ISSN 1563-0277, eISSN 2617-4871 JMMCS. No. 2 (130). 2026 https://bm.kaznu kz

IRSTT 30.17.35; 27.35.45; 44.31.00 DOTI: https://doi.org/10.26577/IMMCS1302202610

A. Kereikulova'>—, A. Abdidin'" ', A. Seitov’?* ', A. Toleukhanov? —, Ye.

Belyayev'? ", O. Botella®> —, A. Kheiri®* ~, M. Khalij?
!Department of Mechanics, Farabi University, Almaty, Kazakhstan
2Department of Mechanical Engineering, Satbayev University, Almaty, Kazakhstan
3CNRS, LEMTA, Universite de Lorraine, Nancy, France
*e-mail: yerzhan.belyayev@gmail.com

NUMERICAL STUDY OF THE EFFECT OF INLET CONFIGURATION
AND TANK ORIENTATION ON STRATIFICATION
IN A THERMAL ENERGY STORAGE SYSTEM

Thermal energy storage (TES) is a technology that is well established in the solar energy
sector, district heating and industrial waste heat recovery. The efficiency of these systems is mostly
dependent on the quality of the thermal stratification — the maintenance of a stable temperature
difference between the warm and cold section of the tank. Computational fluid dynamics (CFD)
techniques are employed to analyze the effects of the inlet configuration and the tank orientation
on the charging process of a TES system in this work. A cylindrical tank with height of 1.1 m and
inner diameter of 0.46 m is considered with 13 tubes inside the tank to be used in the future for the
integration of phase change material (PCM). There are two forms of inlet configuration compared,
a distributed shower type inlet and concentrated single orifice, for both vertical and horizontal
tank orientations. The numerical model is based on the three-dimensional transient conservation
equations for mass, momentum and energy with a variable density of the heat transfer fluid which
is a function of temperature. Each configuration is analyzed by the following performance criteria:
MIX number, stratification number, storage capacity ratio, and exergy efficiency. The results
demonstrate that there is a significant increase in capacity ratio, around 88.5% and exergy efficiency
above 88% for vertical configuration compared to horizontal configuration which is reduced to 75—
77% and 67-69%, respectively. Shower type inlet produces greater stratification for the vertical
orientation due to lesser momentum of the jet than the other inlet design, but it will not have a
major impact when compared to tank orientation.

Keywords: thermal energy storage, thermal stratification, CFD, inlet configuration, tank
orientation, exergy efficiency.
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Kbty cakray »kyiecinaeri crparudukanusra Kipic koudurypaiuscbl MEH pe3epByap
opHaJiIacy OarbITBIHBIH 9CEPiH CaH/IbIK 3epTTey

