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SUMMARY

A closed wet cooling tower, adapted for use with chilled ceilings in buildings, was tested experimentally. The
thermal e$ciency of the cooling tower was measured for di!erent air #ow rates, water #ow rates, spray #ow
rates and wet bulb air temperatures. CFD was also used to predict the thermal performance of the cooling
tower. Good agreement was obtained between CFD prediction and experimental measurement. Copyright
( 2000 John Wiley & Sons, Ltd.
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1. INTRODUCTION

Increased use of IT equipment coupled with thermal comfort requirements has led to an increased
demand for cooling in o$ces. A simple and economic way of cooling o$ces is to use an
indirect-contact closed wet cooling tower combined with chilled ceilings.

Chilled ceilings are a relatively new approach to cooling. A chilled ceiling system has several
advantages over conventional cooling systems. The use of chilled ceilings allows the ventilation
rate to be reduced to a minimum level, and so reduces ventilation losses. Heat transfer from
indoor space to chilled ceilings is accomplished mainly by radiation. Consequently, chilled
ceilings enable o$ces to have low air movement and a comfortable indoor environment.
Radiative heat transfer also allows chilled ceilings to remove considerable heat loads, up to
75 Wm~2, at a relatively small temperature di!erence between the room air and the ceiling. This
makes it possible to operate the system with water supply temperatures of about 18}203C.



Figure 1. Schematic diagram of the closed wet cooling tower and main variables.

Because high water temperatures can be used in chilled ceilings, it is possible to use water from
a closed wet cooling tower during most of the cooling period. The cooling tower could be
combined with a supplementary refrigeration plant, or used alone if a short period of overheating
is allowed or energy storage or night-cooling techniques are used.

Closed wet cooling towers have been used to remove excess heat from various industrial
processes with hot water temperatures between 32 and 463C and typical cooling capacities above
40 kW. For chilled ceilings, cooling towers with lower capacities (cooling loads )10 kW) and
smaller tower dimensions can be used with hot water temperatures ranging from 22 to 253C.

Most of the existing thermal models for tower design make use of empirical correlations for
heat and mass transfer coe$cients obtained for large towers. The validity of such correlations
cannot be extended to all geometries or air #ow patterns and so tests are often required for
individual tower designs. Computational #uid dynamics (CFD) is a useful alternative tool for
designing both small and large cooling towers. CFD models give information on air #ow and
spray water distribution, which cannot be obtained with simpli"ed models. Such information is
important for good tower design and operation. An unsatisfactory distribution of spray water
over the tubes would reduce evaporative cooling and tower cooling capacity. Simultaneous
non-uniform distribution of air and spray water would further degrade the tower-thermal
performance.

This project is concerned with designing and testing a prototype closed wet cooling tower for
use with chilled ceilings. CFD has been used for the design and performance evaluation. This
paper presents the experimental and computational results of the tower performance.

2. EXPERIMENTAL MEASUREMENT

Figure 1 shows the schematic of the closed wet cooling tower, with notation for the main #ow
variables. The cooling tower had a horizontal cross-section of 0.6 m]1.2 m and a height of
1.55 m. The heat exchanger was composed of 228 staggered tubes of 10 mm outside diameter
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Figure 2. Experimental facility for cooling tower testing. A-Anemometer, V
1
V

2
V

3
-Flowmeters, T-Ther-

mocouple or PT'10.0, *p-Pressure loss, u-Fan speed, P
%-%#5.

-Power, RH-Relative humidity.

and had a total heat transfer area of 8.6 m2. The design conditions for the tower had a cooling
capacity of 10 kW, inlet water temperature of 213C, water #ow rate of 0.8 kg s~1 and wet bulb air
temperature of 163C. The tower was manufactured by Sulzer Escher Wyss (Lindau, Germany)
and was much smaller than the traditional cooling towers for industrial use. A forced draft
con"guration was chosen with a cross#ow fan located at the air entrance. This arrangement gave
rise to a low-noise level and a low-pressure drop. It also led to good air distribution and facilitates
air #ow measurements.

An experimental facility was assembled at Porto to test this cooling tower. Figure 2 shows the
schematic diagram of the test facility including the main instrumentation used. The facility
allowed various #ow parameters such as the water #ow rate and temperature, spray water #ow
rate and air #ow rate to be varied at controlled conditions. The thermal load was modelled with
an electrical heater located in a water tank. The tower inlet water temperature was controlled by
varying the heating power through a PID controller. The fan speed, and so air #ow rate, was
controlled by means of a frequency controller. The spray water #ow rate could be changed
manually through a valve with seven opening levels. The cooling water #ow rate could also be
changed by varying the pump speed and by adjusting #ow valves.

