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ABSTRACT
This study investigates the energy exchanges
occurring in the volume and on the surface of water
ponds and their influence on energy consumption of
building. The mathematical model of water ponds is
based on coupling the thermal model of the water
pond and the airflow model of the surrounding air. It
accounts for the heat transfer by radiation,
conduction, convection and the latent heat transfer
due to water evaporation. The governing equations
are numerically solved by a finite difference method
for the thermal model and by a finite volume method
for the air flow model. The surface temperature and
the spatial profiles of temperature and moisture are
presented. The effect of the water pond on the
cooling energy consumption is discussed.

INTRODUCTION
In recent years, the microclimatic problems,
occurring in large cities, have been the subject of
detailed attention. One of the most known of them is
the urban heat island phenomenon, which consists in
increased temperature downtown compared to the
surrounding countryside (Oke 1982). The
geographical situation and the structure of the city,
i.e. regional meteorology, geometrical configuration,
building materials, vegetation, water and human
activities, have important influences on the urban
climate (Mestayer and Anquetin 1994).
An adequate urban planning can have benefits such as
thermal and visual comfort, reduction of health risks,
and energy saving for air conditioning, which finally
improve life quality (Bruse 1999). To improve urban
climate, climatologists proposed to planners more
strategies: less mineralization, more vegetation,
higher albedo by choosing less absorbing materials
and colours (Akbari et al. 1992, Givoni 1991) or
water ponds favouring the evaporative cooling. These
strategies enable us to modify the climatic impact of
urban structures.
From ancient times, evaporative cooling is one of the
most effective ways of passive cooling for buildings
and urban spaces in hot regions (Ken-Ichi 1991).
However, the effects of these actions are, to date, not

easily measurable. Although we generally agree on
their positive impact on urban climate, the
measurement and the quantification of these effects
remain delicate and limited. One important reason of
this situation is mainly the complexity of the
phenomena concerned and the difficulty of obtaining
rigorous and reliable physical models connecting the
physical parameters of the urban microclimate and
the urban factors (form, materials, space, etc.).
The purpose of this study, pursuing the work already
undertaken in a previous research (Vinet 2000), is to
develop models and tools for simulating the
phenomena in outdoor environment. In particular, we
present here the development of a numerical model of
thermal balance, which allows us to evaluate and to
study the effect of water ponds on the urban thermal
environment and energy load necessary for air
conditioning. The water ponds have influences on
temperature, moisture and radiation, implying
complex phenomena whose modelling remain
difficult.

NUMERICAL MODELLING
To express the different physicals phenomena that
occur in urban spaces, a mathematical model of water
ponds was developed. The model is based on
coupling: the thermal model of the water pond and
the airflow model of the surrounding air. Thermal
modelling is carried out with SOLENE, simulation
software of the solar and luminous radiation (Groleau
2000). Airflow modelling is achieved with FLUENT
CFD commercial code, which allows the introduction
of user-defined functions to enhance its standard
features. Moreover, it allows the definition of a nonstructured grid, which is essential for the urban
scenes modelling. We developed a procedure of
coupling it with SOLENE. The thermal boundary
conditions for the CFD code are given by SOLENE
by using the same computational grid for surfaces.
Thermal model of the water pond
The thermal model of the water pond allows us to
compute the temperature in the volume and on the
surface of the water. This model is based on energy
balance and takes into account the heat transfer by
radiation, conduction, convection and the latent heat

- 1123
1115 -

transfer due to water evaporation. It completes the
models of wall and ground already developed (Vinet
2000). The water pond model is broken down into a
number of basic components, each of which is
represented by surface and interior nodes. The
thermal balance applied in each node allows us to
establish a set of differential equations solved by
finite-difference method. The pond is modelled by
considering three layers: a first layer representing the
water, a second one corresponding to the bottom of
the pond (i.e. concrete) and a third one corresponding
to the ground (Figure 1). This last layer has a minimal
depth of one meter, which corresponds to the
reference temperature of the ground. This value of
one meter represents the depth to which the daily
temperature variations are damped (Landsberg 1981).
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Fourier law is used to express the conduction heat
transfer in each layer of the model:
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(1)

The layers of the model are divided into two parts
(Dx is the distance between two successive nodes in
the model layers). A condition of constant
temperature is imposed at the bottom of the third
layer.
Evaporation
If unsaturated air flows over the water surfaces, some
water evaporates into the air. The same air flow or
the water volume supplies the heat necessary for
evaporation, obtaining the so-called evaporative
cooling. These continuous phenomena of evaporation
of water, due to water pond and vegetation, produce
many daily climatic variations in the atmosphere. The
cooling of the air due to water evaporation is
proportional to the evaporative flow mass and is
evaluated from the relation:

Concrete

j evap = Lv × E .

