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Abstract. Thermal dispersion of heated effluent in a lake near nuclear power plant is analysed. Lake
Bathymetry is established by data collection at a pre-planned matrix of sample points in the lake. Threedimensional geometric model of the lake is developed based on the geometric data collected, using a high
accuracy GPS and a dead weight based depth meter at respective sample points of the lake matrix. A turbine type
digital flow meter is used to measure the velocities at the intake and blow down points of the lake. Numerical
analysis of flow and thermal dispersion is carried out using PLIC-VOF two-phase model with the two-equation
k-epsilon model for turbulence closure. Numerical results for varying flow and blow down temperature conditions and wind speed are studied. It is observed that the thermal gradients are steeper in the curved area near
the blowdown point. Small increase in main inlet (inlet II) velocity suppresses the dispersion of high-temperature contours significantly. Thermal discharge and dispersed temperature is monitored using temperature sensor
mounted floating buoy at various locations in the lake. It is established that the thermal dispersion is influenced
by wind velocity and the presence of water hyacinth in the lake.
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1. Introduction
Water used in the power plant for cooling purposes is
released as thermal effluent at a slightly elevated level of
temperature to the nearby aquatic system. Nuclear power
plants require 30–100% more cooling water than other
types of plant with a comparable power output [1]. The
mean water body temperature may not be significantly
affected by the introduction of thermal effluent because of
the large heat capacity of the waterbody. But there are
possibilities of a steep rise in local temperature. The flora
and fauna in the waterbody get affected by the steep local
variations in temperature [2]. Increased local temperature
has an impact on dissolved oxygen (DO) which in turn
affect metabolism, reproduction, longevity and growth of
inhibiting aquatic ecosystem [3]. Many times, the heated
effluent leads to the elimination of weakly resistant species
which are replaced by more tolerable, but nuisance ones.
Examples of such species are Naegleria Fowleri (Braineating amoeba) [4] which has been reported to be harmful
to humans as they enter and feed upon the brain tissues. The
existence of such species near power plant discharge is due
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to high local temperature which is favourable for their
growth.
Most of the power plants are located near coastal areas,
rivers, lakes or ponds and the thermal effluent from the
power plants are released at an elevated temperature near
the blowdown into this aquatic system. In order to address
the issue of the aquatic health of the species near the
blowdown, it is required to analyse the mechanism of dispersion of thermal effluent in the water body nearfield of
the blowdown and to establish a zone of influence. Analysis
of thermal dispersion is complex due to variation in physical properties of a water body due to the presence of
weeds, water hyacinth and other aquatic species, the complexity of flow domain, variation of wind speed above the
waterbody, thermal radiation from the water surface and
other meteorological factors.
Literature reports analysis of thermal dispersion in
different aquatic environments using analytical, numerical
and experimental methods. El-Alfy [5] analytically
established a relationship between the excess temperature
and plume area/flow rate for Talkha and El-Kurimat
power station in Egypt. The analytical results were found
to follow trends similar to those reported by field measurements. However, the quantitative estimation from
analytical results differed significantly from the measured
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field data. This was due to the one-dimensional approximation of the analytical model so proposed. Rosen et al
[6] used Plane Projection (PP) of wastewater thermal
pollutant vector on Jiu River to estimate thermal discharge
area. The effluent discharged water mass flow rate and the
temperature was used to obtain the isotherms at the surface of the water in terms of complex geometrical shapes.
For simplified approximations, the geometrical shape
reduced to an elliptical distribution of surface isotherm
contours. Entesar and El-Ghorab [7] physically modelled a
portion of Nile river at north Giza power plant by scale
ratio of 1:50 and tried to evaluate the mixing zone. They
reported that mixing zone depends on the flow regime, the
effluent discharge and the excess temperature above the
ambient at the outfall. The results showed that the mixing
zone area increases with increasing effluents and decreases
with increasing flow in the river.
Literature in this area reported the development of a
numerical model for thermal dispersion in the water body
near the power plant exhaust [8–13]. Chieh [8], Zacharias
and Ferentino [9] and Yamanaka et al [10] developed 2D
model to predict thermal dispersion numerically. Zeng et al
[11] and Fan et al [12] developed 3D numerical model
considering unsteady turbulent flow and heat transport.
However, no comparative assessments with experimental

