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ARTICLE INFO ABSTRACT

Keywords: The thermal performance and response time of Thermal Energy Storage (TES) units are mainly limited by the
Thermal Energy Storage (TES) unit enclosure design and the low thermal conductivity of the storage medium. In the present study, the performance
Petal-pipe

of petal-shape pipes in a shell and tube TES unit was numerically modeled and analyzed. The integration of the
finite element method, a mesh adaptation approach, and an adaptive time-step scheme, was used to robustly
simulate the phase change process and energy storage in the TES unit. The enclosure was considered fixed both
dimensionally and by volume, which acts as a design constraint. The impacts of using two types of nano-
additives, Cu and GO nanoparticles, and the geometrical aspects of the petal pipe on the thermal behavior of
the TES unit were investigated. To find the optimal design of the TES unit with the maximum thermal energy
power, the Taguchi optimization method was employed and a sensitivity analysis was performed. The copper
nano-additives showed a better performance than the graphene oxide nano-additives. Although the surface area
of the petal-pipe was fixed, its geometric shape was the most important parameter for maximizing the energy
storage power of the TES unit. The optimum design could improve the amount of storage energy by 23.3% (Cu)
and 22.5% (GO) NePCM compared to average designs. Based on an ANOVA analysis, the amplitude of petal
shape could influence the total energy storage with a contribution ratio of about 41%, while the nanoparticles’
contribution was 5-6%. An optimal design of a petal tube and Cu nanoparticles could improve the heat transfer
by 45% compared to a circular tube with no nanoparticles.

Design optimization
Shell and tube heat exchanger

1. Introduction Phase Change Material (PCM) during the solid-liquid phase change is
used to absorb or release energy. LHTES systems are preferred as they

Modern engineering applications demand the use of Thermal Energy offer heat transfer at a nearly constant operating temperature, and they
Storage (TES) systems that can effectively store thermal energy. Among have larger energy densities. Recently, LHTES systems have been
the various TES options, a commonly employed method is the use of incorporated into solar power generation, electronic devices, and do-

Latent Heat Thermal Energy Storage (LHTES), where the latent heat of a mestic HVAC systems. Comprehensive reviews of this field have been
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recently reported by Faraj et al. Lietal. [1] Javadi et al. [2] Wu et al. [3]
and Katekar et al. [4].

In spite of the ability of the PCMs to store and release large amounts
of energy, they inherently have a low thermal conductivity that is usu-
ally in the range of 0.2-0.7 W/m-K [5]. The low thermal conductivity of
the PCM slows down the heat transfer process during the storage and
release of energy, thereby elevating the response time of the PCMs. This
drawback impedes the efficiency of TES systems utilizing PCMs. To
overcome this shortcoming, nano-additives (such as nanoparticles,
nanofibers, nanotubes, or nanosheets) with high thermal conductivities
can be dispersed into the PCMs. The resulting suspension is referred to as
Nano-enhanced Phase Change Materials (NePCMs), which provide a
new type of working fluid for efficient TES systems. Xiong et al. [5] Tariq
et al. [6] Nizetic et al. [7] Jebasingh and Arasu [8] and Yang et al. [9]
have conducted insightful research on the thermophysical properties,
preparation techniques, and applications of the NePCMs. Some of the
studies regarding the thermal fluid characteristics of NePCM during and
melting and solidification processes are presented here.

The charging process and heat transfer utilizing NePCM inside a two-
layered channel were reported by Sheikholeslami et al. [10]. The upper
layer contained the NePCM, while hot air flowed through the lower
layer. It was observed that the maximum heat storage occurred at lower
times as the nano-additive volume fraction increased.

The improvement in the performance of LHTES systems can be
achieved by increasing the heat transfer surface area. The insertion of
fins and variations in the geometrical configuration of the enclosure are
two available methods to this aim. These methods have been successful
for heat transfer enhancement in conventional enclosures, and lots of
works are available in the literature to address this issue. In the litera-
ture, some studies adopted one of these two strategies for the perfor-
mance improvement of TES systems utilizing the PCMs or NePCMs:
Yehya and Naji [11] determined the optimum configuration of a rect-
angular enclosure for heat transfer enhancement of the PCMs. Bayat
et al. [12] simulated a finned heat sink working with the NePCMs.
Bondareva et al. [13] discussed the heat transfer performance of a finned
tilted enclosure occupied by the NePCMs. The solidification of a hybrid
NePCM in an annulus was investigated by Hosseinzadeh et al. [14]. A
tree-like branching fin was implemented to increase the heat transfer
rate from the heat source to the PCM.

The heat transfer surface of the smooth tube containing the heat
transfer fluid (HTF) is limited, which influences its efficiency in the rate
of energy storage. For this purpose, the smooth tube in LHTES unit can
be redesigned to better its thermal performance. The heat transfer sur-
face of the tube can be modified by using corrugated and quesi-petal,
zigzag, and grooved configurations [15-18]. Ren [15] improved the
energy storage rate in a NePCM-filled square container by employing the
quesi-petal surfaces. Mahani et al. [18] studied the melting process in a
zigzag plate Latent Heat Storage unit. They observed that much better
improvement is reached by the zigzag structure in comparison to the
smooth structure.

The effects of both strategies (i.e., the fin insertion and shape of the
NePCM container) were compared with the influence of the nano-
additive dispersion in the study of Singh et al. [19]. To this aim, they
simulated a finned, conical-shaped TES system. The conical-shaped
container was accompanied by a 16% reduction in the melting time.
Additionally, the fin insertion provided a higher heat transfer elevation
as compared to the nano-additive dispersion.

