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ABSTRACT

This paper studies the affect of tropical weather ou the thermal
capability of cooling towers constructed in the ARADIAN GULF AREA.
This study hag been carried out numerically and experimertally.

High dry=bulb temperaturae, and relative humidity{(Somectimes
reachen 60 C , and 100% reapectivaly according to Kewail climatolngy
data) have a3 aignilicant cflect on the vate of waler cevapocation

The entering air wet-bulb temperature and requiced system
temperature level combine with cooling tower size to balance the lheat
tejection system at a specified approach. The combhination ol [low
cate and heat load dictates the range whieh a cooling tower must
accommeodate.,

The ceramic type ol cooling townes is chesen as a sample of
this study, becauac thia type ia used oxtenaively io the arabian pulf
area.

Finally, the obtained results have been compared with the
manulactury results, and anticeable deviations have been [ound.
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NOMENCLATURE
a , a a = Coeflfl[icientn of [inite dilference tqualion
= Specific heat of dry air, J/Kpg OC

= Specific heat of vapor, J/Kg °C

CP = Specific heat of moist air, J/Kg 9C

G
CP = Specific hest of water, J/Kg °C

L
EG = Moisture f{raction of moiat nic, Kg/kp
£X = Moisture Fraction of dry aic Kg/Kg
fs = Moisture fraction of saturated moist ailr, Kg/Rg
Ex' f = Rapistances to air flow in x and y-directions

¥ respectively H/mJ

c = Mnan (low of dry aivr, Kg/a
G = Moas {tux of dry air, Kg.mls
2 s Graevitational acceleration, m/s?
n 2 lleat transfer coelficieunt, Wimlog
h a Specific enthalpy of moist air, J/Kg
h*G = Specilic enthalpy of dry airc, J/Kg
hT = Speciflic enthalpy of translerred subsitance J/Kp
hfg = Latent heat ol vnporization, J/Kg
X = Mage transfer coefficient Xg/m? s
L = Mass flow vate of water, Kg/a
L' = Mags flux of water, Kglmzs
mT = Rate of mass tranafer par wait velume, Kg/m3 5
3 = Pressurc , Pn
R = Uaniversal gas conatant, J/Kg ;o ok
.ch = Total heat translerred from woter Lo air, W
q m = Rate of heat transfer per vait ares of transfer

autface,w/mz

T = Temperature, °C

u s Vertical component of vwelocity, m/e.
¥ = llgrizontal component of velocity, m/s
P = Yertical carteslan coordinate, m

y = Horizontal carteaipn coordinate, m
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'EEE ¥ Effective exchange coefficient, Kg/ms
/%Ef = Effective viacosity, Kg/ms
P . . . J
= Dengity of molat air, Kg/m
Glff = E(Cfective Prandtil wumber, diwmenaionless

W

Dependent vacriable

&

Subgecript

L = Air

amb = Ambient
Do = dry-bulb
F, W = water

G = moist air
in = entefing,
cutl = leaving

) = patuTtated
Wh = wet bylb

L. IHTRODUCTION

Most air condiltioning systems and many industrial processes
generate heat which must be removed and dissipated. Water is commonly
voed ag a heat transfer medium to vremove heat from relrigerant
condenser or induatvrial process heat exchangers.

A cooling tower i3 a daevice that uses a combination of lhear and
maga traasfec to cool water. The thermal performance of a conling
tower ia affected by weather conditiana. Atmoapheric wrt=buldb has a
significant efFect on the cooling tower thermal capabilicy, while
rhe other atmogpheric conditions such ar dry-buld and relative
humidity have a great eflect on the rate of water evaporvation.

The thermal capabilicy of any cooling tower may be defined by
the following pavameters

l- Entering and leavipg water tempernturcenr.

2- Enteriang sicv wet-bulb or entering air wet-bulb and dey-bulb
temperatyres.

3~ Water flow rate.

The direct-contact cooling tower is ceommonly veed as countec-fFlow
heat transfer, type, water ig downflow, while the air may be upfilow.

