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TWO-DIMENSIONAL CFD ANALYSIS OF A HOT WATER STORAGE
TANK WITH IMMERSED OBSTACLES

A comprehensive study was conducted to develop a two-dimensional mathematical model for
a thermal storage tank containing internal disk-shaped obstacles. This model, incorporating
appropriate initial and boundary conditions, was solved using the built-in solvers of the licensed
COMSOL Multiphysics 5.6 software. The COMSOL model demonstrated a maximum deviation
of 2.2% from experimental results and even smaller discrepancies compared to ANSYS Fluent,
validating its accuracy in describing the charging and discharging processes of a sensible heat
storage tank with internal obstacles. Using this validated algorithm, numerical studies were
performed to analyse temperature distribution and performance indicators for three distinct tank
configurations. Among these configurations, the storage tank with a middle disk consistently
exhibited superior performance. This tank achieved the highest mixing efficiency, as evidenced
by smoother variations in the Richardson number and a more uniform temperature distribution.
It also attained the highest capacity ratio (90.12%) and exergy efficiency (81.67%), indicating
its effectiveness in heat retention and the quality of stored thermal energy. Furthermore, it
demonstrated the highest charging efficiency at 67.51%, highlighting its ability to store incoming
heat more effectively. These findings establish the tank with a middle disk as the most efficient
configuration for thermal energy storage and uniform temperature distribution.

Key words : Sensible Heat Storage, Thermal Energy, Immersed Obstacles, Water Tank, CFD.
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JABymepnbiii CFD-ananus 6aka Jisi XxpaHeHusl ropsg4eii BOJbI C MOTPY>KEHHBIMU

Tmki guck Topizai kejeprisepi 6ap KbLTy CAKTAUTBIH OAKTHI €Ki OJIIIeM/II MaTeMATHKAJIBIK, MO-
JIeJTiH y)Kacay OOMBIHINE, KellleH 1 3epTTey Kyprisuimi. Byt Mojess TuicTi bacTankel KoHe IeKapa-
JIBIK, mIapTTapabl eckepe oTeiphil, Jjuiersusiaaran COMSOL Multiphysics 5.6 6armapiaamasbik,
JKaCaKTaMaChIHBIH, KipikTipiaren memnrymiiepinin kemerimen trerntiygi. COMSOL momeni akcre-
PUMEHT HOTHZKEJIEpiHEH MakCuMabl 2,2% aybITKyabl »kone ANSYS Fluent-nien caiasicThIprania
OJIaH J1a a3 colikecci3mikTep/i KepceTTi, OyJ1 OHBIH, iMKi Keieprijiepi 6ap Ce3LIeHTIH KbLIYy CAKTay
OGarbIHBIH, 3apsi/ITay YKOHE Ppa3pPsiITay IPOIECTEPIH CUIIATTAYIAFbI JOJITH pacTaabl. Ockl TeKcepi-
reH aJIrOPUTMJ Talifaaana OThIPBIN, OAKTHIH, VI TYPJIi KOHMDUIYPAIUSICH YIIIIH TEMIEPATYPAHbIH,
TapaJyblH KOHE OHIMIUNK KODPCETKIMTEePiH Tajmay YIIH CaHILIK 3epTreyiep Kyprizimmi. Oce
KOHMUTYpaIAsAIapIbIH I HIe OPTAHFBI JUCKICI 6ap cakTay Oarbl YHEMI »KOFapbl OHIMILTIKTI KOp-
ceTTi. Bys 6ak apajgacThIpy/IbIH €H KOFapbl TUIM/ILIIriHEe KO YKeTKi3Ti, Oy Pudapacon canbIHbIH,
OipKeJIKi @3repyiMeH 2KoHe TeMIIepaTypPaHbIH OipKesKi TapaybIMEeH JIDJIeICHT.

Ou connaii-ak, eH KOFapbl ChIHBIMIBUIBIK, Ko3ddurmenTine (90,12%) xone sxceprust TuimMimirine
(81,67%) xox1 »KeTKizi, 6y OHBIH YKBLIYJIbl CAKTAYAFbl THIMJITIIIH YKOHE YKUHAKTAJFAH KLY
SHEPIUsICHIHBIH canacbiH Kepcereli. COHbIMEH KaTap, OJI 3apsiITay/blH €H YKOFapbl THIMIJITIH
kepcerTi - 67,51%, Gys OHBIH KIipeTiH »KBLIyAbl THIMJIpEK cakTay KablieTin kepceremi. By
HOTHKEJIED 2KbLIYy SHEPIUSICHIH CAKTAy YKOHE TeMIIepAaTypPaHbl OIPKeJKI TapaJybl VIMH €H THiMJIl
KOHUTYpaInsa PeTiHae OPTAHFLI UCKi Oap OAKTHI KOPCETTI.

