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ABSTRACT

The prediction of aguaculture pond temperatures throughout the year
is essentid to the dedgn and evduation of potentid agueculture Stes. An
energy baance was developed for earthen aguaculture ponds to 1) determine
the relative importance of energy transfer mechanisms affecting pond
temperature; 2) predict pond temperatures, and 3) edimate the energy
required to control pond temperatures. A computer program was developed
to solve the energy balance using weather and pond temperature data.

Initid gmulaiors for aguaculture pond vdidated the modd’s ability
to predict pond temperature changes.

The dominant energy transfer mechanisms for ponds were solar
radiation, pond radiation and longwave sky radiation.

Findly, management and design quedtions about the warm water
aquaculture ponds, such as the pond temperature throughout an average
weether year, the amount of energy needed to maintain the pond temperature
congtant and the amount of energy required to warm a pond from 10 to 28°C,
were answered by additiond smulations.
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1. INTRODUCTION
Waer temperature is a criticd waer qudity paameter in

aquaculture. Because fish are ectothermic animds, temperature affects ther
biology in many ways:

Survival. Certain  species ae sendtive to  water  temperature.
Oreochromis mossambicus died a 13°C and Oreochromis niloticus
died a 7°C (Avault and Shedl, 1968). In one study, shrimp (Penaeus
vannamei) were successfully overwintered in ponds benefiting from
wam water power plant effluent (6.9°C warmer than the ambient
water temperature).

» Growth rate. The growth rate of aguatic species is normdly a function

of temperature. There are many examples of species that grow fastest
within an optimum temperature range. For ingtance, dthough
ranbow trout (Oncorhynchus mykiss) can be grown a temperatures
between 16 and 18°C, it is peferable to grow this specie a 13-15°C
(Davis, 1961). The eastern oysters (Crassostrea virginica), another
example, grows to market Sze within 2 years in the warm waters of
the Gulf of Mexico. Conversdly, the same species can take 5 years to
grow off the Eastern Seaboard. (Gatsoff, 1964).

» Spawning (Lang et a., 2003). In many temperate and polar fish species,

water temperature plays a role in triggering spawning (Bye, 1984).
Ranbow trout, for example, spawned in December (the normd
spawning season is between March and April) when they were kept
in 10°C water ingead of 2°C water. Red drum (Sciaenops ocellatus)
spawns in the fdl when the water is between 24 and 28°C (Arnold,
1988).

* Fish hedth. The hedth of aguatic species is linked to environmentd

dress. Extreme water temperature is one factor that can weaken fish,
making them susceptible to infectious diseases (Avault, 1996).
Furthermore, pathogens may thrive within a given temperature range.
White spot disease, dso known as Ich (chthyophthiris multifiliis), is
a protozoan finfish disease that can spread when temperatures are



between 21 and 24°C. The disease, however, resolves in warmer

waters (Avault, 1996).

Water temperature can aso affect management practices. Oxygen is
less soluble in warm water than it is in cool waer (Lawson, 1995).
Consequently, agueculturists pay Specid  attention to dissolved oxygen
concentrations during warm summer nights. The efficient use chemicds such
as herbicides are also dependent on the water temperature (Avault, 1996).
For these reasons, it is in the farmer's interest to control the water
temperature.

Dynamic gmulaton is regaded as one of the most powerful
goproaches to undergtand the interactions of a complex system (Cuenco,
1989). Pond temperature has been modded by severd authors (Klemetson
and Rogers, 1985; Cathcart and Wheaton, 1987; Losordo and Piedrahita,
1991; Zhu et d., 1998). Moded was developed by Klemetson and Rogers
(1985) for predicting aguecultural pond temperatures throughout the year.
Assuming completely artight conditions (no wind and 100% rdative
humidity) over the pond surface, the modd aso dlowed the comparison of
heat loss reduction for ponds covered by glasshouses, plagtic films, etc. In
addition, a few studies have been reported in the literature on the basin solar
dills, which are used to produce fresh water from brackish water (Mowla
and Kaimi, 1995; Shawagfeh and Farid, 1995; Sartori, 1996). The Hills are
somewhat smilar to the pond in heat and water vapor transfers, but the water
depth in the bagnisusudly lower than 0.05 m.