In comparigon with most other industrial equipment, the water
cooling tower is a simple device, based oo the direct contact of twe
af the earth's moat common aubgtances, nir nnd water. (o 1283 Willn
Jamas ¢t Al [9]. dipcuased thr follawing topicn on the cooling Lowersy
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service factors, drift, lorses, evaporation; and performance chanpea
with humidity. Also, in 1987, Markacvons et al {7] eveloped the
computer model to atudy thermnl enncgy released inte the environ-
ment. A typical application of their model {a the atudy of the
behavior of cooling tower enfflueat undec dif{f{erent weather and
aperating conditions. In May 1985, Zafar et al {6] prescnted a
linear approximate model ol wet surface heat exchangers [or the
effect of Lewis number.

2. ANALYTICAL METHOD

The present madel treata airflow to be twe~-dimonaional and
carteaian, while the water flow i1a conmidered to be anc dimensional.
It obtains gimultaneous solution of conaarvation equations for
a} Mmss continuicy ol air
b) Meas fractien of molsture in air
¢} HMesa continuity of water
d) Air momentum in verticrnl direction
e} Alr momentum in active horizaental direction
£) Enthalpy of air
g) FEnthalpy of water

Figure } shows the calculation domain. Following are the
gnovecning conservation equations in Cartesian coordinates.

Mags of Air

d d .m .

—E; (?U ) o+ “‘d';—( PV } mu R
Meas of water

d ., m 73

S (fue = w, (D)

x- Direction Momentum

9 _(Pul 4 S ow dyy odl u 4y
dx(Fu )+ dy( PUU) dx{ ‘el f dx) ( ‘ert )

=-dp _ - -
=- gk o P ﬂmw g NS
Y-Direction Momentum

d J 2 d dv d dv
7x ¢ P”")+:G (£t AR O T 3y O A ay !

= - dp _
dy fy (&)
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Alr Enthalpy

g s g P - gy r_ﬂ‘_“f;g;
Water Eathalpy
j; { f} u e hf y T - g m .o ()
Moigture Fraction eof Air
& (Pu fc>+§—,,<?“ f-:;)_id}_;(,:‘ffigxig-)
"'(c'li";'{ r—]ef.f %"} I o

Equation of State

Fow
| L L8
R (TDB « 2711

The following features of the congervation equations (1-8) may
be noted, All congervatlon equations [or airc are coupled through
connective fluxes ( f u and P v). Lln addition, *momentum cquations
{(3) and {6} are coupled through pressure. The gravity term in
equation (3) uses density differences (;j = f;mb) rathec than density
f )

The pregaure f, used in theae equations i8 reduced pressuce {see
rel.{1} i.a., the velative prossure with relecence to the ambient
pregeautre at tha game clevation. This practice of using reduced
pregeure and density diflerence is-based on the exact transformations
employing the following relation

| LA . +
gtatic ﬁ]mb £ ®

n T and q " reprecaent the sourcesol mass and enthalpy, and
fx and f represent resistances to air [low due te tha presance
of eolid ebgtacles. Expressions for calculating m T oq ", [t ,

and fy are dJeecribed later.

hG 18 specilic enthalpy of moilat air, and EG is the f{raction of

vapor content of moint aic, Since hivdrodvnamice ponarinaa ava amlyad
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for velocities end pressure of moist air, it is appropriate-to

solve for apecific enthalpy and moisture fraction of moint air. llow-
evar, specific enthalpy of dry air, h*c , and moisture [racrion of
*

Iry air, EC , can be evnluated from the Following expressions

* /(1 ) (9)

T ¢ hc fG . .

€5 = g/ (1 - ) (10)

G G G o

3.1 Finite Difference Enquations:

The ¢ntculation domain ia asubdivided into finite number of
control cetles (Fig.2}. The finite diffevence esquations are obtained
by integrating the partial differential equation over the finite
volume represented by g cell,

Typical grid diacribationa (or a mechanical drafl cross{low
cooling tower have been ahown in Fig. 2. HNonuniflorm grid distri-
butiong are amployed with largevr numbec of contral cells located tn
the fill region. All nc?ler quantities {(such as P, hG . EG , etcl

are calculated at the center of ceontrol cella; and velocity ceompo-
nentg (u and v) are caleculated at the cel!l [aces.

