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Abstract. Thermal energy storage (TES) systems enhance the reliability of intermittent energy
sources. The present work examines the thermal stratification in a thermocline storage system
during charging and discharging with no fluid flows. With this goal, numerical simulations are
performed on a storage tank consisting of a constant temperature heat source and sink. Molten
nitrate salts mixture (60 % NaNOs+ 40 % KNOs) is used as storage material as it is thermally
stable at higher temperatures (up to 565 °C). The thermocline behaviour of the numerical
model is assessed during charging and discharging using constant temperature heating and
cooling sources. In the present study, molten salts' lower and upper-temperature limits are 300
°C and 500 °C, respectively. The qualitative behaviour of thermocline formation and propaga-
tion during charging and discharging is analysed by temperature contours and axial tempera-
ture profiles. Quantitatively, the thermocline behaviour is analysed by two non-dimensional
parameters: Stratification number (Str) and Mix number (MIX). It is observed that with a con-
stant temperature heat source and sink, the tank remains stratified throughout the charging
and discharging. The charging and discharging rates have been determined, and the results
will be helpful in designing a lab-scale thermocline demonstration setup and further study.

Keywords: Thermal Energy Storage (TES), No-Flow Thermocline Storage System,
Stratification Number (Str), Mix Number (MIX), Charging and Discharging Processes.

1. Introduction

Thermal energy storage (TES) has vast applications in process heating and electricity gener-
ation in concentrated solar power (CSP) plants [1]. It consists of suitable storage materials for
storing surplus or waste heat for further utilization. From the CSP plants' perspective, two well-
known thermal energy storage technologies are two-tank and single-tank thermocline storage
[2]. Two-tank storage is a mature technology, while single-tank thermocline storage is a state-
of-the-art and cost-effective alternative to two-tank storage [3], [4]. In the thermocline storage
system, hot and cold fluids remain in the same tank, separated under the buoyancy force, a
phenomenon called thermal stratification. Single-tank thermocline storage is categorized as
single-media thermocline and dual-media thermocline. It is reported that the single-media ther-
mocline performs better than the dual-media thermocline [5]. Gajbhiye et al. found that the
thermocline thickness for a single-media thermocline system with a porous distributor is 40 %
less than that of a dual-media thermocline [6].

Numerous other studies have assessed the single media thermocline performance during
charging and discharging [7-10]. To demonstrate the high-temperature lab-scale thermocline
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system behaviour with freezing storage materials (like molten salt), it is recommended to use
a no-flow type thermocline system as the continuous heat supply required in a flow-type sys-
tem. With that objective, the numerical study on a lab-scale computational model is performed
with constant temperature heating and cooling sources while the molten salt remains in no-
flow conditions. In the study, the authors depict the thermocline formation and propagation with
molten salt storage for charging and discharging. It is qualitatively shown by temperature con-
tours and cross-sectional averaged temperature profiles, and quantified by Stratification and
Mix numbers. The heating and cooling rates concerning the constant temperature heat source
and heat sink are also determined during charging and discharging. The present study is per-
formed primarily to assess the thermocline behaviour of a high-temperature molten salt ther-
mocline system during charging and discharging. Moreover, the study is applicable to storing
excess electrical energy into thermal energy for process heating applications and to avail the
Time-of-Day tariff for the peak hour’s industrial process heat requirements.

2. Methodology: Numerical model, grid, and time-step
independence test

The 2D axis-symmetric computational geometry of a thermocline tank is shown in Figure 1a.
The constant temperature heat source and heat sink are located near the top and bottom,
respectively, with the dimensions provided in Table 1. Further, the grid and time-step inde-
pendence tests are performed to ensure the grid and time-step independent solutions. The
test results are plotted in Figures 1b and 1c; based on the tests, mesh size 3 and a time step
of 2 seconds are selected. A mixture of molten nitrate salts (60 % NaNOs+ 40 % KNO3) is
chosen as a thermal energy storage material suitable for high-temperature applications. Tem-
perature-dependent properties of the molten nitrate salt are provided in Table 2 [11]. The tem-
perature limit considered is 300 °C to 500 °C. The simulation software employed is COMSOL
Multiphysics version 5.5 to solve the mass conservation, momentum conservation, and energy
transport equations for instantaneous temperature profiles. The mass and momentum conser-
vation and energy transport equations are expressed as Equations 1 — 3 [12]. For the charging
process, the whole tank is initially kept at a lower limit temperature T, = 300 °C, and the heat
source is kept at an upper limit temperature T, = 500 °C. For discharging, the tank is initially
kept at T, = 500 °C and the heat sink at T, = 300 °C.

The temperature contours depict the thermocline formation and propagation at different
time steps during charging and discharging. The same can also be observed by the leftward
and rightward movement of temperature profiles on temperature versus height plots for the
charging and discharging process. The dimensionless parameters Str and MIX are plotted with
time for the quantitative measure of the degree of thermal stratification. The stratification num-
ber (Str) is the ratio of the mean temperature gradient to the maximum temperature gradient.
The expression for Str is provided as Equation 4 [13]. Str's zero and unit values represent a
thermocline tank's thoroughly mixed and stratified state. Another parameter to quantify the
thermal stratification is the Mix number (MIX), which is defined as the ratio of energy moments
difference for a stratified and real tank and that for a stratified and mixed tank. The expression
for MIX can be provided as Equation 5 [14]. The energy moments are expressed as Equation
6. All the results are discussed in the subsequent section.
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Figure 1. (a) 2D axis-symmetric computational model, (b) Grid independence test plot, (c) Time-step
independence test plot.

