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Influence of ambient conditions and water flow on the performance of pre-
cooled natural draft dry cooling towers 

Suoying He*, Zhiqiang Guan, Hal Gurgenci, Ingo Jahn, Yuanshen Lu, Abdullah M. 
Alkhedhair 

Queensland Geothermal Energy Centre of Excellence, School of Mechanical and Mining Engineering, The 
University of Queensland, QLD 4072, Australia 

Abstract 

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.  

Keywords: Natural draft dry cooling tower; cellulose medium; heat rejection; pressure drop 

Nomenclature 

A Area, m2 
m

θ  The mean flow incidence angle, o 

Ae3 Effective reduced flow area, m2 k  Thermal conductivity, W/(m K) 

As Heat and mass transfer area, m2 µ
 

Dynamic viscosity, kg/(m s) 
cp Specific heat, J/(kg K) υ

 
Kinetic viscosity, m2/s 

d  Diameter, m ξ  Specific surface area of medium, m2/m3 

TF  Temperature correction factor ρ
 Density, kg/m3 

D
f

 
Friction factor inside the tube σ  Ratio of minimum to free stream flow area 

g  Gravitational acceleration, m/s2 cσ  Contraction ratio 

H  Height, m cfϕ  Dimensionless mean temperature difference 

h  Heat transfer coefficient, W/(m2 K); Enthalpy, J/kg hϕ , cϕ  Dimensionless temperature changes of water and air 

aeh
 

Effective heat transfer coefficient, W/(m2 K) 

Subscripts  2wbh
 

Enthalpy of saturated water vapour at wet-bulb 
temperature of the inlet air, J/kg 

K  Loss coefficient 1 The conditions at ground level 

l  Medium thickness, m 2 
The conditions at the average height of tower inlet; 
inlet or before pre-cooling 

le  Characteristic length, 
1

/ sle V A ξ −
= = , m 3 

The conditions at the entrance of heat exchanger; 
outlet or after pre-cooling 

m  Mass flow rate, kg/s 4 The conditions at the exit of heat exchanger 
p∆  Pressure drop, Pa 5 The conditions at the outlet of the tower 

Q
 

Heat transfer rate, W a Air or based on air side; air dry bulb 

1Q ,
2Q  Heat rejection rate, W ci Inlet contraction 

w
Q

 
Water flow rate, m3/h ct 

Separation and redirection of flow at the lower edge 
of tower shell 

RH  Air relative humidity, % ctc Contraction at heat exchanger 
T  Temperature, K cte Expansion at heat exchanger  

T∆
 

Temperature difference, K d Downstream 
u Velocity, m/s e Evaporation; tube 
1 / ( )UA  Overall thermal resistance, K/W f Fin 
V  Volume of medium, m3 fr Total effective front of heat exchanger 
W  Medium width, m he Form and friction at heat exchanger 
w  Humidity ratio, kgw/kga hes Heat exchanger supports 

Non-dimensional Groups  
hx Heat exchanger  
lm1,lm2 Logarithmic mean 

FrD Densimetric Froude number defined in text LV0 Latent heat of vaporization evaluated at 0oC 

Nu
 

Nusselt number, ( ) /Nu h le k=  medium Cellulose medium 

                                                           
*
 Corresponding author. Tel/Fax: +61-7-3365-1268; E-mail: uqshe1@uq.edu.au (S. He) 
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w
Nu

 
Nusselt number of water, ( ) /

w w e w
Nu h d k=  mfr Medium front 

Ny
 

Characteristic heat transfer parameter, m-1 s Sensible  

Pr
 

Prandtl number, Pr / ( ) /pc kυ α µ= =  to Kinetic energy at the outlet of tower;  

Re
 

Reynolds number, Re ( ) /au le υ=  ts Tower supports 

Re
w  

Reynolds number of water, Re ( /)
w w w e w

u dρ µ=  v Saturated water vapour 

Ry
 

Characteristic flow parameter, m-1 w Water or based on water side 

Greek Symbols 
wb Wet bulb 
wi, wo Hot water inlet and outlet 

α
 

Thermal diffusivity, m2/s   
η  Cooling efficiency, %   

tbη
 

Correction factor   

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 
requirements 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 performance lowers the efficiency of the thermal power stations 
they are serving. Hybrid cooling may be a cost-effective solution by limiting water consumption only to the 
periods when the ambient temperatures are too high [3-5]. Hybrid cooling is the combination 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 
performance of NDDCTs.  