Tyiiiu cesnep: Cesinerin Kbunyabl cakray, 2Kty sueprusicel, Cy imineri kegeprinep, Cy 6arsi,
Ecenrey runpogunavukacet (CFD).
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IIperdaTCTBUAMMN

Bouto mpoBesieHO KOMILIEKCHOE WCCIeIOBAHUE i pa3pabOTKUA JIBYMEPHON MaTeMaTHIeCKOi
MoJIesi 6aKa JJIsl XpaHeHUs Telia, COJePKAaIIero BHyTPEHHNE MPensTCTBUs B hOpMe JUCKa. DTa
MO/IeJTh, BKJIIOYAIONIAs COOTBETCTBYIOIIME HAYAJIbHbIE W TPAHWYHBIE YCJIOBHS, ObLIa pelleHa C
HCITOJIb30BAHUEM BCTPOEHHBIX pelrare/eil JUIeH3n0oHHoro nporpammuoro obecredernns COMSOL
Multiphysics 5.6. Mogeas COMSOL upojemoHcTpupOBajia MaKCHUMaJjbHOE OTKJIOHEHHE OT
3KCHEPUMEHTAJIBHBIX PE3YJILTATOB B 2,2% U ellle MeHbINe PacxoXKaeHus 1o cpasaenmio ¢ ANSYS
Fluent, aro moaTBep:K1aeT ee TOYHOCTH B OIMCAHUU ITPOTIECCOB 3apsiIKU U Pa3PsIKu OaKa JJIst
XpaHEeHUsT TeIlJIa ¢ BHYTPEHHUMU [PENATCTBUSIME. VICIIOIB3yst 3TOT TPOBEPEHHBIN AJITOPUTM, OBLIN
[IPOBEJIEHBI YUCJIEHHBIE UCCJIEIOBAHMS JIJIsi aHAJIM3a PACIIPeJIe/IEHUs] TEMIIEPATYPBI U IIOKa3aTe el
[IPOU3BOJIUTEIBHOCTH JIJI TPEX pa3IudHbIX KOoH(uryparmii 6akos. Cpean 5Tux KOHQMUIY AWl
b6ak I XpaHEHWsI CO CPEJHMM JIMCKOM HEU3MEHHO JIEeMOHCTPHUPOBAJ IIPEBOCXOIHYIO ITPOU3BO-
JUTEIBHOCTh. B 9TOM Oake MOCTHUTHYTa BbIcOYaiiias 3(M@EeKTUBHOCTH MMEPEMEITUBAHUS, O UEM
CBUJIETEIHLCTBYIOT OoJiee TIIaBHBIE KOebanus uncia Pudapiacona n 6oJiee paBHOMEpPHOE pacipe-
nesierre TeMieparypbl. OH TakyKe JOCTUT CAMOTO BBICOKOTO KO3 MUIIMEHTa TOJIE3HOrO JIeHCTBHS
(90,12%) u skceprernveckoro KIIJT (81,67%), uro ceumerenbcrByer 0 ero 3dgdekTuBHOCTH B
00JIaCTU COXPAHEHUsI Teljla W KadecTBa aKKyMYJIMPYeMOl TeIioBoil sHepruu. Kpome Toro, o
MIPOAEMOHCTPUPOBAJ BhICOYAiITyI0 3ddeKTuBHOCTL 3apsaaku - 67,51%, aro mogaepkusaer ero
crocobuoCTh 60s1ee 3(hDEKTUBHO HAKAIIUBATE MTOCTYIAIOIIEE TEII0. DTH JAHHBIE CBHUJIETEIHLCTBY-
IOT O TOM, 9TO 0aK CO CPEJTHUM JIUCKOM sIBJIsieTcs Hambosiee 3deKTUBHON KoHMUryparmeit aist
HAKOIIJIEHUs TEILJIOBOM SHEPIMHU U PABHOMEDHOT'O PaCIIPeJIeJIeHUs] TEMIIEPATYPHI.

Kumrouessbie cioBa: Oryrimaemast TenjoBast dHeprusi, TerjoBas sneprusi, [lorpyKeHHble TpersiT-
crBus, bak s Boupl, Berunciaurensbuas rugpogusnavuka (CEFD).
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1 Introduction

The efficient storage of thermal energy is crucial for optimizing the performance of renewable
energy systems, particularly those that rely on solar thermal and geothermal sources. Hot
water storage tanks play a vital role in these systems by storing excess thermal energy
for later use, thereby enhancing energy efficiency and system reliability. However, the
thermal stratification [1] within these tanks, which significantly impacts their performance, is
influenced by various factors including tank geometry |2], insulation, and internal components
3]

