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Abstract

The thermal performance of cooling towers is affected hy the temperature of inlet water,
wet bulb temperature of entering air and water—air flow rate. In this study, the effects of
these variables are simulated using NTU-method and experimentally investigated for the
counter—flow cooling towers. The simulation program to evaluate these variables which af-
fect the performance of cooling tower was developed. The maximum errors between the
results of simulations and experiments were 3.8% under the standard design conditions and
54% under the other conditions. The performance was increased up to 46 ~ 50% as the wa-
ter loading was increased from 6.8 mVhr-m' to 159 m/hr m’ The range was reduced up to
56~42% when the wet bulb temperature of the entering air was increased from 22T to 28TC.

Nomenclature ———— K : Mass transfer coefficient [kg/hr - m]
L : Mass flow rate of water [kg/hr]
A  H i7 i .
eat transfer area [n] . NTU : Number of transfer units
a : Mass transfer area per unit volume R  Cooling range [K]
[m/”fq S ! Contact area of water and air [ny]
C[_ . Speclflc heat [k]/kg * K] T . Ternmrature [K]
Gt Mass flow rate of air {kg/hr] VvV : Cooling tower filler volume [m']
h . Enthalpy [k]/kg]
Subscripts
* Department of Refrigeration Engineering, ) .
Graduate School of Pukyoung Univ, 1 - Inlet condition
Pusan 608-737, Korea 2 ! Qulet condition
*¥ Department of Refrigeration Engineering, a © Air
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s . Saturated state
w - Water

wh Dry bulb

db ' Wet bulb

1. Introduction

A cooling tower is a highly economical sys-
tem to remove the waste heat by consuming
minimum electric energy and it is one of ex-
cellent environmental facilities preventing wa-—
ter contamination and air pollution together.
In brief, comparing with other refrigeration or
air-conditioning systems, a cooling tower ex-
changes much more heat with small power
consumption and it does not cause any envi-
ronmental problems.

A cooling tower, a system supplying cooled
water due to its sensible and latent evapo-
rating heat by the direct heat exchange with
ambient air, has been used in extracting the
waste heat arisen from industrial processing.
In recent, the optimally designed technology is
crucially needed in a cooling tower to prevent
over-designed systems.

Due to its complexities in the internal heat
exchanging process of a cooling tower, analy-
tical and computational methods are almost
impossible to predict its performance correctly.
Therefore, characteristic values and design pa-
rameters have been obtained from experi-
ments.

Principles of the heat exchange between the
hot inlet water and the suction air can be ex-
plained as two mechanisms; one is the sensi-
bie cooling of water caused by the tempera-
ture difference between air and water and the
other is the latent cooling by the evaporating
heat of water. Therefore, main factors pres-
enting the performance of a cooling tower are

the cooling range and approach of wet bulb
temperature.u'm

Other main input parameters, which affect
to the thermal performances, are temperature,
humidity of air and water flow rate,

To enhance a cooling effect, in general,
filler is installed inside the cooling tower. The
heat-exchanging performance of filler has a
great effect on the cooling tower's total per-
formance. To predict heat-exchanging perfor-
mance of filler, we need all the data of the
mass transfer coefficient, contacting time, area
between air and water, and pressure distri-
bution of the filler.

However, the analytical process is too com-
plicated to get all the local data. Therefore,
most researches are relied on the experimenis
to get the performance of a cooling tower.

In this research, based on the experimental
performance data computer simulation program
was proposed by NTU method considering
various operating parameters. In other word,
this research was aimed to furnish the com-
puter simulation program, which can be used
in the database for optimum design.

2. Basic Theory

A simplified heat and mass transfer mech-
anism which is called potential driving force
concept was assumed with following assump-
tions:®

{1) Neglect the water loss by evaporation.

(2} Thermal diffusion coefficlent is equal to
mass diffusion coefficient.

