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Abstr act

Theoretical and experimental studies were conducted on forced dr aft
water cooling tower. In such towers, the heat and mass transfer take place
from the hot water to the bulk air, which passes through the tower. The
theoretical study includes two parts, the first part describes the numerical
solution for the water cooling tower gover ning equations, a two dimension air
momentum equation (Navier-Stocks equations) and air enthalpy equation
(energy equation), moisture content and water enthalpy equation. The effect
of turbulence was simulated using the k-¢ model. The packing-air resistanceis
described and added to the air momentum equation in y-direction only. The
second part highlights the use of three different packing types. This includes
the use of a ceramic packing in two different heights (0.66, 0.48m) in addition
to an aluminum packing. A simple comparison between all the above types of
packing behavior is conducted. The experimental study was conducted using
Hilton water cooling tower, which is a counter flow type. The variation in
many variables, which affect the tower efficiency, are described in this part of
the resear ch including variation heating loads, entering water mass flow rates
and incoming air volume flow rates. The flow field velocity vector for air
through the tower is plotted, and an accurate behavior of both air and water
properties was found.
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NOMENCLATURE
g™ Rate of heat transfer per unit volume %3
m," Rate of mass transfer per unite volume k%3 c
.. kg
k Mass transfer coefficient 12
a Area of transfer surface per unit volume m%ng
h, Specific enthalpy of saturated moist air k%g
h, Specific enthalpy of moist air k%g
W, Moisture fraction of saturated moist air kg, kg
da
u Horizontal air velocity component %
v Vertical air velocity component %
U, Water velocity %
P Pressure Kpa
Gravitational acceleration %2
f, Resistance to air flow in y-direction %3
h, Specific enthalpy of water k%g
W Air molecular weight
R Universal gas constant %kg - mol K)
X Horizontal Cartesian coordinate m
y Vertical Cartesian coordinate m
K Turbulent Kinetic energy mZZ
v, Turbulent Kinematics viscosity m%
(A Grid point places in directions (x,y) respectively
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a,,a,,a,,a, Differential equation coefficientsin x-direction k%

b,,b,,b,,b, Differential equation coefficientsiny-direction k%
d.,d,.d;,d, Differential equation coefficients k%
€,.€,,6,6, Differential equation coefficients k%
u,v Stared velocity components %

u’ v Correction velocity components %

= Stared pressure Kpa

=4 Correction pressure Kpa
[l Differential equation coefficients k%
C, Water specific heat k%g K
m, Mass flow rate of water per unit plan area of packing k%z c
m, Mass flow rate of air per unit plan area of packing k%z c
t, Water temperature C’

V  Volume occupied by packing per unit plan area of packing m%nz

GREEK LETTERS

r Moist air density k%g
r Water density k%g
o kgy
My Effective viscosity ms
ro Ambient air density k%s
Gy Effective exchange coefficient k% s
f The dependent variable
Diffus N.s
G iffusion term %n 2
S Source term
S «f Effective Prandtl number
. . . me
e Disspasion rate coefficient A
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1. INTRODUCTION

Majumdar, A. e al, (1983)™.
discuss the limitations of current
practices of evaluating thermal
performance of wet cooling towers
and describes a more advanced
mathematical modd for mechanical
and natural draft cooling towers.
Burger, (1989)4, studied a various
eements of the modern cross — flow
cooling tower and their upgrading
capability. Alwan, (1991)¥, studied
the counter—flow water cooling tower
with flat plate asbestos packing. Al.
Habobi, (1995)",  studied the
performance of ceramic blocks and
asbestos sheets used as a packing for a
counter — flow water cooling tower.
Mohiuddin and Kant, (1996)",
described the detailed methodology
for the thermal design of wet, counter
— flow and cross — flow types of
mechanical and natural draft cooling
towers. Al-Nimr, (1998)"®, studied a
dynamic thermal behavior of a
counter—flow cooling tower by
proposed a simple mathematical
modd. Bedekar, e. a, (1998),
studied experimentally the
performance of a counter—flow
packed-bed  mechanical  cooling
tower. Gan and Riffat, (1999),
presented a numerical technique for