In recent years, computational fluid dynamics (CFD) has emerged as a powerful tool for
analyzing and optimizing the performance of thermal storage systems [4-5|. CFD enables
detailed investigations into the flow dynamics, heat transfer mechanisms, and thermal
stratification within hot water storage tanks [6]. By simulating different configurations
and operating conditions, researchers can gain insights into the factors affecting thermal
efficiency and develop strategies to enhance tank performance. Bouhal et al. [7] utilized CFD
simulations with ANSYS Fluent software to investigate the performance of two hot water
storage tank configurations. They evaluated performance indicators such as temperature
evolution, Richardson number, and stratification number. These two configurations pertain
to the arrangement of flat plates inside the tank and the orientation of the plate in the
middle of the tank. They also differ in the configurations of the inlet and outlet nozzles. The
major findings of the current analysis indicate that the optimal configuration for the first
setup is a tank with two plates positioned at the middle and top. The tank with a 30° tilted
plate demonstrates the best performance for the second setup. This conclusion is based on
the significant values of the thermocline extent and stratification number and a Richardson
number greater than 1, indicating that buoyancy forces dominate over mixing forces. This
group of authors, Fertahi et al. [8|, continued their work in this direction by conducting CFD
analysis of a horizontal hot water storage tank used in evacuated tube collector (ETC) systems
with heat pipes. The influence of the number of heat pipes on the temperature distribution,
average temperature in the tank, and discharge efficiency was studied. An increase in the
number of heat pipes resulted in an improvement in these indicators. Lou et al. [9] presented
numerical and experimental studies to investigate the effect of internal disk-like ring-opening
plates on sensible heat storage tank performance. Unlike the previous works, these disks have
ring-shaped holes through which the HTF can pass. CFD simulation-based optimization for
the so-called Ring-Opening Plate Distributors (ROPDs) was presented using ANSYS Fluent.
The reported results show that charging and discharging efficiencies improved by 14.5% and
19.8%, respectively, compared to the conventional storage tank. In addition to the internal
geometric configurations, studies are focusing on the external geometric configurations of the
tank. Shafieian et al. [10] used unsteady 3D numerical simulations with ANSYS Fluent to
test the effects of four different inlet and outlet configurations for the storage tank HTF. For
the first configuration with a single inlet and a single outlet, the effects of varying mass flow
rates on the thermal performance of a simple tank were investigated. The results indicate
that higher mass flow rates degrade the thermocline and thermal stratification, which are
desirable. To mitigate the adverse effects of inlet jet mixing with stagnant fluid, the mass flow
rates were evenly distributed between two inlet ports in the second configuration. This model
demonstrated improved heat transfer performance compared to the previous model. In the
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third configuration, the inlet port was replaced with a circular truncated cone-shaped diffuser,
while in the fourth configuration, the orientation of this diffuser relative to the horizontal
axis was examined. The effects of the diffuser aspect ratio were analyzed at fixed mass flow
rates. The results indicate that smaller aspect ratios enhance tank performance, whereas
larger aspect ratios degrade performance due to a strongly adverse pressure gradient within
the diffuser. This adverse pressure gradient leads to high-speed core flow, which contradicts
the intended function of the diffuser. Additionally, altering the inlet orientation was found
to be less effective compared to the previously discussed modifications. In another study,
Kong et al. [11] conducted 3D numerical simulations for a hot water storage tank equipped
with an internal cylinder designed to enhance the uniform distribution of heated fluid within
the tank. This paper investigates the impact of the inner cylinder’s design and operating
parameters on water flow characteristics, thermal stratification, and overall performance of
a hot water storage tank during the heat charging process in thermal energy systems. It
was reported that the presence of an internal cylinder with openings significantly enhances
thermal stratification in the tank by stabilizing the thermocline and prolonging the upper
warm layer.

The cylinder acts as a uniform diffuser, minimizing the impact of turbulence and
heat conduction on the tank body, and ensuring a more stable temperature distribution.
Kumar and Singh [12] conducted a numerical simulation to analyze the charging behavior
of a thermal storage tank equipped with two integrated coil heat exchangers, which
receive heat from distinct sources such as a solar thermal collector and a heat pump.
The simulations, performed using ANSYS Fluent, involved calculating axial temperature
evolution, dimensionless stratification, and Richardson numbers for various operational
scenarios. The results indicate that thermal stratification within the tank is influenced by
the positioning of the heating sources. Specifically, the degree of stratification is enhanced
when the heat exchanger coil installed in the upper portion of the tank is operational,
both during the charging process and in continuous delivery mode. The aforementioned
configurations primarily focus on the HTF inlet and outlet arrangements in the tank, as
well as the charging modes involving additional built-in heat exchangers. However, the heat
distribution within the tank during periods when it is neither charging nor discharging is
also a crucial aspect of interest. Buoyancy-induced thermal stratification is a spontaneous
phenomenon arising from standby periods of hot water tanks [13|. Li et al. [13] proposed a
semi-analytical method for assessing buoyancy-induced thermal stratification, eliminating the
need for numerical simulation procedures. Li et al.’s semi-analytical method, which derives an
explicit water temperature function based on tank height and time by modifying the energy
balance equation, successfully compensates for convection effects through an amplification
factor. Their numerical study demonstrates a strong analogy between buoyancy-induced
thermal stratification and bottom-initiated heat conduction, reinforcing the validity of the
proposed method.

The brief literature review indicates that the majority of studies focus on the numerical
analysis of thermal performance in hot water tanks using ANSYS Fluent. Additionally, many
of these studies concentrate on a limited set of performance indicators. This study focuses
on a two-dimensional CFD analysis of a hot water storage tank with immersed obstacles
using COMSOL Multiphysics 5.6 [14]. The validation of the numerical calculation algorithm
based on COMSOL is performed by comparing it with experimental data and calculations
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from other authors documented in the literature |7|. Additionally, a comprehensive numerical
evaluation of a wide range of tank performance indicators is conducted. The proposed research
introduces novel insights and lays the foundation for future investigations by the authors into
various sensible heat storage tank configurations.

In summary, this research paper presents a comprehensive two-dimensional CFD analysis
of a hot water storage tank with immersed obstacles, highlighting the potential benefits and
challenges associated with their use. The study aims to advance our understanding of thermal
stratification and heat transfer mechanisms in such systems, ultimately contributing to the
enhancement of renewable energy storage technologies.

2 Physical model

The physical model for this study consists of a cylindrical hot water storage tank equipped
with a series of immersed obstacles designed to enhance thermal stratification. The tank
dimensions, material properties, and insulation characteristics are specified to closely resemble
typical thermal storage systems used in solar and geothermal applications. The obstacles
within the tank are strategically placed to disrupt the natural convection currents, thereby
promoting a more uniform temperature distribution and minimizing thermal mixing. The
physical model includes detailed geometric representations of these obstacles, which may
vary in shape, size, orientation, and placement. Additionally, the model accounts for the
boundary conditions, such as the heat flux at the tank walls, initial temperature distribution,
and inlet /outlet fluid dynamics. This comprehensive physical representation forms the basis
for the subsequent computational fluid dynamics (CFD) simulations, enabling an accurate
analysis of the thermal performance and energy efficiency of the hot water storage tank under
various operating conditions.