{3) Air at a contact area is a saturated state.
{4) Latent heat of vaporization is constant.

For the above assumption (2), Lewis num-
ber is defined to link the thermal diffusion and
mass diffusion. When the temperature is 0 C
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and the pressure is 760 mmHg, Lewis number
is 0.866. At this situation, the Lewis value is
close to 1 and the partial pressure of vapor is
relatively small. Therefore, the assumption (2)
is appropriate.

The total heat transfer rate is a function of
the enthalpy difference, ie., the difference be-
tween the enthalpy of saturated vapor at wa-
ter temperature and the enthalpy of contact
air as follows.

Q= KS(h,— h;) 1)

In a counter-flow cooling tower, an energy bal-
ance equation can be expressed as

dg= K(h,— h)dS= Gdh,= LC;dT, (2)

By integrating equation (2), we can obtain

KaV _ G (" dhy, T 4T,
At A M s il S M eyl €

In the above equation the term, KaV/L, is
not the function of filler but the function of
temperature and flow rate. This term is called
NTU {Number of Transfer Unit) in other
words.

Commiittee of Performance and Technology
under CTI investigated many integration meth-
ods based on the Merkel's equation to find
more precise calculation of equation (3). They
concluded that the 4-point Tchebycheff inte-
gration method is the most accurate.

In 1967, CTI proposed various NTU values
for 40 different kinds of wet bulb tempera-
ture, 21 different ranges and 35 different cases
of contact temperature by the Tchebycheff
integration method as follows.

KEV:Q hal dha (4)
L L Jw hy,—h,

NTU=

Heat transfer characteristics of a cooling

tower can be represented by a characteristic
curve. A characteristic curve shows filler char-
acteristic value, KaV/L, on changing the ratio
of water-air flow rate at a logarithmic coor-
dinate. At given filler, the mass flow rate of
water, L, is a constant. Then, if the mass flow
rate of air, G, decreases, the heat transfer ca-
pacity of filler decreases. By the increase of
water-air flow rate, the characteristic value of
filler tends to decrease. When a characteristic
curve is developed, a water-air flow rate
changes at the cooling tower being installed
filler. The inlet/outlet enthalpy of the air a-
round the water film and ambient air is mea-
sured with changing water-air flow rate of a
cooling tower installed the filler, Then, using
equation (4), the characteristic value can be
obtained, Based on the experiment, the char-
acteristic value of filler can be written by the
following relation.

KaV _ ~ ¢ Ly-m
a¥ - L) )

Here €, and m are empirical constants.

Since the characteristic value of a cooling
tower is valuable information for manufac-
tures, the characteristic value on the equation
cannot be used in general. Therefore, a char-
acteristic curve is mainly obtained by the ex-
periment.

3. Performance analysis of a cool-
ing tower

3.1 Algorithm of the capacity calcula-
tion

The purpose of performance prediction at a
cooling tower is to calculate the cooling tower
capacity on cooling water flow rate, inlet tem-
perature, and air wet bulb temperature. Here,
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the algorithm is based on characteristic flow
rate, Inlet temperature of water, and air wet
bulb temperature. The relation of dependent
and independent variables can be written by

Tuz = Al Tume Tw1.G.L] (6)

From equation (6), the dependent variahle
can be calculated by determining the inde-
pendent vanahles. Then, the results can be
utilized for calculating the capacity.

Performance calcutation of a counter flow

Enter simulation condition

|

R={(Tw+ Tw) /2

I

Calculate NTUa

!

lza}culate inlet air enthalpy

l

Twz = Tw - R
I

Calculate outlet air enthalpy

|

Calculate NTUr

“Two=Tuzt0.01

Calculate g

Fig. 1 Simulation program flow chart.

cooling tower can be obtain that a design
point is determined at a point of intersection
between performance curve of equation (4) and
characteristic curve of eguation (5).