The man objective of the current work is to deveop a smulation
moded for aguaculture pond heat baance. A review of the theory pertaining
to energy trandfer mechaniams dlowed for the development of a differentid
equation describing energy trandfer and temperature changes in aguaculture
ponds. To solve this, a computer program was devel oped.



2. MODEL DEVELOPMENT:
The theory used to devdop an energy baance for outdoor
aquaculture pondsiis presented as follow:
The changes in pond temperature are caused in part by:
- theabsorption of solar radiation by the water,
- the exchange of heat with the oil, primarily due to
conduction,
- heat exchange with the air, due to convection, evaporation
and back radiation,
- the bulk movement of water (and thus the bulk transport
of energy) across the control system boundary.
Figure (1) schematicdly represents the energy transfer described by the
following mathematicd expresson:
%iwd = Eggiar = Erefiected = Bvack T By = Eevap £ Econy T Eceg 1)
+ Ein - Edrain + Erain - Eseep * Eother
where E isthetotd energy (kJ) a any given time (t) in the pond,
Esolar iStherate of energy gained by the pond by radiation,
Eefiected ISthe rate of energy loss by the pond by radiation,
Epack iSthe rate of heat loss due to back radiation,
Esy istherate of energy gained by long wave radiation from the sky,
Eevap iStherate of heat lost through the evaporation of water,
Econv isthe rate of heet exchange with the air by convection,
Esq isthe rate of heat exchange with the sediment,
Ein istherate of bulk energy gain from the warm water well,
Edrain isthe rate of bulk energy lost to the overflow of water,
Erain istherate of bulk energy gain dueto rainfal,
Eseep isthe rate of bulk energy loss through seepage, and
Eother iIStherate of energy transfer from or to other sources.



The temperature of water at timet can be calculated as:
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where T is the temperature of water volume N at timet (K),
To is the temperature of water volumen at time t=0 (K),
E:.1 isthe heat gored in water volumen at timet-1 (kJ),
r wisthe density of water (kg m),
Cpw is the specific hest of water at constant pressure (kJkg* K™),
n is the volume of water (n7), and
Apond is the pond area ().
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In the model simulation, the calculation of temperature is based on
the net change of heat from time zero of the smulation. At the beginning of
the simulation, the initial temperature of water is input to the model and the
accumulated heat content of the water is set to zero (i.e., Ep = 0). With each
time step, the solution procedure for the heat balance equation updates the
estimate of E and the temperature is caculated using equation 2. The
implementation and experimentation of the temperature model is explained
in more detail in Ali (2006).



2.1. Heat Transfer through Radiation (Esoar, Erefiecteds Ebackrads Esky)
For outdoor aguaculture ponds, two types of radiation must be
considered: short wave and long wave radiation.

2.1.1. Shortwave Radiation (Esolar, Ereflected)-

Solar Radiation (Esolar)-

Radiation emitted by the sun travels through the vacuum of space
unatered. Holman, 1997 ligs the percentage of energy associated with
certain bandwidths of solar radiation emitted from a blackbody at 5800K .

To determine the amount of incoming extraterrestrial rediation, the
following equations can be used:
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where Esar isthe rate of energy gained by the pond by radiation (kW m?),
? isa“cdearness’ factor (1 on clear days, 0.2 on cloudy days),
S isthe solar constant (1.353 kW m2),
D isthe distance from the Earth to the sun (km),
Do isthe mean distance from the Earth to the sun, 1.496" 108 km,
?, isthe solar zenith angle,
t isthe day angle (radians), and
n isthe day of the year (on January 1st, n=1).

