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Abstract. The evaporation process in the nozzle spray system of a cooling tower
was the main object of study in order to determine its performance. This process
involves liquid water in small size, usually at the droplet level. At this level,
parameters that affect the droplet size, such as capacity, air velocity in the
chamber, water pressure at the nozzle, atmospheric temperature, etc., influence the
process of heat and mass transfer. In this study, capacity and fan rotation were
varied to obtain a graph showing the evaporation. Radius, velocity, mass and
temperature graphs and rate graphs were obtained from mathematical modeling of
the governing equations. From the results it appears that evaporation occurs at a
capacity of 6 liter per minute and above, but this requires further proof of the
evaporation process along with the height of the tower, which will be the subject
of a future study.
Keywords: evaporation process; nozzle spray; cooling tower; droplet level; heat and
mass transfer.

1

Introduction

A cooling tower is a heat exchanger that has high effectiveness [1]; therefore it is
widely used in industry and power plants [2]. One type of cooling tower is the
natural draft wet cooling tower (NDWCT), which is commonly used in power
plants because of its large capacity [3]. Power plants are usually built on the
seafront, so salt contained in the cooling water often soils the fill zone and causes
a decrease in cooling tower performance [4]. NDWCTs are also called usual
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NDWCTs (UNDWCTs) to distinguish them from high-level water collecting
NDWCTs (HNDWCTs), which have higher efficiency than UNDWCTs [5].
HNDWCTs have high-water collecting devices (HWCDs) positioned higher than
the water basin of an UNDWCT [6] so that the power used by the pump is lower
[7].
Cooling towers with lower capacity than NDWCTs are mechanical draft wet
cooling towers (MDWCTs), which are usually used in medium scale industries,
with heights varying from 2 to 12 m [8]. Both NDWCTs and MDWCTs consume
large amounts of water for circulation. Another type is the dry cooling system,
which uses air-cooled heat exchangers (ACHE). Thus, they do not use water as a
working fluid and have lower operating costs [9]. Better knowledge about the
evaporation process in cooling towers is important for innovations that could
improve their efficiency [10]. One of the factors that influence the evaporation
process is the spraying process in the nozzle system.
In the spraying process, the water is at the droplet level, where the acting forces
depend on the size of the droplets. Droplet measurements are carried out with
prediction theories or image capture using a high-resolution camera. In fact, there
are cameras that can photograph not only the size of the droplets [11] but also the
temperature distribution inside the droplets [12-14]. To avoid high costs in
developing cooling towers, mathematical modeling is done to observe the
influential parameters. In this work, an MDWCT prototype (as shown in Figure
1) was used to measure the thermodynamic properties of the working fluid. Then,
mathematical modeling was developed to show the rate of change of the
parameters at the droplet level, so that the effects of each parameter in the
evaporation process could be revealed.

Figure 1 Experimental setup and apparatus.

The four main components in this experiment were a water tank acting as a
cooling tower, a water pump, a heat exchanger, and an exhaust fan. A valve was
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installed before the water pump to control the water flow and a flow meter was
installed after it. A water pressure gauge and a thermostat were installed before
and after each of the main components. Also, two thermostats were installed
inside the cooling tower at different heights to measure the temperature at two
different points.

2

Methods

To analyze the droplet problem, the droplet diameter was predicted first and then
governing equations were developed to calculate the remaining parameters, i.e.
velocity, mass, energy, and its rate. The prediction used the volume approach,
because it provides a more accurate value than the mass approach.

