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Abstract - Cooling towers generally found in industries
which are used to extract the high temperature from the
coolants and make it reusable in various plants. Another
strong motivation for the increased use of cooling towers is the
environmental protection provided through the reduction of
water withdrawals and minimizing of thermal discharge. In
the present study, our approach is to design a thermally and
economically optimum mechanical counter-flow cooling tower
which allows the use of a variety of packing materials in the
cooling tower toward optimizing heat transfer. In the present
research a mathematical model of a cooling tower is
developed however; validation of the mathematical model is
done for checking the accuracy of the mathematical model.
Simulation for the model is done with Visual Studio.net
software. The model is tested against experimental data.

Key Words: Cooling Tower, Heat & Mass Transfer,
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1. INTRODUCTION

The aim of any industry is to deliver the products maximally
with the minimal consumption of resources and energy.
These resources include electricity, labor etc. These
resources were available in abundant during the last few
decades. Due to the development of industrial sector, the
resources that are available have decreased over the time.

Fig. 1 Mechanical counter flow cooling tower

1)air in, 2)drip pan,3)outlet for cold water,
4)packing column, 4) hot water spay,6) inlet for
hot water, 7)hot air out

The working principle of mechanical counter flow type
cooling tower is shown in figure 1.first as per shown in fig.
the hot water is sprayed from the spay nozzle on the packing
material or packing column and the air also passed from the
air inlet in upward direction. Due to which, temperature of
hot water decreases and the cold water coming out from the
cooling tower from water outlet and it will be reusable. In
this way same water can be used again and again.

The system behavior can be studied by two different
methods. First is by doing the practical or experiment with
the actual system and another is by developing the system
model. Practical with the actual system is all time very costly
time consuming also. Hence the development of system
model is easy and checking the physical behavior of the
system is also possible. For model development, also there
are three possible methods which are given below;

i) Mathematical modelling
ii) Scientific modelling
iii) Analytical modelling

In this work we are using mathematical modelling. A
mathematical model is nothing but the derived equations
for the heat and mass transfer through energy and mass
balance equations. The thermal behaviour of the cooling
tower in various operating and environmental conditions is
also studied. The aim of this work is to better
understanding of the performance of a cooling tower can be
effective design of the cooling tower. This will be
advantageous for the entire plant.

2. DEVELOPMENT OF MATHEMATICAL MODEL
Nomenclature

T Temperature (°C)

[op)]

flow rate per unit cross-sectional area (kg/ m2-s)

N

height of the tower (m)

enthalpy (kJ/kg)

=

m flow rate (kg/s)
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Cp specific heat at constant pressure (k] /kg-K)

at specific surface area per unit volume (m2/ m3)
Subscripts

w  water

e equilibrium

a air

v water vapor

i inlet
o) outlet
T  thermal

m  moisture

Greek letters

A evaporation loss (m3/hr) or (kg/s)
w  air specific humidity ratio (kgy /Kgda)
am mass transfer coefficient (kg/m?2-s)
ah  heat transfer coefficient (W/mz2-K)
¢ effectiveness

1) latent heat of vaporization (kJ/k

Table 1 shows the operating conditions of the counter flow
type cooling tower;

Table 1: Operating Conditions for Counter Flow Type
Cooling Tower

Parameter Operating
range
Air flow rate (g/s) 20-42
Water flow rate (g/s) 17-24
Water temp. (°c) 38-47
Ambient temp. (°c) 23-29
Ambient relative humidity (%) 50-77
Packing density (m2/m3) 110
Specific area of packing column (m?2) 0.0225

All the measurements required for temperature
measurement, measuring of water flow rate, ambient air and
the relative humidity are taken physically.

Figure 2 shows the heat and mass transfer occurring in
between the air and water for counter flow.

Some assumptions are made here for simple or easy
analysis, are given below;

e Adiabatic evaporative cooling (water cooling and
air humidification) process.

e (Change in mass flow rates of ambient air and
water are negligible.

e Heat and mass transfer interaction at the air -
water interface area is equal to the specific area of
packing.

e Properties of water and ambient air are assumed
to be constant with respect to the temperature.

