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Abstract - This study investigates the thermal stratification characteristics of a single-medium sensible heat storage tank. The
thermal energy storage (TES) system under investigation comprises a vertical cylindrical tank fitted with an immersed
discharging coil. The study considers three different discharging coil configurations (helical, conical, and inverted conical).
A commercial silicone oil (Hytherm 600) is used as the heat storage medium in the tank, and water serves as the discharging
fluid. The thermal characteristics during the simultaneous charging and discharging operation are investigated considering a
fixed charging temperature of 90 °C, an oil flow rate of 1.25 L/min, and two different discharging flow rates (water), 0.5 and
2 L/min, respectively. Results indicate enhanced thermal performance for the helical discharging coil at the discharging flow
rate of 2 L/min, with a total discharged energy of 3536.8 kJ, and a discharging efficiency of 54.1%. The highest energy
discharged (3546.5 kJ) is realized in the case of the inverted conical coil. However, the losses are higher for this storage
configuration, leading to a slightly reduced discharging efficiency (53.6%). The thermocline thickness broadens with
increasing water flow rates through the discharging coil side. Eventually, the initial thermocline splits to form a stabilized
thermocline thickness of 100 mm in the upper section of the tank for a 2 L/min coil flow rate.
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1. Introduction

Energy storage is a useful technology for effective energy conservation, regulation, and utilization, and its importance
is growing with the increasing penetration of variable renewable energy (VRE) sources in the global energy mix. Solar energy
continues to be a dominant, clean, and abundant source for harnessing heat and electricity among the various green and
sustainable sources identified globally. Diurnal and seasonal intermittencies in solar irradiation often cause a temporal
mismatch between the energy availability and load-side demand [1], [2]. Thermal energy storage (TES) technology offers a
well-established and highly adaptable solution to tackling this issue, especially from the heat dispatch point of view. Single-
tank sensible heat storage systems reduce capital costs by about 30% compared to traditional two-tank systems [3], [4], [5]-
However, continued efforts toward improving the thermal stratification behaviour within the TES are necessary to ensure
enhanced harnessing features accompanied by high thermodynamic quality. Published literature predominantly outlines the
optimization of the storage tank geometry and the development of improved immersed discharge coil configurations as
possible pathways for TES performance enhancement. Yaici et al. [6] reported that a greater aspect ratio of the cylindrical
TES results in improved thermal stratification. To efficiently harness the accumulated heat from the storage tank, recent
storage systems utilize a cold-water stream that flows through the discharge coil immersed in the tank. The configuration of
immersed discharging coils substantially affects the thermal stratification across the height of the TES tank. Positioning the
discharging coil in the upper section of the tank with an upward coil configuration facilitates a higher rate of heat extraction
[71, [8]. [9]- Majumdar et al. [7], [10] used serpentine coil configuration in the computational study to demonstrate its superior
performance compared to conventional helical coils. Purandare et al. [11] experimentally analyzed the thermal performance
of conical coils with varying cone angles, and the results indicated that the helical coils have the maximum efficacy. Conte
et al. [12] numerically analyzed the thermal efficiency of helical and conical coils to conclude that the conically-coiled pipe
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exhibited greater heat transfer rates for the same pipe surface area. The present study focuses on a single-medium (silicone
oil), single-tank TES under a simultaneous charging and discharging (SCAD) mode. Water and glycol-water mixes are widely
used as working fluids in storage systems due to their cost-effectiveness and considerable heat capacity [13], [14]. However,
the present investigation utilizes Hytherm 600 as the energy storage medium due to its wider operating temperature range (up
to 220 °C) compared to water. Additionally, Hytherm 600 is reportedly devoid of solidification and corrosion issues. The
novelty of the present numerical study pivots around the detailed comparative analysis of SCAD characteristics for three
different configurations (helical, conical, and inverted conical) of the discharging coil immersed inside the cylindrical TES
tank. A three-dimensional numerical model has been developed for simulating SCAD operation, considering temperature-
dependent thermophysical properties of silicone oil.
2. System Description

A vertical cylindrical tank TES with an aspect ratio (H/D) of 3.86 is considered. The height of the storage tank, the
inner and the outer diameter are 965 mm, 250 mm, and 256 mm, respectively. All numerical simulations in this study are
performed for a fixed charging temperature of 90 °C, considering a fixed tank-side charging flow rate (oil) of 1.25 L/min.
The three discharging coil configurations considered in the study have the same surface area exposed to the surrounding
fluid. They also have the same inner and outer diameters, and height. The geometrical parameters of the different discharging
coil configurations are presented in Table 1. The schematic of the immersed coil-aided cylindrical TES tank storage tank is
shown in Figure 1.

