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Abstract. This paper presents a numerical study of thermal pollution from a
potential discharge of heated water from a nuclear power plant's cooling system
into the coastal zone of Lake Balkhash. The aim of the study was to determine the
dynamics of the formation and spatial propagation of the thermal footprint, as well
as to assess its impact on the hydrodynamic characteristics of the water area. A
two-dimensional computational fluid dynamic (CFD) model based on the Navier-
Stokes and energy equations, supplemented by a k- SST turbulence model, was
used for the simulation. The simulation was conducted using the geometry of a
real coastline. The model was validated using a test jet injection problem, which
demonstrated good agreement with experimental data. The experimental data were
taken from the work of other authors. Modeling results showed that within the first
hour after the discharge begins, a stable zone of thermal pollution, approximately
1.5 km? in area, forms, where water temperatures exceed background values by 0.5—
1.0 K. The high-temperature plume gradually transforms into a diffuse heat spot,
which persists in the coastal zone due to weak water exchange and recirculation.
Velocity field analysis revealed zones of local circulation that facilitate long-term
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heat retention. The scientific novelty of the study lies in the use of computational
fluid dynamics (CFD) to assess the thermohydrodynamics of discharge under
conditions of limited water exchange in a large lake with the actual morphology
of the shoreline of Lake Balkhash. The practical significance lies in the potential
use of the developed method for predicting environmental risks and optimizing the
cooling systems of nuclear and thermal power plants located near the lake.

Keywords: thermal pollution, CFD modeling, Lake Balkhash, heated waters,
SST k—o model, hydrodynamics, environmental safety
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AnHoTaumus. byn wMakamama aTtoM 9JEKTp CTaHIUSCHIHBIH CAJIKBIHIATY
KyhecineH bankann kesiHiH jKarajgay aliMarblHa KbI3IBIPBUIFAH CY/JBIH BIKTHMA
arbI3bUTYbIHAH TEPMHUSIIBIK JIACTAHY/IBIH CaH/IBIK 3EPTTEYl YChIHBUIFaH. 3ePTTeYIIH
MaKCaThl JKbUTYJIBIK 1371H Maiijga 00y TUHAMHUKACHIH KOHE KCHICTIKTIK TapalyblH
AHBIKTAY, COH/Ial-aK OHBIH Cy ailIBIHBIHBIH THAPOIMHAMHUKAIBIK CUTIATTaMalapblHa
acepiH Oaraiay 0oz, Mojenbey yinia Habe-CTOKC koHE SHEPTHsl TEHICYIepiHe
HETi3/IereH eKi eJIIeM/Il ecentey CyWbIKThIK auHamukackl (CFD) wmogeni
KoJauabl, KockiMina k- SST TypOyJaeHTTIIIK MOJIETIMEH TOJBIKTBIPBLUIIBIL.
Monenbiey HaKTBl jKaFajay CBI3BIFBIHBIH TCOMETPHUSCHIH KOJJaHa OTBIPHII
KYprizinmi. Mojienb S9KCIEpUMEHTTIK AePEKTEPMEH JKAKChl COUWKECTIKTI KOPCETKEH
CBIHAK aFbIH/IbI THXKEKIHsI €Ce01H KOJIIaHa OTBIPBII TEKCEPUIL. AJTIKCIIEPUMEHTTIK
JepekTep 0acka aBTOpJIapblH KYMBICTAPbIHAH aJIBIH/BL. MOJICIb/CY HOTHKEICP]
aFpI3bUTy OacTaJFaHHAH KEHWIHT1 allFalliKpl caraT iliHAe Ccy TeMIeparypachl
dhouapik MmoraepacH 0.5—1.0 K acatein aygans! mamames 1.5 km? 00JIaThIH TYPAKTHI
TEPMUSIJIBIK JIACTaHy aiiMarbl Taiija OonaThlHbIH KepceTTi. CoHAal-aK KOoraphbl
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TeMIlepaTypalbl e OipTIHIEN Cy alMaCybIHBIH JKOHE KaiiTa allHaJIBIMBIHBIH
onci3airine OaiaHBICTHI JKaranay aiiMarbIHIA cakTalaThlH AU(QY3HIIBIK KBLTY
HYKTeCiHe aliHana bl XKbU1IaMIbIK OpICiH TaJIay Y3aK MeP3iM/Ii )KbLUTY/IbI CAaKTayFa
BIKITAJT €TETiH KEPTUTIKTI aifHAIBIM aliMaKTapblH aHBIKTAIbI. 3ePTTEYIiH FHIIBIMA
YKaHAJBIFBI bankamr KejiHiH jkarayiay CBhI3BIFBIHBIH HAKTHI MOP()OIOTHSACHIMEH
Oipre yIKeH KeJjie MIeKTEyTi, al Cy aiMacy >XaFJaiblHAa arbIHABI CyJTapablH
TEPMOTHIPOIMHAMUKACHIH Oaranay YIIiH ecentey CYHbIKTHIK JuHaMuKachiH (CFD)
naiaananyna xareip. ToxipuOenik MaHbBI3IBUIBIFEI KOJIJIIH KaHbIHAA OpHAIACKAH
aTOM YKOHE KbLITY JICKTP CTAHIMSUIAPBIHBIH CAJIKBIHIATY )KYHEIEePIH SKOJIOTHSUIBIK
ToyeKkenmepai Oorkay >KOHE OHTAWIAHABIPY YIIH O3IpJIICHIeH OMICTI KOJIaHy
MYMKIHIITiHIE JKaThIp.