The solar zenith (?,) is the angle formed by the pond norma and
direct incident beam radiation and this angle varies with the time of day, the
time of year and the geographicd podtion of the pond. The solar zenith is
given by thefollowing equation (ASHRAE, 1998).
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where f isthe pond'slatitude (postive for North) (degrees),
d isthe solar declination (degrees)
? isthe hour angle (degrees)
? time ISthe solar time (degrees)
LST islocd standard time
L nt isthe longitude of the standard time meridian (degrees)
Lng isthe longitude of the pond (degrees)

Upon entering the Earth’'s atmosphere, the properties of this radiation
change. Direct beam radiation, defined as solar radiation whose path has
been unatered by amospheric scattering, changes intendty as amospheric
gases, such as ozone, water vapor and CO», absorb specific waveength
bands of radiaion. For ingance, it is wel known that the ozone layer
absorbs UV light. Water vapor and CO, absorb infrared radiation
(Kondratyev, 1969). Solar radiation which has changed direction due to
scatering is cdled diffuse radiation. Diffuse radiation is aso absorbed by
aimospheric gases (probably more so due to increased traveling distance).
Diffuse radiation, athough it comes from al directions, can be conddered as
beam radiation incident to the Earth's surface a 60° (Duffie and Beckman,
1980). The solar radiation spectrum was measured by Threlkeld and Jordan
(1958).

Solar Reflected (Ereflected)-

The reflectivity of solar radiation varies with the angle of incidence
of the incoming radiation, the characteristics of the water surface, the local
atmospheric conditions, and the topography of the surrounding region
(Laska 1981; Wetzel, 1983).

Ereflected = Esolar” R (10)
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where Eeiected iSthe rate of energy lost by the pond by radiation (KW mi?),
R isthe fraction of reflected radiation.

Usng Fresnd’s Law, and assuming the water surface is smooth, the
fraction of reflected radiaion (R) is
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where ?,isthe zenith angle, and
water 1Sthe refracted angle of the beam

Using Sndl’s Law, one can determine refraction angle.

Nair SIN?2 = Nyater SIN2ater (12)
where nyr istheindex of refraction of ar (»1), and

Nwater 1S the index of refraction of water (1.33 in the visble

Spectrum).

Once radiation penetrates the water surface, it is ether absorbed or
scattered.

The absorption of light in pure water has been dudied extensvely
(Irvine and Pollack, 1968; Kondratyev, 1969; Hale and Querry, 1973; Rabl
and Nidsen, 1975; Tdlingiris, 1991). For shortwave radiation, water is not a
grey body and, as a reault, its absorbance varies with the wavelength of the
incident radiation. Water poorly absorbs radiation in the ultrarviolet and
vighle spectrums while being an excdlent absorber of infrared radiation,
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epecidly above 1200 nm. Kondratyev (1969) tabulated the penetration
depth of solar radiation through various thicknesses of water. Most of the
solar radiation in the near infrared spectrum is absorbed within the firg
centimeter of depth. Rabl and Nidsen (1975) determined that the radiaion
associated with wavelengths greater than 1200 nm represented 22.4% of the
totd incident radiation and this radiation was totally absorbed in this upper
water boundary layer.

Light entering the pond is aso scattered by the various suspended
paticles. The scattering particles, however, are assumed not to absorb
energy (Tglingins, 1991). Rather, they redirect radiation throughout the
water, lengthening the path length of the radiaion, dlowing for further
absorption. Because clay paticles with a maximum diameter of 2mm, may
be suspended in the pond (Kadlec and Knight, 1996), and because these
paticles are larger than the radiation wavdength (I <1.0mm), a combination
of both macroscopic and Mie scattering occurs (Siegel and Howell, 1981).
Mie scatering is difficult to predict so gpproximating dl scattering as
macroscopic scattering is necessary, athough not totally accurate (Wang and
Y aggobi, 1994; Guo and Kles, 1997).

Additiondly, light is absorbed by chlorophyll a present in dgae and
other photo-autotrophic  organisms. Light absorbed by chlorophyll is
converted into chemical energy (carbon bonds in sugar) and will not be
absorbed by the water. Consequently, this energy should not be accounted
for in the heat balance.