Kby suepruscoid cakray rexuosoruscsl (TES) KyH sHepreTukachlHia, OpTaJIbIKTaHIbIPbLIFAH
JKBLTYMeH »KabIbIKTay KyiteTepinse KoHe OHTIPICTIK KAJJIIBIK KBLIY/IbI KaiiTa maitramanyaa KeHi-
HeH KOJTaHbLIabl. MyHmait xyfenepin TuiMIiiri kebinece KbUTYJIBIK, CTPATAMDUKAIIISICHIHBIH,
apKACHIHJIA, SFHU PE3EPBYAP/IBIH, BICTBHIK YKOHE CYBIK aliMaKTapbl apaChIHIAFbI TYPAKThI TeMIIepa-
Typa afibipMachlH cakrayra Toyei. Byi xymbicra ecenrey rugpomunamukacsl (CFD) oaicrepi
TES xyitecin 3apsigray mporiecine Kipic KOH(MUTYpaIuschl MeH pe3epByap/IiblH, OpHaIacy Oarbi-
TBIHBIH 9CEPiH Tajaay YIIiH KoJmganbuirad. buikTiri 1,1 M xome imki gunamerpi 0,46 M GosraThbra
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IIJIMHJPJIK pe3epByap KapacToipbuiraH. Pe3epByap imringe OosarmakTa ha3ajblK aybICy MaTepH-
annl (PCM) enrizisierin 13 ryTik opuanackan. Kipic kondurypanusgacuHbii, €Ki Typi CaabICThIPbI-
JIFAH: TapaJIifaH JIyIl TOpi3ai Kipic »KoHe Oip TecikTi Kipic. Bys casbicTbipy pesepByapiblH Tik
JKOHE KOJIJIEHEH, OPHAJIACY *KaFaaiiapsl yimiH Kypriziaren. CaHbIK MOJIETh MACCA, UMITYJIBC YKOHE
SHEPTUAHBIH, VITOIIIEM/I YaKbITKA TOYeJIi cCaKTay TeHaeyaepine Herizmenren. MymHIa *KbLIy Tachbl-
MaJIaFbIIITHIH THIFBI3/IBIFEl TEMIEPATYPaFa TOYEJIi allHbIMAJIBI IIaMa PeTiHJEe ajiblHFaH. Opbip
KOH(Uryparus Kejeci THiIMIIIIK Kpurepuitjiepi 6oiibraira tataaran: MIX canbl, crpaTudukarius
CAHBI, YKBIJIy CAKTAY CHINBIMIIBLIBIFBIHBIH KOY(DMUIMEHT] KoHe IKCeprusijiblk, ThiMank. Hormxke-
JIep TiK KOH(PUTYpaIUsaIa KBULy CAKTay ChIHBIMABLIBIFLI KO3 dunuenTiniy mamamen 88.5%-ra
IIeiiiH XKeTeTiHIH KoHe 3KCePIUAIbIK, THIMILTIKTIH 88%-1aH *KOFaphl 00JATHIHBIH KOPCeTTi. AJl KO-
JieHeH, Kondurypamusia Oy KepceTkimrep coiikecinme 75-77% xone 67—-69% neiiin Temeneiii.
Jlymr Topisai Kipic TIK OpHaJjacy KarlIailblHJ/a aFblH UMILYJIbCIHIH TeMeH 0oJiyblHa OailjaHbICTHI
backa Kipic TypiMeH cajibICTBIpFaHjia YKaKChIPaK, CTpaTuUKAIUSHBl KaMTaMachi3 erei. Aaiina
OHBIH, 9CEPi pe3epByapIbIH, OPHAJIACY OAFBITHIHBIH OCEPIMEH CAJIBICTBIPTAH/IA VJIKEH eMeC.

Tyiiin ce3mep: XKbuLy cakray, *KbUTyiblK crpatudukanus, CFD, kipic kouduryparmusicsl, pesep-
Byap OArbIThI, 9KCEPTUSIBIK, THIMIITIK.
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YucJsieHHOE UCCJIeJOBaHNE BJIMSHNS BXOAHOUN KOH(MUIrypalnum U OpUEHTAINHA pe3epByapa Ha
cTpaTu@UKAIUIO B CUCTEME aKKYMYJIMPOBAHUS TerJjia