Table 1: Geometrical parameters for different discharging coil configurations.

Parameters Helical coil Conical coil Inverted conical coil
Inner diameter (m) 0.010 0.010 0.010
Outer diameter (m) 0.014 0.014 0.014
Surface area (m?) 0.00038 0.00038 0.0038
Height (m) 0.295 0.295 0.295
Axial Pitch (m) 0.0295 0.0295 0.0295
Radial Pitch (m) - 0.0054 0.0054
Number of turns 13 10 10
Top diameter of the coil (m) 0.10 0.10 0.220
Bottom diameter of the coil (m) 0.10 0.220 0.10
Tank inlet
Tl"'—'J fsz.s T il outiet = ﬁE
100 mm X
T2 — =
! z £
! Bl ™ Coil inlet =TV E %
T9 '_
4 100 mm
y ,_l e Tt T 325mm e — I —
Tank outlet
250 mm
@ (b) (©)

Fig. 1: Schematic diagram of the TES tank with (a) helical, (b) conical, and (c) inverted conical immersed discharging coil.
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3. Numerical model

A three-dimensional CFD model is developed and simulated in the COMSOL Multiphysics v5.5 platform using the
PARDISO solver. The convergence criteria for momentum and energy equations are 10 and 10, respectively. Based on the
precision of results, the low Re Number k-¢ turbulent model is chosen to simulate the specified cases. It offers the advantage
of simulating the buoyancy effect by activating the full buoyancy option in COMSOL [15]. Using the governing equation
along with initial and boundary conditions mentioned in [15], and by incorporating the experimentally derived temperature-
dependent thermophysical properties of oil using developed correlations (Egs. (1) - (4)), detailed numerical simulations are
performed. The temperature-dependent thermal conductivity of Hytherm 600 oil is imbibed from the reported literature [16].
The three-dimensional numerical model is developed based on the following assumptions: (i) Incompressible and Newtonian
fluid, (i) Thermophysical properties of the fluid are considered to be isotropic, (iii) There is no heat generated internally, (iv)
Radiative heat transfer is not considered, (v) Boussinesq approximation is used to model oil density. The temperature-
dependent properties of Hytherm 600 oil are as follows:

w(T) = 0.0972 - 0.002145T + 1.705x105 T2 - 4.668x104T? (Pa.s) (1)
po(T) = 861.64 - 0.5889T (kg/m®) 2)
Cp(T) = 2254.9 — 2.2284T + 0.025T? (J/kg.K) (3)

where, Y, p, and Cp are dynamic viscosity, density, and specific heat capacity, respectively. The above correlations have an
average R? of 0.97. The average thermal expansion coefficient of Hytherm 600 oil is experimentally found to be foi = 0.00158
+0.00003 (K™). The temperature-dependent thermal conductivity, i.e., k(T), is given as:

k(T) =-0.0346 + 0.007T (W/m.K) (4)

