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Abstract. The state of two-phase flow liquid-gas has been modeled numerically by the three-dimensional method of
complex research of heat and mass transfer. This allows examining the interaction of some transfer processes in a
natural cooling basin (the Drûkðiai lake): the wind power and direction, variable water density, the coefficient of heat
conduction and heat transfer of the water-air interface. Combined effect of these natural actions determines the heat
amount that the basin is able to dissipate to the surrounding atmospheric media in thermal equilibrium (without changes
in the mean water temperature).
This paper presents a number of the most widely used expressions for the coefficients of vertical and horizontal heat
transfer. On the basis of stream velocity and mean temperature profiles measured in the cooling pond as well as on that
of their time variations suggestions are made that the mixing rate at the water surface is caused by natural space  time
variation of the wind, and can be described by the value of eddy viscosity coefficient  1 m2/s (numerical modeling
with 0,91,3 m2/s). The wind influences the surface of the lake according to the experimental data, i e 13 % of the
mean wind velocity. The model applies to the weakly wind, approximately 15 m/s of the mean wind velocity.
Comparison of experimental and numerical results showed a qualitative agreement. For a better quantitative approximation, it is necessary to have more boundary conditions variable with time and to solve unsteady set equations for
transfer processes.
Keywords: hydrodynamics, Computational Fluid Dynamics (CFD), numerical simulation, three-dimensional processes,
two-phase flows, lake as a cooler, mass and heat exchange.

1. Introduction
Hydrothermal processes in a cooling pond are determined by the heat-and-mass exchanger at the waterair interface, together with thermal processes inside the
water volume of the pond. Inverse relations are observed
between the two sets of processes, as the surface temperature determines the intensity of cooling, and this
influences the temperature field of the pond together with
the conditions of stratifications different densities of the
streams, and turbulent transfer [1].
The success of a mathematical simulation based on
general relations of transport may depend on a correct
problem-stating on the basis of a correct choise of adequate initial conditions. The most important conditions
for both remote regions and the whole cooling pond are:
heat transfer to the atmosphere, the parameters of turbulence, heat balance, that is loss and increase of heat.

The former terms are found from convection, turbulent
heat transfer, evaporation and inverse radiation in a longwave spectrum. An increase of heat occurs whenever a
volume of heated water is discharged by a thermal or
nuclear power plant as well as from solar and atmospheric radiation [1, 2].
The aim of this paper is by applying CFD codes
[3] to present a simulation of a two-phase mathematical
model of hydrothermal processes in a cooling pond, including the effects of three-dimensional (3D) structure
features of the transport, power and direction of the wind,
temperature-dependent water density, and heat conduction at the water-air interface.
2. Solution techniques and governing equations
2.1. Equations. In a general approach with recirculation of streams and heat transfer, the problem is solved
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as the 3D set of the Navier-Stokes equations and energy
equation for a two-phase theoretical model. A general
expression is [3, 4]:

H
div ri ρi Vi Φ i − ri Γ Φ i gradΦ i = ri SΦi ,

(

)

(1)

where ri  volume part of phase i; ρi  density of phase
i, kg/m3; Φi  dependent variable of phase i: 1  for
continuity equation, U, V, W  for impulse in directions
H
x, y and z, m/s; H for enthalpy; Vi  velocity vector of
phase i; ΓΦ  exchange coefficient of variable Φ; SΦ 
source term in the flow for variable Φ. The set of (1)
consist of differential equations with partial derivatives
of Navier-Stokes and heat transfer, and are solved by the
technique of finite volumes with specific boundary conditions [3, 4].
The real properties of water will be implemented
for accounting the existent links between its density, heat
capacity, thermal conductivity, etc, and the temperature
(water in liquid state). This linking and establishment of
conditions that simulates the action of gravity will establish conditions for possible formation of a natural
convection phenomenon and buoyancy forces.
The program codes used evaluate the density of
water as a function of temperature t [5]:
ρ = (999,83952 + 16,945176 t  7,9870401 · 103 t2 
46,170461 · 106 t3 + 105,56302 · 109 t4 
280,54253 · 1012 t5)/(1 +16,879850 · 103 t), (2)
where ρ  density, kg/m3, t  water temperature oC. The
existence of a density gradient combined with a body
force as the gravity action may cause a buoyancy force
responsible of a free convection phenomenon which may
be important in the fluid motion. However, it will be a
good approximation to consider constant other water properties, as thermal conductivity or heat capacity, because
of a less effect of their respective gradients on the fluid
motion.
They simulate turbulent flows and laminar transient
flows with increased turbulence of a free flow. These
parameters are very important in the transfer processes
of a cooling pond.
When simulation includes the hypothesis of turbulent viscosity, a simple viscosity factor is replaced in
transfer relations by an effective viscosity factor
ν1 = ν l + ν t ,

