
Citation: Zhelnin, M.; Kostina, A.;

Plekhov, O.; Zaitsev, A.; Olkhovskiy,

D. Numerical Simulation on

Temperature and Moisture Fields

Around Cooling Towers Used in

Mine Ventilation System. Fluids 2022,

7, 317. https://doi.org/10.3390/

fluids7100317

Academic Editors: Goodarz Ahmadi

and Mehrdad Massoudi

Received: 24 August 2022

Accepted: 26 September 2022

Published: 28 September 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

fluids

Article

Numerical Simulation on Temperature and Moisture Fields
Around Cooling Towers Used in Mine Ventilation System
Maxim Zhelnin 1 , Anastasiia Kostina 1, Oleg Plekhov 1,*, Artem Zaitsev 2 and Dmitriy Olkhovskiy 2

1 Institute of Continuous Media Mechanics of the Ural Branch of the Russian Academy of Sciences,
Ac. Koroleva Str. 1, 614013 Perm, Russia

2 Mining Institute of the Ural Branch of the Russian Academy of Sciences, Sibirskaya, 78a, 614007 Perm, Russia
* Correspondence: poa@icmm.ru

Abstract: For heat rejection, small air-cooling towers are widely used in mine ventilation systems.
However, the thermal efficiency of the cooling towers can be significantly affected by their geometrical
arrangement and crosswind conditions. In certain ambient conditions, heated air coming from an exit
of one tower can flow to intakes of other towers, which leads to a reduction in the thermal efficiency
of the entire ventilation system. The aim of this study was to investigate the influence of crosswind
speed and tower spacing on the temperature and moisture content of intakes of cooling towers.
For this purpose, a three-dimensional CFD model of the non-isothermal turbulent flow of moist air
around cooling towers is proposed. The model is based on the Reynolds-averaged Navier–Stokes
equations with a standard turbulence model which are supplemented by heat transfer and moisture
transport equations. The investigation of the effects of the crosswind speed and the tower spacing
was carried out for two cooling towers by multiparametric numerical simulation using the CFD
model. It was shown that the upstream tower protects the downstream one from the effect of the
crosswind. The increase in the crosswind speed causes a rise in temperature and moisture content at
the intakes of the downstream tower. The increase in the tower spacing, in general, contributes to
a decrease in air temperature at the intakes of the downstream tower. However, at low crosswind
speed, the heat transfer at the intakes can rise with the tower spacing due to a reduction in the
protection possibilities of the upstream tower. Results of the numerical simulation of airflow around
three cooling towers indicated that the increase in the number of cooling towers contributes to a rise
in temperature and moisture content at the intakes.

Keywords: CFD; cooling tower; heat transfer; moisture transport; crosswind

1. Introduction

One of the main components of the mine ventilation system is air-cooling towers,
which provide heat sinking from radiators containing hot water. Cooling of water inside
air-cooling towers is a complex hydro-aero-thermal process in which a combination of
heat and mass transfer effects proceeds between atmospheric air and hot water circulation
in the ventilation system. The efficiency of cooling depends on the temperature and the
moisture of air drawn into the tower. When the location of cooling towers is designed
improperly, a warm plume exiting from one cooling tower may flow to the air intakes of
the neighboring one. As a result, the amount of heat taken from hot water is reduced and
the thermal performance of cooling towers decreases.

Air-cooling towers are widely used for the rejection of heat generated in various indus-
trial processes such as thermal power plants, metallurgical and chemical productions, and
air-conditioning systems [1–3]. In the existing literature, there are several studies devoted
to the effects of crosswind on the cooling efficiency of air-cooling towers [4]. In [5–9],
field measurements and laboratory tests were conducted to evaluate the performance of
air-cooling towers under the impact of different wind speeds. However, experimental data
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obtained in operating cooling towers are affected by a change in environmental conditions,
and results of lab-scale tests frequently cannot be directly translated into real conditions. To
perform a comprehensive analysis of the influence of crosswind on cooling towers, methods
of computational fluid dynamics (CFD) are extensively used. In general, the air is described
as incompressible ideal gas whose steady flow is governed by the Reynolds time-averaged
Navier–Stokes (RANS) conservation equations along with k–ε or k–ω turbulence mod-
els [4,10]. In [11], three-dimensional modeling of temperature and airflow around a natural
draft dry-cooling tower was carried out for various wind speeds. It was shown that a CFD
model based on the RANS equations adequately describes airflow, and obtained tempera-
ture values agreed with field measurements. In further studies, modifications of this model
were proposed to enhance the efficiency of a cooling tower under crosswind conditions by
designing external and internal fixed windbreak walls [12,13], internal windbreak walls
with an asymmetric curved shape [14], partially rotating windbreak walls [15], windbreak
walls with cooling enhancement by water distribution [16], external arc curved air flow
deflectors [17], the geometry of cross-section [18,19], arrangement of heat exchangers [20],
and optimization of flow rate of the circulating cooling water distribution [21]. Moreover,
models based on the RANS equations for incompressible flow were successfully applied
for the calculation of the adverse influence of crosswind on a natural draft wet-cooling
tower [22,23] and development of schemes for embedding into a tower of an air duct [24]
or forced ventilation [25,26] to reduce this negative effect. In [27,28], the hydrodynamic
model was used for analysis of thermal performance of a natural draft wet-cooling tower
improved by split flow plates to produce a dry–wet hybrid zone. In [29], a numerical
simulation was conducted to study the influence of diameter of water droplets in the rain
zone on the cooling efficiency of a natural draft wet-cooling tower.