Tyiiin ce3nep: tepmusnblk nactany, CFD wopmenpney, bankam ke,
KbUTBITBUTFaH cynap, SST k—w Mozeni, ruapoauHamMuKa, 3KOJIOTHSIIBIK Kayincizaik
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AHHoTamusa. B jaHHOW pa0oTe NpEACTAaBICHO YHCICHHOE HCCIEI0BaHUC
TEIJIOBOTO 3arpsi3HCHHsI OT BO3MOXKHOTO COpOCa HAarpeToil BOJABI M3 CHCTEMBI
OXJIQXKJICHUSI aTOMHOM JJIGKTPOCTAHIIMU B MPHOPEKHYK 30HY o3epa banxari.
Llenpto wMccEeIOBaHUS SIBISUIOCH ONPEACICHHE JIWHAMUKA (OPMUPOBAHHS U
MIPOCTPAHCTBEHHOTO PACIPOCTPAHCHUS TEIUIOBOTO Clie[a, a TaKXKe OIICHKA €ro
BITUSIHUS HA TUPOAMHAMHUYECKUE XapaKTePUCTHUKY aKBATOPHH. J{7151 MOIeTUpOBaHUs
WCIIONIb30BAJIaCh JIByMEpHAs BBIYUCIHUTENbHAS TUAPOAUHAMUYECKAS MOJCIb
(CFD), ocHoBannasi Ha ypaBHeHUsx HaBbe-CTokca W DHEpPrUH, JOIMOJHCHHAS
k-o SST-monenbto TypOynaeHTHOCTH. MojienupoBaHie MPOBOAUIOCH HA OCHOBE
IrEeOMETPUU pealibHOW OeperoBoil JuHUM. Banupanus monenu Obula MPOBEACHA
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Ha TECTOBOM 3a/Jaue MHXKEKIHMHU CTPYH, KOTOpas IMOKa3ajla XOPOLIEE COIIaCHE C
OKCIICPUMCHTAJIbHBIMU JaHHBIMH. 3KCHepI/IMeHTaHLHBIC JaHHBbIC 6I)IJ'II/I B3SThI C
paboT mpyrux aBTOPOB. Pe3ymbTaTbl MOAETMPOBAHHS IOKA3ajH, YTO B TEUCHHE
MEepBOro Yaca Tocie Hadayia cOpoca GopMHPYETCs yCTOMUYMBAs 30HA TEILIOBOTO
3arpsi3HCHMSI TUIOMIAABI0 OKOJMIO 1,5 KM?, TAe TeMIeparypa BOABI TMPEBHIIIACT
(¢onoere 3nadeHms Ha 0,5-1,0 K. BricokoreMrieparypublii nmietiy ocTeIeHHO
TpaHchopmupyercs B A Py3HOE TEILTIOBOE MATHO, COXPaHSIOIIeeCs B TPHOPEIKHOM
30He OJyarozapst ci1aboMy BOJOOOMEHY M PELIUPKYISIUA. AHAIU3 TOJISI CKOPOCTH
BBISIBMJI  30HBI  JIOKAJIbHOW  ITUPKYJSIMHM, CIOCOOCTBYIOIINE UTUTEITHHOMY
COXpaHeHHUIO Teria. HayuHas HOBU3HA UCCIEIOBAaHUS 3aKII0YAETCS B IPUMEHEHUN
BeIUUCIUTEIbHON ruAponuHaMuku (CFD) mms OmeHKH TepMOTHIPOIUHAMUKH
cOpoca B YCJIOBHSAX OTPAaHWMYEHHOTO BOJIOOOMEHA B KPYITHOM O3€pe C peanbHOI
Mopotorueli OeperoBoii ymHUM o3epa bamxam. [lpakTudeckas 3HAYMMOCTh
3aKJII0Ya€TCd B BO3MOXKHOCTH HCIOJNB30BAaHUS pPa3pabOTaHHOTO MeTona s
MPOTHO3UPOBAHMSI HKOJIOTUYECKUX PUCKOB U ONTUMHU3ALMHU CUCTEM OXJIAXKICHUA
ATOMHBIX U TEIJIOBBIX AJIEKTPOCTAHIIUH, PACIIONIOKESHHBIX BOJIU3HU 03¢epa.

