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Abstract

Nitrate solar salt had been analyzed as a storage medium for the applications of the high-
temperature solarenergy storage system. The numerical investigation of the storage system
would save time, cost, and effort. In this study, a simulation study using ANSYS CFX
software was utilised. This study was validated against an experimental setup, which was
designed for heat transfer study of storage material. An Ansys-CFX code that is built and
developed to simulate the phase change material (PCM) inside the storage system, was
presented. The developed model was validated against experimental data using the same
dimensions of the storage system and the same storage material (Case 1 was PCM (only
nitrate solar salt; KNO3: NaNO3 by 40:60 molar ratio) and case 2 was nano-PCM (0.5 wt.%
Fe203+ nitrate solar salt)). This validation ensured the feasibility of using CFD as a design
tool. According to Ziskind (2021), the enthalpy porosity techniques can be defined as
apparentanalogy between the liquid state of PCM inside the mushy zone and the following
fluid flow into a porous medium. This techniques had been implemented in the CFX code to
show the charging process of the phase change material. It was shown that the natural
convection effect was presented in the liquid phase during the charging process. In addition,
nano-PCM shows an improvement of charging process by 17.021%. According to the
transient temperature measurements, it was found that there was a good match between
the experimental data and the data from the CFX code with error less than 5%.
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I. INTRODUCTION

The thermal energy storage (TES) is an important factor to reduce peak power
demand. The phase change material (PCM) has been widely used to store the energy in the
TES system.PCM can be used to increase the efficiency of the TES. PCM has beenused over
the past 37 years [Dermardiros, et. al., 2015]. However, many challenges are remaining.
Therefore, many studies are required to overcome these challenges. In fact, the simulation
study of the PCM would save the cost, time, and space that would be required to install an
experiment. Furthermore, simulation PCM could provide additional insights which could be
difficult or impossible, especially for the high-temperature solar energy storage system.
Therefore, different studies have been conducted to simulate the PCM using Fluent
software. The melting/solidification model follows the enthalpy-porosity method by finite
volume method to simulate the phase change of the storage medium in solar energy storage.
There are different studies used the enthalpy-porosity method to simulate the PCM in
ANSYS-Fluent by many researchers such as Shmueliet al. (2010), Bhaumik (2012), Hossain
et al. (2015), Fadl and Eames, (2019), and 2. Yadav et. al., (2022)).

According to the [Fluent manual], the enthalpy porosity model basically relays on the
addition of sensible and latent enthalpies.

Furthermore, nanotechnology has been implemented in the TES to improve the
performance of the PCM. Therefore, there were simulation studies conducted on the heat
transfer of the PCM and nano-PCM. However, these simulation studies were for low-
temperature applications (Sebtietal., 2011, Valan et al. 2013, Sharma et al., 2014, Li et. al.
2020, Bouzennada et. al. 2021, Ahmed et. al. 2022, and Abderrahmane et. al. 2022). Ansys-
Fluent software is used to show the melting of the PCM or nano-PCM and therefore assess
the feasibility of using CFD for design purposes.

It would be advantageous to simulate the storage system for high-temperature
applications. Therefore, for the first time, the ANSYS-CFX (version 17.0) has been used to
simulate the melting process of the PCM and nano-PCM for TES. In this paper, a code was
designed to simulate the melting process of the PCM because the melting/solidification
modeldoes notexistin CFX. The expression language of the CFX is flexible which is simple
to specify the modeling of the PCM. Therefore, CFX was chosen to design the melting of
PCM /nano-PCM. In this paper, the CFX code has been designed for two different cases
depending on the type of PCM. Case 1 was PCM (only nitrate solar salt; KNO3: NaNOj by
40:60 molar ratio) and case 2 was nano-PCM (0.5 wt.% Fe,O3z+ nitrate solar salt). Moreover,
the design code in CFX has been validated againstthe Ansys-Fluent code and experimental
data.

