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Abstract 

 

A cooling tower is a heat rejection device which extracts waste heat to the atmosphere. A 

Natural Draft Dry Cooling Tower (NDDCT) is an alternative cooling method when large 

quantities of water are not available. Examples of the proposed applications are the enhanced 

geothermal and concentrated solar thermal (CST) power plants in Australia and the rest of the 

world, most of which are expected to be constructed in dry climates. Unfortunately, the 

performance of a NDDCT is severely reduced when the ambient air is hot, which is because 

the NDDCT is driven by buoyancy effect and relies solely on air to cool the working fluid. 

Reduced cooling tower performance lowers the efficiency of the thermal power stations they 

are serving. The conventional solution is to use wet cooling towers but this solution 

consumes large quantities of water. The present project introduces inlet air pre-cooling using 

wetted media, which limits water consumption only to the periods when the system is used at 

high ambient temperatures. However, wetted-medium cooling introduces extra pressure drop 

which reduces the air flow passing through the tower and thus impairs the tower heat 

rejection. To this end, this project takes into account the trade-off between the wetted-

medium cooling and the extra pressure drop, aiming to optimize the performance of a 

proposed NDDCT when evaporatively pre-cooled using different types of wetted media. 

An extensive literature review was conducted and the promising wetted media were selected 

for further study. Four wetted media, i.e., two film media (Cellulose7060 and PVC1200) and 

two trickle media (Trickle125 and Trickle100), were selected and were experimentally 

studied in UQ Gatton wind tunnel under different working conditions that represented 

NDDCT’s operation. The medium performance correlations, i.e., the cooling efficiency, heat 

transfer coefficient and pressure drop, were obtained based on the experimental study. The 

test results were then used to simulate the operations of pre-cooled NDDCTs to investigate 

the alterations of tower performance (A MATLAB program was developed to fulfil this task). 

Finally, the most promising wetted medium together with its performance characteristics 

were recommended for future pre-cooling application.  

The main findings of the thesis are: 

(1) Choosing a suitable wetted medium for a specific application requires knowledge of 

different working parameters. Not only the balance between the cooling potential and 



the extra pressure drop, but also the consideration of medium cost, service life, type of 

process to be cooled, environmental conditions, water quality, space availability, 

locations and economic requirements are absolutely necessary, and some trade-offs 

have to be made. 

(2) The experimental studies of the four selected media found that: (a). Film media (e.g., 

Cellulose7060 and PVC1200) offer higher cooling efficiencies and pressure drops 

when compared with trickle media (e.g., Trickle125 and Trickle100). (b). The 

pressure drop ranges of Cellulose7060, PVC1200, Trickle125 and Trickle100 are 

1.5−101.7 Pa, 0.9−49.2 Pa, 0.7−50.0 Pa and 0.6−41.6 Pa, respectively, depending on 

the medium thickness, air velocity and to some extent on the water flow rate. The 

cooling efficiencies are 43.0−90.0%, 8.0−65.0%, 15.7−55.1% and 11.0−44.4% for 

Cellulose7060, PVC1200, Trickle125 and Trickle100, respectively, depending on the 

air velocity and the medium thickness. (c). The correlations for cooling efficiency, 

heat transfer coefficient and pressure drop of the studied media are obtained. (d). The 

Cellulose7060 is found no water entrainment, however, care must be taken in the use 

of PVC1200, Trickle125 and Trickle100 as water entrainment happens even at 

relatively low air velocities.  

(3) The simulations revealed that: (a). The NDDCT can benefit from wetted-medium pre-

cooling when the ambient air is hot and dry, but the improvement declines quickly at 

increasing ambient humidity. (b). There is a critical ambient temperature below which 

the tower performance does not benefit but is hindered by wetted-medium pre-

cooling. This critical temperature depends on many factors, such as the tower 

specifications, air relative humidity, medium type and thickness. (c). The wetted 

media with high (e.g., Cellulose7090 and Cellulose5090) or low (e.g., PVC1200, 

Trickle125 and Trickle100) cooling efficiencies and pressure drops produce less 

performance enhancement for the studied NDDCT when compared with the media 

with middle (e.g., Cellulose7060) cooling efficiencies and pressure drops. (d). The 

Cellulose7060 with the pressure drops of 28.6−272.1 Pa/m and the cooling efficiency 

range of 44.7−88.5% is the most promising medium for the pre-cooling enhancement 

of the studied NDDCT. 

Overall, the Cellulose7060 with almost no water entrainment and with the pressure drops of 

28.6−272.1 Pa/m and the cooling efficiency range of 44.7−88.5% (at air velocity range: 



0.41−3.15 m/s; medium thickness range: 0.10−0.30 m; water flow rate range: 31−62 

l/min/m
2
), is the most promising medium for the pre-cooling enhancement of the studied 

NDDCT (Height: 120 m, designed heat rejection rate: 296 MW). The tower performance 

enhancement can go up to 105% by increasing the tower heat rejection rate from 45.0 MW to 

92.3 MW at relative humidity of 20% and ambient temperature of 50 
o
C. However, whether 

this pre-cooling proposal will bring potential increase in the revenue for the owner of the 

power plants employing NDDCTs requires further study.  

The current work provides useful information for tackling the challenges to water scarcity 

and low performance of NDDCTs during hot seasons.  
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A Area, m
2
 

a, b, c, C, d, e, m, n Constants  

B, S Length defined in Figure 3-8, m 

cp Specific heat, J/(kg K) 

dh Hydraulic diameter, m 

Dv Mass diffusivity of water vapor in air, m
2
/s 

f Friction factor 

G Mass velocity, kg/(m
2
 s) 

H Height, m 

h Enthalpy, J/kg 

hc 
Heat transfer coefficient, W/(m

2 
K) 

hm 
Mass transfer coefficient, kg/(m

2
 s) 

k Thermal conductivity, W/(m K); Factor 

K Loss coefficient 

l Medium thickness, m 

le Medium geometric length (le=V/As=1/), m 

m
 

Mass flow rate, kg/s 

mew Water evaporation rate in kg/(m h K) 

P Parasitic loss, W 

∆p Pressure drop, Pa 

Qc Heat rejection rate, W 

Qs Heat transfer rate, W 

Q Water flow rate, l/min/m
2
 

q
 

Volumetric flow rate, m
3
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RH Relative humidity, % 

R Radius, m 

T Temperature, K 

u Velocity, m/s 

V Volume of medium, m
3
 

W Medium width, m; Plant power generation rate, W 

X Humidity ratio, kgv/kga 

NDDCTs Natural Draft Dry Cooling Towers 

Non-dimensional groups 

Le Lewis number, Le=/Dv 



 

V 

Nu Nusselt number, Nu=(hc l)/k 

Pr
 

Prandtl number, Pr=/= ( cpa)/k 

Re
 

Reynolds number, Re=(ua l)/ 

Greek symbols 

 Thermal diffusivity, m
2
/s 

 Integrated factor 

∆ Difference 

 Cooling efficiency, %; Efficiency  

 Dynamic viscosity, kg/(m s) 

 Kinetic viscosity, m
2
/s 

 Specific surface area of medium, m
2
/m

3
 

 Density, kg/m
3
 

 Pertinent non-dimensional groups 

Subscripts  

1 Inlet or before evaporative cooling 

2 Outlet or after evaporative cooling 

a Air or air dry bulb 

be Benefit 

e Evaporation 

fr Front 

lm Logarithmic mean 

LV0 Latent heat of vaporization evaluated at 273.15 K 

net Net 

s Sensible; Transfer  

th Thermal  

v Water vapor 

w Water 

wb Wet bulb 



 

 

CHAPTER 1: Introduction 

1.1 Background 

With the increasing concerns upon the problems (e.g., environmental pollution, energy 

shortage) associated with fossil fuel, renewable energy has been taken into particular 

consideration. Nowadays, the geothermal and concentrated solar thermal power plants are on 

the summit of scientific research agenda. 

 

Figure 1-1 A typical binary-cycle geothermal power plant. 

A typical binary-cycle geothermal power plant is illustrated in Figure 1-1. This is the most 

common type of geothermal electricity plant being constructed today. In Figure 1-1, the fluid 

from a geothermal well exchanges heat with a second working fluid in a heat exchanger. The 

second working fluid with a low boiling point is vaporized and then directed through a 

turbine to generate electricity. The vapor exiting the turbine is then condensed in a condenser 

through a cooling tower. The cycle performance can be assessed by the First Law using 

thermal efficiency as Eq.(1-1). Generally, binary-cycle geothermal power plants have thermal 

efficiencies in the range of 10−13% [1]. This is much lower when compared with fossil-fired 

plants (50−55%), coal-fired plants (35−40%) and nuclear plants (33−35%) [1]. Thus, the rate 

of heat discharged per unit power generation for a binary-cycle geothermal plant is much 

higher than for these three types of plants, and as a result, requires larger cooling capacity of 

the cooling tower at the same power rating. 
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The cooling options in thermal power plants depend on the availability of water at the sites 

and environmental constraints. Since most geothermal and concentrated solar thermal power 

plants are located in arid or semi-arid areas, dry cooling may offer the only effective 

alternative. Natural Draft Dry Cooling Towers (NDDCTs) have received widespread 

attention because they do not consume water, have low maintenance requirements and cause 

small parasitic losses [2, 3]. A hyperbolic, natural draft, dry cooling tower is shown in Figure 

1-2. The density of the heated air inside the tower is less than the density of the atmosphere 

outside the tower. Thus, the pressure inside the tower is less than the external pressure at the 

same elevation. This pressure difference causes the air flow passing through the tower and 

the heat exchanger bundles at a rate constrained by various flow resistances encountered, 

cooling tower dimensions, and heat exchanger characteristics [4]. 

 

Figure 1-2 A natural draft dry cooling tower with horizontal heat exchanger. 

NDDCTs rely mainly on convective heat transfer to reject heat from the working fluid, 

therefore, they are not as effective as wet cooling towers which can achieve much higher 

rates of cooling by water evaporation [5]. The performance of dry cooling systems is 

particularly reduced when the ambient air is hot. Reduced cooling tower performance lowers 

the efficiency of the thermal power stations they are serving. This is worse for low-efficiency 
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geothermal power plants which suffer greater losses in power production when compared 

with fossil fuel power plants. Air-cooled geothermal plants that operate with low-temperature 

resources can suffer losses in power output as much as 50% from winter to summer [6-8]. 

Ashwood et al. [6] reported the variations of the plant net power and turbine back pressure 

with ambient air temperature for a 20 MW (158 
o
C resource temperature) air-cooled binary-

cycle geothermal power plant (Figure 1-3). The net power for the plant decreases linearly 

with increasing ambient temperature. To make things worse, the loss of power generating 

capacity occurs at the times when utilities need power to fulfil high air conditioning demands. 

High-demand times for electricity are also the times when the electricity usually has a higher 

price. Therefore, any modification of the cooling system that increases the power production 

during hot periods offers a potential increase in the revenue for the owner of the power plants 

employing dry cooling towers. 

 

Figure 1-3 Plant net power and turbine back pressure vs ambient air temperature for a 20 MW air-cooled binary-

cycle geothermal power plant (158 
o
C resource temperature) at Nevada, USA [6]. 

Hybrid cooling may be a cost-effective solution by limiting water consumption only to the 

periods when the ambient temperatures are too high [6, 7, 9]. Hybrid cooling is the 

combination of dry and wet cooling. The wet cooling system only operates at high ambient 

temperatures to assist dry cooling. Kröger [9] reported that there are many ways of 

combining dry and wet cooling, including deluge enhancement, combinations of dry and wet 

cooling units, pre-cooling the entering air by humidification. In terms of whether extra heat 

exchangers are added when introducing wet cooling, hybrid cooling falls into two categories: 

system with wet-assisted heat exchangers; evaporative cooling without extra heat exchangers 
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[6]. These two systems are compared in Table 1-1 which is adapted from the original table 

reported by Ashwood et al. [6]. 

Table 1-1 Comparisons of different hybrid cooling schemes (adapted from [6]). 

Hybrid cooling 

schemes 
Main advantages Main disadvantages Mechanisms 

System with wet-

assisted heat 

exchangers 

Good cooling performance; 

off-the shelf equipment; 

readily designed and 

installed; easily bypassed 

when not needed. 

Relatively high equipment 

cost; relatively long payback 

period. 

Bypass cooling load 

using wet-assisted 

heat exchangers 

Evaporative 

cooling 

without 

extra heat 

exchangers 

Deluge 

cooling 

Outlet air can be saturated; 

lower quality water may be 

used; short payback period. 

Water drift at high air 

velocities; high potential for 

corrosion of heat exchanger 

tubes and fins; large volume 

water is needed to fully wet 

the heat exchanger surfaces. 

Water stream and 

droplets for 

evaporative cooling 

Fogging 

cooling 

Negligible parasitic load and 

pressure drop; small droplets 

evaporate easily; modular 

technology (easy to install 

and operate). 

Water entrainment at high 

air velocities; high quality 

water is necessary to 

minimize the clogging of 

nozzles; high pressure 

(1,000−2,000 psi) is needed 

to generate fog; relatively 

long payback period. 

Micro water 

droplets (< 10 m) 

for evaporative pre-

cooling 

Spray 

cooling 

Negligible parasitic load and 

pressure drop; lower 

pressure than fogging (< 300 

psi); relatively short payback 

period. 

 

Water entrainment at high 

air velocities; potential for 

unevaporated water droplets 

to corrode heat exchanger 

fins; high quality water is 

necessary to minimize the 

clogging of nozzles. 

Large water 

droplets (~ 50 m) 

for evaporative pre-

cooling 

 

Wetted-

medium 

cooling 

Off-the shelf equipment; 

readily designed and 

installed; lower quality 

water may be used. 

Introduce extra pressure 

drop; corrosion and scaling 

of the media; media must be 

removed when not in use; 

long payback period. 

Water films and/or 

droplets for 

evaporative pre-

cooling 

As shown in Table 1-1, each hybrid cooling scheme has its advantages and disadvantages. 

The schemes of evaporative cooling without extra heat exchangers have received favorable 

consideration because they introduce wet cooling without extra heat exchangers and are 

always easy to install [6]. Besides, rising energy costs, together with water scarcity, urge the 

use of evaporative cooling systems that are economical and highly water and energy efficient 

[10, 11]. The performance improvement of air-cooled power plant by means of water-assisted 

evaporative cooling was compared by Kutscher and Costenaro [7] (see Figure 1-4). The 

studied plant was a 1 MW binary-cycle geothermal power plant with 118 
o
C resource 
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temperature. Figure 1-4 shows that deluge cooling offers the highest improvement in the 

summer, followed by spray cooling, hybrid cooling (i.e., the combination of spray cooling 

and Munters cooling) and Munters cooling (i.e., wetted-medium cooling). Kutscher and 

Costenaro also did economic analyses and concluded that deluge cooling is economically the 

most attractive option, but corrosion and scaling are problems. Although fogging cooling and 

spray cooling provide good cooling performance as well, the water entrainment at high air 

velocities corrodes the heat exchanger tubes and fins, also high quality water is necessary to 

minimize the clogging of nozzles. Therefore, the present study focuses on wetted-medium 

evaporative cooling. 

 

Figure 1-4 Monthly electricity production for different evaporative cooling enhancements [7]. 

The concept of wetted-medium evaporative pre-cooling of a NDDCT is demonstrated in 

Figure 1-5. The heat exchanger bundles are laid out horizontally at the lower end of the 

tower. In this configuration, the entire cylindrical shell inlet area of the tower is covered with 

wetted media. Water is distributed over the top of the wetted media by water distributor and 

drips down by gravity and capillarity to wet the media uniformly. The excess water is 

collected at the bottom of the media and recirculated by the water pump. Air is driven by 

buoyancy to pass through the media to form a cross-flow heat and mass transfer process. The 

water deposited on the media evaporates by extracting its evaporation heat from the air 

stream and thus cools the air. The pre-cooled air then flows through the heat exchanger 

bundles to cool the tube-side fluid coming from thermal power plants.  
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Figure 1-5 A natural draft dry cooling tower pre-cooled with wetted media. 

Once using wetted-medium evaporative cooling, the extra pressure drop should be taken into 

particular consideration, especially to the application of NDDCTs. Although wetted-medium 

evaporative pre-cooling decreases the temperature of the air entering NDDCTs and thus 

improves the tower heat rejection, the extra pressure drop reduces the air flow passing 

through the tower and the heat exchangers, and therefore impairs the tower heat rejection. 

There is a trade-off between wetted-medium cooling and the extra pressure drop. To this end, 

this research takes this trade-off into account to investigate pre-cooling using different types 

of wetted media for the performance improvement of NDDCTs during hot seasons.  

1.2 Research Objectives 

The aim of this study is to improve the performance of NDDCTs using wetted-medium 

evaporative pre-cooling during hot periods. The key issue is the trade-off between wetted-

medium cooling and the extra pressure drop, both of which are a strong function of the 

wetted media. Therefore, the specific objectives are: 

(1) Critically review the wetted-medium evaporative cooling, including wetted-medium 

types, mathematical models, performance studies and empirical relations. Based on 

the literature survey, select promising wetted media which have the potentiality in the 

pre-cooling application of NDDCTs. 
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(2) Experimentally study the performance of the selected wetted media (including the 

heat transfer coefficient, cooling efficiency and pressure drop) and the operation-

related issues (e.g., water evaporation rate and water entrainment). An open-circuit 

low-speed wind tunnel is to be used to simulate the air speeds representing NDDCT’s 

operation. The medium type and thickness, air velocity, water flow rate, ambient 

temperature and humidity will be the experimental variables. The correlations for heat 

transfer coefficient, cooling efficiency and pressure drop will be developed from the 

experimental study.  

(3) Numerically simulate the operation of a NDDCT pre-cooled with the selected wetted 

media and compare the tower performance alterations. The trade-off between wetted-

medium cooling and the extra pressure drop will be considered during simulations. 

(4) Compare the pre-cooled NDDCT performance with different wetted media, and give 

recommendations for the most promising wetted medium together with its 

performance characteristics.  

1.3 Thesis Structure 

This thesis consists of 6 chapters. CHAPTERs 2, 4 and 5 are adapted from peer-reviewed 

journal papers that have been published. 

CHAPTER 1 is to introduce the research challenges and to give background information and 

motivations of this thesis.  

CHAPTER 2 is to accomplish the Research Objective 1. This chapter critically reviews 

wetted-medium evaporative cooling in terms of wetted-medium types, mathematical models, 

performance studies and empirical relations. The controversies and gaps related to wetted-

medium studies are presented. Finally, four wetted media are selected for further study based 

on literature survey. 

CHAPTERs 3 and 4 are to achieve the Research Objective 2. In CHAPTER 3, the 

experimental design and test procedure are presented. An open-circuit low-speed wind tunnel 

is used to simulate the air speeds representing NDDCT’s operation. The medium type and 

thickness, air velocity, water flow rate, ambient temperature and humidity are the 
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experimental variables. The characteristics of wetted media, instrumentations and calibration, 

test schedule and repeatability study are discussed in detail. 

In CHAPTER 4, experimental results are reported and discussed. This chapter is composed of 

two peer-reviewed journal papers. One paper is to give the test results of two film media, and 

the other paper focuses on two trickle media. The correlations for heat transfer coefficient, 

cooling efficiency and pressure drop of the media are developed from the experimental study, 

and the water entrainment off the media is discussed in detail. 

CHAPTER 5 is to attain the Research Objectives 3 and 4. In CHAPTER 5, Sections 5.1 and 

5.2 are two peer-reviewed journal papers, and Section 5.3 extends the simulations reported in 

Sections 5.1 and 5.2 using the four tested wetted media, including Cellulose7060, PVC1200, 

Trickle125 and Trickle100. In CHAPTER 5, a hybrid cooling tower is simulated and the 

alterations of tower performance are compared. The trade-off between the wetted-medium 

cooling and the extra pressure drop is considered during simulations.  

The summary of this thesis is given in CHAPTER 6 and future work is proposed.  
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CHAPTER 2: Literature Review  

CHAPTER 2 is to fulfil the Research Objective 1, i.e., to critically review the wetted-medium 

evaporative cooling and to select promising media with the potentiality in the pre-cooling 

application of natural draft dry cooling towers. 

This chapter is based on a peer-reviewed journal paper. In this chapter, the basic principles of 

wetted-medium evaporative cooling are given at the beginning. The studies of wetted media 

are then critically reviewed, including medium types and materials, mathematical models, 

performance studies and empirical relations. A method to compare the wetted media in terms 

of the balance between the cooling potential and the pressure drop is proposed. This method 

should be useful for comparative evaluation of different wetted-medium types or at least to 

differentiate between those suitable and unsuitable for a given application. The framework 

for medium selection is developed and the advantages and disadvantages of different medium 

types are summarized to give an overview and starting point for the selection of wetted media. 

Besides, the empirical correlations appeared in the literature are synthesized to better 

correlate and compare the test data of wetted media and subsequently to provide prerequisite 

information for performance prediction. The controversies concerning wetted-medium 

studies are discussed and the gaps related to wetted-medium studies are pointed out based on 

the review study. Finally, four wetted media are selected for further study based on literature 

survey. 

2.1 Paper 1: A Review of Wetted Media with Potential Application in the Pre-cooling of 

Natural Draft Dry Cooling Towers 

This is a review article that has been published in Renewable and Sustainable Energy 

Reviews. The paper reviews the wetted media with potentiality in the pre-cooling application 

of natural draft dry cooling towers. The review of wetted-medium performance studies 

indicates that there is always a balance between the cooling potential and the pressure drop. A 

method is proposed in the paper that should be helpful in comparing different wetted medium 

types in terms of this balance. The method is validated based on published performance 

studies. This method is expected to be useful as a first filter to evaluate wetted medium types 

or at least to differentiate between those suitable and unsuitable for a given application. 
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Except for the balance, the considerations of the medium cost, medium life time, the type of 

process to be cooled, environmental conditions, water quality, space availability, locations 

and economic requirements are absolutely necessary and trade-offs may have to be made. 

Finally, a framework for medium selection is developed and the advantages and 

disadvantages of different medium types are summarized to give an overview and starting 

point for the selection of wetted media. The empirical correlations appeared in the literature 

are synthesized, which should be helpful for better correlating the test data of wetted media in 

terms of appropriate forms and subsequently providing prerequisites for performance 

prediction of evaporative cooling using such media.  

The paper concludes that in general, there is not a single medium type that shines over all the 

others. Each medium type has applications where it is superior to other types. The technology 

is not mature and novel media are continuously being tried with the hope to overcome 

problems associated with the existing media. The paper recommends that future studies of 

wetted media should report as much information as possible, including the ranges of water 

and air mass flow rates, ambient conditions, medium types and specifications, the goodness 

of fit in terms of correlation coefficient. Finally, the research gaps of medium performance 

degradation and water entrainment off the media are articulated. 
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a b s t r a c t

There is no dearth of published data concerning direct evaporative cooling, especially concerning the
wetted media used in this technique. In spite of the data abundance, the lack of a comprehensive review of
wetted media with potential use for inlet air pre-cooling of Natural Draft Dry Cooling Towers (NDDCTs)
triggered the motivation of this paper. This paper reviews the wetted media with potentiality in the pre-
cooling application of NDDCTs in terms of wetted medium types, mathematical models, performance
studies and empirical relations. A method to compare wetted media in terms of the balance between
cooling potential and pressure drop is proposed and validated. This method should be useful for
comparative evaluation of wetted medium types or at least to differentiate between good and bad
medium types. The medium cost, the service life, the type of process to be cooled, environmental
conditions, water quality, space availability, locations and economic requirements are essential considera-
tions, and some significant trade-offs have to be made during medium selection. A framework for medium
selection is presented and the advantages and disadvantages of different medium types are summarized to
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1. Introduction

Rising energy costs, together with water scarcity, urge the use
of evaporative cooling that is economical and highly water and
energy efficient [1,2]. Evaporative cooling can be defined as a
method of cooling that utilizes the relatively large value of the
latent heat of water evaporation at ambient temperature. The
method has been used for centuries to cool air for comfort [3] and
is still widely used in arid areas of the world, e.g., south-western
United States, Australia, western Asia, and north-western China
[4–8].

According to its function, evaporative cooling falls into two
categories: air cooling and water cooling. In the first category,
small amount of water is used to evaporatively cool the air, usually
on hot days. In this case, the latent heat of water evaporation is
extracted from the air. Theoretically, the sensible heat in the air is
merely converted to latent heat and it is usually assumed that this
is an adiabatic air cooling process. This category includes such
applications as evaporative coolers and cooling ventilation sys-
tems [3], greenhouse cooling [2], warehouse cooling and product
storage [9,10], nursery cooling [11], poultry, hog and livestock
cooling [12,13], inlet air pre-cooling of dry coolers [14,15], inlet air
cooling of gas turbines [16] and inlet air pre-cooling of natural
draft dry cooling towers [17,18]. The major applications in the
second category are wet cooling towers used in thermal power
plants, water-cooled refrigeration, air conditioning and industrial
processes. These circulate a large amount of warm water but
evaporate only a small portion of it to cool the rest of that water
stream [19]. In the second category, the water is cooled by water
evaporation (primary cooling) as well as the sensible cooling due
to the temperature difference between the cooling water and
ambient air (The sensible cooling occurs if the dry-bulb tempera-
ture of air is less than the water temperature). The heat and mass
transfer models, the parameters used to represent medium per-
formance and even the empirical correlations are to some extent
different for the above two categories. However, they all employ
the large enthalpy of water vaporization and their performance is
limited by the wet-bulb temperature of the ambient air. The inlet
air pre-cooling of natural draft dry cooling towers (NDDCTs) as will
be discussed in detail in the following sections is a typical
representative of evaporative air cooling. To this end, this paper
focuses on the first category: evaporative cooling of air, which will
hereafter be referred simply as evaporative cooling. The focus on
evaporative air cooling makes it necessary to exclude literature on
wet cooling tower theory and practice, except when it is also
applicable to evaporative air cooling. The limiting of the focus is
necessary to keep the length of the paper manageable. In any case,
there are however excellent review articles on wet cooling towers
(e.g., [20–29]) for those readers who are also interested in wet
cooling towers.

Evaporative cooling falls into two basic types: direct and
indirect evaporative cooling [6,7,30]. Published data concerning
both are enormous. Xuan et al. [7,31] reviewed the research and
application of evaporative cooling in China. Duan et al. [30]
reported a review on indirect evaporative cooling. There is a lack
of comprehensive review of the wetted media with potentiality in
the pre-cooling application of NDDCTs. To this end, this paper is to
present what is known about direct evaporative cooling and to
synthesize all the unconnected threads of the individual studies
into an integrated review. The controversies exist in the literature

are discussed in detail. Finally, a case study is reported to give an
overview and starting point for medium selection.

2. Basic concept and wetted medium types

Direct evaporative cooling is the oldest and simplest type of
evaporative cooling. The earliest direct evaporative cooler, the
Windcatcher, was invented in Iran thousands of years ago. It was
in the form of wind shafts on the roof, which caught the wind,
passed it over subterranean water in a qanat and discharged the
cooled air into the buildings [32]. The first direct evaporative
cooler in modern times was traced to U.S.A patent. The cooler was
developed by Deitzler [33], which employed porous tubes as the
cooling pads. Excelsior cooler was first introduced in the year of
1906 [34]. It was not until 1960s that rigid medium cooler broke
through [3]. Rigid medium coolers and aspen fibre coolers cur-
rently dominate the market of direct evaporative coolers [35].

In direct evaporative cooling, the process air contacts directly
with water. The air is cooled and humidified through this contact.
The humidity of the air can reach as high as 80% [7]. In some cases,
such a high humidity air may not be suitable for direct use due to
the risk of rusting and mildew. Indirect evaporative cooling avoids
adding moisture to the air by separating water and air (This is
achieved by using different paths for air and water). The indirect
evaporative cooling has gained growing attention and fast devel-
opment over the past few decades [30]. However, the direct
evaporative cooling is still a preference in the applications that
are insensitive to humidity, such as the inlet air pre-cooling of
NDDCTs. This paper focuses on direct evaporative cooling as Duan
et al. [30] already reviewed indirect evaporative cooling.

In direct evaporative cooling, the latent heat of water evapora-
tion is extracted from the air. It is usually assumed that this is a
process where no heat exchange occurs with the external envir-
onment. The sensible heat in the air is converted to latent heat of
the water vapour that joins the air stream, resulting in almost
constant enthalpy and wet-bulb temperature of the air stream
[3,4,36–38]. Therefore, evaporative cooling of air is also called
adiabatic humidification or isenthalpic cooling of the air. However,
changes still occur: the dry-bulb temperature, humidity, vapour
pressure of the moisture, dewpoint temperature and specific
volume are changed [3].

2.1. Concept of inlet air pre-cooling of NDDCTs

With the increasing concerns upon the problems associated
with fossil fuel, renewable energy (e.g., geothermal and solar
energy) has been taken into particular consideration [39]. Nowa-
days, geothermal and concentrated solar thermal power plants are
on the summit of scientific research agenda. However, low-
performance dry cooling may offer the only effective alternative
as most geothermal and concentrated solar thermal power plants
are located in arid or semi-arid areas [40,41]. Unfortunately, the
performance of dry cooling is particularly reduced when the
ambient air is hot, which is because the dry cooling relies solely
on air to cool the working fluid. Reduced cooling tower perfor-
mance lowers the efficiency of the thermal power stations they are
serving. To offset the low performance of dry cooling, especially
during hot periods, many techniques were developed to decrease
the inlet air temperature including wetted-medium evaporative
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cooling, high-pressure fogging, evaporatively cooling of the air
condensers, absorption chiller cooling, refrigerative cooling and
thermal energy storage, etc. These techniques were discussed in
detail by Ashwood, Kutscher, Al-Ibrahim, Maulbetsch and Lucia
et al. [42–48]. Amongst them, the use of occasional evaporative
cooling during hot periods to cool the inlet air of dry cooling
systems offers an economical and water-efficient alternative [1,2].
An example of this is the inlet air pre-cooling of NDDCTs using
wetted media [17,18].

The NDDCT is an alternative cooling method when large
quantities of water are not available. In a NDDCT, the air flow
through the heat exchanger bundles is created by means of
buoyancy effects due to the difference in air density between the
inside and outside of the tower [49]. Essentially, this density
difference is due to the difference in air temperature. The perfor-
mance of a NDDCT is particularly reduced when the ambient air
temperatures are high. This is because the NDDCT is driven by
buoyancy effects and relies solely on air to cool the working fluid.
The performance of a NDDCT is expected to be improved by
reducing the temperature of the tower inlet air using wetted-
medium evaporative pre-cooling [17,18], which limits water con-
sumption only to the periods when the system is used at high
ambient temperatures.

A typical hyperbolic, natural-draft, dry cooling tower pre-
cooled with wetted media is shown in Fig. 1. The heat exchanger
bundles are laid out horizontally at the lower end of the tower.
In this configuration, the entire cylindrical shell inlet area of the
tower is covered with wetted media. Water is distributed over the
top of the wetted media by water distributor and drips down by
gravity and capillarity to wet the media uniformly. The excess

water is collected at the bottom of the media and recirculated by
the water pump. Air is driven by buoyancy to pass through the
media to form a cross-flow heat and mass transfer process. The
water deposited on the media evaporates by extracting its eva-
poration heat from the air stream and thus cools the air. The pre-
cooled air then flows through the heat exchanger bundles to cool
the tube-side fluid coming from thermal power plants. The
applications of this pre-cooling system include evaporative coolers,
fan-pad cooling and inlet air cooling of gas turbines except that the
air is driven by fans in these applications rather than buoyancy in
a NDDCT.

The inlet air pre-cooling of NDDCTs is a typical representative
of evaporative air cooling. The evaporative cooling process can be
plotted in a psychrometric chart as A–B shown in Fig. 2. The
sensible cooling process A–C is plotted in Fig. 2 for comparison.
In the process A–B, the air state changes along the isenthalpic line.
Point A is the state of the inlet air and point B is the state of the
cooled air. The cooling efficiency is defined by Eq. (1). It represents
how close the cooled air gets to the state of saturation. ASHRAE
Handbook [50] mentioned that the cooling efficiency of evapora-
tive coolers is 85 to 95% (or more). Usually, the cooling efficiency
of corrugated cellulose pads varies from 60% to over 98%, depend-
ing on pad thickness and air velocity [43,51]. According to
Williams [52], to achieve 100% cooling efficiency, it would be
necessary to provide evaporative cooler of infinite size to allow the
necessary contact time for heat and mass transfer. This requires a
combination of large area of heat transfer and a high heat transfer
coefficient and low mass flow [53]. In practical situations, how-
ever, this is not cost-effective and consequently the process ends
at point B rather than the theoretical point (i.e., the wet-bulb

Nomenclature

A area (m2)
a, b, c, d, n constants
cp specific heat (J/(kg K))
dh hydraulic diameter (m)
Dv mass diffusivity of water vapour in air (m2/s)
f friction factor
G mass velocity (kg/(m2 s))
H medium height (m)
h enthalpy (J/kg)
hc heat transfer coefficient (W/(m2 K))
hm mass transfer coefficient based on log mean density

difference (m/s)
k thermal conductivity (W/(m K)); factor
K loss coefficient
l medium thickness (m)
le medium geometric length, le¼1/ξ (m)
m mass flow rate (kg/s)
P parasitic power loss (W)
Δp pressure drop (Pa)
Qs heat transfer rate (W)
Qw water flow rate
q volumetric flow rate (m3/s)
RH relative humidity (%)
T temperature (K)
u velocity (m/s)
W medium width (m)
X humidity ratio (kgw/kga)
NDDCT natural draft dry cooling tower
NTU number of transfer unit

Non-dimensional groups

Le Lewis number, Le¼α/Dv

Nu Nusselt number, Nu¼(hc� le)/k
Pr Prandtl number, Pr¼υ/α¼(μ� cp)/k
Re Reynolds number, Re¼(ua� le)/υ

Greek symbols

α thermal diffusivity (m2/s)
β integrated factor
Δ difference
η cooling efficiency (%); efficiency
μ dynamic viscosity (kg/(m s))
υ kinetic viscosity (m2/s)
ξ specific surface area of medium (m2/m3)
ρ density (kg/m3)

Subscripts

1 inlet or before evaporative cooling
2 outlet or after evaporative cooling
a air or air dry bulb
be benefit
e evaporation
fr front
lm logarithmic mean
s sensible; transfer
v water vapour
w water
wb wet bulb
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temperature of the inlet air). The process A–C is sensible cooling
with only the air temperature changed when compared with
evaporative cooling in which both air temperature and humidity
are changed.

η¼ Ta1�Ta2

Ta1�Twb
� 100% ð1Þ

The wetted media fulfil two main functions. First, they provide
large contact surface areas for heat and mass exchange between
water and air flows. Second, they delay the fall of water, ensuring
that the exchange process lasts longer [2,26,54]. The wetted
medium is the most important element in a direct evaporative
cooling system [2,9,25], especially for the inlet air pre-cooling of
NDDCTs. For the pre-cooling application of NDDCTs, although pre-
cooling decreases the inlet air temperature and thus improves the
tower heat rejection performance, the extra pressure drop intro-
duced by the wetted media reduces the air mass flow rate passing
through the tower and therefore impairs the tower heat rejection.
There is a trade-off between the evaporative cooling and the extra
pressure drop. Both the cooling performance and the extra
pressure drop are a strong function of the wetted media, and as
a consequence, it is essential to select proper wetted media for this
pre-cooling enhancement. Various criteria for the selection of
wetted media were suggested by many researchers [9,55,56].
A good medium should be porous enough to allow air flow
and to retain water. It should have a large surface area for
water–air contact. It should be easy to clean and easy to replace,
and should also be resistant to bacterial growth. Finally, it should
be affordable.

2.2. Wetted medium types

Media and materials used in evaporative air cooling are not
always different from those used in evaporative water cooling,
but they are referred to by different names. The wetted media
used in direct evaporative cooling of air are called cooling pads.
They are referred to as packages or fills in direct evaporative
cooling of water. The functions of cooling pads and packages or
fills are similar and they are interchangeable under certain
conditions. This review of wetted media with potentiality in
the pre-cooling application of NDDCTs will include both as they
are all promising.

2.2.1. Cooling pads
The cooling pads are usually made of a water absorbent

material and fabricated in forms that allow air penetration [57].
The cooling pads have experienced a long evolution, and
different materials and configurations have been tried over
centuries.

(1) Fibre pads
The traditionally used cooling pads are fibre pads. The excel-
sior pads were first introduced in 1906 [34], which were
widely applied in early evaporative coolers [34,58,59]. Among
wood excelsior pads, aspen wood excelsior (see Fig. 3a) has
served as the cooling pad for quite a long time, and even now
aspen pads are still on the market [60,61]. Except for aspen,
the following materials have also been tried: coconut fibres
[10,55,62–65], jute fibres [9,66,67], date fibres [66,68], luffa
fibres [66], palash and khus fibres [64], composite fibres [69],
sheathy leaf pads [63], nonwoven fabric pads [55], cardboard
and hazelnut rind pads [70], ground sponge, stem sponge and
charcoal pads [9], straw pads and sliced wood pads [71] and
rice husk pads [72].

(2) Rigid media
The rigid media (see Fig. 3b) were introduced in 1960s [3].
Rigid medium is a generic term for corrugated pads, like
CELdek media and GLASdek media manufactured by Munters
Corp., and Glacier-Cor media manufactured by Glacier-Cor
Corp. [73]. The rigid media are made from specially impreg-
nated and corrugated sheets with two different flute angles.
These sheets are bonded together alternatively with one steep
sheet and one flat sheet [35]. Water flows down the virtually
whole surfaces of the media in thin films, while air moves
typically in turbulent flow between laminar films of the moving
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Fig. 1. Inlet air pre-cooling of a natural draft dry cooling tower (adapted from [18]).
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water. Corrugated pads have flute channels for air and water to
flow through. The air passes essentially horizontally through
the open voids while water films on the rigid surfaces flow
downward to the air intake. This design makes it possible to
allow high-speed air to travel through the pads without
significant flow resistance or water droplet carry over. The air
repeatedly changes its flow direction in the vertical zigzag
patterns. With the air changing direction several times in the
media, momentum throws its solid contents into surrounding
water films, which carry them into water sumps below. There-
fore, the rigid media are essentially self-cleaning [3].

(3) Other pads
Nowadays, the aspen wood excelsior and rigid media are the
commonly used cooling pads [35]. Except for them, there are
other types of cooling pads appeared in the literature.
Researchers from Tianjin University (China) developed corru-
gated perforated-metal pads (aluminium alloy or stainless
steel) [74–79]. Alodan et al. [80] developed pads made from
galvanized metal sheets. Other pads include porous ceramic
pads [81–83], high density polythene pads [72,84], polyvinyl
chloride sponge pads [13], pumice stones, volcanic tuff and
greenhouse shading net pads [85].

