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Abstract: In this study, impacts of using a sinusoidal shape encapsulated phase change material
(PCM) packed bed (PB) system on the phase change and thermal performance are analyzed in multi-
port vented cavity under a partially active magnetic field during hybrid nanoliquid convection. The
current study is performed for different magnetic field strengths of domains (Hartmann number
between 0 and 50), wave number (between 1 and 8), wave amplitude (between 0.01 H and 0.15 H),
and nanoparticle loading (between 0% and 2%) by using the finite element method. The sinusoidal
shape of the PCM-PB zone and varying its geometrical form are both found to affect the phase change
process and thermal performance. When wave amplitude (Hp) rises from 0.01 H to 0.15 H, full phase
change time (t-fr) increases by about 33% while average Nu increases by about 55%. When a partially
active magnetic field is imposed at the highest value, up to 30.3% reduction in t-fr is obtained, while
average Nu rises by about 9% at t = 18 min. The value of t-fr is reduced by about 15% while spatial
average Nu rises by about 55% at the highest nanoparticle loading.

Keywords: vented cavity; partial magnetic field; packed bed; FEM; hybrid nanofluid; corrugated PCM
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1. Introduction

Flow and heat transfer (HT) in vented cavities (VEN-C) are important to be considered
in different thermal engineering systems, including electronic cooling, convective drying,
building ventilation, and many more [1,2]. Multiple complex recirculations are formed
in the VEN-C, and the size and location of the inlet/outlet ports are important for the
established vortex size within the cavity [3,4]. The performance of the VEN-C systems may
be improved using many available active and passive techniques in thermal science [5–7].
Using an external magnetic field (MgF) in VEN-C, flow control and thermal performance
improvement can be achieved. The MgF technology is relevant in many applications,
including micro-fluidic pumps, medical, nuclear reactor coolers, energy transport, refrig-
eration, and many more [8,9]. In convective HT applications, flow and HT control have
been achieved by using different MgF effects such as uniform, non-uniform, inclined, and
partially active [10,11]. In configurations with multiple recirculations such as in VEN-C
or in a channel with area change, MgF effects have been used for vortex suppression and
HT performance improvements [12–14]. MgF effectiveness has been improved by utilizing
nanofluids instead of pure fluids in many applications. Nanofluid technology has been
developed and implemented in diverse energy systems, including thermal energy storage,
cooling, waste heat recovery, thermal management of batteries, and in many convective
HT applications [15–18]. Over the years, many different nanofluids have been produced
including hybrid nanofluids, and advanced modeling tools/computational resources have
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been developed for nanofluid effects in many thermal engineering systems [19,20]. Includ-
ing nanoparticles in base fluid for MgF applications, electrical conductivity of the base fluid
changes while effectiveness of HT fluid improves under MgF [21–24].

Energy storage and thermal management using phase change materials (PCMs) are
popular due to the rising cost of energy and strict regulations concerning environmental
side effects. Applications can be found in solar power, cooling, waste heat recovery,
building energy, thermal management of photovoltaics, and convective HT [25,26]. One
of the challenges in PCM usage is their lower thermal conductivity, although many novel
techniques have been developed for improving their effectiveness in usage. Many methods,
such as using conductive fins, metal foams, and nanoparticles with PCM, have been
shown to be effective on the thermal performance and phase change process [27–33]. The
effectiveness of using nano-sized particles with PCM has been shown in many studies.
The nanoparticle type, shape, size, and loading amount are important to be considered
for reducing the phase transition time and thermal performance improvements [34–36].
PCM packed bed (PB) systems are considered in several applications such as solar power,
air conditioners, and recovery of waste heat [37,38]. A comprehensive study for the
applications of PCM-PB systems with important design parameters and available useful
correlations are presented in Ref. [39]. Several studies considered PCM-PB applications
in many thermal engineering cases [36,40,41]. Application of MgF has been considered
for PCM equipped thermal configurations while nano sized particles have been used for
enhanced performance such as reduction of phase completion time [42,43]. When MgF is
imposed for a PC-PB system, near the wall regions, the velocity rises and phase transition
happens faster [44]. The thermo-fluid system geometry should also be considered with
MgF effects to achieve an optimized thermo-fluid system configuration. In the literature,
several works considered the complex shape of the thermo-fluid system when used with
embedded PCM or PCM-PB systems. However, in VEN-C systems, applications of complex
shaped PCM has never been considered.