The general form of (inite Jifference equatiaon is

ngEg bony, Dyray Pyra P

2 .o L)

4,

where (ﬁ atands for any dependent variable such as u, v, h o, amd

o,
. . . N e
G ; and link coefficients BE » By oAy and Bs expressy Lhe

zffects of convection and diffunien between grid point, P, and irts
nejghboring grid nodea in Enat, West, North, and South direction,
respectively. Su and Sp are the components of gouvrce terms, 5, which

lo lineatrized as

3.2 Boundary Couditions

The [ollowing quantities are apecilied as system bouudary
conditions

i1~ llot water [low rate

i~ Either cooling range or hot water temperature

J- Dry bulb temperature, TDB

4~ Wet=-bulb temperature, Twn
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5- Ambient pregeure

The apecified conditiona for each depemdent vaciable at ald
four boundaries ol the colculation Jomain are nlre aliows in Fip. 2.

The moisture {ractinn aund cnthalpy of inlet air arc caleulateod
from the dry~bulb and wet~bulb temperaturecs by employing the (ollow-
ing thermodynamic relaticne.

¢ P 2 o

bo, ams T T T e am) S Ton * fe, amy Mo o U

Prepsures are opecified at the inlet and outlet boundarics,
while the velocitiena are calculated from the locnl differcucrs
between the ambient prenaure and the prearvre {nalde the bowrr.
Preaguree at the inlet and cutlet sectiom el a tower ars the same Aas
that of ambient. For mechanicael dralt towers, the [an and stack are

simulated by way ol a "point™ model, i.e., no distributions of (low
variables are calculated in the stack. The pressure at the bottem of
the stack, rbs i9 valeulated from Berunevlli's equation by

considering the input power and ef(ficiency of fan and the arna chauped
in atack. The final form iy

o7 .
- _ [an_ _ 2 lan 2
Pba I,umb . tf2 P Y faa [( It )
me plevun
A
( fan 2
e — - - - l‘[l
A ) Hstack ] ( f>amb ?)g “stnck (e
stack
+here P is the Lnput power to fan and N 18 the numbetr ol velo-
5 atack
city heada (= Pu tnn /1) lost in the atack.

J.6 Solution Procedure:

Since the poverning equations are coupled and nonlinear, they
have to be golved by means of an iterative procedure. An implicit
solution scheme based on the procedures of J1] ita employed. The
convergence of numerical scheme is checked by the normalized residual
ervrora of the convecSatiou eguatioena in each contrnl coll ol Lhe
calculation domnin.

4. Experimental Apparatus and Proceduce:

Fig. 3 ig an outline ol the experimental appavatus. Air iz drawn
luto the ¢ooling tower by mechanicgl draft [aan (5) which is driven by
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by an electrical motor, three phaseg, 280 velt, and 50 llz. The supply
current is controlled Ly varying resistance (rhecstat), so by reading
the current and resistance the power consumption of an moteor can be
calculated, Hot water is pumped into the spray nozzlea {(B), through
a calibrated (lowmeter (3). Therelfora, Ltha heot water [low rate can
be measured. Alae the hot water bamparature mny be measared hy a
calibrated thermocouple (4}, leocvated at the hot walkerr infrer, Parl of
lieat is traannferred (rom wanter into air by evaporating mass. So the
amount of evaporation water can be measured by a calibrated (low-
meter (l} located at the inlet ¢f make-up water. There (8 a ceramic
Fill (7)Y, for making a pood mixing botween water and aiv. The oxit
water temperature can be measured by calibrated thermocouple (8).
Therefore, the seceond part of heat which is transferced (crom water
into air can be calculated by

Y ¥+ h Lo (s

0 = (L. - L YAl R (T, - (n

th in gnk W i 1uut

Dy runnipng uvp the experimental apparatur during the twelve
months of whele year |988. The C[allowing dnta can be pgiven aa a
sample of theae readingsa.