In this work, simulation and optimization of the melting and solid-
ification processes of the NePCMs in a heat exchanger energy storage
system are presented. The LHTES system is composed of a quasi-petal
tube and a shell where the NePCM is located. To optimize the perfor-
mance of the system, the Taguchi experimental design method is
implemented. This method is a useful technique to find the optimum
combination of different levels of various control factors as it requires a
limited number of experimental or numerical trials. We also apply the
analysis of variance (ANOVA) to the results of the Taguchi method. This
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evaluates the effectiveness of each control factor on the response of the
heat exchanger energy storage system.

In the literature, several studies implemented the Taguchi method
and ANOVA to optimize the performance of thermal systems. Some
recent works are as follows: Alinejad and Esfahani [20] discussed the
application of the Taguchi method in a three-dimensional turbulent
mixed convection heat transfer. Sobhani et al. [21] analyzed the factors
affecting the combined radiation-natural convection heat transfer in an
enclosure with horizontal fins adopting this method. The Taguchi
technique was adopted by Zahmatkesh and Shandiz [22] to determine
the optimal combination of key parameters in magnetohydrodynamics
heat transfer of nanofluids in porous cavities. Nath and Krishnan [23]
utilized the Taguchi method for double-diffusive mixed convection of
nanofluids in a backward-facing step. Tang et al. [24] applied the
Taguchi method to the hydrodynamics and heat transfer of nanofluids
flowing through a channel in the presence of longitudinal vortex gen-
erators. Sharifi et al. [25] determined proper surfactants for the stabi-
lization of a nanofluid through the Taguchi method. Bicer et al. [26]
utilized the Taguchi method to optimize a shell-and-tube heat exchanger
with a novel baffle design. Moreover, the efficiency and the thermal
power of a portable solar cooker were optimized using the Taguchi
method by Hosseinzadeh et al. [27].

As discussed above, various aspects of phase change heat transfer
and energy storage in TES units have been individually investigated in
the literature. However, the combination of nano-additives and the
optimized design of the TES unit is a novel approach. The presence of
nanoparticles could influence the heat transfer and convection heat
transfer, and consequently, an optimum design of a TES unit. Thus, the
present research aims to address the advantage of using nano-additives
in a geometrically optimum design.

2. Methodology

Fig. 1 depicts the schematic configuration of a heat exchanger energy
storage system. As the schematic view illustrates, the system includes a
shell and a U-shaped tube containing the hot heat transfer fluid (HTF).
As can be seen in Fig. 1b, the cross-section of the tube is a quasi-petal.
The tube is relatively thin and thermally conductive; therefore, its
thickness is negligible compared to the radius. Moreover, the convection
heat transfer inside the tube is strong, and hence, the tube was modeled
as a hot isotherm surface. The shell of the heat exchanger storage system
is well insulated, while the tube has high and low temperatures of T, =
42°Cand T, = 22 °C during the charging process. Since the cross-section
of the heat exchanger energy storage system has symmetry with respect
to the vertical centerline, only half of the system is studied. The void
space between the U-shaped tube and the shell is occupied by NePCM,
while the host PCM is capric acid having a nominal melting point of Ty =
32 °C. The dispersed nano-additives can be composed of copper (Cu) or
graphene oxide (GO). It is assumed that the nano-additives are homo-
geneously dispersed in the host PCM. Due to the nanoscale of particles,
the synthesized NePCM is stable and uniform. The nanoparticles are
spherical, and there is no sedimentation and agglomeration in the PCM.
The thermophysical properties of all the components of the NePCM are
listed in Table 1. Herein, the density variations of the NePCM during a
phase change are considered to be zero, and the reference densities are
selected to simulate the process. The geometry of the cross-section of the
quasi-petal heat pipe is defined by using the following relation:

x(s) = (r, + Axsin(ds 4+ ¢)) x COS(S + ot (3_][ N ﬁ) ) o

24 4
. , 3 ¢y
y(s) = (r, + Axsin(ds + ¢)) x sm<s + ¢+ (ﬂ_7> ) (1b)

The geometrical parametersry, A, 4, s, and ¢, are shown in Fig. 1d. In
this study, it is worth noting that the area of the quasi-petal heating tube,
i.e., Ap, is considered to be constant and known as a constraint. It is
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Fig. 1. Schematic view of the problem physics.

Table 2
Geometrical dimensions of the cross-section of the energy storage system.

Table 1
. Thermophysical properties of the paraffin wax and the nano-additives .[28,29]
Properties Cu nano- GO nano- Capric
additives additives acid
Thermal conductivity 401 5000 Solid:
(Wm 'K 0.372
Liquid:
0.153
Latent heat (kJ kg™ NA NA 152.7
Thermal expansion 1.67 x 107> 28.4 x 107° 1x1072
coefficient (K’l)
Fusion temperature (°C) NA NA 32
Density (kg m™>) 8933 1800 Solid: 1018
Liquid: 888
Specific heat (kJ kg ' K1) 0.385 0.717 Solid: 1.9
Liquid: 2.4
Kinematic viscosity (m2 s’l) NA NA 3x10°°

NA: Not applicable.

known that the surface area of the quasi-petal heat pipe is not dependent
on the variables 1 and A. Table 2 presents the geometrical dimensions of
the cross-section of the energy storage system.

2.1. Governing equations

The governing equations representing the conservation of mass,
momentum, and energy in the heat exchanger is presented as:

ou  ov

&JFE*O 2

Characteristic Value

Constant: ry = 20mm
Constant; A, = ar2/10

Dependent variable; r, =

Shell radius of the heat exchanger; r,
Surface area of the quasi-petal heated tube; A,

The radius of base circle making the quasi-petal

heat pipe; r;, Ay/n—A2)2
Frequency; 4 Variable
Distance of the centers of the heat pipe and shell;  Variable
Xp
Deviation from the radius of the base circle; A Variable
Rotation angle of the quasi-petal heat pipe; ¢, Variable
du ou ou op Fu  Fu
PNepcm.i (E +u ax + V(Ty) = “ox + Hnercm (ﬁ + diyz —f(T)u 3
dv dv dv dp v v
Prepcu i E+u6_x+v&_y = _5+”NePCM @""W —f(T)y
+ (pﬂ)NePCM,lg(T —Ty) ()]
oT oT oaT 0 oT d aT
C, - —-— -— | == ePCM—=— — rcu—— | — E(T
(p P)NePCM(at +u o tv ()y) o (KN PCM@x) + dy (KN PCM@y) (T)

()

£ (D), as the function of the liquid fraction of the NePCM, i.e., y, is the
momentum sink term, which is defined by using the Kozeny-Carman
model.