II. ANSYS SIMULATION
1. Geometry and Meshing:

The 3-D geometry was built using an Ansys workbench-design modeller (version 17.0).
Ansys was used to simulate the charging process of PCM in the shell-and-tube solar energy
storage system. This simulation was validated against an experimental setup with exact
boundary conditions. The shell diameter was 101.4 mm with a thickness of 2 mm. The
diameter of the inner pipe was 25 mm. The length of the 3-D geometry was 300 mm. All
solid materials were made of stainless steel while the fluid material was PCM.

Two different cases were simulated. In case 1, PCM was nitrate solar salt (60 NaNOg:
40 KNO3). While in case 2, PCM was nano-PCM (0.5 wt.% Fe,Os+ nitrate solar salt) to show
the differences between the PCM without nanoparticles and with nanoparticles. Figure (1)
shows the geometry.
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Figure (1) shows the geometry.

The type of mesh was hexahedral with high quality. The aspect ratio tool is used to
measure this quality by dividing the length over the height of the cell (Bakker, 2002). The
highest value of the aspectratio (AR up to 1), means the highest quality of the mesh. In our
case, the aspect ratio was in the range of 0.9<AR<1, as shown in Figure (2).
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Figure (2) shows the quality of the mesh.

2. Mesh independent study:

The higher number of nodes would consume a longer running time to show the
results. In addition, the type of mesh used in the simulation setup has a very big influence
on the quality of the work in terms of the stability of the residuals and the convergent.

Therefore, it is better to specify the optimum values of the node and this is called a
mesh-independent study. In this paper, four different numbers of nodes were tested, as
shown in Table (1). It concluded that increasing the number of nodes (higher than 7942)
was not show differences in the results. Therefore, we depended on mesh number 2, as
shown in Figure (3).

TABLE 1: SHOWS MESH DETAILS

Details Mesh 1 Mesh 2 Mesh 3 [Mesh 4
Elements  |[4920 |5920 6920 |439632
Nodes 6942 [7942 8942  |407680
Number
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Figure (3) shows a mesh-independent study.

There were no big differences between the results from mesh numbers 2, 3, and 4, as
shown in figure (3). Therefore we used mesh number 2 which owns less number of nodes.
Because the higher number of nodes required a longer time for running the simulation.
Additionally, Tay et. al 2015, mentioned that a small number of nodes should be enough to
accurately simulate the PCM. This is in accordance with our results.

3. Boundary conditions

Figure (4) describes the boundary condition on the geometry. In order to ensure
similarity with experiments, the top and bottom covers of 3-D geometry assumed like wall
boundary conditions with values of heat losses. These heat losses were measured by the
film temperatures (Thirumaleshwar, 2009). The heat loss can be calculated by equation (1):

h=Nu. k/Lc (1)
Nu=0.54 Ra* (for 10*<Ra<107) (2)

Nu=0.27 Ra* (for 105<Ra<101}) (3)
Where:

Ra= [p2.g.3.( T's— Tw) Lc3 Pr]/ n2 4)

Tf= (Ts+ Teo)/ 2) (5)

According to the above equations, h from the top surface = 8.53 W/ (m2. K). While the
value of h from the bottom surface=3.18 W/ (m2. K).

Adiabatic Wall @\
il Top cover (heat

losses wall)

o Hot wall (heat

. flux wall)

Bottom cover

\—j’ (heat losses wall)

Figure (4) describes the boundary condition on the geometry.
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The boundary settings for perfect elements region are given away in table (2).

TABLE 2. EXPLAINS THE BOUNDARY SETTINGS

Boundary/Inlet

Type All  walls: no slip
boundaries (velocity =0).