As stated in the Introduction section, this paper examines a hot water storage tank
utilizing sensible heat storage. These studies serve as preliminary calculations for future
applications in thermal storage tanks incorporating phase change materials. The primary
objective of this study is to investigate the impact of metal disk obstacles on the distribution
of heat transfer fluid (HTF) within a heat storage tank. The inlet and outlet configurations
for the HTF consist of narrower tubes, as depicted in Figure 1. Figure 1 presents three
configurations of hot water storage tanks, where the external tank dimensions are consistent
across all cases. The tank height is H=800 mm, the diameter is D=400 mm, and the diameter
of the inlet and outlet orifices for the HTF flow is b=20 mm. The configurations of metal
disk obstacles are as follows: Tank 1 - Bottom-Top, Tank 2-Bottom-Middle-Top, and Tank 3-
Middle, with three metal disks fully integrated inside the storage tank, as illustrated in Figure
1. The objective is to investigate the effect of the obstacle’s positions on thermal stratification
within the standard storage tank. For all three cases, thin disks with a diameter of d=300
mm are used. The orientation of the disks is not varied; in all cases, the disks are positioned
horizontally. Only the heat accumulation tank charging mode is considered, where the inlet
is at the bottom of the tank and the outlet is at the top. The inlet HTF temperature is 50 °C,
and the initial temperature of the water inside the tank is 15 °C. The HTF inlet velocity is
0.1694 m/s. The tank walls and disks are both constructed from stainless steel. The modeling
assumes that the tank walls are perfectly insulated, with no heat loss.
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Table 1: Geometries and operating conditions

Parameter Value
Diameter D (mm) 400
Height H (mm) 800
Diameter d (mm) 300
Diameter b (mm) 20

Hot temperature T3, (°C) | 50
Cold temperature Ti,; (°C) | 15
Inlet velocity wiy, (m/s) 0.1694

Tank-1 Tank-2 Tank-3

outlet outlet outlet
Sy Ly e

Metal

Water
Tini

. e O

D I inlet D I inlet

Figure 1: Schematic configurations of the storage tank with different disk positions.

3 Mathematical model

3.1 CFD model

This section provides a comprehensive framework for analysing the thermal and fluid
dynamics within the hot water storage tank. This section details the fundamental assumptions
and equations that underpin the simulation of heat transfer and fluid flow. By establishing a
set of key assumptions, the model aims to accurately represent the behaviour of the system
under different configurations, particularly focusing on the impact of immersed obstacles
on thermal stratification. The following describes the basic assumptions that govern the
mathematical formulation, followed by the specific equations used to model the system’s
transient heat and fluid dynamics. The unsteady two-dimensional flow models for heat
transfer within a standard storage tank are based on the following assumptions: the working
fluid is treated as incompressible; the thermophysical properties of the fluid are considered
constant, except for density variations due to temperature changes, which are accounted for
using the Boussinesq approximation to model thermal buoyancy effects;the fluid is assumed
to be Newtonian; viscous dissipation effects are considered negligible; the fluid motion is
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assumed to be laminar and two-dimensional.

The transient fluid dynamic and thermal fields are described using the two-dimensional
forms of the Navier-Stokes and energy equations, incorporating the effects of gravity.
Consequently, the governing equations are formulated based on these assumptions. The
HTF is described by the system of 2D Navier-Stokes equations for an incompressible fluid.
Continuity is described by Equation (1):

ou  Ov
L= 1
Ox * Ox ’ (1)
Conservation of momentum in two directions is described by the following equation:
ou N ou N ou Ups 4 0%u N 0%u
— U— +v— | = — — + —
Proc TPI\Yar T Yoy Profil o2 T oy )
v N ov N v o 0% N 0% LR
— U— F+v— | = — — 4+ —
Proc TP\ "oz T Yoy Proir\ oz ™ gy y
here the index f - is an indicator of the HTF, and gravity is considered in the direction y.
Energy equation describing the heat exchange process is defined as follows:

aT
Pfcpvfa + pyCppuVT = V(kVT) (3)

For fluid flow, boundary conditions (BC) on solid surfaces such as the inner wall of the
vessel and the surfaces of metal discs. In addition, it is assumed that the storage tank is
completely isolated, which is determined by the formula:

—n(—kVT) =0 (4)

Where n is the normal vector to the heat transfer surface. Thus, heat transfer is carried
out only with the help of inlet and outlet pipes. There is a heat exchange inside the tank
which can be described as:

—n(—kVT) =p;AHsu-n (5)
T

AH; = / Ch.pdt (6)
To

3.2 Initial and boundary conditions

This subsection provides a detailed description of the parameters and constraints applied to
the model to ensure accurate and realistic simulations. Initial conditions define the starting
state of the system, including temperature distributions and fluid velocities, while boundary
conditions specify the constraints at the edges of the computational domain. Together, these
conditions establish the framework within which the governing equations are solved, ensuring
that the model reflects the physical behavior of the system under study. This section is crucial
for setting up the simulation and obtaining reliable results that align with experimental or
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theoretical expectations. For the system shown in Figure 2 (Tank 3), the initial and boundary
conditions can be defined as follows:
Initial Temperature of Water (T},;):

T(x,y,t =0) = Ti; = 15°C (7)
Inlet: Velocity Boundary Condition:

u = ujy = 0.1694 m/s (8)
Temperature Boundary Condition:

T =T, =50°C )
Outlet: Pressure Boundary Condition:

Py=0 (10)
Tank Walls ("No Slip")

u=v=0 (11)
Temperature Boundary Condition:

ar

= =0 12
o (12)
which indicates no heat flux through the walls. The diagram in Figure 2 corresponds to the
Tank 3 configuration as shown in Figure 1. For the first two tank configurations, similar

initial and boundary conditions are applied, considering a larger number of disks.