In practice, cooling towers are located close to each other; hence, the crosswind effect
on the efficiency of a group of cooling towers is of significant importance. In [30], the
thermal performance of two adjacent natural draft wet-cooling towers located near plant
buildings was investigated for various crosswind speeds and directions. It was shown that
crosswind affected the first cooling tower more than the next tower located in the wake of
the first. In [10], thermo-flow characteristics of two neighboring natural draft dry-cooling
towers were estimated depending on ambient wind conditions. The numerical results
also demonstrated that, under crosswind impact, the downstream tower had superior
efficiency compared to the upwind tower. In [31], interactions between three short natural
draft dry-cooling towers were studied for different wind speed and tower spacing. It was
found that the plume of the upwind tower protected outlets of middle and leeward towers
by diverting the upcoming wind; however, at low wind speeds, the wake of the upwind
tower interfered with the plume produced by downstream towers. An increase in tower
spacing led to a reduction in the interaction between cooling towers and a similar level
of the heat rejection of each tower. In [32], numerical simulation of interaction of cooling
towers included in an air-conditioning system was carried out accounting for crosswind
conditions. It was found that a decrease in distance between towers leads to a rise in
backflow rate and temperature of inlet flow.

In the present study, CFD simulation of airflow around two and three cooling towers
included in a mining ventilation system was conducted taking into account turbulent steady
flow of air, heat transfer, and moisture transport. The proposed model is based on the RANS
equations combined with a k–ω turbulence model, supplemented by an energy conservation
equation and mass balance equation for moisture. Numerical implementation of the
model was performed in Comsol Multiphysics® 5.4 software, COMSOL Group, Stockholm,
Sweden, 1998–2018. In spite of several studies devoted to numerical simulation of an
effect of crosswind on thermal performance of natural draft dry- and wet-cooling towers,
some features of air-cooling towers included in a mining ventilation system are taken into
account in the present work. These cooling towers have relatively small dimensions with
height up to 7 m. Cooling of hot water in the ventilation system is carried out using an
axial fan inside the towers. On the industrial site, the towers are located close to each
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other, which can hinder intake of fresh, environment air. A series of computations were
carried out for studying the effect of the distance between cooling towers and crosswind
speed on distributions of flow, temperature, and relative humidity fields. On the basis of
the obtained numerical results, variations of temperature and moisture content in the air
intakes of cooling towers were considered.

2. Numerical Simulation
2.1. Governing Equations

In order to study the effect of crosswind on temperature and moisture around cooling
towers, a numerical model of airflow was formulated using the CFD approach. Accordingly,
turbulent flow of air with heat transfer was described as a movement of continuous media
governed by a set of equations corresponding to conservation laws of mass, momentum,
and energy combined with a turbulence model [4,33,34]. The flow around the cooling
towers under the constant crosswind speed was assumed to be steady and incompressible.

On the basis of the assumptions, airflow can be simulated using the Reynolds time-
averaged Navier–Stokes (RANS) conservation equations [3,35]:

ρ∇ ·V = 0, (1)

ρV · ∇V = −∇p +∇ ·K + ρg, (2)

K = (µ + µT)
(
∇V + (∇V)T

)
, (3)

where V is the velocity, p is the static pressure, ρ is the moist air density, g is the vector of
gravitational acceleration, and µ, µT are the molecular and turbulent viscosity. The physical
properties of the moist air are estimated according to model for incompressible ideal gas.