Boundary / Outlet

Pressure 0 Pa

Boundary / Wall

Type Walls

Adiabatic wall | Adiabatic

(outermost

wall)

Hot wall | Varies

(innermost

wall, Heat flux

wall)

Walls between | Interfaces between the
the solid | solid domain and fluid
domain domain

(stainless steel)

and fluid

domain (PCM)

The top and | Calculated heat losses
bottom covers (calculated heat
transfer coefficients
from Equation (1))

4. THE GOVERNING EQUATIONS OF THE PROGRAM

ANSYS-CFX software (version 17.0) was used to solve the melting of the PCM. In fact,
the melting/solidification model is the enthalpy porosity technique. This technique mainly
depends on enthalpy, H, and temperature, T, (Voller and Prakash, 1987).

a a aT
Z(pH)+ a—(puiH—ka—xi)=S (6)

Xi
The phase change of PCM usually occurs over a range of temperatures Ts <T < TL. Ts
and Tl represent the temperature of the solid phase and liquid phase respectively.

at, Hs <H < HI,
T=psTs+ PLTI (7)

pL="72 ®)

Bl=1-ps 9)
Where

B=0,if T < T,

B=1,ifT>T,
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T-Ts .
Bi—s i (L<T<T)

A mushy zone takes place when both solid and liquid phases coexist. The liquid
fraction Bl represents the porosity in the mushy zone. Furthermore, there is a resistance
term (S) that takes place in the momentum equation (Mat et al., 2013).

A. The continuity equation:

0, p+0; (pu)=0 (10)

B. Momentum Equation

d — — o

W+ 0 (pu )= pd; u—Vp+S (11)

Where $ = —R1# (12)

In Equation (12), R is the resistance coefficient and can be calculated by Equation
(13):

_a=B)? 1.
R = =TS K (13)

The value of € equals 0.001 to avoid dividing by zero when the PCM is in a solid phase.
K* has a value in the range of (104-107 kg/ m3.sec). However, a higher value of K* means a
longer time of charging process, (Kheirabadi and Groulx, 2015).

Natural convection has been included in this CFX model by the following equations:
0),1) (14)

A _ BB (15)
pm ps pl

T—Tg
Tl_Ts'

Bl = min(max(

To include the effect of gravity in our CFX code, we use equation (16) in the
momentum equation (11).

Fz=—(pm—pref) g (16)
5. SENSITIVITY STUDY

A sensitivity study had been conducted in order to ensure a match between the
experimental data and the data from the CFX code. Thermophysical properties of PCM
(nitrate binary salt) and nano-PCM (nano-nitrate binary salt) had been either measured or
calculated as explained in this section. The values of cp, latent heat, melting temperature,
Ts, and liquid T1 had been measured experimentally using the DSC device (Awad, A. et al.
2018a). Laser flash analysis had beenused to measure the value of thermal conductivity of
PCM and nano-PCM (Awad, A. et al. 2018a). Furthermore, the density of PCM can be
calculated according to Equation (17) (Janz et al.,1972)

p=2064.31-(4.76248 x 104 x T2) - (3.36495 x 107 x T?) (17)
The density of nano-PCM can be calculated by equation (18) (Vajjha et al., 2009):

Pnano-PcM = (N X pn) + ((1-@n) X ppem) (18)

III. RESULTS AND DISCUSSIONS
The phase change process owns a complex nature. Therefore, an insightful study of
the heat transfer of PCM is needed.

In orderto improve simulation data, a sensitivity study of thermo-physical properties
and mushy zone parameters has been conducted. This would minimize the differences
between the experimental data and simulation data.

The latent heat of PCM was measured by (Awad, A. et al. 2018a). We compared the
results of five different cases including five different values of latent heat by the CFX. In
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figure (5), it is clearly shown that the simulation data of the five different cases of latent heat
were not very sensitive in our CFX code. The CFX simulation results of five cases showed
minimum differences where value X1 was 1, while X2, X3, X4, and X5 were 1.2, 0.9, 0.7,
and 0.5, respectively. In similar, Figure (6) showed that thermal conductivity (k) was not
sensitive in CFX code. G1, G2, and G3 were 1, 0.8, and 1.2.

