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Abstract. The state of water flow has been modelled numerically by a three-dimensional method of a complex investigation of heat and mass transfer. This allows examining interaction of some transfer processes in a natural cooling
basin (the Drûkðiai lake): variable density of water, heat conduction in water-air interface, direct and diffuse solar
radiation. 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 (no change in the mean water temperature).
Mathematical model is simplified ignoring transient derivatives in transfer equations, and time as a variable is included
in relaxation coefficients for outer iterations. Full time of calculations using this simulation mechanism for this variable
is about 6 h.
Basing on water stream velocity and mean temperature profiles measured in the cooling pond as well as on their time
variations, suggestions are made that the mixing rate in water is caused by natural and forced convection.
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: Computational Fluid Dynamics (CFD), numerical simulation, three-dimensional processes, one-phase
flows, hydrodynamics, lake as a cooler, heat exchange.

1. Introduction
Hydrothermal processes in a cooling pond are determined by heat and mass exchange at water-air 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 different stratification densities of
streams and turbulent transfer [1].
The success of a mathematical simulation based on
general relations of transport may depend on a correct
problem statement 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 the
heat. The former terms are found from convection, turbulent heat transfer, evaporation and inverse radiation
in a long-wave spectrum. An increase of heat occurs
whenever a volume of heated water is discharged from

a thermal or nuclear power plant as well as by solar and
atmospheric radiation [1, 2].
The hydrodynamics of the natural basin is modelled
in [3] and heat transfer with the wind influence  in [4,
5]. The aim of this paper is applying CFD codes [68]
to present a simulation of a mathematical model of hydrothermal processes in a cooling pond, including the
effects of three-dimensional (3D) structure features of
transport, temperature-dependent water density, heat
convection in the water area, conduction at water-air
interface, direct and diffuse solar radiation.
2. Solution techniques and governing equations
In a general approach with recirculation of streams
and heat transfer, the problem is solved as the 3D set of
the Navier-Stokes equations and energy equation for a
theoretical model. The general expression is [6, 7]:
H
(1)
div ρVΦ − ΓΦ gradΦ = S Φ ,

(

)

kg/m3;

Φ  dependent variable:
where ρ  density,
Φ = 1  for continuity equation, U, V, W  for impulse
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H
in directions x, y and z, m/s; H  for enthalpy; V



velocity vector; ΓΦ  exchange coefficient of variable
Φ; S Φ  source term in the flow for variable Φ.
The set of (1) consists of differential equations with
partial derivatives of Navier-Stokes and heat transfer, and
is solved by the technique of finite volumes with specific boundary conditions [3, 4]: inlet velocity
U0 = 0,2 m/s, t0 = 36 °C, air temperature ta = 25,9 °C,
U = V = W = 0 at solid walls and walls are adiabatic.
The real properties of water will be implemented
for accounting the existent links between its density, heat
capacity, thermal conductivity etc and temperature (water in a liquid state). This linking, and the establishment
of conditions that simulate the action of gravity, will
establish conditions for possible formation of natural
convection phenomenon and buoyancy forces.
The program codes used evaluate the density of
water as a function of temperature t [6, 7]:
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),
kg/m3,

(2)

oC.

where ρ  density
t  temperature
The existence of a density gradient combined with
a body force as the gravity action may cause a buoyancy force responsible for a free convection phenomenon which may be important in 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 fluid motion.
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The proportionality constant a represents all the factors
that influence conductive-convective heat transfer. Heat
transfer due to the incidence of the atmospheric air on
the surface could be represented by means of a coefficient a of the form [7]:

α = f ( St , ρ a ,Vrel , c pa ) ,

(4)

where ρa is air density, Vrel is relative velocity between
air and water, Vrel > 0 [6], cpa is the specific heat of air,
St is the Stanton number. In a reposed air-water interface it has an approximated value of St ≈ 0,0033 and q
is calculated according to [6].
If we have the following values: ρa = 1,2 kg/m3,
cpa = 1005 J/(kg K), Vrel = 0,1 m/s, then we will obtain
the following value of (4): α ≈ 0,362, W/(m2 K).
Incidence of direct solar radiation. The incidence
of direct solar radiation over the basin surface induces
the heating of water; its value depends on its specific
heat at a constant pressure (cpa = 4183 J/(kg·K), so that
qsun = cpaT, where T is temperature K. The values of
qsun in Ignalina (Lithuania) are picked up from Table 1.
Table 1. Values of mean solar intensity (SI) on horizontal in
a mean day of every month in Ignalina
Month