The turbulent behavior of flow is described by the k–ω turbulence model with low
Reynolds modifications which can predict free shear flow spreading rates [10,36,37]. The
k–ω turbulence model is applicable to wall-bounded flow that can occur between two
cooling towers. The equations of the model for the turbulence kinetic energy k and the
specific dissipation rate ω are written as

ρ(V · ∇)k = ∇ · [(µ + µTσk)∇k] + Pk − βkρωk, (4)

ρ(V · ∇)ω = ∇ · [(µ + µTσω)∇ω] + α
ω

k
Pk − ρβωω2, (5)

where Pk is the production of the turbulence kinetic energy, and α, σk, σω, βk, and βω are
closure coefficients.

The turbulence viscosity µT is determined as

µT = ρ
k
ω

. (6)

Parameters included in equations of the k–ω turbulence model are given according
to [38].

The heat transfer equation in airflow is expressed as follows [39]:

ρCpV · ∇T +∇ · q = Qp + Qvd + QH , (7)

where T is the air temperature, Cp is the specific heat capacity at constant pressure of moist
air, q is the heat flux related to heat conduction, Qp is the heat source caused by pressure
variation, Qp is the heat source representing viscous dissipation, and QH is the heat source
accounting for the diffusive flux induced by the rate of change of air and vapor in moist air.
The heat sources are defined as

Qp = V · ∇p, (8)

Qvd = τ : ∇V, (9)
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QH = −(Cp,v − Cp,a)gw · ∇T, (10)

where gw is the vapor flux by diffusion, Cp,v , Cp,a are the specific heat capacity of vapor
and air at constant pressure, and τ is the viscous stress tensor.

Thermal properties of moist air are estimated according to the mixture rule under the
assumption that moist air is an ideal gas [40].

The density ρ of the moist air is expressed as

ρ =
p

RT
(MaXa + MvXv), (11)

where Ma and Mv are molar masses of dry air and water vapor, Xa and Xv are molar
fractions of dry air and water vapor, and R is the ideal gas constant.

The specific heat capacities Cp,v , Cp,a are determined as

Cp =
Ma

MaXa + MvXv
XaCp,a +

Mv

MaXa + MvXv
XvCp,v. (12)

To compute heat flux q, molecular and turbulent thermal conductivities are used. For
estimation of the turbulent thermal conductivities, the Prandtl number is given to be equal
0.85 [4].

The moisture transport equation is expressed as follows [41]:

ρV · ∇ωV +∇ · gw = 0, (13)

where ωV is the mass fraction of water vapor in air, which is determined as

ωV =
Mvcv

ρ
, (14)

where cv is the concentration. The parameter is estimated as

cv = ϕwcsat′ (15)

where ϕw is the relative humidity, and csat is the vapor saturation concentration. The
relative humidity ϕw is determined by solving the moisture transport Equation (17). The
vapor saturation concentration is determined as

csat =
psat(T)

RT
, (16)

where saturation pressure psat is given as follows [42]:

psat(T) = 610.7 · 107.5 T−273.15
T−35.85 . (17)

The vapor diffusive flux gw is expressed as

gw = −ρD∇ωV , (18)

where D is the vapor diffusion coefficient in air.
Equations (1)–(18) allow computing spatial distributions of velocity, temperature, and

moisture fields of airflow accounting for its turbulence behavior.

2.2. Geometry of Computational Domain and Boundary Conditions

The geometry of the computational domain is presented in Figure 1. Due to the
symmetry of airflow around cooling towers relative to the vertical middle plane, the
numerical simulation was limited to only half of the towers. The three-dimensional domain
was built according to the technical documentation describing the design of the cooling
tower. The height of the tower was 6.57 m. The large cross-section of the tower was a
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square with a length of 8.7 m. The diameter of the top exit of the tower was 5.49 m. The
air intakes with a height of 1.6 m were placed at the bottom part of the towers. In order to
avoid effect of the external boundaries of the computational domain on the flow field, the
upwind and downstream surfaces were located 50 and 130 m from the first tower and the
second tower, and the top boundary was located 42 m from the top exits of the towers. The
lateral boundary was located 45 m away.
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Figure 1. The geometry scheme of the computational domain.