(4) Conclusions for cooling pads
Fibre pads were commonly used in the past and some are still
in service [86]. Fibre pads have been found to be exceedingly
absorbent and unreactive, and have high cooling efficiency.
According to Zhao et al. [56], fibre pads have relatively high
penetrability and low hardness. Besides, the porosities of
fibres are sufficient to retain water needed for moisture
transfer, and most fibres are extremely cheap. However, pad
sagging, pad clogging, pad scaling and pad deterioration are
big problems that reduce their useful life. For example, the
useful life of aspen wood excelsior is approximately 1 year [3].
Rigid media, on the other hand, are designed to combine
maximum cooling, low pressure drop, high-operating air
velocity with low drift, self-cleaning design, and long life of
reliable service [51]. Usually the cooling efficiency of cellulose
rigid media varies from 70% to over 95%, depending on
medium thickness and air velocity [35]. The longevity of rigid
media can be even more than 10 years with proper main-
tenance [35,51,86]. However, rigid medium pads are expensive
when compared with fibre pads. Other pads, like aluminium
and plastic pads are expensive and show no advantages over
rigid medium pads.

2.2.2. Packages or fills
The wetted media in direct evaporative cooling of water are

packages or fills. The wet cooling tower fill cost can normally
account for 10–20% of the total cost of the tower, depending on the
type and size of the cooling tower [87,88]. The wet cooling tower
fills have also evolved through years. The early applications used
simple timber or bamboo splash bars. The modern instances are
vacuum formed or injection molded plastic fills [89]. Generally, the
wet cooling tower fills fall into three main categories: splash, film
and trickle [20,22,89-91].

(1) Splash fills
Some examples of splash fills are given in Fig. 4a. The oldest
used fill was splash, which was originally made of wood laths,
and later plastics, metal and even concrete [23,92]. According
to Mirsky [23], prior to 1954, except for a small number of
towers that used film fills made of asbestos-cement boards,
most cooling towers adopted splash fills. Because splash fills
require relatively little maintenance for quite a long time,
various types of splash fills are in use now, like Kelly bars, V
bars, PI bars, laths and splash tiles.
Splash fills are designed to break water into a large number of
droplets. Heat and mass transfer proceeds on the droplet
surfaces. As water falls through the fills, droplets collide with
successive layers of splash bars. These collisions redistribute
water and heat by forming fresh droplets. The retention time
of water falling through the tower is prolonged by contact
with the fills [89].

(2) Film fills
The film fills appeared later than splash fills. The corrugated
fills for wet cooling towers were introduced in the early 1960s,
around the same time as the corrugated cooling pads. The
honeycomb fills were appeared in 1966 [93], and Joe [94] com-
bined splash and film fills in 1982. The materials used to design
film fills are polystyrene, high-density polythene or polyvinyl
chloride, polypropylene, ceramic brick, expanded stainless
steel sheet, sheets of asbestos-cement paper impregnated with
neoprene, cardboard, etc. [23,89,95]. Several types of film fills
have been studied, including Z-shaped strip, sine wave,
embossed flat sheet, honeycomb or rough hexagonal, corru-
gated cross fluted (Fig. 4b), corrugated single facer, laminated
plastic plate fills and structured cellular fills [24,25,90,96–102].
Unlike splash fills, the water flow in film fills is in the form of
thin water films.

Fig. 3. Cooling pads, (a) aspen pad and (b) rigid medium [35].
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(3) Trickle fills
Trickle fills have been introduced in recent years. They are
mainly made from plastic or metal grids (Fig. 4c) in various
configurations. The water runs down the grid of the fills rather
than splashing. Trickle fills combine the production of
small water droplets and surface-wetting water films. The
studies concerning trickle fills are limited due to their later
appearance.

(4) Conclusions for packages or fills
Generally, splash fills require a large volume to break up the
water flow. Therefore, large cooling towers and large water
pumps are needed. Splash fills also tend to produce more
water drift than other fill types, especially at high air speeds.
Film fills offset the disadvantages of splash fills, but the
relatively high air-side pressure drops and also high fouling
risks are more of a problem. Trickle fills combine the good
aspects of both types. They offer larger surface areas than
splash fills and lower pressure drops than film fills. The larger
openings of trickle fills relieve the fouling problem of film fills,
and the water drift is reduced by their compact structures
when compared with splash fills.

3. Wetted medium studies

3.1. Mathematical models

Mathematical models in wetted media are crucial for the
optimal design of evaporative cooling systems. The mathematical
models in wet cooling tower packages or fills, Merkel theory for
example, are out of the scope of evaporative air cooling review.
Therefore, the present section focuses on the review of mathema-
tical models for evaporative air cooling as the inlet air pre-cooling
of NDDCTs is an evaporative air cooling process.

Availability of reliable relations that describe medium perfor-
mance is crucial for system optimization. Due to the complexity of
simultaneous heat and mass transfer, such relations are generally
based on experiments. The popular model used to experimentally
determine the heat and mass transfer coefficients in evaporative
cooling media is Dowdy et al.’s model [103,104]. The model was
based on water and energy balances between the wet surface of
the media and the air flow. The water vapour balance is easy as is
the product of air mass flow rate and humidity difference, i.e.,
Eq. (2). The energy balance for the air/water vapour mixture is
given in Eq. (3) and can be well explained by Fig. 5. The water
vapour of inlet air is considered to be first treated to the wet-bulb
temperature. By mixing with the water vapour from evaporation
(it is usually assumed that the water evaporates at the wet-bulb
temperature of the inlet air), the amount of water vapour becomes
mv2. However, since the outlet air is usually at a temperature
above the wet-bulb temperature, item X2(hv2�hwb) is to counter-
act the part of overestimated heat transfer. Based on the test data
of evaporative cooling, the heat and mass transfer coefficients
were then calculated by introducing the log mean temperature
difference and the log mean water vapour density difference,
respectively (as shown in Eq. (4)). Finally, Dowdy et al. [103,104]
sized the evaporative cooler using the derived heat and mass
transfer equations. This model was also applied by Franco, Raw-
angkul, Jain and He et al. [2,62,64,105] to experimentally obtain
heat and mass transfer coefficients. In Franco et al.’s study [2],
there is a sign mistake in the expression of log mean water vapour
density difference.

me ¼mv2�mv1 ¼maðX2�X1Þ ð2Þ

Qs ¼maha1�maha2þma X1ðhv1�hwbÞ�X2ðhv2�hwbÞ
� � ð3Þ

hc ¼Qs=ðAsΔTlmÞ; hm ¼me=ðAsΔρlmÞ
ΔTlm ¼ ðTa2�Ta1Þ=ln ½ðTa2�TwbÞ=ðTa1�TwbÞ�

ma, ha2

mv2, hv2mv2, hwb

mv1, hwb

(mv2-mv1), hwbEvaporation 

ma, ha1 (dry air)

mv1, hv1 (water vapour)

Inlet moist air
Outlet moist air

ma, mv1

ha1, hv1

(mv2-mv1), hwb

Qs

Water film

ma, mv2

ha2, hv2
Outlet moist air Inlet moist air 

Fig. 5. Transfer process in the evaporative cooling medium.

Fig. 4. Direct evaporative cooling tower fills, (a) splash, (b) film and (c) trickle, photo courtesy of Brentwood Industries.
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Δρlm ¼ ðρv2�ρv1Þ=ln ½ðρv2�ρwbÞ=ðρv1�ρwbÞ� ð4Þ

Liao et al. [13,55] used similar model as Dowdy et al.’s model
[103,104], however, there is a slight difference. In Liao’s model, the
water vapour of inlet air was considered to be straightly treated to
the dry-bulb temperature of the outlet air, but Liao et al. still used
the item X2(hv2�hwb) to counteract the part of overestimated heat
transfer. This is controversial as in this case only the part of water
vapour from evaporation at wet-bulb temperature overestimates
the heat transfer. However, this difference is very small and will
not affect the results too much.

Once one has the data of heat transfer characteristics, there is a
need for a mathematical model to predict the air temperature after
evaporative cooling during the design of an evaporative cooling
system. He et al. [18] simplified Eq. (3) by assuming that both the
air and water vapour could be treated as ideal gases; the thermal
properties of air and water vapour were constant; X1(hv1�hwb)�
X2(hv2�hwb) was neglected as the humidity ratio was far less than
one in evaporative cooling process. By means of substituting and
separating variables, the air dry-bulb temperature after evapora-
tive cooling was predicted by Eq. (5). The outlet air humidity was
estimated by assuming adiabatic cooling, and then the water
evaporation rate was determined as was the product of air mass
flow rate and humidity difference. He et al. [18] then used Eq. (5)
combined with the correlation of heat transfer coefficient to
simulate the inlet air pre-cooling of a NDDCT.

Ta2 ¼ TwbþðTa1�TwbÞexp � hcξl
ρauacpa

� �
ð5Þ

Wu et al. [5], however, developed governing equations of a
small control volume to describe the heat and moisture transfer
between water and air in a direct evaporative cooler. By employing
the main assumptions that the sensible heat removed from air was
equal to the latent heat gained from water evaporation; the
convective heat and mass transfer coefficients and the thermal
properties of air were constant; Lewis number Le¼1.0, the
governing equations were solved by considering the inlet bound-
ary conditions. Finally, they obtained the equations to predict the
air dry-bulb temperature and humidity after evaporative cooling.
Comparing Wu et al.’s results with He et al.’s results (i.e., Eq. (5)),
it is clear that Wu et al. [5] did not make the assumption that the
water temperature is at the wet-bulb temperature of the inlet air.
This assumption was however adopted by Dowdy, Franco and Liao
et al. [2,13,55,103,104].

Dai and Sumathy [37] developed a mathematical model that
accounted for the characteristics of complicated heat and mass
transfer that occurred between the falling film and moist air. The
model included the governing equations of liquid film and gas
phases as well as the interface conditions, which is able to predict
the liquid–gas interface temperature and to quantitatively analyse
the evaporative cooling process of the falling film. In addition, the
system performance can be further improved by optimizing the
system size (e.g., the length of air flow channel) as well as the
operation parameters. Dai and Sumathy’s model is useful for
future design optimization of direct evaporative cooler using
honeycomb paper as the packing material.

Beyond the above, numerical investigations of direct evapora-
tive cooling of air were studied by researchers as well. Wu et al.
[106] developed a 2-D steady-flow model to describe the heat and
mass transfer between water and air in a direct evaporative cooler.
The evaporated water was treated as a mass source of air flow, and
the related latent heat of water evaporation was taken as a heat
source in energy equation. The momentum due to water evapora-
tion was considered in the momentum equations. The wetted
mediumwas treated as porous medium and a symmetry boundary

condition was assigned to solve the governing equations. The
model was validated by comparing the predicted outlet air
temperatures with experimental results and found differences
within 1.7%. Wu et al.’s model is able to predict the temperature
and humidity ratio distributions for air flow in the wetted medium
zone and thus is helpful for the design and operation of direct
evaporative cooler in engineering applications. Fouda et al. [107]
simplified Wu et al.’s model [106] to 1-D but unsteady-flow.
A program composed in FORTRAN language was developed to
solve the governing equations and to determine the parametrical
values of direct evaporative cooler. Differences within 4.8%
between the calculated outlet air temperatures and the experi-
mental results existed. Finally, they found that there is no need to
consider the unsteady conditions during numerical simulation as
the direct evaporative cooler rapidly achieves steady conditions.

The flows in corrugated evaporative cooling media were simu-
lated by Beshkani, Hosseini, Tavakoli and Franco et al. [1,16,38,108].
Due to the extensive use of corrugated media, the numerical
analysis is proven to be a good tool for optimizing medium design,
and as a result helps to enhance the performance of direct
evaporative coolers. Beshkani and Hosseini et al. [16,38] found that
corrugation shape is an important parameter that affects the cooling
efficiency and pressure drop. Tavakoli et al. [108] concluded that
proper number of waves along the medium thickness is important
because more waves after reaching the desired cooling efficiency
only increase the pressure drop and waste energy and material.
Franco et al. [1] developed a model that can simulate how the
corrugated media will function for any air velocity and water flow,
which is able to predict the pressure drops the media will produce
and therefore optimizing their design.

3.2. Wetted medium performance studies and empirical correlations

Section 3.1 reviewed the heat and mass transfer models
appeared in the literature. This section is to review the wetted
media in terms of performance tests and the empirical correlations
used to correlate the test data.

Choosing a suitable wetted medium for a specific application
requires knowledge of different working parameters [2]. Amongst
them, the medium performance is crucially important. The cooling
potential determines how much cooling one can achieve. This can
be reflected by the heat and mass transfer coefficients or cooling
efficiency. The pressure drop introduces parasitic loss and as in the
pre-cooling application of NDDCTs, reduces the air mass flow rate
passing through the tower. Besides, the service life of media is also
important. After expiring life span, the media perform at low
cooling efficiencies and high pressure drops. As a result, frequent
and costly medium replacement is inevitable.

3.2.1. Cooling efficiency
The cooling efficiency defined by Eq. (1) represents how close

the evaporatively cooled air gets to the state of saturation [35]. It
varies with equipment design, condition and adjustment [3].

Cooling efficiency increases to some extent with increasing
medium thickness and this is supported by all past studies. Most
authors [2,5,13,16,38,55,62,109–112] also found that the cooling
efficiency decreases with the increase in air velocity. A contrary
trend was observed by Dzivama and Liu et al. [9,81]. They found
that the cooling efficiency first shows a significant increase and
then a marginal decline at increasing air velocity. Their argument
is that the low air speeds do not create enough suction to carry the
moisture away from the medium surface as the surface water
evaporates. At low air speeds, the transport of this moisture is the
limiting mechanism. With the increase in air velocity, suction
through the media is improved and therefore speeds up the
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evaporation. After reaching the peak, cooling efficiency decreases
as the water–air contact time is shortened. This is reasonable as
the air velocity affects the heat transfer coefficient as well as the
water–air contact time. With the increases in air velocity, the heat
transfer coefficient increases while the water–air contact time
decreases; there is a balance between them. One concern is that
the air velocity ranges in their tests were 1.0–3.0 m/s [81] and
1.7–3.3 m/s [9], respectively, within which the results that the
cooling efficiency decreases with the increase in air velocity were
found by Franco, Liao, Wu and Koca et al. [2,5,13,109]. Beshkani
and Malli et al. [38,112] found that the cooling efficiency becomes
independent on air velocity when the medium thickness is thick
enough for the air to be saturated.

The cooling efficiency is acknowledged to be nearly constant
when the supplied water flow rate is enough to fully wet the
media (fully wetted medium means there is no streaking and dry
area in the medium) [2,63,110,113,114]. Dzivama [9] found that the
cooling efficiency experiences a significant increase and then a
marginal decline at increasing water flow rate. At low water flow
rates, the medium is partially wetted. This reduces the water–air
contact area and as a result decreases the cooling efficiency. With
the increase in water flow rate, the medium becomes sufficiently
wetted and thus improves the cooling efficiency. However, further
increase in water flow rate decreases the cooling efficiency as the
excess water may block the pore spaces of the medium. Similar
results were obtained by Liu et al. [81].

The effect of ambient air conditions on cooling efficiency was
studied as well. Wu and Huang et al. [115,116] found that the
cooling efficiency increases with the increase in inlet air dry-bulb
temperature and decreases with increasing air wet-bulb tempera-
ture. Watt et al. [3], however, stated that the cooling efficiency
itself is not affected by the weather conditions (i.e., inlet air dry-
and wet-bulb temperatures), so long as the system in question
adequately exposes water to the air. This is supported by Du et al.
[69,110,117]. That is why the manufacturers [51] give the cooling
efficiency of wetted media without specifying the corresponding
ambient air conditions. Koca et al. [109] found that the resulting
error in cooling efficiency is dependent on ambient conditions
when the media are tested. The configurations of the media also
affect cooling efficiency. Generally, it is acknowledged that the
cooling efficiency increases with the increase in medium specific
surface area [2,84].

It is essential to have good data on the medium performance
when one selects wetted media for a specific application. To better
correlate the test data of cooling efficiency in terms of appropriate
forms, the correlations for cooling efficiency available in the
literature are summarized in Table 1. Gunhan et al. [85] developed
a correlation for the measured cooling efficiency of a cellulose pad
as Eq. (6), where Qw is water flow rate in l/min; l is medium
thickness in mm. Gunhan et al. found that there is no significant
effect of the studied water flow rates on cooling efficiency.
However, they still included the water flow rate in Eq. (6). Sheng
et al. [118] correlated their tested cooling efficiency of a cellulose
medium using Eq. (7). However, their tests took only 10 s to fully

saturate the cellulose medium, this is questionable. The cellulose
media require enough time to get saturated by capillarity even
though enough water is provided. There are many researchers
even immersed the tested media in water for 24 h before testing in
order for the media to be totally saturated [2,13,109]. Therefore,
the tested cooling efficiency is controversial. Based on test data,
Trumbull et al. [114] developed second order equations as Eq. (8)
to predict the cooling efficiency as a function of the air velocity for
two rigid media and one excelsior medium, respectively. The
constants a, b and c in Eq. (8) are function of the medium type
only. Eq. (8) was also used by Wei et al. [113] to correlate their test
data of a cellulose medium. Franco et al. [2] used only one
correlation as Eq. (9) to present the tested cooling efficiency of
four cellulose media. (le) in Eq. (9) represents the medium
geometry. Wu et al. [5] used Eq. (10) to correlate their data of
rigid-medium cooling efficiency. β and n in Eq. (10) are constants
depending on the medium material and configuration.

From the review of wetted medium performance studies, one
can draw the conclusion that for a given wetted medium, the
cooling efficiency is generally a function of the air velocity and
medium thickness as long as the water is properly distributed and
the media are fully wetted. Therefore, the medium thickness
should be included in the correlation of cooling efficiency unless
the medium thickness is a constant. The general form of the
empirical correlation to describe the cooling efficiency of wetted
media should include the air velocity and medium thickness. That
is why Eq. (10) is more popular in the literature.

Essentially, Eq. (10) is a simplified form. The cooling efficiency
defined in Eq. (1) can be also expressed as a function of the heat
transfer coefficient, air velocity, medium geometric characteristics
and air properties as Eq. (13) [5,17,84,119,120]. The empirical
correlation for convective heat transfer coefficient for flows across
banks of tubes or packed beds, widely applied and cited with the
addition of non-dimensional geometric parameter (le/l) in the Nusselt
number correlation as Eq. (18) [2,62,84,103,104,110,119,120], can be
used to deduce the expression of cooling efficiency. Substituting the
heat transfer coefficient calculated from Eq. (18) into Eq. (13), one
gets Eq. (11), where β¼ c1Pr�2=3ξ2� c3 � c2υ1� c2 , d¼1�c2, n¼1�c3.
Comparing Eq. (11) with Eq. (10), one can find that Eq. (10) is the
simplification of Eq. (11). Eq. (11) was employed by He et al. [121] to
correlate the tested cooling efficiency of two trickle media and found
good approaches.

η¼ 1�exp � hcξl
ρauacpa

� �
ð13Þ

If one introduces the number of transfer unit (NTU) as Eq. (14)
[103,120], Eq. (13) can be written as Eq. (12).

NTU ¼ hcAs

macpa
ð14Þ

3.2.2. Heat transfer coefficient
The heat transfer coefficient has been studied by many

researchers. Dowdy and Liao et al. [2,13,55,103,104] stated that

Table 1
Empirical correlations for cooling efficiency.

References Correlations

Gunhan et al. [85] η¼ �2:45Qw�5:71uaþ0:32lþ41:78; R2 ¼ 0:91 (6)

Sheng et al. [118] η¼ 0:65u�0:195
a

(7)

Trumbull et al. [114] η¼ cþbuaþau2
a

(8)

Franco et al. [2] η¼ 34:966 le=l
� ��0:183u�0:076

a ; R2 ¼ 0:751 (9)

Wu et al. [5] η¼ 1�exp �βl=un
a

� � (10)

New proposed correlation η¼ 1�exp �βld=un
a

� 	
(11)

NTU method η¼ 1�exp �NTUð Þ (12)
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the heat transfer coefficient decreases with the increase in
medium thickness as the flow continues to develop. Liao et al.
[13,55], however, mentioned that with sufficient increase in
medium thickness, the heat transfer coefficient is expected to
reach a constant value. Therefore, their empirical correlations for
heat transfer coefficient were not recommended for the medium
thicknesses greater than 250–300 mm.

Generally, the heat transfer coefficient increases to some extent
with the increasing air velocity [2,55,62,111,122,123]. However,
large air velocities are not recommended both by the manufac-
turer [51] and ASABE standard [61] as high air velocities typically
result in reduced cooling and raise the risk of water entrainment
off the media [13,85,105].

The water flow rate has negligible effect on heat transfer
coefficient as long as the water is properly distributed and the
media are fully wetted [2,113,123].

Joseph and You et al. [75,123] found that increasing the inlet air
temperature improves the heat transfer coefficient while the
increase in water temperature and wet-bulb temperature decreases
the heat transfer coefficient. However, Jiang et al. [122] found the
effect of inlet air dry- and wet-bulb temperature to be negligible.
This may be because the changes in air dry- and wet-bulb
temperatures were small during their tests.

To better correlate the test data of heat transfer coefficient in
terms of appropriate forms, the published correlations for heat
transfer coefficient are listed in Table 2. Learned from the empiri-
cal correlations for wet cooling tower fills, Du and Wu et al.
[5,106,117] used Eq. (15) to present the heat transfer coefficients of
two rigid media. Eq. (15) was also employed by Fouda et al. [107]
to analyse the heat and mass transfer in a rigid medium. Milo-
savljevic and Heikkilä [97] developed correlations for transfer
characteristics of wet cooling tower film fills. Based on these
correlations, Franco et al. [2] correlated their tested heat transfer
coefficients with the addition of non-dimensional medium thick-
ness (le/l), i.e., Eq. (16), where Qw is the mass flow rate of water per
unit of exposed surface area of the media in kg/(m2 s). Franco et al.
[2] found that the effect of the studied water flow rates on heat
transfer coefficient is negligible. Thus, Eq. (16) is simplified as a
function of medium geometry and the air velocity. Joseph [123]
developed a correlation for the combined heat transfer coefficient
of a rigid medium using Buckingham Pi theory as Eq. (17), where
the characteristic length in Nusselt number and Reynolds number
is the medium thickness. The definition of combined heat transfer
coefficient is to some extent different from those in Eqs. (15) and
(16). Generally, the water temperature in recirculating evaporative
cooling system is assumed to be the wet-bulb temperature of the
entering air. This is true even if the water used is significantly
above the wet-bulb temperature when it is delivered to the
reservoir [36]. However, Joseph [123] did not employ this assump-
tion during the calculation of the heat transfer coefficients in Eq.
(17).

Empirical correlations of convective heat transfer coefficient for
flows across banks or packed beds, similar to that of the media,
can be found in the references [124,125]. These correlations are
widely applied and cited with the addition of non-dimensional
geometric parameter (le/l) as Eq. (18). The characteristic length in

Nusselt number and Reynolds number in Eq. (18) is (le). The
properties in Eq. (18) are those of dry air at the average dry-bulb
temperature through the wetted media. Eq. (18) is widely applied
in the literature [2,62,84,103,104,110,119,120]. Liao et al. [13,55]
also modified the empirical correlation by adding the non-
dimensional geometric parameter (le/l). However, they used
Zukauskas’s correlation which took into account the effect of
water temperature by adding the item of (Pr/Prw)1/4, where Prw
is the Prandtl number at water temperature. Essentially, within the
range of evaporative cooling of air, the change in Prandtl number is
small (i.e., (Pr/Prw)1/4E1). Thus, Eq. (18) is more popular. He et al.
[105] modified Eq. (18) based on Buckingham Pi theory to include
the effect of inlet air dry- and wet-bulb temperatures and inlet
water temperature as Eq. (19) where the characteristic length in
non-dimensional groups is the medium thickness rather than (le).
He et al.’s correlation approached well to their test data.

It is difficult to develop correlations for the heat transfer
coefficient using the above correlations when the heat transfer
area is unavailable. In this case, the volumetric heat transfer
coefficient is introduced by some researchers. Jiang [122] and
Wei et al. [113] experimentally determined the volumetric heat
transfer coefficients of two types of rigid media, respectively. They
correlated the measured volumetric heat transfer coefficients as a
function of air velocity.

3.2.3. Pressure drop
The air-side pressure drop across the media is an important

consideration in performance and system design [62]. Generally,
the pressure drop increases with the increase in air velocity
and medium thickness [1,2,13,16,38,55,62,109,112], and to some
extent, with increasing water flow rate [1,2,109]. The increase in
water flow rate increases the films of water retained on the
transfer surface of the media and therefore decreases the volume
for air flow, and finally increases the pressure drop. However, the
largest impacts are due to the changes in air velocity rather than
the water flow rate [2,81,113].

The effect of ambient conditions and supply water temperature
on pressure drop is acknowledged to be negligible. The configura-
tion of medium affects the pressure drop as well. High pressure
drop is generally obtained with large specific surface areas of the
media [2].

Some of the empirical correlations for pressure drop are
summarized in Table 3. Dyga et al. [126] used Forchheimer’s
empirical correlation to present their pressure drop data of wire
mesh packing as Eq. (20), where k is Forchheimer’s permeability,
k1 is inertial factor. Eq. (20) defines the pressure drop as the sum of
two terms, one of which is viscous and the other is inertial [1]. It is
also popular to describe the effect of the packing on the value of
pressure drop with the aid of the classical Darcy–Weisbach
equation described by Eq. (21). Eq. (21) was followed by Wu and
Rawangkul et al. [62,127] to present the pressure drop of flow
through woven metal screens and coconut coir packing, respec-
tively. Mehrabian and Tavakoli et al. [108,128] used Eq. (21) to
express the pressure gradient in corrugated flow channel. Franco
[2] used the way to correlate the pressure drop proposed by

Table 2
Empirical correlations for heat transfer coefficient.

References Correlations

Du and Wu et al. [5,106,117] hc ¼ c1uc2
a

(15)

Franco et al. [2] hc ¼ c1 le=l
� �c2 1þQc3

w

� �
uc4
a

(16)

Joseph [123] Nu¼ c1þc2 Ta1=Tw
� �c3 Ta1�Twbð Þ=Tw

� �c4Rec5 (17)

Franco and Dowdy et al. [2,62,84,103,104,110,119,120] Nu¼ c1 le=l
� �c2Rec3Pr1=3 (18)

He et al. [105] Nu¼ c1ðle=lÞc2 Ta1�Twbð Þ=Tw1
� �c3Rec4Pr1=3 (19)
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Milosavljevic and Heikkilä [97] for flows involved in wet cooling
tower film fills as Eq. (22), which has the same form as the heat
transfer coefficient described by Eq. (16). However, the values of
the constants c in these two equations are different although the
denotations are the same.

Beyond the above correlations, You and Sun et al. [77,79]
correlated the pressure drop across metal fills as a function of
the air and water mass fluxes. Jiang et al. [122] presented the
pressure drop across a rigid medium as a function of the air
velocity and the ratio of water mass flow rate to air mass flow rate.
Wei et al. [113] reported the pressure drop across a cellulose
medium as a linear relation with the air velocity. Hosseini and
Beshkani et al. [16,38] described the pressure drop across corru-
gated media as the function of air density, air velocity and
hydrodynamic non-dimensional depth (i.e., the ratio of dimen-
sionless depth to Reynolds number, where the dimensionless
depth which represents the medium geometry is the ratio of
medium depth to the mean plate space). However, most of the
correlations are only curve fitting of their experimental data
without considering what form a generalized correlation for
pressure drop must take.

It is convenient to describe the measured pressure drop by
Eq. (22). However, Eq. (22) does not conform to the dimensional
homogeneity between the two sides of the pressure drop equa-
tion. Generally, the pressure drop is coupled to the loss coefficient
by Δp¼ Kρau

2
a

� �
=2, where the loss coefficient K is a dimensionless

parameter [49,89]. Eq. (21) is just a case in point. According to
Kloppers and Kröger [21], the loss coefficient of wet cooling tower
fills is essentially a drag coefficient, which is a function of the air
and water mass flow rates. The widely applied and cited empirical
relation for the loss coefficient of splash and film media is
K ¼ c1ðGw=GaÞþc2 [21]. If we cite this empirical relation with the
addition of non-dimensional geometric parameter (le/l), we have
Eq. (23), where the non-dimensional geometric parameter (le/l)
represents the medium geometry [2,13,103,104]. The unit of q in
Eq. (23) is different from G in the empirical relation, but this
difference is included in the constant c3. Essentially, c1 le=l

� �c2
1þc3 qw=qa

� �� �
is the loss coefficient K. Taking a deep look at

Eq. (23), one can find that Eq. (23) takes into account the two
terms of pressure drop defined by Eq. (20). This meets the
requirements of a generalized correlation for pressure drop across
wetted media [21]. Eq. (23) is more convenient to present the
measured pressure drop when compared with Eq. (20). Therefore,
Eq. (23) is recommended to correlate the measured pressure drop
across wetted media. He et al. [105,121] correlated their test data
of two film media and two trickle media using Eq. (23) and found
good approaches.

3.2.4. Service life of the media
According to Koca et al. [109], there is a significant difference in

medium efficiency between new and slightly aged media. Sulai-
man [66] introduced cooling efficiency degradation to evaluate the
effect of slat deposition and biodegradation on medium perfor-
mance. Alodan et al. [80] took slat deposition and dust build-up
into account during the comparison of media. Nuhu and Ahmad

[129] found that various organisms, including cyanobacteria and
diatoms, are implicated in the biofilms and lead to the deteriora-
tion of the media. The legionella is also a big problem associated
with evaporative cooling [130]. Generally, the scale build-up and
algae growth on the media as shown in Fig. 6 are the main reasons
for medium degradation.

The scale build-up and algae growth on the media decrease the
cooling efficiency and increase the pressure drop of the system.
As a result, expensive replacement of the media is necessary.
To prevent scale build-up, a continuous water bleed-off is pre-
valent [16,42,132]. Another way is to use wetted media with high
resistant to salt deposition and biodegradation, like MI-T-edg
coating media manufactured by Munters Corp. [51]. The MI-T-
edg is a tough and resilient optional edge treatment applied to the
air entering face of cellulose pads. It is non-porous and quick
drying and weather resistant. Proper maintenance is also one of
the important considerations [51], such as drying the media out
completely once every 24 h, draining and disinfecting the water
distribution system quarterly, avoiding dry areas on the media and
avoiding harmful contaminants (including dust, fumes harsh
cleaners and water treatment chemicals).

4. Wetted medium selection

4.1. Benefit efficiency

It can be convinced from Section 3.2 that the wetted media
with large specific surface areas provide high cooling efficiencies
and high pressure drops . Generally, the mediumwith high cooling
efficiency has high pressure drop as well; there is always a
balance/trade-off between cooling efficiency and pressure drop
during the selection of a particular medium for a specific applica-
tion. To take into account both cooling efficiency and pressure
drop, a parameter named as benefit efficiency is introduced.

In evaporative air cooling, the change in sensible heat is
approximately to be (Qs), i.e.,

Qs ¼macpa Ta1�Ta2ð Þ ¼ ρauaAf r
� �

cpa Ta1�Twbð Þη ð24Þ

where η is the cooling efficiency defined in Eq. (1) and Afr¼W�H
is the medium frontal area (i.e., the air flow area). The parasitic
loss due to the pressure drop through the media can be assessed
by Eq. (25).

P ¼Δp
ma

ρa
¼ΔpuaAf r ð25Þ

Finally, the benefit efficiency can be introduced as Eq. (26).

ηbe ¼
Qs

P
¼ ρacpa Ta1�Twbð Þη

Δp
ð26Þ

The benefit efficiency takes into account both cooling efficiency
and pressure drop. It is a way to balance the trade-off between
cooling efficiency and pressure drop during the selection of wetted
media, which will be proved by the case study in Section 4.3.

Table 3
Empirical correlations for pressure drop.

References Correlations

Dyga et al. [126] � Δp=l
� �¼ μ=k

� �
uaþk1ρau

2
a

(20)

Wu and Rawangkul et al. [62,108,127,128] Δp=l¼ f =dh
� �

ρau
2
a=2

(21)

Franco et al. [2] Δp¼ c1 le=l
� �c2 1þQc3

w

� �
uc4
a

(22)

New proposed correlation Δp¼ c1 le=l
� �c2 1þc3 qw=qa

� �� �
ρau

2
a=2

(23)
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4.2. Framework for medium selection

Choosing a suitable wetted medium requires knowledge of
different working parameters [2]. Generally, the factors influen-
cing the selection of media are cooling characteristics, pressure
drop, cost and durability [88,109]. Eq. (26) is useful for the
evaluation of wetted medium types by considering the trade-off
between cooling efficiency and pressure drop. However, the
considerations of the medium cost, service life of the medium,
the type of process to be cooled, environmental conditions, water
quality, space availability, locations and economic requirements
are absolutely necessary. The framework illustrated in Fig. 7 is
finally proposed to select suitable wetted media for a specific
application. Table 4 is developed from literature review to provide
information for the preliminary selection of wetted media.

The film, trickle and splash media in Table 4 refer to not only
the cooling pads but also the packings or fills. Essentially, the
selection of wetted media is complicated and all the influencing
conditions are coupled. The above instructions only give an over-
view and starting point for medium selection. When one selects a
particular wetted medium for a specific application, one should
take careful consideration of the main influencing factors. Besides,
some trade-offs have to be made.

4.3. Case study

The following presents a case study of medium selection for the
inlet air pre-cooling of NDDCTs based on Eq. (26), the framework
(Fig. 7) and Table 4 as proposed in Sections 4.1 and 4.2.

(1) Considering the type of process to be cooled is inlet air cooling,
generally, the cooling pads are preferred alternatives, however,
the packages or fills may be good candidatures as well. Here,
both cooling pads and packages or fills are considered in this
case study.

(2) Preliminary selection based on space availability, water qual-
ity, locations and environmental conditions. The space avail-
ability is limited to the cylindrical shell inlet area of the
cooling tower. The natural draft dry cooling towers are
expected to be constructed in dry climates, where the water
scarcity is a big problem. Water drift is of great importance for
this application. The entrained water may be carried by the air
to the heat exchangers and thus corroding the heat exchanger
fins and tubes. Besides, the entrained water may also fall to the
ground and thereby waste water and affects the environment.

(3) Secondary selection. Based on (1) and (2), the compact and low
water drift media are preferred. According to the literature survey,
in terms of cooling pads: fibre pads have the problems of pad
sagging, pad clogging, pad scaling and pad deterioration. Other
types of pads, like aluminium and plastic fibre pads are expensive
and show no advantages over rigid medium pads. Rigid medium
pads are reported with high cooling efficiency and relatively low
pressure drop. For the packages or fills: splash fills have the
problems of large space requirements, water drift at very low air
velocities, low cooling potential. Film fills have the disadvantages
of high fouling risks and high air-side pressure drops. Trickle fills
combine the good aspects of both splash and film. They offer
larger surface areas than splash fills and lower pressure drops
than film fills. The large openings of trickle fills relieve the fouling
problem of film fills and the water drift is reduced by their
compact structures when compared with splash fills. Since the air
flow rate in a NDDCT is constrained by the balance between the
driving force (i.e., buoyancy) and the various flow resistances, the
low pressure drop is critically important to this pre-cooling
application as it contributes to the flow resistances. Considering
all the above, the rigid medium pads and trickle fills are preferred.

(4) To further select wetted media, the authors modelled the
evaporative pre-cooling of a NDDCT using three rigid medium
pads, two trickle fills and one film fill (for the sake of
comparison), and found the results as shown in Fig. 8. The
simulation details can be found in the studies by He et al.
[17,18]. In the simulation process, the correlations for cooling
efficiency and pressure drop of Cellulsoe7060, Cellulose7090
and Cellulose5090 were from the reference [17]. The correla-
tions for cooling efficiency and pressure drop of PVC1200,
Trickle125 and Trickle100 were from the references [105,121].
The tower heat rejection rate, also known as cooling capacity,
indicates the rate at which the cooling tower can dispose of
heat. In Fig. 8, the tower heat rejection performance is
improved by pre-cooling only when the ambient temperatures
are high enough. In Fig. 8a, amongst the pre-cooled towers at
high ambient temperatures, the heat rejection rate of the
tower pre-cooled by Cellulose7060 is the highest one, followed
by Cellulose7090 and Cellulose5090. In Fig. 8b, amongst the
pre-cooled towers at high ambient temperatures, the heat
rejection rate of the tower pre-cooled by Cellulose7060 is
again the highest one, followed by PVC1200, Trickle125 and
Trickle100 (Trickle125 and Trickle100 have almost the same
improvement). If one employs Eq. (26) as introduced in
Section 4.1, Fig. 9 is obtained. In Fig. 9, the air properties and

Fig. 6. Scale and algae growth on the medium [131].
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wetted medium performance used to estimate the benefit
efficiency are coupled with the NDDCT performance. The
trends of benefit efficiency in Fig. 9 prove the results obtained

in Fig. 8. To be concluded, Cellulose7060 is more promising for
this pre-cooling application in terms of the balance between
cooling efficiency and pressure drop.

High  

Direct evaporative cooling of air

Type of process to be cooled

Direct evaporative cooling of water

Location and water quality Space availability 

Preliminary selection 

Secondary selection: broader investigation on the main influencing factors, like the 
comparison in terms of the balance between cooling potential and pressure drop, water 
drift, life time of the media, etc. 

Medium priceLife time of the media-further Maintenance and operation

Economic comparison: incremental revenue, payback period, water consumption, etc.

Final selection

Environmental conditions

Overall benefit? Low, first trial

or   

Low, second trial 

Fig. 7. The framework for medium selection.

Table 4
Comparison of different types of wetted media.

Conditions Wetted medium comparisons

Type of process to be
cooled

� Direct evaporative cooling of air—cooling pads (fibre pads: e.g., aspen fibres, coconut fibres, jute fibres; rigid medium pads: e.g., corrugated
cellulose, corrugated fibre glass; other pads: e.g., corrugated metal pads, porous ceramic pads, high density polythene pads)

� Direct evaporative cooling of water—packages or fills (splash fills: e.g., splash bars, laths, splash tiles; film fills: e.g., Z-shaped strip, sine
wave, honeycomb or rough hexagonal, corrugated cross fluted, structured cellular; trickle fills: e.g., plastic or metal grids)

� The packages or fills and cooling pads are interchangeable in some cases—e.g., the packages or fills may be suitable for the direct
evaporative cooling of air

� Sometimes combined media perform well—e.g., combining splash and film fills in direct evaporative cooling towers

Water quality � Film media—clean water
� Trickle media—moderately dirty water
� Splash media—dirty water or very dirty water

Space availability � Film media—compact, small space requirement
� Trickle media—middle space requirement
� Splash media—dispersed, large space requirement

Cooling mechanisms � Film media—water films
� Trickle media—small water droplets and surface-wetting water films
� Splash media—large water droplets

Others � Film media—high potentiality of fouling, water drift starts at high air velocities, generally high cooling potential and high pressure drop
� Trickle media—middle potentiality of fouling, water drift starts at middle air velocities, generally middle cooling potential and middle

pressure drop
� Splash media—low potentiality of fouling, water drift starts at very low air velocities, generally low cooling potential and low pressure drop
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(5) Other estimations. The life time of Cellulose7060 can be even
more than 10 years with proper maintenance [51]. The medium
price and maintenance and operation requirements for the
studied six types of media are all similar. Cellulose7060 provides
more improvement as shown in Fig. 8, and therefore the overall
benefit of Cellulose7060 is expected to be higher when com-
pared with others. Thus, Cellulose7060 is more promising.