The absorption coefficient of natura water bodies has been studied
by Kirk (1980) in the vishle spectrum. For the specific bodies of water he
sudied, the absorption coefficient (for light with | = 440 nm) per unit of
suspended solid particle density ranged from 0.93x10* n? mg! to 1.07° 10
m mg.

Nontattenuated light will dtrike the pond floor, made up of organic
materia, mud and clay. Pat of the light will be absorbed while the
remainder of the light will be reflected. The abedo (the ratio of reflected to
incident light) for moigt gray soil is 0.10-0.12 and for moist black soil, 0.08
(Holman, 1997). Therefore, very little light will be reflected back into the
pond.



2.1.2. Longwave Radiation (Epack, Esky)
Pond Back radiation (Epack)
The range of waveengths emitted from a pond a 28°C spans from
about 4.8 to 74mm. This leads to three conclusions:
- There is no exchange of radiation within the body of
water (Rabl and Nielsen, 1975).
- Pond back radiation is a surface phenomenon.
- Thepond can be treated as a grey body.
Noting that the emissvity of water is 0.96 (Segd and Howdl, 1981;
Kondratyev, 1969), the rate of heat loss due to pond back radiation is.
Epack = 0.96 S (Tpona)” (13)
where Epack isthe rate of heat exchanged due to back radiation (KW mi?),
s is the Stefan+ Boltzmann congtant (5.67 x 101 kw m? K™, and
Tpond isthe temperature of the pond (K).

Sky Radiation (Esky)

Longwave sky radiation can be seen as the emisson of radiaion
from two amospheric gases water vapour and carbon dioxide, both of
which are generdly opague to the longwave radiaion emitted by the Earth
(Bliss 1961; Kondratyev, 1969). The gpparent emissvity of these gases
from the Earth’'s surface is strongly related to the totd precipitable water in
the amosphere (i.e. the more water vgpour in the ar, the greater the
absorbance and emittance power of this gas).

Sy radigion (Atmospheric radiation) is due primaily to the
emisson of absorbed solar radiation by water vapor, carbon dioxide, and
ozone in the amosphere (WRE, 1968). Because the emisson spectrum of
the amosphere is highly irregular, the precise andyticd description of
amospheric radiaion is unfeasble and empirica reaions are used (Octavio
et a., 1977). The amount of long wave radiation penetrating the water
surface is cdled the net amospheric radiation and can be caculated for clear
skies as (Octavio et d., 1977):

Esy=097 e (Tair)* (14)
where Egy isthe long wave radiation from the sky (kW m?),
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Tair absolute air temperature 2 m above the water surface (K), and
e average emittance of the atmosphere (dimensionless).
The average emittance of the atmosphere can be calculated as:

e=0.398 x 10°° (T4)***® (15)

The presence of clouds can increase the amospheric radiation due to
diffuse reflection from the clouds. Although this effect can be accounted for
mathematicaly, the presence of cloud cover cannot be predicted or
monitored easly for use in short-tem Smulation and was neglected in this
modd.

2.2. Heat Transfer by Convection (Econy)
Heat trandferred through convection can be cadculated using
Newton’s Law of cooling:
Econv = h(Tsurface - Tﬂuid) (16)
where Econy istherate of heat transferred by convection (kW mi?),
h isthe heat transfer coefficient (kW m2 K1),
T surface IS the temperature of the surface (K), and
Thuid 1S the temperature of the fluid (K).
For ponds, convection occurs in two places, the soil-water interface
and the water-air interface.
Nussat number (Nu) corrdations are traditiondly used to predict a
heat transfer coefficient, depending on:
- the geometry of the surface.
- the properties of the cooling fluid
- the velocity a which the cooling fluid is moving
However, no Nussdt number correations were found in the literature
for bodies of water cooled or heated by the ambient air. For the case when
there is no wind (i.e. free convection), the fla plate Nussdt number
corrdlations might be valid because there are no waves on the water surface,
and the gpproximation that the water surface is a flat plate might suffidently
precise.
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The Nussdt number, a dimensonless number, is the ratio between
the rate of convection to the rate of conduction in a fluid. Numericaly, the