The air #ow rate was measured with a vane anemometer. The anemometer could be traversed
across the tower outlet section to measure the air speed at di!erent points. Several thermocouples
were connected to the tubes to measure cooling water temperature evolution. The data acquisi-
tion system included a data logger HP 34970A with software HP VEE.
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The thermal performance of the cooling tower was expressed by means of tower thermal
e$ciency. This is de"ned as
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is the inlet water temperature, ¹
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outlet water temperature and ¹
8"

wet bulb
temperature of inlet/supply air.

3. CFD SIMULATION

A commercial CFD software package (FLUENT User's Guide, 1993) was employed to simulate
the two-phase #ow of air and water droplets in the cooling tower. Air #ow was modelled as
a continuous phase and water droplets as a dispersed phase. The impact of the dispersed phase on
the continuous phase #ow was accounted for by coupling the momentum and the heat and mass
transfer between the two phases (Gan, Ri!at, 1999).

3.1. Continuous phase model

The continuous phase model for turbulent air #ow consists of the conservation equations for
mass, momentum, enthalpy, concentration and turbulence. For steady-state incompressible #ow,
the model can be represented by the following equation:
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due to the interaction between air and water droplets.

3.2. Dispersed phase model

The #ow of dispersed water droplets is characterised by the trajectories. The trajectory of a water
droplet is computed using the following equation:
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where < is the instantaneous air velocity (m s~1), <
p

is the instantaneous velocity of the droplet
(m s~1), C

D
is the drag coe$cient, d

p
is the droplet diameter (m), o

p
is the droplet density (kgm~3),

P is the static pressure (Pa) and r
p

is the droplet trajectory (m).

3.3. Assumptions

The following assumptions were used to predict the thermal performance of the cooling tower:

d The tower was quite long compared with the width, so two-dimensional #ow was considered.
The tower casing was adiabatic and impermeable.

d For the two-dimensional #ow on one vertical cross-section of the tower, the tubes representing
the heat exchanger were taken as separate entities. The heat transfer from the tube surface to air
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Figure 3. Tower e$ciency as a function of spray water #ow rate for di!erent air and water rates
[(m

.!9
)
413!:

"1.39 kg s~1, wet bulb temperature"12.63C].

involves evaporation and convection. However, because the software could not take
account of evaporative cooling of tubes, only the sensible heat transfer was used in terms
of a surface heat #ux. The estimated sensible heat transfer for a complete wet cooling tower
was about 24 per cent of the total heat transfer from the heat exchanger to air and spray
water.

d On the same vertical section, the spray water composed of 100 trajectories of droplets was
injected into the tower through a nozzle at the centre line above the heat exchanger. The
injection velocities of the water droplets from the nozzle varied such that the spray water would
cover the entire width of the heat exchanger when falling on top of it. The mean diameter of the
water droplets was estimated from the terminal velocity of the droplets at a mean velocity of air
#owing over the heat exchanger.

4. MEASUREMENT RESULTS

Experiments were "rst carried out to analyse the in#uence of inlet water temperature. It was
found that this parameter had very little e!ect on the tower e$ciency. Tests were then carried out
at various spray water #ow rates. The e!ect of spray water #ow rate can be seen from Figure 3. An
increase in spray rate increases the e$ciency up to a certain level. Above a rate of about 1 kg s~1,
an increase in spray rate does not signi"cantly improve tower performance because the tube
surface is almost completely wet. This means that, there exists an optimum spray rate for a given
air #ow rate, with regard to cooling capacity and water/energy (pumping) consumption. When
both air and spray water #ow rates are considered, the mass #ow ratio of spray water to air can be
employed and this ratio can also be optimized according to the cooling capacity and energy
consumption.
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Figure 4. Tower e$ciency as a function of air and water mass #ow ratios for a wet bulb temperature of
15.83C [(m

.!9
)
8!5%3

"0.8 kg s~1, (m
.!9

)
!*3
"1.7 kg s~1].

Figure 5. In#uence of wet bulb temperature on tower e$ciency for di!erent air and water mass #ow rates.

If the spray rate is kept close to the maximum or optimum value, the tower e$ciency is
a function of three parameters: air #ow rate, cooling water #ow rate and wet bulb temperature.
Figure 4 shows the measured e$ciency values for di!erent air and water #ow rates at a "xed wet
bulb temperature. As expected, the e$ciency increases with the air #ow rate and decreases with
the increasing water #ow rate (due to a decrease in water temperature di!erence).