M. Ghalambaz et al.

(-
=€ @y +e

It is evident this term will be zero and infinity for the completely
melted zone and the solid zone, respectively. ¢ is the mushy zone con-
stant, and it represents the approximate magnitude of dampening in the
momentum equations. This constant is set to 10°. Likewise, & is set to a
very low value to prevent division by zero at the melted zone. The liquid
fraction of the NePCM, which is defined by the temperature, is:

©

oT

0 T<T,——

< 2

T-T, 1 oT oT

T) = "y — — 7
2(T) 57ty In—5 <T<Tui+3 (7

oT

1 T>Tm+7

where Ty, is the melting temperature, and 8T is the melting temperature
window. The energy source term is defined as the following:

oy (T
E(T) = (phff)NePCM% ®)

Charing power =

The amount of the energy when the melting process complete
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(14).

(ph"f)NePCM = (1 - w‘f)pPCthfPCM a4

The total energy accumulated in the system, which involves both
sensible and latent energies, is given by:

T
ES = /A /1 (/) Cl’)NePCM.sdeA + /A (ph“f)NePCMdA

T
+ / / (PCo) epca ATAA 1s)
AJr,

Initially, at t = 0, the temperatures of the NePCM and the quasi-petal
heat pipe are T.. At t = 24 s, the temperature of the heat pipe linearly
rises until it reaches Ty, at t = 25 s. As previously mentioned, the outer
shell of the system is well insulated.

The performance of energy storage can be described by charging
power. This parameter shows the capacity of the PCM to store energy,
and it is dependent upon on the amount of the energy stored at 100%
melting volume fraction:

complete melting time

The density of NePCM can be calculated using the following
equations:

Prercyr = (1= @) Ppcys + Dy (9a)
Prem(T) = ppeyx(T) + (1 = x(T) )opcus (9b)

where, w, is the volumetric concentration of nanoparticles. As previ-
ously expressed, the nano-sized additives are in sphere shape. Hence, the
dynamic viscosity can be defined by using the Brinkman model [30] as
the following:

u
Hnercm = % 10)
(1 - wy)
The effective thermal conductivity of the NePCM is calculated by the
following equation:

knercm (T) = knepcm i (T) + (1 — x(T) )knercms (11a)

The Maxwell model [31] is used to asses the effective thermal con-
ductivity of the NePCM containing the spherical nano-additives as
follows:

(Kna + ZKPCM,,') — 2wy (KPCM.[ - Kna)

= 11b
Kpcu,i (Kua + 2Kpcai) + @ (Kposti — Kna) (11b)

KNePCM.i

where i denotes the phase of the PCM, which can be [ (liquid) or s (solid).
The thermal-volume expansion coefficient are determined as follows:

(PP werers = {(1 - wt:f) (PP pery + w\f(/)ﬂ)na] (12)

In addition, the effective heat capacity of the NePCM can ascertained
using the following equations:

(pCF)NcPCM = {(1 - w‘f) (/)CV)PCM + oy (pcp)na ] (13a)

(PCp) pert(T) = (PCp) peyg (1) + (1 = X(T) ) (PCy) pess (13b)

Finally, the NePCM effective latent heat can be determined using Eq.

(1e)

3. Numerical method

To simulate the melting process, source terms should be included in
the momentum and energy equations. The source terms in the mo-
mentum equations u f(T) and v f(T) are considered to control the velocity
field as the phase of the material changes from solid to liquid. The three
regions that may exist in the phase change material are the melted re-
gion, the non-melted region and the interstitial region between them,
which is the mushy zone. These regions can be distinguished from one
another based on the fusion temperature and the melting temperature
window, which is denoted as §T. High velocity and temperature gradi-
ents exist in the mushy zone region, which requires the use of a high-
quality mesh with high resolution. To decrease the computational
cost, the finer grids should only be adopted for the mushy zone region.
During the melting process, the mushy zone is in constant flux relative to
its size, shape, and location; therefore, the mesh adaption technique
should be implemented to capture this region.

The described governing equations are solved using a finite element-
based Galerkin algorithm. Using this technique, the governing equa-
tions, along with the boundary and initial conditions, are transferred
into a new form, which is referred to as the weak form. A shape set

expressed by {z; }]I\Ll is implemented to expand the governing dependent

variables, i.e., u, v, T, and p.