Boundary conditions for the CFD simulation are given below. On the upwind surface,
an inlet condition was given with the crosswind speed Vwind, the temperature Tamb, and
the relative humidity ϕamb of the atmospheric air. The cooling towers were short; thus,
the change in crosswind velocity with height on the upwind surface was neglected. As
airflow through the cooling towers was governed by an axial fan, it was supposed that
the boundary conditions for the cooling tower could be unambiguously defined. On the
top exits of the cooling towers, inlet conditions of the heated air were imposed with the
speed Vin,t, the temperature Tin,t, and the relative humidity ϕin,t. On the air intakes of the
cooling towers, outlet conditions were set with air volumetric flow rate Qout. On the lateral
plane passing through the middle of cooling towers and the opposite lateral plane, the
symmetry condition was used. On the top plane and downstream surface, outlet conditions
were provided with the zero-gauge pressure. On the lateral surfaces of cooling towers and
bottom plane, the no-slip adiabatic wall boundary condition was used.

Parameters used in the boundary conditions are listed in Table 1. These values
correspond to engineering measurements conducted in an industrial site of an operating
potash mine. A study of airflow around the cooling towers was carried out at different
crosswind speeds Vwind, tower spacings, and numbers of towers.
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Table 1. Parameters for boundary conditions.

Tamb(°C) 10.0

ϕamb(%) 40

Vin,t(m/s) 5.1

Tin,t(°C) 23.1

ϕin,t(%) 95

Qout(m3/s) 120

2.3. Computer Implementation of the Model

The computer implementation of the proposed model using Equations (1)–(18) was
carried out in Comsol Multiphysics® 5.4 software, COMSOL Group, Stockholm, Sweden,
1998–2018. An advantage of the software is the wide capabilities of a unified physical-based
interface that allows the development of coupled models accounting for the interaction
between various physical processes.

In the software, the RANS Equations (1) and (2), the k–ω turbulence model (4)–(5), and
the heat transfer and moisture transport Equations (7) and (13) were solved numerically
using the finite element method provided by the software. To prevent numerical oscillation
and improve the stability of the numerical solution, the consistent stabilization methods of
streamline diffusion and crosswind diffusion provided by default were applied [43,44].

The computational domain was divided using tetrahedron elements. The elements of
the computational mesh were refined near the lateral sides of the cooling towers. With an
increase in the distance from the towers, the size of the elements was scaled by a coefficient
of 1.05. The maximal size of the element edge was applied to the region between the second
cooling tower and its downstream surface. The element size of the computational mesh
was determined by conducting of a sequence of computations with a different number
of elements for a crosswind speed Vwind of 5 m/s and a distance between two cooling
towers of 6.57 m. The considered numbers of elements were 729,840, 948,790, 1,233,430,
and 1,603,460. The deviations of the velocity, temperature, and moisture near the top exits
of towers and in the space between towers were less than 2% when the number of elements
was changed from 1,233,430 to 1,603,460. On the basis of the mesh independency study, the
mesh with 1,233,430 elements was chosen for multiparametric numerical simulation. In the
mesh, the minimal and maximal edge sizes of elements were less than 10 cm and 1.8 m.

3. Multiparametric Numerical Simulation of Dynamics of Airflow Around
Cooling Towers
3.1. Parameters for Variation

The mathematical model of non-isothermal turbulence flow of moist air proposed
in Section 2 was applied for analysis of the temperature and moisture fields around the
cooling towers depending on crosswind speed and tower spacing.

Numerical simulations were carried out for the following values of the parameters:
the crosswind speed Vwind was 2.5 m/s, 5.0 m/s, and 7.5 m/s; the distance between the
cooling towers was H/3, H/2, H, 2H, where H = 6.57 m is the height of the cooling towers;
the number of the cooling towers was two and three.

For the two cooling towers, multiparametric three-dimensional numerical simulations
were conducted for each value of the crosswind speed and the distance between towers.
The obtained results were used to estimate the volumetric rate q of the returned flow of
heated air, which flowed to the intake of the downstream tower. Further, the upwind and
downstream cooling towers were named as the first and the second towers.

The volumetric flow rate q is defined as

q =
Tout,2 − Tamb
Tin,t − Tout,2

Qout,t, (19)
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where Qout,t is the volumetric rate of the flow at the intake of the second tower, Tamb is the
temperature of the atmospheric air, Tin,t is the temperature of air exiting from the towers,
and Tout,2 is the average temperature of air at the intake of the second cooling tower. Thus,
if the temperature of air near the intake of the second tower is higher than the temperature
of atmospheric air, then the fraction of the returned flow of the heated air produced by the
first tower increases.