(3)
m2/s.

where vl  laminar and vt  turbulent viscosity,
For
flows of air of about 5 m/s, we used a constant factor of
turbulent viscosity of 6,7, as in [4].
In our computation we divided the range of integration by a normal line. One of the parts contained 9
horizontal layers in the volume of water and was intended for evaluating the geometry of the shoreline and
depth. The other part contained 9 horizontal layers in
the volume of air covered over-water flows of air and
land, that is velocity, direction and force of the wind
with the influence of the nearest relief. The parameters

of the pond, hot-water plume and cool water return must
be as close as possible to the actual values. In our study
we used the flow-rate of the hot-water discharge.
We present an analysis of the effect of a weak wind
(05 m/s) on the hydrothermal behaviour in the pond,
for constant values of turbulence in the air:

νt = 1,34 × U loc ,

(4)

where Uloc is local velocity in the atmosphere and mass
transfer in water according to [3].
2.2. Interphase source term. The interphase source
con-tains the diffusive (e g, friction, heat transfer) and
convective (mass transfer) links between phases. It is
formulated in a general form as follows:
SIP = (fφ,i + <mji>) (φiint  φi) ,
(5)
where fφ,i  interphase (diffusive) transfer coefficient, kg/
s; mji  net mass transfer rate between phases, kg/s; <> 
maximum of 0,0 and the quantity enclosed; φiint  value
of φ at the interface between phases, φi is a bulk phase
value of conserved variable φ.
The unit of SIP is (kg/s) × (unit of φ), i e if φ is
velocity, m/s, the units of SIP are Newtons and if φ is
enthalpy, J/kg, the units of SIP are Watts. SIP, obviously,
appears in the equations for each of paired variables, φ1
and φ2, i e:
SIP,1=(fφ,1 + <m21>) (φ1int  φ1),
(6)
SIP,2=(fφ,2 + <m12>) (φ2int  φ2),

(7)

where m21 = m12.
2.3. Interphase Friction. Ignoring the interphase
mass transfer, the interphase source term becomes:
(8)
SIP =fIP × ( v2  v1),
where SIP has units of Newton and fIP is now the interphase drag coefficient between phases in units of Ns/m
or kg/s.
2.4. Interphase heat transfer. In many cases the
driving force is the temperature difference, and available heat transfer correlations are based upon it. By solving enthalpies H1 and H2 and ignoring mass transfer the
interphase sources become:
SH1 = h12 × AS × (T1int  T1) ,
SH2 = h21 × AS × (T2int  T2) ,
(9)
where h12  bulk1-to-interface heat transfer coefficient,
W/m2K; h21  bulk2-to-interface heat transfer coefficient,
W/m2K; AS  total interface area, m2. The interface temperatures T1int and T2int can be eliminated via the overall heat transfer coefficient and bulk-to-bulk temperature difference as follows:
SHi = 1 × AS × (T2  T1)/(1/C1  1/C2),
(10)
where C1 = h12 and C2 = h21.
The interphase transfer coefficient fIP is taken to be
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harmonic average of the bulk-to-interface coefficients C1
and C2. Thus
(11)
fIP = 2 / (1/C1  1/C2) .
In Phoenics programme two-phase mode, it is common to solve for enthalpy. A source is required in the
form:
SHi = h12 × AS × (T2  T1) ,
(12)
2
where h12  the heat transfer coefficient, W/m K; AS 
total surface area of particulates, m2; the subscripts 1
and 2 refer to the first and other phase.
3. Results and consideration
A variable-step grid was constructed (Fig 1). It
covers only a certain part of the surface, and the range
of integration with respect to the normal covers a 10 m
layer of water and a 100 m layer of air, including the
nearest relief (with blocking cells).
In this case we evaluated the effect of the wind on
the hydrothermal behavior of the lake which comes into
play by the influence on the distribution of isotherms.
The technique of testing was applied from [2]. Evaluation was made concerning temperature dependence on
water density according to experimental correlation (2),
water-air heat conduction and the resistance factor of
water. Transient equations for transfer processes are simplified according to [6].
A numerical simulation of 33×23×18 grid system
consumes a lot of computer time, therefore, computation was suspended whenever a specific effect of the
wind became evident or similar to measurement data at
hot water discharge. A closer agreement was found for
the case of no wind [4, 7, 8]. Figs 2 a and 2 b present,
respectively, measurement and simulated results of isotherms for the 1 m/s southwest wind. Figs 3 a and 3 b
show respectively the water surface velocity vector distribution and wind horizontal vector field 0,25 m above
the water surface. Fig 4 presents the predicted movement of water surface at a mean southwestern wind velocity of 5 m/s.
For predicting the effect of the wind on the water
surface, we used a constant water heat transfer coefficient. Mixing of a hot and cool water in the lake is a
complicated process, and the wind makes it even more
complicated, as it introduces waves and variable depth.
Predictions cannot be in good agreement with the measurement results because the wind blowing directions are
variable with time, and the actual hydrothermal state of
the pond is a continuously varying behavior. For this
reason a variable coefficient of water heat transfer must
be introduced into future predictions.
4. Conclusions
1. The earlier code of numerical elliptic equations
was used to construct a primary numerical model of
hydrothermal dynamics in the Drûkðiai lake, in the re-