The above analysis is only to compare wetted media; whether
this pre-cooling proposal increases the revenue for the owner of
the power plants employing NDDCTs requires further investiga-
tion. When one selects a particular wetted medium for a specific
application, one should take careful consideration of the main
impact factors, like the pressure drop, water scarcity and water
drift in this pre-cooling application. Besides, some trade-offs have
to be made.

5. Summary and recommendations

This paper reviewed the wetted media with potentiality in the
inlet air pre-cooling of NDDCTs from the aspects of wetted

medium types, mathematical models, performance studies and
empirical correlations. In general, there is not a single medium
type that shines over all the others. Each medium type has
applications where it is superior to other types. The technology
is not mature and novel media are continuously being tried with
the hope to overcome problems associated with the existing
media. The experimental performance studies indicate that there
is always a balance between cooling potential and pressure drop.
A method was proposed in this paper that should be helpful in
comparing different wetted medium types in terms of this
balance. The method was validated based on published perfor-
mance studies reviewed in the paper. The method is expected to
be useful as a first filter to evaluate wetted medium types or at
least to differentiate between those suitable and unsuitable for a
given application. However, the considerations of the medium
cost, medium life time, the type of process to be cooled, environ-
mental conditions, water quality, space availability, locations and
economic requirements are absolutely necessary and trade-offs
may have to be made. Finally, a framework for medium selection
was developed and the advantages and disadvantages of the
media were summarized to give an overview and starting point
for the selection of wetted media. The empirical correlations
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appeared in the literature were synthesized, which should be
helpful for better correlating the test data of wetted media in
terms of appropriate forms and subsequently providing prerequi-
sites for performance prediction of evaporative cooling using
such media.

It is recommended that future studies of wetted media should
report as much information as possible, including the ranges of
water and air mass flow rates, ambient conditions, medium types
and specifications, the goodness of fit in terms of correlation
coefficient. Some studies reported the medium performance only
by the cooling potential without considering the pressure drop.
This is not recommended as the pressure drop is crucially
important in some applications, such as the pre-cooling of a
natural draft dry cooling tower. Finally, there is a need for deep
and integrated research on medium performance degradation and
water entrainment off the media.
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2.2 Summary  

Based on the above literature review and wetted-medium comparisons, one can draw the 

following summaries:  

(1) Fiber pads are exceedingly absorbent and unreactive, and have high cooling efficiency. 

They have relatively high penetrability and low hardness. Besides, the porosities of 

fibers are sufficient to retain water needed for moisture transfer, and most fibers are 

extremely cheap. However, pad sagging, pad clogging, pad scaling and pad 

deterioration are big problems that reduce their useful life. For example, the useful 

life of aspen wood excelsior is approximately 1 year. 

(2) Other pads, like aluminum and plastic pads are expensive and show no advantages 

over corrugated cellulose pads. 

(3) Corrugated cellulose pads combine maximum cooling, low pressure drop, high-

operation air speed with low drift, self-cleaning design and long life of reliable service 

(the longevity of cellulose pads can be even more than 10 years with proper 

maintenance). 

(4) Splash fills require large volumes to break up the water flow, and therefore, large 

spaces and more water pump power are needed. Splash fills also tend to produce more 

water drift than other fill types, especially at high air speeds.  

(5) Film fills have the disadvantages of relatively high air-side pressure drops and also 

high fouling risks. 

(6) Trickle fills combine the good aspects of splash and film: they offer larger surface 

areas than splash fills and lower pressure drops than film fills; the large openings of 

trickle fills relieve the fouling problems of film fills, and the water drift is reduced by 

their compact structures when compared with splash fills. 

Accordingly, corrugated cellulose pads and trickle fills are promising for the pre-cooling 

application of NDDCTs. Therefore, Cellulose7060 (a type of corrugated cellulose pad), two 

trickle media and one other film medium (this film medium is designed for the use of wet 
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cooling towers; it is selected for comparison) are selected for further study. The details of the 

media are given in Table 2-1. 

Table 2-1 Wetted media selected for further study. 

Medium Type Details Photo courtesy of manufacturers 

Cellulose7060 

(Film) 

Manufacturer: Munters Corp., Kista, Sweden 

Standard thicknesses: 100, 150, 200 and 300 mm 

Surface area: not available 

Channel structure: cross-flow 

Material: cellulose paper 

Water quality of operation: clean water 

 
 

PVC1200 

(Film) 

Manufacturer: Cooling Tower Mechanical 

Services, Queensland, Australia 

Standard model: 305  305  1220 mm 

Surface area: 226 m
2
/m

3
 

Channel structure: cross-flow 

Material: PVC sheets, UV-protected 

Water quality of operation: clean water 

  

Trickle125 

Manufacturer: Hewitech GmbH & Co. KG, 

Ochtrup, Germany 

Standard model: 910  600  450 mm 

Surface area: 125 m
2
/m

3
 

Channel structure: cross-flow 

Material: Propene Polymer (PP) 

Water quality of operation: affordable for high 

hardness and polluted water 

 
 

Trickle100 

Manufacturer: Hewitech GmbH & Co. KG, 

Ochtrup, Germany 

Standard model: 910  610  450 mm 

Surface area: 100 m
2
/m

3
 

Channel structure: vertical 

Material: Propene Polymer (PP) 

Water quality of operation: affordable for high 

hardness and polluted water 
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CHAPTER 3: Experimental Design 

CHAPTERs 3 and 4 are to achieve the Research Objective 2, i.e., to experimentally study the 

performance of the selected wetted media and the operation-related issues. CHAPTER 3 is to 

introduce the experimental design and test procedure and CHAPTER 4 is to report the 

experimental results. 

Based on literature survey and wetted medium comparisons, four wetted media (i.e., 

Cellulose7060, PVC1200, Trickle125 and Trickle100) were selected in CHAPTER 2 as part 

of a broader investigation on pre-cooling the entering air of natural draft dry cooling towers. 

The key issue for this pre-cooling application is the trade-off between wetted-medium 

cooling potential and the extra pressure drop, both of which are a strong function of the 

wetted media. To better understand the working mechanisms of the media and to have good 

data on the medium performance, the four selected media were experimentally studied in an 

open-circuit low-speed wind tunnel. This chapter is to report the details of test facilities, 

instrumentations, test procedure, and beyond.  

3.1 Wind Tunnel Apparatus and Wetted Media 

3.1.1 Wind tunnel apparatus  

 

Figure 3-1 Entity schema of the wind tunnel. 
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An open-circuit wind tunnel, originally designed for conducting chemical spray and pesticide 

study in the Department of Agriculture (Gatton Campus, The University of Queensland, 

Australia) [12, 13], was adapted to achieve uniform and stable air flow for evaporative 

cooling tests. The entity schema of the wind tunnel is shown in Figure 3-1. Figure 3-2 is the 

photo of the wind tunnel. 

 

Figure 3-2 Photo of the wind tunnel (Gatton Campus, The University of Queensland, Australia). 

 

Figure 3-3 Schematic of the wind tunnel incorporated with wetted medium (not to scale). 

(Descriptions of Figure 3-3: 1=supports, 2=centrifugal blower, 3=computer, 4=data logger, 5=diffuser screens, 

6= honeycomb, 7=settling screens, 8=Pitot tubes, 9=water distributor, 10=wetted medium, 11=water flowmeter, 
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12=water pump, 13=water tank, 14=water sensitive paper, 15=exhaust fan; ○R =humidity sensor, ○T =temperature 

sensor, ○u =air velocity sensor, ○P =differential pressure transducer). 

A schematic of the wind tunnel incorporated with wetted medium is depicted in Figure 3-3. 

The apparatus consisted of a centrifugal blower, a diffusing section, a settling chamber, a 

contraction, a test section, an exit diffuser and an exhaust fan. The blower was driven by a 75 

kW electric motor, which was equipped with a digital frequency controller to accurately 

control motor speed with the range of 15−1650 rev/min. The blower was connected to an 

1800 mm long diffusing section. The diffusing section increased the tunnel cross-section area 

from 900 mm  900 mm to 1700 mm  1700 mm. Four screens of perforated metal plate 

were equipped in the diffusing section to prevent separation of the boundary layer and make 

the flow velocity profile more uniform. The settling chamber consisted of a honeycomb and 

four settling screens. The honeycomb was Aeroweb with 19 mm cells and 50 mm width, 

which removed swirl and lateral velocity from the air flow. The settling screens were made of 

woven nylon, which further improved flow uniformity and steadiness. The contraction 

section kept the stream uniform while decreasing the area to a 1000 mm  1000 mm cross-

section. The test section had a cross-section of 1000 mm  1000 mm with around 6000 mm 

length. The test section was designed to accommodate wetted-medium evaporative cooling 

system; it had transparent glass sides to observe water distribution and water entrainment off 

the media. The exit diffuser and exhaust fan were for removing harmful particulates from the 

exhaust streams since the tunnel was originally designed for chemical spray. The exit diffuser 

had about 10 m length. The exhaust fan was capable to drive air flow rate of 21 m
3
/s. The 

exhaust fan was used during tests to control the air velocity by changing the RPM of the fan 

motor. The temperature and humidity of the inlet air were recorded during the tests but not 

controlled.  

Figure 3-4 is the photo of wetted-medium evaporative cooling test. The water distribution 

system is shown in Figure 3-5. This system was used by Mannix [14] as well. The 

distribution pan with perforations at the bottom was located at the top of the medium to feed 

water to the medium more uniformly by gravity. During test, water in the distribution pan 

kept at a constant level by cotton cloth filters which were put at the bottom of the distribution 

pan. The cotton cloth filters slowed down the water flow and made the distribution more 

uniform. The water was fed to the distribution pan through the distribution pipes, which were 

constructed of 19 mm diameter steel pipes with 2.5 mm holes 45 mm apart (one-pipe system 
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was for 100 and 200 mm-thick media; two-pipe system was for 300 and 450 mm-thick 

media). The water from the distribution pan dripped down by gravity to wet the medium 

uniformly. Excess water was collected at the bottom of the medium and stored in the water 

tank. The water in the water tank was recirculated by a 350 W water pump (PBC-350 

Submersible Barrel Pump, Commercial Electric, Victoria, Australia). Water flow rate was 

controlled by a valve and monitored by the turbine flowmeter (DigiFlow 6710M-44, Savant 

Electronic Inc., Taiwan) with the range of 1.5−25 l/min and accuracy of ± 5%. 

 

Figure 3-4 Photo of wetted-medium evaporative cooling test. 

 

Figure 3-5 Water distribution system (not to scale). 
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Figure 3-6 Water distribution systems and water collector. 

The water distribution systems and water collector are shown in Figure 3-6. The water 

distribution observation is given in Figure 3-7. Although there are some sensors to detect the 

uniformity of water distribution, the water distribution as shown in Figure 3-7 is competent in 

the present evaporative cooling test. 

 

Figure 3-7 Water distribution observation. 
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3.1.2 Characterization of the tested wetted media 

The details of the wetted media selected for further study are given in Table 2-1 in Section 

2.2.  

For the two film media, to find the actual surface area contained in the media, the following 

procedure was employed. A small volume of V was cut from the medium block. The number 

of layers in the small volume V was counted as N. One layer of the corrugated medium was 

removed carefully from the small volume V for area measuring. The layer was carefully 

covered with aluminum foil to conform exactly to the layer’s shape. After that, the foil was 

removed and its area was measured as A. As each layer had two sides, the total surface area 

per volume V was calculated by the multiplication of the measured aluminum foil area A by 

layer number N and then by number 2. To account for the areas that were not active due to 

the layers being glued in spots, the removed layer was examined. The areas covered by the 

glued joints were carefully measured for a large number of joints, and then the average area 

of glued joints can be obtained as A1. After counting the number of joints on the removed 

layer, recorded as N1, the total glued area per layer was found as A2 (A2=N1  A1). The actual 

surface area Aactual was the subtraction of the total glued area from the total surface area. The 

specific surface area was the actual surface area Aactual divided by the volume V. This method 

was employed by Dowdy and Franco et al. [11, 15] to find the surface areas of corrugated 

media (Franco used image software but the main points were the same). Using the above 

method, the measured specific surface area values of PVC1200 and Cellulose7060 were 

229.9 and 364.7 m
2
/m

3
, respectively.  

Another way to obtain the specific surface areas of corrugated media, widely used in 

chemical industry [16], is the empirical correlation 2 (1 ) / ( )S x H B   , where x is the ratio 

of hole area to the sheet area, and for both media considered in the present study, it is zero (x 

= 0 or no hole on the sheets). Figure 3-8 gives the other parameters in the configurations of 

corrugated media.  

According to the above empirical correlation, the calculated specific surface area values of 

PVC1200 and Cellulose7060 were 211.9 and 363 m
2
/m

3
, respectively. The significant 

difference between the measured value and calculated value of PVC1200 is because the 

sheets of PVC1200 have wrinkles. The wrinkles result in the fact that the effective area of 
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PVC1200 is larger than the calculated value. The measured specific surface area values were 

used in this study.  

 

Figure 3-8 Configurations of corrugated media. 

The media must be installed in a proper orientation to the air flow. For the Cellulose7060, the 

45 degree flute must be aligned upwards in the direction of the air flow and the 15 degree 

flute must be aligned downwards with the air flow [17]. For the PVC1200, air flow is aligned 

with the 30 degree flute channel of the medium (shown in Figure 3-8). 

 

Figure 3-9 Trickle125 and Trickle100. 

For the two trickle media, both media are made of Propene Polymer with corrugated 

openings (Figure 3-9). One medium has the effective surface of 125 m
2
/m

3
 as can be found in 
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the commercial brand, NC20, and will be referred to as Trickle125 in the rest of the thesis. 

Another has the effective surface of 100 m
2
/m

3
, VC25 as in the market, which will be 

referred to as Trickle100. The flow orientations in the media are demonstrated in Figure 3-9. 

Air flow is aligned with the opening channels of the medium. A cross flow in the medium is 

formed between water and air flows.  

The characteristics of the four tested media are summarized in Table 3-1. The medium 

samples are assembled to fit the 1000 mm wide by 1000 mm high test section of the wind 

tunnel. The medium height is more than the minimum height of 600 mm as recommended by 

ASABE Standards [18].  

Table 3-1 Characteristics of the tested wetted media. 

Medium type Material 
Thicknesses, 

mm 

Surface area, 

m
2
/m

3
 

Block dry 

weight, kg/m
3
 

Cellulose7060 Cellulose paper 100, 200, 300 364.7 26.5 

PVC1200 Polyvinyl Chloride (PVC) 100, 200, 300 229.9 38.4 

Trickle125 Propene Polymer (PP) 200, 300, 450 125 27 

Trickle100 Propene Polymer (PP) 200, 300, 450 100 26 

In Table 3-1, the definition of surface area of the two trickle media is different from the film 

media. The surface areas of the two trickle media provided by the manufacturers are defined 

by the ratio of imaginary corrugated surface of the medium to the volume occupied by the 

medium. This is to distinguish them from corrugated film media that have actually corrugated 

surface. If one cuts a small volume of the trickle medium, and investigates a small piece of 

the trickle sheet. The small piece is squeezed to flat to measure the total length of the trickle 

threads (or grids). The area of the small piece is estimated by assuming the cross-section of 

the threads as an ellipse. The actual surface area of the trickle medium is found to be the area 

of the small piece multiplying by the sheet number in the small volume and then divided by 

the volume. The values of the actual surface area of Trickle125 and Trickle100 are found to 

be 60 and 55.7 m
2
/m

3
, respectively. These actual surface areas will be used to estimate the 

supply water flow rates in Section 3.3. 
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3.2 Instrumentations and Calibration 

A uniform and stable air flow was achieved after diffusing section, settling chamber and 

contraction. Generally, the flow out of a contraction often takes a distance equivalent to about 

0.5 diameter before the non-uniformity is reduced below an acceptable level [19]. Thus, all 

the measurements were carried out 500 mm downstream from the contraction end.  

3.2.1 Instrumentations and test procedure 

Table 3-2 Sensors used in the tests. 

Measuring 

parameter  

Sensor type 

and quantity 
Model and manufacturer 

Range and 

accuracy  
Arrangement  

Static 

pressure 

drop across 

the media 

2 Pitot tubes  

Pitot tubes: Series 

160−24, Dwyer 

Instruments, Inc., 

Indiana, USA 

Differential pressure 

transmitter: MS321, 

Dwyer Instruments, Inc., 

Indiana, USA 

Transmitter:  

Range: 0−100 Pa 

Accuracy: ± 1 % 

2 Pitot tubes: in the 

middle of the test 

section, one: 670 mm 

upstream, the other: 400 

mm downstream 

Inserted length: 500 mm  

Air velocity  
2 Velocity 

transmitters  

FMA1001R-V2, 

OMEGA Engineering, 

INC., Connecticut, USA 

Range: 0−5.08 m/s  

Accuracy: 1.5 % full 

scale 

Two: 670 mm upstream 

Inserted length: 500 mm 

Inlet air dry-

bulb 

temperature 

3 Thermistor 

probes  

TJ36-44004-1/8-xx, 

OMEGA Engineering, 

INC., Connecticut, USA 

Range: Max. 150 
o
C 

Accuracy: ± 0.2 
o
C 

Three: 1200 mm 

upstream and evenly 

installed across the width 

of the test section 

Inserted length: 500 mm 

Outlet air 

dry-bulb 

temperature  

9 Thermistor 

probes  

TJ36-44004-1/8-xx, 

OMEGA Engineering, 

INC., Connecticut, USA 

Range: Max. 150 
o
C 

Accuracy: ± 0.2 
o
C 

Nine: 1700 mm 

downstream  

Measuring grid: section 

A−A in Figure 3-3 

Water 

temperature 

2 Thermistor 

probes  

TJ36-44004-1/8-xx, 

OMEGA Engineering, 

INC., Connecticut, USA 

Range: Max. 150 
o
C 

Accuracy: ± 0.2 
o
C 

One: distribution pan 

The other: water 

collector  

Inlet air 

humidity  

1 Humidity 

transmitter  

EE-21-FT6-B51, E+E 

Elektronik Ges.m.b.H., 

Engerwitzdorf, Austria 

Range: 0−100 %RH 

Accuracy: ± 2 %RH 

One: 1200 mm upstream 

and in the middle of the 

test section 

Inserted length: 200 mm 

Outlet air 

humidity 

3 Humidity 

transmitters  

EE-21-FT6-B51, E+E 

Elektronik Ges.m.b.H., 

Engerwitzdorf, Austria 

Range: 0−100 %RH 

Accuracy: ± 2 %RH 

Three: 1700 mm 

downstream and evenly 

installed across the width 

of the test section 

Inserted length: 200 mm 

The sensors used in the tests are given in Table 3-2. In Table 3-2, the inserted length refers to 

the installed sensor height measured from the wind tunnel floor. Upstream and downstream 
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are benchmarked against the media. The static pressure drop across the wetted media was 

measured by a differential pressure transmitter connected to two Pitot tubes of 8 mm 

diameter: one was located at 670 mm upstream and the other was at 400 mm downstream 

(both in the middle position along the width of the wind tunnel). The transmitter 

measurement ranges used in the tests were 0−100 Pa with the accuracy of ± 1% for MS321 

and 0−250 Pa with the accuracy of ± 2% for MS311. The air velocity was measured by the 

air velocity transmitter with a working range of 0−5.08 m/s and the accuracy of 1.5% full 

scale. Two air velocity transmitters were used to increase the reliability in the readings, and 

the average value was taken as the air velocity. 

The temperatures of the air and water were measured by 14 transition joint-style thermistor 

probes with the accuracy of ± 0.2 
o
C. All the thermistor probes were calibrated by Fluke Field 

Metrology Wells (Series 9142, Fluke Corporation, Washington, USA) before tests. Three 

thermistor probes were placed at 1200 mm upstream from the medium and were installed 

evenly across the width of the test section to measure the inlet air dry-bulb temperature. The 

probes were located 500 mm high from the wind tunnel floor in this group. Nine thermistor 

probes were placed at 1700 mm downstream from the media to measure the outlet air dry-

bulb temperature. The probes were located in three groups and the three groups were installed 

evenly across the width of the test section. The inserted lengths of each group were 250, 500 

and 750 mm from the wind tunnel floor respectively to form a measuring grid (see Figure 3-

3, section A-A). The temperatures of water in the recirculation loop were measured at two 

different points: at the distribution pan and water collector. The humidity of the air was 

measured by four high-precision humidity transmitters. The humidity transmitters were cross 

checked and calibrated by Fluke 1620A Digital Thermometer-Hygrometer (Series 1620A, 

Fluke Corporation, Washington, USA). One humidity transmitter was placed at 1200 mm 

upstream and in the middle position along the width of the wind tunnel to measure the 

relative humidity of the inlet air, while the other three were located at 1700 mm downstream 

from the media and installed evenly across the width of the test section to measure the 

relative humidity of the outlet air. The sensor locations are illustrated in Figure 3-10. 
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Figure 3-10 Sensor locations. 

 

Figure 3-11 Data acquisition system. 
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All data were recorded on a computer controlled data-acquisition system as shown in Figure 

3-11 (UEI DNA-PPC8-1G, United Electronic Industries, Inc., Massachusetts, USA) and 

monitored once every 1 s.  

The media were wetted before testing to ensure saturation [11, 20-22]. At the beginning of 

each test, the water flow rate was fixed. The initial air velocity of 0.5 m/s was maintained for 

30 min, then increasing this air velocity by 0.5 m/s at each step up to maximum 3.0 m/s 

during tests. For each air velocity increment, at least 10 min waiting period was maintained to 

ensure equilibrium between the media and the new air and water conditions. At each air 

velocity, 120 data points were recorded at equilibrium condition by all the sensors at 2 min 

intervals and the average values were used in data analyses. The data logging windows are 

shown in Figure 3-12. The water flow rates depended on medium type. For Cellulose7060, 

the water flow rates were 62 and 31 l/min per m
2
 of the horizontal exposed surface area, i.e., 

the water flow rate as recommended by the manufacturer [17] and half of that water flow 

rate. For the other media, the water flow rates were estimated from Cellulose7060 according 

to the proportional relation between their actually specific surface areas (as given in Table 3-

3).  

 

Figure 3-12 Data logging windows. 

The emergence of water entrainment off the medium was detected by water sensitive papers 

(Syngenta AG, Basel, Switzerland) at each air velocity increment (as shown in Figure 3-13). 
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The water sensitive papers had the dimension of 76 mm  26 mm. The sensitive papers were 

put at 400 mm downstream (in the middle position along the width of the wind tunnel) and 

570 mm high from the wind tunnel floor. For the two film media, at each air velocity 

increment, one water sensitive paper was faced the medium to detect the water entrainment 

for 10 s and then it was rotated 180
o
 and covered to avoid staining and contamination. The 

sensitive paper could be observed through the transparent glass sides of the wind tunnel. At 

another test increment, the sensitive paper was reused by rotating it to face the medium again 

for 10 s exposure as this study is to find the starting value of air velocity at which the water 

entrainment occurs. For the two trickle media, the procedure is different from that of the two 

film media because the water entrainment off the two trickle media is more severe. At each 

air velocity increment, one water sensitive paper was faced the medium to detect water 

entrainment for 10 s exposure and then it was taken out of the wind tunnel for a visual 

assessment. At the next air velocity increment, a new water sensitive paper was used for 

detection. 

 

Figure 3-13 Installation of the water sensitive paper. 
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3.2.2 Calibration results 

 

Figure 3-14 Calibration photos of the thermistors. 

As mentioned in Section 3.2.1, all the thermistor probes were calibrated by Fluke Field 

Metrology Wells before tests (shown in Figure 3-14). The calibration results are given in 

Figure 3-15. 
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Figure 3-15 Calibration results of the thermistors. 

The humidity transmitters were cross checked and calibrated by Fluke 1620A Digital 

Thermometer-Hygrometer (shown in Figure 3-16). The calibration results are reported in 

Figure 3-17. 

 

Figure 3-16 Calibration photo of the humidity transmitters. 

43



 

 

50 60 70 80 90 100
50

60

70

80

90

100

 

 

Y =-5.484+1.054 X

       R
2
=0.990

C
a

lib
ra

ti
o

n
 r

e
a

d
in

g
s
, 
%

R
H

 

Humidity sensor 1, %RH

50 60 70 80 90 100
50

60

70

80

90

100

 

 

Y =-4.466+1.038 X

       R
2
=0.987

C
a

lib
ra

ti
o

n
 r

e
a

d
in

g
s
, 
%

R
H

 

Humidity sensor 2, %RH  

50 60 70 80 90 100
50

60

70

80

90

100

 

 

Y =-5.152+1.055 X

       R
2
=0.991

C
a

lib
ra

ti
o

n
 r

e
a

d
in

g
s
, 
%

R
H

 

Humidity sensor 3, %RH

50 60 70 80 90 100
50

60

70

80

90

100

 

 

Y =-4.411+1.051 X

        R
2
=0.991

C
a

lib
ra

ti
o

n
 r

e
a

d
in

g
s
, 
%

R
H

 

Humidity sensor 4, %RH  

Figure 3-17 Calibration results of the humidity transmitters. 

To calibrate the water flowmeter before tests, a stopwatch was used to measure the time 

required for the distribution pipes to fill a container of known volume held at the level where 

the distribution pipes normally ran. The calibration results of the water flowmeter are 

presented in Figure 3-18.  
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Figure 3-18 Calibration results of the water flowmeter. 

The air velocity transmitters were cross checked with the Pitot tube measurements reading 

from the differential pressure transmitter. As mentioned in Section 3.2.1, two air velocity 

transmitters were used to increase the reliability in the readings and the average value was 
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taken as the air velocity. The relation between the air velocity and the dynamic pressure is 

2a au p   . The cross-check results are shown in Figure 3-19. 
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Figure 3-19 The cross-check results of the air velocity transmitters and Pitot tube measurements. 

3.3 Test Schedule 

The test schedules give the test conditions, test measurements in detail. The experimental 

conditions are described in Table 3-3. 

Table 3-3 Test conditions and measurements. 

Entering variables before evaporative cooling 

Entering air dry-bulb temperature Ambient air temperature, 
o
C 

Entering air relative humidity Ambient air humidity, % 

Supply water temperature 
After a period of recirculation, close to the ambient air wet-

bulb temperature, 
o
C 

Air velocity 0.5, 1.0, 1.5, 2.0, 2.5, 3.0 m/s 

Supply water flow rates, depending on medium type 

Cellulose7060  62, 31 l/min per m
2
 of the horizontal exposed surface area 

PVC1200  39, 19.5 l/min per m
2
 of the horizontal exposed surface area 

Trickle125  10, 5 l/min per m
2
 of the horizontal exposed surface area 

Trickle100  10, 5 l/min per m
2
 of the horizontal exposed surface area 

Exiting variables after evaporative cooling 

Exiting air dry-bulb temperature To be measured  

Exiting air relative humidity To be measured  

Return water temperature To be measured  

Wetted-medium thicknesses (width:1000 mm, height: 1000 mm) 

Cellulose7060  100, 200, 300 mm 

PVC1200  100, 200, 300 mm 

Trickle125  200, 300, 450 mm 

Trickle100  200, 300, 450 mm 
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In the present study, the air velocity range was 0.5−3.0 m/s to represent natural draft dry 

cooling towers’ operation. The water flow rate is dependent on medium type. For 

Cellulose7060, the water flow rates were 62 and 31 l/min per m
2
 of the horizontal exposed 

surface area, i.e., the water flow rate as recommended by the manufacturer [17] and half of 

that water flow rate. For the other media, the water flow rates were estimated from 

Cellulose7060 according to the proportional relation between their actually specific surface 

areas. 

The test schedules of pressure drop in dry conditions are demonstrated in Table 3-4. 

Table 3-4 Test schedules of pressure drop in dry conditions. 

Cellulose7060 PVC1200 Trickle125 Trickle100 

Trial 
Medium 
thickness

, m 

Air 
velocity

, m/s 

Trial 
Medium 
thickness

, m 

Air 
velocity, 

m/s 

Trial 
Medium 
thickness

, m 

Air 
velocity

, m/s 

Trial 
Medium 
thickness

, m 

Air 
velocity

, m/s 

1 0.1 0.5 1 0.1 0.5 1 0.2 0.5 1 0.2 0.5 

2 0.1 1.0 2 0.1 1.0 2 0.2 1.0 2 0.2 1.0 

3 0.1 1.5 3 0.1 1.5 3 0.2 1.5 3 0.2 1.5 

4 0.1 2.0 4 0.1 2.0 4 0.2 2.0 4 0.2 2.0 

5 0.1 2.5 5 0.1 2.5 5 0.2 2.5 5 0.2 2.5 

6 0.1 3.0 6 0.1 3.0 6 0.2 3.0 6 0.2 3.0 

7 0.2 0.5 7 0.2 0.5 7 0.3 0.5 7 0.3 0.5 

8 0.2 1.0 8 0.2 1.0 8 0.3 1.0 8 0.3 1.0 

9 0.2 1.5 9 0.2 1.5 9 0.3 1.5 9 0.3 1.5 

10 0.2 2.0 10 0.2 2.0 10 0.3 2.0 10 0.3 2.0 

11 0.2 2.5 11 0.2 2.5 11 0.3 2.5 11 0.3 2.5 

12 0.2 3.0 12 0.2 3.0 12 0.3 3.0 12 0.3 3.0 

13 0.3 0.5 13 0.3 0.5 13 0.45 0.5 13 0.45 0.5 

14 0.3 1.0 14 0.3 1.0 14 0.45 1.0 14 0.45 1.0 

15 0.3 1.5 15 0.3 1.5 15 0.45 1.5 15 0.45 1.5 

16 0.3 2.0 16 0.3 2.0 16 0.45 2.0 16 0.45 2.0 

17 0.3 2.5 17 0.3 2.5 17 0.45 2.5 17 0.45 2.5 

18 0.3 3.0 18 0.3 3.0 18 0.45 3.0 18 0.45 3.0 

The test schedules of Cellulose7060 and PVC1200 in wet conditions are given in Table 3-5. 
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Table 3-5 Test schedules of Cellulose7060 and PVC1200 in wet conditions. 

Cellulose7060 PVC1200 

Trial 
Medium 

thickness, m 

Air velocity, 

m/s 

Water flow 

rate, l/min/m2 
Trial 

Medium 

thickness, m 

Air velocity, 

m/s 

Water flow 

rate, l/min/m2 

1 0.1 0.5 62 1 0.1 0.5 39 

2 0.1 1.0 62 2 0.1 1.0 39 

3 0.1 1.5 62 3 0.1 1.5 39 

4 0.1 2.0 62 4 0.1 2.0 39 

5 0.1 2.5 62 5 0.1 2.5 39 

6 0.1 3.0 62 6 0.1 3.0 39 

7 0.1 0.5 31 7 0.1 0.5 19.5 

8 0.1 1.0 31 8 0.1 1.0 19.5 

9 0.1 1.5 31 9 0.1 1.5 19.5 

10 0.1 2.0 31 10 0.1 2.0 19.5 

11 0.1 2.5 31 11 0.1 2.5 19.5 

12 0.1 3.0 31 12 0.1 3.0 19.5 

13 0.2 0.5 62 13 0.2 0.5 39 

14 0.2 1.0 62 14 0.2 1.0 39 

15 0.2 1.5 62 15 0.2 1.5 39 

16 0.2 2.0 62 16 0.2 2.0 39 

17 0.2 2.5 62 17 0.2 2.5 39 

18 0.2 3.0 62 18 0.2 3.0 39 

19 0.2 0.5 31 19 0.2 0.5 19.5 

20 0.2 1.0 31 20 0.2 1.0 19.5 

21 0.2 1.5 31 21 0.2 1.5 19.5 

22 0.2 2.0 31 22 0.2 2.0 19.5 

23 0.2 2.5 31 23 0.2 2.5 19.5 

24 0.2 3.0 31 24 0.2 3.0 19.5 

25 0.3 0.5 62 25 0.3 0.5 39 

26 0.3 1.0 62 26 0.3 1.0 39 

27 0.3 1.5 62 27 0.3 1.5 39 

28 0.3 2.0 62 28 0.3 2.0 39 

29 0.3 2.5 62 29 0.3 2.5 39 

30 0.3 3.0 62 30 0.3 3.0 39 

31 0.3 0.5 31 31 0.3 0.5 19.5 

32 0.3 1.0 31 32 0.3 1.0 19.5 

33 0.3 1.5 31 33 0.3 1.5 19.5 

34 0.3 2.0 31 34 0.3 2.0 19.5 

35 0.3 2.5 31 35 0.3 2.5 19.5 

36 0.3 3.0 31 36 0.3 3.0 19.5 

The test schedules of Trickle125 and Trickle100 in wet conditions are presented in Table 3-6. 
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Table 3-6 Test schedules of Trickle125 and Trickle100 in wet conditions. 

Trickle125 Trickle100 

Trial 
Medium 

thickness, m 

Air velocity, 

m/s 

Water flow 

rate, l/min/m2 
Trial 

Medium 

thickness, m 

Air velocity, 

m/s 

Water flow 

rate, l/min/m2 

1 0.2 0.5 10 1 0.2 0.5 10 

2 0.2 1.0 10 2 0.2 1.0 10 

3 0.2 1.5 10 3 0.2 1.5 10 

4 0.2 2.0 10 4 0.2 2.0 10 

5 0.2 2.5 10 5 0.2 2.5 10 

6 0.2 3.0 10 6 0.2 3.0 10 

7 0.2 0.5 5 7 0.2 0.5 5 

8 0.2 1.0 5 8 0.2 1.0 5 

9 0.2 1.5 5 9 0.2 1.5 5 

10 0.2 2.0 5 10 0.2 2.0 5 

11 0.2 2.5 5 11 0.2 2.5 5 

12 0.2 3.0 5 12 0.2 3.0 5 

13 0.3 0.5 10 13 0.3 0.5 10 

14 0.3 1.0 10 14 0.3 1.0 10 

15 0.3 1.5 10 15 0.3 1.5 10 

16 0.3 2.0 10 16 0.3 2.0 10 

17 0.3 2.5 10 17 0.3 2.5 10 

18 0.3 3.0 10 18 0.3 3.0 10 

19 0.3 0.5 5 19 0.3 0.5 5 

20 0.3 1.0 5 20 0.3 1.0 5 

21 0.3 1.5 5 21 0.3 1.5 5 

22 0.3 2.0 5 22 0.3 2.0 5 

23 0.3 2.5 5 23 0.3 2.5 5 

24 0.3 3.0 5 24 0.3 3.0 5 

25 0.45 0.5 10 25 0.45 0.5 10 

26 0.45 1.0 10 26 0.45 1.0 10 

27 0.45 1.5 10 27 0.45 1.5 10 

28 0.45 2.0 10 28 0.45 2.0 10 

29 0.45 2.5 10 29 0.45 2.5 10 

30 0.45 3.0 10 30 0.45 3.0 10 

31 0.45 0.5 5 31 0.45 0.5 5 

32 0.45 1.0 5 32 0.45 1.0 5 

33 0.45 1.5 5 33 0.45 1.5 5 

34 0.45 2.0 5 34 0.45 2.0 5 

35 0.45 2.5 5 35 0.45 2.5 5 

36 0.45 3.0 5 36 0.45 3.0 5 

3.4 Repeatability Study 

The repeatability of test measurements is very important. The experimental repeatability is 

cross checked before the tests by taking measurements on four different days.  

Figure 3-20 shows that the test measurements are repeatable. The tests were conducted on 

four different days so that the ambient conditions (i.e., the inlet air dry-bulb temperature and 

humidity/wet-bulb temperature) during tests were diverse. The two water flow rates in Figure 

3-20 were enough to fully wet the media (fully wet means there are no streaking and dry 

areas in the media), which will be further proved in Section 4.1. Consequently, from the 

repeatability study of cooling efficiency in Figure 3-20, one can draw the conclusion that the 

cooling efficiency itself is not affected by the ambient conditions so long as the system in 

question adequately exposes water to the air. This is in agreement with Watt and Brown [23]. 
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That is why the manufacturer [17] gives the cooling efficiency of wetted media without 

specifying the corresponding ambient conditions. 
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Figure 3-20 Repeatability study of test measurements (100 mm-thick Cellulose7060). 

The stationary state of the tests was investigated as well. Figure 3-21 is the sensor readings 

when the RPM of the fan was changed from 9.2 to 16.4 and kept the test running for 1 hour. 
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Figure 3-21 Stationary investigation for 1-hour run (100 mm-thick Cellulose7060). 
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Figure 3-22 is the sensor readings when the RPM of the fan was changed from 0 to 16.0 and 

then to 26.8, and kept the test running for 0.5 hour at each RPM. 
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Figure 3-22 Stationary investigation for 0.5-hour run (100 mm-thick Cellulose7060). 

The x axes in Figure 3-21 and Figure 3-22 are data points. Every second logged one data 

point. As can be seen from Figure 3-21 and Figure 3-22, for each air velocity increment (i.e., 

each change of the fan RPM), 10 min waiting period is competent to ensure equilibrium 

between the media and the new air and water conditions.  

The temperature and humidity of the inlet air were recorded during the tests but not 

controlled. Figure 3-21 and Figure 3-22 also indicate that the wet-bulb temperature of air 

during evaporative cooling remains almost constant and the water outlet temperature is close 

to the wet-bulb temperature of air. For example, as shown in Figure 3-22 at the RPM 16.0, 

the air dry-bulb temperature and humidity before cooling are 28.7 
o
C and 42.5% (the wet-

bulb temperature is 19.4 
o
C), while the air dry-bulb temperature and humidity after cooling 

are 23.5 
o
C and 67% (then the wet-bulb temperature is 19.1 

o
C), the wet-bulb temperature 

almost remains constant. The water outlet temperature is 20.3 
o
C which is slightly higher but 

still close to the wet-bulb temperature of air. 
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CHAPTER 4: Experimental Results and Discussions 

CHAPTERs 3 and 4 are to accomplish the Research Objective 2. CHAPTER 3 reported the 

experimental design and test procedure. Following CHAPTER 3, the experimental results are 

reported and discussed in this chapter. Two peer-reviewed journal papers are incorporated 

into this chapter: one paper focuses on the experimental study of the two film media, and the 

other paper is to present the experimental investigation of the two trickle media. The 

performances related to wetted-medium evaporative pre-cooling, like the heat transfer 

coefficient, cooling efficiency, pressure drop, water evaporation rate and water entrainment 

are discussed in detail. 