KuaroueBble ciaoBa: TtemmoBoe 3arpssHenue, CFD-momenmpoBanue, 03epo
Bbamxam, nogorpersie Bombl, SST k—m Momenb, ruapoaMHaMuKa, SKOIOTHYECKas
0e30macHOCTh

Introduction. Growing energy production and the development of industrial
complexes are increasing the pressure on aquatic ecosystems, especially in regions
with limited water resources. Thermal pollution, caused by the discharge of heated
water from power plants, remains one of the most significant anthropogenic
impacts. Rising temperatures alter the thermal and hydrodynamic regimes of water
bodies, affecting dissolved oxygen levels, biochemical processes, and ecosystem
structure. In large lakes and reservoirs, localized heating can lead to an extension
of the stratification period, increased evaporation, and redistribution of matter and
energy flows. Quantifying these effects requires highly accurate models capable of
reproducing the spatiotemporal dynamics of temperature fields, taking into account
the actual shoreline geometry and hydrological features.

Anumber of studies have assessed the impacts of thermal pollution and developed
numerical models describing the dynamics of thermal discharges. Raman Vinna et
al. (2017) showed that discharges of heated water from nuclear power plants into
lakes cause a temperature increase of up to 3 °C and an extension of the stratification
period, which significantly alters exchange processes and heat fluxes. Gaudard
et al. (2018) noted that the use of rivers and lakes as heat-exchange reservoirs
should be considered a form of anthropogenic impact that has long-term effects on
hydrological and biological systems. Caissie (2006) emphasized the importance
of understanding river thermal regimes, noting that deterministic models using
energy-efficient approaches are crucial for predicting changes in water temperature
due to anthropogenic impacts, including thermal pollution. These studies highlight
the need for an integrated approach to modeling thermal processes in real water
bodies, followed by an assessment of their environmental impacts.
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Modern research employs a wide range of computational methods to describe
the propagation of heated waters. Issakhov (2019) implemented a two-dimensional
CFD model based on the Navier—Stokes and energy equations to analyze the
formation of thermal pollution zones under the influence of power plant discharges.
The model was successfully verified using field data, confirming its reliability
in predicting the scale of thermal impact. Al-Suhaili (2006) developed a similar
approach for river flows with a point heat source, taking into account unsteady
transport and dissipation processes. Tang (2008) proposed a three-dimensional
CFD model taking into account complex coastal geometry and turbulent effects,
which allowed for obtaining a detailed structure of temperature and velocity fields
in coastal areas. Thus, computational fluid dynamics provides the most accurate
and spatially resolved description of the interaction of hydrodynamic and thermal
processes.

