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Nozzle Arrangement Effect on Cooling Performance of Saline Water Spray Cooling
M.H. Sadafi”, Ingo Jahn, Kamel Hooman

School of Mechanical and Mining Engineering, The University of Queensland, QLD 4072,
Australia

Highlights

e Nozzle arrangements providing more uniform cooled area achieve an improved
performance.

o Efficient nozzle arrangement may improve the cooling efficiency of natural draft
cooling towers by 2.9%.

e For all arrangements in this study, a dry stream forms before 2.26 m from the nozzles.

e The nozzle arrangement does not influence the wet length significantly.

ABSTRACT: Hybrid cooling is a promising technology to improve the performance of
natural draft dry cooling towers. This article presents a computational fluid dynamics study
analysing the use of saline water in a spray assisted natural draft dry cooling tower. A
multicomponent Discrete Phase Model in ANSYS FLUENT is modified, using the porosity
and final shape of dried crystals, and applied for the simulation of solid containing droplets in
a spray. To investigate the influence of nozzle arrangements on cooling performance of the
sprays, a group of arrangements using six cone nozzles are considered, and the most efficient
arrangement is presented. This paper provides new fundamental understanding in the area of
saline spray cooling, and shows that nozzle arrangement may improve the cooling efficiency
by 2.9%.

Keywords: saline water; hybrid cooling; discrete phase model; multicomponent; heat and
mass transfer; nozzle arrangement.

1. Introduction

In a power plant cooling towers exhaust heat to the ambient. Improvements of cooling tower
performance lead to increases of a power plant thermal efficiency. To enhance the
performance of a natural draft dry cooling tower, hybrid cooling methods are suggested [1,
2]. The two most common methods include water deluge and evaporative cooling, the latter is
more efficient due to a higher heat and mass transfer contact area. Moreover, hybrid cooling
uses less water compared to water deluge. In evaporative cooling, water spray cools down the
inlet air (Fig 1), which leads to drop of minimum temperature of the thermodynamic cycle
and consequently, increase of a power plant thermal (power conversion) efficiency. That is,
compared to an identical dry cooling plant, more power can be generated using the same
amount of heat input when spray cooling is used.
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Nonetheless, due to scarcity of natural water resources in hot arid areas, using saline water
for spray assisted dry cooling towers is suggested as a promising alternative.

* Corresponding Author. Tel: +61 7 3365 1661. E-Mail addresses: m.sadafi@uq.edu.au (or
mhsadafi@gmail.com), i.jahn@ug.edu.au, k.hooman@ug.edu.au

Sadafi et al. developed a CFD model to simulate a single cone spray using saline water [3] in
a vertical cooling tower representative arrangement. By comparing the results obtained for
3% NaCl concentration (by mass) with pure water, they showed that using saline water
shortens the length from the nozzle, covered by the wet stream. This is a notable benefit, as it
allows designers to reduce the distance between the nozzle and the heat exchangers, thereby
shortening cooling towers without loss of spray cooling efficiency. In a subsequent study,
Sadafi et al. verified their CFD model against their experimental results obtained from a
Phase Doppler Interferometry (PDI) study. They showed that in a spray, large droplets push
the smaller ones to the middle of the flow [4]. Considering the design parameters (those
which can be changed by the designer), the authors presented two dimensionless correlations
to predict the wet length and cooling efficiency of a full cone nozzle.

However, due to existence of metal surfaces, the corrosion of heat exchangers and deposition
of salt are the pitfalls of using saline water to pre-cool the air in a cooling tower. These
drawbacks can be avoided by a proper engineering design. For example, corrosion-resistive
materials can be used. Condamine power station in Australia uses a titanium condenser and
fibreglass transmitting pipelines to avoid the above-mentioned issues. Other engineering
methods include: painting and surface treatments [5, 6], limiting water temperature [6, 7] and
cathodic protection [8].

Despite its profound effect on the tower cooling efficiency, arrangement of nozzles in a
cooling tower has received little attention. Smrekar et al. [9] showed that by improving the
spray arrangement design in the cooling tower, an optimal water distribution with a constant
water/air mass flow rate can be achieved which can improve the cooling tower efficiency by
5.5% [9]. The aim of this study is to better understand the use of saline water in spray assisted
natural draft cooling towers. The current research focuses on the performance of different
nozzle arrangements within a cooling tower. Particularly, how nozzle arrangement affects
cooling efficiency and the distance over which saline droplets are not completely evaporated.
The proposed model uses the new knowledge obtained from the results of Scanning Electron
Microscopy. The model considers the porosity of dried particles with a more realistic way.
Finally, a trade-off criteria is presented to help designer to choose the most suitable
arrangement.

