equation for defining metal foam. So, the system of equations of NEPCM-
water suspension is as follows [4, 42-44]:

Fluid jet inlet
Thermally and electrically insulated
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Fig. 1. Schematic of the impinging jet with different forces (Voc: refers to positive DC voltage, Metal Foam: used as a Porous medium, Magnetic field:
is for applying Lorentz force, Coulomb force: is for electric field, Q: represents charge injection surface, the upper surface: is for negative DC voltage).
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Bulk properties of the NEPCM-water suspension (denoted by subscript b) are determined by the properties of the base fluid
(subscript f) with the NEPCM (denoted by p) through the following expression [43, 44]:
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Equations (1)-(7) convert to nondimensional equations by subsequent dimensionless definitions:
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The boundary conditions for the simulation domain are:
_P_0v_9Q =U =0, V=1normal to inlet,
Ton on on
2_9Q =% =U=V =0 on upper wall,
on 0on
P _ U= oV _9oP_ 0 on symmetrical wall, (22)
on on 0on
#=1,U=V=0,0=1,Q =1 on heated surface,
26 _0U_oV._ P =0 normal to outlet
on on On
The subsequent equations used to calculate Nusselt numbers on the heated surface:
00
Nu, =——
foe on hot surface (23)
f Nu, dS = —— f 9 4x (24)

2.2. Bejan number and Entropy generation

Exergy, in accordance with the 2nd thermodynamics law, signifies the maximum work obtainable from a stream of energy or
matter, while entropy indicates the dissipation of exergy. It is crucial to recognize that the primary cause of an inefficient system
lies in the entropy generation or the dissipation of exergy. The rate of generated entropy is mathematically expressed by [43, 44]:
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Local entropy generation in Eq. (25) comprises five terms that correspond to entropy generation from heat transfer, viscous

dissipation, electric field, magnetic field, and porous media. The dimensionless form of the locally generated entropy equation
would be expressed by:
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Costum
functions
(Eq. 26)

Fig. 2. The structural graph of Ansys Fluent solver for tackling the problem.

The elements of the overall generated entropy, denoted as Ngen, can be calculated by volumetric integrating of Eq. (26):

Nyw =3 fv N, ;o dV,mm = HT,FF,EF,MF,PM (28)

The mean Bejan number utilized to quantify the irreversibility resulting from heat transfer across the whole enclosure:
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A
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3. Modeling Procedure

In this study, the pressure-based FVM method in Ansys Fluent is used to discretize the governing equations. Temperature
differences in fluid characteristics are ignored when using the Boussinesq approximation for the buoyancy factor. The upper
confined wall and the heated wall are considered smooth. The PISO technique is used for coupling velocity and pressure, pressure
is discretized using the PRESTO scheme, and the second-order upwind scheme is used for convection contribution to the
coefficients. Conservation equations have a convergence requirement of 10°. Figure 2 outlines the methods used by ANSYS Fluent
to address this problem.

The electric effect is incorporated into the model through the charge density equation and the potential equation, treated as
double UDS with dedicated UDFs to handle the equation's source term. Similarly, the magnetic field and the impact of porous
media are included in the momentum equations through UDFs. Custom functions are employed to compute entropy generation
and the Bejan number, encompassing all five terms as specified in Eq. (26). Additionally, user-defined memory is utilized to share
parameters between scalars and their corresponding functions.

3.1. Meshing verification

To determine the suitable cavity mesh, a mesh sensitivity study for the water-impinging jet was undertaken, taking into
account the effect of an electric field at Da = 0.001, Re = 300, Ri = 1, and AR = 10. As can be seen from Fig. 3, a grid of 100000 elements
is considered ideal for producing a mesh-nondependent problem and reducing discretization uncertainty.

10

9.5 ;

Selected

L I L L I L L I L L I
! 100000 200000 300000 400000

Number of elements

Fig. 3. Convergence of the Nuave at the heated wall.
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3.2. Validation

For a slot-impinging jet domain at Re = 100, AR = 10, Re = 300, Ri = 1, and Ha = 0, we compare the findings of our modeling with
the work of Sahoo and Sharif [40] to validate the computational process. The isotherms and streamlines show good overall
agreement, as shown in Fig. 4, with a maximum difference of less than 1% and 5% for Re = 100 and Re = 300, respectively.