Nusselt number (Nu) isrelated to the heat transfer coefficient by:
hL,

Nu = (17)
where L. isthe characterigtic length of the surface (m), and
kair isthe therma condudtivity of the air (kW mi*K™).
Kar = (1L.52E-11" Ty - 4.86E-08 Tair 2

+ 1.02E-04" Tair - 3.93E-04)/1000 (18)
. = Ar—ea (19)
Perimeter

For the case of free convective surfaces, the Nussdt number is
related to another dimengonless number, the Rayleigh number (Ra), through
empirica correations The Rayleigh number is

- . 3
F@. — gb (Twater Talr)Lc (20)
aairnair
aar=kar /1 Cp (21)

where gisthegravitationa acceleration (9.81 ms?),
b isthe coefficient of therma expansion (K™),
Twater 1S the temperature of water (K),
a air isthe thermdl diffusivity of the air (m? s2),
Nair isthe kinematic viscosity of theair (n? s%),
r isthear densty (kgm®), and
Cp is the specific heat of air a congtant pressure (kJ kgt K™).

r =360.77819" Ty, 0% (22)
Cp=1.93E-10° Ty *-7.99E-07 T, >
+1.14E-03 Ty 2-4.49E-01° T, +1.06E+03 (23

Edtimates for the case of a fla horizontd plate where the plate (in
this case, the water) is warmer than the cooling fluid (in this case, the air)

have devel oped the following empirica rdaionship (Holman, 1997):
Nu = 0.54 Ra** if Ra is between 10" and 10’

Nu = 0.15 Ra/? if Ra. is between 10 and 10
If the plate is cooler than the fluid, and Ra is between 10° and 10'°, then
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Nu=0.54 Fh%

For cases where wind is present (i.e. forced convection), different flat
plate relationships could be used but vdidity is unteted. Under windy
conditions, the pond surface is no longer flat because of waves. However, in
the disence of any other rdaionship, the following Nussdt number
relaionship for mixed laminar and turbulent flow regions (for 5 °
10°<Re<10°) can be used (Holman, 1997):

Nu = (0.037 Re¥*- 871) Pr¥® (24)
where Re isthe Reynold's number, and

Pr isthe Prandtl number.

The previous equetion is vdid for Prandtl numbers between 0.6 to
60. The Reynold's number, Re, is a dimensonless number representing the
ratio of inertia to viscous forces in the boundary layer of the fluid. It can be
cdculated asfollows:

Re:Vair' X
n

(29)
where V 4 isthe velocity of thear (ms?), and
x isthe length in the direction of wind flow.

The Prandtl number, Pr, is a dimensonless number representing the
ratio of the ability of a fluid to diffuse momentum to that of heet. It can be

cdculated asfollows:
pr=" (26)
a
where n isthe kinematic viscosity of the fluid (n? s%), and
a isthethermd diffusvity of thefluid (n? s%).
Alternately, the heat transfer coefficient can be assumed condant, as
was done by Singh et d. (1994). The heat trandfer coefficient was fixed a

0.0175 kW mi? K1 in this modd.

2.3. Heat Transfer through Conduction (Eseq)

The conduction of heat across the bottom boundary of ponds has
been consdered of minor importance to the heat bdance and has been
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largely ignored by modders (Cathcart, 1987). However, Cathcart (1987)
suggested the magnitude of the measured temperature gradient between the
bottom water and sediment in an experimental pond indicated the sediment
may act as a heat Snk during the spring monitoring period.

Cathcart (1987) hypothesized that eror in his modds' temperature
prediction may have been the result of the sediment acting as a heat Snk in
the soring and heat source in the fal. Hull et a., (1984) determined heet loss
to the ground in a 400 nt experimental solar pond was considerably higher
than anticipated. Hull et a. (1984) noted the ‘effective’ thermd
conductivity vaue of 0.7 10° kW m'! K cdculated from the heat loss
study was higher than most published vaues for moist clay soil.