The objectives of this paper are threefold: (1) to develop a model to predict air outlet temperature and humidity 
after evaporative 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 systems. 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 effects 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.   

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 arranged in the form of A-frames placed in a radial pattern. The 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].  
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Fig. 1. NDDCT pre-cooled with cellulose media (not to scale) 

In this configuration, the entire cylindrical shell inlet area of the tower was covered with one layer of 100mm 
thick cellulose media. To cover the entire tower inlet area of 3091 m2 with cellulose piece dimensions of 2.0m 
height, 0.6m width and 0.1m 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 120m, a representative height for NDDCTs used 
in thermal power plants. The details of the tower and heat exchanger are summarised in Table 1.  

Table 1 Specifications of the cooling tower and heat exchanger 

Heat exchanger specifications Cooling tower specifications 
Hydraulic diameter of tube, de=0.0216 m 
Fin diameter, df=0.0572 m 
Effective length of finned tube, Lte=14.4 m 
Number of tube rows, nr=4 
Number of tubes per bundle, ntb=154 
Number of water passes, nwp=2 
Number of bundles, nb=142 
Apex angle of A-frame, �=61.5o/2 
Inside area of tube per unit length, Ati=0.0679 m2/m 
Inside cross-sectional flow area, Ats=3.664x10-4 m2 
Total effective frontal area of bundles, Afr=4444.6 m2 

Tower height, H5=120 m 
Tower inlet height, H3=13.67 m 
Heat exchanger exit height, H4=15.54 m 
Tower inlet diameter, d3=83 m 
Tower outlet diameter, d5=58 m 
Number of tower supports, nts=60 
Length of tower support, Lts=15.78 m 
Diameter of tower support, dts=0.5 m 
 

The design conditions of the proposed tower without pre-cooling are given in Table 2. 

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=Ta2 293.15 K（20 oC） 
Ambient air relative humidity, RH1=RH2 30 % 
Air mass flow rate, ma 10912 kg/s 
Air temperature exit heat exchanger, Ta4 319.75 K（46.6 oC） 
Hot water mass flow rate, mw 4390 kg/s 
Hot water inlet temperature, Twi 333.15 K (60 oC) 
Hot water outlet temperature, Two 317.05 K (43.9 oC) 
Heat rejection rate, Q1=Q2 296 MW 
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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 [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 between 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 media 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 service [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 than 10 years with proper maintenance [21-23]. 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 
performance 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 

 
Fig. 2. Transfer process of evaporative cooling system and a control volume 

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. 3. 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 Q was 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,  

 3 2 3 2( )e v v a a am m m m w w= − = −   (1) 

and the energy balance is  

 
3 3 3 2 2 2 2

( () )
a a v v a a v v e wb sQm h m h m h m h m h+ + =− −                                        (2) 

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 
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Eq.(2), sQ  is the sensible heat given up by the air and 
2e wb

m h  is the heat carried by the evaporated water 

(including the latent heat of water vaporization and the energy of liquid water). 

Table 3 Main equations used in the deduction of air outlet temperature 

Condition descriptions  Equations 
Equation 
numbers 

Ideal gas assumption and substituting 
Eq.(1) into Eq.(2)  

[ ]2 3 2 2 2 3 3 2
( ) ( ) ( )

a pa a a a a v wb a v wbsQ m c T T m w h h w h h= − + − − −  (3) 

Ignore the small changes in specific 
heat of water vapour  

[ ]
2 3 2 2 2 3 3 2

( ) ( ) ( )
a pa a a a pv a a wb a a wbsQ m c T T m c w T T w T T= − + − − − , 

0v pv a LVh c T h= +  
(4) 

Humidity ratio is far less than one 2 3( )a pa a asQ m c T T= −  (5) 