Texuomorust xpanenns remsopoit sneprun (TES) xoporo 3apekoMenoBaia cebsi B COITHETHOI
SHEPreTHKe, CUCTeMaxX IIeHTPAJN30BAHHOIO TEIIOCHAOKEHNS U yTUJIN3AINY IPOMBIIIJIEHHOI'O OT-
XOASIIEero Temaa. JMMOEKTUBHOCTh TAKUX CHCTEM B 3HAYUTEIBHON CTEIEHU 3aBUCUT OT KAYeCTBa
TeImIoBOil cTparudukanum — MOAIePXKAHNS CTAOMIBHON PA3HUIIBI TEMIIEPATYD MEXKIy ropsdei
U XOJIOMHON 30HAMU pe3epByapa. B mannoit pabore MeTONBI BBIYUCIUTEIBHON THIAPOIUHAMIKI
(CFD) ucrnionb3yrorest sl aHAJIN3a BIIUSHUST BXOJHON KOH(MDUIYPAIMN U OPUEHTAIMN pe3epByapa
Ha mporiecc 3apsaku cucreMbl TES. PaccmarpuBaercst numHApUdecKuil pesepByap BbicoToit 1,1
M u BHyTpeHHuM auamverpoMm 0,46 M, BHYTPH KOTOPOT'O PACIIOJIOXKeHb! 13 TpyO, mpeIHa3HAIeHHBIX
B OymymieM [yt uHTerpainuu Marepuaa ¢ gpasosbiM nepexonom (PCM). CpaBauBaioTcs iBa TUIIA
BXOJIHO# KOHMDUIYPAIMI: PACIPEIEIEHHBIA IYIIEBON BXO M KOHIEHTPUPOBAHHOE OJIUHOYHOE OT-
BepCTHe, KaK Il BEPTUKAJIBHOM, TaK U JJIs TOPU30HTAJILHON OPHEHTAIUN pe3epByapa. ducieHHas
MOJIeJIb OCHOBaHa Ha TPEXMEPHBIX HECTAIMOHAPHBIX yPABHEHHUSAX COXPAHEHMsS MaCChl, UMIIYJIbCa U
SHEPIUU C IEPEMEHHO IJIOTHOCTHIO TEIJIOHOCUTEJISI, 3aBUCSINE OT TeMmrepaTypbl. KaxKgas KoH-
durypanust anaIu3uUpyeTCs o caeayomuM Kpurepusam dddexktusroctn: gucao MIX, gucso crpa-
TuduKanum, Kodp@uImeHT éMKOCTH XPaHeHUsT U dKcepreTndeckas 3pdekTuBHOCTh. Pe3ynbraTo
[TOKA3BIBAIOT, UTO [IJIsi BEPTUKAJIBHON KOHMUIYypauy HAOIIOMAETCS 3HAYUTEIbHBIN PE3YJIbTaT 110
koadpdunuenty émroctu — okojo 88.5%, a skceprermueckas 3pdeKTuBHOCTL IpeBbimaeT 88%,
TOTJa KaK JJIsi TOPU3OHTAJLHON KOH(UIYpalud 3TH MOKA3aTeJd CHUXKAlTca 10 75—77% u 67—
69%, cooTBeTCTBEHHO. BXOI MyIIeBoro Tuma Jjisi BEPTUKAJIBHONW OpHEHTAIlMH pe3epByapa obectie-
9UBAET JIYUIIYI0 CTPATH(MUKAIIIO OJIarogaps MEHBIEMY UMITYJIbCY CTPYHU 110 CPABHEHHIO C APYTOi
KOHCTDPYKIIMEN BX0/1a, OJHAKO €r0 BJIUSHIE He CTOJIb CYIIECTBEHHO 110 CPDABHEHUIO C BJIMSTHIEM OPU-
eHTaINN pe3epByapa.

KirroueBsbie cjioBa: TeIIOBOe aKKyMyJIMpoBaHue, Temnjobas crparuduramnus, CFD, Bxonnast kon-
durypaius, opueHTaIMs pe3epByapa, sKceprerudeckas 3O HeKTUBHOCTD.
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1 Introduction