N

(w,v,p,T) = Y (v, T;)5i(x, ¥) a7
j=1
By using the Galerkin finite element method, the set of governing
equations were rewritten in the form of discrete residuals at each
computational element as:

= 0z; L 0z
QL ~ ; uj/a—;zndxdy-i- ; vj/a—;zndxdy (18a)
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N N
5 az_ 62
o, %/)NEPCM,IZM/ /a_tjzndx‘ly""prPCM Z /[(Zuz, > N
(Zvjzj ) ]zndxdy +Z / < Zp,z, > ~Zz,dxdy
0z, 0z ul 0z; 0z;
a3 [ 5 %ty e [ 2]
=1 =1

N N
— tnerenr /( Z ujz,) zpdxdy — f(T) ( Z u,z,) Zpdxdy
=1 =1

(18b)
N N oz
0} & Prercua Z Vi | o z,zdxdy + Pnepcu Z Z W5 ) ox
=

St /(05

N
ijzj ) 2 dxdy
0zj 0z, ad 0z; 0z,
+MNePCMZV1/7!7d‘Xd + Hyercm Z /{6}1 ay}

(S (3
)

ijj) Zudxdy
1

J=1

+ (/)ﬁ)NePCMJg ( / ( Z TZ,) Zpdxdy — T,

J=1

=

(18¢)
4 0z;
Qn (P C NePCM ZT Z"dXdy
N
+(pCp)NePCMZT,- /{(Zu@) <Zv,z,> }zndxdy
=1
N
0z 0z,  0%; 02, 0z
+kNGPCM;Tj / [ B an oy oy |4 (00) Ne,,CMZ =Lz, dxdy
(184d)
where
0 T<T, 1§T
Xxim 2
(T) 1 1 1
— =8 = T,—=6T<T<T, —oT 19
oT 57 In 25 < <m+26 19)
1
0 T?T,,,-i—EET

The integral of the above residual equations is computed numerically
utilizing the second-order Gaussian-quadrature approach. The details of
the finite element numerical method, as based on the Galerkin tech-
nique, can be found in detail in [32,33].

A modified phase-field variable y, is introduced to distinguish the
mesh adaptation zone, where y, =1 means that mesh adaptation is
applied to this domain. The phase change hypothetically takes place at a
relatively extended temperature interval of 36T/2 rather than 6T. This
slightly wider phase change temperature interval leads to a slightly
wider region around the actual phase change domain. Such a region
permits for smoother mesh transition at the phase change interfacial
region. The mesh adaptation, which applies to the extended region
around the transition interface, leads to a very fine mesh. The mesh in
the y, =1 region is fivefold finer compared to the typical domain
meshes. Here, y, = 1 is defined as:

Applied Thermal Engineering 193 (2021) 116945

0 T<Tm7§5T
2
3 3
1o(T) =<1 T,,,7§5T<T<Tm+§5T (20)
3
0 T>Tm+55T

The generated grid is appropriate for the calculation, while the
mushy zone variability stays within the adapted domain. Therefore,
considering an adapted region that is slightly larger than the phase
change region reduces the quantity of grid reconfigurations. It should be
noted that employing the adaptive mesh procedure on large domains
results in a large number of mesh elements. Consequentially, this results
in increased computational costs, so it is always recommended to use
relatively large mesh adaptation domains, especially at the intermediate
time steps. Thus, the employed approach is computationally effective.

To discretize the time-dependent terms in the governing equation, a
time adaptation technique based on the Backward Differentiation For-
mula (BDF) was employed [34]. The Newton method iterative solver
(damping factor of 0.8) was applied for the solution of the residual
equations of Eq. (18). The iterations were implemented with a residual
error 0(10°9) by using a PARallel DIrect SOlver (PARDISO) [35-37].

3.1. Grid check

It is important that the gird size and the obtained numerical results
are not dependent on one another; therefore, six different grids were
considered as presented in Table 3. Adaptive grid refinement was
applied for each case, as shown in Fig. 2. The following geometrical
dimensions were chosen for the mesh independency study: w,s = 0.08,
xp = 0.375 x1;, A=0.15xr; and A = 8. The results for the average
shell temperature and the energy stored are reported in Table 3. In
addition, the time variation of the liquid fraction and the stored energy
are displayed in Figs. 3 and 4. To further investigate the effect of the grid
size on the melting process, the solid-liquid interface is also shown in
Fig. 5 for the selected grid sizes. It can be seen that as the number of
elements increases, the variations between the results decreases. The
obtained results suggest that the grid with 4988 elements (Case III) is
sufficiently small and is adequate for all the computations.

3.2. Validation and verification

For verifying the accuracy of the numerical model and validating the
obtained results, some comparisons are conducted between the results of
the current study and to those available in the literature. The first
comparison is performed using the experimental data available by
Kumar et al. [38]. In the experimental study by Kumar, the progress of
the phase-change interface during the lead melting process was
observed utilizing neutron radiography [36]. All container walls were
isolated, except for the vertical side-wall, which was subjected to a
constant heat flux. Fig. 6 illustrates the comparison of the melting front
obtained from the current study to those of Kumar et al. [38] for an
applied heat flux of 16.3 kW/m? and at different time snaps when Ra =

Table 3
Different mesh sizes at the end of the process for Cu-nanoparticles with

@y = 0.08, xp = 0.375 x 1;, A = 0.15 x rsand 1 = 8 values (Case III was chosen

as the mesh independency).
Case study Number of elements Shell average temperature [K] ES [J/m]
Case I 3487 314.14 91,703
Case II 4067 314.04 91,914
Case III 4988 313.99 91,918
Case IV 6012 313.97 91,934
Case V 8376 313.95 91,955
Case VI 9031 313.95 91,969
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Fig. 3. MVF as a function of time for different mesh sizes (w,; = 0.08, x, =
0.375x r;, A=0.15xr; and A = 8).

1.4 x 107, Ste = 0.4, and Pr = 0.0236. As displayed in Fig. 6, a strong
agreement was obtained with regard to the shape and the extent of the
molten region.

For the second comparison, the present melt front results are
compared to the results reported by Bertrand et al. [39] where the
melting of a base PCM inside a cavity was studied. The horizontal walls
of the enclosure were isolated, while both vertical left and right walls
were heated and cooled, respectively. The values of the considered study
parameters were set as Pr = 50 and Ra = 1.25 x 10°, while Fo. Ste = 0.01
and Fo. Ste = 0.002 were adopted for comparisons. As it can be observed
in Fig. 7, the currently obtained results show good agreement with those
available in the literature.