Employing log mean temperature 
difference 

1s lmsQ hA T= ∆ , [ ]1 3 2 3 2 2 2
( ) / ln(( ) / ( ))

lm a a a wb a wb
T T T T T T T∆ = − − − , 

s mfrA V A lξ ξ= = , 
a a a mfrm u Aρ= , 

mfr
A W H= ×  

(6) 

Considering the equations in Table 3, the air outlet temperature can be expressed as,  

 
3 2 2 2

( ) exp( )
a wb a wb

a a pa

h l
T T T T

u c

ξ
ρ
−

= + −  (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 coefficient 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 by means of least 
square fitting as, 

 
0.32

0.85 1/3 20.172 Re Pr , 0.991
le

Nu R
l

= = 
 
 

 (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 1
/ sle V A ξ −= = . The air velocity is / ( )

a a a mfr
u m Aρ= . 

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]. 

 ( )
0.469

1.139 2 20.768 1 , 0.987
medium w a

le
p Q u R

l

−

∆ = + = 
 
 

 (9) 

The medium geometry was 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 degree 
flute carries water to the air inlet side while the 30 degree flute is aligned with the direction of air flow. 

Table 4 Characteristics of cellulose medium 

Medium type Medium thickness Angles  Flute height Specific surface area  

Cellulose media l=100 mm 60o-30o 7.5 mm ξ =361.516 m2/m3 [6] 

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 [22]. The 
definition of cooling efficiency was given by J.R. Watt [10] as,  



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

6 

 

 

2 3 100%

2 2

T Ta a

T Ta wb

η
−

= ×
−

 (10) 

3.1.2 Pre-cooled NDDCT Model 

(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, 1 2Q Q=  states that the heat transferred into the air equals to the heat extracted from the water and 

this heat is transferred through the heat exchanger. The heat exchanger inlet air temperature, 
3a

T , can be 

calculated by Eq.(7) combined with Eq.(8). The air conditions at the elevation 2 are the atmospheric conditions. 

,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 reference [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 

1 (1 ) /e A Aaf f fη= − − . Schmidt and Zeller’s empirical method to determine the fin efficiency fη
 
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]. 

Table 5 Main correlations used in thermal analysis 

Descriptions  Equations, correlations, conditions and references 
Equation 
numbers 

Energy equations 
1 ( ) ( )4 3Q m c T T m c T Ta pa w pw wowia a= − = −  (11) 

[ ]( ) [ ]( )2 2( ) ( ) / ln ( )/( )4 3 4 3Q UA F TT lmUA F T T T T T T T TT wi a wo a wi a wo a= = ∆− − − − −  (12) 

Temperature 
correction factor 

( )( )4 4
1 (1 ),1 1

2 arctan /sink
F aT i k cfi k

i h cϕ ϕ ϕ∑ ∑= − −
= =

, 
3

( ) / ( )
wi wo wi ah T T T Tϕ = − − , 

4 3 3
( ) / ( )

a a wi ac T T T Tϕ = − − , [ ]( ) / ( )ln (1 ) / (1 )
c hh ccfϕ ϕ ϕϕ ϕ= − −− , Roetzel [26] 

(13) 

Overall thermal 
resistance 

( ) ( ) ( )1 / 1 / 1 /UA h e A h Aa f a w w= +  (14) 

Effective air-side heat 
transfer coefficient hae 

( ) ( )( ) 1
1/2 2/h A h e A F T Q h AT lm w wae a a af

−
= = ∆ −  (15) 

Characteristic heat 
transfer parameter Ny 

0.333
34

/ ( Pr )34 a
Ny h A k Aae frtb a a

η =  , /tb actual tb maximumtb n nη − −= , Kroger [3] (16) 

0.523761
383.617313Ny Ry= ,

34
/ ( )

a a fr
Ry m Aµ=  , Kroger [3] (17) 

Water-side heat 
transfer 

( ) ( )0.67 0.5 0.67( /8)(Re 1000)Pr [1 ( / ) ] / 1 12.7( /8) (Pr 1)f d L fD w w e te D wNuw = − + + −  

2300<Rew<106, 0.5<Prw<104, and 0<de/Lte<1,  Gnielinski [27] 
(18) 

(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. 

