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Abstract.

Due to the mismatching between the renewable energy source and the energy demand, the energy storage devices have at-
tracted the attention of the scientific community in order to maximize their performance. Several technologies have been developed
and applied in laboratory scale and prototypes in the last decades. The energy storage devices can be mainly defined according to
the average working temperature, the storage material, and the geometrical configuration. This work is focused on the 2D axisym-
metric finite volume multiphase numerical simulations of the fluid flow and heat transfer within a shell-and-tube type latent heat
thermal energy storage (LHTES). The effect of the geometrical parameters on the thermal performance of such systems is inves-
tigated. The influence of the LHTES shape is highlighted keeping constant the heat exchange area, the total storable heat and the
heated surface temperature. Detailed description of the liquid fraction and temperature distribution during the solidification phase
are reported. The solidification phase appears strongly influenced by the geometry. The geometries have been chosen according to
fixed volume and heat exchange area condition. The ratio between the external and the internal radius (r,/r;) has been changed and
its effect on the thermal performance of the thermal storage device is considered. Thus, according to the application requirement,
particular care should be taken in the design of the shape of the LHTES device.

INTRODUCTION

The low carbon energy production systems represent a key point in order to reach the main objective to reduce the
CO, concentration in the next decades. On the other hand, the renewable energy systems are affected by unpredictable
availability that is mostly uncorrelated with the energy demand. Therefore, the development of heterogeneous power
systems that use different energy sources, connected with each other, represents a key point in the scientific com-
munity. Starting from the single device optimization, to the control of complex systems several scientific field are
involved [1, 2]. In this scenario, the energy storage can increase the efficiency of renewable energy in the power
grid [3]. The energy storage includes batteries, chemical reactions and thermal storage, to cite a few. In the last years,
the thermal energy storage represented an interesting option in the integration of Concentrated Solar Plant (CSP) in the
energy production power grid [4, 5]. The thermal energy storage applications include several types due to the storing
materials, device configuration and the physical behavior of the storing materials. The thermal storage systems consist
in a Heat Transfer Fluid (HTF) that is able to transfer the heat from the solar receiver to the heat storage. In order to
maximize the stored heat per unit mass, the storage is typically made of high capacity materials. However, the heat
transfer rate represents a bottle neck in the design of such a system. Thus, the promotion of the heat transfer within
the storage represents a key feature that engineers and scientists investigate in the last decades [6, 7, 8, 9, 10]. Indeed,
the increase of the area-volume ratio by means of finned surfaces gives an improvement of the heat transfer rate. This
approach fits the application with solid materials (i.e. concrete, sand) that involves conductive heat transfer. In order
to increase the heat storage capacity per unit mass, phase change materials (PCMs) can be considered [11, 12]. Ac-
cording to the temperature range, the PCMs considered are able to melt and to solidify during the excess and depletion
of heat production from the heat source, respectively. The liquid phase is able to induce convective motions and then
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to increase the heat transfer within the PCM. The promotion of heat transfer, with respect to a pure conductive case,
is investigated by several works both numerical and experimental, where the main contribution appears during the
melting phase [13, 14, 15, 16, 17]. Indeed, during the melting the hot wall is next to the melted PCM that is able to
buoyant and trig the convective motions. On the other hand, the solidification phase takes more time according to the
solidification along the cold wall boundary of the PCM. The solid PCM layer at the heat exchange wall dump the tem-
perature at the interface between solid and liquid PCM lowering the buoyant effect that influence the convection [18].
Thus, the effect of geometrical parameters of a shell-and-tube LHTES device on its discharging (solidification) perfor-
mance is here investigated. Four different geometrical configurations have been taken into account keeping constant
the overall storage volume, the heat exchange area and the heated wall temperature. The results are also compared
with the charging phase results discussed in a Fornarelli et al. [19].

Problem outline

The geometry here considered is a well-known shell-and-tubes configuration that could be approximated by means
of a single module configuration. The device has an internal duct, where the HTF flows, imposing a flow rate and an
inlet temperature and an external closed coaxial shell filled with the storage material. The device is usually vertically
placed in order to promote the buoyancy effect. In figure 1, a schematic of the problem is presented. The main geometry
parameters are then the internal and external radius of the PCM enclosure and its height. The details of the geometrical
parameters for each case are reported in table 1. In each case, the volume has been kept constant (V = 1.82-1073m?) in
order to do not change the overall thermal capacity of the thermal storage and the internal heat exchange area is kept
constant too (A = 2.51 - 1072m?). The temperature change of the HTF along the height is neglected according to the
previous experimental investigation [20]. They highlight, for certain values of the HTF flow rate and for geometrical
configurations similar to those here studied, the temperature difference of the HTF, between the inlet and the outlet, is
within few degrees. Thus, the HTF can be avoided to be numerically solved and a constant boundary condition for the
temperature at the heat exchange wall can be considered, T,,; = 473K. The comparison between different geometries
are still valid and this work is able to give a feedback to the effects of the geometries on the thermal response of the
system.