2. Theoretical Modelling

To simulate the behaviour of the saline water in a spray assisted natural draft dry cooling
tower, ANSYS FLUENT release 16.1 is used [10].
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2.1. Governing equations

An Eulerian - Lagrangian approach suggested by Nijdam et al. [11] is used. The standard k-¢
model with the time-averaged Navier-Stokes equations is utilized in this model. The
governing equations of the air flow are presented in [3].

In the discrete phase, the trajectory of the droplets is determined by integrating the forces
acting on the particle, which is written in a Lagrangian reference frame [12]:

g(oy - »,) Q)

where Fp is the drag per unit droplet mass, given by [12]:

__ 184 V,CpRe )
D — 12 .
paDZ 24

The drag coefficient, Cp is calculated as:

a a 3
C.=a, +——++——, 0.1 < Re < 50000 ( )

where a;, az, and az are constants that apply to smooth spherical droplets (here, a; = 1.222,
a;= 29.1667, and as= -3.8889). A comprehensive procedure to determine these constants is
presented in [13].

The momentum, heat and mass transfer between the droplets and ambient gas are explained
in [3].After reaching the vaporization temperature, the following mass transfer equation is
also applied to the droplets [12]:

N =h,(y.-v,), (4)

The resulting coupled heat transfer equation is:

dm 4 h (5)
t

d fg !

dT,
m cp—dt =hA (T, -T,)+

The rate of evaporation, %, is zero before the droplets heat up to reach the wet-bulb

temperature.

A first order upwind discretization scheme is used for turbulent kinetic energy and dissipation
rate, and second order upwind scheme is chosen for momentum and energy. Moreover, the
SIMPLE algorithm with staggered grids is used for velocity and pressure couplings.

2.2. Discrete Phase Model boundary conditions

The Discrete Phase Model (DPM) in ANSYS FLUENT simulates a multicomponent solution
in a spray. It contains multi liquids. However, to study saline water spraying, a solid
component has to be introduced to the model. To implement solid particles in sprayed water

Page 3 of 16



and predict the size evolution of saline water droplets in ANSYS FLUENT, the evaporation
process of a single saline water droplet should be studied. Here, the physical model of
evaporation developed by Sadafi et al. [14, 15] is used. In their four-stage model, when a
solid containing droplet is exposed to a warm ambient gas, its temperature reaches to around
wet-bulb temperature (first stage in Fig. 2). In the second stage, the isothermal evaporation
occurs during which the droplet shrinks until it reaches the critical (saturated) concentration.

Next, in the third stage, solidification starts from the bottom of the droplet and grows from
the side until a crust covers the droplet surface. Then, in the fourth stage, evaporation
continues from the shrinking wet-core. In this stage, vapour diffuses through the pores of the
solid crust until the droplet dries out, leaving a porous salt particle.

When air is entrapped in the pores of a porous particle, it is necessary to consider the porosity
as it changes the dried size and mean density of the particle [16]. There are limited
information regarding the shape and porosity of such dried crystals of saline water droplets.
Therefore, the surfaces of dried droplets (stage 4) were investigated using Scanning Electron
Microscopy (SEM). Fig. 3 shows the existence of pores on the surface of a crystal formed
during a saline water droplet evaporation. According to the observations in [17], 62% of the
pores range between 0.5 um to 1.5 pm in size.

After processing the images obtained from SEM, the surface porosity of the salt particle was
determined. The surface porosity is calculated by dividing the void area (total area of the
pores) on the surface by the image area. A MATLAB code was created to process multiple
images. Fig. 4 shows how the pore locations were detected. The blue dots in Fig. 4— b show
the presence of the pores. 31 images were processed and the average surface porosity of the
salt was measured to be 6.95%. The actual porosity of dried salt is larger due to the formation
of secondary crystals on the surface (Fig. 3). Secondary crystals form on the surface close to
the end of each pore because during evaporation a portion of the liquid from the wet-core, is
transferred through the pores, and dries on the surface.

Using this information, NaCl was introduced to the DPM as a component in the sprayed
solution (3% by mass). In the multicomponent feature of DPM, besides pure water
(96.985%), the entrapped air (0.015%) was defined as the third component in the sprayed
solution to consider the measured porosity in the final dried particles.