field measurements or model studies were reported by these
researchers.
Literature also reports the use of commercial soft tools
for simulation of thermal dispersion in lakes, rivers and
coastal environments [14–26]. Abbaspour et al [14], Lowe
et al [15], Liu et al [16] and Ahmed et al [17] used MIKE
software in order to estimate thermal dispersion in coastal
and confined water bodies. MIKE requires bathymetric
data, stationary tidal variation, wind speed input and water
discharge temperature to numerically estimate thermal
dispersion. Demenet and Bae [18] and Prodanovic [19]
used TELEMAC-3D to model the red sea and Lake Ontario
respectively. Demenet and Bae [18] reported physical
modelling of the red sea by scale ratio of 1:43. But their
numerical results were not in close agreement with the
results obtained in the physical model study. This was due
to large scale ratio used by them. Dargahi and Shimelis [20]
used Generalized Environmental Modelling System for
Surface waters (GEMSS) to investigate hydrodynamic
characteristics of lake Tana. Sun et al [21] used 3D model
COHERENS for thermal dispersion analysis in Bohai sea.
Yasser et al [22] used Delft3D for analysis of thermal
effluent mixing in Suez Gulf. Mukhtasor et al [23] developed 2D hydrodynamics module for thermal dispersion
analysis using Resources Management Associates (RMA2

Figure 1. Aerial view of Moticher Lake and Kakrapara Atomic Power Plant, Gujarat.
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Figure 2. Matrix of sample points considered for collection of bathymetric data.
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Figure 3. (a) Blowdown pipe showing the peripheral holes. (b) Attachment used for inserting the temperature probes near blowdown.

and RMA4), a finite element method. Fossati et al [24] used
finite element model RMA-10 to model thermal dispersion
in Montevideo bay. German et al [25] used finite element
method for the numerical simulation of the dispersion of
the thermal outflow in Huelva estuary. The numerical
simulations carried out using soft tools have mostly been
used by the researchers to demonstrate the mechanism of
dispersion only.

Wind speed and direction are the dominant factors to
drive the isotherm patterns in the aquatic system. A stronger wind would make the water temperature mix more in
the vertical direction. Some authors have accounted for the
wind speed over the water body for accurate thermal
analysis. Sasmal et al [26] used three-dimensional (3D)
Princeton Ocean Model (POM) with a constant momentum
flux of reversing wind speeds of 2 and 10 m/s. A wider
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spread of the plume was demonstrated in their work for low
wind speeds. As the wind speed tends to increase, the
directional spread of plume dispersion was shown to
become narrow.
Present work is a case study of numerical analysis and
experimental field measurement for analysing the dispersion of thermal effluent released into the waterbody of
Moticher lake from the operating units of Kakrapar Atomic
Power Plant (KAPS). KAPS is a nuclear power plant
located on the southern bank of Moticher Lake, in the
downstream of Kakrapar weir on Tapi River. KAPS currently has a running capacity of 440 MW (2 9 220 MW)
with a future expansion of 1400 MW (2 9 700 MW) in the
installation at the same premises. Surface discharge method
is adopted for an average volume flow rate of 5000 m3/h of
effluent being released into the Moticher Lake [27]. Taking
into consideration the up gradation of existing power

generation capacity, the wastewaters discharged in the
same lake could represent notable environmental impact,
concerning aquatic ecosystems in the lake. In order to
evaluate the need for controlling the temperature of water
discharged from the power plant, the lake water temperature distribution near the blow down was proposed to be
examined. Dispersion of thermal effluent released near the
blowdown is analysed and reported in the present work.
Most of the literature demonstrated numerical or analytical prediction of thermal dispersion. However, there is
very few literature available on field measurements and
model analysis. The present paper reports field measurements carried out in the lake using specially designed
experimental buoy for local temperature measurement at
different position and depth of the lake. A model laboratory
scale experimental test facility is developed for validation
of the numerical model used in the present work. The

Figure 4. (a) Components of Buoy and its installation in Moticher Lake, (b) temperature sensors (PT-100) with multi input Data logger
(Daqlink), (c) digital turbine-type flow probe for velocity measurement and (d) depth meter.
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Figure 5. Location of buoy on the lake for continuous monitoring of temperature and different depth.

Table 1. Matereological data for different days of data collection during September 2015 and Januray 2016.