Particular attention is paid to the influence of discharge parameters on the
formation of temperature traces. Mahmood and Mohammad (2022) studied the
propagation of a thermal plume along a section of the Tigris River using COMSOL
Multiphysics. It was shown that reducing the discharge velocity from 1.6 to 0.5 m/s
promotes more uniform mixing and reduces temperature anomalies. Kalinowska
et al. (2012) obtained similar results for the Vistula River, where optimizing the
discharge flow and direction minimized localized overheating zones.

Inrecentyears,researchaimedatanintegrated description ofthermohydrodynamic
and ecological processes in aquatic ecosystems has gained significant momentum.
Du et al. (2025) showed that the volume of thermal discharge has a stronger effect
on the extent of the thermal footprint than the heating temperature, emphasizing
the need for parametric optimization of cooling scenarios. Velazquez-Araque
et al. (2025) demonstrated the versatility of CFD approaches by applying them
to the analysis of microplastic dispersion using a multiphase turbulent model in
ANSYS Fluent; the proposed approach was also applicable to thermal dispersion
problems. Tarena et al. (2024) conducted a systematic review of the use of CFD
in hydroecological studies and showed that the most widely used methods remain
RANS and LES models implemented in the ANSY'S Fluent and FLOW-3D software
packages.

In a global context, Raptis et al. (2016) found that the world's largest rivers,
including the Mississippi and Rhine, experience significant increases in water
temperature due to energy discharges, with thermal energy dispersed tens of
kilometers downstream. Miara et al. (2018) extended these findings by using 3D
CFD modeling to analyze the impact of heat fluxes on energy system infrastructure
and the sustainability of their operations. According to Raman Vinna et al. (2017),
in lake systems, up to 60% of excess heat is removed through spillways, while the
remainder alters internal convective structures, increasing ecosystem sensitivity to
anthropogenic impacts.

Modern CFD approaches enable highly accurate analysis of the spatial structure
of temperature fields, assessment of mixing efficiency, and prediction of the impact
of thermal emissions at the local and regional levels. In this context, numerical
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modeling of thermal pollution within Lake Balkhash—a large transboundary
ecosystem in Central Asia characterized by a complex coastal configuration and
high sensitivity to external influences—is of particular interest. Studying the
propagation of heat flow processes arising from the potential construction of a
nuclear power plant in the coastal zone allows for a quantitative assessment of the
scale of thermal impact and the identification of critical zones of thermal regime
change.

Materials and Methods. Geographical and hydrological characteristics of
the study area

The study was conducted on the coastal section of Lake Balkhash, located near
the village of Ulken on the southwestern shore of the reservoir (Figure 1). This area
is considered a potential intake and discharge zone for cooling water during the
operation of the nuclear power plant. Geographically, it is a closed part of the lake,
partially separated from the main body of water by hydraulic structures (dams and
bridges), which limits water exchange and creates a relatively isolated ecosystem.

The main geometric parameters of the study area are: length 7.6 km, average
width 3.8 km, area 16.07 km?, and shoreline perimeter approximately 22.6 km.
According to the International Lakes Environment Committee (ILEC), Balkhash
is a warm lake with pronounced seasonal variability in its thermal regime: surface
temperatures range from 0°C in December to 28°C in July, with a long-term
average of approximately 10°C in the western part and 9°C in the eastern part.
Freezing occurs annually from November to March, with ice persisting for 10-15
days longer in the eastern part.

Using this coastal section of the lake as part of the nuclear power plant's cooling
system could lead to a number of hydrodynamic and environmental consequences.
Under conditions of limited water exchange, the heated jet stream can create
persistent water temperature anomalies reaching 3-9°C relative to background
values. Such temperature increases potentially alter vertical circulation and
stratification processes, reduce dissolved oxygen concentrations, and may disrupt
the natural thermal and biochemical balance of the ecosystem.

Figure 1. Top view of the study area of Lake Balkhash
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Mathematical Model. To numerically describe the currents and temperature
distribution in the studied reservoir, the equations for a non-stationary viscous
incompressible fluid in the Navier-Stokes form with an added energy equation were
used.