4. Results and Discussion

By applying a uniformly positive effect magnetic field and electric field, the current study examines the fluid flow, heat transfer,
and entropy for the NEPCM-water jet impingement specified in section 2 utilizing water and NEPCM (2%)-water suspension.
Utilizing a non-dimensionalization approach, ANSYS Fluent is employed for modeling. Polymethyl methacrylate (PMMA) makes up
the NEPCM particles' shell, while n-octadecane makes up the core. We assume constants for ionic mobility and dielectric
permittivity for the sake of simplicity. The buoyancy force, Coulomb force, and Lorentz force are the three main factors influencing
fluid flow. With Reynolds numbers 100 and 300, the Coulomb force is fixed between the upper and bottom confinement walls.
Calculations are performed for A= -75° Ha = 0 and 50, Re = 100, 300, Da = 0, 0.001 and Ri = 1. The jets of downward direction are
chosen as the case study due to their higher efficiency compared to upward jets [40]. The anticipated ratio for the distribution of
irreversibility was @ = 10" According to the symmetrical considerations, the size of the jet is 0.5Dy. The parameters of the NEPCM-
water slurry and other non-dimensional parameters used are illustrated in Table 1.
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Fig. 4. Comparing the streamlines and isotherms of the present study and Ref. [40].
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Table 1. The dimensionless parameters used in the calculation.

Pr; 0,  Pr é o @ N; Ste N, N, oy ! s Dy 6 E. 6xB,/B; S
62 05 1 0.02 04 10* 1 0.2 3 6 0.9 1 005 1 0 1
Table 2. The results of the stated problem modeling.

Da=0 Da =0.001
Re =100 Re =300 Re =100 Re =300
WF  EF"  EMF" WF EF EMF WF EF EMF WF EF EMF
5% 4.64 4.95 5.51 722 777 920 554 568 581 894 9.02 9.55
Z
& 051 053 050 053 055 051 050 050 050 050 0.50 050
>
.
3
<
= Zé, 361 396 419 565 626 699 408 422 431 664 674 7.09
a% 058 069 066 041 054 050 041 040 040 026 026 0.25
Mm
:;% 484 519 583 750 813 974 589 602 616 947 954 10.13
Z
o
g
& & 051 053 050 053 055 051 049 049 049 050 050 049
g =
2]
>
®
5 Zé, 368 403 431 572 634 718 684 694 447 850 859 732
&
Z
5 058 069 066 042 054 051 041 039 039 026 026 025
m

* WF (Without field), ™ EF (Electric field), *** EMF (Electro-Magnetic field)

The findings are showcased through Nu, streamlines, isotherms, Be, and Cr for the jet impingement of NEPCM-water suspension
under normal conditions and with magnetic-electric fields. Table 2 provides a comprehensive overview of the Nuave, maximum
stream function, and average Bejan number for Darcy numbers 0 and 0.001, and Reynolds numbers 100 and 300, considering both
water and NEPCM-water with and without the effects of electromagnetic fields.