3.1. Numerical validation

One specific experiment (Case V) is performed (Tcharging = 50 °C, Vcharging = 0.5 L/min, Vdiscnarging = 0.5 L/min) to
validate the numerical model. The details of the TES tank, the helical coil parameters, and the experimental setup are described
in a previous study [17]. The charging-alone phase for Case V is 1000 s, and SCAD operation takes place during t = 1000+
to 3000 s based on the tank volume. The charging time for a specific charging flow rate and TES tank volume is calculated
based on the charging criteria, with the hot zone of working fluid covering approximately 70-90% of the coil height and 50%
of the tank capacity. The numerical model mimics the actual conditions prevailing during the experiment. The initial
temperature of the tank is fixed at 26.5 + 0.5 °C, while the initial temperature of water at the coil inlet is 27.5 £ 0.5 °C. The
ambient temperature is taken as 24.5+ 0.5 °C, and convective heat transfer from the tank wall is considered. Figure 2 shows
the temporal variation of oil temperature at eight distinct axial positions of thermocouples during SCAD operation for Case
V. A comparison of the experimental data with the numerical results shows the largest deviation in the oil temperature as
+1.78 °C. The numerical model accurately captures the time-varying patterns of the local oil temperatures, with the maximum
deviation against the experimental value being 7.57%. The experimental uncertainties associated with the temperature, the
charging flow rate, and the discharging flow rate are + 0.5 °C, 0.75%, and 1%, respectively.
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Fig. 2: Temporal variation of oil temperature obtained from the experiments and numerical simulations for Case V.
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3.2. Grid size and time step independence test

The grid size independence study uses three different mesh sizes: Mesh 1 (152102 elements), Mesh 2 (395091
elements), and Mesh 3 (960807 elements). The outlet temperature of the discharging coil is chosen to ascertain the grid
independence since it is directly related to the amount of energy extracted from the TES tank. Figure 3(a) depicts the temporal
variations in the coil outlet temperature for Case V. While moving from Mesh 1 to Mesh 2, the maximum error between the
numerical results and the experimental data reduces substantially from 9.8% (Mesh 1) to 7.57% (Mesh 2). However, the
computational cost increases with an increase in the number of elements by a factor of 2.59. Upon moving from Mesh 2 to
Mesh 3, the reduction in error is not significant compared to the computational cost, since the trial error obtained with Mesh
3 is 6.83%. Thus, considering both computational efforts and accuracy, Mesh 2 (395091 elements) is used for the case study
simulations. The time step independence study examines three different time steps (1 s, 5's, and 10 s), as illustrated in Figure
3(b). Using Mesh 2, there is no substantial difference in coil outlet temperature across multiple time steps. Therefore, the
intermediate time step of 5 s has been selected for further simulations.
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Fig. 3: (a) Grid independence and (b) time step independence studies.

3.3. Operating conditions

To investigate the stratification phenomena in the oil during the simultaneous charging and discharging (SCAD)
operation using three different coil configurations, the parametric conditions defined in Table 2 are used. The investigation
considers a coil-side discharging flow rate (water) lower than the tank-side charging flow rate (oil), leading to the addition
of 0.5 L/min discharging rate among the considered cases. The lower flow rate (i.e., a longer residence time of water inside
the coil) allows for more energy extraction and necessitates further examination of thermal stratification on the oil side. The
charging time (1200 s) for the predefined oil flow rate is calculated based on the charging criteria mentioned before, and the
oil density. At the end of the charging-alone phase, the coil is completely covered by the hot zone of the oil (i.e., an axial
distance of 482.5 mm measured from the top of the TES tank).

Table 2: Operating conditions used in the numerical model to simulate SCAD operation.

. Discharging water flow Operation time (s)
Case Coil rate (L/min)
Charging SCAD
Al Helical 0.5 1200 1200* to 3600
A2 Helical 2 1200 1200* to 3600
Bl Conical 0.5 1200 1200* to 3600
B2 Conical 2 1200 1200* to 3600
C1l Inverted conical 0.5 1200 1200* to 3600
C2 Inverted conical 2 1200 1200* to 3600

4. Results and discussion
4.1. Thermal performance characteristics

For comparative evaluation of the TES tank configurations of interest, the temporal variation of oil temperature inside
the storage tank, water temperature at the coil outlet, energy stored inside the TES tank during the SCAD operation, total
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energy discharged by the coil, the rate of energy discharge, discharging efficiency and the thermocline thickness are used as
the metrics. The mathematical expressions for these parameters, including analyses of energy stored within the tank wall and
energy lost to the ambient, are available in a previously reported study [18].
4.2. Temporal variation of the storage and discharging medium