3.2. Simulation of Airflow for Two Cooling Towers

Figures 2–4 demonstrate the characteristic distributions of the velocity V, temperature
T, and relative humidity ϕ along the symmetry plane, which were obtained by solving the
model using Equations (1)–(18) for the crosswind speed Vwind of 5.0 m/s. Figure 2 shows
that the directions of the velocity vectors were affected by the crosswind speed, plumes
coming from the top of the towers, and air outflow to the bottom of the towers. When the
speed Vin,t of heated air exiting from the cooling towers was close to the crosswind speed
Vwind, the velocity V was almost uniform above the towers. At the windward side of the
first tower, the leeward side of the second tower, between the cooling towers, and behind
the plumes of the towers, low-velocity regions were formed. At the bottom of the cooling
towers, air flowed to the intakes of the cooling towers.
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Figure 4. The distribution of relative humidity ϕ [1] under a crosswind speed of 5.0 m/s along the
symmetry plane.

From Figure 3, it can be seen that the maximum temperature was reached near the
exits of the cooling towers. A region with a high temperature of air was formed under
the influence of the flow velocity. The temperature at the windward side of the first tower
was close to the atmospheric air temperature. It can be supposed that, in this region, the
conductive heat transfer was dominated by the convective one. At the same time, the
high-temperature wake produced by the first tower merged with the plume of the second
tower, leading to the heating of atmospheric air between towers and behind the leeward
side of the second tower.

The relative humidity presented in Figure 4 had a similar qualitative distribution. In
front of the windward side of the first tower, the relative humidity of the air remained steady.
The maximum value was located near the exit holes of the cooling towers. The airflow
induced the transport of moisture produced at the top of the towers into the space between
towers and behind the leeward side of the second tower.

Figure 5a shows the temperature distribution, and Figure 5b presents the relative
humidity distributions along the horizontal plane at the height of air intakes of the cool-
ing towers. It can be seen that the crosswind freely blew onto the first tower; thus, the
temperature and the relative humidity on the lateral side of the tower were close to the
temperature and the relative humidity of the atmospheric air. The heated air was trans-
ferred by the crosswind from the lateral side of the first tower toward the second tower
and in the region between the towers. The effect of the crosswind on the second tower was
significantly weaker, which led to accumulation of the heated air. The temperature and the
relative humidity on the lateral side of the second tower increased by about 1.8 ◦C and 14%,
respectively, in comparison with the ambient temperature and relative humidity. Between
the towers and behind the leeward side of the second tower, low-velocity regions were
formed. In these regions, the crosswind influence was minor, with the temperature and the
relative humidity reaching the maximum values of 12.7 ◦C and 61%, respectively.

Figure 6 demonstrates the temperature and the relative distributions along the vertical
plane located in the middle of the distance between towers. Figure 7 illustrates the distribu-
tions of the same values but along the plane behind the leeward side of the second tower.
Both figures display a similar qualitative distribution of the considered values. It can be
observed that the air with the highest temperature rose vertically. Away from the cooling
towers, large vortexes of the airflow were formed. The positions of the vortex centers were
higher than the exits of the towers. The flow circulations indicate that a part of the heated
air in regions between the towers and behind the leeward side of the second tower mixed
with the atmospheric air and flowed back. Thus, if the mixing is not sufficiently intensive,
these circulations could lead to extra convective heat transfer from the wakes of the towers
into the windless regions.
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cal plane located in the middle of the distance between towers. Figure 7 illustrates the 
distributions of the same values but along the plane behind the leeward side of the second 
tower. Both figures display a similar qualitative distribution of the considered values. It 
can be observed that the air with the highest temperature rose vertically. Away from the 
cooling towers, large vortexes of the airflow were formed. The positions of the vortex cen-
ters were higher than the exits of the towers. The flow circulations indicate that a part of 
the heated air in regions between the towers and behind the leeward side of the second 
tower mixed with the atmospheric air and flowed back. Thus, if the mixing is not suffi-
ciently intensive, these circulations could lead to extra convective heat transfer from the 
wakes of the towers into the windless regions. 

Figure 5. (a) Distribution of temperature T (◦C) under a crosswind speed of 5.0 m/s along the
horizontal plane at the height of air intakes of the cooling towers. (b) Distribution of the relative
humidity ϕ [1] under a crosswind speed of 5.0 m/s along the horizontal plane at the height of air
intakes of the cooling towers.
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Figure 7. (a) Distribution of temperature T (°C) under a crosswind speed of 5.0 m/s along the vertical 
plane located behind the leeward side of the second tower. (b) Distribution of the relative humidity 
φ [1] under a crosswind speed of 5.0 m/s along the vertical plane located behind the leeward side of 
the second tower. 