In addition to the previously mentioned validations, the results are
also compared to those available by Kuehn and Goldstein [40] to eval-
uate the natural convection heat transfer. The natural convection heat
transfer in the annulus was studied where air and water were used as the
filling fluid. The ratio of the gap width of the annulus (L) to the inner
cylinder diameter (D;) was selected as 8 (L/D; = 0.8). The isotherm
contours obtained from the current works are depicted versus the
experimentally obtained isotherms by Kuehn and Goldstein [40] in
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Fig. 4. Total energy as a function of time for different mesh case studies (o,; =
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Fig. 5. The solid-liquid interface for different mesh grid at t = 700 s (w,y =
0.08, x, = 0.375x r;, A=0.15 xr; and 1 = 8).

Fig. 8. The Prandtl and Reynolds numbers are considered to be 0.706
and 4.7 x 10% respectively. As can be inferred from Fig. 8, a very good
agreement is obtained.

4. Results and discussion

The effects of key parameters, such as the distance of the centers of
the heat pipe and shell (x;), the amplitude of deviation from the base
circle (A), frequency (1), and nanoparticle volume concentration (w,y)
are investigated on the performance of the system. The following ranges
are considered for each variable in the current study: 0.375r; < x, <
0.625r5, 0 < A < 0.15r5, 2 < 1 < 8, and 0.0% < wyy < 8%.

4.1. Optimization

This section discusses the application of the previously described
Taguchi experimental design method for the optimization of the heat
exchanger energy storage system, which was depicted in Fig. 1. The
Taguchi design method is a powerful statistical technique utilized for
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Fig. 6. The experimental results reported by Kumar et al. [38] (top) and the currently obtained numerical results (bottom) at various time snaps of (a): 139 s, (b):

277 s, (c): 416 s, and (d): 554 s.
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Fig. 7. A comparison of the currently obtained results against the literature
review of [39] I: Kashani et al. [41] II: Gau and Viskanta (experiment); III: Brent
et al., and VI: present work.

optimizing process parameters. The significant advantage of the Taguchi
method is the effective estimation of process variables of an experiment
to achieve optimal conditions while also minimizing the number of test
runs [42]. In this regard, the concept of orthogonal arrays is used to
select a suitable set of the simulation depends on the number of control
factors and their levels [43]. In addition, in this method, the analysis of
variance is used to investigate the influence of each parameter on the
response by determining the signal-to-noise (SNR) ratio, which dem-
onstrates the ratio of desired results (signal) to undesired results (noise)
[44,45].

To plan the experiments, we select four factors with three levels, as
reported in Table 4. To analyze all possible combinations, 3* = 81 ex-
periments are required. However, the Taguchi method provides similar
information but decreases the number of experiments to nine through
the use of the L9 orthogonal array. This reduction in the number of
experiments is very helpful for the current problem with high compu-
tational cost. The orthogonal array, in conjunction with the response
data (i.e., the total energy storage) for the corresponding experiments, is
presented in Table 5.

In the Taguchi experimental design method, three criteria determine
optimization, which are the lower-the-better, the nominal-the-better,
and the higher-the-better. The optimization goal of this study is to
elevate the total energy storage. Therefore, the higher-the = better

Fig. 8. Comparison of the currently obtained isotherm (left) against Kuehn and
Goldstein [40] (right).

Table 4

The control factors and levels in this study.
Control factor Levels

1 2 3

Xp/Ts 0.375 0.5 0.625
Ar 0 0.075 0.15
A 2 5 8
@ (%) 0 4 8

category is selected. The signal-to-noise ratio for this case is obtained as
[43]:
(1/5)
R=—1 e 21
SN. Olog » - 21
Here, y, denotes each experiment response, while the number of

experiment iterations is denoted by n. The SNR values for the current L9
orthogonal array are reported in Table 5. As discussed in the grid check
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Table 5
The L9 orthogonal array with the response data and SNR values.
Experiment number Xp /Ts Afrg A @y (%) ES (J/m) SNR (dB)
Cu GO Cu GO
1 0.375 0 2 0 50,444 50,444 94.06 94.06
2 0.375 0.075 5 4 62,152 61,696 95.87 95.81
3 0.375 0.15 8 8 72,929 71,791 97.26 97.12
4 0.5 0 5 8 58,714 57,780 95.37 95.24
5 0.5 0.075 8 0 64,306 64,306 96.17 96.17
6 0.5 0.15 2 4 56,829 56,208 95.09 95.00
7 0.625 0 8 4 51,329 50,928 94.21 94.14
8 0.625 0.075 2 8 52,498 51,580 94.40 94.25
9 0.625 0.15 5 0 62,799 62,799 95.96 95.96
Table 6
The mean amounts of the SNR values for each level of the control factors.
Level Xp/Ts AJrg A ¢
Cu GO Cu GO Cu GO Cu GO
1 95.73 95.66 94.55 94.48 94.52 94.43 95.39 95.39
2 95.54 95.47 95.48 95.41 95.73 95.67 95.06 94.98
3 94.86 94.78 96.10 96.03 95.88 95.81 95.68 95.54
Delta 0.87 0.88 1.56 1.55 1.36 1.37 0.62 0.56
Rank 3 1 2 4
96.5 96.5
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Fig. 9. Plots of the mean amounts of SNR: (a) Cu and (b) GO.

section, the following parameters were chosen as the reference condi-
tion of the problem; w, = 0.08, x, =0.375xr, A=0.15xr; and
A = 8. The total energy storage was calculated for reference parameters
when the melting volume fraction reached 0.75 in 1400 s.

The 1400 s was considered as a criterion to study the influence of the
previously mentioned parameters on total energy storage show in Table.
5. Thus, the data of Table 5 shows the stored energy at t = 1400 s. The
unit of energy shows the stored energy per length of the TES.