Figures 4(a)-(c) demonstrate the temporal variations in temperature profiles for all the investigation instances (see Table
2). Temperature measurements are performed using ten thermocouples (T1-T10). In each case, the TES tank is charged by
the oil heated at 90 °C during t = 0-1200 s. During TES charging, temperatures captured by thermocouples T1-T4 rise steeply
in all the Cases. The temperatures captured by T5 and T6 rise toward the end of the charging phase as the heat diffuses toward
the bottom section of the TES tank. The SCAD process occurred during t = 1200 - 3600 s. Figures 4(a)-(c) show a significant
drop in temperatures T2-T4 following the commencement of the SCAD operation, and the reduction is more pronounced for
the larger flow rate (i.e., 2 L/min) through the discharging coil, owing to the enhanced heat extraction by the coil. The
temperature T1 remains unfazed over the whole operation, owing to its proximity to the tank entrance. The rise in temperatures
T5-T8 is curbed by an increase in the water flow rate through the discharging coil, owing to a reduced heat diffusion toward
the tank bottom.
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Fig. 4: Temporal variation of oil temperature for Cases (a) Al and A2, (b) B1 and B2, and (c) C1 and C2.

4.3. Temporal variation of the coil outlet temperature and energy content

Figure 5(a) depicts the temporal variations in the coil outlet temperature for all the investigation instances (see Table
2). During the charging phase (t = 0 - 1200 s), the static water within the coil absorbs energy from the TES tank, raising the
temperature of the encapsulated water close to the charging temperature. With the commencement of the SCAD operation at
t=1200 s, a fresh flow of cold water (T= 27.5 °C) enters the coil, leading to a sharp drop in the coil outlet temperature as the
encapsulated hot water is suddenly displaced. A lower discharging flow rate (water) of 0.5 L/min results in a higher coil outlet
temperature attributable to a higher residence time of circulating water within the immersed discharging coil. Figure 5(b)
shows the temporal evolution of the cumulative energy discharged by the coil in all the cases. The energy discharged increases
with an increase in the discharging flow rate.

% T T T T — 4000
ol == Tcoil_Al| ] el AL =@ B e C 1|
sl =0 Tcoil_A2(] 3500} |=0 A2=0 B2=4 C2
w0 —e— Tcoil_B1 2 2
- o Teoil B2 © 3000 =1
_5F =t Tcoil_C1{] & P g <4
Sl i =& Teoil_C2|] 8 as00f 83 < &
Sosh ‘ {1 2 :
] i\ ) «8”° 2
S 60 H P gzooo L ’g M g
- L] ’
25F i ] & ot o
£ ' 1 w150 ¢ 2
3 50 [ > 8 A =1
[ = A =
45 F ' 1 = ‘@ 2

S 1000 E
“or besopennssanned 5 6! S o = Al—e—Bl—A—

E 1
sr O sy ® AL BL=—de=C1
" 250 =0 A2=0 B2=/w C2[]
o ) . ) ) ) 1 Ao o0

) 500 1000 1500 2000 2500 3000 1400 1600 1800 2000 2200 2400 2600 2800 3000 3200 3400 3600 0 300 600 900 1200 1500 1800 2100 2400 2700 3000 3300 3600
Time (s) Time (s) Time (9
(a) (b) ()

Fig. 5: Temporal variation of (a) Coil outlet temperature (b) cumulative energy discharged and (c) cumulative energy stored.
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Figure 5(c) depicts the temporal variations in cumulative energy stored in the TES for all the cases. The energy stored
in the storage tank increases over time as the heat is constantly supplied by the incoming hot oil. However, an abrupt reduction
in total energy stored is observed for all the cases following the commencement of SCAD operation. This drop indicates that
the instantaneous thermal energy released from the tank is more than the instantaneous energy input. Furthermore, Cases A2
and C2 exhibit higher energy discharged and lesser energy stored owing to enhanced energy extraction from the TES tank.
4.4, Temporal variation of energy discharged performance and thermocline