Sampling date
11/09/2015
12/10/2015
28/10/2015
24/11/2015
25/11/2015
06/01/2016
08/01/2016-12/
01/2016

Average air
temperature (°C)

Average wind
speed (m/s)

Blowdown mass flow
rate (m3/h)

Average ambient water
temperature (°C)

Weather
condition

35.1
34.0
33.0
28.6
25.1
26
27

1.3
0.6
1.5
1.5
1.7
1.4
1.5

2600
2500
2500
3400
6200
2500
2500

31
30
29.5
29
26
23
25

Sunny day
Cloudy day
Sunny day
Cloudy day
Cloudy
Sunny day
Sunny day

validated numerical method is then used for numerical
prediction of thermal dispersion in the lake.

2. Overview of the lake
Moticher Lake is the heat sink for the Kakrapara Atomic
Power Plant. Source of water for cooling is Kakrapar Left
Dam Canal located on Tapi River which supplies

around1200 cusec of water [27]. This flow from Kakrapar
Left Dam Canal gets segregated into two parts, one to the
intake region and other to the blowdown of the Plant as
shown in figure 1. The plant is currently operating with two
reactors of 220 MW capacity each. The blowdown of
heated effluent is not directly released into the mainstream
flow of the lake. Blowdown pipe releases the effluent in an
extended section of the lake on the left bank as shown in
figure 2. Also, the discharge from the blowdown pipe is not
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Figure 6. Timeline of temperature data recorded by data logger along depth at point M on a winter day 6th January 2016.

Figure 7. Timeline of temperature data recorded by data logger along depth at point P on 11th September 2015.

released only to the depth of the lake. There are holes made
on the surface of the blowdown pipe which allows the
heated effluent to be released at the surface level also.

2.1 Generation of Lake Bathymetry
Bathymetry is required for geometric modelling of the lake,
more importantly, because the depth of the lake is observed
to vary significantly. Dost and Mannaerts [28] first described
the bathymetric generation of lake ecosystem using GPS,
portable sonars, remote sensing data and GIS software. In a
similar line, the bathymetry is developed for the Motichar
lake in the mainstream lake near the blowdown. Lake
domain shown in figure 2 is considered for the analysis of
thermal dispersion. There are two ambient water inflow
routes, a blowdown effluent release and a single outlet. InletI is for the flow of unutilized water from the intake of the
plant. Due to large pressure drop in the passage through
intake area of the plant, Inlet-I has considerably low velocity
as compared to Inlet-II which supplies the mainstream flow

into the lake. The Effluent is released from blow down
through the circular pipe of 1 m diameter. To create the
geometric model, a pre-planned matrix of sample points
across the lake shown in figure 2 is chosen to measure the
depth of the lake at these points. A Motorboat carrying GPS
receiver with a special in-house designed depth meter is used
to record the depth, latitude and longitude at the matrix
points. GPS readings and depth for respective sample points
were used to generate the 3D lake geometry. It is established
from the depth measurements that the minimum depth of the
lake near the blowdown is of the order of 4 m while the
maximum depth in the lake domain where bathymetry is
generated is of the order of 15 m.

3. Experimental monitoring of thermal dispersion
in lake
For the experimental analysis of thermal dispersion, the
temperature is monitored near the blowdown at different
distances along the lake and at different depths of the lake.

Analysis of dispersion of heated effluent from power plant
Figure 3(a) shows the blowdown of the Power plant. The
heated effluent is discharged through the holes on the
periphery of 1 m diameter blowdown pipe and is also discharged into the bulk of the lake through the exit of the
blowdown pipe.

3.1 Instruments used for temperature monitoring
The temperature of water at blowdown is measured using
three temperature sensors (Resistance temperature detectors), PT-100 with a sensitivity of 0.01°C. A special
structure is fabricated as shown in figure 3(b) to hold these
sensors at the blowdown for effluent temperature monitoring. A battery operated data logger is used to store data
from the temperature sensors. The data logger can store
continuous temperature data detected by the sensors
installed near blowdown pipe at a time interval of Dt = 5 s.
The blowdown temperature is estimated as the average of
the temperature sensed by these three temperature
detectors.
An in-house buoy which floats in the waterbody, shown
in figure 4(a) is designed and fabricated in order to facilitate the collection of temperature data from different distances in the lake and at a different depth near the
blowdown. The buoy consists of a buoy ring, anchor, and
rope-pulley with locking mechanism. This buoy can be
anchored at any location in the lake. The anchor with
locking arrangement ensures that the buoy is not carried
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away with the flow and ensures data collection at a defined
position at different depths of the water level. Multi-input
data logger as shown in figure 4(b) with PT-100 long wired
sensors are installed in the buoy at different depths. The
data loggers at blowdown and the buoy stores temperature
date simultaneously from the sensors. Digital Turbine-type
flow probe is used to measure the velocity at various points
in the Lake. The average velocity of the inlet and blowdown are measured using turbine type digital flow probe
shown in figure 4(c). The in-house designed depth meter
used for Bathymetry is shown in figure 4(d).