(2)
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The latent heat of water vaporisation, Lv, is calculated
by (Musy and Soutter, 1991):

Lv = 2499 - 2.386 × q .

Figure 1: Thermal model of the water pond.
In the pond model, we use electrical analogy
involving capacities and thermal resistances. 1/10th
from the total capacity of the first layer, Cw, was
affected to the first node and the major part of the
layer inertia, 9/10th, was concentrated to the second
node (Figure 1), following the studies of sensitivity
carried out using the Minerve model (Neveu 1984).
For each layer of the model, we allocated the specific
solar and thermal properties.
It is assumed that the conduction heat transfer is
unidirectional and that each layer of the model is
homogeneous; we consider as well that pond is
permanently supplied with water. The heat transfer
inside the solids and the fluids is carried out by
conduction (Guyot 1996) which is modelled by
thermal resistances.
On the water surface, the specific phenomena of
evaporation are taken into account.
The temperatures of the surface and the various
elements of the pond are obtained by applying the
energy balance equation utilising, according to the
node considered, radiation, convection, conduction
and latent heat transfer.

(3)

Water evaporation depends on wind, atmospheric
stability, and air humidity. If only a specific humidity
is known at the reference level, water evaporation can
be estimated by a bulk formula assuming that the air
near the water surface is saturated at the water
temperature and the evaporative flux is (Brutsaert
1982):

E = r a C e (q s - q a ) u = C e (d vs - d va ) u .

(4)

The density of the moist air is (Brutsaert 1982):

ra =

p
Rd Ta

æ 0.378 pv
çç1 p
è

ö
÷÷ .
ø

(5)

Specific humidity, q, expressed in terms of
atmospheric and partial pressure is equal to:
q=

e × pv
.
p - (1 - e ) pv

(6)

If we take into account the large difference between
the atmospheric pressure and the partial pressure of
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the water vapour, we can use the following relation to
determine the specific humidity:
q =e

pv
p
; q sat = e vsat .
p
p

(7)

The saturating vapour pressure of water over a liquid
surface, pvsat (mb), increases with temperature, t, and
according to Bolton (Jacobson 1999) is defined as:

p l2

Aj

n

åe

Sw FSw , j s

.

(12)

(T

4
Sw

)

- TSj4 .

(13)

Long-wave radiative exchanges between water
surface and the sky are computed using sky view
factor, FSw, sky:

(

Finally, the evaporation flow mass, E, is:
(10)

)

(14)

The radiation of the sky, La, is calculated with the
following formula, according to Monteith and
Unsworth (1991):

La = 5.5Ta + 213 .

Radiation heat transfer
The modelling of radiation heat transfer in the urban
scene is divided in two terms: one of them
corresponds to the solar band (short-wave radiation)
and the other corresponds to the thermal infrared
band (long-wave or terrestrial radiation). Global solar
contribution is first computed for each element of the
water surface as a sum of the direct, diffuse and
reflected irradiances under clear sky conditions. After
that, this contribution is used to initialise a
progressive refinement algorithm (Miguet et al.,
1996) which treats the multiple reflections between
surfaces of the urban scene (wall of building, ground,
water pond) in order to obtain the net solar radiation
flux. This procedure makes it possible to determine
the radiosity, in each node of the surface grid
(Antoine 1997):
n

j

Ai

4
j sky = FSw, sky se SwTSw
- La .

(9)

e
( pvsat (t Sw ) - HR × pvsat (t a )) u .
p

ò ò

Long-wave radiative exchanges, jLW , between water
surface and all facets of the urban scene and the sky
are computed by using the surfaces view factor
distribution, FSw,j:

(8)

p va (t a ) = HR × p vsat (t a ) .