2.3. Geometry of simulation

To simulate nozzle arrangements in a cooling tower, nozzles were positioned either along a 4
m diameter circle or within the circle as shown in Fig. 5. To avoid any wall effect on the
spray flow, a 10 m long cylinder with a diameter of 14 m was chosen as the simulation
domain. The nozzles inject in the positive Z (upward) direction. The model includes gravity
acting in the negative Z direction.

Five arrangements (Fig. 5) were simulated, each using six full cone nozzles.
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The half angle of the nozzles is 40° the injected fluid is saline water with 3% initial NaCl
concentration (by mass) and the DPM in ANSYS FLUENT generates groups of droplets with
an initial size of 50um from each nozzle. The temperature of the sprayed water is set to 20
°C. The saline water mass flow rate of each spray was 0.02 kg/s.

A smooth mesh with 326460 elements is used. To assess the mesh dependency of the results
a spatial convergence examination is performed on the numerical grid using the grid
convergence index (GCI) method explained by Roache [18]. The GCl is [19]:

F|e| (6)

I =
GC e

In Eq. (6) Fs is a safety factor numerical value of which is suggested to be 3.0 for comparing
results from two different grids [19]. € and r are the relative error of the solutions and the grid
refinement ratio (r>1), respectively. p has a numerical value of two and is the order of
convergence. The GCI is determined at the least stable region in the domain, which based on
the simulation is downstream of the nozzle. Considering a 0.5 m cylinder with a length of 1
m and grid refinement ratio of 1.33, the maximum GCI is 2.1% among the important
variables regarding the nature of the flow. This small value for GCI shows a negligible
dependence of the results on the grid size.

3. Numerical Results and Discussion

The validity of the proposed model was previously demonstrated for a single saline water
droplet as well as a single nozzle spraying saline water (Fig. 6).

In the current study, the ambient air data for the simulation are based on a hot summer day in
Miles, Queensland. According to Australian Government, Bureau of Meteorology [20], we
assumed ambient air temperature of 40 °C with 44% relative humidity [21]. Within the
domain the air velocity was set to 1.5 m/s.

Fig. 7 shows the area mean temperature for concentric circles with width of 1 m and Fig. 8
shows the contour plots of temperature in a horizontal plane 3 m away from the nozzles. This
distance was chosen as all saline droplets had evaporated to the 4" stage of the model in [22]
by the time they reach this distance. Due to different arrangements of nozzles there are
different temperatures in each region.

However, to perform a quantitative comparison between different arrangements, an area
weighted mean temperature is considered as:

T __ 4i=n
Area weighted — m .2
i=nTj

where r; and T; are the ith terms of radius and temperature.

Using the area weighted mean temperatures, cooling efficiency was defined as:
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where Tinet and Tyewup are based on the ambient air upstream of the nozzle and Touet is based
on the mean temperature on a 3 m diameter disc, placed 3 m downstream of the nozzle. This
efficiency indicates the performance of the nozzle and sprayed liquid to achieve maximum
evaporation 3 m from the nozzle. Table 1 lists the mean temperatures and cooling efficiencies
obtained from the simulations as well as the wet legths.

As shown in Table 1, arrangement 2 has the lowest mean temperature and highest cooling
efficiency, while arrangement 3 is the least efficient. Therefore, using the optimum nozzle
arrangement may improve the cooling efficiency by 2.05% and may increase mean
temperature reduction by 10%. An economic study Ashwood and Bharathan showed that a
7.5 °C reduction in temperature due to spray cooling leads to 14% improvement in power
generation rate in a 20 MW power plant [1].

The other important parameter involved in using saline water for spray cooling is wet length.

Wet length is the distance from the nozzles for which the air stream is still wet. This length is
important as installing the heat exchangers before it leads to corrosion and increases the
chance of deposition of salt on the surfaces. Using the four-stage model of [3], the evolution
of a single saline water droplet radius follows the trend shown in Fig. 9. During the first and
second stages, the droplet surface is wet, while in the third stage the surface of droplet is
partially dry. Finally, in the fourth stage, a dry layer of salt covers the liquid droplet, resulting
in dry particles and consequently a dry air stream. However evaporation continues as the
liquid inside the porous salt particle evaporates.

The percentage of droplets with a wet-surface, as a function of distance from the nozzle
plane, is shown in Fig. 10 for the five nozzle arrangements. After the start of the fourth stage
(end of wet length), 100% of the droplets are dry. This figure shows that for all arrangements
there is little variation in the distance at which stage 4 is reached (less than 0.15 m).
Comparing the different arrangements shows that arrangement 5, with the most uniform
spacing of nozzles yields the shortest wet length and that arrangements where nozzles are
clustered towards the centre of the circle (1 and 4) have a longer wet length.