3.2 Data collection
Figure 5 shows the position and shortest distance between
the buoy and blowdown where data collection was facilitated on some typical days in the point matrix of the lake.
The buoy is kept at different sample locations as indicated
in figure 5. Meteorological data for typical seven different
sampling periods during September 2015 to January 2016 is
tabulated in table 1.
The simultaneously measured temperature data from the
blowdown and the buoy is collected on different days. The
high temperature difference between the blowdown and
ambient water is observed majorly due to plant shut-down,
full load operating conditions of the plant, high ambient
temperature during summer or low water level in the
Moticher Lake. Two different sets of data are presented in

Figure 8. Timeline of temperature data recorded by data logger at different depth and at different points of the lake on 8th–-12th
January 2016.
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figures 6 and 7. Figure 6 shows the data collected at the
blowdown and at different depths at point M in the lake on
a winter day of 6th January 2015. The temperature data is
stored at every 5 s time interval. Figure 6 shows a data set
where for a part of the time period of release, the blowdown
discharge temperature increases with time. This is followed
by a sudden drop in discharge temperature and the discharge temperature remains almost constant thereafter. The
sudden change in blowdown temperature is sensed over a
period of time at all depths with a time delay as depicted in
figure 6. It is observed that the temperature from the
blowdown discharge cools down by 2–5°C by the time it
reaches the buoy.
Figure 7 shows the data collected at the blowdown at
different depths at point P on 11th September 2015. Figure 7 shows a data set where the blow down discharge
shows a near sinusoidal variation. Red line indicates the
blowdown temperature while other lines show the temperature variation at different positions of the sensors attached
to the buoy at a depth of 0, 0.5, 0.75 and 1 m respectively.
The sinusoidal signal from the discharge is sensed by the
temperature sensors at point M with a varying magnitude at
different depth and with a time delay. From the collected
data at point M in figure 8 a difference of 3–8°C is
observed between blowdown discharge and water temperature at a different depth of the lake.
Figure 8 shows continuously monitored data of temperature at the blowdown and different positions of the lake at
a different depth measured during 8–12th January 2016. It
is established from the measured data that the effluent
discharge temperature is typically maintained below 40°C
as is specified by a regulatory authority of Gujarat. The
effluent temperature is regulated by the plant before the
discharge is released into the blowdown.

to generate a zone of influence on the surface of lake water due
to the thermal effluent release. The zone of influence is estimated in the present work as the area on the lake water surface
till which the temperature is 2°C above the ambient lake
temperature (International regulatory authorities suggest 3°F
as permissible limit [27]). Based on the field data analysis it is
found that the temperature measured by the temperature sensors located at point N and Q (figure 5) shows a negligible
difference with the ambient water temperature. Only at fewer
occasions, the temperature sensed at point R (figure 5)
exceeded 2°C above the ambient temperature. The zone of
influence established based on the field data is compared with
the numerically estimated zone of influence and is discussed in
the subsequent sections of this paper. The analysis is carried
out on laboratory scale model for validation of the numerical
method used for the present work.

4. Numerical and experimental analysis
on laboratory scale model
A laboratory scaled model is developed for validation of
the numerical method used for the dispersion analysis.
Necessary similarity laws were maintained for appropriate

3.3 Estimation of zone of influence based on field
measurement
Environmental protectionists report the concept of ‘mixing
zone’ as the region within which a contaminant plume is
legally allowed to interact with the surrounding water. The
‘contaminant’ may be heat, a chemical or any other quantity that presents a possible impact to the environment. The
mixing zone should fulfil the following conditions (Entesar
and Ghorab [7]):
1. The mixing zone shall be limited to an area or volume as
small as possible to minimise adverse impacts on aquatic
life and other beneficial uses.
2. The mixing zone shall not impact or cause the migration
of fish or other aquatic life. There shall be a safe and
adequate passage for living organisms with no deleterious effects on their populations.
In the present work, the temperature date monitored at
different locations for different blowdown temperature is used