4.1 Film Medium Performance (Paper 2)  

Paper 2: Experimental Study of Film Media Used for Evaporative Pre-cooling of Air 

This paper has been published in Energy Conversion and Management. The paper reports the 

test results of the two film media (i.e., Cellulose7060 and PVC1200) at three medium 

thicknesses (i.e., 100, 200 and 300 mm). The correlations of heat transfer coefficient and 

pressure drop for the studied media are developed in the paper. The new developed 

correlations represent the test data well and can be used for the performance predictions of 

evaporative cooling using such media.  

The tested pressure drop range of the Cellulose7060 is 1.5−101.7 Pa and only 0.9−49.2 Pa for 

the PVC1200, depending on the medium thickness, air velocity and to some extent on the 

water flow rate. The tested cooling efficiencies of the Cellulose7060 vary from 43 % to 90 % 

while the PVC1200 provides the cooling efficiency range of 8−65 %, depending on the 

medium thickness and the air velocity. The effect of the studied water flows on cooling 

efficiency is negligible as long as the water is properly distributed and the media are fully 

wetted. The Cellulose7060 is found no water entrainment in the study. However, care must 

be taken in the use of PVC1200 as water entrainment happens even at relatively low air 

velocities. Besides, low water flow rates minimize the potential for water entrainment off the 

media.  
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The paper summaries that the PVC1200 provides lower pressure drops and lower cooling 

efficiencies when compared with the Cellulose7060. However, the water entrainment off the 

PVC1200 is a weakness for its practical applications.  
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An open-circuit low-speed wind tunnel was used to study the performance of evaporative cooling with
cellulose and Polyvinyl Chloride (PVC) corrugated media. These two film media were selected as part of a
broader investigation on pre-cooling the entering air of natural draft dry cooling towers. The heat and
mass transfer and pressure drop across the two media with three thicknesses (i.e., 100, 200 and
300 mm) were experimentally studied in the wind tunnel. The test data were non-dimensionalized
and curve fitted to yield a set of correlations. It was found that the pressure drop range of the cellulose
media is 1.5–101.7 Pa while the pressure drops of the PVC media are much lower with the range of 0.9–
49.2 Pa, depending on the medium thickness, air velocity and water flow rate. The cooling efficiencies of
the cellulose media vary from 43% to 90% while the cooling efficiencies of the PVC media are 8% to 65%,
depending on the medium thickness and air velocity. The water entrainment off the media was detected
by water sensitive papers, and found that the cellulose media have negligible water entrainment under
the studied conditions while care must be taken in the use of PVC media as water entrainment happens
even at relatively low air velocities.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

The Natural Draft Dry Cooling Tower (NDDCT) is an alternative
cooling method when large quantities of water are not available.
Examples of this are the enhanced geothermal and concentrated
solar thermal plants in Australia and the rest of the world, most
of which are expected to be constructed in dry climates [1]. A
NDDCT creates the air flow through the heat exchanger bundles
by means of buoyancy effects due to the difference in air density
between the inside and outside of the tower [2]. Essentially, the
density difference is due to the difference in air temperature
between the inside and outside of the tower. The performance of
a NDDCT is particularly reduced when the ambient air temperature
is high. Reduced cooling tower performance lowers the efficiency
of the thermal power stations they are serving. For low-tempera-
ture binary-cycle geothermal power plants, the drop in power out-
put can be up to 50% from winter to summer [3]. To make things
worse, the loss of power generating capacity occurs at the time
of the day when the electricity usually has a higher price. There-
fore, any modification of the cooling system that increases the
power production during hot periods offers a potential increase
in revenue for the owner of the power plants employing dry cool-
ing towers. The present authors proposed to improve the tower
performance using wetted-medium evaporative pre-cooling which
limits water consumption only to the periods when the ambient
temperatures are too high [4,5]. The performance of a NDDCT is
expected to be improved by reducing the temperature of the tower
inlet air using wetted-medium evaporative pre-cooling.

Wetted-medium evaporative cooling is presently applied in
many fields. Applications include evaporative coolers and cooling
ventilation systems [6–8], greenhouse cooling [9,10], warehouse
cooling and product storage [11,12], nursery cooling [13], poultry,
hog and livestock cooling [14,15], wet cooling towers in thermal
power plants [16,17], and inlet air cooling of gas turbines [18].
The above applications are proved to be effective. One disadvan-
tage of wetted-medium cooling is that the extra pressure drop
introduced by the media causes some parasitic losses. This is
particularly important for the selecting of wetted media for pre-
cooling the entering air of NDDCTs.

It is widely acknowledged that the media (wet porous media or
pads) are the most important elements in wetted-medium cooling
systems [9,11]. Wetted media fulfil two main functions. Firstly,
they provide a large contact surface area for heat and mass
exchange between water and air flows. Secondly, they delay the
fall of water, ensuring that the exchange process lasts longer
[9,19]. The criteria for the selection of wetted media were given
by many researchers [11,20,21]. The media should be porous
enough to allow free air flow and to retain water. They should have
large surface area for water–air contact. They should be easy to
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Nomenclature

A Area, m2

As Heat and mass transfer area, m2

a, b, c, d, e Constants
B, S Length defined in Fig. 1, m
cp Specific heat, J/(kg K)
Dv Mass diffusivity of water vapor in air, m2/s
G Mass velocity, kg/(m2 s)
H Height, m
h Enthalpy, J/kg
hc Heat transfer coefficient, W/(m2 K)
hm Mass transfer coefficient, kg/(m2 s)
k Thermal conductivity, W/(m K)
K Loss coefficient
l Medium thickness, m
le Medium geometric length, le = V/As = 1/n, m
m Mass flow rate, kg/s
mew Water evaporation rate in kg/(m h K)
Dp Pressure drop, Pa
Qs Heat transfer rate, W
Q Water flow rate in l/min/m2

q Volumetric flow rate, m3/s
RH Relative humidity, %
R Radius, m
T Temperature, K
u Velocity, m/s
V Volume of medium, m3

W Medium width, m
X Humidity ratio, kgv/kga

NDDCT Natural Draft Dry Cooling Tower

Non-dimensional groups
Le Lewis number, Le = a/Dv

Nu Nusselt number, Nu = (hc l)/k
Pr Prandtl number, Pr = t/a = (lcpa)/k
Re Reynolds number, Re = (ua l)/t

Greek symbols
a Thermal diffusivity, m2/s
D Difference
g Cooling efficiency, %
l Dynamic viscosity, kg/(m s)
t Kinetic viscosity, m2/s
n Specific surface area of medium, m2/m3

q Density, kg/m3

p Pertinent non-dimensional groups

Subscripts
1 Inlet or before evaporative cooling
2 Outlet or after evaporative cooling
a Air or air dry bulb
e Evaporation
lm Logarithmic mean
LV0 Latent heat of vaporization evaluated at 273.15 K
mfr Medium front
v Water vapor
w Water
wb Wet bulb
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clean and replace and resistant to bacterial growth on the wet sur-
face. Finally, they should be affordable. The types of wetted media
include local fibers [22], PVC (Polyvinyl Chloride) plastic packings
[23], honeycomb paper [24], corrugated rigid media [25,26] etc.
In terms of water formation, the media fall into three main catego-
ries: splash, trickle and film. Splash media break water into a large
number of droplets, on which heat and mass transfer proceeds.
Film media are designed to form water films with which air con-
tacts. Trickle media combine the production of small water drop-
lets and surface-wetting water films [16]. A number of studies
have been carried out to better understand the performance of
wetted media. ANSI and ASABE [27] recommended the air speeds
and minimum water flows for aspen fiber and corrugated cellulose
media. Franco [9] studied the influence of water and air flows on
the performance of cellulose media. Dowdy et al. [28,29] experi-
mentally determined the heat and mass transfer coefficients in
aspen media and rigid impregnated cellulose media. Liao [15,20]
carried out the same analyses for fine and coarse fabric PVC sponge
media, nonwoven fabric and coir fiber media. The procedure for
testing evaporative cooling media was given by Koca [30].

Choosing a suitable wetted medium requires knowledge of dif-
ferent working parameters [9]. Previous studies by the present
authors [4,5] modeled the evaporative pre-cooling of the entering
air of NDDCTs using celluloses corrugated media. The wetted
media used in the pre-cooling of NDDCTs are quite different from
the cases in wet cooling towers. In wet cooling towers, the wetted
media work with the conditions of a large amount of process
water, and a small portion of the water evaporates to cool the rest
of the process water rather than the air. However, in our pre-cool-
ing application, the wetted media work with a different condition
under which a small amount of water is used to evaporatively cool
the entering air of NDDCTs. In this last application, the pressure
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drop through the media is of critical importance because it affects
the air flow passing through the tower and the heat exchangers.
The tower air flow path can be even blocked by the media when
their pressure drops are too high. The pressure drop of a type of
wet cooling tower fill, which is made of corrugated PVC sheets, is
expected to be low according to its geometric characteristics. How-
ever, whether this PVC medium is suitable for pre-cooling the
entering air of a NDDCT is unrevealed. This paper experimentally
investigated the possibility of evaporative cooling using such PVC
media. One commercial evaporative cooling medium made of cor-
rugated cellulose paper was used for comparison. The objectives of
this paper are, under laboratory conditions, (1) to obtain the corre-
lations of heat transfer coefficient and pressure drop for the stud-
ied media; (2) to investigate the effects of air and water flows on
cooling efficiency and pressure drop across the media; (3) to
address the concern of water evaporation from the media and
water entrainment off the media.
2. Materials and methods

2.1. Wetted media

The wetted media used in this study were two film media as
shown in Fig. 1. One was made of corrugated PVC sheets as can
be found in commercial brand, CF1200, and will be referred to as
PVC media in the rest of the paper. Another was made of corru-
gated cellulose paper, CELdek7060 as in the market, which will
be referred to as cellulose media in the paper. For each medium,
three thicknesses were tested: 100, 200 and 300 mm. The medium
samples were assembled to fit the 1000 mm wide by 1000 mm
high test section of the wind tunnel. Air passes through the media
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Fig. 1. Configurations of corrugated media.
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to form a cross flow with water. The media must be installed in a
proper orientation to the air flow. For cellulose media, the 45� flute
must be aligned upwards in the direction of the air flow and the
15� flute must be aligned downwards with the air flow [31]. For
PVC media, air flow is aligned with the 30� flute channel of the
media. The characteristics of the two media are given in Table 1.

To find the actual surface area contained in the media, the fol-
lowing procedure was employed. A small volume of V was cut from
the medium block. The number of layers in the small volume V was
counted as N. One layer of the corrugated media was removed care-
fully from the small volume V for area measuring. The layer was
carefully covered with aluminum foil to conform exactly to the
layer’s shape. After that, the foil was removed and its area was mea-
sured as A. As each layer had two sides, the total surface area per
volume V was calculated by the multiplication of the measured alu-
minum foil area A by layer number N and then by number 2. To
account for the areas that were not active due to the layers being
glued in spots, the removed layer was examined. The areas covered
by the glued joints were carefully measured for a large number of
joints, and then the average area of glued joints can be obtained
as A1. After counting the number of joints on the removed layer,
recorded as N1, the total glued area per layer was found as A2

(A2 = N1 � A1). The actual surface area Aactual was the subtraction
of the total glued area from the total surface area. The specific sur-
face area was the actual surface area Aactual divided by the volume V.
This method was employed by Dowdy [29] and Franco [9] to find
the surface area of corrugated medium (Franco used image soft-
ware but the main points were the same). Using the above method,
the measured specific surface area values of PVC media and cellu-
lose media were 229.9 and 364.7 m2/m3 respectively.

Another way to obtain the specific surface area of corrugated
media, widely used in chemical industry [32], is the empirical
correlation n ¼ 2Sð1� xÞ=ðH BÞ, where x is the ratio of hole area
to the sheet area, and for both media considered in the present
study, it is zero (x = 0 or no hole on the sheet). Fig. 1 gives the other
parameters in the configuration of corrugated media.
Table 1
Characteristics of the tested wetted media.

Medium type Material Thicknesses, mm Widt

Cellulose media Cellulose paper 100, 200, 300 1000
PVC media Polyvinyl Chloride (PVC) 100, 200, 300 1000
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According to the above empirical correlation, the calculated
specific surface area values of PVC media and cellulose media were
211.9 and 363 m2/m3 respectively. The significant difference
between the measured value and calculated value of PVC media
is because the sheets of PVC media have wrinkles. The wrinkles
result in the fact that the effective area of PVC media is larger than
the calculated value. The measured specific surface area values
were used in this study.

2.2. Wind tunnel system and test procedure

An open-circuit wind tunnel, originally designed for conducting
chemical spray and pesticide study in the Department of Agricul-
ture (Gatton Campus, The University of Queensland, Australia)
[33,34], was adapted to achieve uniform and stable air flow for
evaporative cooling tests. The temperature and humidity of the
inlet air were recorded during the tests but not controlled.

A schematic of the wind tunnel is depicted in Fig. 2. The appa-
ratus consisted of centrifugal blower, diffusing section, settling
chamber, contraction, test section, exit diffuser and exhaust fan.
The blower was driven by a 75 kW electric motor, which was
equipped with a digital frequency controller to accurately control
motor speed with the ranges of 15–1650 rev/min. The blower
was connected to an 1800 mm long diffusing section. The diffusing
section increased the tunnel cross-section area from
900 mm � 900 mm to 1700 mm � 1700 mm. Four screens of
perforated metal plate were equipped in the diffusing section to
prevent separation of the boundary layer and make the flow
velocity profile more uniform. The settling chamber consisted of
a honeycomb and four settling screens. The honeycomb was Aero-
web with 19 mm cells and 50 mm wide, which removed swirl and
lateral velocity from the air flow. The settling screens were made of
woven nylon, which further improved flow uniformity and steadi-
ness. The contraction section kept the stream uniform while
decreasing the area to a 1000 mm � 1000 mm cross-section. The
test section had a cross-section of 1000 mm � 1000 mm with
around 6000 mm length. The test section was designed to accom-
modate wetted-medium evaporative cooling system; it had trans-
parent glass sides to observe water distribution and water
entrainment. The exit diffuser and exhaust fan were for removing
harmful particulates from the exhaust streams since the tunnel
was originally designed for chemical spray. The exit diffuser had
about 10 m length. The exhaust fan was capable to drive air flow
rate of 21 m3/s. The exhaust fan was used during tests to control
the air velocity by changing the RPM of the fan motor.

The water distribution system is shown in Fig. 3. This system
was used by Mannix [35] as well. The distribution pan with perfo-
rations at the bottom was located at the top of the media to feed
water to the media more uniformly by gravity. During test, water
in the distribution pan kept at a constant level by cotton cloth
filters which were put at the bottom of the distribution pan. The
cotton cloth filters slowed down the water flow and made the dis-
tribution more uniform. The water was fed to the distribution pan
through the distribution pipes, which were constructed of 19 mm
diameter steel pipes with 2.5 mm holes 45 mm apart (one-pipe
system was for 100 and 200 mm-thick media; two-pipe system
was for 300 mm-thick media). The water from the distribution
pan dripped down by gravity to wet the media uniformly. Excess
h, mm Height, mm Measured specific
surface area, m2/m3

Calculated specific
surface area, m2/m3

1000 364.7 363
1000 229.9 211.9
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water was collected at the bottom of the media and stored in the
water tank. The water in the water tank was recirculated by a
350 W water pump (PBC-350 Submersible Barrel Pump, Commer-
cial Electric, Victoria, Australia). Water flow rate was controlled
by a valve and monitored by the turbine flowmeter (DigiFlow
6710M-44, Savant Electronic Inc., Taiwan) with the range of 1.5–
25 l/min and accuracy of ±5%. To calibrate the flowmeter before
tests, a stopwatch was used to measure the time required for the
distribution pipes to fill a container of known volume held at the
level where the distribution pipes normally ran.

A uniform and stable air flow was achieved after diffusing sec-
tion, settling chamber and contraction. Generally, the flow out of a
contraction often takes a distance equivalent to about 0.5 diame-
ters before the non-uniformities are reduced below an acceptable
level [36]. Thus, the measurements were carried out 500 mm
downstream from the contraction end.

The static pressure drop across the wetted media was measured
by a differential pressure transmitter (MS321/MS311, Dwyer
Instruments, Inc., Indiana, USA) connected to two Pitot tubes
56
(Series 160-24, Dwyer Instruments, Inc., Indiana, USA) of 8 mm
diameter, one was located at 670 mm upstream and the other
was at 400 mm downstream and in the middle of the medium.
The inserted length of the Pitot tubes was 500 mm from the tunnel
floor. The transmitter measurement ranges used in the tests were
0–100 Pa with accuracy of ±1% for MS321 and 0–250 Pa with accu-
racy of ±2% for MS311. The air velocity was measured by air veloc-
ity/temperature transmitter (FMA1001R-V2, OMEGA Engineering,
INC., Connecticut, USA) with a working range of 0–5.08 m/s and
accuracy of 1.5% full scale. Two air velocity/temperature transmit-
ters were placed at 670 mm upstream from the media to increase
the reliability in readings, and the average value was taken as the
air velocity. The inserted length of the velocity transmitters was
500 mm from the tunnel floor.

The temperatures of the air and water were measured by 14
transition joint-style thermistor probes (TJ36-44004-1/8-xx,
OMEGA Engineering, INC., Connecticut, USA) with accuracy of
±0.2 �C. All the thermistor probes were calibrated by Fluke Field
Metrology Wells (Series 9142, Fluke Corporation, Washington,

uqshe1
Line



Fig. 4. Heat and mass transfer between water film and air in wetted media.
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USA) before tests. Three thermistor probes were placed at
1200 mm upstream from the media and were mounted across
the width of the test section to measure the inlet air dry-bulb tem-
perature. The probes were located 500 mm high from the tunnel
floor in this group. Nine thermistor probes were placed at
1700 mm downstream from the media to measure the outlet air
dry-bulb temperature. The probes were located in groups of three
and were mounted across the width of the test section. The
inserted lengths of each group were 250, 500 and 750 mm from
the tunnel floor respectively to form a measuring grid (see Fig. 2,
section A-A). The temperature of water in the recirculation loop
was measured at two different points: at the distribution pan
and water collector. The humidity of the air was measured by four
high-precision humidity/temperature transmitters (EE-21-FT6-
B51, E + E Elektronik Ges.m.b.H., Engerwitzdorf, Austria) with the
range of 0–100% and accuracy of ±2% RH. The humidity transmit-
ters were cross checked and calibrated by Fluke 1620A Digital
Thermometer-Hygrometer (Series 1620A, Fluke Corporation,
Washington, USA). The inserted length of all the humidity trans-
mitters was 200 mm from the tunnel floor. One humidity transmit-
ter was placed at 1200 mm upstream from the middle of the media
to measure the relative humidity of the inlet air, while the other
three were located at 1700 mm downstream from the media and
mounted across the width of the test section to measure the rela-
tive humidity of the outlet air.

All data were recorded on a computer controlled data-acquisi-
tion system (UEI DNA-PPC8-1G, United Electronic Industries, Inc.,
Massachusetts, USA) and monitored once every 1 s. The media
were wetted before testing to ensure saturation [9,15,30,37]. At
the beginning of each test, the water flow was fixed. The initial
air velocity of 0.5 m/s was maintained for 30 min, then increasing
this air velocity by 0.5 m/s at each step up to maximum 3.0 m/s
during tests. For each air velocity increment, at least 10 min wait-
ing period was maintained to ensure equilibrium between the
media and the new air and water conditions. At each air velocity,
120 data points were recorded at equilibrium condition by all
the sensors at 2 min intervals and the average values were used
in data analysis. The water flow rates depended on medium type.
For cellulose media, the water flow rates were 62 and 31 l/min
per m2 of the horizontal exposed surface area, i.e., the flow rate
as recommended by the manufacturer [31] and half of that flow
rate. For PVC media, the water flow rates were estimated from cel-
lulose media according to the proportional relation between their
specific surface areas, i.e., 39 and 19.5 l/min per m2 of the horizon-
tal exposed surface area.

The emergence of water entrainment off the medium was
detected by water sensitive papers (Syngenta AG, Basel, Switzer-
land) at each air velocity increment. Sensitive papers had the
dimension of 76 mm � 26 mm. The sensitive papers were put at
400 mm downstream from the middle of the media, and 570 mm
high from the tunnel floor. At each air velocity increment, one
water sensitive paper was faced the media to detect water entrain-
ment for 10 s and then it was rotated 180� and covered to avoid
staining and contamination. The sensitive paper could be observed
through the transparent glass sides of the wind tunnel. At another
test increment, the sensitive paper was reused by rotating it to face
the media again for 10 s exposure as this study is to find the start-
ing value of air velocity at which the water entrainment occurs.
Table 2
Main equations used in the derivation of heat transfer coefficient.

Condition descriptions Equations

Ideal gas assumption and substituting Eq. (1) into Eq. (2) Qs = macpa(Ta1 � Ta2) + ma[
Ignore the small changes in specific heat of water vapor Qs = macpa(Ta1 � Ta2) + mac
Employing log mean temperature difference Qs = hcAsDTlm, DTlm = (Ta2 �
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2.3. Mathematical model

To experimentally determine the heat transfer coefficient in
wetted media, a mathematical model is developed in this section.
The heat and mass transfer between water and air in wetted media
is demonstrated in Fig. 4.

The mass balance of the mixture of dry air and water vapor is
me ¼ mv2 �mv1 ¼ maðXa2 � Xa1Þ ð1Þ

and the energy balance is
ðmaha2 þmv2hv2Þ � ðmaha1 þmv1hv1Þ ¼ mehw � Q s ð2Þ

In Eq. (2), Qs is the sensible heat given up by the air and mehw is
the heat carried by the evaporated water. Theoretically, evapora-
tive cooling is adiabatic cooling: the air dry-bulb temperature is
decreased because it gives up sensible heat, and the water vapor
becomes part of the air and carries the latent heat with it [6].
The sensible heat in the air is merely converted to latent heat,
i.e., the right side of Eq. (2) is close to zero. However, the practical
process is not ideally adiabatic cooling. In non-adiabatic cooling
cases, the water is evaporated to cool the air as well as the rest
of the water or the outside systems. Mannix [35] pointed out that
two main requirements of adiabatic cooling are perfect insulation
and adding water at the dry-bulb temperature of the exiting air.
Actually, the added water should be at the wet-bulb temperature
of the entering air rather than the dry-bulb temperature of the
exiting air [6,38]. The above two requirements are to make sure
that the heat for water evaporation is essentially from the air
rather than the water or outside systems. In this study, the water
temperature, ambient temperature and humidity were all uncon-
trolled. The water was continuously recirculated in the system.
These factors will affect how close the experimental conditions
are to adiabatic cooling.

Considering the equations in Table 2, the heat transfer coeffi-
cient can be expressed as,
hc ¼
macpaðTa1 � Ta2Þ þmacpv ½Xa1ðTa1 � TwÞ � Xa2ðTa2 � TwÞ�

AsDTlm
ð6Þ
and the mass transfer coefficient can be obtained from Reynolds
analogy with the approximation of Lewis number to be unity
[19,39], i.e., hc/(hmcpa) = Le2/3 = 1.0.
Xa1(hv1 � hw) - Xa2(hv2 � hw)] (3)
pv[Xa1(Ta1 � Tw) � Xa2(Ta2 � Tw)], hv = cpvTa + hLV0 (4)

Ta1)/[ln ((Ta2 � Tw)/(Ta1 � Tw))], As = nV = nAmfrl, ma = qauaAmfr, Amfr = W � H (5)
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3. Results and discussions

3.1. Pressure drop across media

The pressure drop introduced by the media is critically impor-
tant in NDDCT applications because it reduces the air flow passing
through the tower and the heat exchangers. Therefore, it is essen-
tial to have good data on pressure drop of the media when one
investigates the feasibility of NDDCT pre-cooled with such media.
Franco [9] used the same method to correlate the pressure drop
proposed by Milosavljevic and Heikkilä [40] for the flows involved
in wet cooling towers. However, their correlations do not conform
to the dimensional homogeneity between the two sides of the
pressure drop equation. The pressure drop through the medium
is coupled to the loss coefficient by Dp ¼ Kqau2

a=2. According to
Kloppers and Kroger [41], the widely applied and cited empirical
relation for the loss coefficient of splash and film media is
K = C1(Gw/Ga) + C2. In the present study, the above empirical rela-
tion is used with the addition of non-dimensional geometric
parameter (le/l),
Dp ¼ a1
le

l

� �b1

1þ c1
qw

qa

� �
qau2

a

2
ð7Þ

The unit of q in Eq. (7) is different from G in the empirical rela-
tion, but this difference is included in c1. With the test results
obtained, the constants in Eq. (7), a1, b1 and c1 were determined
by means of non-linear regression analysis as shown in Table 3.

The regression was preformed across the entire thickness, air
flow and water flow range considered in the experimental study
and the three coefficients in Table 3 are function of the medium
type only. The obtained correlations are to some extent compara-
ble to the results obtained by Franco [9]. The measured pressure
drop data across cellulose media and PVC media are depicted in
Fig. 5. In general, greater pressure drop is obtained with thicker
media, which is in agreement with the previous studies [9,30].
The pressure drop increases with the increase in air velocity and,
to some extent, with increasing water flow rate. This is in accor-
dance with the literatures [9,37,42]. The increase in water flow
Table 3
Constants in Eq. (7).

Description a1 b1 c1 R2

Cellulose media 0.124 �1.038 1825 0.979
PVC media 0.566 �0.664 3191 0.995
A combined correlation for Cellulose and

PVC media
0.219 �0.910 2031 0.978
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increases the films of water retained on the transfer surface of
the media and therefore decreases the volume for air flow in the
media, and as a result increases the pressure drop. However, the
largest impacts are due to the changes in air flow and medium
thickness as shown in Fig. 5. Similar results were obtained by Gun-
han [42] and Franco [9]. Comparing Fig. 5a with b, one can find
that, in general, the pressure drop across cellulose media is larger
than that across PVC media at the same medium thickness and
the corresponding proportional water flow rate. This proves our
expectation that the pressure drop of PVC media is low, which is
a substantial benefit for the application of NDDCTs.

3.2. Cooling efficiency

The cooling efficiency is generally considered as the key factor
in determining the performance of direct evaporative cooling
systems. It represents how close the exiting air gets to the state
of saturation [43]. The definition of cooling efficiency was given
by Watt and Brown [6] as,

g ¼ Ta1 � Ta2

Ta1 � Twb
� 100% ð8Þ
3.2.1. The effect of air velocity and medium thickness
Fig. 6 demonstrates the cooling efficiency of cellulose and PVC

media. The cooling efficiency decreases with increasing air velocity
and increases with increasing medium thickness. This is in accor-
dance with the literatures [9,30,37]. With the increase in air veloc-
ity, the air–water contact duration is shortened, and thus there is
inadequate time for air to transfer heat and mass with the water,
lowering the cooling efficiency. On the contrary, thicker media
offer more time and larger contact area for heat and mass transfer
and therefore improve the cooling efficiency. Comparing Fig. 6a
with b, it can be found that the cellulose media provide higher
cooling efficiency than the PVC media at the same air velocity
and medium thickness.

3.2.2. The effect of water flow rate
Fig. 7 shows the effect of water flow on cooling efficiency at the

medium thickness of 200 mm. The effect of water flow rate is weak
as the water was properly distributed and the media were fully
wetted during tests (fully wetted means there is no streaking
and dry area in the media). Similar results were obtained by Franco
[9] and Mannix [35]. This is of great importance, as we can reduce
the water supplied to the media with providing its flow rates
enough to fully wet the media, while the cooling performance
remains unaltered. This makes it possible to reduce the designing
pump power for wetting the media and to use less water, and
thereby decreases the pressure drop across the media as shown
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Fig. 6. The effect of air velocity and medium thickness on cooling efficiency of (a) cellulose media and (b) PVC media (water flow rate Q is in the unit of l/min/m2).
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in Fig. 5. However, Wang [44] suggested that in real applications,
the water flow is chosen to be 10–30 times of the evaporation rate
to not only obtain a better wetted surface but also to wash away
debris deposited on the surface during the operation.

3.3. Heat transfer coefficient and water entrainment

Heat transfer coefficient is a function of a large number of
dimensional parameters (e.g., velocity, viscosity, conductivity,
etc.). It is convenient to use the dimensionless quantity (the Nus-
selt number) to reduce the number of independent variables
required to describe the dimensionless problem. The empirical cor-
relation for convective heat transfer coefficient for flows across
banks of tubes or packed beds, similar to that of the media, is
widely applied and cited with the addition of non-dimensional
geometric parameter (le/l) in the Nusselt number correlation,
Nu = a(le/l)bRec Pr 1/3 [9,15,28,29,45], where the characteristic
length is chosen as (le). The above correlation fits the experimental
data of cellulose media well with high coefficient of determination
(R2 = 0.962). However, such correlation does not fit well with the
test data of PVC media with R2 = 0.345. To correlate our test data
in terms of appropriate non-dimensional parameters, the Bucking-
ham Pi theory was applied. The factors found to have significant
effects on the heat transfer coefficient in this study were,

hc ¼ f ðcpa; k; qa; l; ua; l; le; Ta1 � Twb; Tw1Þ ð9Þ

the pertinent non-dimensional groups were,

p1 ¼ k
hc l ¼ 1

Nu ; p2 ¼ l cpa

k ¼ Pr; p3 ¼ k Ta1�Twbð Þ
qa u3

a l
;

p4 ¼ Ta1�Twb
Tw1

; p5 ¼ le
l ; p6 ¼ qa ua l

l ¼ Re
ð10Þ
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Essentially, p3 is reflecting the ratio of heat conduction to fan
power, and the Nusselt number is almost independent on p3. p3

is therefore not included in further analysis. The heat transfer
correlation obtained from the dimensional analysis was given by,

Nu ¼ a2
le

l

� �b2 Ta1 � Twb

Tw1

� �c2

RedPre ð11Þ

Generally, the exponent e is 1/3 [9,28,29,45]. The properties in
Eq. (11) are those of dry air at the average dry-bulb temperature
through the wetted media. The medium geometry is represented
by the non-dimensional geometric parameter (le/l). The character-
istic length in non-dimensional groups is the medium thickness (l)
rather than (le) in the literatures [9,28,29]. The thermodynamic
parameters can be calculated according to the references [2,39].
Comparing Eq. (11) with those in the literatures [9,15,20,28,29],
the new developed correlation includes the effects of inlet air dry
and wet-bulb temperature and water temperature. The constants
in Eq. (11), a2, b2, c2 and d were determined by means of non-linear
regression analysis of the test data and the results are given in
Table 4.

The new developed correlations fit well with the experimental
data of all the medium types with high coefficient of determina-
tion. The ambient conditions and water temperature were not con-
trolled during the tests, and the tests were operated on different
days. However, we noted that the factor ((Ta1 � Twb)/Tw1)c2 is close
to 1.0 for all the test conditions. The constant c2 for cellulose media
is even negligible, which is because the variation of (Ta1 � Twb)/Tw1

is small during tests. These mean the effects of weather conditions
and supply water temperature on heat transfer coefficient are
small. Generally, (Ta1 � Twb) is defined as wet-bulb depression



Table 4
Constants in Eq. (11).

Description a2 b2 c2 d e R2

Cellulose media 0.192 �0.191 �0.030 0.682 1/3 0.983
PVC media 0.210 �1.113 �0.337 0.223 1/3 0.945
A combined correlation for Cellulose and PVC media 0.048 �0.890 0.100 0.515 1/3 0.868
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[46]. The greater the wet-bulb depression, the more significant
evaporative cooling effect gets. The stronger convective heat
transfer is generally obtained at lower supply water temperature
as the temperature difference between water and air is larger.
However, the strong convective heat transfer is not necessarily
limited to large heat transfer coefficient as the heat transfer area
and temperature difference affect the heat transfer as well (see
Eq. (5)). Consequently, the negative values of constants c2for cellu-
lose or PVC media are feasible.

Fig. 8a and c are experimental data presented using the
empirical correlation in the reference [45], while Fig. 8b and d
are experimental data plotted using the new developed correla-
tion, i.e., Eq. (11). Fig. 8 shows that with the addition of (le/l) and
(Ta1 � Twb)/Tw1, the correlations fit the data well. Only one water
flow rate is given in Fig. 8 as the effect of water flows on heat trans-
fer coefficient is negligible in our test ranges as discussed in Sec-
tion 3.2.2 for cooling efficiency. The drops at higher Reynolds
numbers in Fig. 8c are caused by water entrainment off the media.
The water entrainment is a reflection of the medium ability to
retain water. At higher Reynolds numbers (or higher air velocities),
the PVC media cannot retain the required water to fully wet the
media and thus affects the heat and mass transfer in the media.
As stated in Section 1, wetted media are to provide large water–
air contact surface area and to delay the fall of water. Water
entrainment off the media weakens these two functions and thus
impairs heat transfer performance.
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Water entrainment off the media has drawn attention by some
researchers [15,38,42]. However, they did not mention how they
observed it. This study used water sensitive papers to detect water
entrainment, which can normally record droplets of larger than
50 lm [47]. Water entrainment is of great importance for the
application of pre-cooling the inlet air of dry cooling towers. The
entrained water may be carried by the air to the heat exchangers
of the cooling tower and thus corroding the heat exchanger tubes
and fins. Besides, the entrained water may also fall to the ground
and thereby wastes water and affects the environment. Another
fatal problem is its effect on heat transfer performance as shown
in Fig. 8c.

The emergence of water entrainment off the medium was
detected by water sensitive papers at each air velocity increment.
Fig. 9 compares the sensitive papers before and after exposure.
The droplets in Fig. 9 are the accumulation of entrained droplets
at different air velocities as this study is to find the starting
values of air velocity at which the water entrainment occurs.
For cellulose media, no water entrainment was detected in this
study. The color changes of sensitive papers in Fig. 9c and d are
caused by the high humidity of the cooled moist air after wet-
ted-medium evaporative cooling. As can be seen from Fig. 6a,
the cooling efficiencies of cellulose media are very high at 200
and 300 mm thicknesses, and thus the humidity of outlet air is
high. However, the color changes of sensitive papers are due to
the high humidity rather than water droplet. For PVC media at
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Fig. 9. Sensitive papers before and after exposure to water entrainment (a) before test; (b) cellulose 100 mm thickness, Q = 62 l/min/m2; (c) cellulose 200 mm thickness,
Q = 62 l/min/m2; (d) cellulose 300 mm thickness, Q = 62 l/min/m2; (e) PVC 100 mm thickness, Q = 39 l/min/m2; (f) PVC 200 mm thickness, Q = 39 l/min/m2; (g) PVC 300 mm
thickness, Q = 39 l/min/m2.
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Fig. 10. Measured water evaporation rates of (a) cellulose media and (b) PVC media (water flow rate Q is in the unit of l/min/m2).
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water flow rate of 39 l/min/m2, the water entrainment was found
to start at air velocities of 1.48, 1.02 and 0.97 m/s for 100, 200
and 300 mm thicknesses respectively, beginning with small drop-
lets increasing to large droplets. The detected air velocities were
1.92, 1.41 and 1.02 m/s for 100, 200 and 300 mm thicknesses
respectively at water flow rate of 19.5 l/min/m2. This is in agree-
ment with Johnson [38] that lower water flow rates minimize the
potential for water carry over. However, lower water flow rates
may sacrifice the safety factor for the rate of scale formation on
the medium surface.

The above water entrainment study provides useful overview
and starting point for the study of water entrainment. However,
further study of the water entrainment using Phase Doppler Parti-
cle Analyzer (PDPA) to measure the entrained droplet size is highly
recommended.
3.4. Water evaporation from the media

The water evaporation rate is very important, especially to the
applications of pre-cooling the inlet air of dry cooling towers as
the locations of dry cooling towers are almost accompanied by
water scarcity. It also provides information for the pump and water
storage design.

The water evaporation rate can be calculated from Eq. (1). As
the water evaporation rate is related to the ambient temperature
and humidity, air velocity, and medium characteristics (e.g., med-
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ium type, thickness, width and height) [9], the following form of
water evaporation rate is introduced,

mew ¼
maðXa2 � Xa1Þ
l ðTa1 � Ta2Þ

� 3600 ð12Þ

where mew is in kg/(m h K), which indicates how much water evap-
orates for unit medium thickness per hour at unit temperature
reduction of the entering air. The air mass flow rate is
ma ¼ qa ua Amfr , where Amfr = W � H is the medium frontal area
(i.e., the air flow area). Since the water flow in this study is properly
distributed and the media are fully wetted, the water evaporation
rate defined in Eq. (12) is only given at one water flow rate
(Fig. 10a and b) as the effect of water flows in our test ranges is neg-
ligible (refer to Section 3.2.2).

The test results as plotted in Fig. 10 demonstrate that at increas-
ing air velocity, the rate of water evaporation also increases. At
given air velocity, the water evaporation rate of thinner media is
higher than their thicker counterparts. Comparing Fig. 10a with
b, one can find that to achieve 1 K temperature reduction of the
entering air, PVC media need to evaporate more water than cellu-
lose media at the same medium thickness and the same time per-
iod. One may concern the fact that the latent heat of water
evaporation at given temperature is almost a constant, and thus
the amount of evaporated water should be the same for the two
media at the same temperature reduction. This is in the cases of
adiabatic cooling. In practical cases, however, it is impossible to



Table 5
Uncertainty analysis of test measurement.

Parameter Test range Sensor accuracy Maximum standard deviation

Air inlet Temperature, Ta1 22.5–30.6 �C ±0.2 �C 0.2 �C
Air outlet temperature, Ta2 17.7–30.3 �C ±0.2 �C 0.2 �C
Air inlet humidity, RH1 20.5–64.9% ±2% RH 0.5% RH
Air outlet humidity, RH2 25.4–92.1% ±2% RH 0.8% RH
Air velocity, ua 0.41–3.15 m/s 1.5% full scale 0.04 m/s
Water inlet temperature, Tw1 15.8–22.2 �C ±0.2 �C 0.04 �C
Water outlet temperature, Tw2 15.2–21.0 �C ±0.2 �C 0.05 �C
Pressure drop, Dp 0.8–101.7 Pa ±1% 2.2 Pa
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achieve ideally adiabatic cooling. In non-adiabatic cooling cases,
when the water temperature is above wet-bulb temperature of
the entering air, the water is evaporated to cool the air as well as
the rest of the water (or the unevaporated water) [6]. However,
the heat absorbed from the unevaporated water is small as the
water flow rate is much smaller than the air flow rate. Therefore,
the above results make sense as the portion of water evaporation
of PVC media, which does not cool the air but the unevaporated
water, is larger than cellulose media.

3.5. Uncertainty analysis

The uncertainty was analyzed according to the ISO Guide [48].
The resulting uncertainties of the measurement are given in
Table 5.

