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Abstract

Wetted-medium evaporative cooling is presently i@opin many
fields, where the wetted media are to provide langer-air
contact surface area and more contact time. Theeptreuthors
are trying to pre-cool the entering air of Natuiataft Dry

Cooling Towers (NDDCTSs) for their performance impeawent
during hot seasons. However, the medium introduessa

pressure drop which reduces the air flow of a NDD&1d as a
result, impairs the tower performance. There isradd-off

between the cooling potential and pressure drophigistudy, a
type of wetted medium, which has corrugated stmectus

selected as part of a broader investigation oncpading the
entering air of NDDCTs. An open-circuit low-speetha/tunnel

was used to study the performance of evaporatiedirgp with

cellulose corrugated medium. The heat transfer ficoeit,

cooling efficiency and pressure drop across the iunedwith

various thicknesses were experimentally studiedthia wind

tunnel. The test data were non-dimensionalized amde fitted

to yield a set of correlations. The effects of @id water flows
on cooling efficiency and pressure drop were ingestd. It was
found that greater pressure drop occurs at largedium

thickness and higher air velocity. The pressurepdrreases
with the increase in water flow rate, however, ldrgest impacts
on pressure drop are due to the changes in airdlodvmedium
thickness. Higher cooling efficiency is associateith thicker

medium at lower air velocity. The effect of watkw on cooling

efficiency is negligible as long as the water isoparly

distributed and the media are fully wetted.

Introduction

Rising energy costs, together with water scarcitgeuthe use of
evaporative cooling systems that are economical higthly

water and energy efficient. Wetted-medium evapeeatiooling

is presently applied in many fields and is proverb¢ effective
[1, 2].

Natural Draft Dry Cooling Tower (NDDCT) is an altative
cooling method when large quantities of water areavailable.
Examples of this are the enhanced geothermal andeotrated
solar thermal plants in Australia and the restefworld, most of
which are expected to be constructed in dry cli;a#eNDDCT
creates the air flow through the heat exchangedlesrby means
of buoyancy effects due to the difference in ainsiy between
the inside and outside of the tower. Essentialhg tlensity
difference is due to the difference in air tempemat The
performance of a NDDCT is particularly reduced whtbe

ambient air temperature is high. Reduced cooling etow

performance lowers the efficiency of the thermalvpo stations
they are serving. The present authors proposednpooive the
tower performance using wetted-medium evaporatreecpoling

which limits the water consumption only to the pds when the
ambient temperatures are too high [1, 2].

The wetted media are the critical components ofesleinedium
evaporative cooling systems [3]. Choosing a suitabtgted
medium requires knowledge of different working paeters.
Some researchers suggested that the factors infhgerthe
selection of media are cooling performance, pressop, cost
and durability [4, 5]. The selection of media isaldetermined
by the type of process to be cooled, environmeoaalditions,
water quality, space availability, location and mmmic

requirements. Previous simulations by the presatitaas [1, 2]
found that the extra pressure drop introduced ey ttedia is
significantly important because it reduces theflaw passing
through the NDDCT. This means, in this pre-coolipgl&ation,

the pressure drop should be a major criterion duttile selection
of wetted media. From literature survey, we fouhat tcellulose
corrugated medium is engineering to provide maxinuawling,

low pressure drop and long life of reliable seni6g The low

pressure drop is of critical importance to NDDCT mien. To
better understand the performance of celluloseugated media,
one type of cellulose corrugated medium is expeantally

studied in this paper.

Materials and Methods

The wetted medium used in this study was made ofigated
cellulose paper, CELdek7060 as in the market, whiih be
referred to as cellulose medium in the paper. Tlin@knesses
were tested, i.e., 100, 200 and 300 mm. The mediamples
were assembled to fit the 1000 mrLO00 mm cross-section of
the wind tunnel. This medium height is more tham thinimum
height of 600 mm as recommended by ASABE StandgrdAji7
passed through the media to form a cross flow with water.
The media must be installed in a proper orientatmrithe air
flow, i.e., the 45 degree flute must be aligned agls in the
direction of the air flow and the 15 degree flutasibe aligned
downwards with the air flow (as shown in figure [6]. The
specific surface area of the medium was found t8é#e7 mi/m®.

Water flow

Figure 1. Cellulose corrugated medium.

A low-speed open-circuit wind tunnel (Gatton Camplise
University of Queensland, Australia), was used whieve



uniform and stable air flow for evaporative coolitests. The
schematic of the wind tunnel is depicted in figze The
apparatus consisted of air inlet and flow stabiiisrasection, test
section and exit section. A uniform and stable few was
achieved after the air flow stabilizer. The tesitisa had a cross-
section of 1000 mmx 1000 mm with around 6000 mm length.
The test section was designed to accommodate weitelilim
evaporative cooling with different medium thicknessit had
transparent glass sides to observe water distoibufThe exit
section had a fan which was capable to drive aiv flate of 21
m?/s. The fan was used during tests to control theelbcity by
changing the RPM of the fan motor.

Figure 2. Schematic of the wind tunnel incorporatéth wetted media
(not to scale).