3.3 Performance indicators

The thermal energy storage system performance can be evaluated through two primary
methodologies: graphical (visual) techniques and performance indicator (quantitative)
approaches. Graphical techniques involve CFD analyzing temperature and velocity contours
within the storage tank, providing detailed insights into local thermal and fluid dynamics.
However, while these techniques offer valuable visual information, they do not yield direct
quantitative assessments of the system’s overall effectiveness. In contrast, performance
indicator approaches calculate specific metrics to assess the system’s operational efficiency
and effectiveness. To achieve a comprehensive evaluation of the system’s performance, it is
essential to integrate both graphical analysis and performance indicators, thereby ensuring a
thorough assessment of the system’s behavior and effectiveness.

Based on the literature, performance indicators for thermal energy storage systems can be
classified according to their adherence to the principles of thermodynamics. Indicators aligned
with the first law of thermodynamics are designed to quantify the amount of thermal energy
stored in the system, reflecting the total energy balance. Conversely, indicators consistent with
the second law of thermodynamics assess the quality of the stored energy, providing insights
into the efficiency and effectiveness of the energy storage process. By distinguishing between
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these two categories of indicators, a more comprehensive evaluation of both the quantity and
quality of the thermal energy stored can be achieved. The capacity ratio o quantifies the
fraction of the total thermal energy (EY_ ;) retained at the conclusion of the charging phase
relative to the system’s maximum thermal energy storage capacity (Emax stored) [15]:

EV
o= stored ( 1 3)

E max_stored

Es‘gored = /‘;pfcp,f (T - TC) av (14)
Emax_stored = prp,f‘/tank(Th - Tc) (15)

where T - current water temperature, T}, - final uniform water temperature along the height
of the tank.Cj, - specific heat, ps - fluid density,Viank - tank volume without metal disks.

Tank-3 outlet

b Inlet — Velocity BC
Outlet — Pressure BC
H=800 mm

D=400 mm

d=300 mm

Meta b=20 mm

disk h=40 mm

No slip
u=v=20
d | No heat loses
dT 0
Water dx

Tini

D I Inlet

Figure 2: Schematic representation of initial and boundary conditions.

By applying the principles of the first and second laws of thermodynamics, exergy
quantifies both the quantity and quality of the thermal energy stored in storage tanks [16].
The exergy of a sensible heat storage tank quantifies the potential to do work based on the
thermal energy stored and the temperature difference relative to the ambient environment.
In [17], exergy efficiency is defined as the ratio of the actual exergy of the storage tank at
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the end of the charging process to the ideal exergy that the tank could have achieved under
ideal conditions at the same point in time:

Exerngeal
/r’exer - = (8>
& Exergyideal at the end of charging process

T
Exergyiea = | [p1Cof (T =To)dV] = | 1psCy, Tuln | = | dV (9)

14 |4 a

Ty

Exergyigeas = £fCp; Viank (Th —T) —Tuln T (10)

where T, - the ambient temperature. To mitigate operational problems associated
with overheating or undercooling phenomena [18-20], it is crucial to select appropriate
charging/discharging cut-off temperatures. This temperature defines the threshold at which
the charging or discharging process is halted. Typically, values of T{s0%) and Tigo%) are
employed as the cut-off temperatures for charging and discharging, respectively [21]:

T(x%) = TC + JZ% : (Th - Tc) (19>

where the temperatures 7}, and 7T, correspond respectively to the hot and cold extremes.

In practical applications, a significant increase in the temperature of the heat transfer fluid
exiting the storage system over time is anticipated to positively influence the capacity ratio.
To assess this effect, a dimensionless parameter known as the tail factor (7) is derived from the
temporal temperature profile of the outlet fluid. The tail factor is independent of the thermal
properties of the HTF, the system’s geometry, and the operational conditions, rendering it an
effective metric for evaluating the quality of the stored thermal energy. Moreover, it facilitates
the comparison of different storage systems. The tail factor is computed using the following
formula:

~ Tiso%) — Ti20%)

T = (20)
t(80%) — t(20%)

where (209 and t(gg%) represent the times at which the outlet temperature of the tank reaches
Ti20%) and T{goy), respectively.

The ratio of the integral of net stored energy to the integral of total inlet energy is termed
charging efficiency (7). In contrast, the ratio of the integral of net extracted energy to the
integral of initially stored energy is termed discharging efficiency (74;s). In mathematical form
it looks like this:

Ei - Eout fti) mepf (ﬂn - Tout) dt (21>
Tleh = = -
Eétored ftz me’pf (,I;n — jﬂini) dt
_ Eou — E; _ JZ) mepf (Tout - T )dt (22)
s = E;tored N E;tored
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where Ti, and 715, are the inlet and outlet temperatures of the HTF, respectively, C,
is the temperature-dependent specific heat of the HTF, and iy is the mass flow rate.
Another parameter is the Richardson number (Ri) for the storage tank, which indicates
the relationship between natural and forced convection in the liquid. It is defined as the
ratio of the potential energy associated with temperature stratification to the kinetic energy
associated with fluid motion. This number is used to evaluate the degree of stratification
in storage tanks: a high Richardson number indicates the dominance of natural convection
and good stratification, while a low value indicates the dominance of forced convection and
more uniform mixing of the liquid. The Richardson number is calculated using the following
formula:
o QBH<ﬂop - Tbottom)

Ri 23
i > (23)

m

where Ti,, and Thotom are the temperatures at the top and bottom of the tank,
respectively. uy, is the inlet velocity of the HTF.