‘ inlet

= L
= PCM

‘ outlet

FIGURE 1. Schematic of a single module of the shell-and-tube LHTES device. The main geometrical characteristics are reported.

The PCM is considered to be a binary mixture of sodium and potassium salts (NaNO360%wt — KNO340%wt)
whose main physical characteristics are reported in table 2.
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TABLE 1. Main geometrical characteristics of the test

cases.

test 1 test 2 test 3 test 4
re/ri 2 3 4.375 6
r. [mm] 97 54 35 25
r; [mm] 48 18 8 4
L [mm] 83 221 500 965
VIA[1/m] 0.0725 0.0725 0.0725 0.0725
Fe— I 49 36 27 21

Li(r.—r)  1.69 6.1 185 459

TABLE 2. Physical properties of the PCM. T is in K.

Properties Values

Density prcu = 1994 (%)
Thermal Expansion Coefficient Bpeyw = 3.18861 - 1074 (%)

Specific Heat cppem = 1626 (%)
Conductivity kpcy = 0.4886 (%)
Dynamic Viscosity tpey = 7.008 - 1073 ('S—gs)
Solidus Temperature T, = 493.03 (K)

Liquidus Temperature Ty =517.29 (K)

Latent Heat A=110-10° (£)

Numerical Model

The governing equations for the PCM include the continuity, momentum and energy. The Boussinesq approximation
is considered in order to couple the momentum and energy equation. The solid/liquid phase change is modelled with
a penalty approach adding a fictitious friction term on the right hand side of the momentum equations. The model is
described in details in the literature [21, 22, 23, 24, 25, 26, 27], and implemented in Ansys Fluent, a commercial CFD
software. Here follows the detailed governing equations:

(1)
(—+uVu) Vp+p2+85+V-T (2)
pQ YOV(HR) = VGVT), 3)

where, i represents the velocity vector, ¢ is the time, p the pressure scalar field, g the gravity acceleration and 7
the viscous stress tensor. In the energy equation (eq. 3), H is the enthalpy, and k represents the thermal conductivity.
In order to take into account the buoyancy effect, the Bousinnesq approximation is considered with p” = p(1 — @AR),
representing the modified density related to the average density of the PCM, p, the temperature change, AT, and
the thermal expansion coefficient, @. The model includes a source term, S, that belongs from the Carman-Kozeny
equation:

— (1 _ﬁl)z -

—Amushu
B +o

It is also called a penalty approach, due to the added artificial viscous effect in the momentum equation when
the liquid fraction, S, is less then 1. The A, is the mushy zone constant and it depends on the material, higher the
Apush 18, higher the added viscous resistance will be. The term € is a small number that prevents the singularity for

“
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B1 = 0. According to previous works of the authors, the value of the A,,,, is set to 10° kg/ (m3s). In the model, the
liquid fraction, §;, depends linearly on the temperature according to the following relations:

0 if T < Tsor
T — Ty .
B = m if T <T < Tliq (®)]
1 if T > T[[q

In the range of the parameters setup, the problem is axisymmetric, hence a 2D axisymmetric condition is consid-
ered. The grid size has been chosen according to the sensitive analysis made in a previous work of the authors [19].

Results
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FIGURE 2. Overall solidification time (open square) with respect to the radii ratio, r,/r;. The overall melting time of the same
geometries are reported. Details of the melting cases are reported in [19]

The CFD analysis has been performed over four different geometries, whose dimensional details are reported in
table 1. The total volume and heat exchange area have been kept constant. The radii ratio between the external and
internal radius of the PCM enclosure has been changed considering the following values: r./r; = 2, 3, 4.375 and 6.
The time of complete solidification with respect to the radii ratio are reported in figure 2. The solidification time
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FIGURE 3. Contours of the liquid fraction during the solidification process for the case r,/r; = 2. The left side is the cold wall,
where the temperature is kept constant at 473K, below the solidification temperature of the PCM. The time from the beginning of
the solidification cycle are reported.