Table 6 and Fig. 9 provide mean values of the SNR associated with
each respective control factor level. Here, the optimum level for each
factor is acquired by selecting the level having the highest value of SNR.
Therefore, the optimum combination of the factors and levels leading to
the highest value of the total energy storage is: x,/rs = 0.375, A/ry =
0.15, 2 = 8, and w,; = 8% which is case 3 of Table 5. The average
amount of stored energy for all nine cases of Table 5 is 59.111 kJ/m for
Cu and 58.615 kJ/m for GO NePCM after 1400 s of thermal charging. A
comparison between these average values and the optimum case shows
23.3% (Cu) and 22.5% (GO) improvement of stored thermal energy
during the 1400 s. The improvement present was computed as 100 x (ES

for case 3 - average ES)/ average ES. These improvements clearly indi-
cate the suitability for the optimum design in the current heat exchanger
energy storage system. Table 5 also shows that the copper nano-
additives are more effective than the graphene oxide nano-additives in
all cases. Moreover, Case 1 represents a design for a circular tube with no
nanoparticles. A comparison between this case and Case 3 (optimum
case) shows 45% improvement, 100 x (ES for Case 3 — ES for Case 1)/(ES
for Case 1).

In Table 6, the delta value for each factor shows the discrepancies
that appear between the SNR maximum and minimum values. This
definition implies that a higher delta value equates to a stronger influ-
ence; therefore, we can rank the control factors according to their role. It
should be noticed that in Table 6, the order of the factor effectiveness is:
A/rs > A > xp/rs > wys. This indicates that the influence of the nano-
additives is weaker than the geometric parameters of the heat
exchanger energy storage system.

Now, an analysis of variance (ANOVA) is applied to the results of the
Taguchi method to determine the contribution ratio of the current
control factors. In this method, the degree of freedom for each control
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Table 7

ANOVA results for two nanoparticles of Cu and GO.
Control Degree of Sum of Variance Contribution
factor freedom squares ratio

Cu GO Cu GO Cu GO

Xp/Ts 2 1.27 1.28 0.63 0.64 14.25 14.42
A/rs 2 3.68 3.65 1.84 1.82 41.46 41.19
A 2 3.35 3.43 1.68 1.71 37.73 38.75
Wyf 2 0.58 0.50 0.29 0.25 6.56 5.65
Total 8 8.88 8.85

factor is defined as the number of levels of that factor in the orthogonal
arrays minus 1. Meanwhile, the variance of a factor is obtained by
dividing the sum of squares by the degree of freedom. This parameter
represents how the response of a system depends on that factor in a way
that a factor with a larger variance has higher effectiveness. Addition-
ally, the contribution ratio of a controlling factor is computed as the
ratio of the sum of the squares of that factor to the sum of the squares of
all factors. The results of the ANOVA are presented in Table 7. Here, the
order of the effectiveness of the control factors confirms the outcomes of
the Taguchi method. Notice that A/r; has a dominant influence on the
total energy storage with a contribution ratio of about 41%. Next, 1
contributes about 41%. The sum of contribution ratios of these two
factors is more than 79%. Meanwhile, the factor effectiveness of x; /s
and w,s are about 14% and 5-6%, respectively.
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4.2. Fundamental analysis

The temperature contours, melting volume fraction contours, and
streamlines at various times are illustrated in Fig. 10. The considered
case uses a heated tube with a frequency of eight (A = 8). The copper
nanoparticles with an 8% volume fraction are selected, and x;, and A are
setat 0.375r; and 0.15r;, respectively. As illustrated by the figures, in the
beginning, the melting process is limited to the layers surrounding the
heated tube. At this phase, the heat transfer process is mainly controlled
by conduction heat transfer; however, natural convection vortices
develop between the tube petals.

As the melting process continues, more PCM changes from a solid to
a liquid, and natural convection becomes stronger as it plays a more
intensified role in the melting process. It can be observed that two large
recirculation zones are formed in the space above the tube, which in-
creases the melting rate at this stage. As the liquid regions extend, the
two recirculation zones merge, and an additional smaller recirculation
zone is formed below the tube. In general, the developed recirculation
zones cause a higher melting rate at the upper half of the container. As
time passes, a thick layer of liquid covers the heat transfer source, and
the temperature difference between the PCM layers and the heat transfer
source decreases. Att > 2000s, the melting process is now dominated by
mixed weak convection and conduction as confirmed by the horizontal
isotherms, thereby causing a decrease in the melting rate.

4.2.1. Nanoparticles type and volume fraction

To evaluate the effects of nanoparticle volume fraction on the
melting procedure, the melting liquid fraction is presented in Fig. 11a
and Fig. 11b for Cu and GO nanoparticles, respectively. The figures show

t=2000s t=3000s t=4000 s
Level: 2 3 4 5 6 7 8

Temperature (K) : 300 302 304 306 308 310 312 314
MVF: 0 0.2 0.4 0.6 0.8 1

Fig. 10. The isotherms, streamlines, and melt volume fraction of the phase change with Cu nano-particles process over time: the optimum case with o,s = 0.08,

xp =0.375xr;, A=0.15xr;and 1 = 8.
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Fig. 11. Variation of MVF over time for (a) Cu and (b) GO nano-particles with different volume fractions (x;, = 0.375 x r,,A = 0.15 x r; and A = 8).

that for both nanoparticles, the pure PCM results in a slower melting
rate. It is also observed that when the nanoparticle volume fraction in-
creases, the melting process accelerates, and a higher liquid fraction is
obtained.