4 Calculation model

The computational analysis was conducted using COMSOL Multiphysics 5.6 software [14],
a robust tool for solving complex fluid dynamics and heat transfer problems. The geometry
of the hot water storage tank, along with the immersed obstacles, was modeled in a 2D
domain to simplify the computational effort while capturing essential physical behaviors.
The governing equations for fluid flow and heat transfer were implemented using the finite
element method (FEM) provided by COMSOL. The incompressible Navier-Stokes equations
were solved for fluid motion, coupled with the energy equation to account for heat transfer.
Boundary conditions were applied to simulate the inlet and outlet of the HTF, as well as
the insulated tank walls (see subsection 3.2). The simulations were performed in an unsteady
state to capture the transient nature of the heat storage process. During the calculations, the
effect of buoyancy was initially considered using the Boussinesq model. However, it was found
that the results were not significantly affected by buoyancy. Consequently, for simplicity,
the buoyancy effect was neglected in the final analysis. The mesh was refined iteratively to
ensure accuracy and convergence of the results. The post-processing tools within COMSOL
Multiphysics were utilized to visualize temperature distributions, velocity fields, and other
relevant parameters, providing comprehensive insight into the system’s thermal and fluid
dynamics.

4.1 Mesh parameters

A structured grid was utilized, with the final mesh consisting of approximately 7,700 to
10,775 elements, depending on the storage tank configuration considered. The cells near the
outlet, inlet apertures, metal disks, and walls were sufficiently small to accurately capture
the complex flow structure, as illustrated in Figure 3. For the 2D mesh model, the software
automatically generated rectangular cells and triangular cells in the solid wall areas. The
discretization of the system of equations, based on the FEM, was implemented on these cells.
The details of the computational grids are presented in Table 2.
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Table 2: Mesh properties
Parameter Tank-1 Tank-2 Tank-3
Mesh type Basic 2D shapes | Basic 2D shapes | Basic 2D shapes
Number of elements 8720 10775 7700
Number of rectangular cells 956 1150 752
Number of triangular cells 7764 9625 6948
Min element quality 0.214 0.213 0.214
Mesh area (m?) 0.3196 0.3190 0.3202

4.2 Computational algorithm

The computational algorithm employed in this study utilizes COMSOL Multiphysics 5.6
[14], a robust simulation software capable of handling complex multiphysics problems. The

modeling process begins with the creation of a geometrical representation of the hot water

storage tank and the immersed obstacles.

The next step involves selecting the materials and working fluids used in the simulation.
Subsequently, the appropriate solvers built into the software are chosen to account for the
physics of the flow, such as laminar flow and heat transfer in fluids, along with the initial
and boundary conditions. This is followed by the construction of the computational grid. The
final step is selecting a solver, either stationary or time-dependent, depending on the nature
of the simulation. Figure 4 provides a detailed step-by-step guide for solving a problem in

COMSOL Multiphysics 5.6 software.
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Figure 4: Roadmap for solving a problem using COMSOL Multiphysics

4.3 Model validation

To validate the numerical calculation algorithm, a comparison was made between the obtained
results and the experimental data of Zachar et al. [22]. Additionally, the numerical results
were compared with those obtained using ANSYS Fluent by Bouhal et al. [7|. The geometric
configuration of the experimental prototype corresponds to the third tank presented in Figure
1, with the metal disk located at a height of 40 mm from the bottom of the tank. Figure 5

illustrates the configuration used for validating the calculations.

outlet
i aﬁk Inlet — Velocity BC
Outlet — Pressure BC
H=800 mm
Water D=400 mm
Tin; d=300 mm
b=20 mm
h=40 mm
H
Metal
disk
y
h
—Ud a g x
D I inlet

Figure 5: Geometric configuration for validation purposes

To compare the obtained data, the dimensionless HTF temperature 7™ is introduced, as
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described in reference |7]:

T -1
.3 (21)
ﬂni - ﬂn
T =T
error = —2 "0 . 100% (25)
Te*xp

In the experimental setup, the initial water temperature in the tank was 50 °C, while the
inlet temperature was 20 °C, and the inlet HTF flow rate was 0.26 kg/s. Figure 6 illustrates
the effect of axial position on the variation of the dimensionless fluid temperature 7.

Calculations were performed for these conditions up to 300 seconds, and distributions
of the dimensionless temperature 7™ were obtained. The data presented in Figure 6 were
extracted from the 7™ distribution at 140 seconds. This time was chosen because stratification
of the HTF is observed at heights ranging from 200 mm to 600 mm. Each point on the graph
indicates that T™ is constant within that specific thickness along the height of the tank.

As shown in Figure 6, the thicknesses exhibit more significant differences than the
temperatures. The exact match of thicknesses is not critical for the analysis due to differing
modeling approaches and computational meshes between the two software packages. The
agreement in dimensionless temperature 7™ is more important. According to this parameter,
the maximum difference between the experimental results and COMSOL is 2.2%, while the
difference between COMSOL and ANSYS is even smaller. This comparison is detailed in
Table 3. Based on the verification analysis of the computational model, it can be concluded
that the calculation algorithm in COMSOL software accurately describes the charging and
discharging processes of a sensible heat storage tank with obstacles.