Table 2 shows that the Nuave, maximum stream function, and Ngen increase with Re for all cases. It is evident that increasing Re
from 100 to 300 leads to a significant rise in Nu. For instance, in the presence of an electromagnetic field, the Nuave increases from
5.51 to 9.20 (a 67% increase) for pure water at Da = 0 when Re goes up from 100 to 300. Similarly, for NEPCM-suspension, the values
of Nuave change from 5.83 to 9.74 (a 67.1% increase) at Da = 0. This can be attributed to the fact that the velocity of flow is proportional
to the Reynolds number, as indicated by Eq. (14). As the flow velocity increases, the depth of penetration also increases. In other
words, the power of flow for penetration into the metal foam increases with the velocity of flow (or Reynolds number).
Consequently, according to Egs. (16)-(18), the temperature gradient increases, and ultimately, according to Eq. (24), the Nuave
enhances. The power of the flow rises with the Reynolds number as evidenced by |¥,,.«|. For example, |¥,,.,| increases from 0.53 to
0.55 (a 3.8% increase) for pure water at Da = 0 when Re goes up from 100 to 300 in the presence of EF. Although the Nuave increases
with increasing Re, it also leads to an increase in the Ngen. For EMF, the values of Ngen increases from 4.19 to 6.99 (a 66.8% increase)
for pure water at Da = 0 when Re goes up from 100 to 300. Similarly, for NEPCM-suspension, the values of Ngen change from 4.31 to
7.18 (a 66.6% increase) at Da = 0. The reason for this increase is clear. When the temperature gradient increases, the entropy
generation number goes up, as indicated by Eq. (26). It is important to note that, as defined by the Darcy number, it correlates
directly with the permeability of a porous medium, which in turn defines the intensity of flow inside the medium. For water in a
medium without metal foam, the Nusselt number increased by 55%, and in a medium filled by metal foam, it increased by 61%
where entropy generation increased by 55% and 60%, respectively. However, the best results for entropy generation are observed
with the NEPCM-water suspension. By increasing the Re to 300, Ngn increases to 24.26% without fields and 23.77% with
electromagnetic fields. The table also demonstrates that the values of the Nuave ascend in the presence of EF or EMF compared to
without a field (WF). For example, the values of mean Nu are 8.94, 9.02 and 9.55 for pure water at Da = 0.001 and Re = 300, for WF,
EF, and EMF respectively. Similarly, these values are 9.47, 9.54, and 10.13 for NEPCM-suspension, confirming this trend. In the
presence of a magnetic field, the movement of a conductive fluid generates electric currents. The interaction between these
currents and the magnetic field produces the Lorentz force, which can alter the flow pattern of the fluid. This force can create
secondary flows or enhance turbulence, leading to increased mixing and more effective heat transfer. On the other side the
Coulomb force because the electric field is also in the direction of the buoyancy force leads to the formation of secondary flows or
enhanced mixing in the fluid. Therefore, according to the results in the case of the fluid conjugated with metal foam, the impacts
of the magnetic and electric fields have a better effect in a medium that is free of porosity. The magnetic field in this study was
targeted at such a proper angle that it synergized with other forces in the fluid region, thereby increasing heat transfer capability.
The impact of the electric field at Re = 300 was very low in metal foam however, when it combined with the magnetic vector, the
Nu increased significantly. For example, in the case of NEPCM water suspension, the Nusselt number increased by about 1%, but
when the magnetic field supplemented the electric field, the Nusselt number increased to about 7%. Moreover, simultaneously
using the electric and magnetic fields leads to a significant decrease in entropy generation.
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Fig. 5. The results of NEPCM-water impinging jet system at Da = 0.001, Re = 300 with EF.