Figure 9. (a) Schematic layout and (b) photograph of the
laboratory scale test facility developed for thermal dispersion
analysis.
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model scaling. The criteria used include limits of Reynolds
number value for ensuring fully turbulent flows in the
model. Reynolds number of heated effluent discharge in the
model, Ree, is kept higher than 2000 and Reynolds number
Rea, for free surface flows is kept larger than 500. The
characteristic dimension used for estimation of Reynolds
number of effluent discharge is the diameter of the effluent
discharge pipe while for free surface flow the depth of
water is used as the characteristic dimension. Another
requirement in the full-field model is similarity of ambient
flow patterns which is matched by equality of Densimetric
Froude number (considering buoyancy) between model and
prototype, expressed as:
Um
Up
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ ¼ qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Dq
Dqm
gHm q
gHp q p
m

ð1Þ

p

Here, H is water depth; U is water velocity and g is the
acceleration of gravity. Densimetric Froude number is
maintained below 0.6 in the present model. Modelling of
convective spread requires that, in addition to Eq. (1), the
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Densimetric Reynolds number of the model exceeds a
certain limiting value, which is satisfied by assuring that the
convective heat spread is all limited in the model area.
Densimetric parameters are essential for scaling in the
present work because the effluent discharge in the Kakrapar
Atomic Power Plant (KAPS) is partly at the surface level
and partly till a depth of water. This balance in surface
discharge and depth-wise discharge allows for reducing the
zone of influence. In KAPS a part of the thermal effluent is
released at the surface level through holes created on the
pipe wall while a fraction of the heated effluent is pushed
into the bulk of fluid by the mass flow rate of discharge.
This fraction of the fluid mass is subjected to a buoyant
force due to the difference in density associated with the
temperature gradient.
Figure 9(a) shows the schematic layout of thermal dispersion test setup consisting of four major components: hot
water unit, ambient water unit, and test section and temperature measurement unit. The photograph of the developed test facility for model scale thermal dispersion
analysis is shown in figure 9(b). Continuous water supply is

Figure 10. Temperature contours (in K) established from numerical simulation for air velocity (a) v = 0 m/s, (b) v = 0.2 m/s and (c) v =
0.3 m/s.
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312

Detector (PT-100) sensors are used for temperature measurement and Acoustic Doppler Velocimetry (ADV) is used
for velocity measurement in the test section. These sensors
are mounted on a traverse system which can be moved
along any plane in the test section. A data logger is installed
for storage and indication of input signals from the sensors.

Temperature (K)

Numerical; v = 0 m/s
Experimental; v = 0 m/s
Numerical; v = 0.2 m/s
Experimental; v = 0.2m/s
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Experimental; v= 0.4 m/s
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4.1 Validation of numerical model
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Figure. 11. Comparison on temperature (in K) variation measured experimentally with those obtained numerically along the
centre line of the domain (a) at a height of 0.03 m above ground
level (b) at water free surface level for different air velocities.

provided in the test section from a 1000 l reservoir using a
centrifugal pump. A glove valve is used for controlling the
water flow rate along with a bypass valve. The water flow
rate is measured using a rotameter. A bypass valve is
incorporated between the main supply line and the reservoir
to remove excess water back to the reservoir. Hot water is
supplied from the constant temperature hot bath by a centrifugal pump into the effluent discharge flow line. The hot
water bath temperature is controlled by a rheostat and is
capable of supplying constant temperature hot water in the
range of 300–320 K. The hot effluent discharge (jet diameter 1 cm) is maintained by a glove valve and the flow rate
is measured using rotameter. Resistance Temperature