The current study deals with the application of MgF in a VEN-C equipped with
a PCM-PB system. The vortex suppression in the VEN-C due to the imposed MgF is
influential on the phase transition while at the same time thermal performance is affected.
The inclusion of nanofluids has impacts on the effectiveness of using MgF and phase
transition dynamics while their coupled impacts are explored in the VEN-C. As another
novelty, a wavy shape of the PCM-PB system is considered, which is sinusoidal in form.
As many diverse applications of VEN-C are encountered in practice, such as in electronic
cooling, heat exchangers, and many others, the outcomes of this work gives helpful hints
and design guidelines for process development and system optimization when VEN-C are
used with complex shaped PCM-PB systems under MgF effects.

2. Computational Model of PCM-PB Installed System

Convective HT and PC dynamics in a VEN-C are numerically analyzed using a
sinusoidal varying PCM-PB region, as shown in Figure 1, whereas different wave forms are
shown in Figure 2. The cavity has multiple inlet and outlet ports (two by two). A square
cavity is used with size of H, and the inlet and outlet port sizes are wi and wo. In the
middle of the cavity, an encapsulated PCM zone is used that has the sinusoidal form of Hp
sin (Npπs/H). The wavy amplitude Hp and number of waves Np are considered as the
varying parameters. The length of the PCM zone is Lp, and encapsulated spherical particles
have 20 mm diameter. Table 1 shows the thermophysical properties when the porosity
of the medium is 0.55. Uniform MgF of different strengths are used in the computational
domains, which are separated by the wavy PCM zone. The strengths of the MG-F are B01
and B02, and the inclination angle is γ. In the present study, a hybrid nanofluid of water
having Ag and MgO nanoparticles is considered. A single phase modeling approach of
nanofluid is used. In each domain, MgF is uniform and inclined, and effects of induced
MgF and displacement currents are ignored. The impacts of viscous dissipation, natural
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convection, and thermal radiation are not considered. Based on the above assumptions,
governing equations are stated as [45,46]:

∇.u = 0 (1)

A1
1
ε2

p
ρ(u.∇)u =∇.

[
−pI +

A2

εp
µ
(
∇u + (∇u)T

)]
− A3

(
µκ−1 + βεpρ|u|

)
u + ~FM

(2)

ρCp
∂T
∂t

+ ρCpu.∇T = ∇.(k∇T). (3)

The Kozeny–Carmen model is considered for the permeability (κ)–porosity (ε) rela-
tion as:

κ =
d2

p

180

ε3
p

(1− εp)2 (4)

where A1, A2, A3 are 1 for the PCM zone and are ε2
p, εp, 0 for the other regions.

The following thermophysical properties for the PCM regions are considered for the
energy equation [47]:

θ = 1− α, ρ = θρ f 1 + (1− θ)ρ f 2,

Cp =
1
ρ

(
θρ f 1Cp, f 1 + (1− θ)ρ f 2Cp, f 2

)
+ L

∂αm

∂T
,

k = θk f 1 + (1− θ)k f 2, αm =
1
2
(1− θ)ρ f 2 − θρ f 1

θρ f 1 + (1− θ)ρ f 2
.

(5)

where α takes value of 0 for T < (Tm − ∆Tm/2) and 1 for T > (Tm + ∆Tm/2).
The following equations are used considering the non-equilibrum HT interface for

different phases [48,49]:

θpρsCp,s
Ts

∂t
+∇.qs = qs f

(
Tf − Ts

)
+ θpQs, (6)

qs = −θpks∇Ts, qf = −(1− θp)k f∇Tf . (7)

(1− θp)ρ f Cp, f
Tf

∂t
+ (1− θp)ρ f Cp, f uf.∇Tf

+∇.qf = qs f (Ts − Tf ) + (1− θp)Q f ,
(8)

where heat fluxes of phases are given by qf and qs, and qs f and Q denote the interstitial
convective HT and source terms. The related interstitial HT coefficient and fluid-to-solid
Nu are given as [48–50]:

1
hs f

=
2rp

k f Nu
+

2rp

βks
, Nu = 2 + 1.1Pr1/3Re0.6

p , (9)

where β takes value of 10 for spherical particles.
Hybrid nanofluid water with Ag-MgO nanoparticles is used, and the solid volume

fraction is taken as 2%. Thermophysical property correlations (viscosity and thermal
conductivity) were obtained using the experimental data available in Ref. [51]. Hybrid
nanofluid thermal conductivity (kn f ) and viscosity (µn f ) are given as [51]:

kn f =

(
0.1747× 105 + φ

0.1747× 105 − 0.1498× 106φ + 0.1117× 107φ2 + 0.1997× 108φ3

)
k f , (10)

µn f =
(

1 + 32.795φ− 7214φ2 + 714, 600φ3 − 0.1941× 108φ4
)

µ f . (11)
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where φ is the total solid volume fractions of binary nanoparticles in the pure fluid:

φ = φ1 + φ2. (12)

Fluid enters the VEN-C with uniform velocity of ui and temperature of Ti. Pressure
outlet is used at the exit ports. The vertical wall and horizontal walls after the wavy
PCM-zone adjacent to the exit ports are kept at isothermal conditions with T = Th. Other
walls of the cavity are adiabatic ( ∂T

∂n = 0). An initial temperature of 303 K is considered.

Reynolds number (Re = ρuiH
µ ) and Hartmann numbers of Ha1 (Ha1 = B01H

√
σ
ρν ) and Ha2

(Ha2 = B02H
√

σ
ρν ) are the relevant non-dimensional parameters.

encapsulated
PCMzone

inlet

inlet

ui ,Ti

ui ,Ti

w i outlet

outlet

H

w i

xp Lp

H

wo

wo

Hp sin (Npπ s/H)

waveform

x

y

B⃗01

B⃗02

γ

γ

Figure 1. Schematic view of multi-port Ve-C with wavy PCM-PB zone.

(a) Np = 1 (b) Np = 2

(c) Np = 4 (d) Np = 8

Figure 2. Different wave forms of the PCM-PB region.

Table 1. Thermophysical properties of PCM [52].

Property Value

Density-solid (ρ, kg/m3) 861
Density-liquid (ρ, kg/m3) 778

Specific heat-solid (Cp, J/kg ◦C) 1850
Specific heat-fluid (Cp, J/kg ◦C) 2384

Thermal conductivity-solid (k, W/m ◦C) 0.40
Thermal conductivity-fluid (k, W/m ◦C) 0.15

Melting temperature (Tm, ◦C) 60
Latent heat of fusion (L, kJ/kg) 213
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Galerkin weighted residual FEM is used as the solution technique. The basic principles
in modeling for convective HT can be found in many references [53,54]. Many successful
results have been reported by using FEM for convection in VEN-C problems [55–57]. The
field variable approximation is used by using different ordered Lagrange FEs while residual
(R) is formed. Its weighted average is forced to be zero using weight function (W) as:∫

V
WRdV = 0. (13)

For handling the numerical instabilities, SUPG is used, and BiCGStab solver is selected
for the HT and fluid flow module. The treatment of the time dependent part is done using
second order backward differentiation formulation. A convergence criteria of 10−7 is used
where converged solutions are achieved. A commercial computational fluid dynamics code
COMSOL [49] is used.

Tests are performed for achieving a suitable mesh distribution of the computational
domain. Full phase change process time (t-fr) is compared using different grid sizes (from
G1 to G5) at two different sv in Figure 3a. Grid system G5 with 200,252 number of elements
is selected, and its distribution is given in Figure 3b. The refinement is made adjacent
to the walls and interfaces. Validations tests are performed, and results are presented in
Figures 4 and 5. In the first test, convection in a heated cavity (differentially heated) is
explored under MgF effects, as available in Ref. [58]. Comparison of isotherms at Ha = 60
is shown in Figure 4a,b; the thermal patterns are captured well with the present solver.
Comparisons of average Nu versus Rayleigh number are given in Figure 4c. The highest
deviation below 3% is obtained from the results. In another test, phase change process in a
heated cavity is analyzed during convection using the results in Ref. [59]. They provided a
correlation for the solidified volume fraction, which is a function of Rayleigh number (Ra),
dimensionless time (t*), and aspect ratio of the cavity (AR). Figure 5 shows the comparison
results; the highest deviation between the results is obtained as 9.2% at x-axis of 0.114. The
present code can be used for simulation of phase change process under MgF effects.