Thermal energy storage (TES) systems are used in renewable energy, waste heat recovery,
and thermal management applications [1}-4]. Sensible heat storage is one of the simplest
TES methods because the system design is less complicated and the operating cost is lower
compared to other storage technologies. The efficiency of these systems depends on thermal
stratification inside the storage tank. A thermocline separates the hot and cold fluid regions.
Stable temperature layers reduce thermal losses and improve storage performance [4-6]. It has
also been shown that thermocline stability plays a key role in the charging and discharging
dynamics of large-scale TES systems [18]. However, inlet jets and fluid circulation inside
the tank can disturb the thermal layers and increase mixing. Previous studies investigated
the influence of inlet geometry and tank design on thermal stratification. Different inlet
configurations such as manifolds, diffuser plates, slotted inlets, and shower-type inlets were
proposed to decrease jet penetration and reduce local mixing inside the tank. Distributed
inlet systems usually create weaker recirculation regions compared to concentrated inlet
designs |7H10]. CFD simulations are widely applied for the analysis of buoyancy-driven
flow and heat transfer in TES systems [11],/12]. Studies showed that inlet geometry and
tank orientation influence thermocline thickness, thermal plume formation, and charging
behaviour. Vertical tanks usually maintain more stable thermal layers because buoyancy
forces support the temperature gradient. Horizontal tanks often develop larger recirculation
zones and stronger fluid mixing |13}/17]. Additionally, recent studies on thermal energy storage
systems [14,/15] have investigated configurations incorporating immersed heat exchangers
and PCM containers. These internal components significantly influence the local fluid flow
behavior and charging dynamics within the thermal storage tank. In the present study,
cylindrical tubes with an inner diameter of 0.04 m were installed inside the thermal energy
storage tank, with the intention of subsequently filling these tubes with PCMs. Previous
studies [16] investigated the influence of inlet and outlet geometrical configurations, as well
as heat transfer fluid flow velocity, on the thermal performance of thermal energy storage
(TES) tanks. According to the problem formulation presented in |16], a thermal storage tank
designed for high-temperature heat storage was considered, where thermal oil was used as the
working fluid and the storage tank did not contain any internal components. In contrast to
that study, the present work considers water as the working fluid for domestic thermal energy
storage applications and incorporates internal containers to investigate the flow dynamics
and thermal performance in the presence of internal elements. The novelty of the proposed
research lies in the combined investigation of the inlet geometry and tank orientation effects on
the thermal and hydrodynamic behavior of the TES system [16,/17]. In the present study, the
charging process of thermal energy storage tanks is investigated using a system of unsteady
3D Navier—Stokes equations with the corresponding initial and boundary conditions. Two
inlet and outlet geometrical configurations are considered: the first configuration consists of
a single opening positioned above each cylindrical container, while the second configuration
employs multiple small openings above each container. In addition, both horizontal and
vertical orientations of the main cylindrical storage tanks are analyzed. The primary key
performance indicators (KPIs) used to evaluate the thermal performance include the MIX
number, stratification number, storage capacity ratio, and exergy efficiency [19-21|. For the
numerical implementation of the mathematical model, CFD methods based on the ANSYS
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Fluent software package were employed.

2 Materials and Methods

The present work investigates the effect of inlet geometry and tank orientation on thermal
stratification during the charging process in a TES system. The main goal is to analyse fluid
mixing, thermal behaviour, and exergy efficiency for different configurations. The TES system
consists of a cylindrical tank with a height of 1.1 m and an inner diameter of 0.46 m. Inside
the tank, 13 cylindrical tubes are installed. Each tube has a length of 1 m and a diameter
of 0.04 m. In the numerical model, the tubes are treated as adiabatic internal structures.
Heat transfer between the fluid and tube walls is neglected. The tubes mainly affect local
flow behaviour and fluid mixing inside the tank. The geometry is also suitable for possible
future PCM integration. Water is used as the working fluid in all simulated cases. Initially,
the tank is filled with water at 20°C. During charging, hot water at 80°C enters through
the inlet section. The charging process continues until the temperature near the bottom
region reaches 75°C. A constant volumetric flow rate of 0.0004085 m?/s is applied for all
configurations. Two inlet geometries are investigated. The first configuration is a shower-type
inlet with eight circular openings per tube (Fig. 1a,c). Each opening has a diameter of 0.01 m.
Because the flow enters through several holes, the inlet jet momentum becomes lower and
local mixing near the inlet region decreases. The second configuration is a single-orifice inlet
with one circular opening per tube and a diameter of 0.027 m (Fig. 1b,d). In this case, the
inlet jet becomes more concentrated and stronger local mixing appears. Both inlet geometries
are analysed for vertical (Fig. 1a,b) and horizontal (Fig. 1c,d) tank orientations. The vertical
tank is used as the reference case because buoyancy helps maintain stable thermal layers.
The horizontal orientation is used to analyse the effect of gravity direction on recirculation
zones, fluid mixing, and thermocline development. To reduce computational cost, symmetry
boundary conditions are applied. A one-quarter three-dimensional model is used for the
vertical tank, while a one-half model is used for the horizontal tank. However, all simulations
remain fully three-dimensional. Natural convection is considered in the simulations because
buoyancy strongly affects thermal stratification inside the tank. Temperature-dependent
density variations are calculated using the Boussinesq approximation. Several parameters are
used to compare the investigated cases, including the MIX number, stratification number,
storage capacity ratio, and exergy efficiency [19]. These parameters are used to evaluate fluid
mixing, thermal stratification, and charging performance.