The flow and thermal dispersion in the test section is
numerically modelled using the dimensions of the model
experimental setup. The modelled domain is 2 m long,
0.88 m wide and 0.17 m deep. PLIC-VOF model is used for
estimation of an interface between the air and water and
standard k-e model is used for turbulence modelling. The
numerical results obtained for water flow rate of 600 LPH,
effluent flow rate of 150 LPH and the temperature difference of 10K are shown in figure 10. Ambient water temperature condition is 306.6K. Boussinesq approximation
[26] is used for buoyancy induced flow. Hot flow is released
from the effluent opening.
Figure 10(a) shows the temperature contours when the
air above the ambient water is assumed to be at standstill.
The effluent plume rises upward to the water surface in far
field due to density difference. Figure 10(b) and (c) shows
the temperature contours when air flows with different
velocities in the direction of mainstream water flow. Due
to air motion, the advection of temperature contours in the
longitudinal direction is more pronounced. The temperature contours are dispersed more when the velocity of air
is increased from 0.2 m/s to 0.3 m/s. The temperature
profile is measured by RTD sensors (PT-100) mounted on
traverse system in the test setup shown in figure 11.
Constant air flow over water in the test section is provided
using a blower. Air flow rate is monitored using an
anemometer.
Figure 11 shows a comparison of experimentally measured temperature variation along the length of main flow
with those obtained numerically at two different depths in
the test section for cases with and without air flow. The
increase in air velocity causes faster spreading of the plume
in the downstream direction. Though the temperature values are slightly over predicted in the numerical model, the
experimental results are comparable with numerically
estimated values. The differences are attributable to the
approximations associated with the numerical model. The
numerical model over predicts the temperature.
Figure 12 shows a comparison of surface temperature
distribution obtained from the numerical simulation to
those obtained from the measurements near the water surface. Solid lines represent isotherms obtained from
numerical predictions while the dashed lines represent the
isotherms constructed based on measurement of temperature at the water surface level. It can be inferred from the
surface measurement that the released heated effluent
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5. Numerical analysis of thermal dispersion in lake
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Figure 12. Comparison of numerically obtained surface temperature contours with the measured temperature near the water
surface.

Numerical simulations are carried out for estimation of
temperature distribution in the lake for varying inlet and
blowdown flow rates and different blowdown temperatures.
Since the depth of the lake varies significantly from 4 m
near the blowdown to 15 m in the mainstream lake, the
bathymetry of the lake is used to develop the geometric
model of the lake domain and the numerical results are
generated considering the variation of depth in the domain.
Results of numerical simulations for boundary conditions
obtained from field measurements are discussed in this
section.

5.1 Numerical model for the lake with boundary
conditions

Figure 13. Three dimensional geometric model and boundary
conditions.

initially rises upward due to its lower density and is then
dispersed mostly near the surface. This was also demonstrated in the numerical results shown in figure 11.

Geometric model of the flow domain generated for analysis
is shown in figure 13. The thermal effluent discharge pipe
bends 2 m downward to meet the lake surface. The depth of
the lake just below the blowdown in significantly low. In
order to balance the hot effluent dispersion along the surface and along the depth of the river, the effluent is released
from the periphery of the pipe through six holes as shown in
figure 4(a) in addition to the main exit from the pipe into
the water. This type of arrangement causes effluent to
discharge in all directions at the surface of the lake and
reduces the depth-wise penetration. A part of the water is
released at the surface level through these holes while rest
of the water moves along the depth by gravity.
Bottom of the domain and side of the domain are subjected to no-slip boundary conditions at ambient

Figure 14. Geometric domain of the lake and pipe with unstructured mesh.
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Figure 15. (a) Streamlines showing flow structure near the blow down and (b) temperature contours for blow down temperature of 12K
above ambient water temperature and blowdown mass flow rate of 2400 m3/h.

temperature. Velocity inlet boundary conditions are defined
at inlet-I and inlet-II. Effluent is released at a temperature
higher than ambient temperature. The exit of flow is subjected to pressure outlet boundary conditions. Entire
domain is initialized at ambient flow temperature. Heat
transfer due to solar radiation is also considered on the lake
surface for single phase calculations without wind flow.
Theoretical Maximum radiation is assumed to fall with
solar ray tracing computation method. North and East orientation of domain is specified properly. Starting time is
given at afternoon 4 P.M. on 15th of the June. The solar
load was updated at every 10-time step.
Since a part of the effluent from the blowdown pipe is
released to the surrounding, PLIC-VOF based two-phase
air-water model is used. The lake domain is meshed with
unstructured triangular elements as shown in figure 14 with
fine mesh near the blowdown. Six equal-spaced holes at the

periphery of blowdown pipe end are specified as shown in
figure 3 through which a part of the effluent flows. Mass
flow rate is defined at a pipe section above the holes and
interface boundary conditions are assigned at the equalspaced holes on the pipe periphery.