element number ×10
5

0 0.5 1 1.5 2 2.5 3 3.5 4

t-
fr

70

75

80

85

sv=0

sv=2%

G1

G1

G2

G3

G3

G2

G4

G4

G5=200252

G5=200252

G6

G6

(a)

(b)

Figure 3. Grid independence test: PC-time versus element number at two different sv of nanoparticles
(a) (Ha1 = Ha2 = 15, Np = 4, Hp = 0.1 H) and grid distributions (b).
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(a) isotherm, Ghasemi et al.
(2011)

(b) isotherm, present code

Rayleigh number
104 105 106 107

N
u

m

0

2

4

6

8

10

12

14

16

18

present code

Ghasemi et al. (2011)

(c)

Figure 4. Comparison of isotherms in a heated cavity under MgF at Ha = 50 (a,b) and average Nu
versus Rayleigh number under MgF at Ha = 30 (c) using the results in Ref. [58].

t*
0.53

 Ra
-0.05

 (AR)
-0.36

0.05 0.1 0.15 0.2

V
0
 /
 V

0.1

0.2

0.3

0.4

0.5

0.6

Wolff and Viskanta (1988)

present solver

Figure 5. Solidified volume fraction comparisons during phase change in a heated cavity using the
results in Ref. [59].

3. Results and Discussion

Phase change and HT dynamics are explored in a VEN-C with multiple ports during
nanofluid convection under impacts of partial MgF. A wavy shaped region of the PCM-PB
is considered that has a sinusoidal wave form. The wave number is varied between 1 and 8,
and the amplitude is between 0.01 H and 0.15 H. MgF is imposed in different domains, and
the Ha values are varied between 0 and 50. Hybrid nanofluid is considered by dispersing
binary particles of Ag-MgO in water with solid volume fraction (sv) up to 2%.

When MgF is absent in the first domain (Ha1 = 0), two vortices are formed below and
above the inlet ports. As MgF is active, these vortices are reduced gradually and finally
disappear at the highest strength (Ha1 = 50), as shown in Figure 6. As the strength of
MgF related to second domain increases, flow patterns toward the exit port are influenced
while the vortices near the inlet remains. The presence of second MgF only affects the HT
dynamics, whereas its impact on the PC-P dynamics is marginal. Distribution of the liquid
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fraction (L-fr) for varying MgF strengths are shown in Figure 7. As the time evolves, the
value of L-fr rises, but significant variations are seen when Mg filled with different strengths
are active. The MgF is also used in the PCM-PB region while the fluid velocities near the
walls and interfaces increases. In those regions, PC-P is fast, whereas in the interior domain,
it may be lower due to the reduced fluid velocity. At t = 70 min, full phase transition is seen
for the case withe the highest MgF strength, whereas in the absence of MgF, in the mid part
of the wavy region, the value of L-fr is lower. When average L-fr is compared considering
cases with different MgF strengths, PC-P dynamics are affected and are accelerated when
the value of Ha1 rises. Complete transition time (t-fr in minutes) reduced with higher
MgF strength, which is attributed to two facts. One is the suppression of the inlet vortices
that are extending towards the PCM region, and the other is the velocity rise near the
walls in the wavy zone with higher MgF strengths. A sharp reduction in t-fr is seen after
Ha1 = 30. When varying Ha1 from Ha1 = 0 to Ha1 = 30, t-fr is reduced by only 8.3%,
whereas it is reduced 22% from Ha1 = 30 to Ha1 = 50. The presence of MgF and its impact
on the flow recirculation in the multi-port VEN-C is effective on the HT dynamics along
with the PCM-PB region. In earlier times, the spatial average Nu is higher for the case
without MgF, and its value rises by imposing MgF and increasing its strength after some
time. The fluctuation in the average Nu is at a minimum when the MgF at the highest
strength is imposed. The spatial average Nu is 9% higher (at t = 18 min), and it is 3.5%
lower (t = 85 min) when cases at Ha1 = 0 and Ha1 = 50 are compared (Figure 8).