2.1

Diameter Prediction and Velocity Calculation

As shown in Figure 1, in a cooling tower water is carried out by air as evaporated
water or windage loss. Of course we want water that is carried out as evaporated
water, which means that evaporation occurs during the spraying process.
However, sometimes water is carried out as windage loss. We need to know the
detailed parameters that determine when evaporation or windage occurs.
In chemical kinetic schemes there are diffusion and reaction processes that affect
the reaction rate. Diffusion is the ‘meeting’ of reactant particles until they reach
an equilibrium state and the reaction process occurs. The separator of these two
processes is the equilibrium state. From this statement we can conclude that
windage occurs when the diffusion process is in progress while evaporation
occurs when the reaction process is in progress.
Some theories that predict the droplet diameter are the maximum entropy
principle (MEP), which produces the mass mean diameter, d30 [15]; the same
volume-to-surface area ratio, which produces the Sauter mean diameter, d32 [16];
and spraying processes that produce the volume mean diameter, d50 [11]. Between
the mass and the volume, the volume has a closer relationship to the diameter
than the mass, because the mass depends on the density to get the diameter while
the density itself depends on the temperature, whereas the volume is directly
related to the diameter and does not depend on other variables.
In the spraying process, water exits the nozzle in the form of a sheet. The surface
of the water sheet meets the air, which causes friction. This friction turns into a
wave, which causes modulation of the sheet’s thickness. This modulation makes
the sheet very thin and breaks it into fragments of Squire wavelength size [11].
By contraction these fragments then break into droplets.
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The relationship between droplet size and the spray parameter is estimated with
the following two dimensionless numbers [11]:
𝛼 = 𝜌𝑎 ⁄𝜌𝑙 and 𝑊𝑒 = 𝜌𝑙 𝑢𝑑2 𝑏⁄𝜎

(1)

where α is the density ratio between air ρa and liquid water ρl, We is the Weber
number, σ is the water surface tension, ud is the droplet velocity, where 𝑢𝑑 =
𝑄𝑙 ⁄𝐴𝑛 , Ql is the capacity of the water, An is the nozzle cross-section area, and b
is the characteristic length since 𝑏 2 ~𝐴𝑛 . By the correlation between the volume
median diameter and the Weber number, as proposed by Kooij, et al. [11], the
formula for droplet diameter d is:
𝑑 = 𝐶𝑏𝛼 −1⁄6 𝑊𝑒 −1⁄3

(2)

where C is the slope of the We graphs to the length of ligaments l with a value of
1.95.
To calculate the diameter growth, the critical radius theory [17] is needed to
represent the phase transition of all non-equilibrium models. During the phase
transition, the process of nucleation and supercritical droplet growth occurs to
rebuild the equilibrium. ‘Supercritical’ means larger than critical and critical
radius r* corresponds to surface tension σ and supersaturation S, where 𝑆 =
𝑝𝑣 ⁄𝑝𝑠 is the ratio of vapor pressure pv to saturation pressure ps. Thus:
𝑟∗ =

2𝜎
𝜌𝑑 𝑅𝑇𝑣 ln 𝑆

(3)

where ρd is the droplet density, which is equal to liquid water density ρl, R is the
specific gas constant, and Tv is the vapor temperature.
The droplet diameter growth is affected by the transfer of heat between the droplet
and the surrounding vapor, which has been generalized for a wide range of droplet
sizes. The theory [17] is adjusted to the measurement of spray at low pressure.
The equation is:
𝑑𝑟
𝑑𝑡

=

𝑟∗
𝑟

𝑘𝑣 (1− )(𝑇𝑠 −𝑇𝑣 )
Kn
(1−𝜓))
Pr𝑣

(4)

𝜌𝑑 ℎ𝑓𝑔 𝑟(1+3.78

where kv is the thermal conductivity of the vapor, r is the droplet radius, Ts is the
saturation temperature, hfg is the specific enthalpy of evaporation, Kn is the
Knudsen number, Prv is the vapor Prandtl number, and ψ is the empirical tuning
factor. This factor was obtained from the measurement of microphysical cloud
simulations projecting the mass distribution function. This has been proposed by
Onishi [18], where 𝜓 = log10 𝑟.
The average air velocity ua, which can be obtained from the continuity [19], is:
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𝑢𝑎 = 𝑄𝑎 ⁄(𝜌𝑎 𝐿2 )

(5)

where Qa is the air capacity, which depends on fan rotation n and air density ρa,
and L is the bottom side diameter. From Newton’s law of momentum and by
defining the droplet relaxation time, 𝜏𝑑 = 𝜌𝑙 𝑑 2 ⁄(18𝜇𝑎 ) [20], as well as the
Reynold number, Re𝑑 = |𝑢𝑑 − 𝑢𝑎 |𝑑𝑑 ⁄𝜈𝑑 [21], the acceleration is obtained as
follows:
𝑑𝑢𝑑
𝑑𝑡

=

(𝑢𝑎 −𝑢𝑑 )(1+0.15Re0.687
)
𝑑
𝜏𝑑

(6)

where μa is the dynamic viscosity of the air and νd is the kinematic viscosity of
the droplets.