The ambient condition is an important factor in obtaining accu-
rate results of cooling efficiency [30]. Taking an example point of
200 mm-thick cellulose media with inlet air dry-bulb temperature
of 27.4 �C, inlet relative humidity of 28.3% and outlet air dry-bulb
temperature of 18.0 �C, the uncertainty of cooling efficiency is esti-
mated to be ±2.2% at 80.1% cooling efficiency. The same ambient
condition as the cooling efficiency with inlet water temperature
of 16.7 �C C at air velocity of 0.61 m/s, the uncertainty of Nusselt
number is ±8.0 at Nu = 178.9. The uncertainty of water evaporation
rate is estimated conservatively to be ±0.4 kg/(m h K) at 5.0 kg/
(m h K) with RH1 = 28.3% and RH2 = 78.6%. The above reported
uncertainties are based on the maximum standard deviation given
in Table 5.
4. Conclusions

The new developed correlations of heat transfer coefficient and
pressure drop for the studied media represent the test data well
and can be used for the performance predictions of evaporative
cooling using such media. The pressure drop range of the cellulose
media is 1.5–101.7 Pa and only 0.9–49.2 Pa for the PVC media,
depending on the medium thickness, air velocity and water flow
rate. The pressure drop across the PVC media is approximately half
of that across the cellulose media (i.e., the widely used evaporative
cooling media). The cooling efficiencies of the cellulose media vary
from 43% to 90%, while the PVC media provide the cooling effi-
ciency range of 8–65%, depending on the medium thickness and
air velocity. The effect of water flow on cooling efficiency in this
study is negligible as long as the water is properly distributed
and the media are fully wetted. Cellulose media are found no water
entrainment in this study. However, care must be taken in the use
of PVC media as water entrainment happens even at relatively low
air velocities. Besides, lower water flow rates minimize the poten-
tial for water entrainment.

In conclusion, PVC media provide lower pressure drop and
lower cooling efficiency when compared with cellulose media.
Since the air flow rate in a NDDCT is constrained by the balance
between the driving force and the various flow resistances, the
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cooling efficiency cannot describe the feasibility of wetted media
on the pre-cooling of a NDDCT. The pressure drop, however, con-
tributes to the flow resistances and therefore the relatively low
pressure drop of PVC media is more attractive for this pre-cooling
application. However, care must be taken in terms of water
entrainment, which starts at relatively low air velocities. Further
study will be necessary to quantify the droplet size of entrained
water, and to compare the performance alterations of a NDDCT
pre-cooled with such media.
Acknowledgements

This research was performed as part of the Australian Solar
Thermal Research Initiative (ASTRI), a project supported by Austra-
lian Government. The author, Suoying He, would also like to thank
China Scholarship Council (CSC) for their financial support. Special
thanks to our technical staffs Berto Di Pasquale and Dejan Subaric
for their supports during tests. The authors gratefully acknowledge
Cooling Tower Mechanical Services (QLD, Australia) for supplying
the PVC media.
References

[1] Zou Z, Guan Z, Gurgenci H. Optimization design of solar enhanced natural draft
dry cooling tower. Energy Convers Manage 2013;76:945–55.

[2] Kroger DG. Air-cooled heat exchangers and cooling towers: thermal-flow
performance evaluation and design, vol. 2. Tulsa, Oklahoma, USA: PennWell
Corp; 2004.

[3] Kutscher C, Costenaro D. Assessment of evaporative cooling enhancement
methods for air-cooled geothermal power plants, paper presented to
geothermal resources council (GRC) annual meeting, Reno, Nevada, USA, 22–
25th Sep. 2002. p. 1–9.

[4] He S, Guan Z, Gurgenci H, Jahn I, Lu Y, Alkhedhair AM. Influence of ambient
conditions and water flow on the performance of pre-cooled natural draft dry
cooling towers. Appl Therm Eng 2014;66:621–31.

[5] He S, Gurgenci H, Guan Z, Alkhedhair AM. Pre-cooling with Munters media to
improve the performance of natural draft dry cooling towers. Appl Therm Eng
2013;53:67–77.

[6] Watt JR, Brown WK. Evaporative air conditioning handbook. 3rd ed. Lilburn,
Georgia, USA: Fairmont Press Inc.; 1997.

[7] Woods J, Kozubal E. A desiccant-enhanced evaporative air conditioner:
numerical model and experiments. Energy Convers Manage 2013;65:208–20.
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4.2 Trickle Medium Performance (Paper 3) 

Paper 3: Experimental Study of the Applications of Two Trickle Media for Inlet Air Pre-

cooling of Natural Draft Dry Cooling Towers 

This paper has been published in Energy Conversion and Management. The paper reports the 

test results of the two trickle media (i.e., Trickle125 and Trickle100) at three medium 

thicknesses (i.e., 200, 300 and 450 mm) and two water flow rates (10 and 5 l/min per m
2
 

horizontally exposed surface area). The correlations of cooling efficiency and pressure drop 

for the studied media are developed in the paper. The new developed correlations represent 

the test data well and can be used to predict the performance of evaporative cooling using 

such media. 

Generally, high pressure drops are obtained with thick media and high air speeds. The effect 

of water flow rates on pressure drop is small within the test range. The largest impacts on 

pressure drop are due to the changes in the air velocity and the medium thickness. The 

cooling efficiency decreases as the air velocity increases but increases as the thickness of the 

medium increases. The effect of the studied water flow rates on the cooling efficiency is 

negligible at low air velocities since the water is properly distributed and the media are fully 

wetted. However, differences in cooling efficiency exist at high air speeds, which are due to 

the water entrainment off the media. Within the test ranges, the pressure drops for Trickle125 

and Trickle100 are 0.7–50.0 Pa and 0.6–41.6 Pa, respectively. The cooling efficiencies for 

Trickle125 and Trickle100 fall within 15.7–55.1% and 11.0–44.4%, respectively. 

Consequently, the Trickle125 with larger effective surface provides higher cooling 

efficiencies and pressure drops when compared with the Trickle100. There is a balance 

between the pressure drop and the cooling efficiency during the selection of a medium for a 

specific application.  

The water entrainment off the media is affected by system design, installation, operation and 

maintenance. Both media have severe water entrainment at large air velocities.  

In the paper, the two tested trickle media have been proven to have relatively low pressure 

drops. The air flow rate in a NDDCT is constrained by the balance between the driving force 

and various flow resistances. The pressure drop of the medium contributes to the flow 

resistances, and therefore, the relatively low pressure drop of trickle media is attractive for 
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this pre-cooling application. However, care must be taken since water entrainment starts at 

very low air velocities.  
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This paper is part two of a broader investigation into pre-cooling the air that enters natural draft dry cool-
ing towers. Evaporative cooling of air is to some extent different from evaporative cooling of water. Two
trickle media (Trickle125 and Trickle100) originally designed for evaporative cooling of water were stud-
ied in an open-circuit wind tunnel for evaporative cooling of air. Three medium thicknesses (200, 300 and
450 mm) and two water flow rates (10 and 5 l/min per m2 horizontally exposed surface area) were used
in the tests. The air velocities ranged from 0.5 to 3.0 m/s. The cooling efficiency and the pressure drop of
the two media were curve fitted to yield a set of correlations. The pressure drop ranges for Trickle125 and
Trickle100 were 0.7–50 Pa and 0.6–41.6 Pa, respectively. The cooling efficiencies of Trickle125 and
Trickle100 fell within 15.7–55.1% and 11–44.4%, respectively. Generally, media with large effective sur-
faces provide high cooling efficiencies and high pressure drops; there is a trade-off between cooling effi-
ciency and pressure drop when selecting a particular medium for a specific application. The water
entrainment off the media was detected with water-sensitive papers, and both media had severe water
entrainment at large air velocities.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

In part one, the authors experimentally investigated the possi-
bility of evaporative pre-cooling of a natural draft dry cooling
tower (NDDCT) using two film media (cellulose medium and PVC
medium) [1]. This paper is part two of a broader investigation into
pre-cooling the air that enters NDDCTs using two trickle media
(Trickle125 and Trickle100).

With the increasing concerns regarding the problems associated
with fossil fuels, renewable energy (e.g., geothermal and solar
energy) has been taken into particular consideration [2]. Nowa-
days, geothermal and concentrated solar thermal power plants
are on the summit of scientific research agendas. However, low-
performance dry cooling may offer the only effective alternative
since most geothermal and concentrated solar thermal power
plants are located in arid or semi-arid areas [3,4]. To offset the
low performance of dry cooling, especially during hot periods, sev-
eral hybrid cooling approaches have been developed [5]. To
improve the performance of NDDCTs during hot seasons, the pres-
ent authors [6,7] introduced inlet air pre-cooling using wetted-
medium evaporative cooling, which limits water consumption to
the periods when the ambient temperatures are too high. The
NDDCT is an alternative cooling method when large quantities of
water are not available, such as in geothermal and concentrated
solar thermal power plants. An NDDCT creates air flow through
heat exchanger bundles with buoyancy due to the difference in
air density inside and outside the tower [8]. Essentially, this den-
sity difference is due to the difference in air temperature. The per-
formance of an NDDCT decreases when the ambient air
temperatures are high. The reduced cooling tower performance
decreases the efficiency of the thermal power stations the towers
serve. For low-temperature binary-cycle geothermal power plants,
the drop in power output can be even up to 50% from winter to
summer [9]. The performance of an NDDCT is expected to be
improved by reducing the temperature of the tower inlet air using
wetted-medium evaporative pre-cooling.

Wetted-medium evaporative cooling is applied in many fields.
There are two typical types: One type cools air, including evapora-
tive coolers and cooling ventilation systems [10,11], greenhouse
cooling [12,13], warehouse cooling and product storage [14], poul-
try, hog and livestock cooling, nursery cooling [6,7], inlet air pre-
cooling of dry coolers [15], and inlet air cooling of gas turbines
[16], which use a small amount of water to evaporatively cool the
air. In this category, the latent heat of water evaporation is extracted
from the air. It is usually assumed that this is a process where no
heat exchange occurs with the external environment. The sensible
heat in the air is converted to the latent heat of the water vapor that

http://crossmark.crossref.org/dialog/?doi=10.1016/j.enconman.2014.10.031&domain=pdf
http://dx.doi.org/10.1016/j.enconman.2014.10.031
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Nomenclature

A area, m2

a, b, c, d, m, n constants
cp specific heat, J/(kg K)
G mass velocity, kg/(m2 s)
hc heat transfer coefficient, W/(m2 K)
H medium height, m
k thermal conductivity, W/(m K)
K loss coefficient
l medium thickness, m
le medium geometric length, le = V/As = 1/n, m
m mass flow rate, kg/s
mew water evaporation rate in kg/(m h K)
P parasitic power loss, W
Dp pressure drop, Pa
Q water flow rate in l/min/m2

Qs heat transfer rate, W
q volumetric flow rate, m3/s
RH relative humidity, %
T temperature, K
u velocity, m/s
V volume of medium, m3

W medium width, m
X humidity ratio, kgv/kga

NDDCT natural draft dry cooling tower

Non-dimensional groups
Nu Nusselt number, Nu = (hc le)/k
Pr Prandtl number, Pr = t/a = (l cpa)/k
Re Reynolds number, Re = (ua le)/t

Greek symbols
a thermal diffusivity, m2/s
D difference
g cooling efficiency, %; efficiency
l dynamic viscosity, kg/(m s)
t kinetic viscosity, m2/s
n effective surface of medium, m2/m3

q density, kg/m3

b integrated factor in Eq. (7)

Subscripts
1 inlet or before evaporative cooling
2 outlet or after evaporative cooling
a air or air dry bulb
be benefit
fr front
s sensible; transfer
v water vapor
w water
wb wet bulb
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joins the air stream, resulting in almost constant enthalpy and
wet-bulb temperature of the air stream. Therefore, evaporative air
cooling is also called adiabatic humidification or isenthalpic cooling
of air. The other type cools water, such as wet cooling towers in ther-
mal power plants [17], which have a large amount of hot water but
evaporate only a small portion to cool the rest of the water stream. In
this category, the water is generally cooled by water evaporation as
well as sensible cooling due to the temperature difference between
the water and the ambient air. The latent heat is the main source of
evaporative water cooling. These two types of cooling use the large
enthalpy of water vaporization, and their performance is limited to
the wet-bulb temperature of ambient air. The above mentioned
applications have been proven to be effective although the extra
pressure drop introduced by the wetted media causes some para-
sitic losses. However, the extra pressure drop is very important for
the inlet air pre-cooling of an NDDCT since the pressure drop
reduces the air flow passing through the tower [6,7].

Wetted media (cooling pads in evaporative coolers, packages or
fills as in wet cooling towers) are critical components in wetted-
medium evaporative cooling systems [12,18]. Effective media
should provide large contact surface areas for heat and mass
exchange between the water and air flows and delay the fall of
water to ensure that the exchange process lasts longer [12,19].
From the water formation point of view, the media fall into three
main categories: splash, trickle (also known as hybrid media) and
film [17]. Splash media break the water into a large number of
droplets. Film media are designed to form water films. Trickle
media, however, combine the production of small water droplets
and surface-wetting water films [17,20]. Wetted media with differ-
ent geometries and materials have been tested, and studies have
been carried out to better understand their performance. Franco
et al. [12] observed that choosing a suitable wetted medium
requires knowledge of various parameters. Some researchers sug-
gested that the factors influencing the medium selection are the
cooling characteristic, pressure drop, cost and durability [21,22].
The selection of media is also determined by the type of process
67
to be cooled, environmental conditions, water quality, space avail-
ability, location and economic requirements.

Generally, wetted media with high cooling efficiencies have
high pressure drops as well. High cooling efficiency brings more
cooling, but a high pressure drop produces more parasitic losses.
There is a trade-off between the cooling efficiency and the pressure
drop. For example, in pre-cooling NDDCTs, although pre-cooling
decreases the inlet air temperature and thus improves the tower
heat rejection, the extra pressure drop introduced by the medium
reduces the air flow passing through the NDDCT, which in turn
impairs the tower heat rejection [6,7]. The air flow rate in an
NDDCT is constrained by the balance between the driving force
(buoyancy, which is due to the air density difference resulting from
the temperature difference between the air inside the tower and
the outside air) and various flow resistances. The pressure drop
of the medium contributes to the flow resistances, and therefore,
a relatively low pressure drop is attractive for this pre-cooling
application. This means, in this application, the pressure drop
should be a major criterion during the selection of wetted media.
After reviewing the literature, we found that, generally, trickle
media offer larger surface areas than splash media and lower pres-
sure drops than film media [20]. Trickle media are designed for wet
cooling towers to evaporatively cool the process water, and their
suitability for evaporative cooling of air is not known. In addition,
previous work by the present authors experimentally investigated
the possibility of evaporative pre-cooling of an NDDCT using two
film media (cellulose medium and PVC medium). The present
paper expands that study by experimentally investigating the pos-
sibility of two trickle media, both of which are made of propene
polymer (PP). The current work can be distinguished from previous
studies since it investigates the performance of two new types of
wetted media for evaporative air cooling.

The objectives of the present work are as follows: (1) to exper-
imentally obtain data on the cooling efficiency and pressure drop
for the two trickle media when they are used in evaporative air
cooling; (2) to develop correlations for the cooling efficiency and
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pressure drop; (3) to investigate the effects of the air and water
flow rates and medium thickness on the cooling efficiency and
pressure drop; and (4) to study the water evaporation rate and
water entrainment off the media.

2. Materials and methods

2.1. Wetted media

The wetted media used in this study were two trickle media
made of propene polymer (Fig. 1). Both media were made of corru-
gated sheets with openings. One medium had an effective surface
of 125 m2/m3 as can be found in the commercial brand, NC20, and
will be referred to as Trickle125 in the remainder of the paper. The
other medium had an effective surface of 100 m2/m3, VC25 in the
market, which will be referred to as Trickle100. The effective sur-
face provided by manufacturers is defined by the ratio of the imag-
inary corrugated surface of the medium to the volume occupied by
the medium. This distinguishes the media from corrugated film
media that have actually corrugated surfaces. If one cuts a small
volume of the trickle medium and investigates a small piece of
the trickle sheet, the small piece is squeezed flat to measure the
total length of the trickle threads (or grids). The area of the small
piece is estimated by assuming the cross section of the threads is
an ellipse. The actual surface area of the trickle medium is the area
of the small piece multiplied by the sheet number in the small vol-
ume and then divided by the volume. The values of the actual sur-
face area of Trickle125 and Trickle100 were found to be 60 and
55.7 m2/m3, respectively. These actual surface areas will be used
to estimate the supply water flow rates in Section 2.3.

The flow orientations in the media are shown in Fig. 1. The air
flow is aligned with the opening channel of the medium. A cross
flow in the media is formed between the water and the air.

The characteristics of the two media are given in Table 1. The
channel opening in Table 1 is the dimension of the air flow channel
in the present study. The medium samples were assembled to fit a
1000 mm � 1000 mm cross section of a wind tunnel. This medium
height is more than the minimum height of 600 mm recommended
by the ASABE Standard [23].

2.2. Wind tunnel system

A low-speed open-circuit wind tunnel (Gatton Campus, the
University of Queensland, Australia), was used to achieve a
Water flow

Air flow

Trickle125 T

Fig. 1. Trickle125 a

Table 1
Characteristics of the tested wetted media.

Medium type Material Thicknesses
(mm)

Effective
surface (m2/m3)

Ac
are

Trickle125 Propene Polymer (PP) 200, 300, 450 125 60
Trickle100 Propene Polymer (PP) 200, 300, 450 100 55
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uniform and stable air flow for the evaporative cooling tests. The
schematic of the wind tunnel is depicted in Fig. 2. The apparatus
consisted of an air inlet and flow stabilization section, a test section
and an exit section. The air flow stabilizer consisted of a honeycomb
and four settling screens. The honeycomb removed swirl and lateral
velocity from the air flow. The settling screens further improved
flow uniformity and steadiness. The contraction kept the stream
uniform while decreasing the area to a 1000 mm � 1000 mm cross
section. The test section had a 1000 mm � 1000 mm cross section
that was 6000 mm long. The test section was designed to
accommodate wetted-medium evaporative cooling with different
medium thicknesses; the section had transparent glass sides to
observe the water distribution and entrainment. The exit section
had a fan which was capable to drive air flow rate of 21 m3/s. The
fan was used during the tests to control the air velocity by changing
the RPM of the fan motor.

The water distribution system shown in Fig. 2 was also used by
Mannix [24]. The distribution pan with perforations at the bottom
was located at the top of the media to feed water to the media
more uniformly by gravity. During the tests, the water in the distri-
bution pan was kept at a constant level by cotton cloth filters at the
bottom of the distribution pan. The filters slowed down the water
flow and made the distribution more uniform. The water was fed
to the distribution pan through steel distribution pipes, 19 mm in
diameter with 2.5 mm holes 45 mm apart (the one-pipe system
was used for 200-mm-thick media; the two-pipe system was used
for 300- and 450-mm-thick media). The water from the distribu-
tion pan dripped down by gravity to wet the media uniformly.
Excess water was collected at the bottom of the media and stored
in the water tank. The water in the water tank was recirculated by
a 350 W water pump (PBC-350 Submersible Barrel Pump, Com-
mercial Electric, Victoria, Australia). The water flow rate was con-
trolled by a valve and monitored with a turbine flowmeter
(DigiFlow 6710M-44, Savant Electronic Inc., Taiwan) at 1.5–25 l/
min and accuracy of ±5%. To calibrate the flowmeter before the
tests, a stopwatch was used to measure the time required for the
distribution pipes to fill a container of known volume held at the
level where the distribution pipes normally ran.

2.3. Test procedure and instrumentation

Uniform and stable air flow was achieved after the air flow
stabilizer. Generally, the flow out of a contraction often takes a dis-
tance equivalent to about 0.5 diameter before the non-uniformity
Water flow

Air flow

rickle100

nd Trickle100.

tual surface
a (m2/m3)

Block dry
weight (kg/m3)

Channel opening
(mm)

Channel
structure

Void (%)

27 20 Cross flow >97
.7 26 25 Vertical >97
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is reduced below an acceptable level [25]. Thus, all the measure-
ments were started at 500 mm downstream from the contraction
end. The temperature and humidity of the inlet air were recorded
during the tests but not controlled. The sensors used in the tests
are given in Table 2. In Table 2, the inserted length refers to the
installed sensor height measured from the wind tunnel floor.
Upstream and downstream were benchmarked against the media.
Two velocity transmitters were used to increase the reliability of
the readings, and the average value was taken as the air velocity.
All thermistor probes were calibrated with Fluke Field Metrology
Table 2
Sensors used in the tests.

Measuring
parameter

Sensor type
and quantity

Model and manufacturer

Static pressure drop
across the media

2 Pitot tubes Pitot tubes: Series 160–24, Dwyer
Instruments, Inc., Indiana, USA
Differential pressure transmitter: MS321,
Dwyer Instruments, Inc., Indiana, USA

Air velocity 2 Velocity
transmitters

FMA1001R-V2, OMEGA Engineering, INC.,
Connecticut, USA

Air inlet dry-bulb
temperature

3 Thermistor
probes

TJ36-44004-1/8-xx, OMEGA Engineering,
INC., Connecticut, USA

Air outlet dry-bulb
temperature

9 Thermistor
probes

TJ36-44004-1/8-xx, OMEGA Engineering,
INC., Connecticut, USA

Water temperature 2 Thermistor
probes

TJ36-44004-1/8-xx, OMEGA Engineering,
INC., Connecticut, USA

Air inlet humidity 1 Humidity
transmitter

EE-21-FT6-B51, E + E Elektronik Ges.m.b.H.,
Engerwitzdorf, Austria

Air outlet humidity 3 Humidity
transmitters

EE-21-FT6-B51, E + E Elektronik Ges.m.b.H.,
Engerwitzdorf, Austria
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Wells (Series 9142, Fluke Corporation, Washington, USA) before
the tests. The humidity transmitters were cross checked and cali-
brated with a Fluke 1620A Digital Thermometer-Hygrometer (Ser-
ies 1620A, Fluke Corporation, Washington, USA).

As described in Section 1, evaporative air cooling is to some
extent different from evaporative water cooling. The selection of
the test parameters is different as well. In the present study, the
air velocity range was 0.5–3.0 m/s to represent natural draft dry
cooling towers’ operation. The water flow rate depends on the
type of medium. For cellulose media, the manufacturer [26]
Range and
accuracy

Arrangement

Transmitter: 2 Pitot tubes: in the middle of the test section, one:
670 mm upstream, the other: 400 mm downstream

Range: 0–100 Pa Inserted length: 500 mm

Accuracy: ±1%

Range: 0–
5.08 m/s

Two: 670 mm upstream

Accuracy: 1.5%
full scale

Inserted length: 500 mm

Range: Max.
150 �C

Three: 1200 mm upstream and evenly installed across the
width of the test section

Accuracy:
±0.2 �C

Inserted length: 500 mm

Range: Max.
150 �C

Nine: 1700 mm downstream

Accuracy:
±0.2 �C

Measuring grid: section A–A in Fig. 2

Range: Max.
150 �C

One: distribution pan

Accuracy:±0.2 �C The other: water collector

Range: 0–
100%RH

One: 1200 mm upstream and in the middle of the test
section

Accuracy:±2%RH Inserted length: 200 mm

Range: 0–
100%RH

Three: 1700 mm downstream and evenly installed across
the width of the test section

Accuracy:
±2%RH

Inserted length: 200 mm
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recommended the water flow rates. For example, the water flow rate
for cellulose7060 with an actual surface area of 364.7 m2/m3 is rec-
ommended to be 62 l/min per m2 horizontal exposed surface area
[1]. For the two trickle media, the water flow rates were estimated
from cellulose7060 according to the proportional relation between
their actual surface areas. The water flow rate was estimated as
approximately 10 l/min per m2 horizontal exposed surface area for
Trickle125 and Trickle100. Half of this water flow rate (i.e., 5 l/
min/m2) was tested as well to investigate the effect of the water flow
rate.

All data were recorded on a computer-controlled data-acquisi-
tion system (UEI DNA-PPC8-1G, United Electronic Industries, Inc.,
Massachusetts, USA) and monitored once every 1 s. The media were
wetted before testing to ensure saturation [12,22,27,28]. At the
beginning of each test, the water flow was fixed. The initial air veloc-
ity of 0.5 m/s was maintained for 30 min and then increased by
0.5 m/s at each step up to a maximum of 3.0 m/s during the tests.
For each air velocity increment, at least a 10 min waiting period
was maintained to ensure equilibrium between the media and the
new air and water conditions. At each air speed, 120 data points
were recorded at equilibrium condition by all sensors at 2 min inter-
vals, and the average values were used in the data analysis.

The emergence of water entrainment off the medium was
detected with water-sensitive papers (Syngenta AG, Basel, Switzer-
land) at each air velocity increment. The dimensions of the sensi-
tive papers were 76 mm � 26 mm. The sensitive papers were put
400 mm downstream from the middle of the media and 570 mm
high from the wind tunnel floor. At each air velocity increment,
one water-sensitive paper faced the media to detect water entrain-
ment for 10 s exposure and then was taken out of the wind tunnel
for a visual assessment. At the next air velocity increment, a new
sensitive paper was used for detection.
3. Results and discussion

3.1. Pressure drop across the media

Franco et al. [12] used the method for correlating the pressure
drop proposed by Milosavljevic and Heikkilä [29] for the flows
involved in wet cooling towers. However, Franco et al.’s correla-
tions do not conform to the dimensional homogeneity between
Table 3
Constants in Eq. (3).

Description a

Trickle125 0.131
Trickle100 0.568
The combined correlation for Trickle125 and Trickle100 0.175
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Fig. 3. Measured pressure drops across three medium thicknesses at three water flow rat
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the two sides of the pressure drop equation. The pressure drop
across the medium is coupled to the loss coefficient (K) by Eq. (1).

Dp ¼ K
qau2

a

2
ð1Þ

K ¼ c1
Gw

Ga

� �
þ c2 ð2Þ

According to Kloppers and Kroger [30], the widely applied and
cited empirical relation for loss coefficient is Eq. (2). Eq. (2) consid-
ers only the effect of the water and air mass velocities. To consider
the effect of the medium geometry, a non-dimensional geometric
parameter (le/l) is added in the loss coefficient. Finally, Eq. (3) is
proposed through adding (le/l) in Eq. (2) by referring to Franco
et al.’s correlation and then substituting the new form of loss coef-
ficient into Eq. (1). The unit of q in Eq. (3) is different from G in the
empirical relation, but this difference is included in the empirical
constant c.

Dp ¼ a
le

l

� �b

1þ c
qw

qa

� �
qau2

a

2
ð3Þ

With the test results, the constants in Eq. (3), a, b and c, were deter-
mined by means of non-linear regression analysis, and the results
are given in Table 3.

The regression was performed across the entire medium thick-
ness, air flow and water flow ranges considered in the experimen-
tal study and the coefficients in Table 3 are a function of the
medium type only. The measured pressure drop across Trickle125
and Trickle100 is depicted in Fig. 3. In general, a greater pressure
drop is obtained with thicker media, which is in agreement with
previous studies [12,22]. This trend is clear in Fig. 3a, but the dif-
ference is small for the two small thicknesses of Trickle100, as
shown in Fig. 3b. The pressure drop increases with the increase
in air velocity; this is in accordance with the literature [12,28].
The effect of the water flows on the pressure drop is small in the
test range. Essentially, the largest impacts on the pressure drop
are due to the changes in air velocity and medium thickness, which
are similar to the results obtained by Gunhan et al. [12,31]. A com-
parison of Fig. 3a with b shows, in general, that the pressure drop
across Trickle125 is slightly larger than that across Trickle100 at
the same medium thickness and water flow rate. Comparing our
b c R2

�1.105 1657 0.976
�0.648 151 0.973
�1.002 1046 0.933
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test results with the pressure drops across cellulose corrugated
media provided by the manufacturer [26], the pressure drops
across Trickle125 or Trickle100 are lower. This meets our expecta-
tion of low pressure drops.
3.2. Cooling efficiency

To determine the performance of direct evaporative cooling of
air, the cooling efficiency is introduced here. The cooling efficiency
represents how close the exiting air gets to the state of saturation.
Its definition was given by Watt [32] as:

g ¼ Ta1 � Ta2

Ta1 � Twb
� 100% ð4Þ

Theoretically, evaporative cooling is adiabatic cooling; the air
dry-bulb temperature is decreased because it gives up sensible
heat, and the water vapor becomes part of the air and carries the
latent heat with it [32]. The sensible heat in the air is merely con-
verted to latent heat. However, the practical process is not ideal
adiabatic cooling. Mannix [24] pointed out that the two main
requirements of adiabatic cooling are perfect insulation and added
water at the dry-bulb temperature of the exiting air. Actually, the
added water should be at the wet-bulb temperature of the entering
air rather than the dry-bulb temperature [32,33]. These two
requirements are to make sure that the heat for water evaporation
is essentially from the air rather than the water or outside systems.
In this study, the water temperature, ambient temperature and
humidity were all uncontrolled. These factors affect how close
the experimental conditions are to adiabatic cooling. Although
the water is continuously recirculated in the system, the water
entrainment may affect the water temperature. When the water
temperature is above the wet-bulb temperature of the entering
air, water is evaporated to cool the air as well as the rest of the
water. More water is consumed because of its warm initial temper-
ature, and the cooled air produced is warmer and more moist than
that from true adiabatic cooling [32]. However, the amount of heat
absorbed from the unevaporated water is small since the water
flow rate is much smaller than the air flow rate. This means it will
not affect too much of the test results.

The cooling efficiency varies with the equipment design, condi-
tion and adjustment [32]. Koca et al. [22] found that the resulting
error in cooling efficiency depends on the ambient conditions
Table 4
Constants in Eq. (7).

Description b d n R2

Trickle125 1.610 0.976 0.422 0.975
Trickle100 1.540 1.149 0.317 0.949
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Fig. 4. The effect of the air velocity and the medium thickness on the cooling effic
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when the media are tested. However, the cooling efficiency itself
is not affected by weather conditions (i.e., the inlet air dry-bulb
temperature and humidity as in our tests), so long as the system
in question adequately exposes the water to air [32]. That is why
the manufacturer [26] gives the cooling efficiency of wetted media
without specifying the weather conditions. This is also proven by
our experimental study. The cooling efficiency can be also
expressed as a function of the heat transfer coefficient, air velocity,
medium geometric characteristics and air properties as [6,7,34]:

g ¼ 1� exp � hc n l
qa ua cpa

� �
ð5Þ

The water in trickle media forms small water droplets and sur-
face-wetting water films, which is unlike film media with water
films only. It is very difficult to find the actual heat transfer area
for trickle media. However, the empirical correlation for the con-
vective heat transfer coefficient for flows across the banks of tubes
or packed beds, widely applied and cited with the addition of the
non-dimensional geometric parameter (le/l) in the Nusselt number
correlation as in Eq. (6) [12,35,36], can be used to deduce the
cooling efficiency expression:

Nu ¼ a1
le

l

� �b1

RemPr1=3 ð6Þ

Substituting the heat transfer coefficient calculated from Eq. (6)
into Eq. (5), we get

g ¼ 1� exp �b
ld

un
a

 !
ð7Þ

where b ¼ a1Pr�2=3n2�m�b1t1�m, d ¼ 1� b1, n ¼ 1�m. The variation
in air properties is negligible within the evaporative cooling range.
Thus, , d and n are only a function of the medium type (i.e., the med-
ium material and configuration). Eq. (7) reflects that the factors
determining the cooling efficiency are medium thickness and air
velocity, which is in accordance with a previous study [34].
Eq. (7) can therefore be used to correlate the experimental data,
regardless of the water flow rate as long as the water is properly
distributed and the media are fully wetted (fully wetted means
there are no streaking and dry areas in the media). The regression
results are given in Table 4.

Fig. 4 gives the effect of the air velocity and the medium thick-
ness on the cooling efficiency of Trickle125 and Trickle100. The
cooling efficiency decreases with increasing air velocity and
increases with increasing medium thickness. This is in accordance
with the literature [12,22,28]. With the increase in air velocity, the
duration of air–water contact is shortened, and thus, there is inad-
equate time for the air to transfer heat and mass with the water,
lowering the cooling efficiency. In contrast, thicker media offer
more time and larger contact areas for heat and mass transfer
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iency of (a) Trickle125 and (b) Trickle100 (at water flow rate Q = 5 l/min/m2).
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Fig. 5. The effect of the water flow rate on the cooling efficiency of (a) the 200-mm-thick Trickle125 and (b) the 200-mm-thick Trickle100 (water flow rate Q is in the unit of
l/min/m2).
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and therefore improve the cooling efficiency. Comparing Fig. 4a
with b shows that Trickle125 provides slightly higher cooling effi-
ciency than Trickle100 at the same working conditions (e.g., same
air velocity and medium thickness).

Fig. 5 shows the effect of the water flow rates on the cooling effi-
ciency at the medium thickness of 200 mm. The effect is small at low
air velocities since the water was properly distributed and the
media were fully wetted during the tests. Similar results were
obtained by Franco and Mannix et al. [12,24]. This is of great impor-
tance, since we can reduce the water supplied to the media by pro-
viding flow rates that fully wet the media while the cooling
performance remains unchanged. This makes it possible to reduce
the designing pump power for wetting the media and to use less
water. However, Wang [37] suggested that in real applications,
the water flow is chosen to be 10–30 times the evaporation rate
not only to obtain a better wetted surface but also to wash away
debris deposited on the surface. Although low water flow rates have
the advantage of less pumping power, the risk of debris deposition
on the medium is raised. In contrast, high water flow rates can con-
tinually flush away the dirt, minerals or contaminants from the
medium and thus prolong the medium’s lifetime. Thus, a more
detailed study of the optimal water flow rate would be meaningful.
The difference in cooling efficiency at high air velocities is caused by
water entrainment, which will be discussed in detail in Section 3.4.

As discussed in Section 2.1, the effective surface is 125 m2/m3

for Trickle125 and 100 m2/m3 for Trickle100. From Section 3.1
and Section 3.2, we know that the pressure drop and the cooling
efficiency of Trickle125 are slightly greater than those of
Trickle100. It can be therefore concluded that media with large
effective surfaces provide high cooling efficiencies and high pres-
sure drops. This makes sense as a large effective surface offers a
large heat transfer area and thus high cooling efficiency, but the
air experiences more resistance. One cannot expect media with
high cooling efficiencies and low pressure drops: there is always
a balance between the cooling efficiency and the pressure drop
when selecting a particular medium for a specific application.

To take into account the cooling efficiency and the pressure
drop, a parameter named as benefit efficiency is introduced. In
evaporative cooling of air, the change in sensible heat is approxi-
mately (Qs), i.e.,

Q s ¼ macpa Ta1 � Ta2ð Þ ¼ qauaAfr

� �
cpa Ta1 � Twbð Þg ð8Þ

where g is the cooling efficiency defined in Eq. (4) and Afr = W � H is
the medium frontal area (i.e., the air flow area). The parasitic loss
due to the pressure drop through the media can be assessed with
Eq. (9):

P ¼ Dp
ma

qa
¼ Dpua Afr ð9Þ
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Finally, the benefit efficiency can be introduced as Eq. (10):

gbe ¼
Q s

P
¼ qacpa Ta1 � Twbð Þg

Dp
ð10Þ

The authors modeled evaporative pre-cooling of a 120 m high
natural draft dry cooling tower using the two trickle media; the
results are shown in Fig. 6. The simulation details can be found in
previous studies by He et al. [6,7]. The wetted media were charac-
terized using the correlations developed in Sections 3.1 and 3.2
(i.e., Eqs. (3) and (7)). In Fig. 6a, the air properties and the wetted
medium performance used to estimate the benefit efficiency
defined by Eq. (10) are coupled with the NDDCT performance. The
tower heat rejection rate in Fig. 6b, also known as the cooling capac-
ity, indicates the rate at which the cooling tower can dispose of heat.

Fig. 6a shows that the benefit efficiency of Trickle125 is close to
that of Trickle100. This is because the pressure drop and the cooling
efficiency of Trickle125 are just slightly higher than those of
Trickle100. This is shown in Fig. 6b, since at high ambient tempera-
tures, the improvement in the tower heat rejection due to pre-cool-
ing using the two trickle media is similar. Further discussions on the
tower heat rejection improvement can be found in Refs. [6,7].

3.3. Water evaporation rate

The water evaporation rate is very important, especially for the
applications constrained by water scarcity. This rate also gives
instructions for the pump and water storage design. The water
evaporation rate can be calculated from ma Xa2 � Xa1ð Þ. As the water
evaporation rate is related to the ambient temperature and humid-
ity, air velocity, and medium characteristics (e.g., medium type,
thickness, width and height) [12], the following equation is intro-
duced to predict the water evaporation rate:

mew ¼
maðXa2 � Xa1Þ

lðTa1 � Ta2Þ
� 3600 ð11Þ

where mew is in kg/(m h K), which indicates how much water evap-
orates per unit medium thickness per hour at unit temperature
reduction of the entering air. The air velocity, medium width and
height are included in the air mass flow rate as ma ¼ qaua W � Hð Þ.
The rate is multiplied by 3600 to convert seconds to hours.

Fig. 7 reports the calculated water evaporation rate of the two
media based on the test measurements. As the air velocity
increases, the rate of water evaporation increases. At a given air
velocity, the water evaporation rate of thinner media is higher than
their thicker counterparts. Comparing Fig. 7a with b, one can find
that the water evaporation rate for Trickle125 is slightly higher
than that for Trickle100 at the same medium thickness and air
velocity. One may concern the fact that the latent heat of water



10 15 20 25 30 35 40 45 500

2

4

6

8

10

12

14

16

Be
ne

fit
 e

ffi
ci

en
cy

, 1
02

Ambient temperature, oC

 Trickle125
 Trickle100

(a)

10 15 20 25 30 35 40 45 500

50

100

150

200

250

300

350

400

450

H
ea

t r
ej

ec
tio

n 
ra

te
, M

W

Ambient temperature, oC

 No pre-cooling
 Pre-cooling (Trickle125)
 Pre-cooling (Trickle100)

(b)

Fig. 6. The (a) benefit efficiency and (b) the heat rejection rate in a pre-cooled natural draft dry cooling tower (l = 0.30 m, RH = 20%, Q = 10 l/min/m2).

0.5 1.0 1.5 2.0 2.5 3.0 3.5
0

10

20

30

40

50

60

70

80

90

100

W
at

er
 e

va
po

ra
tio

n 
ra

te
, k

g/
(m

 h
 K

)

Air velocity, m/s

 200mm
 300mm
 450mm

(a) 

0.5 1.0 1.5 2.0 2.5 3.0 3.5
0

10

20

30

40

50

60

70

80

W
at

er
 e

va
po

ra
tio

n 
ra

te
, k

g/
(m

 h
 K

)

Air velocity, m/s

 200mm
 300mm
 450mm

(b) 

Fig. 7. Measured water evaporation rate of (a) Trickle125 and (b) Trickle100 (at water flow rate Q = 10 l/min/m2).
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evaporation at a given temperature is almost a constant, and thus,
the amount of evaporated water should be the same for the two
media at the same temperature reduction. This is in adiabatic cool-
ing. In practical cases, however, it is impossible to achieve ideal
adiabatic cooling. In non-adiabatic cooling cases, when the water
temperature is above the wet-bulb temperature of the entering
air, the water is evaporated to cool the air as well as the rest of
the water (or the unevaporated water) [32]. However, the amount
of heat absorbed from the unevaporated water is small since the
water flow rate is much smaller than the air flow rate. Therefore,
these results make sense since the portion of the water evapora-
tion for Trickle125, which does not cool the air but the unevapo-
rated water, may be slightly larger than that for Trickle100. In
addition, the water evaporation rate is also affected by the mass
transfer coefficient, the transfer area and the density difference
in water vapor [12].