The effects of nanoparticle volume fraction are significant in the later
times of the melting. In general, the dispersion of nanoparticles within
the PCM will increase the effective thermal conductivity while
decreasing the latent heat of fusion, which both favorably impact the
melting process. However, the inclusion of nanoparticles increases the
viscosity of the NePCM, which, in turn, dampens the natural convection.
This phenomenon can adversely affect the melting rate. Overall, the
obtained results highlight the positive effects of nanoparticles on
decreasing both the melting time and the charging time. This indicates
that for the considered volume fractions, the effects of enhanced thermal
conductivity and reduced latent heat should be more prominent than the
increase in viscosity. Similar results are reported in an experimental
study conducted by Mayilvelnathan and Valan [46]. The melting rate
should not be considered as the only criterion to find the optimal case.
Another important factor that should be evaluated is the stored energy
as shown in Fig. 12 a and b.

The temporal variation of the stored energy shows that, in general,
the amount of stored energy increases as the melting process progresses.
At the initial phase of the melting process, the stored energy rate is faster
as a large temperature difference exists between the heat transfer source
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and the solid PCM. In addition, a strong buoyancy-driven flow exists,
which contributes to the rapid charging rate. The evaluation of stored
energy changes with respect to a change in the nanoparticle volume
fraction suggests that the presence of nanoparticles within the PCM will
slightly increase the stored energy at the rapidly charging phase of the
melting process. As the melting process proceeds, the increase in the
nanoparticle volume fraction decreases the amount of stored energy.

In general, it should be noted that the discrepancy between the
stored energies for different nanoparticle volume fractions is not noti-
cable, especially at the beginning of the melting process. To have a
closer look at the nanoparticle effects on the stored energy, the total
stored energy, sensible and latent stored energy are plotted for copper
nanoparticles with 2% and 8% by volume concentration in Fig. 13a, b,
and c. Fig. 13b shows that the inclusion of nanoparticles in the PCM will
reduce the latent storage as the PCM latent heat of fusion decreases.
However, Fig. 9c reveals that the addition of nanoparticles results in
higher sensible storage due to higher specific heat of the NePCM. As the
latent energy makes up the bulk of the total energy, the total energy
decreases with the inclusion of the nanoparticles in the PCM and with an
increase of the nanoparticle volume concentration, as shown in Fig. 13a.
This correlation is also noted by Akhmetov et al. [47].

Fig. 14 displays the effects of nanoparticle volume concentration on
the charging power for Cu and GO nanoparticles. As previously
mentioned, charging power was obtained from Eq. (15) which was the
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Fig. 12. Variation of total energy storage (ES) over time for (a) Cu and (b) GO nano-particles with different volume fractions (x;, = 0.375 x r;, A= 0.15 xryand 4 =

8).
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Fig. 13. Variation of (a) total energy storage (ES), (b) latent heat (E.,) and (c) sensible heat (Es.,) over time for Cu nanoparticle with different volume fractions

(xp =0.375 xr;, A=0.15 xry and 4 = 8).
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Fig. 14. Charging power against volume fraction of the Cu and GO nano-
particle (x, = 0.375 xr;, A=0.15 xr; and A = 8).

ratio of the total stored energy and the required time. Fig. 10 shows that
the complete melting time for a process reduces when the nanoparticles’
volume fraction increases, which leads to the charging power increment
(Eq. (15)).

11

It is observed that the increase of the volume fraction of the nano-
particles increases the sensible and latent powers due to the same
reason. The presence of nanoparticles could slightly reduce the amount
of total energy capacity of the enclosure, but a notable reduction in the
heat transfer results in an overall power enhancement. Adding nano-
particles with an 8% volume concentration will increase the total
charging power by about 17%. The copper nanoparticles show higher
latent and total power at lower values of nanoparticle volume concen-
tration. The variances between the results obtained for two nanoparticle
types becomes insignificant as the volume fraction increases above 4%.

The effects of the distance of the centers of the tube on the isotherms,
streamlines, and liquid fraction contour is shown in Fig. 15. As seen in
this figure, copper nanoparticles with an 8% volume fraction are uti-
lized. The parameter A is set to 0.15r;. The progression of the PCM liquid
fraction over time is also presented in Fig. 16 a. It should be noted that,
in general, similar patterns are obtained at the initial phase of melting (i.
e., t = 500s). The natural convection circulation zones are established
between the petals for the three cases. As the melting processes
continue, a larger natural convection circulation zone is formed in the
region above the heated pipe for the case with the heated pipe located in
the middle (halfway through the shell), which resulted in faster melting
rates. It can be inferred that by placing the heated pipe in the middle will
favor the development of the natural convection cell. For the case with
the heated pipe located near the shell, the circulation zone between the
heated pipe and the shell has not been able to form and the authors
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Fig. 15. The effect of the distance of the centers of the heated pipe on the isotherms, streamlines, and melting volume fraction for Cu particles with o,y =0.08, 1 =8
andA = 0.15x ry.
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Fig. 16. Effect of x; on (a) MVF and (b) the charging power for Cu nanoparticles when o, =0.081=8andA =0.15xrs.
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Fig. 17. The effect of amplitude on the isotherms, streamlines, and melt volume fraction for Cu nanoparticle when 4 = 8, w,s = 0.08 and x;, = 0.375 x rs.
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Fig. 18. The effect of amplitude on (a) MVF and (b) the charging power of Cu nanoparticle when w,; = 0.08,4 = 8 and x, = 0.375 x r.
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believe that the lack of a fully formed circulation zone has hindered the
melting process when compared to the cases where the heated pipe is
located either in the middle or close to the center. This observation is
also reported in a numerical study by [15].

4.2.2. Distance between tubes

The effects of x; on sensible, latent, and total power is displayed in
Fig. 16b. It can be seen that, initially, the increase of x} increases the
amount of sensible, latent, and total power. A further increase of x;, over
a certain value will result in a decrease of sensible, latent, and total
power. The maximum charging power is obtained for an x; value of
0.0091.