Figure (6) show the sensitivity results of the measured and simulated thermal
conductivity.

280

L] Measured latent heat
—— Simulation latent heat (X1*latent heat)

Simulation latent heat (X2*latent heat)

Simulation latent heat (X3*latent heat)
Simulation latent heat (X4*latent heat)
e Simulation latent heat (X5*latent heat)

Figure (5) shows the sensitivity results of latent heat.
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One of the important parameters was the mushy zone constant. It had been
recommended that increasing the values of the mushy zone constant would longer the
melting time (Kheirabadi and Groulx, 2015). Because the increases in the mushy zone
constant cause an incrementin the resistance term and lead to a decrement in the effect of
the natural convection. A similar results were concluded, as shown in Figure (7). Simulation
data 1 showed the results when the mushy zone constant equals 104 kg/ms3.sec. Mushy
zone constant can be defined as the measurements of the amplitude of damping (ANSYS
Fluent Theory Guide). Furthermore, the mushy zone constant is equal to 105 kg/m3. sec.

and 10¢ kg/m3. sec. for simulation data 2 and simulation data 3, respectively.

280 -

Figure (7) shows the sensitivity study of the mushy zone
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After checking the sensitivity of the CFX code, we can see from Figure (8) there is a
small differences between the simulation data (CFX data) and the experiment data
(experimental data are from experimental rig setup where the paper currently under
progress).

150 L

T(C)

90 | =

1 Y m Measured data
30 o Simulation data

T T T T 1
s} 2000 6000 10000
t (sec)

Figure (8) shows the experiment data vs CFX data. These data are for transient
temperature measurements at an axial direction of 150 mm.

T
g
.

- ®  Measured data

o Simulation data

T T 1
o] 2000 6000 10000

t (sec)

Figure (9) shows the experiment data vs data of CFX code. These data were at the axial
direction of 200 mm.
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Figure (10) shows the experiment data vs the simulation data (Sciacovelli et al., 2013).

As soon as the PCM starts to melt (around 220 °C), the heat transfer modes would be
a combination of heat transfer by conduction and heat transfer by natural convection due to
the phase change of the PCM from solid to liquid. It can be seen the material began to melt
faster after the phase change as shown in Figures (8 and 9). Sciacovelli et al., 2013, showed
a similar trending between their experimental and simulation data, see Figure (10).
Although, they used different type of PCM.

Figures (5-9) shows the data of the storage material (PCM) as nitrate binary salt. As we
can see that longer time is required to finish the melting process. Therefore, dispersing
nanoparticles into the PCM would faster the charging process as shown in Figure (11).
Furthermore, at around 2000 sec, the simulation temperature was 165 °C for nano-PCM
while it was 135 °C for PCM. Additionally, Figure (12) indicates the liquid mass fraction
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comparison between the PCM and nano-PCM. It is clearly shown that nano-PCM would melt
faster than the PCM. This means nano-PCM shows an improvement of charging process by
17.021%.

This indicates the advantage of adding nanoparticles into the PCM to improve the heat
transfer effects by improving thermophysical properties of the nano-PCM. Because there
were an increments in the values of specific heat capacity, thermal conductivity and latent
heat of nano-PCM in comparison to PCM without nanoparticles.

280+
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Figure (11) shows the experiment data (Experimental) vs the data from CFX code
(Simulated) for PCM and nano-PCM.
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Figure (12) shows the liquid mass fraction of PCM and nano-PCM.

Figure (13) shows the liquid mass fraction comparison between the PCM (to the left)
and nano-PCM (to the right). It is clearly shown that nano-PCM would melt faster than PCM.
After 1 hour, the phase change of the PCM would start which means the starting of the
natural convection. Figure (14) showed the temperature contours after 1 hour. It is obvious
the effect of the boussinesq on the temperature distributions. As soon as the phase change
starts, then the natural convection effect would directly start.
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Figure (13) shows the contour of the liquid mass fraction of PCM (to the left) and nano-
PCM (to the right) at three selected times.

at 60 min.