3.4. Water entrainment off the media

Water entrainment off the media has been realized by research-
ers [27,31]. However, they did not go into detail about the method
they used to observe the water entrainment. This study used
water-sensitive papers to detect water entrainment at each test
increment (including the air velocity increment and water flow
rate increment), which can normally record droplets of larger than
50 lm [38]. The aim of the present study is to find the starting
value of the air velocity at which water entrainment occurs.

Water entrainment is important for pre-cooling NDDCTs. The
entrained water may be transported to the heat exchangers of
the cooling tower and thus produce a possible corrosion hazard
for the exchanger tubes and fins. In addition, the entrained water
may also fall to the ground and thus waste water and affect the
environment. Another fatal problem is the effect on cooling
73
performance. The wetted media are to provide large water–air con-
tact surface areas and to retard the contact time, but water entrain-
ment off the media weakens these functions and, as a result,
impairs the heat and mass transfer and then lowers the cooling
efficiency. This is reflected in Fig. 5 as the cooling efficiency at a
low water flow rate is lower than that at the high water flow rate
when the air velocities are high (large water entrainment exists at
high air speeds). However, as discussed in Section 3.2, the effect of
the water flow rates on the cooling efficiency is small at low air
velocities since the water entrainment is not severe. Water
entrainment is a reflection of the medium’s ability to retain water.
If the media can retain a certain amount of water at a given air
velocity, more water is entrained at a high water flow rate [33],
more water contacts with the air (the entrained water is usually
water droplets) and thus, the cooling efficiency is high. This is dif-
ferent from the case when the water forms small water droplets
and surface-wetting water films in the trickle media in the no
entrainment condition.

In Figs. 8 and 9, the water-sensitive papers are compared after
exposure at different test conditions. ImageJ software was used
to count the droplets. In Fig. 8, a comparison of the water-sensitive
papers after exposure to Trickle125 and Trickle100 at three differ-
ent thicknesses is shown. Essentially, the water entrainment off
the media is affected by system design, installation, operation
and maintenance, etc. [33,39]. In the present study, water entrain-
ment is affected by the medium type, medium installation (e.g.,
sealing situation, distortion of medium), and the variance in the
water distribution system (the one-pipe system and two-pipe sys-
tem may cause some differences), the impossibility of perfectly
uniform air flow through the media and fully wetted media. There-
fore, it is difficult to draw firm conclusions from Fig. 8. However, it
brings some starting points for the study of water entrainment. The
significant difference in the number of water droplets between
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Fig. 8. Sensitive papers after exposure to water entrainment at Q = 5 l/min/m2 (a) 200 mm Trickle125, ua = 1.61 m/s; (b) 200 mm Trickle100, ua = 1.56 m/s; (c) 300 mm
Trickle125, ua = 1.61 m/s; (d) 300 mm Trickle100, ua = 1.62 m/s; (e) 450 mm Trickle125, ua = 1.43 m/s; (f) 450 mm Trickle100, ua = 1.70 m/s.
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Fig. 9. Sensitive papers after exposure to water entrainment for 300 mm Trickle125 at Q = 5 l/min/m2 (a) ua = 0.51 m/s; (b) ua = 1.14 m/s; (c) ua = 1.61 m/s; (d) ua = 2.14 m/s;
(e) ua = 2.58 m/s; (f) ua = 3.13 m/s.
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Fig. 8e and f may be caused by the difference in air velocity and, of
course, the medium type.

Fig. 9 compares the water-sensitive papers after exposure to 300-
mm-thick Trickle125 at different velocities. In this case, the water
entrainment can be assumed to be affected by only the air velocity
since the other influencing factors (e.g., medium type, medium
installation and water distribution system) are almost the same.
Generally, the water entrainment becomes severe as the air velocity
increases. Although the droplet number in Fig. 9e shows a sudden
drop, the droplet size always follows an increasing trend. The water
entrainment is negligible at air velocity of 0.51 m/s as shown in
Fig. 9a. Generally, the water entrainment is negligible at air velocity
of 0.50 m/s for the two studied media at all tested thicknesses.

The above results provide a useful overview and starting point
for studying water entrainment. However, further study of water
entrainment using a phase Doppler particle analyzer (PDPA) to
measure the entrained droplet size is highly recommended.
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3.5. Uncertainty analysis

The uncertainty was analyzed according to the ISO Guide [40].
The resulting uncertainty of the test measurements is given in
Table 5.

The ambient condition is an important factor in obtaining accu-
rate results of cooling efficiency [22]. Taking the example of the
450-mm-thick Trickle100 with inlet air dry-bulb temperature of
24.9 �C, inlet relative humidity of 40.8% and outlet air dry-bulb
temperature of 21.0 �C, the uncertainty of the cooling efficiency
is estimated to be ±1.0% at 44.4% efficiency. The same ambient con-
dition as the cooling efficiency with inlet water temperature of
17.6 �C at air velocity of 1.15 m/s, the uncertainty of water evapo-
ration rate is estimated conservatively to be ±0.3 kg/(m h K) at
4.1 kg/(m h K), with RH1 = 40.8% and RH2 = 63.6%. The above
reported uncertainties are based on the standard deviation of
measurement.



Table 5
Uncertainty analysis of test measurements.

Parameter Test range Sensor
accuracy

Max. standard
deviation

Air inlet temperature, Ta1 18.7–30.0 �C ±0.2 �C 0.2 �C
Air outlet temperature, Ta2 18.0–24.6 �C ±0.2 �C 0.2 �C
Air inlet humidity, RH1 22.3–82.1%RH ±2%RH 1.1%RH
Air outlet humidity, RH2 41.9–92.2%RH ±2%RH 1.2%RH
Air velocity, ua 0.49–3.25 m/s 1.5% full scale 0.12 m/s
Water inlet temperature, Tw1 17.2–23.6 �C ±0.2 �C 0.05 �C
Water outlet temperature, Tw2 16.2–19.8 �C ±0.2 �C 0.11 �C
Pressure drop, Dp 0.6–50.0 Pa ±1% 1.7 Pa
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4. Conclusions

Cooling efficiency and pressure drop correlations for the studied
media were developed by experimental studies. The new devel-
oped correlations represent the test data well and can be used to
predict the performance of evaporative cooling using such media.

Generally, high pressure drops are obtained with thick media
and high air speeds. The effect of water flow rates on pressure
drops is small within the test range. The largest impacts on pres-
sure drop are due to the changes in the air velocity and the med-
ium thickness. The cooling efficiency decreases as the air velocity
increases but increases as the thickness of the medium increases.
The effect of the water flow rates on the cooling efficiency is neg-
ligible at low air velocities since the water is properly distributed
and the media are fully wetted. However, differences in cooling
efficiency exist at high air speeds, which are due to water entrain-
ment off the media.

Within the test ranges, the pressure drops for Trickle125 and
Trickle100 were 0.7–50 Pa and 0.6–41.6 Pa, respectively. The cool-
ing efficiencies for Trickle125 and Trickle100 fell within 15.7–
55.1% and 11–44.4%, respectively. Consequently, Trickle125 with
the larger effective surface provided higher cooling efficiencies
and pressure drops compared with Trickle100. There is a balance
between the pressure drop and the cooling efficiency during the
selection of a medium for a specific application. The water entrain-
ment off the media is affected by system design, installation, oper-
ation and maintenance. Both media had severe water entrainment
at large air velocities.

The two tested trickle media have been proven to have rela-
tively low pressure drops. The air flow rate in an NDDCT is con-
strained by the balance between the driving force and various
flow resistances. The pressure drop of the medium contributes to
the flow resistances, and therefore, the relatively low pressure
drop of trickle media is attractive for this pre-cooling application.
However, care must be taken since water entrainment starts at
very low air velocities. Further studies are necessary to quantify
the droplet size of entrained water, to simulate a pre-cooled
NDDCT using the studied media aiming to further investigate the
changes in tower performance and to propose criteria for selecting
the medium and beyond.

Acknowledgements

This research was performed as part of the Australian Solar
Thermal Research Initiative (ASTRI), a project supported by the
Australian government. Suoying He would also like to thank the
China Scholarship Council (CSC) for their financial support. Special
thanks to our technical staff members Berto Di Pasquale and Dejan
Subaric for their support during the tests. The authors gratefully
acknowledge Hewitech GmbH & Co. KG (Ochtrup, Germany) for
supplying the trickle media.
75
References

[1] He S, Guan Z, Gurgenci H, Hooman K, Lu Y, Alkhedhair AM. Experimental study
of film media used for evaporative pre-cooling of air. Energy Convers Manage
2014;87:874–84.

[2] Liu G. Development of a general sustainability indicator for renewable energy
systems: a review. Renew Sust Energ Rev 2014;31:611–21.

[3] Lu Y, Guan Z, Gurgenci H, Zou Z. Windbreak walls reverse the negative effect of
crosswind in short natural draft dry cooling towers into a performance
enhancement. Int J Heat Mass Trans 2013;63:162–70.

[4] Zou Z, Guan Z, Gurgenci H. Optimization design of solar enhanced natural draft
dry cooling tower. Energy Convers Manage 2013;76:945–55.

[5] Alkhedhair A, Gurgenci H, Jahn I, Guan Z, He S. Numerical simulation of water
spray for pre-cooling of inlet air in natural draft dry cooling towers. Appl
Therm Eng 2013;61:416–24.

[6] He S, Gurgenci H, Guan Z, Alkhedhair AM. Pre-cooling with Munters media to
improve the performance of natural draft dry cooling towers. Appl Therm Eng
2013;53:67–77.

[7] He S, Guan Z, Gurgenci H, Jahn I, Lu Y, Alkhedhair AM. Influence of ambient
conditions and water flow on the performance of pre-cooled natural draft dry
cooling towers. Appl Therm Eng 2014;66:621–31.

[8] Kroger DG. Air-cooled heat exchangers and cooling towers: thermal-flow
performance evaluation and design, vol. 2. Tulsa, Oklahoma, USA: PennWell
Corp; 2004.

[9] Kutscher C, Costenaro D. Assessment of evaporative cooling enhancement
methods for air-cooled geothermal power plants, paper presented to
Geothermal Resources Council (GRC) Annual Meeting, Reno, Nevada, USA,
22–25th September 2002, p. 1–9.

[10] Woods J, Kozubal E. A desiccant-enhanced evaporative air conditioner:
numerical model and experiments. Energy Convers Manage 2013;65:208–20.
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CHAPTER 5: Hybrid Cooling Tower Simulations and Discussions 

CHAPTERs 3 and 4 reported the experimental studies of the four selected media. This 

chapter is to fulfill the Research Objectives 3 and 4, i.e., to simulate the operation of pre-

cooled natural draft dry cooling towers, to compare the tower performance alterations and to 

recommend the most promising wetted medium together with its performance characteristics.  

Two peer-reviewed journal papers are incorporated into this chapter. Paper 4 is to investigate 

the performance of hybrid cooling towers pre-cooled with three widely-used corrugated 

cellulose media. Paper 5 is the extension of Paper 4. In Paper 5, a simplified heat and mass 

transfer model in wetted media is developed, the model is then used to investigate the effects 

of the supplied water flow rates and ambient temperature and humidity on the performance of 

a hybrid cooling tower. Section 5.3 is to extend the simulations of hybrid cooling towers 

using the four tested wetted media, including Cellulose7060, PVC1200, Trickle125 and 

Trickle100. Finally, the most promising wetted medium together with its performance 

characteristics are recommended for this pre-cooling application. 

5.1 Paper 4: Pre-cooling with Munters Media to Improve the Performance of Natural 

Draft Dry Cooling Towers 

This paper has been published in Applied Thermal Engineering. The paper presents a 

simulation study on the pre-cooling of inlet air using corrugated cellulose media to enhance 

the performance of a NDDCT (Height: 120 m, designed heat rejection rate: 296 MW) on hot 

and dry days. A MATLAB code is developed to fulfil this task. The ambient humidity is kept 

constant at 30% while the ambient temperatures range from 10
o
 to 50 

o
C during simulations. 

The paper simulates the operations of the NDDCT at four different conditions, i.e., without 

pre-cooling, with pre-cooling by Cellulose7060, Cellulose7090 and Cellulose5090, 

respectively.  

The paper finds that the NDDCT can benefit from pre-cooling with wetted media when the 

ambient air is hot and dry, which is the case in most EGS geothermal and also concentrated 

solar thermal power plants proposed in Australia and the rest of the world. However, there is 

a critical ambient temperature below which the tower performance does not benefit but is 

hindered by wetted-medium pre-cooling. This critical temperature depends on many factors, 
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such as the tower specifications, air relative humidity, medium type and thickness. For the 

studied three media, the critical temperatures for 100, 150 and 200 mm thick Cellulose7060 

are 15
o
, 17

o
 and 20 

o
C; for 100, 150 and 200 mm thick Cellulose7090 are 24

o
, 28

o
 and 31 

o
C; 

for 75, 100 and 150 mm thick Cellulose5090 are 30
o
, 32

o
 and 36 

o
C, respectively. These 

critical temperatures are only valid for the proposed 120 m height NDDCT at ambient 

relative humidity of 30%. 

From the comparisons of Cellulose7060, Cellulose7090 and Cellulose5090, the paper 

concludes that Cellulose7060 is the most competitive medium for this pre-cooling 

application, followed by Cellulose7090 and Cellulose5090. However, whether they are viable 

for practical application requires further study. The impressive performance enhancement of 

the tower pre-cooled by Cellulose7060 is due to the good cooling performance and relatively 

low pressure drop of Cellulose7060. These two characteristics are important when 

considering other types of wetted media for the pre-cooling of NDDCTs.  
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This paper presents a simulation study on pre-cooling of inlet air using Munters media to enhance the
performance of a Natural Draft Dry Cooling Tower (NDDCT) on hot and dry days. The ambient humidity
was kept constant at 30% while the ambient temperature ranged from 10� to 50 �C during simulation.
Three Munters media (CELdek7060, CELdek7090 and CELdek5090), each with three thicknesses, were
employed to pre-cool the tower inlet air. Results show that NDDCT can benefit from pre-cooling with
wetted media when the ambient air is hot and dry. The trade-off between the air pressure drop across
the media and the benefit of evaporative pre-cooling of the inlet air was also examined. It was found that
there is a critical ambient temperature below which pre-cooling application does not benefit NDDCT
performance. The value of this critical temperature is a function of the tower design and the selection of
wetted media. Amongst the studied media, only the pre-cooling with 0.10 m and 0.15 m CELdek7060 is to
be useful in the studied case. The dependence of heat rejection improvement of the proposed tower on
medium thickness is weak. Besides, thicker medium does not necessarily bring more benefit.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Past studies of wetted media in thermal power plants have been
limited to wet cooling towers or forced-draft dry cooling towers.
This paper presents the first report on whether wetted media can
also be used to improve the performance of Natural Draft Dry
Cooling Towers (NDDCTs). As opposed to the case for forced-draft
towers, the answer is not trivial because of the complex trade-off
between the pressure drop and the heat transfer in the governing
equations of a Natural Draft Dry Cooling Tower (NDDCT), which is
a heat rejection device that creates the air flow through the heat
exchanger bundles by means of buoyancy effects due to the dif-
ference in air density between the inside and outside of the tower
[1,2]. NDDCTs do not consume water, have low maintenance
requirement and no parasitic losses. On the other hand, they are not
as effective as wet cooling towers in disposing of waste heat. Since
dry cooling towers rely mainly on convective heat transfer to reject
heat from the working fluid, rather than evaporation [3], their
performance is particularly reduced when the ambient air tem-
perature is high. The lowered heat disposal performance of dry
cooling towers will then impair the efficiency of the thermal power
All rights reserved.
3
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stations they are serving. For low-temperature binary-cycle geo-
thermal power plants, the drop in power output can be up to 50%
from winter to summer [4e6]. To make things worse, the loss of
power generating capacity occurs at the time of the day when the
electricity usually has a higher price. Therefore, any modification of
the cooling system that increases the power production during hot
periods offers a potential increase in revenue for the owner of the
power plants employing dry cooling towers.

Early studies found that hybrid cooling may be a cost-effective
solution. Among hybrid cooling options, the evaporative pre-
cooling (e.g., fogging cooling, wetted-media cooling and spray
cooling) and deluge cooling have received favourable consideration
because they introduce wet cooling without extra heat exchangers
and are always easy to install [4]. Deluge cooling has been found to
be most effective but also with the highest risk of heat exchanger
corrosion. Fogging and spray cooling also have the potential for
unevaporated droplets to impact heat exchanger fins and thus
create corrosion risk and need expensive water demineralisation
both to minimise corrosion and fouling and to prevent nozzle
clogging. When using wetted-media cooling, the sensibility to
water quality and corrosion of heat exchanger fins should not be an
issue in most situations [4,5].

Wetted-media cooling is presently applied in many fields
and shows good cooling performance. Some of the many uses
of wetted-media cooling are, evaporative cooler and cooling
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Nomenclature

Ae3 effective reduced flow area defined in text, m2

A3 inside cross-sectional flow area at elevation ➂, m2

A5 inside cross-sectional flow area at tower exit, m2

Aa total surface area on the air side, m2

Af fin area, m2

Aw total surface area on the water side, m2

ai,k empirical constant
b a parameter defined in text
C constant
cpa specific heat of air, J/(kg K)
cpw specific heat of water, J/(kg K)
dr fin root diameter, m
ef the effectiveness of the finned surface
FT LMTD correction factor
fD friction factor inside the tube defined in text
g gravitational acceleration, m/s2

ha air-side heat transfer coefficient, W/(m2 K)
hae effective heat transfer coefficient, W/(m2 K)
hcv volumetric heat transfer coefficient, W/(m3 K)
hw water-side heat transfer coefficient, W/(m2 K)
K loss coefficient
Kd the downstream loss coefficient
Kci inlet contraction loss coefficient ¼ 0.05
kf thermal conductivity of fin, W/(m K)
ka34 thermal conductivity of air at mean temperature

through the heat exchanger, W/(m K)
kw thermal conductivity of water, W/(m K)
Nuw Nusselt number of water, Nuw ¼ hwde/kw
Ny characteristic heat transfer parameter defined in text,

m�1

Prw Prandtl number of water, Prw ¼ mwcpw/kw
Pra34 Prandtl number of air at mean temperature through

the heat exchanger
Dpa pressure differential between the outside and inside of

the tower at the mean heat exchanger elevation, Pa
Dpmedium pressure drop across Munters media, Pa
Dpts, Kts pressure drop, loss coefficient at tower supports
Dpct,Kct pressure drop, loss coefficient due to separation and

redirection of flow at the lower edge of tower shell
Dphes, Khes pressure drop, loss coefficient at heat exchanger

supports
Dpctc, Kctc pressure drop, loss coefficient of contraction loss at

heat exchanger
Dphe, Khe pressure drop, loss coefficient due to form and

frictional losses at heat exchanger
Dpcte, Kcte pressure drop, loss coefficient of expansion loss at

heat exchanger

Dpto, Kto pressure drop, loss coefficient in kinetic energy at the
outlet of the tower

Rew Reynolds number of water, Rew ¼ rwuwde/mw
Ry characteristic flow parameter defined in text, m�1

Ta2 air dry-bulb temperature before Munters
pre-cooling, K

Twb2 air wet-bulb temperature before Munters
pre-cooling, K

Ta3 air dry-bulb temperature afterMunters pre-cooling, air
temperature before heat exchanger, K

DTlm log mean temperature difference, K
tf fin thickness(mean), m
1/(UA) overall thermal resistance, K/W
ua air velocity, m/s
uw average water velocity in heat exchanger tubes, m/s
wa2, wa3 air relative humidity before and after Munters pre-

cooling, %
LMTD Log Mean Temperature Difference
NDDCT Natural Draft Dry Cooling Tower
NDDCTs Natural Draft Dry Cooling Towers

Greek symbols
d medium thickness, m
ε/de relative surface roughness
h cooling efficiency, %
hf fin efficiency
htb correction factor defined in text
qm the mean flow incidence angle defined in text
ma34 dynamic viscosity of air at mean temperature through

the heat exchanger, kg/(ms)
mw dynamic viscosity of water, kg/(ms)
ra air density, kg/m3

ra1 the air density outside the tower at the elevation of the
heat exchanger, kg/m3

ra3 the air density inside the tower at the entrance of the
heat exchanger, kg/m3

ra4 the air density inside the tower at the exit of the heat
exchanger, kg/m3

ra34 the mean air density through the heat exchanger,
kg/m3

ra5 the air density at tower exit, kg/m3

ra6 the ambient air density at elevation ➅, kg/m3

rw density of water, kg/m3

sc contraction ratio defined in text
s ratio of minimum to free stream flow area ¼ 0.433
4 a factor defined in text
4h, 4c dimensionless temperature changes of water and air
4cf dimensionless mean temperature difference
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ventilation system [7,8], greenhouse cooling [9], warehouse
cooling and product storage [10,11], nursery cooling [12], poul-
try, hog and livestock cooling [13,14], wet cooling tower [15], and
inlet air cooling of gas turbine [16]. The pressure drop intro-
duced by the wetted media is not a big issue for the above ap-
plications since fans are commonly used to drive the air flow. For
the pre-cooling application of NDDCTs, however, the additional
pressure drop will have a strong effect on the air mass flow rate
passing through the tower, which will then impair the heat
rejection. Therefore, there is a trade-off between the cooling
performance and pressure drop when using wetted media pre-
cooling.
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Although studies about wetted-media pre-cooling of air-cooled
thermal power plants have been conducted by some authors [4,5],
their studies were all focused on mechanical draft cooling towers
and they ignored the effect of the additional pressure drop on the
cooling performance of the towers. No research on the feasibility of
inlet air pre-cooling with wetted media for NDDCT performance
enhancement is available. As mentioned before, the pressure drop
introduced by the wetted media is not a big issue for mechanical
draft towers since fans are commonly used to drive the air flow. For
the pre-cooling application of NDDCTs, although pre-cooling de-
creases the inlet air temperature and thus improves heat rejection,
the additional pressure drop will have a strong effect on the air
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mass flow rate passing through the tower, which will then impair
the heat rejection. There is a trade-off between the cooling per-
formance and pressure drop. To this end, the present work takes
into account both evaporative cooling effect and pressure drop to
investigate pre-cooling with Munters media to enhance the per-
formance of a proposed 120 m height NDDCT during hot and dry
periods. The specific objectives are (1) to investigate the feasibility
of wetted-media pre-cooling of NDDCT, and (2) to study the effect
of medium type and thickness, and the ambient temperature on
tower heat rejection performance.
2. Model description

2.1. Munters media

It is widely acknowledged that wetted media are the most
important elements in wetted-media cooling systems [9,10,17].
Wettedmedia fulfil twomain functions. Firstly, they provide a large
contact surface for heat and mass exchange between the water and
air flows. Secondly, they delay the fall of water, ensuring that the
exchange process lasts longer [9,14,18e23]. The trials of wetted
media can be ranged from aspen, coconut and jute fibres [24,25], to
PVC plastic packings [17,26], honeycomb paper [27], CELdek rigid
media [28,29] and GLASdek rigid media [29e31]. In terms of water
formation, there are three main categories: splash, trickle and film
[15,18,32e35]. Among others, Munters media, a kind of film media,
are reported with high cooling performance but relatively low
pressure drop [9,36]. The low pressure drop is of critical importance
to NDDCT operation. Ancillary advantages over other media like
plastic fibres and aluminium media, include long service life and
relatively low costs [37]. To this end, three Munters media, CEL-
dek7060, CELdek7090 and CELdek5090, were investigated in this
study.

Munters CELdek is a high efficiency evaporative coolingmedium
that is engineered to provide maximum cooling, low pressure drop
and long life of reliable service [36]. An example of Munters CEL-
dek7090 is shown in Fig. 1. The name CELdek signifies that the
medium is of cellulose type. The numerical number 7 in the brand
name represents the flute height in mmwhile the number 90 is the
sum of the angles for air and water flows. The 60� flute carries
water to the air inlet side while the 30� flute is aligned with the
Fig. 1. CELdek7
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direction of air flow. The depth or thickness, width and height of
CELdek7090 in Fig. 1 are D, W and H, respectively.

The cooling efficiency is a key factor in determining the per-
formance of direct evaporative cooling system. It determines how
close the air gets to the state of saturation [38]. The definition of
cooling efficiency is given by J.R. Watt [7] as,

h ¼ Ta2 � Ta3
Ta2 � Twb2

� 100% (1)

Essentially, the cooling efficiency is a function of heat transfer
coefficient, air velocity, air properties, and wetted-media di-
mensions [23,29,39,40], i.e.,

h ¼ 1� exp
�
� hcvd
rauacpa

�
(2)

where hcv is the volumetric heat transfer coefficient in W/(m3 K),
which represents the thermal performance of the medium. The
impact of air properties on cooling efficiency is weak within
evaporative cooling range. Consequently, for a specific medium
with specific thickness, the cooling efficiency can reflect the heat
transfer characteristics to some extent.

The pressure drop introduced by the wetted media is also of
critical importance in NDDCT applications. It is critical because the
pressure drop will affect the air mass flow rate passing through the
tower. For a specific medium with specific thickness, the pressure
drop is a strong function of air velocity [9,14,22].

The cooling efficiency and pressure drop of CELdek7060, CEL-
dek7090 and CELdek5090 can be expressed by two polynomials,
the coefficients of which were determined using the manufac-
turer’s data [36],

h ¼ C1 þ C2ua þ C3u
2
a (3)

Dpmedium ¼ C4 þ C5ua þ C6u
2
a (4)

The values of the constant coefficients are given in Table 1.
2.2. Natural Draft Dry Cooling Tower

2.2.1. Specifications of the cooling tower and heat exchanger
A hyperbolic, natural-draft, dry-cooling tower pre-cooled with

Munters media is shown in Fig. 2. The heat exchanger uses
090 [36].



Table 1
Constant coefficients for Eqs. (3) and (4) determined using manufacturers’ data.

Medium type Medium thickness C1 C2 C3 C4 C5 C6

CELdek7060 0.1 m 82.13280 �14.36019 1.20981 �0.26030 0.26846 3.85382
0.15 m 92.60625 �12.13087 1.26988 �0.74349 0.48740 5.78613
0.2 m 97.30103 �9.39966 0.97149 �0.03898 �0.06552 8.15892

CELdek7090 0.1 m 86.98788 �9.81030 0.88389 2.73997 �3.13485 9.71698
0.15 m 94.96780 �6.03570 0.33128 0.00538 0.79106 13.19591
0.2 m 97.60379 �3.77368 0.15951 1.27790 �2.64333 19.53220

CELdek5090 0.075 m 89.18246 �6.79376 0.43790 �3.51512 4.18636 12.58608
0.1 m 95.41762 �5.31276 0.27365 �2.20109 3.54275 16.61083
0.15 m 99.16550 �2.17273 0.00856 �0.50229 1.37397 26.18378
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extruded bimetallic finned tubes. The heat exchanger bundles are
laid out horizontally at the inlet cross section of the tower and are
arranged in the form of A-frames placed in a radial pattern. The
density of the heated air inside the tower is less than the density
of the atmosphere outside the tower. Therefore, the pressure in-
side the tower is less than the external pressure at the same ele-
vation, which leads to the air flowing through the tower at a rate
constrained by the various flow resistances encountered, the
cooling tower dimensions, and the heat exchanger characteristics
[1].

The entire tower inlet area is covered with Munters media.
Water is distributed over the top of the media and drips down
by gravity to wet the media uniformly. Air passes through
Munters media to form a cross-flow heat and mass exchange
process. The water deposited on the media evaporates by
extracting its evaporation heat from the air stream and thus
cools the air. The pre-cooled air then flows through the heat
exchanger to cool the tube-side fluid coming from the thermal
power plant. The tower considered in this study has a height of
120 m, a typical height for NDDCTs used in thermal power
plants. The details of the tower and heat exchanger are sum-
marised in Table 2.

The design conditions of the proposed tower without pre-
cooling are given in Table 3.

2.2.2. Mathematical model of pre-cooled NDDCT

(1) Thermal analysis

The energy equations of the pre-cooled NDDCT as shown in
Fig. 2 are,
Fig. 2. NDDCT pre-cooled
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Q1 ¼ macpaðTa4 � Ta3Þ ¼ mwcpwðTwi � TwoÞ (5)
and it is possible to express the heat transfer rate in terms of the
overall heat transfer coefficient given by Eq. (6).

Q2 ¼ UAFT ½ðTwi � Ta4Þ � ðTwo � Ta3Þ�
ln½ðTwi � Ta4Þ=ðTwo � Ta3Þ�

¼ UAFTDTlm (6)

where Ta3, corresponding to the heat exchanger inlet air tempera-
ture, can be calculated by the definition of cooling efficiency (refers
to Eqs. (1) and (3)). The air conditions at the elevation ➁ are the
atmospheric conditions. FT is LMTD correction factor to modify the
simple counterflow LMTD to crossflow cases, which is defined by
Eq. (7) according to Roetzel [15].

FT ¼ 1�
X4
i¼1

X4
k¼1

ai;k
�
1� 4cf

�k
sin

�
2i arctan

4h
4c

�
(7)

where 4h ¼ (Twi � Two)/(Twi � Ta3), 4c ¼ (Ta4 � Ta3)/(Twi � Ta3),
4cf ¼ (4h � 4c)/ln[(1 � 4c)/(1 � 4h)]. ai,k are the sixteen values of the
empirical constant for crossflow with four tube rows and two tube
passes, which can be cited from reference [15].

The overall thermal resistance is defined as,

1
UA

¼ 1
haef Aa

þ 1
hwAw

(8)

The other thermal resistances like the resistances due to the
tube wall, fouling, and the thermal contact resistance between the
tube and the fin were ignored in Eq. (8). The effectiveness of the
finned surface is ef ¼ 1 � Af(1 � hf)/Aa. The empirical method to
with Munters media.



Table 2
Specifications of the cooling tower and heat exchanger.

Heat exchanger specifications Cooling tower specifications

Hydraulic diameter of tube,
de ¼ 0.0216 m

Fin diameter, df ¼ 0.0572 m
Effective length of finned

tube, Lte ¼ 14.4 m
Number of tube rows, nr ¼ 4
Number of tubes per bundle,

ntb ¼ 154
Number of water passes,

nwp ¼ 2
Number of bundles, nb ¼ 142
Apex angle of A-frame, q ¼ 61.5/2
Inside area of tube per unit

length, Ati ¼ 0.0679 m2/m
Inside cross-sectional flow area,

Ats ¼ 3.664 � 10�4 m2

Total effective frontal area of
bundles, Afr ¼ 4444.6 m2

Tower height, H5 ¼ 120 m

Tower inlet height, H3 ¼ 13.67 m
Heat exchanger exit height,
H4 ¼ 15.54 m
Tower inlet diameter, d3 ¼ 83 m
Tower outlet diameter, d5 ¼ 58 m

Number of tower supports, nts ¼ 60

Length of tower support, Lts ¼ 15.78 m
Diameter of tower support, dts ¼ 0.5 m
Drag coefficient of tower support,
CDts ¼ 2.0
Thickness of the square-edged shell at
the inlet to the tower, ts ¼ 0.8 m
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determine the fin efficiency hf for a radial fin of uniform thickness is
described by Schmidt and Zeller [15] as,

hf ¼ tanhðbdr4=2Þ=ðbdr4=2Þ (9)

where b ¼ [2ha/(kftf)]0.5, 4¼(df/dr � 1)[1 þ 0.35ln(df/dr)].
Substitute Eq. (8) into Eq. (6), rearrange, define a new effective

heat transfer coefficient hae based on the air-side surface area, and
find

haef Aa ¼ haeAa ¼
�
FTDTlm
Q2

� 1
hwAw

��1

(10)

For most industrial finned surfaces, the effective heat transfer
coefficient may be defined through a heat transfer parameter. The
characteristic heat transfer parameter Ny was presented by Kroger
[15] as,

htbNy ¼ haeAa=
�
ka34AfrPr

0:333
a34

�
(11)

where htb ¼ ntb�actual/ntb�maximum is a correction factor to consider
the fact that it is not practical to install half-tubes at the bundle
ends in actual cooling tower installation. Z. Zou et al. [2,41] reported
that the air-side heat transfer coefficient hae, is a strong function of
heat exchanger type and geometry and air velocity. For the heat
exchanger employed in this study, the experimental correlation
reported by Kroger [15] was used in simulation:

Ny ¼ 383:617313Ry0:523761 (12)

Ry ¼ ma/(ma34Afr) is the characteristic flow parameter.
The water-side heat transfer coefficient hw, was determined by

the empirical correlation proposed by Gnielinski [15] as,
Table 3
Design conditions of the proposed tower without pre-cooling.

Items Values and units

The atmospheric pressure, Pa1 101.325 kPa
Ambient air temperature, Ta1 ¼ Ta2 293.15 K (20 �C)
Ambient air relative humidity, wa1 ¼ wa2 30%
Air mass flow rate, ma 10912 kg/s
Air temperature exit heat exchanger, Ta4 319.75 K (46.6 �C)
Hot water mass flow rate, mw 4390 kg/s
Hot water inlet temperature, Twi 333.15 K (60 �C)
Hot water outlet temperature, Two 317.05 K (43.9 �C)
Heat rejection rate, Q1 ¼ Q2 296 Mw
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Nuw ¼
ðfD=8ÞðRew � 1000ÞPrw

h
1þ ðde=LteÞ0:67

i

1þ 12:7ðfD=8Þ0:5
�
Pr0:67w � 1

� (13)

Eq. (13) is valid for 2300 < Rew < 106, 0.5 < Prw < 104, and
0 < de/Lte < 1. All the thermophysical properties were evaluated at
the bulk mean temperature of water. According to Haaland [15], the
friction factor fD inside the tube is,

fD ¼ 0:3086
�
log10

�
6:9
Rew

þ
�
ε=de
3:7

�1:11�	�2

(14)

The relative surface roughness of the studied finned tube, ε/de is
5.24 � 10�4.

(2) Pressure drop analysis

The draft equation balances the buoyancy against the total
pressure drop, i.e.,

Dpazðra1�ra4Þg½H5�ðH4þH3Þ=2� ¼
X

flowresistances (15)

The flow resistances include the pressure drop across wetted
medium Dpmedium; loss at tower supports Dpts; loss due to the
separation and redirection of flow at the lower edge of the tower
shell Dpct; loss at heat exchanger supports Dphes, this loss is gen-
erally negligible; contraction loss Dpctc, the frictional loss of heat
exchanger Dphe, and expansion loss at the heat exchanger Dpcte; the
flow is essentially isentropic from ➃ to ➄with a further loss Dpto in
kinetic energy at the outlet of the tower. Then, the right side of draft
equation can also be expressed as the following equation,

Dpa ¼ Dpmedium þ Dpts þ Dpct þ Dpctc þ Dphe þ Dpcte þ Dpto
(16)

The loss due to the heat exchanger supports is small and is
ignored in Eq. (16).

The pressure drop can also be expressed by Eq. (17),

Dpa ¼ Kðma=AÞ2=ð2raÞ (17)

Substitute Eq. (17) into Eq. (16) and find,

Dpa ¼Dpmedium þ ðKts þ Kct þ Kctc þ Khe þ KcteÞhe
�
�
ma=Afr

�2
=ð2ra34Þ þ Ktoðma=A5Þ2=ð2ra5Þ

(18)

where the subscript he represents that the corresponding loss co-
efficients are referred to the frontal area of the heat exchanger and
the mean density of the air flowing through it. The major compo-
nents of the total flow resistance are the pressure drop across the
wetted medium and the frictional loss due to the heat exchanger.
The pressure drop across the wetted medium Dpmedium, was cal-
culated by the correlation developed from Munters handbook
(Eq. (4)).

The loss coefficient at tower supports based on the conditions at
the heat exchanger, Kts, is given by Kroger [1] as,

Kts ¼ CDtsLtsdtsntsA2
fr

ðpd3H3Þ3
�
ra34
ra1

�
(19)

The cooling tower inlet loss coefficient referred to heat
exchanger conditions Kct is,

Kct ¼
h
0:072ðd3=H3Þ2�0:34ðd3=H3Þ þ 1:7

i ra34
ra3

�
Afr
A3

�2

(20)
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The contraction loss coefficient based on the conditions at the
heat exchanger Kctc is,

Kctc ¼
�
1� 2=sc þ 1=s2c

� ra34
ra3

�
Afr
Ae3

�2

(21)

The expansion loss coefficient based on the conditions at the
heat exchanger Kcte is,

Kcte ¼ ð1� Ae3=A3Þ
ra34
ra4

�
Afr
Ae3

�2

(22)

where the effective reduced flow area at the tower inlet cross
section is Ae3 ¼ Afrsin q. The contraction ratio sc is determined ac-
cording to Rouse [15],

sc ¼0:6144517þ 0:04566493ðAe3=A3Þ � 0:336651ðAe3=A3Þ2

þ 0:4082743ðAe3=A3Þ3þ2:672041ðAe3=A3Þ4�5:963169

� ðAe3=A3Þ5þ3:558944ðAe3=A3Þ6
(23)

For non-isothermal flow through an array of A-frames, just the
same as this study, the heat exchanger loss coefficient is [1,15],

Khe ¼
�
1383:94795
Ry0:332458

þ 2
s2

�
ra3�ra4
ra3þra4

�	
þ2ra4ð1=sinqm�1Þ

ra3þra4

�
��

1
sinqm

�1
�
þ2K0:5

ci

	
þ 2ra3Kd
ra3þra4

(24)

where Ry ¼ ma/(ma34Afr) is the characteristic flow parameter. The
mean flow incidence angle is qm¼ 0.0019q2þ 0.9133q� 3.1558. The
downstream loss coefficient Kd is given by Kotze [15] as Kd ¼
exp(5.488405 � 0.2131209q þ 3.533265 � 10�3q2 � 0.2901016 �
10�4q3).

For the hyperbolic tower with a cylindrical outlet, the tower
outlet loss coefficient Kto is,

Kto ¼ �0:28 Fr�1
D þ 0:04 Fr�1:5

D (25)

where FrD ¼ (ma/A5)2/[ra5(ra6 � ra5)gd5] is valid for 0.5 � d5/
d3 � 0.85, and

5 �
�
1383:94795
Ry0:332458

þ 2
s2

�
ra3 � ra4
ra3 þ ra4

�	
� 40:

The properties of moist air in energy and draft equations were
calculated according to references [1,42].
3. Numerical simulation

The values of air mass flow rate, water outlet temperature, air
outlet temperature and heat rejection rate, etc. can be found when
the energy and draft equations are satisfied. A MATLAB code was
developed to find these values by an iterative process. The iteration
procedure is summarised as follows.