5.2 Numerical analysis
The time averaged measured velocities from field measurement are provided as input to the numerical model.
Results shown in figure 15 are for Inlet I and Inlet II
specified with average velocities of 0.6 m/s and 1.25 m/s
respectively. Streamlines shown in figure 15(a) demonstrate the vortex structure near the blowdown. Two
opposing vortex structures are observed near the blowdown
due to effluent flow, the shape of the lake and inlet flow
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Figure 16. Temperature distribution demonstrating the rise of
buoyant plume (a) at depth 0.5 m from free surface (b) at free
surface.

conditions. The flow is streamlined along the outlet in rest
of the domain. A large vortex is formed as flow from inlet II
gets orthogonally diverted towards the outlet and a small
set of vortices near blowdown are formed due to concavity
of lake near the blowdown.
Vortex structure far away from the blowdown does not
get affected by the elevated temperature distribution as
shown in figure 15(b). The downstream of the blowdown is
at higher temperature and the presence of high temperature
contours are observed mostly near the left bank of the lake.
Hence the left bank of the lake is susceptible to create
thermal shocks for aquatic species. This may affect the
organisms present near the left bank.
Figure 16 shows the influence of rise of the buoyant
plume on the temperature distribution at different depth of
water near the blowdown. At a depth of 0.5 m from the
free surface a clear structure of the streak of thermal
plume is visible in figure 16(a). As the plume rises it gets
dispersed. At the free surface as shown in figure 16(b) the
temperature gets diffused to a larger domain downstream
of the plume.
Figure 17(a) shows water temperature distribution perpendicular to the direction of flow at three traverse sections: 7 m upstream, at blowdown and 7 m downstream.
The temperature drops to ambient within 10 m from the
blowdown. Line passing through the blowdown pipe
centre has the maximum value of peak temperature difference as shown in figure 17(a). The temperature distribution at 7 m upstream in traverse direction shows that
the surface temperature rises after some distance and then
it drops. This depicts that the thermal plume released
along with the depth at blowdown undergoes buoyancy
force due to temperature difference and moves upward at
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a distance away from the pipe location. This point in the
surface shows an elevation of temperature. The vortex
centre at the upstream of blowdown has a relatively lower
temperature, however vortex centres on the downstream
shows relatively higher temperature due to the influence
of buoyant plume.
Figure 17(b) shows water temperature distribution along
the direction of flow at three longitudinal sections in the
zone of influence. The temperature profile in a longitudinal
direction parallel to the main flow along three different
planes at 4 m, 8 m and 10 m away from the blowdown is
shown. The results show an increase in temperature at some
distance downstream of blowdown due to buoyant plume
rising at that level. A drop of temperature is observed at the
centre of the upstream vortex demonstrated in figure 17(b).
This is due to circumferential advection of temperature by
the vortex.
5.2a Influence of flow rate from blowdown and inlet-II:
The thermal dispersion pattern gets altered due to change in
flow conditions. Effect of variation in inlet velocity, blow
down mass flow rate and blow down temperature difference
on thermal dispersion are analysed and reported here.
Blowdown mass flow rate depends on the volume of water
taken from the intake. The measured flow rates released by
the plant at the blowdown reported in table 1 shows values
ranging from 2500 m3/h to 6200 m3/h on different days for
which data is reported in table 1. Plant running at full load
consumes more water for cooling. The variation of temperature distribution near the blowdown at the free surface
level when the blowdown flow rate is doubled from
2400 m3/h to 4800 m3/h in shown in figure 18. As the mass
flow rate of blowdown increases, high temperature contours
spread more in the downstream direction. However the high
temperature contours remain confined near the left bank
because of advection of ambient water from inlet-II. As a
result, the zone of influence is not significantly altered in
the direction normal to mainstream flow as shown in figure 18. Inlet II is the main source of ambient water. Dispersion of thermal effluent is greatly affected by the flow of
inlet II. Figure 19 shows the variation of temperature distribution at a free surface level near the blowdown when the
average velocity from Inlet II is doubled. It is observed that,
increase in inlet II velocity leads to more dilution and more
dispersion of thermal effluent and leads to smaller area of
influence as shown in figure 19(b). At lower from velocity
from inlet II, thermal effluent spreads more towards the left
bank and the zone of influence is larger.
5.2b Influence of blowdown temperature: The water
release from Kakrapar dam to the Moticher Lake is controlled by the irrigation department. When there is an
inadequate availability of water in the lake premises
(generally observed during summer season) the effluents
are released at higher temperatures with low mass flow
rate at blowdown exit. Figure 20 shows the temperature
distribution at the free surface level when the blowdown
temperature is doubled. The large temperature difference
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Figure 17. (a) Transverse profile of temperature distribution. (b) Longitudinal profile of the temperature distribution.