Turbulent dynamic viscaosity
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Turbulent empirical constants

N%nz

Defusion term for Kinetic energy equation N%nz

Defusion term for dissipation rate equation N%nz

Prandtl number for Kinetic energy equation

m

Prandtl number for dissipation rate equation

evaluating the performance of a
closed wet cooling tower for chilled
cdling systems. Al. Nimr, (1999),
studied the dynamic thermal behavior
of counter—flow cooling towers that
contain packing materials. Abdula,
(2002)*%,  conducted a numerical
study for forced draft cooling towers.
A forced draft counter flow water
cooling towers will be employed. A
theoretical and experimental study
will be carried out on this tower. In
theoretical part a thermal solution
(heat and mass balance) will be used
to solve many equations using finite
difference  method based on
computational fluid dynamics (CFD)
such eguations are, X — direction
momentum equation, 'Y —direction
momentum  equation, air enthalpy
equation, air moisture fraction
equation, water enthalpy equation, K—
€ modd for turbulent flow and
equation of state The effect of
packing type heightens air flow rate,
water flow rate and heating load on
the tower peformance will be
predicted. Experimentally several
tests on a counter—flow cooling tower
test plant will be conducted. These
tests will quantify the previous effects
and justify the CFD program.
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Fig. (1) Configuration of the counter flow water cooling tower.

2. GOVERNING EQUATIONS
The basic equations that describe the
flow of the fluid, heat and mass
transfer between water and bulk air in
two dimention with Cartesian
coordinate system are the continuity,

the Navier-Stokes and  energy
equations’’.

(1) Continuity equation (Mass of
Air).
%(ru)+ﬂly(rv):m,m ........................... 0
(2) Continuity equation (Mass of

Water).
1 ‘m
@(rFuF):m, ................................. 2
3 X-Direction  momentum
equation.
il il Ta Tud
ﬁ(r UU) +ﬂ—y(r VU) 2&3% W;*‘
Te fuo Té fvu TP
—— T e 3

wE Iy ﬂysm’” ™H ®
@ Y-Direction  momentum
equation.
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x Ty Ty "y &
e Tva, Té fuu

x Smg i wE™

] R S (4)
(5) Air enthalpy

—(ruh )+ (rvh )=

—(Geﬂ a‘) —(Qﬂ a‘)+ﬁ|¢t (9

(6) M 0|sture Fractlon equatlon.

1(ruwa)+1(rwv

e W
a)_ (Géff ﬂX)+

fix

—(C;ﬁ ............. (6)

(7) Water enthalpy equation.

i .

—\r_u =-q M e (7)
gy 7Ue )

Because the density varies along the
tower, equation of state should be
used.
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TURBULENCE MODEL (k-€ )

The k-€ mode characterizes
the local state of turbulence by two
parameters, the turbulent Kinetic
energy, k and the rate of its
dissipation,

e

. The Kinematics viscosity is
related

to these parameters by
Kolmogrov-Prandtl expression:

k2
V, =C e ©

e

where C, is an empirical constant.
The distribution of k and € over the
flow fidd is calculated from the
following semi-empirical transport

equations for k and € 12,

A- Turbulent Kinetic energy:

1 1 ﬂk('j
11X(r UK)+1Ty rvk)= ﬂxae%‘ e

ko, e aéTUO Vo L &u ﬂvo U
ﬂyg e g & S o zgﬂyg &1y " g g
© i (10)
where
C ) 3/2
M oo 1)
S |

B- Rate of dissipation rate equation:

1 _T feo, 1 ﬂeo
r e
ﬂx( ! ﬂy ae%bﬂx;a ﬂyg
€ Mg Ve L& vo U
C 62 = +2 —+ —=
”kmggﬂw Eve & g
2
—CZere? ............................. (12)
where
n
= 13)
S