An equdion to smulate the heat exchange with the pond sediments
was included in the temperature model because of the findings of the studies
mentioned above. The heat exchange was smulated with the assumption that
the pond had a layer of sediment (adjacent to the bottom water column
volume dement) that was 20 cm in depth and of approximatdy the density
of water. The conduction of heat between the bottom water volume eement
and the sediment volume eement was calculated as:

Esed = Keed (Thot —T sed)/DZ (27)
where Egq iS the rate of heat trandfer between the bottom volume eement

and the sediment volume dement (kW m2),

ksea therma conductivity coefficient for the sediment (»0.7° 103 kw

m! K7,

Thot temperature of the bottom volume dement (K),

T s temperature of the sediment volume dement (K), and

Dz distance between the centers of the volume dements (»0.1 m).

Because sediment heat exchange is often considered to be negligible,
a high value for the thermal conductivity coefficient the sediment and earth
was used. The resulting heat loss could be considered to be a conservatively
high estimate and was used to determine the significance of the hesat loss to
the sediment.
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2.4. Energy Associated with Movements of Water.
2.4.1 Latent Heat L 0SS (Eevap)

The process of evaporation requires a lage amount of energy.
Eveporation heat losses (Eevap) are caculated usng the following set of
equations (Anonymous, 1992):

Eoap = mévaphfg =Q,r whfg (28)

hy, =(2,502,535.259 - 212.56384 (T, - 273))/1000 (29)

water
where Eeyqp isthe rate of heat lost through the evaporation (KW mi?),
M, iSthe rate of evaporation (kg s™),
hyg isthe latent heat of vaporization (kJkg™), and
Qe isthe water lost to evaporation (nT° s2).

Alternately, the following equation can be used to estimate the rate of
evaporation (Piedrahita, 1991):

Q. =2241"10% V, (e,- €,) (30)
where V. isthewind velocity 2 meters above the pond surface (ms?),

& is the saturated vapor pressure (Pa), and

e, isthe air vapor pressure (Pa).
52710, ag/60mmHg §

>
6. = 25.374" Exppl7.62- 252 : 31
s pél T . & &101300Pa g (31)
- 2716 Ho &
e, =RH’ 25374° Expgl?.GZ- P20 E0MMAgY gy
T. & §101300Pa g

where RH isthe Reative Humidity (%).

2.4.2 Bulk Energy Transport in Liquid Water (Ein, Edrain, Erain, Eseepage)
Because the liquid water entering or leaving the control volume aso
has internd energy, movement of liquid water across the system boundary
represents gans or losses of energy. The rae of bulk energy moved across
the system boundary can be caculated with the following equation:
E =mC,T,ua (33)

where m' isthe mass flow rate of water into (or out of) the system, and
C, isthe specific heat of water.
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When considering seepage, energy losses may be assumed smal with
respect to other heat trander mechanisms because of the smadl infiltration
flow rae. To vdidae this assumption, consder Darcy’s Equation, which
states that the rate of seepage (Mygyaqe) IS

m.seepage = khydi (34)
where knyq is the hydraulic conductivity (ms™?), and
I isthe hydraulic gradient (dimensionless).

For saturated clays, knya can vary from 102 to 10® ms™* (Carbeneau,
2000) and i = 0.01 (Cedergren, 1966). Therefore, for every square meter of
pond area, 10%° to 10°%° n?® s of water are lost. As a result, it was assumed
that water infiltration, being so amdl, is negligible in the transport of energy
(i.e. Eseepage= 0). For ided conditions, this may not be true in the case of
ponds where various animas (ex: crawfish, nutriay muskrats) dig tunnds
through the levees. In such cases, water losses through lesks may be
condderable (even dangerous for the levee in some cases). Unfortunatdly, it
is impossble to predict how much water (or energy) will flow through
anima tunnels.