åJ

Ai

cos q i cos q j dAi dA j

j =1

Water vapour pressure in the air, a function of
relative humidity, HR, is equal to:

J i = J 0i + r i

1

j LW =

æ 17.67 t ö
pvsat (t ) = 6.112 expç
÷.
è t + 243.5 ø

E = r a Ce

Fij =

× Fij ,

(11)

(15)

In the water pond model, we have not taken into
account the possible reflections inside the water
body.
Energy balance of water pond

In the preceding stages, we explained the terms
involved in the energy balance. Now, we apply the
equation of heat balance to each of the model nodes
(Figure 1):

dTSw
= aj sol - j cond - j conv - j evap - j LW - j sky .
dt
(16)
The energy balance applied to the surface node,
gives:
Cw

C w dTSw
= a × j sol - j LW - j sky
10 dt

j =1

- j conv - j evap
2

where Ji is the radiosity of element i (W/m ), J0i the
density of energy emitted by element i (W/m2), ri its
reflectivity (fraction of incident energy reflected in
the environment), n the number of elementary
surfaces, dAi of the environment, and Fij the view
factor between element i and the element j (fraction
of energy leaving the element i and which reaches the
element j):

(

1
TSw - Tw
R1

)

(17)

The energy balance applied to an interior node, for
example to the water layer, gives:

(

)

(

)

9C w dTw
1
1
=
TSw - Tw Tw - Tsi1 .
10 dt
R1
R2

(18)

The energy balance applied to the surface node of the
layers, for example to the concrete surface, gives:
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(19)

We
adopted
an
implicit
finite-difference
approximation to solve the system of differential
equations.

CFD model

In the pond model, we take into account the air flow
near the water surface by considering that the water
vapour in the air has the specific humidity qa, the
pressure pva, and that the initial temperature of the air
TMS, given by Weather Service. As a result of the
water evaporation, the air flowing over the water
surface may be considered to be saturated at a
temperature equal to water temperature. There is
simultaneously a heat transfer due to the temperature
variation between water and air, and a mass transfer
due to the gradient of the specific humidity of water
vapour in the air. Latent heat transfer necessary for
evaporation accompanies this mass transfer.
Computational Fluid Dynamics (CFD), based on the
solution of continuity, energy, Navier-Stokes
equations, conservation of a chemical species, k-e
standard model of turbulence and under the
Boussinesq hypothesis, can provide the air speed,
temperatures and species fields. The boundary
conditions are a logarithmic law profile for the
incoming wind, derived from meteorological
conditions and site location. The water surface
temperature, computed with SOLENE software, is
used as boundary condition for energy equation
solved with FLUENT CFD code and wall law for the
ground. Finally, air specific humidity for the
surrounding air and for the water surface is used for
species conservation.
The continuity equation is:
Ñ × (ru ) = 0 .

(20)

The momentum equation is:
¶u
1
+ (u × Ñ )u = - Ñp + n Ñ 2 u + b T g .
¶t
r

(21)

The energy equation, expressed in terms of enthalpy:
¶h
+ (u × Ñ )h = Dt Ñ × (Ñh ) .
¶t

(22)

The conservation of a chemical species is:
¶q
+ (v × Ñ )q = Dq Ñ × (Ñq ) .
¶t

Methodology for coupling the models

Our numerical model is thus based on coupling the
simulation of the solar and thermal radiation and the
simulation of air flow. By synthesising what we
described above, the computation algorithm is as
follows (Figure 2). After the initial computation of
the radiosity in the solar band, the surface
temperatures are initialised. Afterwards, these are
used to evaluate radiosity in the long-wave radiation
band. The values of radiosity thus obtained are
introduced into the energy balance equation, which
allows us the recalculation of temperatures; these new
temperatures return and modify the radiosities.
Solar radiosity
Initialization TS
Radiosity GLO

CFD model

Energy balance
News TS

TS boundary limits
CFD modelling

Test

maxçTs(i+1)-Ts(i)ç<DTmax NO

YES
jsol, jGLO, jevap, Ts

Modify solution
parameters or grid
Convergence test
YES
Accuracy test

Thermal model

NO

NO

YES
jconv, v, Ta, …

Figure 2: Pond model algorithm; models coupling.

The iterative computation process depends on the
stop criterion whose desired precision is fixed by the
user. At the end of the iterations, the temperatures of
surfaces, solar net flows, infrared flows and the latent
heat flow are known for each element of the urban
scene (Figure 2).
At each simulation time t, the surface temperatures,
computed by using the energy balance with the
SOLENE software, are introduced into the CFD
simulation, carried out with FLUENT code, like
boundary conditions (temperature imposed on the
wall). The modelling of flow makes it possible to
obtain convective flows near the walls. These are
then reintroduced in the heat balance established with
SOLENE (Figure 2). This iterative procedure
continues until the fixed criterion of convergence is
reached.