Table 3: Comparison of validation results.

Experimental results | COMSOL Multiphysics results

T*  Positions (cm) | T Positions (cm) error
0.13 0.24 0.13 0.32 0
0.137 0.24 0.136 0.34 0.73%
0.2 0.25 0.2 0.38 0
0.27 0.26 0.27 0.4 0
0.37 0.28 0.37 0.42 0
0.54 0.3 0.54 0.44 0
0.69 0.32 0.69 0.48 0
0.84 0.35 0.84 0.49 1.2%
0.91 0.37 0.89 0.5 2.2%
0.98 0.41 0.99 0.53 1.1%
0.99 0.52 0.99 0.55 0

1 0.55 1 0.575 0

1 0.55 1 0.6 0
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Figure 6: Comparison between numerical dimensionless temperatures and the evaluation of
relative error.

5 Results and discussion

This section presents the findings from the two-dimensional CFD analysis of a hot water
storage tank with immersed obstacles. The analysis focuses on understanding the tank’s
thermal stratification and fluid dynamics during charging and discharging processes. The
results include temperature distributions, flow patterns, and the impact of immersed obstacles
on thermal storage efficiency. Performance indicators for the three tank configurations are
discussed, and conclusions are drawn based on the simulation results.

Figure 7 shows temperature contours in degrees Celsius, taking into account the presence
of metal disks. According to the calculation results, recirculation zones are observed in front
of and behind the obstacles. The size of these recirculation zones depends on the location of
the disks. For all three cases, the inlet fluid velocity is the same w;, = 0.1694m/s. The fluid
enters from the bottom of the tank at a temperature of 50 °C, while the initial temperature
of the water in the tank is 20 °C. For Tank 1, where the disks are located at the top and
bottom, the maximum temperature is distributed along the walls of the tank. This is because
as the HTF flows around the lower disk, the fluid flow is directed along the wall, resulting
in a less intense mixing of warmer fluid with cooler fluid in the central part of the tank.
The temperature distribution follows the vorticity profile, clearly forming two large vortices.
According to the numerical data, the water temperature in the central part differs from the
water temperature along the wall by 20-22%. Including an additional disk in the center of
the tank, as in the Tank 2 configuration, resulted in an increase in the number of vortices
but a decrease in their size. At the same time, a slight improvement in mixing is observed in
the central part of the tank. It can be seen that the temperature near the central disk has
increased, but in the central part of the vortices, the temperature remains the same as in
the previous case. In this case, the lower disk greatly influences the distribution of the HTF
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along the wall, and as a result, the central part of the tank does not heat up as quickly.

Tank-1

Figure 7: Temperature contours in degrees Celsius.

Now, let’s examine the temperature distribution without the lower and upper disks,
leaving only a central disk as shown in the Tank 3 configuration in Figure 7. At the bottom of
the tank, where the HTF enters, four smaller vortices appear. According to the results, good
mixing occurs in the lower part of the central disk compared to the upper part. This is because
the warm flow of water collides with the central disk, and the resulting vortices enhances
mixing. However, in the upper part of the disk, as in the previous cases, the warmer fluid
is distributed along the wall, and mixing in the central part is not as effective. Calculations
were carried out up to 240 s, and the results presented in Figure 6 correspond to this time.

To evaluate the evolution of the temperature distribution, Figure 7 presents the time-
dependent temperature contours for the specified configurations. The previous analysis of the
effect of disk arrangement on mixing efficiency is confirmed by the results presented in Figures
8-10. For instance, Figure 8 illustrates how the fluid flow evolves over time, showing that the
temperature along the wall is higher compared to other areas. The formation of primary and
secondary vortices is also clearly observed in this figure. Figures 8 and 9 indicate that when
the lower disk is positioned close to the inlet, the maximum temperature is concentrated
along the wall. This configuration is not ideal for achieving uniform mixing throughout the
entire volume of the tank. In contrast, Figure 10 demonstrates that the HTF jet from the inlet
collides with the central disk, leading to the formation of primary and secondary vortices that
enhance mixing. Visual analysis suggests that Tank 3 is more suitable for efficient mixing.
However, to draw definitive conclusions, it is necessary to perform a detailed CFD analysis.
Therefore, the three configurations are further evaluated using performance indicators (13)-
(23).

Figures 8-10 presents the results of calculations for the three tank configurations based on
the capacity ratio parameter, calculated using Equations (13)-(15). This parameter indicates
the effectiveness of each tank configuration in retaining heat within the specified temperature
range of 20 °C to 50 °C. According to the results, Tank 3 achieves the highest capacity ratio
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Figure 8: Temperature distribution over time: Tank 1

(o) at 90.12%, followed by Tank 1 with 87.14%, and Tank 2 with 84.14%. As mentioned
previously, when discussing Equations (16)-(18), exergy serves as an indicator of the quality
of the stored thermal energy in the tank. For this parameter, Tank 3 exhibits superior
performance at 81.67%, followed by Tank 1 at 76.50%, and Tank 2 at 71.50%.

The tail factor, as defined by Equation (20), serves as an indicator for assessing the
quality of heat retention by the tank during long-term storage after charging. The cut-off
temperature, according to Equation (19), assists in halting the charging and discharging
processes promptly to prevent superheating or subcooling. However, these equations focus
solely on the outlet temperature and do not account for the thermophysical properties of the
fluid, tank geometry, or operating conditions. Since our analysis is centered on the quality of
heat storage within the tank, the results of these calculations are not presented.