2.2

Mass and energy conservations

The droplet evaporation process in a cooling tower is an example of a two-phase
framework, where each phase is analyzed using the Euler-Lagrange equation. The
Euler method models the continuous phase completely, while the Lagrange
method allows tracking particle parameters such as trajectory, mass, temperature
and phase change [22]. Especially for the phase change there is an interaction
between the continuous and discrete phases forming the conservation equations.
From these, the mass evolution equation can be derived from the mass equation
as follows:
𝑑𝑚𝑑
𝑑𝑡

=−

𝜋𝑑𝑘𝑣 Nu ln(1+BM )
𝑐𝑝𝑣

(7)

where kv is the thermal conductivity of the vapor phase, cpv is the heat capacity of
the vapor, and BM is the Spalding mass number [23], and Nu is the Nusselt
number from the correlation [24]:
0.33
Nu = 2(1 + 0.3Re0.5
𝑑 Pr𝑣 ) ∙ 𝐹

(8)

The Frossling correction, F, and the Spalding mass number, BM, [25] are given
by Eqs. (9) and (10), respectively:
𝐹=

1
ln(1 +
BM

BM =

𝑦𝑓,𝑠 −𝑦𝑓,𝑏
1−𝑦𝑓,𝑠

BM )

(9)
(10)

yf,s is the vapor mass fraction at the droplet surface and yf,b is the vapor mass
fraction in the surrounding gas, where yf,s is far smaller than 1 during nonequilibrium evaporation [26].
The process of heat transfer between a droplet and its surroundings occurs
through conduction, convection and radiation, however, the last can be ignored
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because it has a very small value [27]. Thus, the most considered in the process
are convection and evaporation, so the energy balance equation is illustrated by
the following heat dissipation rate equation:
𝑚𝑑 𝑐𝑝𝑣

𝑑𝑇𝑑
𝑑𝑡

= ℎ𝑓𝑔

𝑑𝑚𝑑
𝑑𝑡

+ ℎ𝐴𝑑 (𝑇𝑑 − 𝑇𝑎 )

(11)

where md is the droplet mass flow rate, i.e. 𝑚𝑑 = 𝑄𝑙 × 𝜌𝑙 , Td is the droplet
temperature, Ad is the droplet surface area, Ta is the air temperature, and h is the
droplet coefficient of the heat transfer.
Finally, the cooling tower performance [4] is described as thermal efficiency:
𝜂𝑡ℎ =

(𝑇𝑑,𝑖𝑛 −𝑇𝑑,𝑚,𝑖 )100

where 𝑇𝑑,𝑚,𝑖 =

(12)

𝑇𝑑,𝑖𝑛 −𝑇𝑤𝑏,𝑖𝑛
∑𝑖 𝑚𝑑,𝑖 𝑇𝑑,𝑖

(13)

∑𝑖 𝑚𝑑,𝑖

Td,in is the temperature of the droplet when it enters the chamber, Td,m,i is the mean
droplet temperature from droplet temperature Td,i, the droplet mass md,i of the ith drop, and Twb,in is the temperature of the wet bulb, obtained from a room
thermometer.

3

Results and Discussion

Table 1 shows the MDWCT parameters used in the experiment. The water
capacity was varied from 0.5 to 18 Lpm and the fan rotation was varied at 300,
500, 700, 1000, and 1500 rpm.
Table 1
Bottom
diameter
(L)
65 cm

Fan
diameter
(df)
8 in

Summary of MDWCT parameters.