First, it can be assumed NTUr as a per-
formance curve, and NTUa as a characteristic
curve. Then, on the assumption of cooling
range R=(T,,+T.)/2 the difference between
NTUa and NTUr can be checked by using a
bisection method. Finally, if equation {7} is sat-
isfied, the program converses.

NTUa— NTUr

Err= —NT_UE—SO'DI {7}

3.2 Analysis results

The standard design condition of a cooling
tower is that the inlet and outlet temperature
of cooling water is 37 C, respectively, and air
wet bulb temperature is 277C.

The results of the performance analysis are
in the following. Fig, 2 shows the change of
the range on the water loading varving the air
velocity at the filler. As the air velocity in-
crease, the range increases. This is reason for
the increase of the heat transfer coefficient in
the system. Also, as the water loading in-
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Fig. 2 Effect of air velocity and water loading
on range,
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crease from 6.8~181 m/hr-ar, the range de-
creases to 2.0~22 T, This is because as the
water flow rate increase the liquid film on
flowing along the surface of filler thickens.
Consequently, the total heat transfer area does—
not increase proportionally with the increase
of film thickness. Fig. 3 shows the range of
the change on the wet bulb temperature with
varying the air velocities when the water load-
ing is 91 m/hr-m', the cooling water inlet
temperature is 37C, and the dry temperature
of inlet air is 32T. As the wet bulb tempera-
ture increase from 21~297T, the range de-
pends on the air velocity, and gradually de-
creases to 25~31m/s. Fig. 4 shows the range
on the change of the air velocity and the cool-
ing inlet temperature when the air velocity is
25 m/s, the cooling water inlet temperature 37
T, and the dry bulb temperature of the inlet
air 32 C. When the water loading increases
the cooling range also decreases. Fig. 5 shows
the results of the change of the range on the
air velocity and the cooling inlet temperature
when the water loading is 9.1 m/hr-m the
wet bulb temperature of the inlet air is 27 C,
the dry bulb temperature of the inlet air is
32 T.

8.0

Air velocity

[~ ——-V=20m/s
or ™~ - — V=25m/s
— = V=30mis

60

50 F e
Lia =91 m3mm2 T~

Range {°C }

Twi = 37 °C
“F Tan=320C
db = e
390 - 4
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Wet bulb Temperature ( °C )

Fig. 3 Effect of air velocity and wet bulb
femperature on range.

4. Experimental apparatus and method
4.1 Experimental apparatus

The experimental apparatus is designed to
analyze the change of a cooling performance
considered important parameters on the ther-
mal performance of a cooling tower. The ex-
perimental apparatus is manufactured by an
acrylic and is installed the filler of 230x23%
600 (Munter 19060 filler).

To distribute water equally on filler, the
nozzle is installed. Air quantity flowing to the
cooling tower is controlled air by using a tur-
bo-fan and an inverter. Using the damper of
the high temperature of a cooling tower exit,
the outside air wet bulb temperature is prop-
erly controlled. To control dry bulb tempera—
ture, an eleciric heater of 2kW capacities is
installed, and constant temperature is kept by
a feed back control system.

To control the temperature as a constant
state, water is sprayed to the filler. To satisfy
the experimental condition, an electric heater
and a feed back control system is installed.

The water flow rate is measured by a ro-
termeter having a 2% error, and a hot wire
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22.0 240 26.0 28.0
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Fig. 4 Effect of water loading and wet bulb

temperature on range,
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Fig. 5 Effect of inlet water temperature and
air velocity on range.

current meter measures the air velocity. The
temperature of water and dry bulb tempera-
ture of air are measured by T-type thermo-
couple of a diameter 0.2 mm, and the test sec-
tion is calibrated with an error of 0.1 T. Be-
fore the experiment, wet bulb temperature is
measured by a wet sense with 2% error.

The outputs of each sense is recorded by
NetDAQ and FLUKE and stored by a per-
sonal computer. Fig. 6 shows a schematic di-
agram of the experimental apparatus.