For example, in the case of NEPCM-water slurry at Re = 100, Ngen decreased by about 35%, and at Re = 100, Ngen decreased by
about 14% compared to water fluid alone. To assess the relative importance of Ngennr across the whole medium, Beave is utilized.
The Table shows the Beave reduces as the Re raises. For example, in the case of EMF, the values of Beave decrease from 0.39 to 0.25 (a
35.9% decrease) for NEPCM-suspension at Da = 0.001 when Re goes up from 100 to 300. This demonstrates the share of Ngenur
decreases by Re. Thus, according to the results of the Bejan number, the electromagnetic fields (meaning the combination of electric
and magnetic field) exhibit a better Be in comparison with only the EF. Figures 5 and 6 illustrate the contours of isotherm,
streamlines, Beloc, Ngenloc With its components, and heat capacity ration at Da = 0.001, Re = 300 for NEPCM-water suspension in the
existence of EF, and both EF and MF (Ha = 50), respectively. In the isotherm contour of Fig. 5, a pronounced temperature gradient is
observed near the stagnation point, just beneath the inlet fluid jet. This thermal gradient becomes stronger, resulting in a thinner
thermal boundary layer when subjected to the MF (Fig. 6). In other words, Both MHD and EHD effects can increase the level of
turbulence in the jet. turbulence enhances convective heat transfer by continually disrupting and thinning the thermal boundary
layer near the surface. However, it is noteworthy that while the heat removal ability in the stagnation zone decreases (as evident
from the streamlines contour in Fig. 6), overall heat transfer increases significantly. Consequently, the application of a magnetic
field that is correctly oriented reduces the width of the thermal boundary layer throughout the impingement surface while
improving the flow of the imported jet fluid. By analyzing the entropy generation figures, it can be shown that the high-temperature
gradients that are characteristic of the stagnation zone concentrate the isolines of entropy generation, while they are essentially
nonexistent in the other regions. The Beave, which measures the contribution of heat transfer irreversibility to the Ngen, decreases
when the MF is applied. On the other hand, there is a modest strength in the local mechanism of heat removal in the stagnation
region. Put differently, the local Bejan number is near zero everywhere else and near 1 in the locations where the heat conducting
mechanism is the primary heat transport method. This is because the irreversibility of viscous effects dominates the heat transfer's
irreversibility. The nano-encapsulated phase-change material undergoes phase transition within its capsules in the fluid region,
within the red zone that represents the Cr where the phase transition moves towards the cool-down region. The phase changing
primarily occurs at the boundary layer of the hot plate.
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Fig. 6. The results of NEPCM-water impinging jet system at Da = 0.00, Re = 300 with EMF.

5. Conclusion

The entropy formation and heat transfer in a jet impingement system under various operating conditions such as the presence
of magnetic and electric fields and the use of NEPCM-water suspension were investigated using numerical simulations in this
study. The subsequent is a condensed of the primary numerical results:

e For water and NEPCM-water suspension, increasing the Re led to a considerable increase in the Nuave of about 67% when Re
increased from 100 to 300. But there was also a meaningful intensification in entropy generation (Ngen).

e Higher heat transfer rates were caused by the presence of both electric and magnetic fields where induced Lorentz and
Coulomb forces create secondary flows and cause to enhance the fluid velocity and disrupt thermal boundary layers. As
seen by the Nuave values rising by about 7% for pure water and 6% for NEPCM-water suspension. In addition, entropy
generation was reduced when electric and magnetic fields were combined; for NEPCM-water suspension, this resulted in a
decrease of about 35% at Re = 100 and 14% at Re = 300 in Ngen relative to situations without fields.

e Darcy number (metal foam) improves heat transfer and circulation. The metal foam performs better in a medium without
fields. For example, by setting Da = 0.001 in NEPCM-water at Re = 100, the Nu increases by around 25%. The findings show
that utilizing NEPCM slurry boosts heat transfer capabilities. The best-case scenario is to use NEPCM-water in the presence
of electromagnetic fields at Re = 300, which boosted the Nusselt number by around 6% while increasing Ng by
approximately 3.2%. The worst-case scenario is to use NEPCM-water at Da = 0.001 and Re = 100 without or with an electric
field, where Ngen is approximately 65% for both scenarios.
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e As the Reynolds number increased, the average Bejan number declined, showing that heat transfer irreversibility
contributed less to overall entropy formation. The combination of electric and magnetic fields resulted in reduced Bejan
numbers, with NEPCM-water suspension showing a 35.9% drop at Da = 0.001 and Re = 300 compared to Re = 100.

e The non-dimensional approach used for Ansys-Fluent in combination with using defined -scalars and -functions for
defining complex behavior of magnetic field and electric field is completely comparable for further studies in the field of
impingement jet system.

The study highlights the significant influence of Reynolds number, electric and magnetic fields, and Darcy number on heat
transport effectiveness and entropy generation in jet impingement systems that use encapsulated PCM. The conclusions
emphasize the importance of optimizing operating conditions, such as fluid flow parameters and external field effects, to enhance
heat transfer while minimizing entropy generation in thermal systems.
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