— continuity equation

du; 0 6]
dx, B
— momentum equation
du,; du; 14dP 9 u, (2)
+ u; = ———

- = tv—
ot dx; p dx; dx;
— pollution transfer equation

aT aT a°T, 3)

—tu,—=a—
ot 1 9x; dx;

where 1; — are the components of the velocity vector, T is the temperature, v is
the molecular viscosity, a is the thermal conductivity coefficient, p is the density, p
is the pressure.

After Reynolds averaging of the Navier—Stokes equations, additional terms
describing the momentum transfer by turbulent fluctuations appear in the momentum
equations. To close these terms, the Boussinesq hypothesis is used, linking these
terms to the mean velocity gradients through the turbulent viscosity v,, calculated

from the turbulence model equations. The effective viscosity Vepr = U+ U,
is used in the equations for averaged fields, ensuring the correct accounting for
the influence of turbulent eddies. In the energy equation, turbulent heat transfer
is accounted for through an additional diffusion term v,/ P71, | analogous to the
effect of turbulent viscosity in the momentum equation.

To describe turbulence, the SST k—wm (Shear Stress Transport) model was used,
combining the advantages of the standard k—€ and k—» models. It provides a stable
and physically correct solution near rigid boundaries and in regions with weakly
turbulent coastal currents.

The model is based on solving two transport equations—one for the kinetic
energy of turbulence k and the specific rate of its dissipation ®:

o, dwk_ o oo 0 ak (4)
at u’_il ax} Tk ﬁ i ax} {F JkFr] axj

aw+_auj—m_ fup 2 d (w+ )am +201 T,, 0k dw (5)
o Ty, xRt g\ W) o 12 - M) e o
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where P, — is the generation of turbulent energy caused by the velocity shift.

Boundary and Initial Conditions. At the jet outlet boundary, a constant velocity
of 3.89 m/s and a temperature of 297 K are specified. The shoreline is treated as a
stationary rigid wall with a no-slip condition (u = 0) and a zero temperature gradient
along the normal. Symmetry conditions are used at the remaining boundaries.

The initial water temperature in the lake is assumed to be 291 K, and the initial
flow velocity is 0 m/s. These values correspond to the state of a calm lake before
the discharge begins. The same initial and boundary conditions were used for all
simulations, ensuring a fair comparison of the scenarios.

Since the simulated domain is a closed coastal section of the lake with no
distinct inlet or outlet, zero gradient conditions for all parameters were used at the
outer boundaries. The propagation of the heated water occurred due to the inertia of
the jet and turbulent mixing within the computational domain.

Computational Grid Construction and Independence Test. A digital copy of
the coastline, created using satellite and cartographic data, was used to construct
the geometry and grid (Figure 1). The computational domain was discretized using
an unstructured triangular grid with localized densification in the jet outlet zone and
in the warm flow dilution zone (Figure 2).

The overall cell size in the global part of the reservoir was 6—7 m, while
densifications of 0.15-2.1 m were used near the jet source. The radius of the
densification zone was 1400 m from the discharge center. Three grid variants
with varying resolutions were created (Table 1). To verify the independence of the
solution from grid size, identical physical models, boundary conditions, and time
step (0.05 s) were used. The convergence criterion for all parameters was set at
107e.
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(b)

()
Figure 2. Computational grid

Table 1. Parameters of computational grids for convergence studies

Mesh | Global size | Maximum size in the | Minimal size in the | Number of Number of
[m] clustering zone [m] clustering zone [m | nodes cells

1 7m 2.3 m 0.16 m 3395393 1695132

2 7 m 22m 0.15m 3982 539 1988 612

3 6m 2.1m 0.14 m 5683 954 2 838 985

Figure 3 shows the average temperature distribution along the longitudinal
profile for each mesh. As can be seen, when moving from the coarse mesh (mesh
1) to the more detailed meshes (mesh 2 and mesh 3), the shape of the temperature
profile changes only slightly, indicating that mesh convergence has been achieved.
The difference in maximum temperatures between meshes 2 and 3 does not exceed
1.5%, suggesting that mesh 3 is sufficient for subsequent calculations.
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Figure 3. Distribution of average temperature along the x-axis for three variants of computational
grids (mesh 1-3).