The empirical constants appearing in
the above modd are shown in the
following table.
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Table (1) Empirical constants in the
k-©

C

m Cle CZe S k S

e

0.09 144 1192 [1.00 | 1.30

Cooling tower — governing
equations are non-linear and required
to be iterative procedure, However
these equations must be written in a
general form that is:

T Fo

—|(ruF +_ |: LI

ﬂx(ru ) Wy (rv "f(‘; o

‘"%‘"F TSt oo (14)
y &

whereF is the dependent variable,
which may be a directional quantity
such as velocity components (u,v) or
scalar quantity such as temperature or

enthalpy (h,). The It side of

equation (14) is the convection term
which mean the fluid transfer, the
right side is the diffusion term which
gives the variation in fluid property
during the flow, S. is the source
term which means the source of hest,
mass transfer or pressure variation
that alows fluid to flow, G is the
diffusion coefficient which is a
dynamic viscosity in  momentum
equation but effective  exchange
coefficient in enthalpy and moisture
fraction equations™, and

0
= e (15)

S
where s ; is the Prandtl number,

which takea unit. Equation (14) is
solved by using a finite volume
method, which divided the flow fidd
in to small volumes, and integration
of this equation on the faces of the
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control volume is the key solution of
this method.

4. NUMERICAL SOLUTION

The resulting equation  after
discretizationis:

ajF;=aF, taFg+aF +

AF s+ S (16)

and for water enthalpy, equation (17)
isanumerical solution result.

| By = 1R + 10, + Sy 07)

a. is coefficient

ni!=s

where a;,a,,a,,8a
Fi.Fw.Fe,Fy,Fs. The pressure

is corrected to satisfy continuity at the
end of each iteration. To derive the
pressure correction equation we
define the following™":

P=P +P :u=u"+u':v=v +V

/ /

F =F" +M
J J Aj

where, the starred values (u’,V’)
represent the flow solution given by
the pressure (P"). By applying the
above in the discretized momentum
and continuity  equations  and
simplifying, a linear system can be
obtained for P’ (Pressure correction)
in solving the steady momentum
equations in this step, under-
relaxation factor of (0.5) is applied to
the velocity components to prevent
instability and divergence due to non-

linearity in  the Navier-Stokes
equation. Also under-relaxation factor
of (0.8) is used for pressure

correction. After steady state solution
is obtained for the flow fidd*3.
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4. EXPERIMENTAL WORK

The experimental work was carried
out using Hilton water-cooling tower,
which is a forced draft counter flow
type. The tower was equipped with
four heaters (2.5 kw each) to heat the
water and that represents the load on
it. The tower was equipped also with
several measuring devices to express
the condition of water and air at inlet,
outlet and other five stations along the
tower™.,

The equations reflect mass
and heat balance at any point in the
tower is:
kaV

tw2

dt,,

—= CW A (19)
m, ty W
kav _" dh,
— = O s (20
ma Ny hsN } ha

The above two eguations are
convertible in to one another and
independent of real active motion of
the two fluids streams. Mathematical
integration of the equations is
required and the procedure must
account for relative motion. In cooling
tower practice, the integrated value of
equation (19) is called "The number
of transfer units' or "NTU". This
gives the number of times the average
enthalpy potential (hg, - h,) goes in
to the temperature chang of the water
dh,, thus one transfer unit has the

definition of:

c, dt,
(hSN - ha)avg

In examining equation (19), it
can be seen that the vertical distance
between the two curves represents the

enthalpy difference (h,, - h,) in the
integral of equation (19)™. Thus a



Eng. & Technology, Val.25, No.4, 2007

second curve can be plotted for
1(h,, - h,) asafunction of the local

water temperature, and the value of
the integral can be determined by
obtaining the area under the curve.