The water distribution system shown in figure 2 wasd by J.G.
Mannix [8] as well. The distribution pan with peritions at the
bottom was located at the top of the media to featér to the
media more uniformly by gravity. During the testster in the
distribution pan kept at a constant level by cotttoh filters put
at the bottom of the distribution pan. The cottdattc filters
slowed down the water flow and made the distributinore
uniform. The water was fed to the distribution p#mough
distribution pipes, which were constructed of 19 rmdiameter
steel pipes with 2.5 mm holes 45 mm apart (one-pystem was
for 100 and 200 mm-thick media; two-pipe system ¥eas300
mm-thick media). The water from the distributionnpdripped
down by gravity and capillarity to wet the mediaifarmly.
Excess water was collected at the bottom of thelaresad stored
in the water tank. The water in the water tank rea#rculated by
a 350 W water pump (PBC-350 Submersible Barrel Pump,
Commercial Electric, Victoria, Australia). Water Worate was
controlled by a valve and monitored by the turbfltoevmeter
(DigiFlow 6710M—-44, Savant Electronic Inc., Taiwanmith the
range of 1.5-25 I/min and accuracy of +5%. To calib the
flowmeter before tests, a stopwatch was used teunedhe time
required for the distribution pipes to fill a com@r of known
volume held at the level where the distributionepifmrmally ran.

A uniform and stable air flow was achieved after #ow
stabilizer. Generally, the flow out of a contraatioften takes a
distance equivalent to about 0.5 diameters beftve ron-
uniformities are reduced below an acceptable If@elThus, all
the measurements were started at 500 mm downsfreamthe
contraction end. The temperature and humidity ef itilet air
were recorded during the tests but not controlled.

The sensors used in the tests are given in tabl@wb. air
velocity transmitters were used to measure thevelocity to
increase the reliability in readings, and the ageraalue was
taken as the air velocity. Three thermistors weseduto measure
the air inlet dry-bulb temperature, and nine thetors were used
to measure the air outlet dry-bulb temperaturehasve in figure
2 Section A—-A. Two thermistors were used to meatusevater
inlet and outlet temperature respectively. All thHeermistor
probes were calibrated by Fluke Field Metrology M/¢Beries

9142, Fluke Corporation, Washington, USA) before tbsts.

One humidity transmitter was used to measure tHative

humidity of the inlet air while the other three wdo measure the
relative humidity of the outlet air. All the humigitransmitters
were cross checked and calibrated by Fluke 16204itdDi

Thermometer-Hygrometer (Series 1620A, Fluke Corpamat
Washington, USA).

Sensor type Model and Range
and quantity manufacturer Accuracy
Pitot tubes: Series
160-24, Dwyer

Transmitter:
Range: 0-100 Pa
Accuracy: +1 %

Instruments, Inc.
Differential pressure
transmitter: MS321,
Dwyer Instruments,
Inc.
FMA1001R-V2,
OMEGA
Engineering, INC.

2 Pitot tubes

2 Velocity
transmitters

Range: 0-5.08 m/s
Accuracy: 1.5 % F.S

14 Thermistor
probes

TJ36-44004-1/8-xX,
OMEGA
Engineering, INC.

Range: Max. 156C
Accuracy: +0.2C

4 Humidity

EE-21-FT6-B51,

Range: 0-100 %

E+E Elektronik

transmitters Ges.m.b.H.

Accuracy: +2 %RH

Table 1. Sensors used in the tests.

All data were recorded on a computer controlled-@atuisition
system (UEI DNA-PPC8-1G, United Electronic Indestrilnc.,

Massachusetts, USA) and monitored once every he.riedia
were wetted before testing to ensure saturatiorthétbeginning
of each test, the water flow was fixed. The iniél velocity of

0.5 m/s was maintained for 30 min, then increading air

velocity by 0.5 m/s at each step up to maximumr/§ during

tests. For each air velocity increment, at leastrif waiting

period was maintained to ensure equilibrium betwibenmedia
and the new air and water conditions. At each aloaity, 120

data points were recorded at equilibrium conditmn all the

sensors at 2 min intervals and the average valwes wsed in
data analysis. The water flow rates used in thts t@ere 62 and
31 I/min per M horizontal exposed surface area.

Results and Discussions
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Figure 3. Measured pressure drop across three metliicknesses at
three different water flow rates (water flow ra@eis in the unit of
I/min/m?).

The measured pressure drop across the medium ssrnped in
figure 3. In general, greater pressure drop isinbthwith thicker
media, which is in agreement with the previous is&id3, 4].
The pressure drop increases with the increasea wekicity and,
to some extent, with increasing water flow rate.isTks in
accordance with the literature [3]. The increasewater flow
increases the films of water retained on the tersiirface of the
media and therefore decreases the volume for aiv fh the
media, and as a result increases the pressure ldoogever, the



largest impacts are due to the changes in air ad medium
thickness.