Table 1. Computational model dimensions.

Dimension Value

Tank height (H) 200 mm

Tank diameter (D) 100 mm

Heat source and sink diameter (d) 80 mm
Heat source and sink height (t) 5 mm

Table 2. Thermophysical properties of molten salt [11].

Thermophysical property Expression
Density p=2090—-0.636T
Specific heat C, = 1443 -0.172T
Thermal conductivity k=0443+19% 107*T
Dynamic viscosity n= (22.714—0.12T + 2.281 x 1074 T2
—1.474% 1077 T3) x 1073
ap B >N\
i V-(pv)=0 (1)
200 4 (V- pB D) =—Vp+pJ+ V (V5 +V57) (2)
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W+V-(pCpﬁT)=V-(kVT) (3)
StT — Ttop’;Tb;ttom (4)
h—1Ic
MIX = Estr—Ereal (5)
Estr—Emix
E=%Yl 6z (6)

Where ¥, T, p, g, p, 1, C,, and k are the velocity vector (m s*), temperature (°C), pressure (Pa),
acceleration due to gravity (m s), density (kg m), dynamic viscosity (kg m™ s™), specific heat
(J kg™' K, and thermal conductivity (W m™' K) respectively. Tiop and Thotiom are the thermocline
tank's top and bottom layer temperatures. Es, Era, and Emix are the energy moments for a
stratified, real, and mixed thermocline tank. Subscript i represents the i layer from the tank
bottom, while dividing it into n layers, e; represents the heat content, and z represents the

height of the /" layer from the bottom.

3. Results and discussion

Temperature contours for the charging and discharging processes are depicted in Figures 2a
and 2b, respectively. Figure 2a shows that as the heater starts supplying heat at a constant
temperature, the hot molten salt remains in the top portion of the tank under buoyancy forces.
As the charging time progresses, more and more salt gets heated, and the transition zone
between hot and cold salt starts moving downward, as shown in Figure 2a. The transition zone
moves upward during discharging, as demonstrated in Figure 2b. The cross-sectional aver-
aged temperature profiles for the charging and discharging process are provided in Figures 3a
and 3b, respectively. The temperature profile in the transition zone is observed to be near
sigmoidal, moving leftwards and rightwards as the charging and discharging time progresses.

Figures 4a and 4b depict the variation of the Stratification number with time for charging
and discharging processes. At the start of charging, the tank is at the lower temperature limit
T, corresponding to its mixed state with zero Str value. As the charging time passes, the Str
value increases and achieves a plateau near unity. This tells that the tank remains stratified
during the entire charging process, and at the end of charging, the Str value declines to zero
as it achieves a mixed state at the upper-temperature limit Tn. The Str plot for the discharging
process (Figure 4b) also shows that the Str value is zero at the start of discharging. It increases
and achieves a near unity value to confirm that the tank remains stratified during discharging.
The Mix number plots for charging and discharging processes are shown in Figures 5a and
5b. This gives a more detailed measurement of the degree of stratification inside the thermo-
cline tank. The MIX plots for the charging and discharging processes corroborate with the Str
plots and show that the tank remains stratified during the entire charging and discharging pro-
cess. With time, the MIX value increases as the thermal diffusion increases. The variation of
heating and cooling rates during the charging and discharging process with time is shown in
Figures 6a and 6b. The plots depict that the charging rate is initially higher due to more signif-
icant temperature gradients, and later, it declines. It is observed that for the said tank geometry
(0.22 kWh capacity), the maximum heating rate and cooling rate are 1.06 kW and 1.13 kW,
respectively.
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Figure 2. (a) Temperature contours during the charging process, (b) Temperature contours during the

discharging process.
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Figure 3. (a) Temperature profiles during charging process, (b) Temperature profiles during discharg-
ing process.
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Figure 4. (a) Variation of Stratification number with charging time, (b) Variation of Stratification number
with discharging time.
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Figure 6. (a) Variation of charging rate with time, (b) Variation of discharging rate with time.

4. Conclusions

In the present study, the charging and discharging behaviour of a thermocline storage tank
with a constant temperature heat source and sink is simulated. The temperature contours,
axial temperature profile, Str, and Mix are used to assess the thermocline behaviour, and the
heating and cooling rates are also determined. The temperature profiles for both processes
are sigmoidal and similar to the standard thermocline storage systems, so the flow-type ther-
mocline can be mimicked. The Stratification and mix number plots depict that the tank remains
stratified for charging and discharging under the action of dominant buoyancy forces. Also, the
tank remains stratified in idle conditions for prolonged periods. The maximum charging and
discharging rates for the storage tank with said geometry (0.22 kWh capacity) are 1.06 kW and
1.13 kW, respectively.

The findings from the study can be used to design the lab-scale molten-salt thermocline
demonstration setup for a variable charging-discharging and losses study. Other applications
of the present study are storing excess electrical energy as thermal energy for process heating
applications. Also, to avail the Solar Time-of-Day tariff for the peak hours' industrial process
heat requirements.
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