(a) Ha1 = 0 (b) Ha1 = 20

(c) Ha1 = 30 (d) Ha1 = 50

(e) Ha2 = 0 (f) Ha2 = 20

(g) Ha2 = 30 (h) Ha2 = 50

Figure 6. Effects of MgF strength of different domains on the distribution of streamlines (Np = 4,
Hp = 0.1 H, sv = 2%).
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(a) Ha1 = 0, t = 10 (b) Ha1 = 0, t = 40 (c) Ha1 = 0, t = 60 (d) Ha1 = 0, t = 70

(e) Ha1 = 30, t = 10 (f) Ha1 = 30, t = 40 (g) Ha1 = 30, t = 50 (h) Ha1 = 30, t = 70

(i) Ha1 = 50, t = 10 (j) Ha1 = 50, t = 40 (k) Ha1 = 50, t = 50 (l) Ha1 = 50, t = 70

Figure 7. The L-fr distributions with varying MgF strengths of different domains (Np = 4, Hp = 0.1 H,
sv = 2%).
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Figure 8. Impacts of MgF strength on the variation of time dependent L-Fr (a), PC time (b), and
spatial average Nu (c) (Np = 4, Hp = 0.1 H, sv = 2%).



Magnetochemistry 2022, 8, 190 9 of 15

The wavy PCM-PB region parameters, such as amplitude and wave number, are
influential on both the PC and HT dynamics. A sinusoidal wave form of the zone is
assumed. The corrugation amplitude is varied between 0.01 H and 0.15 H, and wave
number is between 1 and 8. Time dependent variations of L-fr for varying amplitude and
wave numbers are presented in Figure 9. As the height of the corrugation is increased for
a fixed wave number (Np = 4), more spherical capsules are used, and the L-fr amount is
smaller for the same time. The wave number (Np) is also influential on the PC dynamics
for a fixed amplitude (Hp = 0.1 H). As the number of waves is increased, the L-fr value is
smaller for the same time instance, which is attributed to the balancing effects between
the number of spherical capsules and thermal transport features with Np. The complete
transition time (t-fr) rises with higher wave amplitudes for configurations using nanofluid
and pure fluid. The increment amounts in the value of t-fr are obtained as 33% and 32% for
pure fluid and nanofluid when Hp is increased from Hp = 0.01 H to Hp = 0.15 H (Figure 10).
However, t-fr values are smaller when nanofluid is used instead of pure fluid due to the
boosted thermal transport features from adding nanoparticles. When the number of waves
is increased from Np = 1 to Np = 6, the value of t-fr rises, and the amount of increments
are 21% and 23% for pure fluid and nanofluid cases. There is a 4.5% reduction of t-fr when
Np is increased from 6 to 8 for both cases, which is attributed to the enhanced thermal
transport. When HT is concerned, most favorable cases are achieved when a wavy zone
with higher number of waves and amplitudes are used. At t = 20 min, spatial average Nu is
9% for the case with Np = 8 as compared to case Np = 1; variations between Nu of different
amplitude cases reach 20% (Figure 11).

t - min

0 10 20 30 40 50 60 70 80 90 100

L
-f

r

0

0.2

0.4

0.6

0.8

1

Hp=0.01H

Hp=0.1H

Hp=0.15H

(a) Np = 4

t - min

0 10 20 30 40 50 60 70 80 90

L
-f

r

0

0.2

0.4

0.6

0.8

1

Np=1

Np=2

Np=4

Np=8

(b) Hp = 0.1H

Figure 9. Effects of wavy PCM-zone height (a) and wave number (b) on the variation of L-Fr
(Ha1 = Ha2 = 15, sv = 2%).