The measured pressure drop can be correlated ataq(L),

| -1.038 q p uz
Ap = 0.124(—6) 1+ 1825+ |22 1)
| q,) 2
where B=0.979;l. is the medium geometric length defined by
the ratio of the volume occupied by the mediumh® medium

surface area (m); is medium thickness (myj,, and g, are the
volumetric flow rates of water and air flow respeely (m®s).

Cooling Efficiency

The definition of cooling efficiency was given byRJ Watt [10]
as,

— Tal B Ta2

n= )

Tal _wa
where T,; and T,, are the air dry-bulb temperature before and
after cooling;T,, is the air wet-bulb temperature.

Figure 4a reports the cooling efficiency of the med at
difference air velocities and medium thicknesseguie 4a
shows that the cooling efficiency decreases wittraasing air
velocity and increases with increasing medium théds. This is
in accordance with the literatures [3, 4].
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Figure 4. The effects of air velocity and (a) medlithickness aQ=62,
(b) water flow rate at 200 mm medium thickness onling efficiency
(water flow rateQ is in the unit of lI/min/rf).

Figure 4b investigates the effect of water flow oaoling

efficiency at the medium thickness of 200 mm. Fégdb reveals
that the effect of the studied water flow rates owooling

efficiency is weak as the water was properly distiéd and the
media were fully wetted during tests (fully wettetans there is
no streaking and dry area in the media). Similaults were
obtained by A. Franco et al. [3]. This is of gre@aportance, as
we can reduce the water supplied to the media pvithiding its

flow rates enough to fully wet the media, while tbeoling

performance remains unaltered. This makes it plessibreduce
the designing pump power for wetting the media endse less
water, and thereby decreases the pressure drogsaitr® media
as shown in figure 3. However, T. Wang [11] sugegdhat in

real applications, the water flow is chosen to Be3D times of
the evaporation rate to not only obtain a bettetedesurface but
also to wash away debris deposited on the surfagéngd

operation.

Heat Transfer Coefficient

Heat transfer coefficient is a function of a largamber of
dimensional parameters (e.g., medium charactesjstiair
velocity, viscosity, conductivity, etc.). It is ceenient to use the
dimensionless quantity (the Nusselt number) to cedthe
number of independent variables required to describe
dimensionless problem. To correlate our test dataeims of
appropriate non-dimensional parameters, the BuckimgtPi

theory was applied. The heat transfer coefficieatratation
obtained from the dimensional analysis was given by

-0.191
Nu=0 192('—9) Tt~ Twp
| T,

where B=0.983; the characteristic length in non-dimensiona
groups is the medium thickneds T,; is the water inlet
temperature®C); le, Ta; andT,, represent the same parameters as
in equations (1) and (2); the air properties inagiqun (3) are
those of dry air at the average dry-bulb tempeeathrough the
wetted media.

-0.03

R&™ PI*  (3)

Figure 5a is the experimental data presented usmpgirical

correlation in the reference [12] while figure Shexperimental
data plotted using the new developed correlatian, equation
(3). Figure 5 shows that with the addition of1} and {[T.-

Twp)/ Tuwa, the correlation fits the data well.
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Figure 5. Non-dimensional correlation for heat sfen coefficient (a)
non-calibrated (b) calibrated (water flow r&es in the unit of lI/min/rf).

Uncertainty Analysis

The uncertainty was analyzed according to the IS@I&[13].
The resulting uncertainties of the measuremengiven in table
2.

Sensor Max.

Parameter Test range accurac standard
Y | deviation

Air inlet 22.5-30.6C 10.2°C | 0.2°C
Temperature]a;
Air outlet 17.7-30.3C | +02°C | 0.2°C
temperature] .,
Q'Ll'”'et humidity, | 505 64.9 %RH | +2%RH| 0.5 %RH
Air outlet B o o o
humidity, RH 25.4-92.1 %RH +2 %RH 0.8 %RH
Air velocity, U, 0.41-3.15m/s 1.5%F.§. 0.04m/s
Water inlet o o
temperatureTa 15.8-22.2C +0.2°C 0.04°C
Water outlet 15.2-21.0C £0.2°C | 0.05°C
temperature]y;
Pressure drogyp | 0.8-101.7 Pa +1 % 2.2 Pa

Table 2. Uncertainty analysis of test measurement.
Conclusions

Heat transfer coefficient and pressure drop cdicgia for the
studied medium were developed by experimental studThe
new developed correlations represent the testwaltiaand can
be used for the performance predictions of evaperatooling
using such medium.

Generally, higher pressure drops are obtained thittker media.
The pressure drop across the media also increagbsthe
increase in air velocity and, to a certain extsvith increasing
water flow rate. The largest impacts are due toctienges in air
velocity and medium thickness. The pressure drogeaef the
cellulose medium is 1.5 Pa to 101.7 Pa, dependimgthe



medium thickness, air velocity and water flow rafae cooling
efficiency decreases with the air velocity increhsehile it
increases with the medium thickness increased. dffect of
water flow on cooling efficiency in this study igligible as
long as the water is properly distributed and theslia are fully
wetted. The cooling efficiencies of the cellulosedium vary
from 43 % to 90 %, depending on the medium thickreasd air
velocity.
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