2.1 Governing Equations

The hydrodynamics within a thermal storage tank is simulated by solving three-dimensional,
time-accurate balance equations of mass, momentum, and energy. The flow is incompressible
and density variations are only accounted for in the gravitational body force term of the
momentum equation. The continuity equation is given by:

V.id=0 (1)
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Figure 1: Geometry of the thermal energy storage tank with internal tubes.

The momentum equation is expressed as:
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where gravity is applied along the negative z-direction (in vertical case § = (0,0, —g), in
horizontal case § = (0, —g,0)), where the density is a function of temperature, enabling the
modeling of natural convection effects. The energy equation governing heat transfer in the
fluid is written as:

8T+ 8T+ 8T+ oT _k 82T+82T+82T
ot ox oy 0z ) oxr?  o0y?> 022

(5)

where # is the velocity vector, p is the pressure, T is the temperature, p is the temperature-
dependent density, ¢, is the specific heat capacity, p is the dynamic viscosity, k is the thermal
conductivity, and ¢ is the gravitational acceleration vector.
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The density of water is modeled using the Boussinesq approximation, assuming a
linear variation with temperature:

p = pres [1 = B(T — They)] (6)

where p,.; is the density at the reference temperature 7,.¢, and [ is the thermal expansion
coefficient. This formulation enables the incorporation of buoyancy effects while neglecting
density variations in all terms except the gravitational body force. For comparison purposes,
an additional temperature-dependent density formulation was also implemented through a
user-defined function (UDF) using a polynomial approximation:

o) =Y o (7)

where T, is the temperature, and a; are polynomial coefficients obtained from established
correlations for water thermophysical properties [22]. Simulations comparing the Boussinesq
approximation (6) and UDF-based density model (7) showed little difference between
the two in terms of thermal and flow behavior for these test operating conditions.
Subsequent simulations utilized the Boussinesq approximation due to computational
efficiency advantages.

Table 1 summarises the dimensionless parameters used for describing the flow
behaviour in the investigated configurations together with their physical interpretation and
corresponding value ranges.

The results show that natural convection dominates over forced convection in all
analysed cases. The flow remains laminar and the Mach number stays low during the
simulations. Therefore, the flow can be considered incompressible. All solid surfaces are
treated as no-slip walls. The tank walls are assumed to be adiabatic, so heat losses to the
surroundings are neglected. Transient simulations are used to study thermocline development
and thermal stratification during charging. To validate the mathematical and numerical
models presented in this study, a comparison was conducted with experimental data available
in the open literature.

The numerical results were compared with the experimental data reported by Zachar
et al. [§8]. Good agreement between the numerical and experimental temperature profiles
was obtained, with a mean absolute error (MAE) of 1.12% and a root mean square error
(RMSE) of 2.03%. These results confirm the applicability and reliability of the proposed
CFEFD model for the investigation of thermal stratification phenomena in TES systems [16].
The validation results confirm the applicability and reliability of the proposed numerical tool
for investigating various configurations of thermal energy storage tanks.

3 Results and Discussion

A mesh independence assessment was performed for all investigated configurations in
order to ensure numerical accuracy and solution stability. The mesh size for all cases was
maintained within the range of 0.008-0.01 m. For the configurations with multiple inlet
openings above the cylindrical containers, the computational mesh consisted of approximately
85,790 nodes and 436,762 elements. For the configurations with a single inlet opening above
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Table 1: Dimensionless analysis of inlet configurations and tank orientations