Table : L Temperdture Relationship Between Water and Air in
a Coeling Tower Constructed in Kuwait City at
Jlst Auguat 88.

llot
Am- Am- ﬁﬁﬁt ugEer Water
Local | ot Cold bient |bient | air {low flow
Time Water Water | AL Alr rela| rate rate
hr. inlet |Outlet | Wer- 1dry— tive | axpers | design
TempOC| Temp®C | bulb bulb bhumi | mental | data
Temp G|Temp C| X data Litfa
titfe
6 16.466 Jr1.2z2 ) 28.4 1 84 189.1 1h3
7 36.67 3jl.o? 28.5 j2 Fd i89.3 125
8 }7.22 32.122 28 33.3 75 189.) 170
g 1%.99 It 44 2A A 15.06 40 189.2 [ie9e.z
10 33.312 27.78] 25.1 36.2 40 189.3 158.5
1l 33.33 27.781 29 39 48 170.3 102.7
12 14.99 29.44 | 27.6 3J9.9 40 170.2 148.5
13 18.606 3.1t 29.1 50,5 &3 170 .2 {09
14 )6 60 3.1} 29.5 a1.2 41 170,12 131.67
13 J6.63 .t in.o 19.7 hi 161 100.0
16 36.11 Jo.56 | 28.8 19 a7.5( 161 13t
17 316.66 31.11¢ 30,2 18.4 50 132.5 94.3
18 36.11 30.56 ( 30.1 37.4 59 132.5 96.7
19 35.58 3g.56 1 30.2 35.4 69 122.5 6.7
2 25 30 29.2 36.8 69 132.5 96.7
2l 35 20 29 3ol 69 122.5 9G6.7
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Regults and Discussioas:

The expeciment was carried out over Lhe tangea of the atmosphe-
vtic air condition wet~bulb temperature from 17.5 to 32.539¢ , dey-
bulb temperature from 30 to 502C , and relative humidity feom 122
to 96%.

Figures 4, 5 and 6 sahow the temperature relationships between
water aad air in a counterflow cooling tower installed in Kuwnit ecity
at 23vd July, 3tst August, and 3lst July 1988 respectively. Eilect
of ambient air dry-bull temperature oa the appconch and range
temperaturag e showa {n these {ipuren. Ry jncreasinpg Uhe dry=hulb
temperatnre decranaen Lhe nppronach tamperature and ingreanseca (Lo
range temperature.

The thermal capahbility of a cooling tower 18 alfected alse by
the entrering air wet~bulb temperoture. Figures 4, 5 and & ara dia-
played Ly increaninpg the ambient wet-bulh temperature decreases the
appruach temperature and increase the range temperstuce, when the
dey~bulb cempaerature and ralative Lumidity remain constant. While
the entering air reilative humidity has an ingigaificant e{(ect on thd
cooling tover thermal perlormance butb it is affected oan the rate of
water evaporation. Fip. 7 abown water {low rate of ceramic 1ype of
cgaling tower installed in Xuwoiv city at 2ldcd November !988. TFhere
i8 o compacison between actual amount {experimental datz?), and
hypothetical amount (design datal) of warer flow rate for swmail
cooling tower types (warer{flow rate lesgs than [30 lic/§), the
difference is too large, while for big units (water {low rate morg
than 200 Lic/S) the desiga and experimental data are nearly the sane
amount of water flow rare. Fig. 8 shaws the typical one of cecamic
type cooling tower, which ig installed at Miniatries Camplex in
Kuwait city and is8 choascu (or this study.

5. Conclunians:

The tesults present in this work may be summarized as [eollows:
i- In genecral, two-dimensional mathematical meodel applicable foc
maechanical draft cooling tower of counter flow arcangements has
bean described.

2~ During whole yesartr aomo ecxporimental data ace recerded awml compared
with thearetical onc.

J- Entering air wet and dry-bulb temperratures have a nsignificant
effect on the thermal capability of enoling towers, while the
enctering air crelative humidity has no ecffect,
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FIG 4 TEMPERATURE RELATIONSHIP BETWEEN WAIER AND AR IN A
COUNTER FLOW COOLING TOWER INSTALLED IN KUWAT CrY oN 737uLy 1988,
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