Figure 6(a) exhibits that the rate of energy discharged is proportional to the coil flow rate in all the cases. During the
initial stage of SCAD operation, a significant temperature difference is observed across the coil terminals. However, the
temperature at the coil outlet becomes almost constant with time following the sharp drop at the commencement of SCAD
operation, leading to energy discharge at a constant rate. Figure 6(b) depicts the temporal variation of discharging efficiency
for the different cases considered. The discharging efficiency assumes a zero value during the charging duration because of
no flow through the coil. Commencement of the SCAD operation causes a rapid increase in discharging efficiency. As time
progresses, the net energy available within the TES tank is reduced, which is also reflected by an improvement in discharge
efficiency. The discharge efficiency becomes constant once the storage system approaches the state of thermal equilibrium.
Figure 6(c) exhibits that the primary thermocline continues to expand at an average rate of 0.33 mm/s until t = 1500 s. The
rapid degradation of the thermal gradient across the tank height is attributable to the high convective losses to the ambient.
Cases A2 and C2 correspond to the highest rate of energy discharged, maximum value of average discharging efficiency, and
the highest primary thermocline thickness of 600 mm.
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Fig. 6: Temporal variation of (a) Rate of energy discharged, (b) discharging efficiency, and (c) thermocline thickness.

Table 3 shows the energy analysis for all the cases, summarizing the net energy input, cumulative energy discharged,
average discharging efficiency, cumulative energy stored, and energy losses (combined value of the energy captured by the
wall, and energy lost to the ambient) during the operation. Cases A2 and C2 exhibit higher energy discharged and discharging
efficiencies, indicating better energy-harnessing features for helical and inverted conical coils. Notably, the inverted conical

coil presents a larger surface area to the incoming hot oil near the tank inlet.

Table 3: Energy analysis for all the investigation instances of SCAD operation.

Net energy Cumulative energy Cumula_ltive energy | Energy lost to_the tank _Averag_e
Case input (kJ) discharged (kJ) stored in TES (kJ, wall and ambient (kJ) dlsc_hgrgmg
att=12005s) (% of Net Input) efficiency
Al 6670.5 2692.6 2695.6 1282.3 (18.4%) 44.3%
A2 6872.8 3536.8 2138.2 1197.7 (17.4%) 54.1%
B1 6661.2 2586 2780.2 1295 (19.4%) 42.6%
B2 6846.2 3387.7 2248.9 1209.6 (17.6%) 52%
C1l 6619.9 2647.7 2676.8 1295.4 (19.5%) 44%
C2 6835.8 3546.5 2083.1 1206.2 (17.6%) 53.6%
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Figure 7 exhibits the oil temperature distribution (2-D) within the TES tank for Cases A2, B2, and C2 at two instants
(i.e., t=1200 s and t=2400 s). The figure shows the creation of a thermocline zone caused by the buoyancy forces, prompting
the hot oil (with lesser density) to settle on top of the denser and cooler oil layers. The thermocline zone broadens and sinks
deeper into the storage tank with time. Att =1200 s, the thermocline thickness is close to 400 mm in all the cases. The primary
thermocline thickness stabilizes following the splitting of the initial thermocline. At t =2400 s, a thermocline of 100 mm
thickness is observed in the upper section of the TES in the cases with a higher water discharging flow rate of 2 L/min.
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Fig.7: Oil temperature distribution (2-D) within the storage tank for Cases (a) A2, (b) B2, and (c) C2.

5. Conclusion

The present numerical study examines the thermal stratification characteristics of a cylindrical sensible heat storage
tank under simultaneous charging and changing operation, considering three different immersed discharging coil
configurations. Hytherm 600 oil is used as the heat storage medium, whereas water is used as the discharging fluid. The
helical discharging coil exhibits the most effective energy extraction, followed by the inverted conical coil. The conical coil
exhibits the weakest energy-harnessing features. The thermophysical properties of Hytherm 600 oil oppose the buoyancy
force caused by convective heat transfer, leading to a systemic hindrance to energy extraction by the water flowing through
the discharging coil. An increased water flow rate of 2 L/min through the coil demonstrates improved energy extraction and
less energy accumulation in the TES tank. Case C2 exhibits the largest value for total energy discharged (3546.5 kJ), followed
by Case A2 (3536.8 kJ). However, a lesser energy loss in the case of Case A2 (1197.7 kJ) compared to Case C2 (1206.2 kJ)
leads to a slightly higher discharging efficiency for Case A2 (54.1%), compared to Case C2 (53.6%). Further work is needed
on different geometrical shapes of oil-based TESs equipped with effective coils to ascertain the optimal TES configuration.
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