The wet bulb temperature of air has also an in#uence on the tower e$ciency as shown in
Figure 5. The e$ciency increases slightly with the wet bulb temperature: about 8 per cent for
temperatures varying between 10 and 203C. The increase is linear for di!erent air and water #ow
rates. However, increasing the wet bulb temperature would increase the outlet water temperature
from the heat exchanger, thus decreasing the cooling capacity of the chilled ceiling.

A global coe$cient of performance (COP) can be calculated for the cooling tower. It is
equal to the cooling capacity divided by the total energy input (pumping and fan power
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Table I. Comparison between the predicted and measured thermal performance of the cooling tower at the
design water #ow rate of 0.8 kg s~1.

Supply air Spray water Chilled water

Q
!*3,*/

¹
!*3,*/

RH
!*3,*/

m
413!:

¹
413!:,*/

m
r

¹
8,*/

¹
8,065

*¹

Case (m3 s) (3C) (%) (kg s) (3C) (3C) (3C) (K)

Test 1 0.48 13.1 85 1.38 16.2 2.34 18.53 17.02 1.51
Pred 1 0.48 13.1 85 1.38 16.2 2.34 19.1 17.5 1.6
Test 2 1.08 13.0 87 1.38 13.6 1.04 15.86 14.35 1.51
Pred 2 1.08 13.0 87 1.38 13.6 1.04 16.3 14.9 1.4
Test 3 0.48 15.7 51 1.38 15.0 2.36 17.24 15.76 1.48
Pred 3 0.48 15.7 51 1.38 15.0 2.36 18.1 16.8 1.3
Test 4 0.48 20.7 45 1.38 18.1 2.41 20.38 18.90 1.48
Pred 4 0.48 20.7 45 1.38 18.1 2.41 20.6 19.2 1.4

m
3
"m

413!:
/(Qo)

!*3
: mass #ow ratio of spray water to air

*¹"¹
8,*/

!¹
8,065

consumption). The total energy input can be determined by measuring the electricity input
to the fan motor and spray pump motor. The calculated COP at maximum air and spray #ow
rates was 6.

5. COMPARISON BETWEEN SIMULATION AND MEASUREMENT

A number of CFD simulations were performed to compare with the experimental measurement.
The thermal performance of the cooling tower was predicted according to the temperature
distribution of the tubes representing the temperature of cooling water in the heat exchanger.
Simulations were divided into two groups, one for tests at the design water #ow rate of 0.8 kg s~1

and the other for tests at a lower water #ow rate of 0.4 kg s~1.
Table I presents a comparison between the predicted and measured tower performance for four

test cases at the design water #ow rate of 0.8 kg s~1. In the "rst two tests, the temperature of
supply air was lower than that of spray water and cooling water at the outlet of the heat
exchanger. The measured air #ow rate for the second test (1.08 m3 s~1) was higher than that for
the "rst test (0.48 m3 s~1). In the third test, the temperature of supply air was slightly higher than
the spray water temperature. In the fourth test, the temperature of supply air was higher than that
of spray water and cooling water. The measured temperature drop of cooling water between the
inlet and outlet of the heat exchanger for these tests was approximately 1.5 K. It is seen that the
simulations (Preds. 1}4) are in good agreement with the measurement in terms of the tempera-
ture di!erence of cooling water at the inlet and the outlet.

In Table II, prediction is compared with the measurement for one test at the low water #ow rate
of 0.4 kg s~1. The predicted temperature di!erence between the top and the bottom tube rows
(1.5 K for Pred 1) was much smaller than the measured temperature drop of cooling water (3 K
for test). For a given cooling load, the temperature drop of the cooling water is inversely
proportional to the water #ow rate in the heat exchanger. The measured water temperature drop
would therefore be 1.5 K for a water #ow rate of 0.8 kg s~1 compared with 3 K for 0.4 kg s~1.
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Table II. Comparison between the predicted and measured thermal performance of the cooling tower at
a water #ow rate of 0.4 kg s~1.