T 1

Fig. 2. Energy and mass balance across the Cooling tower

In the present study, for calculating the output values of
evaporation loss, water temperature and air temperature
etc. for the cooling tower there is a need of some constant
parameters which are given in table 2 and all the input data
collected from the plant are given in table 3.

Table 2: Constant Parameters Required for the Counter

Flow Type Cooling Tower
Parameters Values

Specific Heat of Vapor at Constant Pressure - Cp, | 1.996
KJ/Kg-k

Specific Heat of Air at Constant Pressure - 1.005

Specific Surface Area per Unit Volume - at | KJ/Kg-k

Cooling Tower Height -z 110 m?/m3

Relative Humidity -RH | 0.63m

Average Heat Transfer Coefficient - ah | 55-77
W/m2-k
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Table 3: Inlet parameters used for the theoretical model

Tai Twi ot Mw Ma
(kgv
0C 0C kg/s kg/s
(o | €O gy | 089 | Ce/s)
23.2 39.1 0.011 0.017 0.037
23.7 40.1 0.012 0.017 0.041
25.0 44.4 0.013 0.019 0.027
25.2 44.2 0.013 0.013 0.033
25.5 38.6 0.012 0.021 0.032
Hot water
temperature (in)
(In) to the tower
S (Out) from the tower
&

Cold water
y | temperature (out)

A
Approach Wet-bulb
\ temperature (in)

Figure 3: Range and Approach

The enthalpy on air side is given by;
ha=Cpa * Ta +a(Cpv * Ta+d) @Y

On differentiation Eq. 1 can be obtained as
dha= (Cpa+w*Cpv) dTa+daCpv * Ta+9) 2)

Energy balance across the air side flow is written as

Ga(ha+dha) —Ga*ha=

oh*at (Tw-Ta)dZ+Ga*dw (Cpv*Ta+9) 3)

Combining Eq. (2) & (3), Temperature gradient of air is
obtained as given below;

dTa /dz = (ah*at(Tw-Ta))/(Ga(Cpa+wCpv)) 4)

By integrating equation 4, as shown below;

J.-l"ﬂﬂ- dle = —ah+at

Tai (Ta-Tw) 0 Ga (Cpa+ aCpv) ()
After integrating Eq. 5, final equation can be obtained as
(Tao-Tai)/(Twi-Tai) =
1-exp ((-ah*at*z)/(Ga(Cpa + wai*Cpv)) (6)

But a temperature difference ratio in terms of outlet air
temperature and inlet temperatures of the ambient air and
the water is known as a thermal effectiveness (&), therefore

€ = (Tao-Tai) /(Twi-Tai) (7)

Put the value of a thermal effectiveness in Eq. 6 we get
finalized equation at air side

& = 1- exp (( -ah*at*z)/(Ga(Cpa+wai*Cpv))) (8)

Now,
Thermal effectiveness = (Tao-Tai)/(Twi-Tai) 9

In this case where the outlet water temperature Ty, is not
known, the empirical relation given below can be used to
determine it (Jordan, R. C,, Priester, G. B. Refrigeration and
Air Conditioning Prentice-Hall of India (Pvt) Ltd, New Delhi
(1966)).

Two = (Twi + 2* Twba +Tdba)/4

The Evaporation loss can be calculated from the heat balance
across the cooling tower. The amount of heat to be removed
from Circulating water according to Q = m Cp DT is Source:
Perry’s Chemical Engineers Handbook (Page: 12-17)

Q=CxCpxR (10)
The amount of heat removed by evaporative cooling is
Q=mx3dis
Q=2x9d (11)
On equating Eq. 10 and 11, we get
A =(C*R*Cp) /o (12)
Where
A = Evaporation Loss in m3/hr
C = Cycle of Concentration (3.0. to 7.0)
Cp= Specific Heat = 4.184 k] / kg / °C
0 = Latent heat of vaporization = 2260 k] / kg
R =Range in °C

Cooling tower effectiveness is nothing but the cooling tower
efficiency. Cooling tower effectiveness (in percentage) is the
ratio of range, to the ideal range, i.e., difference between
cooling water inlet temperature and ambient wet bulb
temperature i.e. (Range + Approach).