4.2.3. Amplitude of petals
Fig. 17 shows the impact of amplitude (A) on the isotherm’s con-
tours, liquid fraction, and streamline contours. A frequency of eight is

Applied Thermal Engineering 193 (2021) 116945

selected for the cases using a quasi-petal heated pipe. When a circular
heat pipe is used, four main recirculation zones are formed at t = 500s
due to natural convection. When the circular heated pipe is replaced
with a quasi-petal heated pipe, the heat transfer area increases; hence,
the melting process is accelerated compared to the case with a circular
pipe. It can also be observed that more recirculation zones are devel-
oped, which further strengthens the natural convection. As the ampli-
tude increases, the heat transfer area increases even more, which leads
to an accelerated melting process.

The evaluation of isotherms, melting liquid fractions, and stream-
lines at t = 1500s show the positive impact of enhancing the amplitude
on the melting rate as a smaller solid PCM remains at the upper and
lower sections of the container. As the melting continues, it can be seen
that the solid PCM at the upper section is completely melted for all three
cases. It should also be noted that a smaller solid PCM remains for the
case with A = 0.15r;, as expected.

A=7
x =0.789
Level: | 2 3
Temperature (K) : 300 302 304

MVE: 0 0.2

Fig. 19. The effect of frequency on the isotherms, streamline, and melt volume fraction for Cu nanoparticle at t = 1500s (A = 0.15 x r,w, = 0.08 and x;

0.375 x rs).
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Fig. 20. The effect of amplitude on MVF and charging power for Cu nano-
particle (A = 0.15 x 1, x, = 0.375 x 15 and w,f = 0.08).

The liquid fraction history is plotted in Fig. 18a to provide a clearer
understanding of the effect of amplitude on the melting process of the
system. This figure also confirms that higher amplitude values result in
faster melting rates. When an amplitude of 0.075r; is used, it takes 6450
s for the entire PCM to melt. When the amplitude is doubled, this time
decreases to 5550 s, which shows a 14% improvement. The sensible
heat, latent heat, and the total charging power per unit width are plotted
versus amplitude in Fig. 18b. The obtained results clearly show that the
charging power, due to sensible heat and latent heat, increase with the
increase in amplitude, which leads to larger total charging power. As the
amplitude changes from 0 to 0.003 m, the charging power increases by
24% from 13 W/m to 17 W/m.

4.2.4. Frequency of petals

The influence of heated pipe petal frequency on streamlines, iso-
therms, and liquid fraction contours is presented at 1500 seconds after
the start of the melting process in Fig. 19. To have a better under-
standing of the frequency effects, the liquid fraction and charging power
variations versus time are also depicted in Fig. 20a and b. As the fre-
quency increases from zero to two, the PCM liquid fraction either re-
mains unchanged or decreases at some stages of the melting process.

The results obtained at t = 1500s show that in the case with a
circular-heated pipe, 62% of the PCM is melted, while for the case with a
frequency of two, 58% of the PCM is melted. In general, more contact
area is available with an increase in frequency, which facilitates the heat
transfer from the heated pipe to the PCM. For the case with a frequency
of two, the heat transfer surface is augmented; however, the heated pipe
is wider, which may inhibit some of the formation of the natural con-
vection recirculation zones between the heated pipe and the shell in the

15
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horizontal direction, as shown in Fig. 19. This issue does not exist as the
frequency increases to three. At this frequency, the natural convection
vortices are more developed when compared to the base case with a
circular pipe, thereby increasing the speed of melting as confirmed by
the obtained liquid fraction of 0.7. The variations between the results of
the cases with frequencies of four, five, and six are negligible. This is
likely due to the opposing effects of enhanced heat transfer surface and
the suppression of natural convection. For frequencies over six, the ef-
fect of enhanced heat transfer surface and the resulting increase in
natural convection becomes more pronounced, and the melting rates
accelerate even more when compared to the other cases. An increase of
27% is observed in the melting rate when a circular heated pipe is
replaced with a quasi-petal pipe with a frequency of eight.

Fig. 20b displays the effect of frequency on the charging power due
to latent heat and sensible heat. This figure reveals that as the frequency
increases over two, the sensible and latent power increases. This
behavior can be explained by an increase in stored energy and a decrease
in the melting time. Increasing the frequency from zero to eight will
result in a 30 percent augmentation in charging power.

5. Conclusion

In the current investigation, a numerical simulation coupled with the
Taguchi optimization method and analysis of variance was developed.
The method was then implemented to analyze the effects of geometric
parameters, as well as the dispersion of nano-additives, on the melting
process in a heat exchanger energy storage unit. The main conclusions
are listed below.

1. The optimum combination of the factors and levels leading to the
highest value of the total energy storage is: x,/rs = 0.375, A/rs =
0.15, 1 = 8, wyy = 8%.

2. The geometric parameters contributed about 93.44% and 94.36% to
the total energy storage for the copper and graphene oxide nano-
additives, respectively.

3. Generally, the presence of nanoparticles could improve the melting
rate smoothly. The impact of the nano-additives on energy storage
power is lower than the geometric parameters. Based on an ANOVA
analysis, the amplitude of petal shape could influence the total en-
ergy storage with a contribution ratio of about 41%, while the
nanoparticles’ contribution was 5-6%. Thus, using nanoparticles in
the present design does not add much of an advantage. The copper
nano-additives are more effective than the graphene oxide nano-
additives.

4. The results of this study indicated that the geometric parameters
should be considered as a primary factor when optimizing a heat
exchanger energy storage system. An optimum design could lead to
22.5-23.3% energy storage improvement at a fixed charging time for
1400 s.

5. The results showed that locating the heated pipe close to the shell
may hinder the natural convection effects, which leads to an increase
in the melting time.

6. The melting rate decreases as the petal amplitude increases. An in-
crease of 45% was obtained in the energy storage when a heated
circular pipe and no nanoadditives was replaced with an optimum
design (quasi-petal pipe and Cu NePCM).
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