Nanoparticles are added in the base fluid for boosting the PC process and HT dynamics.
Comparisons of L-fr distributions for various time instances between the cases of using
pure fluid and nanofluid (sv = 2%) are shown in Figure 12. As the time evolves, L-fr



Magnetochemistry 2022, 8, 190 10 of 15

amount rises; at t = 85 min, a complete phase transition is observed with nanofluid. The
L-fr dynamics are influenced using nanofluid instead of pure fluid, and the L-fr amount
becomes higher at the same time instance. The phase completion time is reduced with
higher loading amount of nanoparticles (sv) in the absence and presence of MgF effects.
The reduction amounts of t-fr are 13% and 15% for cases at Ha1 = 0 and Ha1 = 50. When
the MgF effect is present in the PCM and VEN-C domains at the highest strength, vortex
suppression in cavity and enhanced near wall region velocity are obtained in the PCM
domain, which will accelerate the PC process, as shown before. When nanoparticles are
used in the base fluid, the effectiveness of using MgF is increased due to the enhanced
electrical conductivity and thermal transport features. When spatial average Nu values
are compared, nanofluid with the highest nanopaticle loading provides the most favorable
conditions. The spatial average Nu rises by about 20% and 55% at sv = 1% and sv = 2% as
compared to pure fluid with sv = 0% (Figure 13).
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(a) Np = 4
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(b) Hp = 0.1H

Figure 10. PC-time versus height (a) and versus wave number (b) of wavy PCM-zone (Ha1 = Ha2 = 15,
sv = 2%).
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(b) Hp = 0.1H

Figure 11. Time dependent Nu variations for different height (a) and wave number (b) of wavy
PCM-zone (Ha1 = Ha2 = 15, sv = 2%).

(c) sv = 0, t = 10 (d) sv = 0, t = 40 (e) sv = 0, t = 60 (f) sv = 0, t = 85

(g) sv = 2%, t = 10 (h) sv = 2%, t = 40 (i) sv = 2%, t = 60 (j) sv = 2%, t = 85

Figure 12. The L-fr distributions at two different sv of nanoparticles used in the base fluid for different
time instances (Ha1 = Ha2 = 15, Np = 4, Hp = 0.1 H).
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Figure 13. Effects of sv of nanoparticles on the variation of L-fr (a), PC-time (b), and spatial average
Nu (c) (Ha1 = Ha2 = 15, Np = 4, Hp = 0.1 H).

4. Conclusions

Impacts of using a sinusoidal shaped PCM-PB system are explored in the phase change
process and thermal performance of a VEN-C with multiple ports under partially active
MgF effects during hybrid nanoliquid convection. The following conclusions are obtained:

• When the MgF strength of the first domain rises, the PC-P process becomes fast due to
the vortex suppression and rise of velocity in the near wall region. When the value of
Ha1 rises from 0 to 30, reduction of t-fr is only 8.3%, whereas it is 22% when increasing
Ha1 from 30 to 50.

• When cases without (Ha1 = 0) and with (Ha1 = 50) MgF in the VEN-C are compared,
the average Nu is 9% higher at t = 18 min and 3.5% lower at t = 85 min.

• When wave amplitude rises, complete transition time (t-fr) increases for nanofluid
and pure fluid cases. The amount of the rise is about 33% when Hp rises from 0.01 H
to 0.15 H. When wave number rises from Np = 1 to Np = 6, t-fr increases by about 23%
with nanofluid as the HT fluid.

• Most favorable cases in terms of HT are obtained with higher amplitude and wave
number. When wave amplitude rises, up to a 20% rise of HT is obtained at t = 20 min.

• When nanofluids are used, phase change is accelerated and thermal performance is
also improved. Phase change process time is reduced by 15% at the highest nanoparti-
cle loading as compared to the case with pure fluid while spatial average Nu rises by
about 55%.

• The wavy shape of the PCM-PB region and varying its geometrical form provide
good control opportunity for the phase change process and thermal performance
improvement.
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Abbreviations

H cavity size
Ha Hartmann number
Hp wave amplitude
k thermal conductivity
L f latent heat of fusion
L-fr liquid fraction
n unit normal vector
Np wave number
Nu Nusselt number
p pressure
Pr Prandtl number
Re Reynolds number
t time
t-fr complete transition time
T temperature
Tm melting temperature
wi inlet port size
wo outlet port size
u, v velocity components
Greek Characters
ν kinematic viscosity
ρ density of the fluid
εp porosity
κ permeability
φ solid volume fraction
γ magnetic field inclination
Subscripts
c cold
h hot
m average
nf nanofluid
p solid particle
Abbreviations
FEM finite element method
HT heat transfer
MgF magnetic field
PB packed bed
PCM phase change material
VEN-C vented cavity
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