(23)
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Degree-Days, energy estimation

Table 1
Layers thickness of the models

The reduction of the outdoor air temperature due to
the presence of the water ponds improves the outdoor
air comfort and reduces the energy consumption for
cooling. The estimation of the energy consumption
reduction can be done by using the degree-day
method.
Degree day values are valuable to analyse the impact
of regional climate modification on energy need for
heating and cooling of buildings. In this study, we
analyse the amelioration of cooling energy load by
using water pond surface. Cooling degree days are
based on the day's average minus the balance point
temperature that is 18.3°C (ASHRAE 1993). They
relate the daily temperature to the energy demands
for air conditioning.
If daily average values of outdoor temperature are
used, the degree-days for cooling DDC(tb) are
obtained as (ASHRAE 1993):
DDC (t b ) = 1day

å (t

0

- tb ) .

(24)

days

Cooling energy consumption using degree-days is
expressed as:

WATER POND

LAYERS

GROUND

MODEL

Water
Concrete
Asphalt
Ground

0.5m
0.2m
1m

MODEL

0.2m
1m

The solar and thermal properties specific to materials
of each layer, are given in Table 2.
Table 2
Solar and thermal properties of materials
PROPRIETIES

WATER

a
a
eS
l (W/mK)
r (kg/m3)
cp (J/kgK)

0.7
0.3
0.9
0.58
1000
4200

CONCRET

0.7
0.3
0.9
0.9
2300
960

ASPHALT

0.9
0.1
0.95
0.75
2110
920

GROUND

0.25
1600
890

The temperatures of water and asphalt surfaces,
computed with the thermal model implemented in
SOLENE software are presented in Figure 3.

QC =

K tot
DDC (tb ) .
h

(25)

APPLICATION OF WATER POND
MODEL
The presence of the water pond improves the urban
thermal environment in summer by cooling the air.
Evaporation is always associated to the heat transfer
necessary for this vaporization and coming either
from the liquid, or from the air. The wind has an
essential role on the process; it replaces the air
saturated by drier air in the vicinity of water surface.
To illustrate our reasoning, we present comparative
results obtained for a water surface and an asphalt
surface. We determined the surface temperature of a
water pond by applying the model of the water pond
and that of the asphalt surface by applying the model
of the ground. In this first approach, we considered
that near the asphalt or water surface there is no
building. Simulations were carried out for June 29 in
conditions of clear sky for the town of Bucharest with
weather data obtained with the Meteonorm software
(Remund et al. 1999).
The considered surface has a length of 4m and a
width of 4m. The thicknesses of constituent layers of
the models are given in Table 1.

Temperature [°C]

80

tSw
tSw
tSasph
tasph

70
60
50
40
30
20
10
0
6

8

10

12 14 16
Time [hour]

18

20

Figure 3: Water, asphalt surfaces temperatures.
These simulation results show that there are large
differences between surface temperature of water and
asphalt. This difference is from 4°C at 6h to 25°C at
13h when the maximum value of surface temperature
are recorded, i.e. 33.2°C for water surface and 58.3°C
for asphalt surface. This difference is due to water
evaporation, with a latent heat flow from 115 Wm-2 at
6h to 431 Wm-2 at 14h, as well as due to materials
properties of the two surfaces, water and asphalts.
The asphalte surface being quite dark, absorptivity
equal to 0.9 (Table 2), it absorbs more solar radiation
than the water surface, which absorptivity equals 0.7.
Initial and boundary condition for the CFD code
Initial field values within the computation domain are
chosen to hasten convergence. The initial wind speed
is uniform U0=5 m s-1.
The boundary conditions for computation domain are
illustrated in Figure 4.
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Temperature [K]

Inlet boundary conditions
Inlet logarithmic wind profiles are chosen to simulate
air flow over a surface with a roughness length
assumed for ground surface of y0=5 cm. The value of
the wind speed at 10 m height is obtained from
Meteonorm (Remund et al. 1999).
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Figure 5: Air temperature near the water and asphalt
surface for different x value.
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Wall boundary condition
For the wall_1 boundary conditions, corresponding to
the ground surface, we assume that the walls are
adiabatic.
The wall_2 boundary conditions correspond to the
water or asphalt surfaces. Temperature values for
these two surfaces are obtained with SOLENE
software by applying thermal model described
beforehand. In the presence of water evaporation, a
boundary condition in the case of water surface is
required for vapour mass transport. This boundary
condition is given by:
q = q s (TSw ) .
The mass vapour transport equation 23 and energy
equation 22 are coupled by means of boundary
conditions.