I

II

III

IV

V

VI

S , W/m

70

200

240

316

392

436

Month

VII

VIII

IX

X

XI

XII

SI, W/m2

402

326

275

170

100

70

I

2

The effects of these incidences will be affected by
optical reflection over the surface represented by a determined index (not the whole incident energy is transmitted and absorbed). Only part of the net energy that
impinges on the surface of the basin (Table 2) is used
for increasing the heat of water. The residual energy is
lost in the form of reflected energy. This factor will
depend on the incidence angle of the solar beam and the
refraction index of water n =1,33 (ignoring its wavelength dependence). Both contributions are related with
each other by means of the Frenel laws. The incident
radiation fraction that penetrates the basin surface (P)
and is absorbed by water for its posterior transformation
in heat is expressed in the Frenel formula [6, 7]:

Surface exchange. Considering the adiabatic bottom and walls of the basin, the only capacity of thermal
dissipation of the mass of water occurs by means of heat
exchange at the surface with the atmosphere. The main
factors considered (convection, conduction, direct and
diffuse solar radiation) which will determine as much
the global distribution of temperature as the amount of
total dissipated energy. Addition of the net effects of
these energetic factors will represent the amount of global energy that the basin surface is capable to dissipate.
We will study the distribution of temperature at the
surface of the basin because, although the global mean
temperature of the basin may increase, it does not mean
that could not be appreciated certain change of temperature at the station cooling water intake.
The incidence of the water stream over the basin
surface implicates the inclusion of convective-conductive heat transfer factors over the basin surface. The heat
transfer rate by conduction between air and water that
governs this situation has the form [6]:

where θr is refraction angle on the water surface, z is
zenithal solar distance (90°  solar altitude). We will
also use the Snell refraction law in order to determine
θr as a function of the refraction index n and the solar
zenithal distance z:

q = α(t water − t air ) ,

n sin θ r = sin z .

(3)

where q represents heat flow (W/m2) which is proportional to temperature differences between water and air.

P = 1−

1  sin 2 (z − θ r ) tg 2 (z − θ r )
+


2  sin 2 (z + θ r ) tg 2 (z + θ r ) ,

(5)

(6)

Particularizing for Ignalina, the values of the
monthly solar altitude were calculated from equation (8).
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Incidence of diffuse solar radiation. Diffuse solar
radiation is also an important factor, since its value oscillates from 13 % of direct radiation incidence for a
high solar altitude (90°) to 150 % for rather smaller altitudes (Table 2).
On clear days the next experimental table could be
established which relates the solar altitude with the direct radiation fraction that constitutes diffuse radiation.
The data of Table 2 are fitted by means of an equation
that relate the solar altitude and the percentage of direct
radiation [7]. The adjustment equation that will be used
in the program in order to determine diffuse radiation is
of the form:

I solar ,% = a + b / h, a = 2,807, b = 727,1 ,

(7)

h = arcsin (cos ϕ cos δ cos γ +sin ϕ sin δ), (8)
where h is solar altitude (°), γ is solar hourly angle (°),
ϕ is geographical latitude (°), δ is solar declination (°):
δ = 23,5 cos (30 K  187) and K is number of month
set (1, 2, ..., 12).
Consequently, we will introduce a source of additional radiation the value of which will be a determined
percentage of direct incident radiation and this will establish the effect of diffuse radiation over the basin surface.
Table 2. Percentage of direct radiation which constitutes
diffuse radiation as a function of the solar altitude
Solar altitude