Cooling tower effectiveness =
(Range/(Range + Approach))* 100 (13)

All above empirical relation and given data collected
from Thermal Power Plant at Nandgaon peth Amravati
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District, Maharashtra are used to determine the value of T,
Tempratwreof Ar(T) I ('C) CaulateWelBub | 1,0

Two, evaporation loss, and CTE for all five cases. Resheidy () | (gl oo )

3. VALIDATION OF MATHEMATICAL MODEL

Simulation of a system is the operation ofa model in

terms of time or space, which helps analyze the performance | ‘

WATERIN | \

of an existing or a proposed system. In other words, et Tempete T 381 W)y
; : : . (0 o5 S5,
simulation is the process of using a model to study the — _,wf e
performance of a system. It is an act of using a model for W o = ouevamTempenee T 7 (0
simulation. Simulation is one of the most widely used
quantitative methods because it is so flexible and can yield so
Home Page For Evaporalion Loss

many useful results. Simulation algorithms of cooling tower
are computed using Visual Studio.Net which is very user
friendly software. Following figures shows the simulation
model developed for the validation of mathematical model.
From which easily output values can be find out as shown in
fig. below,

Evaporation Loss Effectiveness
R e
Temperatwre= 391 5 25205 =13895°C = =
= e;';; ® inetwr Ot ) Temperature Range (R)= 13895 °C)
temperature (Twi)  temperature (Two)
Outlet a Temperature (Tao)= 2 (e
. Tempemtre= 25205 1926 =545 (C)
Speciic Heat Cp=  4.184 (ki /kg/°C) Approach  Outlet water WetBulb

Latent heatof vaporization 8) = 2260 (kJ /kg) lowpeceive (Two) . tewpersiire (Twd)

Themal eflectimess (€)= 0 | r Gokuoe Cycle of Concentration C= 0 (30.t07.0)
Inlet Water Temperature (Twij= 0 ('C) |§
O WATER Caloutate Evaporation Loss Calculate Cooling Tower Etfectiveness.

o EvaporstonLossh= 2 (m3M) Cooling Tower Effectiveness (CTE)= 7
Inlet Ar Temperature (Taij= £ (°C)
AR BTN

For Outtl walor Tompratura
Calcstabon

(d)

(2) Fig.4 (a-d) Simulation model of cooling tower
R R e e g W

4. RESULTS AND DISCUSSIONS
ﬂ;:a’nms‘ercoemm (oh}= -0.0003081 (Wim2K) _H_ I he th ical T i i h
Skt et e 19 450 ‘ | n or@er to use the theoretical model for estimating the
Specichestofar aansan s (Ca= 105 g ) evaporation loss and all output values of parameters of a
counter flow cooling tower, a validation is essential. So, a
comparison for the experimentally measured values with the

st

Flow rate per unit cross-sectonal area (Ga)= (kg's)

COOUNG AN

0
sl =i IR =\ oo results got from the mathematical and simulation model is
Spediic suflace area per unit vokume (at)= 0 (m2 m3) Hr— 255 . i
Hegtobewwers () ) — made and is presented in Table 4 below;
e Tt g 1 The maximum difference between the calculated and

experimentally measured outlet temperature of the ambient
air is 0.74 °C and the mean difference is 0.80 °C. The water

.. B outlet temperature differ as much as1.32 °C, whereas the

= e == average difference is about -0.46 0C. The predicted
evaporation loss has a maximum deviation of 2.88 % from

(b) the experimental values; the mean deviation is about 2.61 %.