Figure (14) shows the temperature contour of PCM (to the left) and nano-PCM (to the
right) after 1 hour.

In total, there is a positive effect of nanoparticles in improving the response of the
nanosalt in terms of a faster melting time as well as improving the heat transfer in the
storage system in comparison to the solar salt without any additives.
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» IV. VALDIATION OF THE CFX CODE
» a. Validation of the CFX code against Fluent code

The CFX code has been validated against the melting/solidification code in Fluent.
This validation is studied in order to check that this CFX is correct to simulate the PCM
using the enthalpy porosity model. Figure (15) shows that there is very negligible differences
between CFX and Fluent simulations.

380+
W Temperature, (CFX)

®  Temperaturs, (Fluent]

380 4

Temperature [K]
®
S

T v T T v v
0.000 0.001 0.002 0.003 0.004 0.005
X [m]

Figure (15) shows data from CFX vs Fluent.

b. Validation of the CFX code against the experimental dataAccording to the sensitivity
study, Figures (5-9, 11) showed that there are few differences. The differences between the
experiments data and the simulation data could be due to the effect of the following
assumptions in the simulation:

e The same densities were assumed for both phases.

e The material is homogenous and isotropic.

¢ The effect of nanoparticles in the nanosalt samples followed the equations built in

the code in the CFX model.

On overall, the differences are acceptable with an acceptable percent of error (less
than 5%) between the experiments and the simulation.

V. Conclusion
For the first time, a melting code has been built in the Ansys-CFX. The main
conclusions of this study can be divided into:

1. Study the heat transfer of the charging process for the solar energy storage nitrate salt
and nano-salt.
2.The CFX code has been validated against the existing melting/solidification code in
Ansys-Fluent.
3. Furthermore, CFX code validated against experimental data (paper under progress).
4.The sensitivity study is conducted to indicate the minimum difference between the
simulation data and the experimental data.
5.In accordance with the experimental data, the nano-PCM is better in saving the energy
with a faster melting process than PCM without any additives.

Therefore, nanosalt could be the new storage material in solar thermal power plants
that could save the energy of solar plants.
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h Heat transfer | pm The density of the
coefficient, W/ (m2. K). mixture, kg/ms3
Nu Nusselt number pref Reference density,
kg/m3
k Thermal conductivity, | pnano-pcMm The density of the
W/(m. K) nano-PCM, kg/m3
Lc Characteristic length, | @n concentration of
m nanoparticles
Ra Rayleigh number pn density of
nanoparticles, kg/m3
p Density, kg/m3 Ppem density of PCM, kg/m3
g Gravity, m/ sec?
Thermal expansion | Cp Specific heat capacity,
coefficient J/ (g- K)
Ts Surface temperature, | AT or dT Temperature
oC differences, K
Too Ambient temperature, | Tl The temperature of the
oC liquid phase, K
Pr Prandtal number T Temperature, K
B Viscosity
Tf Film temperature, 0C pm The density of the
mixture, kg/ms3
H specific enthalpy (J/kg) | pref Reference density,
kg/m3
Hs specific enthalpy of | Fz Gravity force, N
solid phase(J/kg)
Hl specific enthalpy of | pnano-pcm The density of the
liquid phase (J/kg) nano-PCM, kg/m3
ui ui is the velocity (m/s), | pref Reference density,
kg/m3
S heat source and sink | Fz Gravity force, N
per unit volume
(W/ms3).
Bs Solid phase mass | R resistance coefficient,
fraction kg/ m3.sec
Ts The temperature of the | ps The density of solid
solid phase, K phase, kg/m3
pl The density of liquid
phase, kg/m3
pl liquid phase mass |L Latent heat, J/kg
fraction
Nomenclature:
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