The resulting quantity (ka.\// m,v)

known as the tower characteristic, is
thus a function of the inlet and exit air
wet bulb temperatures and the inlet
and exit water temperatures. These
can be expressed in terms of the
approach temperature, the temperature
range of the water, and the ratio of the
water flow to the ar flow rate

However  the  log-mean-enthalpy
method based on the inlet and outlet
enthalpy differences would

underestimate the value of the tower
characteristic, kaV/m;, , the enthalpy

correction, dh, may be defined by
equation (22).

h

dh=sa *h

sw2

4
where dh in Btu/LB, hy, and h,

are the values of h,, at the outlet and
h

SW

- 2h

Swm

inlet, and hg,,, is the value of
evaluated at the mean water
temperature, (t,, +t,,)/2, this is
obtained from equation (23)".

h,, = 4.7926+ 2.568* t,, -
0.029834* t2 +0.0016657* t2..(23)

If Dh, and Dh, are the inlet and
outlet enthalpy differences between
the h, and h, curves, an
approximate log-mean-enthal py
difference, Dh,, can now be defined

as
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Dh, - Dh,

P = 2 310g{(Dh, - o) (Dh, - dn)

where Dh;, and Dh, in Btu/lb.

The tower characteristic can be then
calculated from equation below after

multiply Dh_, by 0.4299.

kav _t,,-
m, Dh,,

The error involved in estimating the
tower  characteristic using the
corrected log-mean-enthalpy method
is small and normally acceptable
which is about 2 percent. The
difference between the use and no use
of the corrected log-mean-enthalpy
method is about 23 percent. The
results are plotted graphically and the
best straight line through each set of
points is drawn. The values of "n" and
"l " would be approximated to 0.44
and 0.179 respectivdy and the
characteristic equation becomes:

5. RESULTS AND DI SCUSSI ON
Fig. (2) shows the variation in
water temperature with different
heating load along the tower stages.
At each tower stage the water in
temperature  will decrease  with
increase the air volume flow rate, and
this is represented in Fig. (3). At each
stage of the tower the temperature of
water will increase with increase in
the water mass flow rate. This is
represented in Fig. (4). The air
velocity vector fidd that is shown in
Fig. (5) highlights the air flow along
the tower. Fig. (6) shows the moist air
density variation as it passes through
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the Hilton tower. The magnitude of
this density depends on the magnitude
of the static pressure and air dry bulb
temperature.  The ar enthalpy
variation as it passes through the
Hilton tower is presented in Fig. (7).
The variation in the air moisture
content through Hilton tower is
exhibited in Fig. (8). The variation in
the water enthalpy through Hilton
water cooling tower is shown in Fig.
(9). The variation in the rates of heat
transfer from warm water to bulk air
as they flow through the Hilton tower
is exhibited in Fig.(10). The variation
in mass transfer rate from water to the
bulk air as they flow through the
Hilton tower is shownin Fig. (11).

The characteristic equations
for these two types of packing are
presented in equations (27) and (28)
respectively!.

kav - 0592
——=0.199 ) 27

kav

0.157(rh,, /rin, ) ***.....(28)

The above two equations are used in
the present theoretical work to predict
the air and water properties that flow
through these types of packing. This
is done under the same inlet
conditions (air and water temperatures
and velocities) that are used in the
experimental work. The theoretical
packing-air resistance is similar to the
Hilton tower packing-air resistance.
Figs. (12 to 14) show the variation in
the air enthalpy, moisture content and
water enthalpy respectively, aong
(0.66 m) height ceramic packing ™.
Figs.(15 to 17) show the same above
variables variation anncT; (0.48 m)
height ceramic packing . Fig.(18)
shows the variation of the water
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temperatures along the tower stages
for the three types of packing. (I.e
aluminum, ceramic of 1.27 m height
and ceramic of 0.48 m height) it is
clear from this figure that the water
cooling range for the Hilton packing
is greater than that of both ceramic
types. This is because the coefficient
of performance (ka) for the Hilton
packing is greater than the other
packing two types. It is found also
that the increase in the packing height
lead to increase the cooling range,
since it allow for much time for direct
contact between the warm water and
bulk air.