Figure 8 demonstrates the variations of the volumetric rate q of the returned flow of 
heated air at the intake of the second tower depending on the tower spacing. The varia-
tions were computed using Equation (19) for the crosswind speed Vwind of 7.5 m/s, 5.0 m/s, 
and 2.5 m/s and the tower spacing of H/3, H/2, H, and 2H, where H = 6.57 m is the height 
of the cooling towers. The intakes were considered for only half of the second cooling 
tower. 

  

Figure 7. (a) Distribution of temperature T (◦C) under a crosswind speed of 5.0 m/s along the vertical
plane located behind the leeward side of the second tower. (b) Distribution of the relative humidity
ϕ [1] under a crosswind speed of 5.0 m/s along the vertical plane located behind the leeward side of
the second tower.

Figure 8 demonstrates the variations of the volumetric rate q of the returned flow of
heated air at the intake of the second tower depending on the tower spacing. The variations
were computed using Equation (19) for the crosswind speed Vwind of 7.5 m/s, 5.0 m/s, and
2.5 m/s and the tower spacing of H/3, H/2, H, and 2H, where H = 6.57 m is the height of
the cooling towers. The intakes were considered for only half of the second cooling tower.
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Figure 8. Variations of the volumetric rate q of returned flow of heated air at the intakes of the second
tower depending on the tower spacing computed using Equation (19) for the crosswind speeds of
(a) 7.5 m/s, (b) 5.0 m/s, and (c) 2.5 m/s.

The obtained results show that the increase in the crosswind caused a rise in the
returned flow rate of the heated air. In the case of the closest distance between the towers
(H/3), when the crosswind speed increased from 2.5 m/s (Figure 8a) to 7.5 m/s (Figure 8b),
the returned flow rate of the heated air rises more than sevenfold. For the largest distance,
the returned flow rate of the heated air was increased sixfold.

Under the crosswind speeds of 7.5 m/s (Figure 8a) and 5 m/s (Figure 8b) the amount
of the heated air at the intake of the second tower decreased with the increase in the tower
spacing. When the distance between the towers was equal to L and larger, the plot tended
to be more horizontal. Thus, the increase in the distance between towers contributed to
reducing the influence of the first tower on the second one. The increase in the crosswind
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speed from 5 m/s to 7.5 m/s led to an increase in the returned flow rate of the heated air
by 1.4 times for the distance of H/3, and by 1.63 times for the distance of 2H.

For the crosswind speed of 2.5 m/s, the plot of the returned flow rate had another
qualitative character (Figure 8c). When the distance between towers increased from H/3
to H/2, the returned flow rate decreased by 1.25 times. A further increase in the tower
spacing led to a rise in the returned flow rate. The increment in the returned flow rate was
0.4% and 15% when the distance increased from H/2 to H and from H to 2H.

An explanation for the change in the plot trend can be found through an analysis of
distributions of the velocity (Figure 9) and the temperature field (Figure 10). At the distance
between the towers of H/3, the plume coming from the first tower with a speed of 5.1 m/s
(Figure 9a) could protect the second tower from the crosswind. As a result, the heated
air produced by the second tower rose almost vertically (Figure 10a). When the distance
between towers increased to 2H, the protection possibility of the first tower was reduced,
and the plume exiting from the second tower deflected more significantly (Figure 9b). This
led to more intensive heat transfer toward the region behind the leeward side of the second
tower (Figure 10b).
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Figure 9. (a) Distribution of velocity V (m/s) (magnitude and direction) under a crosswind speed of
2.5 m/s and a tower spacing of H/3 along the vertical plane passing at the middle of the distance
between the towers. (b) Distribution of velocity V (m/s) (magnitude and direction) under a crosswind
speed of 2.5 m/s and a tower spacing of 2H along the vertical plane passing at the middle of the
distance between the towers.
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Figure 10. (a) Distribution of temperature T (°C) under a crosswind speed of 2.5 m/s and a tower 
spacing of H/3 along the symmetry plane. (b) Distribution of temperature T (°C) under a crosswind 
speed of 2.5 m/s and a tower spacing of 2H along the symmetry plane. 
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protected the second one from the crosswind. Temperature increased in the region be-
tween towers due to the conductive heat transfer. This led to heating of the air intake of 
the second tower from the windward side. The increase in the distance between the towers 
led to a weakening of the conductive heat transfer from the first tower to the second one, 
thus reducing the temperature on the windward intake of the second tower. At the tower 
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induced the convective heat transfer toward the intake of the second tower from the lee-
ward side. 