Nozzle
diameter
(dn)
1 mm

Tower
height
(H)
75 cm

Window
height
(h)
20 cm

Water
capacity
(Ql)
Max. 18 Lpm

Fan
rotation
(n)
Max. 1500 rpm

The results for the droplet diameter and velocity of the droplets and their
respective rates are shown in Figure 2; all of them are presented in logarithmic
form. Especially in Figure 2(a), the slope of the rate graph is negative, however,
it is described as the negation. As can be seen in Figure 2, the radius has
intersecting graphs, while the velocity has parallel graphs. Based on this, the
droplet velocity is not entirely affected by air counterflow, because at all spray
capacities it has a positive acceleration, which means that the impact of gravity
dominates the movement. However, at a small capacity, the ratio between the
radius and its evolution is very large, which implies that diffusion is taking place
between the droplets and the air. Meanwhile, at a large capacity the ratio becomes
smaller because of a greater pressure drop on the sprinklers. Therefore, it can be
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said that evaporation occurs in this state. Note that the distinguishing point
between these processes is the intersection point of the graph, i.e. the equilibrium
state.

Figure 2 (a) Droplet radius and radius evolution graphs; (b) droplet velocity and
acceleration graphs.

The mass and energy conservation equation gives the results shown in Figure 3.
The graphs in Figures 3(a) and (b) both have parallel shapes. From Figure 3(a),
the ratio between mass and its rate tends to remain constant as long as the capacity
varies. This implies that the windage process, or mass transfer, is not visible
during variations in capacity because these equations only apply at the nozzle
exit. Meanwhile, the mass transfer can only be tracked after the droplet moves
along its trajectory.

Figure 3 (a) Droplet mass and its rate graphs; (b) droplet temperature and its rate
graphs.

On the other hand, as can be seen in Figure 3(b), the evaporation process is clearly
visible from the temperature rate. With increasing capacity, temperature
differences tend to be constant. This is in accordance with the principle of phase
change, which states that during a phase change, temperature and pressure are
constant.
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Correspondingly, the temperature graph also shows a decrease, which means that
the condensation process is going well because of the evaporation process. The
existence of the evaporation process is shown in the following graph.

Figure 4 Thermal efficiency graph based on variation of fan rotation.

From Figure 4 it can be stated that the largest capacity combined with the highest
fan rotation will produce the greatest efficiency. However, a 100% performance
value is impossible because the temperature of the water during water collection
cannot be the same as the temperature of the air entering the chamber. The
ambient temperature is the boundary of this value.

4

Conclusions

The droplet radius depends on its capacity: the greater the capacity, the smaller
the radius. By varying it, we can know the windage process (mass transfer) and
the evaporation process (heat transfer). The latter can be tracked clearly in the
droplet temperature rate graph, which tends to be constant, while the first needs
to track the droplet’s trajectory along with the tower height. The point of
equilibrium between these processes is at a capacity of 6 Lpm.
The ratio of mass flow rate to mass flow at low capacity is larger than at high
capacity. Meanwhile, the temperature rate at high capacity looks more constant
than at low capacity. These two things reveal the processes of windage and
evaporation at low capacity and high capacity, respectively, in the spray zone of
a mechanical draft wet cooling tower.
A future study will focus more on tracking the process of heat transfer and mass
transfer along with the height of the tower. Reference capacity values that can be
used are the value in minimum, equilibrium, and maximum states. The high heat
transfer process will be illustrated by high-performance graphics at large
capacities.
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Nomenclature
The properties of water used in this experiment:
cpv
h
hfg
kv
lv
λv
μv
νd
ρl
σ
τv

=
=
=
=
=
=
=
=
=
=
=

heat capacity of the water vapor
droplet coefficient of heat transfer
specific enthalpy of evaporation
thermal conductivity of vapor
characteristic length of water vapor
mean free path of water vapor
dynamic viscosity of water vapor
kinematic viscosity of water droplet
liquid water density
surface tension of liquid water
surface tension of water vapor
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