The Richardson number defined by Equation (23) characterizes the balance between
buoyancy and inertial effects in a flow. A higher Richardson number indicates a greater
influence of buoyancy on the flow. This analysis aids in understanding how the temperature
distribution in the tank evolves and how various parameters impact heat transfer efficiency.
In simpler terms, a lower Richardson number signifies better mixing. Additionally, the
Richardson number should change smoothly over time without abrupt variations. Figure
12 shows the time distribution of the Richardson number for the three tank configurations.
The initial values of the Richardson number ((Ri)) for all three cases are approximately 2. A
sharp decrease in (Ri) is observed during the first 50 seconds, indicating intense mixing and
a rapid decrease in the temperature difference between Ti,, and Tiotom Within the tank.

After the initial sharp decrease, (Ri) declines more gradually. The different curves exhibit
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Figure 11: Comparison of capacity ratios and exergy efficiencies for the tanks.

similar trends with some variations:(Ri) for Tank 1 decreases more rapidly and stabilizes
at a lower level, where as (Ri) for Tank 3 maintains a comparatively higher value with a
smoother change. A smooth change in the Richardson number indicates that stratification is
being disrupted and mixing is improving. Among the three tanks, Tank 3 demonstrates the
best mixing results. The curves show a gradual decrease and tend to stabilize around values
of 0.2-0.4. This indicates a reduction in temperature difference and the establishment of a
more uniform temperature distribution along the height of the tank. For Tank 1 and Tank
2, the use of disks causes asymmetrical vortex flows near the inlet and outlet openings. This
affects the oscillatory nature of the Richardson number changes for these cases, as shown in
Figure 12. These oscillations indicate uneven mixing in these tanks. Thus, the Richardson
number analysis also confirms that Tank 3 is the most suitable option for achieving uniform
temperature distribution in the tank.

The following are the results for the charging efficiency of the thermal accumulator
according to Equation (21). The discharge efficiency, calculated using Equation (22), shows
a similar trend. According to the calculation results, the maximum charging efficiency is
achieved by Tank 3 with a value of 67.51%, followed by Tank 2 with 64.84% and Tank 1
with 52.1%. An important factor in these indicators is that the coolant outlet temperature
is always considered. Essentially, charging efficiency is influenced by the water’s inlet and
outlet temperatures. For comparison, when calculating the capacity ratio using Equations
(13)-(15), the outlet temperature T, is not taken into account, as if a tank with a plug is
considered. In practice, when charging the tank, the HTF’s inlet and outlet are organized.
If the capacity ratio reflects the more theoretical capabilities of the tank, then the charging
efficiency is a practical indicator of performance. For example, in the case of Tank 3, 67.51%
of the incoming heat can be effectively stored in the tank. According to the charging and
discharging efficiency parameters, Tank 3 also demonstrates better results compared to the
other two configurations.
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6 Conclusions

A two-dimensional mathematical model with appropriate initial and boundary conditions
for a tank containing internal disk-shaped obstacles has been developed. The calculation
algorithm utilizes the built-in solvers of the licensed COMSOL Multiphysics 5.6 software.
The COMSOL model demonstrates a maximum difference of 2.2% from experimental results
and an even smaller difference compared to ANSYS Fluent. These findings indicate that the
COMSOL algorithm accurately captures the charging and discharging processes of a sensible
heat storage tank with internal obstacles.

Using the validated calculation algorithm, numerical studies were conducted to
analyze the temperature distribution and performance indicators for three different tank
configurations. In this analysis, Tank 3 consistently outperformed Tanks 1 and 2 across several
performance indicators. It demonstrated superior mixing efficiency, as indicated by smoother
changes in the Richardson number and a more uniform temperature distribution. Tank 3
also achieved the highest capacity ratio (90.12%) and exergy efficiency (81.67%), reflecting
its effectiveness in heat retention and quality of stored thermal energy. Additionally, Tank
3 showed the highest charging efficiency at 67.51%, indicating its ability to store incoming
heat more effectively. These results confirm that Tank 3 is the most efficient configuration
for thermal energy storage and uniform temperature distribution.
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Nomenclature

Mass flow rate, kg/s;

Heat capacity, J/kg°C;
Temperature, °C;
Dimensionless temperature;
Velocity components, m/s;
Thermal conductivity, W/mK;
Energy, J;

Gravity, N;

Pressure, Pa;

Enthalpy, J;

Time, s;

Gravity, m/s?;

Coefficient of thermal expansion;
Density, kg/m?;

Dynamic viscosity, kg/ms;
Tail factor;

Richardson number;

Diameter of tank, m;
Diameter of metal disc, m;
Diameter of inlet/outlet orifices, m;
Height of tank, m;

Height of the metal disc, m;
Volume, m?;

error Relative error;

NNOT

£
<

.

STmTAgIITES ®e T mumy T

Subscripts

f Heat transfer fluid,;
Y Vertical direction;
h Hot water;

c Cold water;

ini Initial value;

in Inlet quantity;
out  Outlet quantity;
top  Top layer;
bottonBottom layer;
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exp

Experimental value;

num Numerical value;

Abbreviations

TES

Thermal Energy Storage;

HTF Heat Transfer Fluid;

CFD Computational Fluid Dynamics;
H&M Heat and Mass Transfer;

FDM Finite Difference Method;

FEM Finite Element Method;

FVM Finite Volume Method,;
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