In addition to temperature, which is included in Equation (19), the thermal efficiency 
of the cooling towers was significantly affected by the moisture contained in the air on the 
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Figure 10. (a) Distribution of temperature T (◦C) under a crosswind speed of 2.5 m/s and a tower
spacing of H/3 along the symmetry plane. (b) Distribution of temperature T (◦C) under a crosswind
speed of 2.5 m/s and a tower spacing of 2H along the symmetry plane.

In the case of the small distances of H/3 and H/2 between the towers, the first tower
protected the second one from the crosswind. Temperature increased in the region between
towers due to the conductive heat transfer. This led to heating of the air intake of the
second tower from the windward side. The increase in the distance between the towers
led to a weakening of the conductive heat transfer from the first tower to the second
one, thus reducing the temperature on the windward intake of the second tower. At the
tower spacing of 2H, the effect of the first tower on the crosswind was reduced and the
airflow induced the convective heat transfer toward the intake of the second tower from
the leeward side.

In addition to temperature, which is included in Equation (19), the thermal efficiency
of the cooling towers was significantly affected by the moisture contained in the air on the
towers’ intakes. For this reason, variations of the moisture content on the air intakes of the
second tower were studied depending on the crosswind speed and the tower spacing. The
obtained variations are presented in Figure 11.
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tower spacing for the crosswind speeds of (a) 7.5 m/s, (b) 5.0 m/s, and (c) 2.5 m/s.

From Figure 11, it can be seen that a rise in the crosswind speed led to an increase in
the moisture content on the air intakes of the second tower. When the crosswind speed
increased from 2.5 m/s (Figure 11c) to 7.5 m/s (Figure 11a), the moisture content increased
by 1.317 times for the distance of H/3, by 1.32 times for the distance of H/2, by 1.28 times
for the distance of H, and by 1.25 times for the distance of 2H.

For the crosswind speeds of 7.5 m/s (Figure 11a) and 5.0 m/s (Figure 11b), the moisture
content monotonically decreased with an increase in the tower spacing. The plots of the
moisture content variations shown in Figure 11 had a similar qualitative behavior to the
plots of the volumetric rate q of the heated air in Figure 8. The plots decline slowed down
starting from the distance H. At the crosswind speed of 7.5 m/s (Figure 11a), a nonlinear
decrease in the moisture content was observed within the range of the distances between
H/3 and H.

At the crosswind speed of 2.5 m/s (Figure 11c), a dependency of the moisture content
on the tower spacing showed behavior similar to the volumetric rate q of the returned flow.
In the interval from H/3 to H, the moisture content decreased, after which it increased.

Figure 12 presents the distributions of the relative humidity for the distances between
the cooling towers of H/3 and 2H at the crosswind speed of 2.5 m/s. The presented
distributions were qualitatively similar to the temperature field shown in Figure 10. When
the towers were close to each other (Figure 12a), the moisture accumulated in the air
between the towers. As a result, the moisture content increased on the air intake from the
windward side of the second tower. If the distance between the towers was 2H (Figure 12b),
the first tower only slightly prevented the crosswind effect. The moisture contained in the
plumes coming from the towers was transported by the crosswind at the intake from the
leeward side of the second tower, whereas the relative humidity in the air between towers
tended toward the atmospheric value.

3.3. Simulation of Airflow for Three Cooling Towers

In the case of three cooling towers, distributions of the velocity V, the temperature
T, and the relative moisture ϕ are presented in Figures 13–15 along the symmetry plane
for the tower spacing of H and the crosswind speed Vwind of 5.0 m/s. The presented
distributions had similar qualitative characteristics to the distributions for the two cooling
towers shown in Figures 2–4. As the velocity of the plumes produced by the towers was
close to the crosswind speed, the velocity of the airflow was uniform in most of the domain
Figure 13. The direction of the deflections of the plumes coincided with direction of the
crosswind. Between the towers and on the leeward side of the third tower, low-velocity
regions were formed.
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symmetry plane of the three cooling towers.
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Figure 15. The distribution of relative humidity ϕ [1] under a crosswind speed of 5.0 m/s along the
symmetry plane of the three cooling towers.