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 pmedium∆ ; loss at tower supports pts∆ (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 cellulose media); loss due to the separation and redirection of flow at the lower edge of tower shell pct∆ ; 

loss at heat exchanger supports phes∆ , this loss is generally negligible; contraction loss pctc∆ , the frictional 

loss of heat exchanger phe∆ , and expansion loss at heat exchanger pcte∆ ; the flow is essentially isentropic 

from 4 to 5 with a further loss pto∆ in kinetic energy at the outlet of tower. In Eq.(21), the subscript hx represents 
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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 pmedium∆ , 

was calculated by the correlation developed by A. Franco (Eq.(9)). In Eq.(23) and Eq.(24), the effective reduced 

flow area at tower inlet cross section is sin
3

A A
e fr

θ= . The contraction ratio 
c

σ  in Eq.(23) was determined 

according to Rouse’s correlation [28].  

Table 6 Main correlations used in pressure drop analysis 

Descriptions  Equations, correlations, conditions and references 
Equation 
numbers 

Draft equations 

[ ]( ) ( ) / 2  1 4 5 4 3p g H H H flow resistancestotal a aρ ρ∆ ≈ − − + = ∑  (19) 

p p p p p p ptotal medium ct ctc he cte to∆ = ∆ + ∆ + ∆ + ∆ + ∆ + ∆  (20) 

2 2
( ) ( / ) / (2 ) ( / ) / (2 )5 534p p K K K K m A K m Aa act ctc cte to aatotal medium he hx fr ρ ρ∆ = ∆ + + + + +  (21) 

Tower inlet loss 
coefficient  ( ) ( )/ /

220.072( / ) 0.34( / ) 1.73 3 3 3 34 3 3K d H d H A Aa a frct ρ ρ= − + 
   (22) 

Contraction loss 
coefficient  ( ) ( )2

/ /
2

(1 2 / 1 / ) 34 3 3c
K A Aa a fr ectc c

σ σ ρ ρ= − +  (23) 

Expansion loss 
coefficient  ( ) ( )/ /

2
(1 / ) 34 4 33 3K A A A Aa a fr ecte e ρ ρ= −  (24) 

Heat exchanger loss 
coefficient 

( ) ( ) ( ) ( )( )

( ) ( ) ( )( ) ( ) ( )

2/ /

/ 1/ /

0.332458 21383.94795/ 3 4 3 4

0.52 (1/sin 1) sin 1 2 24 3 4 3 3 4

K Ry a a a ahe

K Ka m a a m a d a aci

σ ρ ρ ρ ρ

ρ θ ρ ρ θ ρ ρ ρ

 
  

 
  

= + − + +

− + − + + +

 

/ ( )
34

Ry m A
a a fr

µ= ,
2

0.0019 0.9133 3.1558mθ θ θ= + −
 

3 2 4 3
(5.488405 0.2131209 3.533265 10 0.2901016 10 )expK

d
θ θ θ

− −
= − + × − × , Kroger [1, 3] 

(25) 

Tower outlet loss 
coefficient  

1.510.28 0.04Fr FrD DKto
−−= − +  

[ ]2
( / ) / ( )5 6 5 55

FrD m A gda a aa
ρ ρ ρ= − , 0.5 / 0.855 3d d≤ ≤  

( )0.332458 25 1383.94795/ (2/ 403 4 3 4) ( )/( )Ry a a a aσ ρ ρ ρ ρ≤ + − + ≤ 
 

 

(26) 

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 iteration were tower 
specifications and heat exchanger specifications, hot water flow rate, hot water inlet temperature, medium type 
and thickness. The iteration variables were air temperature exit the heat exchanger and cooling efficiency. The 
iteration procedure 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 new air mass flow rate ma1. 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) 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 
temperature was used to calculate the properties in Eq.(8) and the heat transfer coefficient. Finally, the air outlet 

dry-bulb temperature 
3a

T  (Eq.(7)), humidity 
3a

w (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. 
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Step 4, Step 1 and Step 2 were repeated using the new temperature 
3a

T  and humidity 
3a

w  calculated in Step 3. 