The air temperature near the water or asphalt surface
is represented in Figure 5 for different horizontal
distances x, equal to 50 m, 52 m and 54 m. As
expected, the air which flows near the asphalt surface
has a higher temperature that the air which flows near
water surface (Figure 5). Convective flow takes place
due to temperature difference between air and water
or asphalt surface. The value calculated for
convective heat flux is 226 W for water surface and
1238 W for asphalt surface.
Figure 6 shows the molar water vapour evolution near
the water surface.

Molar water vapour
fraction*10^5

e in =

0,4

320

Figure 4: Dimensions and boundary conditions of
domain considered.

k in ( y ) =

0,2
0,3
y [m ]

Different profiles of temperature and water vapour
fraction are presented at 13h in Figure 5 and Figure 6.
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Figure 6: Molar water vapour fraction near the
water surface.

The presence of the water pond reduces air
temperature by water evaporation. The estimation of
this energy reduction is difficult to quantify. It
depends on the ratio between the water surface and
the urban surface, the geometry and materials of
buildings, and the dominant winds. The model
developed in this paper may be used to quantify the
reduction of the energy consumption due to water
surfaces in a given situation, e.g. a town square with
buildings around a water pond. In the following
investigations, we will take into account other sources
of vapour which are present in particular at the level
of the ground and vegetation surfaces. The final
objective is to evaluate the total impact of the various
sources of moisture on comfort in town and on the
energy consumption of the buildings.

CONCLUSIONS
The physical phenomena, which take place in urban
environment, can be modelled by the equations of
radiation, conduction, convection to which we can
associate an equation for evaporation. We presented a
method of coupling these equations modelled in
SOLENE and FLUENT software, which allows us to
solve them. SOLENE calculates the surface
temperatures of the elements of the model by taking
into account the radiative, conductive and convective
heat flow like those due to evaporation.
The surface temperatures, thus determined, are taken
again for the calculation of convectif transfer in
FLUENT software. FLUENT calculates the speed
and pressure fields of the air and, in addition, it
allows us to introduce species conservation
equations. Convective flows are reintroduced in
SOLENE in the energy balance equation and the
iteration continues until obtaining a negligible
variation of the temperature of surface between two
steps of calculation. Then, the energy reduction can
be estimated by using the degree hour method.
Although this method is approximate, it has the
advantage that the detailed energy calculations for
buildings are not needed. This is particularly
interesting for urban planning.
This procedure will be used in real cases in order to
evaluate the robustness and the validity of the model.
The finalised model will make it possible to measure
the microclimatic impact of urban development plans
as well as the level of comfort and the energy
consummation of the buildings affected by these
plans.
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NOMENCLATURE
a
C
Cm
Ce
DDC
Dq
Dt
dv
E
g
HR
k

Albedo (-)
Thermal capacity (J K-1)
Empirical constant, Cm=0.09 (-)
Evaporative heat transfer coefficient (Dalton
number), Ce =1.5 10-3 (-)
Cooling degree day (K)
Mass diffusivity (m2 s-1)
Thermal diffusivity (m2 s-1)
Absolute humidity (vapour density) (kg m-³)
Evaporating mass flux (Kg m-2 K-1)
Gravity acceleration (m2 s-1)
Relative humidity (-)
Turbulent energy (m2 s-2)

Ktot
p
pv
q
QC
R
Rd
S
T
u

Total heat loss coefficient of the building
(W K-1)
Atmospheric pressure (mb)
Partial pressure of water vapour (mb)
Specific humidity (kg kg-1)
Cooling energy (W)
Thermal resistance (K W-1)
Specific gas constant for dry air (J kg-1 K-1)
Surface (m2)
Temperature (K)
Wind speed (m s-1)

Greek symbols
n
Kinematic viscosity of air (m2 s-1)
e
Ratio of the mean molecular weight of water
to the mean molecular weight of dry air
(0.62197) (-)
a
Absorptivity (-)
e
Dissipation rate of k (m2 s-3)
j
Flux density (W m-2)
q
Temperature (°C)
l
Thermal conductivity (W m-1 K-1)
b
Thermal expansion coefficient (K-1)
η
Efficiency of the cooling system (-)
eS
Emissivity of external surface (-)
ra
Density of the moist air at 10 meters (kg m-3)
s
Stefan-Boltzmann constant (W m-2 K-4)
Subscripts
a
Air
asph Asphalt
b
Balance
c
Contrite
cond Conduction
conv Convection
evap Evaporation
g
Ground
i
Interior
LW Long wave
ref
Reference
s
Saturation
S
Surface
sol
Solar
w
Water
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