2.5 Other Sources of Energy
2.5.1 Pond Mud Respiration

Decompodtion in pond muds may be a source of energy in
aquaculture ponds. The energy released in pond muds is a byproduct of
decomposer respiration (Boyd, 1995). Chemicdly, the aerobic respiration of
glucose can be described with the following equation:

CsH,,0, +60, ® 6CO, +6H,0+DH_
where DH. is heast of combustion for glucose = 15.58 kJ molt of
glucose (Doran, 1995)

Semi-intensive aguaculture pond soils consume 1 to 2 gO, m? day™
while intensive aquaculture pond soils use 4 gO, m? day' (Boyd, 1995).
Assuming that most of the generated energy does come from the combustion
of glucose, the total energy produced by decomposers in semi-intengve
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aguaculture pond soils is 0.081 to 0.162 kJ m? day® and in intensve
aguaculture pond soilsis 0.325 kJ m2 day .

Factors which may cause vaidaions in the rate of pond mud
repiration include temperature, oxygen avalability, pH and nutrient
availability (Boyd, 1995).

2.5.2 Work Done by the Aerator
The work done by the aerator on the pond represents an input of
energy.

3. DESCRIPTION OF THE M ODEL
The modd was developed in Visud Badc, usng the Visud Basc
Verson 6.0, Crysta Report Verson 8.5 and MS SQL (2003). It determines
the amount of energy being trandferred through various transport
mechaniams and the predicted pond temperature. A fow chart of this mode
is presented in figure (2).
The following assumptions were used to smplify the model.

- The water dendty and specific heat remained constant, despite
changes in water temperature. This was a reasonable assumption
because at 273K, the density is 999.8 kg m® and a 316.3K, the
density is 990.6 kg m* (less than 1% change). At 273K, the
specific heet is 4.225 kJ kg' K™ and a 316.3K, the specific heat is
4.174 kI kg™ K™ (ardative change of 1.2%).

- The pond volume was congtant. This was not totdly true, because
losses due to leaks and evaporation were present. However, this
assumption held when water flushed the ponds, because water was
continuoudy being discharged at the standpipe.

- The pond was idedly mixed and the temperature was the same
throughout the pond, including at the surface. This assumption was
verified within the bulk of the fluid (not a the surface) with manud
thermometer meesurements a various locations in aerated 400 nv
ponds.
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Figure (2): Flowchart of the model.
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- The ky was cloudless (for the purposes of cdculating the emitted
atmospheric longwave radiation).

- The soil propeties of the pond were uniformly didributed. This
assumption was supported by the fact that the soil at the pond floor
was compacted and fully saturated with weter.

- There was no evaporation when the rdative humidity of the ar is
meanly 100%.

- All energy absorbed by the phytoplankton was transferred to the
water, thus ignoring the amount of energy converted into sugars by

chlorophyll.

- The decomposng microorganisms in the pond mud generaed
negligible amounts of hezt.

- The agrators did negligible amounts of thermodynamic work. The
amount of energy converted from the work done by the mixing of
the aerator to the internd energy of the pond was amadl.

4. SIMULATION RESULTS.

Table (1) illudrates the inputs of dte conditions and Smulation
parameters.

Initial model simulations indicated the model over predicted pond
temperature. However on average, the model predicted temperature changes
(figure 3).

Heat transfer mechanisms which were important to ponds were
radiation heat transfer mechanisms (Fig. 4). The average importance of pond
radiation, longwave sky radiation and solar radiation were 41%, 33% and
21% (ranged between 23-56%, 14-49% and 0-51%), depending on the time
of day and year. Solar and longwave sky radiation were, therefore the two
most important influxes of energy for ponds while pond radiation was the
greatest source of heat |oss. Evaporation also seemed to be important (range,
0-28%) athough its average importance was small ©%) compared to the
radiation heat transfer mechanisms. Air convection fange, 2—7%) and soil
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conduction (range, 1-4%) were not as important because the temperature
difference which drove these heat transfer mechanisms was relatively small.