Parameter Shower Orifice  Shower Orifice  Interpretation

Vertical Vertical Horizontal Horizontal

Height (m) 1.1 1.1 0.46 0.46 Governs  buoyancy
strength

Velocity (m/s)  0.05 0.055 0.05 0.055 Slightly  higher in
orifice cases

Reynolds 500 1510 500 1510 Laminar flow, Re <

number (Re) 2300

Mach number 3.3-107° 3.7-107°> 3.3-107° 3.7-107°> Low Mach number

(Ma) for all cases
(incompressible
flow), Ma < 0.3

Peclet number 3500 10500 3500 10500 Convective heat

(Pe) transfer dominates,
Pe>>1

Rayleigh 2.5-1012 25-.102 1.8-10' 1.8-10'"  Strong buoyancy

number (Ra) effects

Grashof 3.5-1011 355101 25101 2.5-10' Natural convection

number (Gr) dominates

Richardson 1.4-10 1.5-10° 10° 104 Buoyancy dominates

number (Ri) inertia

Number of 104 13 104 13 Defines jet

holes distribution and
mixing

the cylindrical containers, the mesh contained approximately 85,139 nodes and 434,270
elements. The mesh quality was evaluated using standard numerical quality indicators. The
skewness values remained below 0.83 (recommended value < 0.85), the aspect ratio was within
the range of 89 (recommended range 10-20), and the orthogonal quality remained above
0.25 (recommended value > 0.1-0.2). Based on these indicators, the generated computational
meshes were considered suitable for the present CFD simulations. Detailed mesh quality
evaluation procedures and validation analyses were previously reported in the authors’ earlier
work [16]. For the thermal energy storage tank configurations described above, Figure 2
presents the temperature contour distributions during the charging process at time intervals
of 180 s and 420 s. Figures 2(a) and 2(b) illustrate the vertical storage tank configurations
with a single opening above the internal cylindrical containers and with multiple openings,
respectively. Meanwhile, Figures 2(c) and 2(d) present the corresponding results for the
horizontal orientation of the main external storage tank. According to the obtained results,
it can be observed that for the vertical orientation of the external storage tank, the hot
and cold water regions become clearly separated approximately 180 s after the beginning
of the charging process. The numerical tool accurately captures the physical flow behavior,



144 Numerical study of TES stratification ...

as evidenced by the fact that the hot water remains predominantly in the upper region of
the tank, while the colder water is concentrated near the bottom. For the configuration with
multiple small inlet openings above the internal cylindrical containers, the thermocline region,
or temperature transition zone, appears smoother due to the distributed inflow through
several smaller openings. The reduced inlet momentum decreases local mixing effects near
the inlet region. In contrast, for the configuration with a single jet-type opening above the
internal container, the incoming flow becomes more concentrated, leading to stronger localized
mixing within the storage tank. As illustrated in Figures 2(c) and 2(d), the horizontal
orientation of the storage tanks results in more intensive fluid mixing compared with the
vertical configurations. During the initial stage of the charging process, buoyancy forces
combined with the primary flow direction generate larger recirculation regions inside the
tank. Consequently, the temperature field becomes less stable, and the thermocline region
remains thicker. Although thermal stratification still develops during the charging process,
the stratified thermal layers are noticeably weaker than those observed in the vertical tank
configurations.

313
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297

Temperature [K]

295
293

180 sec 420 sec 180 sec 420 sec
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w
Temperature [K]

180 sec (C) 420 sec 293 (d)

Figure 2: Temperature contours for different inlet configurations and tank orientations. (a)
Vertical orifice inlet at 180 s and 420 s, (b) vertical shower inlet at 180 s and 420 s, (c)
horizontal tank at 180 s, and (d) horizontal tank at 420 s, including both inlet configurations.
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Figure 3 illustrates the average values of the MIX number and stratification number
for the above-mentioned storage tank configurations during the charging process. For the
vertical tank orientations, the MIX number does not exceed 0.15 for either inlet condition.
In comparison, the stratification number remains close to unity and exhibits a slight
increase for the inlet configuration with multiple small openings. Due to the lower inlet
momentum, disturbances within the thermal layers are reduced, resulting in improved thermal
stratification inside the storage tank. In contrast to the vertical configurations, the horizontal
storage tank configurations exhibit different thermal and hydrodynamic characteristics. At
the initial stage of the charging process, the MIX number reaches values in the range of
approximately 0.4-0.7, which are significantly higher than those observed for the vertical
configurations. Conversely, the stratification number exhibits lower values during the early
charging period. In horizontal storage tanks, gravitational forces act against the development
of the temperature gradient, thereby enhancing fluid circulation and mixing within the
reservoir. As the charging process progresses, the temperature field gradually becomes more
uniform, while the stratification number correspondingly increases over time.
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Figure 3: Evolution of (a) MIX number and (b) stratification number as a function of
dimensionless charging time for different inlet configurations and tank orientations. Lower
MIX values indicate reduced thermal mixing and improved stratification, while stratification
numbers closer to unity correspond to better thermocline preservation and TES performance.