Fig 1. Computational representation of the basin, inlet and
outlet velocity vectors (reference scale  0,40 m/s)

a

b
Fig 2. Temperarure distribution on the surface of the
Drûkðiai lake for an average soutwestern wind velocity of
1 m/s: a  measured isotherms [2]; b  predicted isotherms. The air temperature is 23,9 °C
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gion of the hot-water discharge. The CFD codes were
applied for the numerical solution of a two-phase 3D
mathematical model of the flow. The solutions can evaluate the effect of the wind, temperature-dependent water
density, water-air heat conduction, water mass transfer
and the ground geometry.
2. Analysis of numerical solutions for the hydrothermal processes in the Drûkðiai lake and their comparison with the test points suggest the influence of the
wind, heat conduction from water to air, variable water
density, water mixing and partially that of the geometry
of the shore-line on the simulation results which are
qualitatively similar to those at the test points. To approximate prediction to the actual state, possible timedependent boundary conditions should be included.
a
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b
Fig 3. Movement of fluids at a mean southeastern wind
velocity of 1 m/s: a  horizontal vector field in the air
zone of 0,25 m above water surface (vector reference scale
 5 m/s); b  water surface velocity vectors (reference
scale  0,2 m/s)

x⋅y⋅z=33⋅23⋅18

Fig 4. Predicted movement of water surface at a mean
southwestern wind velocity of 5 m/s (reference scale 
0,25 m/s)
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ÐILUMINËS DISIPACIJOS NATÛRALIAME BASEINE
DVIFAZIS MODELIAVIMAS