between ambient and blowdown causes rise in local
temperature near blow down as shown in figure 20. The
local temperature rise observed is however not associated
with major enlargement of the zone of influence. This is
due to strong influence of ambient flow from inlet-II.
5.2c Influence of wind speed: As per the wind velocity
data available from the meteorological department, the
wind speed over the water surface reaches to a high value
of 3 m/s at times and the direction of the wind is mostly
opposite to the main flow of effluent from the blowdown
(North-West). Figure 21 shows the result of numerical
simulation obtained using two-phase VOF model considering air velocity of 3 m/s. The temperature contours in
figure 21 shows broadening of plume in the direction of air
flow.

5.3 Zone of influence
The zone of influence in the lake domain is highly localized
near the blowdown. Location of blowdown opposite to inlet
(from inlet-II) water flow pushes the released thermal
effluent from the blowdown pipe to the concave region near
blowdown and the zone of influence remain near the
downstream left bank of the lake. For all realistic conditions of blowdown heat release, inlet water flow and wind
conditions, the thermal dispersion is limited to the region
shown in figure 22 as per the present numerical
simulations.
The zone of influence obtained from the numerical
simulations are compared to those estimated based on
experimental measurements of the lake in figure 23. The
comparison is made for numerical results with wind flow.

Analysis of dispersion of heated effluent from power plant

Figure 18. Influence of blowdown mass flow rate on thermal dispersion (a) 2400 m3/h and (b) 4800 m3/h.

Figure 19. Effect of velocity of inlet II on thermal dispersion (a) 0.8 m/s and (b) 1.6 m/s.
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Figure 20. Effect of increase in in blow down temperature (a) blowdown temperature is 8K and (b) 16K above the ambient water
temperature.

Figure 21. Temperature contours (in K) for wind speed of 3 m/s tangential to the direction of Lake flow.

It can be observed from figure 23(a) that due to wind
flow the mixing zone is enlarged but is still lesser than
those obtained from experimental measurements shown

in figure 23(b). The zone of influence reported in figure 23(a) corresponds to the maximum possible wind
speed of 3 m/s [27]. It is to be noted here that measured
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Figure 22. Numerically estimated zone of influence near the blowdown for no wind speed.

6. Observations and conclusion
Major observations drawn from the present work are:

Figure 23. Zone of influence estimated by (a) numerical simulation for wind speed of 3 m/s and (b) field measurement.

data tabulated in table 1 shows wind speeds ranging
between 0.6 m/s to 1.7 m/s. Experimental measurements
show that the mixing zone extends up to point R (figure 5) which is higher than the numerical observations.
This difference can be attributed to several factors
including the presence of weeds and water hyacinth in
the lake.

1. A numerical simulation carried out for thermal dispersion of effluent released from the plant into the lake
establishes the zone of influence to be up to a distance of
28 m normal to the mainstream flow when a maximum
possible wind speed of 3 m/s is considered in the
simulations.
2. The increase in secondary inlet flow from inlet II results
in a decrease in zone of influence and accumulation of
heated water in a smaller zone in left bank canal because
of the position of inlet II which is exactly opposite to the
location of blowdown. This means that the aquatic
habitat near the left bank canal will be significantly
affected by the thermal shock. The increase in flow rate
of inlet II happens when irrigation department releases
more water.
3. The simulation results show significant effect on the
zone of influence when wind velocity was accounted for.
The wind velocity can reach to the order 3 m/s near the
blowdown. The zone of influence established based on
numerical simulations incorporating the wind speed
shows better match with the field measurements. The
difference is because of the presence of floating water
hyacinth present in the lake body which act as insulators
thereby increasing the effective domain of dispersion.
In conclusion, it is established that the position of the
blowdown, discharge methodology adopted at blowdown in
the existing plant and the location of inlet-II (which is the
main source of ambient water flow) minimizes the zone of
influence in the power plant considered for the present case
study.
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Nonmenclature
U velocity (m/s)
L length (m)
Q discharge (m3/s)
g acceleration due to gravity, 9.81m/s2
D hydraulic diameter (m)
v kinematic viscosity (m2/s)
H water depth (m)
q density (kg/m3)
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M model
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