Figure 4 presents the key performance indicators evaluated at the end of the charging
process, including the storage capacity ratio and exergy efficiency, for all investigated cases.
The vertical configurations show better thermal performance compared to the horizontal
cases. Stronger mixing inside the horizontal tanks creates a more uniform temperature
distribution and reduces storage efficiency. For the horizontal orifice-type configuration,
the storage capacity ratio reaches 77.17%, while the exergy efficiency reaches 69.28%.
In the horizontal shower case, lower values of 75.53% and 67.30% are obtained. For the
horizontal orientation, the orifice inlet performs slightly better than the shower-type inlet.
The results show that tank orientation has a larger influence on thermal stratification and
TES performance than inlet geometry. The shower-type inlet reduces local mixing because
the incoming flow is distributed through several openings. However, tank orientation still



146 Numerical study of TES stratification ...

remains the dominant factor for thermal behaviour inside the TES system.

100

I Capacity ratio (g)
W Exergy efficiency (n)

88.75 88.58 88.57 88.32

80 75.53

60
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Thermal performance [-]
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Vertical Shower Vertical Orifice Horizontal Orifice  Horizontal Shower

Figure 4: Storage capacity ratio and exergy efficiency for vertical and horizontal thermal
energy storage tank configurations with shower-type and orifice inlets at the end of
the charging process. The storage capacity ratio represents the effectiveness of useful
thermal energy storage within the tank, while exergy efficiency evaluates the quality and
thermodynamic usefulness of the stored thermal energy. Higher values of both indicators
correspond to improved thermal stratification and reduced irreversible mixing effects inside
the TES system.

Conclusion. Transient three-dimensional CFD simulations were carried out for a
cylindrical TES system with different inlet geometries and tank orientations. For the vertical
configurations, stable thermal layers formed because buoyancy supported the temperature
gradient. In the horizontal cases, larger recirculation regions appeared and fluid mixing
increased, which weakened thermal stratification. The shower-type inlet showed slightly better
stratification behaviour for the vertical orientation because the inlet momentum was lower and
local mixing near the inlet region decreased. Still, tank orientation had a larger influence on
TES performance than inlet geometry. The vertical configurations also showed higher storage
capacity ratios and exergy efficiencies (above 88%). In the horizontal cases, stronger mixing
reduced thermal performance and lower efficiency values were obtained. Buoyancy conditions
played the main role in thermocline formation and TES performance for all investigated
cases.
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Nomen- Abbre-

clature viations

u velocity vector, m/s TES Thermal Energy
Storage

u, v, w velocity components in x, y, z directions, | CFD Computational

m/s Fluid Dynamics

P pressure, Pa UDF User Defined
Function

T temperature, K PCM Phase Change
Material

They reference temperature, K HTF Heat Transfer
Fluid

T temperature used in polynomial density | KPI Key Performance

correlation, K Indicator

) density, kg/m?

s specific heat capacity, J/(kg-K)

k thermal conductivity, W/(m-K)

1 dynamic viscosity, Pa-s

I&; thermal expansion coefficient, K1

g gravitational acceleration vector, m /s

a; polynomial coefficients

D tank diameter, m

H tank height, m

MIX mixing number, —

Str stratification number, —

n exergy efficiency, %

o capacity ratio, %
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