Table 4: Comparison of the Cooling Tower Model Results

Experimental 1 2 3 4 5
Data
Water Inlet 39.1 40.1 44.4 44.2 38.6
Temperature (2C)
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Water Outlet 28.30 27.00 27.40 30.15 29.10
Temperature (2C)

Air Inlet 23.2 23.7 25.0 25.2 25.5
Temperature (2C)

Air Outlet 28.30 29.90 29.60 30.00 29.05
Temperature (2C)

Mass Flow 0.017 | 0.017 | 0.019 | 0.013 | 0.021

Rate of Water
(Kg/s)

Mass Flow Rate of 0.037 0.041 0.027 0.033 0.032
Air (Kg/s)

Evaporation Loss 0.1340 0.1611 | 0.1125 | 0.1910 | 0.1813

(%)

Model Output
Result

Water Outlet 27.19 25.69 26.50 28.89 27.87
Temperature (2C)

Air Outlet 27.56 29.28 29.46 28.56 27.69
Temperature (2C)

Evaporation Loss 0.1287 0.1335 0.0021 | 0.1622 | 0.1530

(%)

Result Error

Water Outlet 1.11 1.32 0.90 1.27 1.23
Temperature Diff.

(*Q)

Air Outlet 0.74 0.62 0.14 1.44 1.36
Temperature Diff.

(*Q)

Evaporation Loss 0.0053 0.0276 | 0.0004 | 0.0288 | 0.0283

Diff. (%)

Cooling Tower 70.035 70.721 | 76.321 | 66.356 | 61.105

Effectiveness

Figs.5 shows the experimental results with the theoretical
modeling. These results show the effect of various inlet
parameters on the cooling tower effectiveness.

Fig.5 (a) shows the effect of water inlet temperature on
cooling tower effectiveness. From the fig. 5(a) we can say
that the cooling tower effectiveness increases with increase
in water inlet temperature. This shows that higher
temperature results in higher the partial pressure.

In Fig 5 (b) it is observed that the cooling tower
effectiveness slightly decreases with increase in air flow rate.
As cooling tower effectiveness slightly decreases from 70%
to 68% so, it doesn’t have phenomenal effect on the cooling
tower efficiency.

Fig. 5(c) shows the effect of air specific humidity ratio on
cooling tower effectiveness. The cooling tower effectiveness
increases with increase in air specific humidity ratio. This is
because; the higher humidity ratio gives higher vapour
pressure of air and hence lower potential for mass transfer.

From Fig. 5(d), it is proved that the cooling tower
effectiveness increase slightly with increase in water flow
rate. At high water flow rate there will be less reduction in
water temperature.

Finally fig. 5(e) shows the effect of ambient air temperature
on cooling tower effectiveness. The ambient air temperature
increases the cooling tower effectiveness is also increase.

0.8 TwiVs CT Effect
® o
0.7 '/pﬁ(
°
=
9.6 %
0.5
35.00 40.00 45,00 50.00
Twi
(a)
0.8 Ma Vs CT Effect
® ®
07  o—2ga o °,
# [ ]
A
0.6 e °
0.5
0.025 0.03 OI\(;BS 0.04 0.045
(b)
0.8 WaiVs CT Effect
o [ ]
0.7 L] ® ®
# [ ]
A
0.6 ° o
0.5
0.011 0.0115 0.01%0.0125 0.013 0.0135
ai

()
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Fig.4 (a-e). Comparison of present model with the
experimental findings: The influence of a) Water inlet
temperature; b) Mass flow rate of air; c) Specific humidity;
d) Mass flow rate of water and e) Air inlet temperature on
cooling tower effectiveness.

5. CONCLUSIONS

The focus of the present research is on the study of
the effect of Visual Study ASP.net on computer aided study of
cooling tower. The experiment has been performed
considering range, approach, in and out water temperature
etc. of cooling tower. The mathematical model has been
prepared for improving overall performance of cooling
tower.

In this study, the thermal performance of the cooling
tower is simulated in terms of varying air and water
temperatures, and of the ambient conditions a unique finite
difference model using dimensionless parameters such as
thermal effectiveness in terms of heat transfer coefficient has
been proposed. Influences of various inlet parameters on the
water evaporation loss are found to be linear. The model
predictions show a good agreement with the experimental
data.
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