Supply air Spray water Chilled water

Q
!*3,*/

¹
!*3,*/

RH
!*3,*/

m
413!:

¹
413!:,*/

m
r

¹
8,*/

¹
8,065

*¹

Case (m3 s) (3C) (%) (kg s) (3C) (3C) (3C) (K)

Test 0.48 14.3 92 1.23 16.1 2.10 18.15 15.19 2.96
Pred 1 0.48 14.3 92 1.23 16.1 2.10 19.1 17.6 1.5
Pred 2 0.48 14.3 92 0.59 16.1 1.00 19.5 17.1 2.4
Pred 3 0.48 14.3 92 0.29 16.1 0.50 19.5 16.8 2.7
Pred 4 0.48 14.3 50 1.23 16.1 2.10 19.1 17.1 2.0
Pred 5 0.48 14.3 50 0.59 16.1 1.00 19.2 16.2 3.0
Pred 6 0.48 14.3 50 0.29 16.1 0.50 18.2 15.7 2.5
Pred 7 0.48 14.3 50 0.35 16.1 0.60 18.4 15.6 2.8

The predicted tube temperature di!erence would therefore agree with the measurement at the
design water #ow rate of 0.8 kg s~1.

The di!erence between the predicted and the measured tube temperatures at the top and
bottom rows was partly attributable to the high water-to-air mass #ow ratio and high relative
humidity of supply air. Consequently, air was saturated throughout the tower, at temperatures
much higher than the wet bulb temperature of the supply air. Furthermore, in the wet cooling
tower, evaporative cooling would also occur on the tube surfaces but this e!ect could not be
included in the simulation as described in the assumption for the heat exchanger. To improve the
prediction, the mass #ow ratio and the humidity of supply air were arti"cially reduced.

When the mass #ow ratio was halved (Pred 2 in Table II), the relative humidity of air through
the heat exchanger was still very high (over 99 per cent) but was below the saturation level.
Evaporative cooling of air could take place along the heat exchanger. The di!erence in the tube
temperatures at the top and bottom of the heat exchanger increased to 2.4 K. When the mass #ow
ratio was further reduced to about one quarter of the original value, from 2.1 to 0.5 (Pred 3), the
relative humidity varied between 95 and 96 per cent and the temperature reduction of the tubes
increased to 2.7 K.

When the relative humidity of supply air was reduced from 92 to 50 per cent, while the mass
#ow ratio remained unchanged at 2.1 (Pred 4), the air in the tower except for the area near the
bottom of the heat exchanger was still saturated and the temperature di!erence of the tubes at the
inlet and the outlet increased from 1.5 to 2.0 K. For the same supply air at a relative humidity of
50 per cent but for a reduced mass #ow ratio of one (Pred 5), the air was not saturated with
a minimum relative humidity of 83 per cent at the bottom and a maximum of 98 per cent at the
top of the heat exchanger. The predicted tube temperatures for the top and bottom rows were 19.2
and 16.23C, respectively. The tube temperature di!erence became the same as the measured
temperature drop for cooling water of 3 K. When the mass #ow ratio was reduced to 0.5 (Pred 6),
the predicted tube temperatures for the top and bottom rows were 18.2 and 15.73C, respectively,
which were not far from the measured cooling water temperatures at the inlet and outlet. The tube
temperature di!erence between the top and bottom rows was 2.5 K. For a mass #ow ratio of 0.6,
the predicted tube temperature di!erence was 2.8 K (Pred 7).
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Therefore, for a completely wet cooling tower operating at water #ow rates lower than the
design value, the prediction of thermal performance can be improved by arti"cially decreasing the
mass #ow ratio and supply air humidity.

6. CONCLUSIONS

The performance of a closed wet cooling tower for chilled ceilings has been measured experi-
mentally. The measurements show that, there exists an optimum spray rate for a given air #ow
rate or an optimum mass #ow ratio of spray water to air according to the cooling capacity and
energy consumption. The e$ciency of the cooling tower increases with the air #ow rate and
decreases with the increasing water #ow rate. The e$ciency increases slightly with the increasing
wet bulb temperature of the supply air. However, increasing the wet bulb temperature would
increase the outlet water temperature from the heat exchanger and decrease the cooling capacity
of chilled ceilings.

CFD has also been used to predict the thermal performance of the cooling tower. The predicted
thermal performance has been compared with experimental measurement. As the CFD package
does not have the capacity to simulate the heat transfer between and within the tubes of the heat
exchanger and the evaporative cooling of the tube surfaces, the e!ect of water #ow rate on the
temperature drop of the cooling water in the heat exchanger could not be predicted. Despite these
shortcomings, the thermal performance of the cooling tower, in terms of the cooling water
temperature drop, could still be predicted at the design water #ow rate but the tower performance
would be under-predicted when the water #ow rate was lower than the design value and the tower
was over-#ooded with spray water. To improve the prediction for performance evaluation at
water #ow rates lower than the design value, appropriate measures could be adopted to
compensate for the simpli"cations in the model so that the air through the heat exchanger would
not be over-saturated. One such measure would be to reduce the mass #ow ratio if it is higher
than the optimum value.
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