4.2 Experimental method

In this experiment, the inlet temperature of
cooling water is 30~40 T, the wet bulb tem-
perature of inlet air is 22~29 C, the dry bulb
temperature of inlet air is 32 C, the air ve-
locity is 20-30m/s, and the flow rate of
cooling water is 6-14 Ipm.

Main procedure of the experiment is the
control of a flow rate of suction air, and the
flow rate and temperature of supplied cooling
water. Then, after the experiment reaches to a
steady state the data is measured.

A blower and inverter having maximum air
flow rate of 17 m’/min keep a constant of the

(D: thermo-couple
@: humidity sensor
B air velocimeter

| ST

2 B

[ Constant
Pump Temp. bath S
5,56 .

e
i | fan )
@ If:l ~

Pl\.l_l;’lp D

Invertor

Fig. 6 Schematic of experimental apparatus.

setting air flow rate, and exhausted air of high
humidity though a return duct is supplied at
the wet bulb temperature control part of the
inlet air. Then, this air mixed with ambient air
is controlled dry bulb temperature and wet
bulb temperature to satisfy the experimental
conditions. Extra exhausted air goes to an am-
bient, and this minimizes the change of inside
environment.

Water circulated by a circulation pump is
sent to a constant temperature bath. Then, at
a constnat temperature bath water has a con-
stant temperature, and then sprayed at a noz-
zle of the test section. The nozzle used at the
experiment has a diameter of 2mm, and it is
positioned by a 3 rows. Each row has 10 noz-
zles. Totally, 30 nozzles are installed. This
sprays water equally to filler,

4.3 Experimental results and discus-
sions

Fig. 7 shows the change of the range on
the air velocity and the water loading. By
comparison two figures, Fig. 2, which is the
results of the analysis program, and Fig. 7,
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Fig. 7 Effects of air velocity and water
loading.
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Fig. 9 Effects of water loading on mass
transfer coefficient.

which is the results of the experiment, the
maximum error is approximately 3.8%.

Fig. 8 shows the varation of the range on
the change of the air velocity and the wet
bulb temperature of the inlet air. As the wet
bulb temperature increase, the range is de-
creasing on the evaporating quantity of water
because of decreasing the ability of containing
water. And, this figure shows a maximum
error of 55% compared to the results of the
analytical analysis.

The thermal performance of a cooling tower
obtained from the experiment is used to an-
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Fig. 8 Effects of air velocity and wet bulb
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Fig. 10 Comparision chart between experimental
and simulation data.

alyze the characteristics of the water loading
and the air velocity. Based on the experi-
mental results, filler property, KaV/L, by
integrating using the Tchebycheff method is
can be given the overall mass transfer coef-
ficient.

4.4 FError analysis

Fig. 10 presents the comparison between
the characteristic of a cooling tower by the
analysis program and experimental data. Two
results are agrees well, and the reason of the
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discrepancy between two data is in the fol-
‘lowing.

(1) It is used the approximated equation on
the thermal and mass transfer.

(2) The enthalpy of air is calculated by the
relation of wet bulb temperature only.

{3) Evaporation is neglected.

{4) To determine NTU, a simple curve is
used.

5 Conclusions

To analyze the characteristic performance
of a cooling tower, the experiment and sim-
ulation 1s studied. This research has led to the
following conclusions.

{1) It is developed the program, which can
evaluate the performance on the parameters
affecting the cooling tower performance. The
error of the standard design condition is a
maximum value of 3.8%. The error of other
conditions is 5.4%.

{2) When the water loading increases from
68 m/hr-m' to 159 mY/hr-or, the range is de-
creased to 309%—-38%.

(3) As the wet bulb temperature of the inlet
air increase to 22 TC~297C, the range de-
creases to 56% ~42%. When the inlet temper-

ature is 35 C~40 T, the range change 699 -
4695,
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