The packing resistance to air
flow was calculated and added to the
y-direction momentum equation only.
This is because of the assumption that
there is no heat and mass transfer in
the horizontal direction. Fig. (19)
shows the variation of water
temperatures with the use of the
packing-air resistance. Fig. (20)
shows the variation of the same
variable without the use of the
packing-air resistance. These two
figures represent a simple comparison
between the two states. This
comparison highlight the effect of
this resistance, so that the water
cooling range in the first case (use of
packing-air resistance) is more than
the second case.

Many experimental tests are done by
using a Hilton water cooling tower.
Experimental results are compared
with the theoretical results. The
variation in the air enthalpy and water
temperatures along the tower stages
was considered in this comparison.
Figs.(21 to 22). show the theoretical
and the expeimental water
temperatures variation along the tower
stages at different coefficient of
peformance (ka) values. The
theoretical water cooling range is
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more than the experimental onein al
these figures. This is due to the shape
of the packing. That the simulation of
this shape in the theoretical work is
very complex, therefor the packing-air
resistance which used in the
numerical solution is not similar to the
experimental  packing-air resistance
that actually exist inside the tower
during the tests. However, the use of
the theoretical resistance will decrease
the difference between theoretical and
experimental results. This comparison
show a 7.69 % difference between
these results. All these figures show
that the delivery of experimental
water temperature is higher than it in
thefinal stage (one) is Fig. (23) shows
the variation of delivery water
temperature with the coefficient of
performance (ka) values.
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Figure (7): Air enthalpy contour through the counter flow type
water cooling tower
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Figure (8): Air moisture content contour through the counter
type water cooling tower.
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Figure (9): Water enthalpy contour through the counter type
water cooling tower.
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Figure (10): Therate of heat transfer contour through the counter type
water cooling tower.
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Figure (11): Therate of mass transfer contour through the
counter flow type water cooling tower.
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Figure (12): Air enthalpy contour through the counter flow type water
cooling tower 0.66 m ceramic packing height.
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Figure (13): Air moisture content contour through the counter flow type water
cooling tower at 0.66 m height ceramic packing type.
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Figure (14): Water enthalpy contour through the counter flow type water
cooling tower at 0.66 m ceramic packing height.
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Figure (15): Air enthalpy contour through the counter flow type water
cooling tower at 0.48 m ceramic packing height.

Air moisture
content

y’\-/\mt kguikg dry air
o & 15 00327017
£ 12— 14 00312069

11— 13 0020712
P 12 00282171
i 9— 11 00267223
< //\\/‘ 10 0.0252274
£ f 9 00237326
g f 8  0.0222377
g 7 00207428
d 6 0019248

S 5 00177531
< ﬁ 4 00162583
— 3 00147634
» v 2 00132685
I 1 00117737

0 L ‘\ L L l ‘\ L L L L L L L l L L L L l L L L L l L

0 0.1 0.2 0.3 0.4 0.5
T masme van Al

Figure (16): Air moisture content contour through the counter flow type
water cooling tower at 0.48 m ceramic packing height.
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Figure (17): Water enthalpy contour through the counter flow type
water cooling tower at 0.48 m ceramic packing height.
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Figure (18): Variation of water temperature along the cooling tower
stages at the use of aluminum packing time and ceramic packing in two
different heights at another time.
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Figure (19): Water temperature contour with using the packing air

resistance.
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Figure (20): Water temperature contour without using the packing air
resistance.
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Figure (21): The theoretical and experimental variation of water

ki
temperatures along the tower stagesat ka = 0.1414 (3—9) )
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Figure (22): The theoretical and experimental variation of water temperatures
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along the tower stages at ka = 0.1567(—;
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Figure (23): Variation of delivery water temperature with
coefficient of performance (ka).
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