Isolar, %

Solar altitude

Isolar, %

5

148,0

50

17,24

10

75,5

55

16,02

15

51,3

60

14,93

20

39,16

65

13,99

25

31,89

70

13,19

30

27,04

75

12,50

35

23,58

80

11,89

40

20,98

85

11,36

45

18,96

90

10,89

In our computation we divided the range of integration by a normal line. One of the parts contained 6
horizontal layers in the volume of water and was intended for evaluating the geometry of the shoreline and
depth. The parameters of the pond, hot-water plume and
cool water return must be as close as possible to actual
values. In our study we used the flow rate of hot water
discharge.
3. Results and consideration
Therefore, 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 (with blocking cells). The
cross section of the intake and outflow channel is
150·2,5, m2, intake velocity U0 = 0,2 m/s, discharge rate
G = 80 m3/s.
In this case we evaluated the effect of factors on
the hydrothermal behaviour of the lake which come into
the play by influence on the distribution of isotherms.
The technique of testing was applied from [2]. Temperature dependence was evaluated for water density
according to experimental correlation (2), the water-air
heat conduction, direct and diffuse solar radiation. Numerical simulation of 41·17·6 cylindrical grid system consumes a lot of computer time, therefore, computation
was suspended whenever a specific effect of wind became evident [3, 4] or similar to measured data at hotwater discharge [5]. A closer agreement for temperature
field on the water surface was found for the case of no
wind. In Fig 2 presented intermediate simulated results
and in Fig 3  final for comparison with measured results. Time for these calculations (a full time scale replacing a transient iterative process by FALSDT [8] for
outer relaxation) is 21 600 s, i e 6 h.
A numerical experiment to show solar radiation
factor impact on the basin heat exchange was performed.
The results of the experiment with local temperatures
(t oC) are presented in Table 3, the location co-ordinates
of the basin (see Fig 1) are x3, yi, (i = 1, 2, , 17), z6 =
constant. The co-ordinates are given for a basin sector
near the intake of the water canal. The boundary conditions of the experiment are the following: calm air temperature is 25,9 oC, inlet water temperature  36 oC,
mean direct day solar radiation intensity in june according to Table 1  400 W/m2, diffuse solar radiation intensity 100 W/m2, air humidity  75 %, water discharge
rate G = 80 m3/s.
Table 3. Predicted results of the basin heat exchange, local
temperatures, °C
yi, i =1, 2,

Fig 1. Difference grid in cylindrical co-ordinates (x·y·z =
41·17·6). 2D representation at z6 = const plane

, 17

14

12

10

8

6

4

1

27,77

27,96

27,56

26,12

26,08

26,20

2

27,59

27,56

27,36

26,04

25,90

25,96

3

27,73

27,91

27,51

26.10

26,03

26,15
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Fig 2. Predicted results of the heat transfer process in a cooling pond (no wind): a  isoterms during time t1 = 0,5 h; b 
t2 = 1 h; c  t3 = 2 h; d  t4 = 2,5 h