Numerical Implementation. For flow modeling, the equations for conservation
of mass, momentum, and energy for a two-dimensional, steady, incompressible flow
were used. The calculations were performed using the finite volume method, with
the SIMPLE algorithm for coupling pressure and velocity. Temporal discretization
was performed using an implicit first-order scheme. Convective terms were
approximated by a second-order approximation using the upwind scheme, ensuring
stability and accuracy of the solution while preserving sharp temperature gradients.

To speed up the computations, the problem was parallelized and run on 32
processors. The simulation time interval was 1 hour, and the results were saved
every 10 minutes for analysis of the evolution of the temperature and velocity fields.

Model Validation. To verify the correctness of the mathematical model and
numerical algorithm used, validation was performed using a benchmark problem: a
heated jet injected into a horizontal closed channel. This configuration was chosen
in accordance with the experimental studies of Chen and Hwang (1991) and the
numerical analysis of Chang and Chen (1995), allowing the obtained results to be
compared with reliable laboratory measurements.

Geometry and Problem Conditions

The computational domain (Figure 4a) consisted of a rectilinear channel 500
mm long and 120 mm high, with a single hot fluid injection point through a nozzle
with a width of D = 5 mm, located 97.5 mm from the inlet. The nozzle center was
taken as the origin, the X-axis was directed along the channel, and the Y-axis was
directed vertically upward.
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Figure 4 - Computational domain (a) and boundary conditions (b) of the test problem

The boundary conditions are shown in Figure 4b. The main flow
temperature (Inlet 1) was T_= 298 K (25 °C), and the temperature of the
heated water entering through the nozzle (Inlet 2) was T = 354 K (81 °C).
The main flow velocity was U_= 2.005 m/s, and the jet injection velocity
was V. = 11.969 m/s.

No-slip conditions (u = v = 0) and adiabatic boundary conditions for
temperature (0T/0n = 0) were used on the channel walls. Neumann-type
boundary conditions were applied at the channel outlet, ensuring a free flow
without reflections.

Comparison with Experiment. The numerical results (Figure 5) were
compared with experimental data in five cross sections at distances X/D
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Figure 5 - Comparison of results with the experiment of Chen and Hwang (1991) [14] and the
numerical analysis of Chang and Chen (1995) [15]

A comparison of the profiles showed that the obtained calculated data were in
good agreement with the experiment: maximum deviations in temperature values
did not exceed 5-7%, and the jet profile shape and isotherm positions matched the
measurements. The SST k—®» model accurately reproduced both thermal diffusion
and the jet trajectory in the crossflow, demonstrating high accuracy near the
symmetry axis and in the region of intense mixing.

Results and Discussion. Numerical modeling allowed us to study in detail the
spatiotemporal dynamics of the formation and propagation of a thermal wake from
a potential discharge of heated waters in the coastal zone of Lake Balkhash over
the course of one hour. A combined analysis of temperature and velocity fields
(Figures 6a—f, 7a—f) demonstrates the consistent evolution of the thermal plume
and corresponding changes in the hydrodynamic structure of the flow.
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At the initial stage of the process (t = 10 min), the formation of a compact, high-
temperature jet is observed, caused by the discharge of water with a temperature
of 297 K. The core of the jet, with a temperature above 296.4 K, has a distinct
directional structure and extends over more than 500 meters from the source,
reflecting the dominant influence of the discharge impulse in the first minutes of
the flow.

Over time (t=20-40 min), the structure of the thermal field changes significantly.
The inertial phase gives way to a diffusion phase: the role of turbulent heat transfer
and advection increases, leading to a gradual expansion of the elevated temperature
zone. As a result, the temperature field equalizes and coastal waters are involved in
the warming process.

By the 50th minute of the simulation, the formation of the thermal plume
enters a quasi-stationary phase. The temperature field stabilizes, as evidenced by
the virtually identical temperature distributions at 50 and 60 minutes. By the 60th
minute of the simulation, the warm jet loses its compactness, and the thermal plume
covers a significant portion of the water area.