ÄÂÓÕÔÀÇÍÎÅ ÌÎÄÅËÈÐÎÂÀÍÈÅ ÒÅÏËÎÂÎÉ
ÄÈÑÑÈÏÀÖÈÈ Â ÍÀÒÓÐÀËÜÍÎÌ ÁÀCÑÅÉÍÅ

P. Baltrënas, P. Vaitiekûnas, V. Katinas, A. Markevièius

Ï. Áàëòðåíàñ, Ï. Âàéòåêóíàñ, Â. Êàòèíàñ,
A. Ìàðêÿâè÷þñ

Santrauka
Dvifazis matematinis modelis skystis-dujos taikomas
atliekant skaitiná trimaèiø perneðimo procesø modeliavimà. Nagrinëjama perneðimo procesams átakos turinèiø veiksniø sàveika, jø átaka masës ir ðilumos mainams natûraliame baseine-auðintuve: vëjo stiprumas ir kryptis, pagal temperatûrà kintantis
vandens tankis, ðilumos mainai su atmosfera, trinties ir ðilumos
mainø vandens ir oro skiriamajame pavirðiuje koeficientai.
Rastos ir pateikiamos vertikaliøjø ir horizontaliøjø turbulentiniø mainø koeficientø priklausomybës. Remiantis sroviø ir
vidiniø temperatûrø profiliø matavimø duomenimis nustatyta,
kad vidutinio stiprumo nepastovus vëjas sukelia vandens pavirðiuje maiðymàsi, kurá galima ávertinti 1 m2/s dydþio turbulentiniu klampiu (skaièiavimuose taikytas turbulentinis klampis 
0,91,3 m2/s). Vëjo impulso átaka vandens pavirðiui, pagal eksperimentinius duomenis, turi bûti 13 % vidutinio vëjo greièio.
Matematinis modelis skirtas pernaðos procesams modeliuoti
esant 15 m/s vidutinio vëjo greièiams. Palyginus eksperimentiniø ir teoriniø tyrinëjimø rezultatus akivaizdus jø kokybinis
sutapimas. Kiekybinis rezultatø sutapimas bûtø tikslesnis turint
daugiau ávairiø veiksniø ribiniø laike kintamø sàlygø bei sprendþiant nenuostoviàsias pernaðos lygtis.
Raktaþodþiai: hidrodinamika, skaièiuojamoji fluidø dinamika, skaitinis modeliavimas, trimaèiai procesai, dvifaziai srautai, baseinas-auðintuvas, masës ir ðilumos mainai.
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Ðåçþìå
Äâóõôàçíàÿ ìàòåìàòè÷åñêàÿ ìîäåëü æèäêîñòü-ãàç èñïîëüçîâàíà äëÿ ÷èñëåííîãî ìîäåëèðîâàíèÿ òðåõìåðíûõ
ïðîöåññîâ ïåðåíîñà ìàññû è òåïëà. Èññëåäóåòñÿ âçàèìîñâÿçü
ôàêòîðîâ, âëèÿþùèõ íà ïðîöåññû ïåðåíîñà, èõ âëèÿíèå íà
ìàññî- è òåïëîîáìåí â íàòóðàëüíîì áàññåéíå-îõëàäèòåëå,
ñêîðîñòü è íàïðàâëåíèå âåòðà, ïåðåìåííàÿ âÿçêîñòü âîäû,
òåïëîîáìåí ñ àòìîñôåðîé, êîýôôèöèåíòû òðåíèÿ è òåïëîîáìåíà íà ïîâåðõíîñòè ðàçäåëà ôàç.
Â ñòàòüå èñïîëüçîâàíû øèðîêî ïðèìåíÿåìûå âûðàæåíèÿ äëÿ âåðòèêàëüíîãî è ãîðèçîíòàëüíîãî êîýôôèöèåíòîâ
òåïëîîáìåíà. Íà îñíîâå èçìåðåíèé ïðîôèëåé óñðåäíåííîé
ñêîðîñòè è òåìïåðàòóðû íàéäåíî, ÷òî íåñòàáèëüíûé âåòåð
ñðåäíåé ñèëû ïðîèçâîäèò ïåðåìåøèâàíèå âîäíîé ïîâåðõíîñòè, êîòîðîå ìîæíî îöåíèòü òóðáóëåíòíîé âÿçêîñòüþ â
1 ì2/ñ (ïðè ìîäåëèðîâàíèè èñïîëüçîâàíî 0,91,3 ì2/ñ).
Âëèÿíèå èìïóëüñà âåòðà íà âîäÿíóþ ïîâåðõíîñòü ñîãëàñíî
ýêñïåðèìåíòàëüíûì äàííûì ñîñòàâëÿåò 13 % ñðåäíåé
cêîðîñòè âåòðà. Îáå ìîäåëè ïðåäíàçíà÷åíû äëÿ ìîäåëèðîâàíèÿ ïðîöåññîâ ïåðåíîñà ïðè óìåðåííîì âåòðå ñî ñðåäíåé
ñêîðîñòüþ â 15 ì/ñ.
Ñðàâíåíèå òåîðåòè÷åñêèõ è ýêñïåðèìåíòàëüíûõ ðåçóëüòàòîâ ïîêàçàëî êà÷åñòâåííîå èõ ñîâïàäåíèå. Äëÿ áîëåå òî÷íîãî êîëè÷åñòâåííîãî ñîâïàäåíèÿ íåîáõîäèìî íàëè÷èå áîëüøåãî êîëè÷åñòâà ãðàíè÷íûõ óñëîâèé, èçìåíÿþùèõñÿ âî âðåìåíè, à òàêæå ðåøåíèå íåñòàöèîíàðíûõ óðàâíeíèé ïåðåíîñà.
Êëþ÷åâûå ñëîâà: ãèäðîäèíàìèêà, âû÷èñëèòåëüíàÿ
äèíàìèêà æèäêîñòåé, ÷èñëåííîå ìîäåëèðîâàíèå, òðåõìåðíûå
ïðîöåññû, äâóõôàçíûé ïîòîê, áàññåéí-îõëàäèòåëü, ìàññî- è
òåïëîîáìåí.