The temperature (Figure 14) and the relative humidity (Figure 15) on the air intakes
increased as the flow passed through the towers. On the windward side of the first cooling
tower, the temperature and the relative humidity were equal to the atmospheric values.
Under the effect of the crosswind, the heated air exiting from the first tower flowed toward
the second one, which led to convective heat transfer and moisture transport into the region
between towers. The wake from the first tower interfered with the plume coming from
the second tower; thus, the amount of the heated air that moved toward the third tower
increased. As a result, the temperature and the relative humidity in the region between the
second and the third towers increased more significantly.

Table 2 contains values of the volumetric rate q of the returned flow of heated air
estimated for the two and three cooling towers for the distance between towers of H and
the crosswind speed of 5.0 m/s. The obtained results allow one to conclude that the increase
in the number of cooling towers led to a rise in the returned flow rate. When an additional
cooling tower is considered from the leeward side of the second cooling tower, the returned
flow rate increased by 39%. In comparison to the estimation of the returned flow rate for
the second tower in the case of two towers, the estimation of the returned flow rate for
the third tower increased by 286% in the case of three towers. The result is in agreement
with the distributions presented in Figures 14 and 15. The distributions show that the
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temperature and the relative humidity of air at the intakes of the third tower were higher
than those of the other towers.

Table 2. Volumetric flow rate q (m3/s) of heated air under a crosswind speed of 5.0 m/s and a tower
spacing of H in the case of two and three cooling towers.

Intakes of the Second Tower
in the Case of Two Towers

Intakes of the Second Tower
in the Case of Three Towers

Intakes of the Third Tower
in the Case of Three Towers

10.47 14.58 29.91

4. Conclusions

In this study, three-dimensional numerical simulations of the non-isothermal turbulent
flow of moist air around cooling towers were carried out using a CFD model. The proposed
model included the RANS equations, the k–ω turbulence model, and heat transfer and
moisture transfer equations. Computer implementation of the model was performed using
the Comsol Multiphysics® 5.4 software, COMSOL Group, Stockholm, Sweden, 1998–2018.
The geometry of the computational domain was built in compliance with the sizes of the
cooling towers provided by the technical documentation. The scheme of the boundary
conditions took into account the crosswind speed and flow characteristics of heated air
coming from the cooling towers. Parameters for the boundary conditions were assigned
according to engineering measurements conducted on an industrial site of an operating
potash mine.

The results of the multiparametric numerical simulations of aerodynamic behavior
around the two cooling towers were analyzed for different crosswind speeds and tower
spacing. Above the exits of the towers, a region of air with maximum temperature and
relative humidity was formed. In this region, convective heat transfer and moisture trans-
port evolved under the effect of the crosswind and airflow produced by the towers. The
crosswind deflected the plume exiting from the upstream tower toward the downstream
tower. On the downstream tower, the influence of the crosswind was reduced due to the
protection of the upstream tower. Low-velocity regions were formed between the towers
and behind the leeward side of the downstream tower. In these regions, high-temperature
moist air accumulated due to diffusion and convection processes. For the considered values
of the tower spacing, an increase in the crosswind speed induced a rise in the tempera-
ture and the moisture content of air at intakes of the downstream tower. Therefore, the
crosswind contributed to heat transfer and moisture transport toward the downstream
tower. For the crosswind speeds of 5.0 m/s and 7.5 m/s, an increase in the tower spacing
led to a decrease in the volumetric flow rate of the heated air at the intakes of the second
tower. When the tower distance increased sixfold, the volumetric flow rate at the intakes of
the second tower decreased by 7% for the crosswind speed of 5.0 m/s and by 6% for the
crosswind speed of 7.5 m/s. However, for the crosswind speed of 2.5 m/s, the increase in
the distance between towers could lead to an increase in the temperature and the moisture
content at the intakes of the second tower. This may be related to a weaker protection of
the downstream tower by the upstream tower with an increase in the distance between
them. The crosswind induced a more significant deflection of the plume exiting from the
downstream tower. As a result, more heated air flowed to the intake of the downstream
tower from the leeward side.

An increase in the number of cooling towers from two to three caused a rise in the
temperature and moisture content of air at the intakes. The volumetric flow rate of the
heated air at the intakes of downstream towers also significantly increased. In the case
of three cooling towers, the flow rate increased by 39% at the intakes of the second tower
and by 239% at the intakes of the third tower in comparison with the case of two cooling
towers. The volumetric flow rate of the heated air at the intakes of downstream towers also
significantly increased in comparison with the case of two cooling towers. In addition, the
qualitative characteristics of distributions of the temperature and the relative humidity did
not change.
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