Table (1): Site parameters used in the smulation

Parameter Value | References
Water
. Fritz et a.(1980
Thermal emissivity () 0.97 1| osordo agld Pie)drahita(1991)
Mass density (kg ni®) 1000
Mass thermal capacity (Jkg~ °C™) | 4186
Sail
Structure Clay
Thermal conductivity (W ni~ °C™) 2.0 | deHalleux et al. (1991)
Mass density (kg ni°) 2000 | de Halleux et al. (1991)

Mass thermal capacity (Jkg~ °C™) | 1500 | de Halleux et al. (1991)

Simulation conditions

Site latitude (°N) 3032
Air leakage rate (H") 0.15
Soil layer thickness (m) 0.5
Constant subsoil temperature (°C) 10
Pond water depth (m) 1.0
Set point water temperature (°C) 20
4 )
29.00 //’\‘\,
28.00
% 26.00 / .
@©
8 25.00 N
é W
~ 24.00
23.00
2200 T T T T T T T T T T T T T T T T T T T T T T T T
FFELEFFLEF P LSS
Time (h)
N y

Figure (3): Average predicted pond temperatures.
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The heating of a 400 m3 catfish pond from 15°C to 27°C, as was
done by Hall et a. (2002), theoretically requires 20160 MJ (5600 kWh) net.
This calculated value does not account for heat losses to the environment (air
convection, soil conduction, evaporation, back radiation). In designing
temperature control devices for outdoor aquaculture ponds, these losses must
be included in calculations. In this study, the net energy needed to be added
to maintain the pond temperature at 28°C during an average year was 3.24 X
10° MJ i3,

4 )
60

50

40

30

20 7]

0 : : - |_h

Rdativel mportance (%6,

Esolar Esky Epond Esoil Eevap Econv

Heat Vector
N g

Figure (4): The relative importance for each energy vector for pond model
run. The bars represent the average relaive importance while the
line extensions represent the range.

5. SUMMARY AND CONCLUSIONS.

An energy baance modd was created, based on the temperature in
400 nt earthen aguaculture ponds, given information about the westher and
pond characterigtics. The modd estimated energy surpluses and deficits
which needed to be balanced to control the pond temperature.

In simulations for earthen ponds, heat transfer mechanisms which
were important to ponds were radiation heat transfer mechanisms. The
average importance of pond radiation, longwave sky radiation and solar
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radiation were 41%, 33% and 21%, depending on the time of day and year.
Solar and longwave sky radiation were, therefore the two most important
influxes of energy for ponds while pond radiation was the greatest source of
heat loss. Evaporation also seemed to be important although its average
importance was small (9%) compared to the radiation heat transfer
mechanisms. Air convection (average importance, 5%) and soil conduction
(average importance, 2%) were not as important because the temperature
difference which drove these heat transfer mechanisms was relatively small.

The absorption of solar radiation in agquaculture ponds also needs to
be studied further. This study did not quantify how much light was reflected
by the suspended particles in the pond. The mode aso did not take into
account the energy absorbed by chlorophyll, energy which is stored and not
converted into thermal energy.

The model needs to be validated for other sizes of ponds and ponds
located in regions with different climates. Using the model for these different
conditions is not recommended without proper validation.

The net energy input needed to maintain the pond temperature at
28°C during an average year was 3.24 x 10° MJ m®.

Despite these model limitations, certain general observations about
energy transfer in earthen agquaculture ponds were made:

- Evaporation and convection energy losses were more important

under windy conditions.

- The effects of longwave radiation were found to be important.

Based on these general observations, the following suggestions could
be implemented to conserve energy:

- Building a windbreak. Because the pond temperature is sensitive
to changes in wind speed, building a windbreak (walls, trees, etc)
might decrease the evaporation and convection. However, such
windbreaks could also block the sun, and reduce the only
unbalanced energy vector. More modeling would be required to
investigate the effects of windbreaks

- Building a greenhouse over the pond. Doing so would:
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o reduce the amount of energy lost through evaporation and
convection.

0 create extra thermal resistance between the pond and the
outside environment.

o potentially make the air above the pond humid, thus
reducing evaporation.

0 trap solar energy. Glass or clear plastic is transparent to
solar radiation but opague to longwave radiation. Solar
energy would warm the pond but the energy radiated back
toward the sky would be blocked by the glass or plastic.
The greenhouse would get warmer and radiate energy in
part back to the pond. Therefore, longwave radiation
losses would be minimized.
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