The calculated estimate shows that by the end of the 60-minute simulation
interval, the area of water subject to noticeable thermal effects (AT > 0.5 K) is
approximately 1.5 km?, which corresponds to approximately 14% of the area of the
study area (10.5 km?). The average water temperature within the calculated region
increases to 291.25 K, reflecting an overall increase in thermal background even
over the short period of the release.

Flow Hydrodynamics. Analysis of the velocity field revealed that during the
first 30 minutes of the simulation, the maximum velocity in the jet core gradually
decreases — from 4.51 m/s (t = 10 min) to 4.15 m/s (t = 30 min). This is due to the
development of turbulent mixing and the interaction of the jet with the surrounding
waters. By the 40th minute, a localized increase in velocity to 5.03 m/s is recorded,
likely due to flow reflection from the shoreline and the formation of localized
vortex structures.

In the final stage (t = 50-60 min), the hydrodynamic structure stabilizes. The
maximum velocity in the core decreases from 4.38 m/s to 4.32 m/s, reflecting the
establishment of a balance between jet inertia and energy dissipation. The area with
elevated velocities (> 2.5 m/s) forms a stable corridor aligned with the direction of
the main thermal plume. In the peripheral areas of the water area, velocities do not
exceed 0.5-1.0 m/s, creating conditions for local stagnation and heat accumulation.

Thus, the results of the full hourly modeling demonstrate that, with a weak
background current and complex coastal geometry, the discharge of heated
waters forms a vast and stable zone of thermal pollution. Within the first hour, the
system reaches a quasi-steady state, in which thermal impact becomes a constant
environmental factor. The observed structure of the temperature and velocity fields
indicates the potential for long-term changes in the local thermal regime, including
disruption of seasonal stratification, a decrease in dissolved oxygen concentration,
and the transformation of aquatic biocenoses.
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Figure 6. Evolution of the temperature field (K) in the coastal zone of Lake Balkhash during the

simulation of the discharge of heated water: (a) t = 10 min, (b) t =20 min, (¢) t =30 min, (d) t =40
min, (e) t =50 min (f), t = 60 min.
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Figure 7. Velocity field (m/s) in the coastal zone of Lake Balkhash at different time stages of the

simulation.
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Conclusion. This numerical study provided the first detailed analysis of the
spatiotemporal dynamics of heated water propagation during a potential discharge
from the cooling system of a nuclear power plant in the coastal zone of Lake
Balkhash. The use of a two-dimensional model based on the Navier—Stokes
equations, supplemented by an energy equation and the SST k—w turbulence model,
provided a reliable description of thermohydrodynamic processes under complex
coastal conditions and weak background currents.

Validation of the model on a test problem of jet injection demonstrated high
agreement with experimental data, confirming the validity of the chosen approach
for modeling local heat exchange processes in reservoirs. A grid-independence
test demonstrated the stability of the solutions for cell sizes exceeding 2.7 million,
ensuring the reliability of the obtained results. Modeling results showed that
within the first 60 minutes of the discharge, a distinct thermal pollution zone of
approximately 1.5 km? is formed, with water temperatures exceeding background
values by 0.5-1.0 K. The high-temperature jet emanating from the source gradually
transforms into a diffuse thermal spot, which persists in the coastal zone due to
weak water exchange and recirculation. Analysis of the velocity field revealed the
presence of localized circulation zones and stagnant areas that facilitate long-term
heat retention.

These results indicate that the discharge of heated waters, even at moderate
temperatures, can cause significant changes in the thermal and hydrodynamic
regime of the water area. Under conditions of limited water exchange and complex
shoreline morphology, such impacts can lead to long-term changes in the stratification
structure, oxygen balance, and biological processes. Thus, the performed modeling
confirms the effectiveness of computational fluid dynamics (CFD) methods for
analyzing thermal pollution of aquatic ecosystems and can serve as a basis for
subsequent assessment of environmental safety and optimization of the parameters
of cooling systems of nuclear and thermal power plants located near lake areas.
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