Step1, a preliminary air mass flow ratema0 was predicted. It was
assumed that the tower was without Munters pre-cooling, and that
the cooling air leaving the heat exchanger was at a temperature
equal to the hot water inlet temperature. By neglecting all flow
resistances other than the losses due to the heat exchanger bundles,
a preliminary air mass flow rate ma0 passing through the tower
could be obtained.

Step2, calculating a new air mass flow rate ma1 used more rig-
orous draft equation. This time, all the losses were considered
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including the pressure drop across Munters media. After solving
the draft equation, a new value of air mass flow rate ma1 would be
found.

Step3, calculation of wetted-media evaporative cooling used the
new air mass flow ratema1. In this step, the correlations for cooling
efficiency and pressure drop were obtained from Munters hand-
book (Eqs. (3) and (4) combined with Table 1). The air temperature
after wetted-media cooling Ta3, was calculated by Eq. (1). The air
relative humidity after cooling wa3, was calculated according to
ASHRAE Handbook [42].

Step4, Step1 and Step2 were repeated using the new tempera-
ture Ta3 and humidity wa3 calculated in Step3. After calculations,
a new air mass flow rate ma2 was obtained. Then, recalculation of
wetted-media evaporative cooling used the new air mass flow rate
ma2 (repeating Step3).

Step5, it was then to make sure that the cooling efficiency and
pressure drop calculated in Step3 and Step4 were consistent. This
was finished by a period of iteration of Step4. After that, a closer air
mass flow rate ma could be found.

Step6, the energy equations were balanced by a period of iter-
ation. If the air mass flow rate ma found in Step5 could not satisfy
the energy equations, the air temperature leaving the heat
exchanger was reduced step by step to do iteration of Step1-Step5.

Finally, a value of air mass flow rate could be found that would
satisfy both the energy and draft equations. The heat rejection rate,
water outlet temperature, air outlet temperature, etc. would be
found simultaneously.

Fig. 3 is the flow chart for the iteration loops described above. i is
the iteration variable and n is the judgement of termination. During
simulation, iwas taken as 10�2 and nwas taken as 106 at first. After
jQ1 � Q2j < n; iwas reduced to 10�4 and nwas reduced to 104 to do
more accurate iterations. The MATLAB code was validated against
the results reported by Kroger [1] for no pre-cooling case.

4. Results and discussions

All results reported in this section were from the numerical
simulation described above. The wetted-media performance is
coupled with the tower performance but will be reported in two
separate sections.

4.1. The performance of Munters media

The results presented in this section correspond to the predicted
performance of Munters media when placed on the NDDCT inlet
section. The cooling efficiency and pressure drop across the media
are given in Figs. 4e6.

Fig. 4 demonstrates the changes in cooling efficiency and pres-
sure drop with the variation in ambient air temperature for CEL-
dek7060 at three different thicknesses. Thickermedia exhibit higher
cooling efficiency but also higher pressure drop, which is in agree-
ment with previous studies [9,14,22,29e31,43]. With the increase in
ambient air temperature, the cooling efficiency increases but the
pressure drop across the media decreases. This can be explained by
the fact that the air velocity passing through the media by natural
draft is decreased.With the increase in ambient air temperature, the
air density difference between the outside and inside of the tower at
the mean heat exchanger elevation will decrease, and thus the
driving buoyancy force that causes the air flow will decrease, low-
ering the air velocity. The lowered air velocity can provide more
time for heat and mass transfer between the water and air,
improving the cooling efficiency. On the contrary, the pressure drop
will decrease with the air velocity decreased [8,9,14,22,43].

Fig. 5 gives the changes in cooling efficiency and pressure drop
with the variation in ambient air temperature for CELdek7090 at



Fig. 3. Flow chart of the MATLAB code for the pre-cooled NDDCT model.

S. He et al. / Applied Thermal Engineering 53 (2013) 67e77 73
three different thicknesses. CELdek7090 shows the same trends as
CELdek7060, but it gives higher cooling efficiency and pressure
drop when compared with CELdek7060 at the same thickness.
Similar results were obtained by R.W. Koca et al. [43] and A. Franco
et al. [9].

Fig. 6 illustrates the changes in cooling efficiency and pressure
drop with the variation in ambient air temperature for CELdek5090
at three different thicknesses. Again, CELdek5090 exhibits the same
trends as CELdek7060 and CELdek7090. For the same medium
thickness, CELdek5090 offers the highest cooling efficiency and
pressure drop among the three types of media. This is in accordance
with literature [9,43].
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4.2. The tower performance

4.2.1. The effect of medium type
The effects of the three different types of wetted media,

namely CELdek7060, CELdek7090 and CELdek5090 on the
NDDCT performance were reported in this section. The ambient
temperature of 20 �C is the design point of the proposed tower.
For the sake of comparison, a benefit efficiency hbenefit is intro-
duced here.

hbenefit ¼ Qwp

Qnp
� 100% (26)

The benefit efficiency hbenefit is defined as the ratio of the heat
rejection with pre-cooling to the heat rejection without pre-
cooling. hbenefit > 1.0 reflects that the heat rejection rate of the
pre-cooled NDDCT is higher than that of the tower without pre-
cooling, which indicates that the pre-cooling with wetted media
can improve the tower performance.

The air mass flow rate and the benefit efficiency of the NDDCTs
are compared in Figs. 7 and 8 for the three different media con-
sidered in this study.

The changes in air mass flow rate of the towers with (0.10 m-
thick media), and without pre-cooling are given in Fig. 7a. The air
mass flow rate decreases with the increase in ambient temperature,
which is because the driving force (the buoyancy, which is due to
the air density difference resulting from the temperature difference
between the tower inside and outside air) is decreased at higher
ambient temperatures. This applies to the towers with or without
pre-cooling. Fig. 7a also illustrates that the incorporation of pre-
cooling into the proposed NDDCT, causes a further reduction in
the air mass flow rate due to the additional pressure drop asso-
ciated with the media. Since 0.1 m CELdek7060 has the lowest
pressure drop when compared with other media (as shown in
Figs. 4be6b), the tower pre-cooled with this medium offers the
highest air mass flow rate amongst the pre-cooled towers.

In terms of heat rejection (as is benefit efficiency shown in
Fig. 7b), although pre-cooling can decrease the inlet air tempera-
ture and thus improves heat rejection through Eq. (5), the addi-
tional pressure drop causes the drop in air mass flow rate and
therefore impairs heat rejection. That is why the heat rejection rate
of the pre-cooled NDDCT can be either higher or lower than that of
the tower without pre-cooling. As indicated in Figs. 4e6 that the
cooling efficiency is high and the pressure drop is low at high
ambient temperature, which means that pre-cooling will bring
more benefit. That is why the benefit efficiency increases with the
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ambient temperature increased. However, it is necessary to men-
tion that since both the air mass flow rate and the temperature
difference between the inlet air and the inlet water of the heat
exchanger decrease at higher ambient temperatures, the heat
rejection will also drop. Besides, there is a certain ambient tem-
perature value below which pre-cooling does not help the NDDCT
performance but hinders it. This critical temperature depends on
the tower and heat exchanger geometry, the medium type and
thickness, air relative humidity, etc. For the NDDCT considered in
this study and for 0.10 m-thick applications of CELdek7060, CEL-
dek7090 and CELdek5090, the critical temperatures are 15�, 24�,
and 32 �C, respectively. On the whole, CELdek7060 has the most
beneficial effect among the three media considered.

Both the air mass flow rate and benefit efficiency shown in Fig. 8
have the same trends as those shown in Fig. 7, but the critical
temperatures for 0.15 m-thick applications of CELdek7060 is 17 �C,
CELdek7090 is 28 �C and CELdek5090 is 36 �C.

4.2.2. The effect of medium thickness
The air mass flow rate and benefit efficiency of the towers are

compared in Figs. 9e11 for the three different thicknesses consid-
ered in this study.

Fig. 9a shows that for CELdek7060, the thinnest thickness offers
the highest air mass flow rate, which is due to its lowest pressure
drop (see Fig. 4b). In terms of heat rejection (as is benefit efficiency
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shown in Fig. 9b), there is no much difference between different
thickness applications. That is to say, the dependence of heat
rejection improvement on wetted-media thickness is weak. The
critical ambient temperatures needed for pre-cooling starting
helping the tower performance are 15 �C for 0.10 m,17 �C for 0.15m
and 20 �C for 0.20 m CELdek7060.

Fig. 10 for CELdek7090 shows a similar trend. Another point we
can find in Fig. 10b is that thicker medium does not necessarily
bring more benefit. This is because thicker medium offers higher
cooling efficiency but also higher pressure drop (see Figs. 4e6), and
there is a trade-off between the cooling performance and pressure
drop. The critical ambient temperatures are 24 �C for 0.10 m, 28 �C
for 0.15 m and 31 �C for 0.20 m applications.

The material CELdek5090 displays a similar trend as shown in
Fig. 11. Again, it is shown in Fig. 11b that thicker medium does not
necessarily bring more benefit. The critical ambient temperatures
are approximately 30 �C for 0.075 m, 32 �C for 0.10 m and 36 �C for
0.15 m applications.

The results presented above are based on constant ambient
humidity of 30%. For real climatic conditions, the humidity may
exceed this value, and the benefit efficiencies will be lower than
that in Figs. 7be11b. The use of 30% humidity is because evapo-
rative pre-cooling technology is most suitable for hot and dry
conditions, and the pre-cooling option is proposed to operate only
during hot and dry periods. To this end, the water consumptionwill
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Fig. 8. The (a) air mass flow rate and (b) benefit efficiency of the NDDCTs (with 0.15 m-thick media pre-cooling).

a b

Fig. 7. The (a) air mass flow rate and (b) benefit efficiency of the NDDCTs (with 0.1m-thick media pre-cooling).
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Fig. 9. The (a) air mass flow rate and (b) benefit efficiency of the NDDCTs (with CELdek7060 pre-cooling).
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Fig. 10. The (a) air mass flow rate and (b) benefit efficiency of the NDDCTs (with CELdek7090 pre-cooling).
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Fig. 11. The (a) air mass flow rate and (b) benefit efficiency of the NDDCTs (with CELdek5090 pre-cooling).
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depend on the ambient conditions, specifications of the cooling
tower, wetted media, etc. For the case (a typical hot and dry day in
Charleville, Queensland, 100 m height NDDCT pre-cooled with
CELdek7060) reported by S.Y. He [44], the day-average water con-
sumption rate per MW heat rejection of the pre-cooled tower
consumes approximately half of the wet cooling tower water
consumption. This is a big deal for the plants at dry locations where
wet cooling is infeasible.

5. Conclusions

This is the first study of wetted media in a NDDCT application.
The study investigated pre-cooling with Munters media to enhance
the performance of a proposed NDDCT during hot and dry periods.
A MATLAB code, which was validated against the case study
reported by Kroger, was developed to simulate the operation of
cooling towers with and without pre-cooling. Three types of
Munters media, each with three thicknesses, were considered. The
results show that NDDCT can benefit from pre-cooling with wetted
media when the ambient air is hot and dry, which is the case in
most EGS geothermal and also concentrated solar thermal power
plants proposed in Australia and USA.

There is a critical ambient temperature below which the tower
performance does not benefit but is hindered bywetted-media pre-
cooling. This critical temperature depends on many factors, like the
88
tower specifications, air relative humidity, medium type and
thickness. Specifically, the critical temperatures for 0.10 m, 0.15 m
and 0.20 m CELdek7060 are 15�, 17� and 20 �C; for 0.10 m, 0.15 m
and 0.20 m CELdek7090 are 24�, 28� and 31 �C; for 0.075 m, 0.10 m
and 0.15 m CELdek5090 are 30�, 32� and 36 �C, respectively. These
critical temperatures are only valid for the proposed 120 m height
NDDCT and ambient relative humidity of 30%. As the design con-
dition of the cooling tower is 20 �C, it can be concluded that only
the pre-cooling with 0.10 m and 0.15 m CELdek7060 is to be useful
in the studied case.

From the comparisons of CELdek7060, CELdek7090 and CEL-
dek5090, it could be concluded that CELdek7060 is the most
competitive one among the three studied media, followed by
CELdek7090 and CELdek5090. However, whether they are viable
for practical application requires further study. The favourable
performance of CELdek7060 is due to good cooling performance
(good heat and mass transfer characteristics), and relatively low
pressure drop. These two characteristics are important when
considering other types of wetted media for the pre-cooling of
NDDCT.

Moreover, the simulation revealed that the dependence of heat
rejection improvement on wetted-media thickness is weak.
Although the medium thickness can cause some differences in heat
rejection, the simulated differences were small. Besides, thicker
medium does not necessarily bring more benefit.
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5.2 Paper 5: Influence of Ambient Conditions and Water Flow on the Performance of 

Pre-cooled Natural Draft Dry Cooling Towers 

This paper has been published in Applied Thermal Engineering. In the paper, the widely-used 

heat and mass transfer model in wetted media is simplified. The simplified model is able to 

predict the air temperature and humidity after evaporative cooling. The model is then applied 

to simulate the operation of pre-cooled natural draft dry cooling towers using a validated 

MATLAB code. The effects of the water flow rates supplied to the media and the ambient 

conditions on the performance of pre-cooled NDDCTs are investigated in the paper.  

The paper finds the conclusions that: (1) The effect of water flow rates supplied to the media 

on the tower performance is negligible as the water flow rates are enough to fully wet the 

media; (2) Both the ambient temperature and humidity affect the tower performance; (3) 

NDDCTs benefit from wetted-medium pre-cooling when the ambient air is hot and dry, but 

the improvement declines quickly at increasing ambient humidity. Care must be taken in 

designing the pre-cooling systems for NDDCTs.  
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h i g h l i g h t s
� We develop a model to simulate wetted media and natural draft dry cooling tower.
� We examine the influence of ambient conditions and water flow on tower performance.
� The effect of water flow on tower performance is negligible.
� Dry cooling tower can benefit from pre-cooling when the ambient air is hot and dry.
� The water evaporation rate of pre-cooling is less than wet cooling tower.
a r t i c l e i n f o

Article history:
Received 16 August 2013
Accepted 26 February 2014
Available online 12 March 2014

Keywords:
Natural draft dry cooling tower
Cellulose medium
Heat rejection
Pressure drop
* Corresponding author. Tel./fax: þ61 7 3365 1268.
E-mail address: uqshe1@uq.edu.au (S. He).

http://dx.doi.org/10.1016/j.applthermaleng.2014.02.07
1359-4311/� 2014 Elsevier Ltd. All rights reserved.
a b s t r a c t

A simplified heat and mass transfer model in cellulose medium was developed to predict the air outlet
temperature and humidity after evaporative cooling. The model was used to simulate the operation of
pre-cooled Natural Draft Dry Cooling Towers (NDDCTs) by a validated MATLAB code. The effects of
supplied water flow rate to the media, ambient temperature and humidity on the performance of pre-
cooled NDDCTs were investigated. It was found that the effect of the selected water flow rates on
tower performance is negligible. Both ambient temperature and humidity affect the tower performance.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

A Natural Draft Dry Cooling Tower (NDDCT) creates the air flow
through the heat exchanger bundles by means of buoyancy effects
due to the difference in air density between the inside and outside
of the tower [1]. NDDCTs have received widespread attention
because they do not consume water, have low maintenance re-
quirements and cause small parasitic losses. Since NDDCTs rely
mainly on convective heat transfer to reject heat from the working
fluid, they are not as effective as wet cooling towers which can
achieve much higher rates of cooling by water evaporation [2]. The
performance of dry cooling is particularly reduced when the
ambient air temperature is high. Reduced cooling tower perfor-
mance lowers the efficiency of the thermal power stations they are
serving. Hybrid cooling may be a cost-effective solution by
0

91
limiting water consumption only to the periods when the ambient
temperatures are too high [3e5]. Hybrid cooling is the combina-
tion of dry and wet cooling. Kroger [3] reported that there are
many ways of combining dry and wet cooling, including deluge
enhancement, combinations of dry and wet cooling units, pre-
cooling the entering air by humidification. Rising energy costs,
together with water scarcity, urge the use of evaporative cooling
systems that are economical and highly water and energy efficient
[6,7].

Past research has focussed on hybrid cooling with mechanical
draft cooling towers. An earlier paper [8] by the present authors is
the first report of a study investigating the conditions under which
wetted-medium evaporative cooling can be used in NDDCTs. The
present paper expands that study by incorporating the effect of
water flow rate through wetted media as well as the effect of
ambient temperature and relative humidity on the cooling perfor-
mance of NDDCTs.

The objectives of this paper are threefold: (1) to develop amodel
to predict air outlet temperature and humidity after evaporative

mailto:uqshe1@uq.edu.au
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Nomenclature

A area, m2

Ae3 effective reduced flow area, m2

As heat and mass transfer area, m2

cp specific heat, J/(kg K)
d diameter, m
FT temperature correction factor
fD friction factor inside the tube
g gravitational acceleration, m/s2

H height, m
h heat transfer coefficient, W/(m2 K); enthalpy, J/kg
hae effective heat transfer coefficient, W/(m2 K)
hwb2 enthalpy of saturated water vapour at wet-bulb

temperature of the inlet air, J/kg
K loss coefficient
l medium thickness, m
le characteristic length, le ¼ V/As ¼ x�1, m
m mass flow rate, kg/s
Dp pressure drop, Pa
Q heat transfer rate, W
Q1, Q2 heat rejection rate, W
Qw water flow rate, m3/h
RH air relative humidity, %
T temperature, K
DT temperature difference, K
u velocity, m/s
1/(UA) overall thermal resistance, K/W
V volume of medium, m3

W medium width, m
w humidity ratio, kgw/kga

Non-dimensional groups
FrD densimetric Froude number defined in text
Nu Nusselt number, Nu ¼ (h le)/k
Nuw Nusselt number of water, Nuw ¼ (hwde)/kw
Ny characteristic heat transfer parameter, m�1

Pr Prandtl number, Pr ¼ y/a ¼ (m cp)/k
Re Reynolds number, Re ¼ (ua le)/y
Rew Reynolds number of water, Rew ¼ (rwuwde)/mw
Ry characteristic flow parameter, m�1

Greek symbols
a thermal diffusivity, m2/s
h cooling efficiency, %

htb correction factor
qm the mean flow incidence angle, �

k thermal conductivity, W/(m K)
m dynamic viscosity, kg/(m s)
y kinetic viscosity, m2/s
x specific surface area of medium, m2/m3

r density, kg/m3

s ratio of minimum to free stream flow area
sc contraction ratio
4cf dimensionless mean temperature difference
4h, 4c dimensionless temperature changes of water and air

Subscripts
1 the conditions at ground level
2 the conditions at the average height of tower inlet;

inlet or before pre-cooling
3 the conditions at the entrance of heat exchanger;

outlet or after pre-cooling
4 the conditions at the exit of heat exchanger
5 the conditions at the outlet of the tower
a air or based on air side; air dry bulb
ci inlet contraction
ct separation and redirection of flow at the lower edge of

tower shell
ctc contraction at heat exchanger
cte expansion at heat exchanger
d downstream
e evaporation; tube
f fin
fr total effective front of heat exchanger
he form and friction at heat exchanger
hes heat exchanger supports
hx heat exchanger
lm1, lm2 logarithmic mean
LV0 latent heat of vaporization evaluated at 0 �C
medium cellulose medium
mfr medium front
s sensible
to kinetic energy at the outlet of tower
ts tower supports
v saturated water vapour
w water or based on water side
wb wet bulb
wi, wo hot water inlet and outlet
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cooling and the water evaporation rate; (2) to determine the effects
of water flow rate through the medium and ambient conditions on
the pre-cooled NDDCT performance; (3) to investigate the water
evaporation of the wetted-medium evaporative pre-cooling sys-
tems. A simplified heat and mass transfer model in wetted media
was developed to predict the air outlet temperature and humidity
after evaporative cooling. The model was used to simulate the ef-
fects of pre-cooling systems on the NDDCT performance. The trade-
off between cooling performance and pressure drop was included.
The MATLAB code of NDDCT without pre-cooling system was
compared with the case study reported by Kroger [1] and found
good agreement. This validated MATLAB code was then adapted to
simulate the operation of the proposed tower with and without
pre-cooling.
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2. Configurations of pre-cooled NDDCT

2.1. Pre-cooled NDDCT

A hyperbolic, natural-draft, dry-cooling tower pre-cooled with
wetted medium packing is shown in Fig. 1, including the cross
section, top view of the cooling tower and partial magnification of
pre-cooling system. The wetted media considered in this study is
made of cellulose paper as can be found in commercial brand,
CELdek evaporative cooling pad. The media will be referred to as
cellulose media in the rest of the paper. The heat exchangers used
extruded bimetallic finned tubes. The heat exchanger bundles were
laid out horizontally at the lower end of the tower and were ar-
ranged in the form of A-frames placed in a radial pattern. The



Fig. 1. NDDCT pre-cooled with cellulose media (not to scale).

Table 1
Specifications of the cooling tower and heat exchanger.

Heat exchanger specifications Cooling tower specifications

Hydraulic diameter of tube, de ¼ 0.0216 m
Fin diameter, df ¼ 0.0572 m
Effective length of finned tube, Lte ¼ 14.4 m
Number of tube rows, nr ¼ 4
Number of tubes per bundle, ntb ¼ 154
Number of water passes, nwp ¼ 2
Number of bundles, nb ¼ 142
Apex angle of A-frame, q ¼ 61.5�/2
Inside area of tube per

unit length, Ati ¼ 0.0679 m2/m
Inside cross-sectional

flow area, Ats ¼ 3.664 � 10�4 m2

Total effective frontal
area of bundles, Afr ¼ 4444.6 m2

Tower height, H5 ¼ 120 m
Tower inlet height, H3 ¼ 13.67 m
Heat exchanger exit
height, H4 ¼ 15.54 m
Tower inlet diameter, d3 ¼ 83 m
Tower outlet diameter, d5 ¼ 58 m
Number of tower
supports, nts ¼ 60
Length of tower
support, Lts ¼ 15.78 m
Diameter of tower
support, dts ¼ 0.5 m
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density of the heated air inside tower was less than the density of
the atmosphere outside the tower. Therefore, the pressure inside
the tower was less than the external pressure at the same elevation,
which led to the air flowing through the tower at a rate constrained
by the various flow resistances encountered, the cooling tower
dimensions, and the heat exchanger characteristics [1].

In this configuration, the entire cylindrical shell inlet area of the
tower was covered with one layer of 100 mm thick cellulose media.
To cover the entire tower inlet area of 3091 m2 with cellulose piece
dimensions of 2.0 m height, 0.6 mwidth and 0.1 m thickness, 2639
cellulose pieces were put side by side to form a cylindrical shell
around the tower inlet and piled up to meet the height of the tower
inlet (see Fig. 1). The media are easy to cut to fit the corresponding
shape. The cost of media is estimated to be around $180,000 in 2012
Australian Dollars [9].

Water was distributed over the top of the media by distributor
and dripped down by gravity and capillarity to wet the media
uniformly. Excess water was collected at the bottom of the media
and recirculated by pump. Air passed through cellulose media to
form a cross-flow heat and mass exchange process. The water
deposited on the media evaporated by extracting its evaporation
heat from the air stream and thus cooled the air. The pre-cooled air
then flowed through the heat exchanger bundles to cool the tube-
side fluid coming from thermal power plant. The tower considered
in this study has a height of 120 m, a representative height for
NDDCTs used in thermal power plants. The details of the tower and
heat exchanger are summarised in Table 1.

The design conditions of the proposed tower without pre-
cooling are given in Table 2.

2.2. Cellulose media

Wetted-medium evaporative cooling is presently applied in
many fields and shows good cooling performance. Applications
include evaporative coolers and cooling ventilation systems [10,11],
greenhouse cooling [6], warehouse cooling and product storage
[12,13], nursery cooling [14], poultry, hog and livestock cooling
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[15,16], wet cooling towers in thermal power plants [3], and inlet
air cooling of gas turbines [17]. The above applications are proved to
be effective although the pressure drop introduced by wetted
media causes some parasitic losses. While pre-cooling the inlet air
of NDDCT, however, the additional pressure drop will have a strong
effect on the air flowing through the tower and therefore may
significantly impair tower heat rejection. There is a trade-off be-
tween cooling performance and pressure drop.

It is widely acknowledged that medium is the most important
element in wetted-medium cooling systems [6,12,18]. Wetted me-
dia fulfil two main functions. Firstly, they provide a large contact
surface for heat and mass exchange between water and air flows.
Secondly, they delay the fall of water, ensuring that the exchange
process lasts longer [6,19,20]. Cellulose medium is a high efficiency
evaporative cooling medium that is engineered to provide
maximum cooling, low pressure drop and long life of reliable ser-
vice [21]. The low pressure drop is of critical importance to NDDCT
operation. Usually, the cooling efficiency of cellulose media varies
from 70% to over 95%, depending on medium thickness and air
velocity [22]. The longevity of cellulose media can be even more



Table 2
Design conditions of the proposed tower without pre-cooling.

Items Values and units

The atmospheric pressure, Pa1 101.325 kPa
Ambient air temperature, Ta1 ¼ Ta2 293.15 K (20 �C)
Ambient air relative humidity, RH1 ¼ RH2 30%
Air mass flow rate, ma 10,912 kg/s
Air temperature exit heat exchanger, Ta4 319.75 K (46.6 �C)
Hot water mass flow rate, mw 4390 kg/s
Hot water inlet temperature, Twi 333.15 K (60 �C)
Hot water outlet temperature, Two 317.05 K (43.9 �C)
Heat rejection rate, Q1 ¼ Q2 296 MW
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than 10 years with proper maintenance [21e23]. To this end, a type
of cellulose medium was used in this study.

3. Numerical simulation

In Section 3.1.1, a simplified heat and mass transfer model in
wetted media was developed to predict the air outlet temperature
and humidity after evaporative cooling, and the water evaporation
rate. This model was used to develop a pre-cooled NDDCT model in
Section 3.1.2 with considering the trade-off between cooling per-
formance and pressure drop. A MATLAB code was developed in
Section 3.2 to simulate the operation of the proposed tower with
and without pre-cooling.

3.1. Mathematical models

3.1.1. Cellulose medium model
Heat and mass transfer coefficients and the pressure drop are

the main characteristics of cellulose medium for the purpose of the
present application. The heat and mass transfer processes in the
wetted-medium evaporative cooling system and a control volume
are demonstrated in Fig. 2. It was assumed that the medium was
wetted uniformly and fully; the transfer area for heat and mass
transfer was identical; both dry air and water vapour could be
treated as ideal gases; the thermal properties of air and water were
constant; the heat transfer from surroundings Qwas negligible; the
recirculating water temperature Tw was equal to the wet-bulb
temperature of the incoming air Twb2. Then, the mass balance of
the mixture of dry air and water vapour or the rate of water
evaporation is given by,

me ¼ mv3 �mv2 ¼ maðwa3 �wa2Þ (1)

and the energy balance is

ðmaha3 þmv3hv3Þ � ðmaha2 þmv2hv2Þ ¼ mehwb2 � Qs (2)
Fig. 2. Transfer process of evaporative co
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Theoretically, evaporative cooling is adiabatic cooling, the air
dry-bulb temperature is decreased because it gives up sensible
heat, and the water vapour becomes part of the air and carries the
latent heat with it [10]. In Eq. (2), Qs is the sensible heat given up by
the air and mehwb2 is the heat carried by the evaporated water
(including the latent heat of water vaporization and the energy of
liquid water).

Considering the equations in Table 3, the air outlet temperature
can be expressed as,

Ta3 ¼ Twb2 þ ðTa2 � Twb2Þexp
� �hxl
rauacpa

�
(7)

Similar form of air outlet dry-bulb temperature was obtained
and validated by J.M. Wu [24]. This study employed Eq. (7) to
predict the air outlet dry-bulb temperature. The air outlet humidity
was determined from air outlet dry-bulb temperature and wet-
bulb temperature (wet-bulb temperature kept constant during
adiabatic cooling), and then the water evaporation rate was
calculated from Eq. (1). To predict the air outlet temperature after
cooling using Eq. (7), one needs to know the heat transfer coeffi-
cient of the studied media. A. Franco [6] did experimental study of
different types of cellulose media in various conditions to develop
correlations for heat and mass transfer coefficients and pressure
drop, and gave the heat transfer coefficient bymeans of least square
fitting as,

Nu ¼ 0:172
�
le
l

�0:32

Re0:85Pr1=3; R2 ¼ 0:991 (8)

The properties in Eq. (8) are those of dry air at the average dry-
bulb temperature through wetted media. The definitions of non-
dimensional groups are given in Nomenclature. The characteristic
length in non-dimensional groups is le¼ V/As¼ x�1. The air velocity
is ua ¼ ma/(raAmfr).

The pressure drop introduced by wetted medium is also of
critical importance in NDDCT applications. It is critical because the
pressure drop will affect air flow passing through the tower. In this
study, the pressure drop was represented by the experimental
correlation developed by A. Franco [6].

Dpmedium ¼ 0:768
�
le
l

��0:469�
1þ Q1:139

w

�
u2a ; R2 ¼ 0:987 (9)

The medium geometry is represented by the non-dimensional
length, le/l. A. Franco [6] reported that Eq. (9) was adequate to
represent different medium geometries, and a correct value for the
non-dimensional length was used. The characteristics of cellulose
medium selected for this study are summarized in Table 4. The 60�
oling system and a control volume.



Table 3
Main equations used in the deduction of air outlet temperature.

Condition descriptions Equations

Ideal gas assumption and substituting
Eq. (1) into Eq. (2)

Qs ¼ macpaðTa2 � Ta3Þ þma½wa2ðhv2 � hwb2Þ �wa3ðhv3 � hwb2Þ� (3)

Ignore the small changes in specific
heat of water vapour

Qs ¼ macpaðTa2 � Ta3Þ þmacpv½wa2ðTa2 � Twb2Þ �wa3ðTa3 � Twb2Þ�; hv ¼ cpvTa þ hLV0 (4)

Humidity ratio is far less than one Qs ¼ macpaðTa2 � Ta3Þ (5)

Employing log mean temperature
difference

Qs ¼ hAsDTlm1; DTlm1 ¼ ðTa3 � Ta2Þ=½lnððTa3 � Twb2Þ=ðTa2 � Twb2ÞÞ�; As ¼ xV ¼ xAmfrl; ma ¼ rauaAmfr; Amfr ¼ W � H (6)
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flute carries water to the air inlet side while the 30� flute is aligned
with the direction of air flow.

The cooling efficiency is generally considered as the key factor in
determining the performance of direct evaporative cooling sys-
tems. It represents how close the exiting air gets to the state of
saturation [22]. The definition of cooling efficiency was given by J.R.
Watt [10] as,

h ¼ Ta2 � Ta3
Ta2 � Twb2

� 100% (10)

3.1.2. Pre-cooled NDDCT model

3.1.2.1 Thermal Analysis

In this section, the heat transfer in the heat exchanger of the
proposed NDDCT is analysed. The heat exchanger geometry is
already described in Table 1. The main equations and correlations
are listed in Table 5.

In Table 5, Q1 ¼ Q2 states that the heat transferred into the air
equals to the heat extracted from the water and this heat is trans-
ferred through the heat exchanger. The heat exchanger inlet air
temperature, Ta3, can be calculated by Eq. (7) combinedwith Eq. (8).
The air conditions at the elevation 2 are the atmospheric condi-
tions. ai,k in the expression of FT are the sixteen values of the
empirical constant for crossflow with four tube rows and two tube
passes, which can be found in Ref. [3] based on the heat exchanger
geometry in Table 1. In Eq. (14), the other thermal resistances like
the resistances due to the tube wall, fouling, and the thermal
contact resistance between the tube and the fin are ignored. The
effectiveness of finned surface is ef ¼ 1 � Af(1 � hf)/Aa. Schmidt and
Zeller’s empirical method to determine the fin efficiency hf for a
radial fin of uniform thickness as recommended by Kroger [3] was
used in this study. In Eq. (18), all the thermophysical properties are
evaluated at the bulk mean temperature of water. The friction
factor fD inside the tube was calculated according to Haaland’s
correlation [25].

3.1.2.2 Pressure Drop Analysis

In this section, the pressure drop of the pre-cooled NDDCT
is analysed. The main equations and correlations are listed in
Table 6.
Table 4
Characteristics of cellulose medium.

Medium
type

Medium
thickness

Angles Flute
height

Specific
surface
area

Cellulose
media

l ¼ 100 mm 60�e30� 7.5 mm x ¼ 361.516 m2/m3 [6]
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In Table 6, the draft equation balances the buoyancy forces
against the total pressure drop (or the sum of flow resistances)
across various components of the tower (see Eq. (19)). The flow
resistances include the pressure drop across the wetted medium
Dpmedium; loss at tower supports Dpts (Since cellulose media are
arranged in the form of a cylindrical shell around the tower inlet,
this loss is already accounted for by the pressure drop across cel-
lulose media); loss due to the separation and redirection of flow at
the lower edge of tower shell Dpct; loss at heat exchanger supports
Dphes, this loss is generally negligible; contraction loss Dpctc, the
frictional loss of heat exchanger Dphe, and expansion loss at heat
exchanger Dpcte; the flow is essentially isentropic from 4 to 5 with a
further loss Dpto in kinetic energy at the outlet of tower. In Eq. (21),
the subscript hx represents that the corresponding loss coefficients
are referred to the frontal area of heat exchanger and the mean
density of air flowing through it. The major components of the total
flow resistance are the pressure drop across wetted medium and
the frictional loss due to the heat exchanger. The pressure drop
across wetted medium Dpmedium, was calculated by the correlation
developed by A. Franco (Eq. (9)). In Eqs. (23) and (24), the effective
reduced flow area at tower inlet cross section is Ae3 ¼ Afrsin q. The
contraction ratio sc in Eq. (23) was determined according to Rouse’s
correlation [28].

3.2. Numerical method

The values of air mass flow rate, heat transfer coefficient and
pressure drop of cellulose media, heat rejection rate and water
evaporation rate can be found when the energy and draft equations
are satisfied. A MATLAB code was developed to find these values by
an iterative process. The fixed variables during iterationwere tower
specifications and heat exchanger specifications, hot water flow
rate, hot water inlet temperature, medium type and thickness. The
iteration variableswere air temperature exit the heat exchanger and
cooling efficiency. The iterationprocedure is summarised as follows.

Step 1, a preliminary air mass flow rate ma0 was estimated. It
was assumed that the tower was without cellulose pre-cooling,
and that the air leaving the heat exchanger was at a temperature
equal to the hot water inlet temperature. By neglecting all flow
resistances other than the losses due to the heat exchanger
bundles, a preliminary air mass flow rate ma0 passing through
the tower could be obtained.
Step 2, calculating a new air mass flow rate ma1 used more
rigorous draft equation. This time, all the losses were considered
including the pressure drop across cellulose media. After solving
the draft equation, a new value of air mass flow rate ma1 would
be found.
Step 3, calculation of wetted-medium evaporative cooling used
the newair mass flow ratema1. Since the properties in Eq. (8) are
those of dry air at the average dry-bulb temperature through
cellulose media, an initial cooling efficiency defined by Eq. (10)



Table 5
Main correlations used in thermal analysis.

Descriptions Equations, correlations, conditions and references

Energy equations Q1 ¼ macpaðTa4 � Ta3Þ ¼ mwcpwðTwi � TwoÞ (11)

Q2 ¼ ðUA FT½ðTwi � Ta4Þ � ðTwo � Ta3Þ�Þ=ðln½ðTwi � Ta4Þ=ðTwo � Ta3Þ�Þ ¼ UA FTDTlm2 (12)

Temperature correction factor
FT ¼ 1�

X4
i¼1

X4
k¼1

ai;k
�
1� 4cf

�k
sinð2i arctanð4h=4cÞÞ; 4h ¼ ðTwi � TwoÞ=ðTwi � Ta3Þ;

4c ¼ ðTa4 � Ta3Þ=ðTwi � Ta3Þ; 4cf ¼ ð4h � 4cÞ=ðln½ð1� 4cÞ=ð1� 4hÞ�Þ; Roetzel ½26� (13)

Overall thermal resistance 1=ðUAÞ ¼ 1=
�
haefAa

�
þ 1=ðhwAwÞ (14)

Effective air-side heat transfer coefficient
hae

haeAa ¼ haefAa ¼ ððFTDTlm2Þ=Q2 � 1=ðhwAwÞÞ�1 (15)

Characteristic heat transfer parameter Ny htbNy ¼ haeAa=
�
ka34AfrPr

0:333
a34

�
; htb ¼ ntb�actual=ntb�maximum; Kroger ½3� (16)

Ny ¼ 383:617313Ry0:523761; Ry ¼ ma=
�
ma34Afr

�
; Kroger ½3� (17)

Water-side heat transfer Nuw ¼
�
ðfD=8ÞðRew � 1000ÞPrw

h
1þ ðde=LteÞ0:67

i�
=
�
1þ 12:7ðfD=8Þ0:5

�
Pr0:67w � 1

��

2300 < Rew < 106; 0:5 < Prw < 104; and 0 < de=Lte < 1; Gnielinski ½27�
(18)

Tab
Ma

D

D

T

C

E

H

T
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was set as zero. The air dry-bulb temperature after cooling was
calculated according to Eq. (10), and the average dry-bulb
temperature was found. After that, the average dry-bulb tem-
perature was used to calculate the properties in Eq. (8) and the
heat transfer coefficient. Finally, the air outlet dry-bulb tem-
perature Ta3 (Eq. (7)), humidity wa3(humidity was determined
by air dry- and wet-bulb temperature according to ASHRAE
Handbook [29]), cooling efficiency (Eq. (10)) and pressure drop
(Eq. (9)) were calculated.
Step 4, Step 1 and Step 2 were repeated using the new tem-
perature Ta3 and humidity wa3 calculated in Step 3. After cal-
culations, a new air mass flow rate ma2 was obtained. The
wetted-medium evaporative cooling was recalculated using the
new air mass flow ratema2 (repeating Step 3) and new values of
cooling efficiency and pressure drop were found.
le 6
in correlations used in pressure drop analysis.

escriptions Equations, correlations, c

raft equations Dptotalzðra1 � ra4Þg½H5 �

Dptotal ¼ Dpmedium þ Dpc

Dptotal ¼ Dpmedium þ ðKc

ower inlet loss coefficient
Kct ¼

h
0:072ðd3=H3Þ2 � 0

ontraction loss coefficient
Kctc ¼

�
1� 2=sc þ 1=s2c

�

xpansion loss coefficient
Kcte ¼ ð1� Ae3=A3Þðra34=

eat exchanger loss coefficient Khe ¼
h�

1383:94795=Ry0:

ðra3 þ ra4Þ
h
ðð1=sin

Ry ¼ ma=
�
ma34Afr

�
; qm ¼

Kd ¼ expð5:488405� 0:2

ower outlet loss coefficient Kto ¼ �0:28Fr�1
D þ 0:04F

FrD ¼ ðma=A5Þ2=½ra5ðra6
5 � �

1383:94795
�
Ry0:332
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Step 5, it was then to make sure that the assumed cooling effi-
ciency in Step 3 was consistent with that calculated in Step 4,
and to check the consistency of pressure drop in Step 3 and Step
4. This was finished by a period of iteration of Step 4 with an
increase in the initial cooling efficiency by an iteration variable
in each iteration. After that, a closer air mass flow rate ma could
be found.
Step 6, the energy equations were balanced by a period of
iteration. If the air mass flow rate ma found in Step 5 could not
satisfy the energy equations, the air temperature leaving the
heat exchanger was reduced and Step 1eStep 5 were
reiterated.