Different performances for the five arrangements are due to the interaction between adjacent
nozzles. In other words, arrangement 2 has the highest cooling efficiency because the spray
areas of the nozzles have the least overlap among the five arrangements, leading to most
uniform cooling. On the other hand, the cooled area in arrangement 3 is concentrated at the
middle of the domain (Fig. 8). Therefore, arrangement 3 is affecting a smaller area which
leads to a higher mean temperature and consequently less improved cooling efficiency. The
interaction between the nozzles is independent from the ambient conditions (gas temperature,
relative humidity, and velocity in the range of natural draft cooling tower operating
condition). Thus, these results are applicable for different cooling tower representative
ambient conditions. To determine wet length, the last single droplet with numerically wet
surface is considered in the model. The location with dry surface for all droplets not only
depends on the ambient conditions and geometry, but also is a function of turbulence effects.

Page 6 of 16



Therefore, the arrangement with the best cooling efficiency has not necessarily the shortest
wet length. According to the obtained results in the current study and the ones reported in [4],
different nozzle arrangements have a weak influence on wet length compared to ambient and
initial conditions including: gas temperature, relative humidity, velocity, droplet size, and
water mass flow rate. The presence of a dry stream is a complex interaction between the
evaporation process, which affects the droplet mass and the droplet falling velocity relative to
the free-stream, which is highly dependent on localised fluid flow [23].

As shown in Table 1, the shortest wet length corresponds to arrangement 5, which has a sub-
optimal cooling efficiency. Therefore to determine the optimum design a trade-off between
this factor and cooling efficiency is required. According to certain circumstances, a designer
may choose an arrangement with a low cooling efficiency and low but short wet length, or an
improved efficiency, but long wet length.

For the conditions described in this work, cooling efficiency is a stronger design parameter,
because the wet lengths are very similar. However, in certain circumstances with different
initial conditions, the wet length might be more important. The selection of an arrangement
should consider the limitation of the project including: available area and vertical length,
budget, ambient conditions, available mass flow of water, etc.

4. Conclusion

The influence of nozzle arrangement on the cooling performance of a spray system using
saline water in a natural draft dry cooling tower was investigated. To develop a numerical
model allowing usage of solid particles in the sprayed water, porosity and shape of final dried
crystals were studied using Scanning Electron Microscopy. After simulating saline water
sprays, five different nozzle arrangements each with six nozzles were simulated. It was
shown that an efficient nozzle arrangement achieves 2.91% higher cooling efficiency.
Moreover, different arrangements of nozzles results in formation of different wet lengths. For
all arrangements the formation of a solid crust is achieved over a short distance and full
evaporation is achieved before 2.26 m from the nozzles. The nozzle arrangement does not
influence the wet length significantly.
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Nomenclatures

A surface area (m°?) t time (s)
ai, az, as constants in drag coefficient T temperature (K)
calculation
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Cp specific heat (J/kg K) Vv velocity (m/s)

Co drag coefficient y molar concentration
D diameter (m) € relative error of solution
Fo drag force per unit mass (m/s?) Ncooling ~ C€o0ling efficiency (%)
Fs safety factor p density (kg/m°)
Fx1 additional acceleration (m/s?) u dynamic viscosity (kg/m s)
g gravitational acceleration (m/s®)
GClI grid convergence index Subscripts
h sensible enthalpy (J/kg)
hp mass transfer coefficient (kg d droplet
mol/m? s)
hg specific enthalpy of evaporation ¢ gas
(J/kg)
m mass (kg) i Cartesian component
N molar flux of vapour (kg mol/m® inlet condition at entry of
S) computational cell
p order of convergence outlet condition at exit of
computational cell
r grid refinement ratio S surface
R radius of domain (m) r relative
Re Reynolds number = % wetbulb  wet-bulb
RH relative humidity 00 free stream
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Fig. 1. Dry stream in a spray assisted natural draft dry cooling tower using saline water
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Fig. 2. Evaporation of a solid containing liquid droplet in hot ambient gas
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Fig. 3. Scanning Electron Microscopy image of NaCl crystal created from evaporation experiments;
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Fig. 4. SEM image before and after image processing; the blue dots locate the pores on the surface.
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Table 1 Cooling efficiency and mean temperature of different arrangements

Arrangement Cooling Efficiency ~ Area Weighted Mean ~ Wet Length

No. [%] Temperature [°C] (m)
1 20.35 37.76 2.26
2 21.47 37.64 2.20
3 19.42 37.86 2.16
4 20.25 37.77 2.25
5 20.52 37.74 2.11
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