600 min 1200 min

decreases increasing the radii ratio from r,/r; = 2 to 4.375. Then, further increasing of the radii ratio, up to r./r; = 6,
does not imply an overall solidification time reduction, but a slight solidification time increment is recognized. It
is worth noting that the corresponding melting time for the same geometries [19] has an opposite behavior, where
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FIGURE 4. Contours of the temperature during the solidification process for the case r./r; = 2. The left side is the cold wall,
where the temperature is kept constant at 473K, below the solidification temperature of the PCM. The time from the beginning of
the solidification cycle are reported.

the melting time increases from r./r; = 1.5 to 4.375 and then it reduces for r./r; = 6. Moreover, the solidification
phase is stiffer than the melting one. Indeed, the convective effect during the melting phase are higher than that in
the solidification time. This result has been also remarked in [15, 18] for the geometry r./r; = 4.375 with different
boundary condition and a more complicated model considering even the HTF fluid flow and heat exchange in the
numerical model. The geometry with r./r; = 2 has a smallest aspect ratio L/(r, — ;) = 1.69 of the shell-and-tube
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FIGURE 5. Contours of the liquid fraction during the solidification process for the case r,/r; = 3. The left side is the cold wall,
where the temperature is kept constant at 473K, below the solidification temperature of the PCM. The time from the beginning of
the solidification cycle are reported.

60 min 120 min 240 min 300 min 600 min 816 min

module and the highest thickness of the PCM r, — r; = 49 with respect the other cases. In figure 3 and figure 4 the
liquid fraction and the temperature spatial distribution during the solidification process is reported. The solidification
process lasts about 174 to be completed. The solidification is not homogeneous during the whole process, but a vertical
stratification of the hot and cold salts is well described by the liquid fraction and temperature distribution. Hence, the
upper part of the PCM is the last that solidifies.

The r,/r; = 3 (figures 5 and 6) and r,/r; = 4.375 (figures 7 and 8) speed up the solidification process according
to the height, L, increasing and the reduction of the thickness, r, — r;, of the PCM. The conduction is dominant with
respect to the convection, however, the stratification of the PCM within the enclosure remarks that a convective effect
exist that moves the hot PCM toward the upper part and push the cold one in the bottom. The improvement of the PCM
performance in terms of solidification time reduction, reaches an optimal condition at r,/r; = 4.375. At r,/r; = 6, the
geometry appears very slender with respect to the other, and the convection of the PCM seems to be limited by the
confinement of the material within the small thickness of PCM, r, — r; = 21mm. Then, the stratification of the PCM is
no more efficient and the viscous effect of the walls becomes dominant (figures 9 and 10).
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FIGURE 6. Contours of the temperature during the solidification process for the case r./r; = 3. The left side is the cold wall,
where the temperature is kept constant at 473K, below the solidification temperature of the PCM. The time from the beginning of

the solidification cycle are reported.
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FIGURE 7. Contours of the liquid fraction during the solidification process for the case r, /r; = 4.375. The left side is the cold wall,
where the temperature is kept constant at 473K, below the solidification temperature of the PCM. The time from the beginning of
the solidification cycle are reported.

Conclusions

The work shows numerical simulation results of a shell-and-tube LHTES device in several geometrical configurations.
The geometrical constraints on the storage material volume, to keep the overall thermal energy storage constant, and
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FIGURE 8. Contours of the temperature during the solidification process for the case r,/r; = 4.375. The left side is the cold wall,
where the temperature is kept constant at 473K, below the solidification temperature of the PCM. The time from the beginning of
the solidification cycle are reported.

the heat exchange area of the internal lateral surface of the cylinder have been considered. The numerical results
highlight that the liquid PCM stratifies with respect to the vertical direction due to the natural convection effect. Indeed,
the hot PCM buoys with respect to the cold one. The comparison between the results shows that the solidification time
has a minimum for the case with the radii ratio r,/r; = 4.375. The decreasing of the radii ratio up to r./r; = 2
shows a sensible increasing of the overall solidification time according to the reduction in the buoyancy that is related
to the height of the geometry, L. Further increasing of the re/ri from 4.375 to 6 does not influence positively the
performance characteristic of the LHTES due to the geometrical constraints that affects the thickness of the PCM,
r. — r;. The viscous effect in the narrow region becomes dominant, limiting the buoyancy effect of the convection. A
comparison with previous results of the authors [19] remarks a competing effect of the geometry on the melting and
solidification time that has to be taken into account in the design process of the LHTES device.
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FIGURE 9. Contours of the liquid fraction during the solidification process for the case r,/r; = 6. The left side is the cold wall,
where the temperature is kept constant at 473K, below the solidification temperature of the PCM. The time from the beginning of
the solidification cycle are reported.
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FIGURE 10. Contours of the temperature during the solidification process for the case r,/r; = 6. The left side is the cold wall,
where the temperature is kept constant at 473K, below the solidification temperature of the PCM. The time from the beginning of
the solidification cycle are reported.
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