Finally, a value of air mass flow rate could be found that would
satisfy both the energy and draft equations. Meanwhile, it was
onditions and references

ðH4 þ H3Þ=2� ¼
X

flow resistances (19)

t þ Dpctc þ Dphe þ Dpcte þ Dpto (20)

t þ Kctc þ Khe þ KcteÞhx
�
ma=Afr

�2
=ð2ra34Þ þ Ktoðma=A5Þ2=ð2ra5Þ (21)

:34ðd3=H3Þ þ 1:7
i
ðra34=ra3Þ

�
Afr=A3

�2
(22)

ðra34=ra3Þ
�
Afr=Ae3

�2
(23)

ra4Þ
�
Afr=Ae3

�2
(24)

332458
�
þ
�
2=s2

�
ððra3 � ra4Þ=ðra3 þ ra4ÞÞ

i
þ ð2ra4ð1=sin qm � 1ÞÞ=

qmÞ � 1Þ þ 2K0:5
ci

i
þ ð2ra3KdÞ=ðra3 þ ra4Þ

0:0019q2 þ 0:9133q� 3:1558

131209qþ 3:533265� 10�3q2 � 0:2901016� 10�4q3Þ; Kroger ½1; 3�

ð25Þ

r�1:5
D

� ra5Þgd5�; 0:5 � d5=d3 � 0:85

458 þ �
2
�
s2

	ððra3 � ra4Þ=ðra3 þ ra4ÞÞ

 � 40

(26)



Fig. 3. Flow chart of the MATLAB code for the pre-cooled NDDCT model.
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ensured that the assumed cooling efficiency in Step 3 was consis-
tent with that calculated in Step 4, and the pressure drop in Step 3
approached well to that in Step 4.

Fig. 3 is the flow chart for the iteration loops described above. i is
iteration variable and n is the judgement of termination. During
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simulation, iwas taken as 10�2 and nwas taken as 106 at first. After
jQ1 � Q2j < n; iwas reduced to 10�4 and nwas reduced to 104 to do
more accurate iterations. Since there is no wetted-medium pre-
cooling in use so far in NDDCTs, it was difficult to do a rigour
comparison with the measured NDDCT performance. However, the
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MATLAB code of NDDCT without pre-cooling systemwas compared
with the case study reported by Kroger [1] and found good agree-
ment. This validated MATLAB code was then adapted to simulate
the operation of the proposed tower with and without pre-cooling.
The thermodynamic parameters were calculated according to ref-
erences [1,29]. The meteorological effects were considered ac-
cording to Kroger’s book [1]. The wetted medium performance was
calculated according to our simplified model combined with A.
Franco’s correlations [6].

4. Results and discussions

The wetted medium used in the simulation was 100 mm thick
cellulose medium. The ambient temperature of 20 �C was the
design point of the proposed tower. All the results reported herein
were from the numerical simulation described above. The wetted
medium performance was coupled with the tower performance.

4.1. Wetted medium performance

The predicted performance of wetted media when placed in the
form of a cylindrical shell around the tower inlet is reported in this
section. The suppliedwater flow rates to themedia in A. Franco’s [6]
tests didn’t affect cooling efficiency and heat transfer coefficient as
the flow rates could fully wet the media (fully wetted medium
means there is no streaking and dry area in the medium) and were
more than the amount of evaporated water [6,30e32]. Therefore,
the heat transfer coefficient is only presented at supply water flow
rate of 0.128 l/s per m2 air face area. The pressure drop is presented
at twowater flow rates as water flow rate affects pressure drop (see
Eq. (9)).

For the studied cellulosemedium, within the studied air velocity
range, Fig. 4a shows that the heat transfer coefficient increases with
the increase in air velocity, this is in agreement with C.M. Liao and
R. Rawangkul [16,33,34] (see Eq. (8)). However, the heat transfer
will not increase for no limit since the water may be carried away
by air rather than evaporation at high air velocity, and the contact
time between water and air in wetted media is decreased. The ef-
fect of relative humidity on heat transfer coefficient is negligible in
Fig. 4a, which is because the effect of humidity on Nu, Re and Pr in
Eq. (8) is weak.

The pressure drop also increases with the air velocity increased
as shown in Fig. 4b (see Eq. (9)), which is in accordance with
literature [16,33e37]. The effect of relative humidity on pressure
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drop is weak. Increasing the water flow rate supplied to the media,
there is an increase in pressure drop for a given air velocity. Since
the increase inwater flow increases the sheet of water flowing over
the inside transfer surface, and therefore decreasing the volume for
air flow in the media, and as a result increases the pressure drop.

4.2. Tower performance

The pre-cooled NDDCT performance is reported in this section.
The air mass flow rate and the heat rejection rate of NDDCTs are
compared in Figs. 5 and 6.

The changes in air mass flow rate of the towers with, and
without pre-cooling at relative humidity of 20% and 60% are
depicted in Figs. 5a and 6a, respectively. The air mass flow rate
decreases with the increase in ambient temperature, which is
because the driving force (buoyancy, which is due to the air density
difference resulting from the temperature difference between the
tower inside and outside air, as Eq. (19)) is lower at higher ambient
temperatures. This applies to the towers with or without pre-
cooling. Figs. 5a and 6a also illustrate that the incorporation of
pre-cooling into the proposed NDDCT, causes a further reduction in
air mass flow rate due to the additional pressure drop associated
with the media.

As can be seen from Figs. 5a and 6a, the effect of supplied water
flow rate on air mass flow rate is negligible. This is due to two
reasons: (1) both the heat transfer coefficient and cooling efficiency
are insensitive to the supplied water flow rates as already stated in
Section 4.1; (2) the pressure drop increases slowly with increasing
water flow rate as shown in Fig. 4b. The small difference in pressure
drop caused by the changes in water flow is negligible when
compared with other pressure drops encountered in the studied
NDDCT (see Eq. (20) and Eq. (21)). These two reasons apply to the
heat rejection rate as well, making it insensitive to the supplied
water flow rates (as shown in Figs. 5b and 6b).

In terms of heat rejection, although pre-cooling decreases the
inlet air temperature of the heat exchanger and thus improves heat
rejection through Eq. (11), the additional pressure drop causes the
drop in air mass flow rate and therefore impairs heat rejection. That
is why heat rejection rate of the pre-cooled NDDCT can be either
higher or lower than that of the tower without pre-cooling. This
trend is very clear in Fig. 6b as the heat rejection rate of the pre-
cooled NDDCT is lower at cool temperature but higher at hot
temperature than that of the tower without pre-cooling. As evap-
orative cooling is more effective in hot and dry climates [6,16], this
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means that pre-cooling would work better at higher ambient
temperatures for a given humidity. This is demonstrated by the
simulation results plotted in Figs. 5b and 6b as pre-cooling im-
proves tower heat rejection at higher ambient temperatures.
However, it is necessary to mention that since both the air mass
flow rate and the temperature difference between the inlet air and
inlet water of the heat exchanger decrease at higher ambient
temperatures, the heat rejection of all the towers drops (as shown
in Figs. 5b and 6b). There is a critical ambient temperature value
below which pre-cooling does not help the NDDCT performance
but hinders it. This critical temperature depends on the tower and
heat exchanger geometry, medium type and thickness, air relative
humidity. For the 120m height NDDCTconsidered in this study and
for the 100 mm thick cellulose medium at all the water flow rates,
the critical temperatures are 14 �C and 31 �C at relative humidity of
20% and 60%, respectively (see Figs. 5b and 6b). Figs. 5b and 6b also
demonstrate that NDDCT can benefit from wetted-medium pre-
cooling when the ambient air is hot and dry (e.g., the tower heat
rejection improvement goes up to 33% at ambient temperature of
40 �C with 20% relative humidity), but the improvement declines
quickly at increasing humidity (e.g., only 7% improvement at
ambient temperature of 40 �C with 60% relative humidity).
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Comparing Figs. 5 with 6, one can find that the effect of relative
humidity on air mass flow rate is weak. However, relative humidity
affects the critical temperature to a large extent; the value of critical
temperature is higher when the ambient humidity is higher. This is
because relative humidity affects the air temperature to the heat
exchanger through evaporative cooling and then the tower heat
rejection through Eq. (11).

4.3. Water evaporation rate

The evaporation rates at water flow rates of 0.128 and 0.171 l/s
per m2 air face area are illustrated in Fig. 7.

Fig. 7 reflects that the water evaporation rate, at increasing
ambient temperature, experiences an increase and then a marginal
decline. For a given humidity, higher ambient temperature is more
beneficial for evaporative cooling, and thus larger humidity differ-
ence takes place. However, for NDDCT case, air flow is lower at
higher temperature as demonstrated in Figs. 5a and 6a. Since water
evaporation rate is the combination of air mass flow rate and hu-
midity difference (as shown in Eq. (1)), there is a trade-off between
them. The evaporation rates peak at ambient temperatures of 36 �C
for 20% humidity and 32 �C for 60% humidity at both water flow
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rates. Fig. 7 shows that thewater evaporation rate is higher at lower
humidity as evaporative cooling is more effective at hot and dry
conditions. The effect of water flow on water evaporation is
negligible.

The results presented above are based on ambient humidity of
20% and 60%. For real climatic conditions, the humidity may exceed
this value, and the heat rejection rates will be lower than that in
Figs. 5b and 6b. The average water consumption of pre-cooling
system will depend on the ambient conditions, specifications of
the cooling tower and type of wetted media. On a typical hot and
dry day in Charleville, Australia, a 100 m height NDDCT pre-cooled
with CELdek7060, as reported by S. He [38], the day-average water
consumption rate per MW heat rejection of the pre-cooled tower
was approximately half of the wet cooling tower water consump-
tion (The normal power output of the binary-cycle geothermal
power plant was 29 MWe, and the pre-cooling system was turned
on the whole day). This is a substantial benefit for plants in dry
regions where wet cooling is infeasible.

5. Conclusions

The main conclusions are:

� The effect of supplied water flow rates on tower performance is
negligible as long as the flow rates can fully wet the medium.

� Both the ambient temperature and humidity affect the tower
performance.

� Thewater evaporation rate of pre-cooling is less than that of wet
cooling tower.

� NDDCTs benefit from wetted-medium pre-cooling when
ambient air is hot and dry, but the improvement declines
quickly at increasing humidity. Care must be taken in designing
pre-cooling of NDDCTs.

Wetted-medium pre-cooling is an important consideration for
future EGS geothermal and concentrated solar thermal plants in
Australia and the rest of the world, most of which are expected to
be constructed in inland regions and dry climates.
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5.3 Hybrid Cooling Tower Simulations Using Tested Wetted Media 

Sections 5.1 and 5.2 presented the simulations of hybrid cooling towers using cellulose 

corrugated media. This section is to extend the simulations of hybrid cooling towers using the 

four tested media, including Cellulose7060, PVC1200, Trickle125 and Trickle100. 

Furthermore, the most promising wetted medium together with its performance 

characteristics will be recommended for this pre-cooling application.  

5.3.1 Wetted medium performance  

To simulate hybrid cooling towers using the four tested media, the medium performance is 

one of the key issues. This is why the works in CHAPTERs 3 and 4 are necessary. The 

characteristics of the four tested media are concluded in Table 3-1 in Section 3.1.2. Based on 

the experimental studies, the pressure drop data of Cellulose7060, PVC1200, Trickle125 and 

Trickle100 are correlated using Eq.(5-1). 
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(5-1)

 

The constants in Eq.(5-1), a, b and c were determined by means of non-linear regression of 

the test results. The regression results are summarized in Table 5-1. 

Table 5-1 Constants in Eq.(5-1). 

Description  a b c R
2
 

Cellulose7060 0.124 -1.038 1825 0.979 

PVC1200 0.566 -0.664 3191 0.995 

Trickle125  0.131 -1.105 1657 0.976 

Trickle100 0.568 -0.648 151 0.973 

The cooling efficiency data of the four media can be correlated using Eq.(5-2). 
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The constants in Eq.(5-2), , d and n were determined by means of non-linear regression of 

the test results. The regression results are listed in Table 5-2. 
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Table 5-2 Constants in Eq.(5-2). 

Description   d n R
2
 

Cellulose7060 6.785 0.952 0.232 0.993 

PVC1200 3.869 1.348 0.585 0.948 

Trickle125 1.610 0.976 0.422 0.975 

Trickle100 1.540 1.149 0.317 0.949 

The following simulations will use the above correlations of cooling efficiency and pressure 

drop to model the performance of wetted media. 

5.3.2 Hybrid cooling tower simulations 

The same cooling tower design as in Sections 5.1 and 5.2 is used in the following simulations. 

The mathematical model is the same as in Section 5.1. The wetted media are characterized 

using the correlations of cooling efficiency and pressure drop as specified in Section 5.3.1. 

The simulation results are reported below.  

5.3.2.1 Wetted medium performance 

The wetted medium performance is coupled with the tower performance but will be reported 

here for reference. The cooling efficiency and pressure drop of the wetted media when used 

to pre-cool the NDDCTs at medium thicknesses of 200 mm and 300 mm are presented in 

Figure 5-1 and Figure 5-2, respectively.  
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Figure 5-1 The (a) cooling efficiency and (b) pressure drop of wetted media when used to pre-cool the NDDCTs 

(RH=20%, l=200 mm, Q is water flow rate in l/min/m
2
). 
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Figure 5-2 The (a) cooling efficiency and (b) pressure drop of wetted media when used to pre-cool the NDDCTs 

(RH=20%, l=300 mm, Q is water flow rate in l/min/m
2
). 

As demonstrated in Figure 5-1 and Figure 5-2, for the same medium thickness, Cellulose7060 

provides the highest cooling efficiencies and pressure drops, followed by PVC1200, 

Trickle125 and Trickle100. The discussions of why the cooling efficiency increases with 

increasing ambient temperature while the pressure drop decreases with increasing ambient 

temperature can be found in Section 5.1 (i.e., the air velocity passing through the media by 

natural draft is decreased with the increase in ambient temperature). 

5.3.2.2 The effect of medium type on hybrid cooling tower performance 

In this section, the performance comparisons of the NDDCTs pre-cooled using the four tested 

wetted media are presented. In a NDDCT, the air mass flow rate that satisfies the energy and 

the draft equations is significantly important. The tower heat rejection rate, also known as the 

cooling capacity, indicates the rate at which the cooling tower can dispose of heat. The 

changes in the air mass flow rate and the heat rejection rate of the towers, with and without 

pre-cooling at medium thicknesses of 200mm and 300mm are compared in Figure 5-3 and 

Figure 5-4, respectively. 

10 15 20 25 30 35 40 45 50
0

2

4

6

8

10

12

14

16

A
ir

 m
a

s
s
 f
lo

w
 r

a
te

, 
1

0
3
k
g

/s

Ambient temperature, 
o
C

 No pre-cooling

 Cellulose7060, Q=62

 PVC1200, Q=39

 Trickle125, Q=10

 Trickle100, Q=10

(a)

   
10 15 20 25 30 35 40 45 50

0

50

100

150

200

250

300

350

400

450

H
e

a
t 
re

je
c
ti
o

n
 r

a
te

, 
M

W

Ambient temperature, 
o
C

 No pre-cooling

 Cellulose7060, Q=62

 PVC1200, Q=39

 Trickle125, Q=10

 Trickle100, Q=10

(b)

 

104



 

 

Figure 5-3 The (a) air mass flow rate and (b) heat rejection rate of the NDDCTs (RH=20%, l=200 mm, Q is 

water flow rate in l/min/m
2
). 
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Figure 5-4 The (a) air mass flow rate and (b) heat rejection rate of the NDDCTs (RH=20%, l=300 mm, Q is 

water flow rate in l/min/m
2
). 

As shown in Figure 5-3 and Figure 5-4 that the tower performance is improved by pre-

cooling only when the ambient temperatures are high enough. For the same medium 

thickness, the tower performance improvement by the Cellulose7060 at high ambient 

temperatures is the highest one, followed by PVC1200, Trickle125 and Trickle100 

(Trickle125 and Trickle100 have almost the same improvement). This is interesting as in 

Section 5.1, the author found that the Cellulose7060 is the most promising medium when 

compared with Cellulose7090 and Cellulose5090. Take a deep look at the medium 

performance, generally, for the proposed NDDCT and within the ambient temperature range 

of 10−50 
o
C, the pressure drop and cooling efficiency ranges of the media are summarized in 

Table 5-3.  

Table 5-3 Pressure drop and cooling efficiency comparisons. 

Level Medium type Pressure drop, Pa/m Pressure drop, Pa Cooling efficiency, % 

Low 

PVC1200 22.8−246.8  4.5−43.2  8.8−50.3 

Trickle125 17.4−124.1  4.3−48.9  19.1−50.4 

Trickle100 12.0−109.6  3.9−33.5  15.8−43.9 

Middle Cellulose7060 28.6−272.1  4.2−61.2  44.7−88.5 

High 
Cellulose7090 69.3−561.0  9.9−83.8  64.1−92.4 

Cellulose5090 110.3−964.0  12.1−98.3 71.2−95.9 

In Table 5-3, the pressure drop in Pa depends on the air velocity, medium thickness and to 

some extent on the water flow rate. The cooling efficiency is dependent on the air velocity 

and the medium thickness.  
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The Cellulose7060 has the lowest cooling efficiency and pressure drop when compared with 

Cellulose7090 and Cellulose5090, while it provides the highest cooling efficiency and 

pressure drop amongst PVC1200, Trickle125 and Trickle100. This means that the media with 

high or low cooling efficiencies and pressure drops are not promising for the pre-cooling 

application of the studied NDDCT. Those media with middle cooling efficiencies and 

pressure drops intend to produce much performance enhancement of the studied NDDCT and 

the Cellulose7060 is a representative of this kind of media.  

For the pre-cooling application of NDDCTs, the cooling efficiency intends to improve the 

tower heat rejection performance by reducing the tower inlet air temperature, while the extra 

pressure drop in reverse impairs the tower heat rejection performance through its contribution 

to the flow resistances (thereby reducing the air mass flow rate passing through the tower, 

e.g., Figures (a) in Figure 5-3 and Figure 5-4). Since the NDDCT is operated by the balance 

of both the energy and the draft equations, the cooling efficiency and the extra pressure drop 

are all crucial to the tower heat rejection performance. The media with high cooling 

efficiencies provide more cooling but also come with large resistances. The media with low 

pressure drops have the advantage of small resistances but produce less cooling. There is a 

saying that “Things will develop in the opposite direction when they become extreme”. The 

middle option may offer a good alternative. This trade-off between cooling efficiency and 

pressure drop can be reflected as Figure 5-5.  
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Figure 5-5 The trade-off between cooling efficiency and pressure drop of wetted media. 

Overall, the Cellulose7060 with the pressure drops of 28.6−272.1 Pa/m and the cooling 

efficiency range of 44.7−88.5% is most promising for the pre-cooling enhancement of the 

studied NDDCT. 
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5.3.2.3 The effect of medium thickness on hybrid cooling tower performance 

Simulation results of the effect of medium thickness on the pre-cooling performance of the 

NDDCTs are compared in Figure 5-6 to Figure 5-9. 

10 15 20 25 30 35 40 45 50
2

4

6

8

10

12

14

A
ir

 m
a

s
s
 f
lo

w
 r

a
te

, 
1

0
3
k
g

/s

Ambient temperature, 
o
C

 No pre-cooling

 0.10m Cellulose7060

 0.20m Cellulose7060

 0.30m Cellulose7060

(a)

   
10 15 20 25 30 35 40 45 50

50

100

150

200

250

300

350

400

450

H
e

a
t 
re

je
c
ti
o

n
 r

a
te

, 
M

W

Ambient temperature, 
o
C

 No pre-cooling

 0.10m Cellulose7060

 0.20m Cellulose7060

 0.30m Cellulose7060

(b)

 

Figure 5-6 The (a) air mass flow rate and (b) heat rejection rate of the NDDCTs pre-cooled with three 

thicknesses of Cellulose7060 (RH=20%, Q=62 l/min/m
2
).  
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Figure 5-7 The (a) air mass flow rate and (b) heat rejection rate of the NDDCTs pre-cooled with three 

thicknesses of PVC1200 (RH=20%, Q=39 l/min/m
2
).  
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Figure 5-8 The (a) air mass flow rate and (b) heat rejection rate of the NDDCTs pre-cooled with three 

thicknesses of Trickle125 (RH=20%, Q=10 l/min/m
2
).  
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Figure 5-9 The (a) air mass flow rate and (b) heat rejection rate of the NDDCTs pre-cooled with three 

thicknesses of Trickle100 (RH=20%, Q=10 l/min/m
2
).  

As can be seen from Figure 5-7 to Figure 5-9, for the PVC1200, Trickle125 and Trickle100, 

thicker media generally provide higher improvement of the tower heat rejection. However, 

Figure 5-6 for the Cellulose7060 illustrates that the improvement of the tower heat rejection 

is almost equivalent at medium thicknesses of 0.20 m and 0.30 m. If one conducts a 

comparison between these results and the findings in Section 5.1, the viewpoints have to 

come to the Figure 5-5 as already reached in Section 5.3.2.2. For the PVC1200, Trickle125 

and Trickle100, their performances are within the range of low to middle. As the increase in 

medium thickness gradually shifts the wetted-medium performance from the left to the 

middle in the Figure 5-5, and as a result, the tower performance improvement is raised. For 

the Cellulose7090 and Cellulose5090 studied in Section 5.1, their performances are within 

the range of middle to high. The increase in medium thickness shifts the wetted-medium 

performance from the middle to the right in the Figure 5-5, and therefore, the tower 

performance improvement is reduced. For the Cellulose7060, the medium performance is 

around the middle position, and the increase in medium thickness from 0.10 m to 0.20 m 

raises the tower performance improvement while the increase from 0.20 m to 0.30 m has 

negligible effect. 

5.3.2.4 The effect of water flow rate on hybrid cooling tower performance 

The effect of water flow rate on the performance of the pre-cooled NDDCTs is reported in 

Figure 5-10.  
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Figure 5-10 The (a) air mass flow rate and (b) heat rejection rate of the NDDCTs pre-cooled with 0.20 m 

Cellulose7060 (RH=20%, Q is in l/min/m
2
).  

Figure 5-10 for the Cellulose7060 demonstrates that the effect of the studied water flow rates 

on the air mass flow rate and the tower heat rejection rate is negligible. These findings apply 

to the PVC1200, Trickle125 and Trickle100 as well, and therefore only the simulation results 

of the Cellulose7060 are presented. These results are in agreement with the findings in 

Section 5.2. Further explanations of these findings can be found in Section 5.2. 

5.3.2.5 The effect of ambient humidity on hybrid cooling tower performance 

The effect of ambient humidity on the performance of the tower pre-cooled using the four 

tested wetted media are compared in Figure 5-11 to Figure 5-14. 
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Figure 5-11 The (a) air mass flow rate and (b) heat rejection rate of the NDDCTs pre-cooled with 0.20 m 

Cellulose7060 (Q=62 l/min/m
2
).  
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Figure 5-12 The (a) air mass flow rate and (b) heat rejection rate of the NDDCTs pre-cooled with 0.20 m 

PVC1200 (Q=39 l/min/m
2
).  
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Figure 5-13 The (a) air mass flow rate and (b) heat rejection rate of the NDDCTs pre-cooled with 0.20 m 

Trickle125 (Q=10 l/min/m
2
).  
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Figure 5-14 The (a) air mass flow rate and (b) heat rejection rate of the NDDCTs pre-cooled with 0.20 m 

Trickle100 (Q=10 l/min/m
2
).  

Since evaporative cooling is more effective in hot and dry climates, the tower performance 

improvement is more obvious at high ambient temperatures and low humidities as shown in 

Figure 5-11 to Figure 5-14. As already mentioned in Section 5.2, the relative humidity affects 

the critical temperature values below which the pre-cooling does not help the NDDCT 
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performance but hinders it. This means in this pre-cooling application, both the ambient 

temperature and humidity determine whether the pre-cooling assistance brings benefit. It is 

therefore recommended to install temperature and humidity sensors to monitor the ambient 

conditions to instruct the operation/shutdown of the pre-cooling system.  

The proposed wetted-medium evaporative pre-cooling system limits water consumption only 

to the periods when the system is used at high ambient temperatures. However, the wetted 

media create extra pressure drops in the air stream even when the pre-cooling system is not in 

use. As a result, it is beneficial to mount the wetted media on hinged doors so that the wetted 

media can be removed when not in use.  

5.4 Conclusions 

Section 5.3 draws the conclusion that the Cellulose7060 offers the highest performance 

improvement of the studied NDDCT when compared with the PVC1200, Trickle125, 

Trickle100 and even the Cellulose7090 and Cellulose5090. If one applies the benefit 

efficiency as introduced in Section 2.1, Figure 5-15 is generated.  
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Figure 5-15 Benefit efficiency of different wetted media at (a) l=0.15 m, RH=30% and (b) l=0.30 m, RH=20%. 

In Figure 5-15, the air properties and wetted-medium performance used to estimate the 

benefit efficiency are coupled with the NDDCT performance. It can be seen from Figure 5-15 

that the benefit efficiency of the Cellulose7060 is the highest one when compared with the 

other media. This is in accordance with the simulation results that the Cellulose7060 

produces the highest performance enhancement of the studied NDDCT. The good agreement 

between the benefit efficiency and the simulation results proves that the benefit efficiency is 

able to compare different types of wetted media for the pre-cooling application of NDDCTs. 
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The benefit efficiency is expected to be useful as a first filter to evaluate different wetted 

medium types or at least to differentiate between those suitable and unsuitable for the pre-

cooling of NDDCTs. 

In conclusion, the Cellulose7060 with the pressure drops of 28.6−272.1 Pa/m and the cooling 

efficiency range of 44.7−88.5% is most promising for the pre-cooling enhancement of the 

studied NDDCT. It is recommended to install temperature and humidity sensors to monitor 

the ambient conditions so as to instruct the operation/shutdown of the pre-cooling system. It 

is also suggested to mount the wetted media on hinged doors so that the wetted media can be 

removed when not in use.  
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CHAPTER 6: Summary and Future Work  

6.1 Summary  

The challenges to water scarcity and low performance of natural draft dry cooling towers 

during hot periods were dealt with by introducing wetted-medium evaporative pre-cooling. 

The present work can be distinguished from previous studies due to: (1) the trade-off between 

the cooling potential and the extra pressure drop was taken into account during all the 

analyses; (2) the wetted media designed for wet cooling tower uses were studied so as to 

fulfil the purpose of evaporative pre-cooling of air; (3) the performance characteristics (e.g., 

the data and correlations of cooling efficiency and pressure drop) of the studied wetted media 

were obtained; (4) the water sensitive papers were introduced to detect water entrainment off 

the media.  

An extensive literature review was conducted and the promising wetted media were selected 

for further study. Four wetted media, i.e., two film media (Cellulose7060 and PVC1200) and 

two trickle media (Trickle125 and Trickle100), were selected and were experimentally 

studied in UQ Gatton wind tunnel under different working conditions that represented the 

NDDCT’s operation. The medium performance correlations, i.e., the cooling efficiency, heat 

transfer coefficient and pressure drop, were obtained based on the experimental study. The 

tested media were then used to simulate the operation of pre-cooled NDDCTs to investigate 

the alterations of tower performance (A MATLAB program was developed to fulfil this task). 

Finally, the most promising wetted medium together with its performance characteristics 

were recommended for future pre-cooling application. The main findings of this thesis are: 

(1) Choosing a suitable wetted medium for a specific application requires knowledge of 

different working parameters. Not only the balance between the cooling potential and 

the extra pressure drop, but also the consideration of medium cost, service life, type of 

process to be cooled, environmental conditions, water quality, space availability, 

locations and economic requirements are absolutely necessary, and some trade-offs 

have to be made. 

(2) The experimental studies of the four selected media found that: (a). Film media (e.g., 

Cellulose7060 and PVC1200) offer higher cooling efficiencies and pressure drops 
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when compared with trickle media (e.g., Trickle125 and Trickle100). (b). The 

pressure drop ranges of the Cellulose7060, PVC1200, Trickle125 and Trickle100 are 

1.5−101.7 Pa, 0.9−49.2 Pa, 0.7−50.0 Pa and 0.6−41.6 Pa, respectively, depending on 

the medium thickness, air velocity and to some extent on the water flow rate. The 

cooling efficiencies are 43.0−90.0%, 8.0−65.0%, 15.7−55.1% and 11.0−44.4% for the 

Cellulose7060, PVC1200, Trickle125 and Trickle100, respectively, depending on the 

air velocity and the medium thickness. (c). The correlations for cooling efficiency, 

heat transfer coefficient and pressure drop of the studied media are obtained. (d). The 

Cellulose7060 is found no water entrainment, however, care must be taken in the use 

of the PVC1200, Trickle125 and Trickle100 as water entrainment happens even at 

relatively low air velocities.  

(3) The simulations revealed that: (a). The NDDCT can benefit from wetted-medium pre-

cooling when the ambient air is hot and dry, but the improvement declines quickly at 

increasing ambient humidity. (b). There is a critical ambient temperature below which 

the tower performance does not benefit but is hindered by wetted-medium pre-

cooling. This critical temperature depends on many factors, like the tower 

specifications, air relative humidity, medium type and thickness. (c). The wetted 

media with high (e.g., Cellulose7090 and Cellulose5090) or low (e.g., PVC1200, 

Trickle125 and Trickle100) cooling efficiencies and pressure drops produce less 

performance enhancement of the studied NDDCT when compared with the media 

with middle (e.g., Cellulose7060) cooling efficiencies and pressure drops. (d). The 

Cellulose7060 with the pressure drops of 28.6−272.1 Pa/m and the cooling efficiency 

range of 44.7−88.5% is the most promising medium for the pre-cooling enhancement 

of the studied NDDCT.  

Overall, the Cellulose7060 with almost no water entrainment and with the pressure drops of 

28.6−272.1 Pa/m and the cooling efficiency range of 44.7−88.5% (at air velocity range: 

0.41−3.15 m/s; medium thickness range: 0.10−0.30 m; water flow rate range: 31−62 

l/min/m
2
), is the most promising medium for the pre-cooling enhancement of the studied 

NDDCT (Height: 120 m, designed heat rejection rate: 296 MW). The tower performance 

enhancement can go up to 105% by increasing the tower heat rejection rate from 45.0 MW to 

92.3 MW at relative humidity of 20% and ambient temperature of 50 
o
C. However, whether it 
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will bring potential increase in the revenue for the owner of the power plants employing 

NDDCTs requires further study.  

It is recommended to install temperature and humidity sensors to monitor the ambient 

conditions so as to instruct the operation/shutdown of the pre-cooling system. It is also 

suggested to mount the wetted media on hinged doors so that the wetted media can be 

removed when not in use.  

The main contributions of the current work are: 

(1) All the unconnected threads of the individual studies upon wetted-medium 

evaporative cooling are synthesized into an integrated review. This is helpful for 

medium comparison and selection. The gaps and controversies concerning wetted 

medium studies raised up in the literature review provide useful reference for future 

study. 

(2) The correlations for cooling efficiency and pressure drop of the studied wetted media 

are generated, which are able to predict the performance of evaporative cooling using 

such media. Not only that, but the studies on water entrainment off the media give 

useful overview and starting point for further study and also provide useful 

information for medium selection.  

(3)  The simulations of the operation of pre-cooled NDDCTs turn out to be an efficient 

way to investigate the tower performance alterations. The developed algorithm is 

repeatable and applicable. 

(4) The attained findings of the most promising wetted medium together with its 

performance characteristics, give instructions for the design of pre-cooled NDDCTs. 

Overall, the current work provides useful information for tackling the challenges to water 

scarcity and low performance of NDDCTs during hot seasons.  

6.2 Future Work 

A PhD study is not always enough. Further studies are left either for the author or for curious 

scholars. They are specified as follows: 
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(1) The effect of water temperature on cooling efficiency 

As already discussed in CHAPTER 2, there exist controversies upon the effect of water 

temperature on cooling efficiency. An extensive investigation concerning whether the water 

temperature affects the cooling efficiency is worthy.  

(2) Further study on entrained water droplets 

Water entrainment off the media is of great importance for the pre-cooling of NDDCTs. The 

water sensitive papers can detect water entrainment, however, further studies using laser 

diffraction system to size the carried water droplets and to investigate the residence time of 

the water droplets are highly recommended (the residence time means the time water droplets 

spend before falling to the ground or full evaporation). The residence time makes it possible 

to predict whether the carried water droplets will be transported to the heat exchangers of the 

cooling tower and thus produce a possible corrosion hazard for the exchanger tubes and fins. 

(3) “100 mm medium+100 mm gap+100 mm medium”>, =, < 300 mm medium? 

Within the ranges of experimental study performed in the present study, thick media provide 

high cooling efficiencies and pressure drops. What will happen if there is a gap between two 

thicknesses, like 100 mm medium+100 mm gap+100 mm medium to form a 300 mm 

working thickness? What the cooling efficiency and pressure drop will be? This is a very 

interesting topic that remains further study. 

(4) The effect of dry/wet operating mode on medium service life. 

The pre-cooling application is proposed to operate in the periods when the ambient 

temperatures are high. What is the effect of ‘dry and wet’ operating mode on the service life 

of wetted media? This is very important for the economic analysis of the pre-cooling proposal 

as mentioned below. 

(5) Economic analysis: Whether the pre-cooling proposal will bring potential increase in the 

revenue for the owner of the power plants employing NDDCTs requires further study. 

Although the simulation studies found that the NDDCTs can benefit from wetted-medium 

pre-cooling when the ambient air is hot and dry, the economic analysis is still necessary to 

consider the incremental equipment cost, the operation/maintenance cost, the consumptive 
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evaporative water use, the effect of wetted-medium pre-cooling on turbine power output, the 

water pumping power, etc. As a result, whether the pre-cooling proposal will bring benefit to 

the owner of the power plants within the useful life of the wetted media is the key point for 

the widespread use of wetted-medium pre-cooling of NDDCTs. 

(6) Further study to investigate the effect of cooling tower dimensional changes on the 

performance of the wetted media is recommended. 

The NDDCT is operated by the balance of energy and draft equations at an air mass flow rate 

constrained by various flow resistances encountered, cooling tower dimensions and heat 

exchanger characteristics. The changes in cooling tower dimensions will change the air mass 

flow rate (or air velocity) passing through the cooling tower, so will the wetted media. What 

is the effect of changing cooling tower geometry on the performance of wetted media? This 

requires further parametric study on different NDDCT geometries. 
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Appendix 

Appendix A. Equations Used in the Simulations 

A.1 The thermophysical properties of dry air from 220 K to 380 K at standard 

atmospheric pressure (101325 Pa) (cited from Kröger’s book) 

Density, kg/m
3
 

 

(287.08 )a ap T 

 

(I)

 
Specific heat, J/(kg K) 

 

3 1 4 2 7 31.045356 10 3.161783 10 7.083814 10 2.705209 10pac T T T         

 

(II)

 
Dynamic viscosity, kg/(s m) 

 

6 8 11 2 15 32.287973 10 6.259793 10 3.131956 10 8.15038 10a T T T           

 

(III)

 
Thermal conductivity, W/(m K) 

 

4 4 8 2 11 34.937787 10 1.018087 10 4.627937 10 1.250603 10ak T T T           

 

(IV)

 

A.2 The thermophysical properties of saturated water vapor from 273.15 K to 380 K 

(cited from Kröger’s book) 

Specific heat, J/(kg K) 

 

3 10 5 13 61.3605 10 2.31334 2.46784 10 5.91332 10pvc T T T       

 

(V)

 
Dynamic viscosity, kg/(s m) 

 

6 8 11 2 14 32.562435 10 1.816683 10 2.579066 10 1.067299 10v T T T           

 

(VI)

 
Thermal conductivity, W/(m K) 

 

2 5 7 2 10 31.3046 10 3.756191 10 2.217964 10 1.111562 10vk T T T          

 

(VII)

 
Vapor density, kg/m

3
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4 2 6 3

8 4 12 5

4.062329056 0.10277044 9.76300388 10 4.475240795 10

1.004596894 10 8.9154895 10

v T T T

T T

  

 

      

   
(VIII)

 

A.3 The thermophysical properties of the mixture of air and water vapor (cited from 

Kröger’s book) 

Density, kg/m
3
 

 

0.621945(1 ) [( 0.621945) ]av aX p X R T   

 

(IX)

 
Specific heat, J/(K kg dry air) 

 

( )pav pa pvc c X c 

 

(X)

 
Dynamic viscosity, kg/(s m) 

 

0.5 0.5 0.5 0.5( ) ( )av a a a v v v a a v vw M w M w M w M    

 

(XI)

 
Thermal conductivity, W/(m K) 

 

0.33 0.33 0.33 0.33( ) ( )av a a a v v v a a v vk w k M w k M w M w M  

 

(XII)

 
where, 

Ma=28.97 kg/mole 

Mv=18.016 kg/mole 

wa=1/(1+1.608 X) 

wv=X/(X+0.622) 

A.4 Perfect gas relationships for dry and moist air (cited from ASHRAE Handbook) 

The saturation pressure over liquid water for the temperature range of 273.15 K to 473.15 K, 

Pa 

 

3 2

5 2 8 3

ln ( 5.8002206 10 ) 1.3914993 (4.8640239 10 )

(4.1764768 10 ) (1.4452093 10 ) 6.5459673ln

wsp T T

T T T





     

      

(XIII)

 

Relative humidity, % 

 
w wsRH p p

 

(XIV)
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Humidity ratio, kgv/kga 

 

0.621945 ( )w a wX p p p 

 

(XV)

 
Humidity ratio at saturated state, kgv/kga 

 

0.621945 ( )s ws a wsX p p p 

 

(XVI)

 
Thermodynamic wet-bulb temperature, t is in 

o
C 

 

[(2501 2.326 ) 1.006( )] [2501 1.86 4.18 ]wb s wb wbX t X t t t t     

 

(XVII)

 
Specific enthalpy of dry air, kJ/kg dry air 

 

( 273.15)a pah c T 

 

(XVIII)

 
Specific enthalpy of water vapor, kJ/kg water vapor 

 
0( 273.15)v pv LVh c T h  

 

(XIX)

 
where hlv0 is the latent heat evaluated at 273.15 K. 

Specific enthalpy of moist air, kJ/kg dry air 

 
0( 273.15) [ ( 273.15) ]av a v pa pv LVh h X h c T X c T h      

 

(XX)
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