After calculations, a new air mass flow rate ma2 was obtained. The wetted-medium evaporative cooling was 
recalculated using the new air mass flow rate ma2 (repeating Step 3) and new values of cooling efficiency and 
pressure drop were found.  

Step 5, it was then to make sure that the assumed cooling efficiency 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 1-
Step 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 ensured that the assumed cooling efficiency in Step 3 was consistent with that calculated in 
Step 4, and the pressure drop in Step 3 approached well to that in Step 4.  

Fig. 4 is the flow chart for the iteration loops described above. i is iteration variable and n is the judgement of 

termination. During simulation, i was taken as 10-2 and n was taken as 106 at first. After 1 2Q Q n− < , i was 

reduced to 10-4 and n was 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 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. The thermodynamic parameters 
were calculated according to references [1, 29]. The meteorological effects were considered according to 
Kroger’s book [1]. The wetted medium performance was calculated according to our simplified model 
combined with A. Franco’s correlations [6].   
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Fig. 3. Flow chart of the MATLAB code for the pre-cooled NDDCT model 

4. Results and Discussions 

The wetted medium used in the simulation was 100mm thick cellulose medium. The ambient temperature of 
20oC 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 supplied water flow rates to the media 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, 
30-32]. 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 two water flow rates as water flow rate affects pressure drop (see 
Eq.(9)). 
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Fig. 4. (a) Heat transfer coefficient and (b) pressure drop of cellulose medium 

For the studied cellulose medium, 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 effect 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, 33-37]. The effect of relative humidity on pressure 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 in water 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 Fig. 5 and Fig. 6.  
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Fig. 5. The (a) air mass flow rate and (b) heat rejection rate of the NDDCTs (RH=20%) 
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Fig. 6. The (a) air mass flow rate and (b) heat rejection rate of the NDDCTs (RH=60%) 
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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 Fig. 5a and Fig. 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. Fig. 5a and Fig. 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 Fig. 5a and Fig. 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 Fig. 5b and Fig. 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 evaporative cooling is more effective in hot and dry climates [6, 16], this 
means that pre-cooling would work better at higher ambient temperatures for a given humidity. This is 
demonstrated by the simulation results plotted in Fig. 5b and Fig. 6b as pre-cooling improves 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 Fig. 5b and Fig. 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 NDDCT considered in this study and for the 100mm thick cellulose 
medium at all the water flow rates, the critical temperatures are 14oC and 31oC at relative humidity of 20% and 
60%, respectively (see Fig. 5b and Fig. 6b). Fig. 5b and Fig. 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 40oC with 20% relative humidity), but the improvement declines quickly at 
increasing humidity (e.g., only 7% improvement at ambient temperature of 40oC with 60% relative humidity).  

Comparing Fig. 5 and Fig. 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. 
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Fig. 7. Water evaporation rate of pre-cooling system 

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 difference takes place. However, for NDDCT case, air flow is lower at higher 
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temperature as demonstrated in Fig. 5a and Fig. 6a. Since water evaporation rate is the combination of air mass 
flow rate and humidity difference (as shown in Eq.(1)), there is a trade-off between them. The evaporation rates 
peak at ambient temperatures of 36oC for 20% humidity and 32oC for 60% humidity at both water flow rates. 
Fig. 7 shows that the water 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 Fig. 5b and Fig. 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 100m 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 consumption 
(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.  

• The water 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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Figure Captions 

Fig. 1. NDDCT pre-cooled with cellulose media (not to scale) 

Fig. 2. Transfer process of evaporative cooling system and a control volume 

Fig. 3. Flow chart of the MATLAB code for the pre-cooled NDDCT model 

Fig. 4. (a) Heat transfer coefficient and (b) pressure drop of cellulose medium 

Fig. 5. The (a) air mass flow rate and (b) heat rejection rate of the NDDCTs (RH=20%) 

Fig. 6. The (a) air mass flow rate and (b) heat rejection rate of the NDDCTs (RH=60%) 

Fig. 7. Water evaporation rate of pre-cooling system 
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Highlights 

• 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. 

 