a

b

Fig 3. The Drûkðiai lake water surface isotherms during the time t5 = 6 h (no wind), a  measured isotherms [2], b 
predicted isotherms. Initial temperature conditions: for water mass  22 °C, for water inlet  36 °C, for air temperature 
25,9 °C, H1 ≡ t °C
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In Table 3 row 1 presents a numerical experiment
which assesses all heat exchange mechanisms: by convection, by conductivity of water-air plus direct and diffuse solar radiation over the basin surface; row 2  temperatures without direct solar radiation effects, row 3 
temperatures without diffuse solar radiation effects.
The most important factor having an influence on
the heat exchange of the basin is conductive heat transfer between water and air, although differences in the
temperature of air and water are moderate. The second
important factor affecting the heat exchange of the basin on a sunny day is direct solar radiation  0,60,9 %
(Table 3). Diffuse solar radiation has a smaller influence on heat exchange  0,10,2 %. These last two effects in heat balance are negligible and can be ignored
in convective-conductive heat dissipation in a cooling
pond.
4. Conclusions
1. A mathematical model is simplified ignoring
transient derivatives in transfer equations, and time as a
variable is included in relaxation coefficients for outer
iterations. Full time of calculations using this simulation mechanism for this variable is about 6 h.
2. The most important factor having an influence
on the heat exchange of the basin is convection in the
water area and conductive heat transfer between water
and air.
3. An analysis of numerical solutions for hydro-thermal processes in the Drûkðiai lake and their comparison
with the test points are good. To approach the prediction to the actual state possible time-dependent boundary conditions should be included.
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ÐILUMOS LAIDUMO-KONVEKCINIØ MAINØ
NATÛRALIAME BASEINE MODELIAVIMAS
P. Vaitiekûnas, V. Katinas, A. Markevièius
Santrauka
Matematinis vandens srauto modelis sudarytas skaitiniam
trimaèiø pernaðos procesø vienfaziame fluide modeliavimui.
Nagrinëjama ávairiø veiksniø bei jø sàveikos átaka pernaðos
procesams, masës ir ðilumos mainams natûriniame baseineauðintuve: vandens tankio priklausomybë nuo temperatûros,
konvekcija-laidumas vandens masëje, ðilumos laidumo mainai
su oro aplinka, tiesioginë ir sklaidþioji saulës spinduliuotë.
Matematinis modelis supaprastintas atmetant nenuostovumo narius pernaðos lygtyse, laiko kintamàjá ávedant kaip iðoriniø
iteracijø relaksacijos koeficientus. Skaièiavimo trukmë  apie
6 h.
Palyginus eksperimentinius ir teorinius rezultatus paaiðkëjo
kokybinis jø sutapimas. Kad kiekybiniai rezultatai sutaptø
tiksliau, reikëtø turëti daugiau ávairiø veiksniø ribiniø sàlygø,
kintanèiø laike, bei spræsti nenuostoviàsias pernaðos lygtis.
Raktaþodþiai: hidrodinamika, skaièiuojamoji fluidø dinamika,
skaitinis modeliavimas, trimaèiai procesai, vienfaziai srautai, baseinas-auðintuvas, ðilumos mainai.
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Ðåçþìå
Ñîñòàâëåíà ìàòåìàòè÷åñêàÿ ìîäåëü äëÿ ÷èñëåííîãî
ìîäåëèðîâàíèÿ òðåõìåðíûõ ïðîöåññîâ ïåðåíîñà òåïëà â
îäíîôàçíîì ôëóèäå. Èññëåäóåòñÿ âçàèìîñâÿçü ôàêòîðîâ,
âëèÿþùèõ íà ïðîöåññû ïåðåíîñà, èõ âëèÿíèå íà òåïëîîáìåí
â íàòóðàëüíîì áàññåéíå-îõëàäèòåëå: ïåðåìåííàÿ ïëîòíîñòü
âîäû, êîíâeêòèâíî-êîíäóêòèâíûé òåïëîîáìåí, ïðÿìàÿ è
äèôôóçèîííàÿ ñîëíå÷íàÿ ðàäèàöèÿ.
Ìàòåìàòè÷åñêàÿ ìîäåëü óïðîùåíà èñêëþ÷åíèåì âðåìåííûõ ÷àñòíûõ ïðîèçâîäíûõ â óðàâíåíèÿõ ïåðåíîñà, âêëþ÷åíèåì âðåìåííîé ïåðåìåííîé â ðåëàêñàöèîííûå êîýôôèöèåíòû âíåøíåé èòåðàöèè. Â îáùåé ñëîæíîñòè ïîâðåìåííoé ïåðåìåííîé îòâîäèòñÿ îêîëî 6 ÷.
Ñðàâíåíèå òåîðåòè÷åñêèõ è ýêñïåðèìåíòàëüíûõ ðåçóëüòàòîâ ïîêàçàëî èõ êà÷åñòâåííîå ñîâïàäåíèå. Äëÿ áîëåå òî÷íîãî êîëè÷åñòâåííîãî ñîâïàäåíèÿ íåîáõîäèìî èìåòü áîëüøå
ãðàíè÷íûõ óñëîâèé, èçìåíÿþùèõñÿ âî âðåìåíè, è ðeøàòü
íåñòàöèîíàðíûå óðàâíeíèÿ ïåðåíîñà.
Êëþ÷åâûå ñëîâà: ãèäðîäèíàìèêà, âû÷èñëèòåëüíàÿ äèíàìèêà æèäêîñòåé, ÷èñëåííîå ìîäåëèðîâàíèå, òðåõìåðíûå
ïðîöåññû, îäíîôàçíûé ïîòîê, îçåðî-îõëàäèòåëü, òåïëîîáìåí.

