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Abstract

Cooling towers are heat rejection devices that utilize ambient air to cool hot water. The

ambient air is drawn into the tower and brought into direct contact with hot water and

where the heat and vapour get transferred. Fluid flow distribution in the tower can result

in better thermal performance. However, the complex nature of airflow in the tower is often

neglected in cooling tower analysis that has relied chiefly on simplified 1D models using

semi-empirical equations. 2D numerical models were proposed, but these models use semi-

empirical equations to simplify the evaporative process in the fill. A detailed analysis of the

fluid flow in the tower and the effect of the fill on the fluid flow is studied. The current study is

aimed at understanding the fluid flow distribution in the tower for different fill arrangements.

A numerical model developed in an in-house open-source software, namely Fuel Cell Simu-

lation Toolbox (OpenFCST), is used to solve the Reynolds Averaged Navier-Stokes (RANS)

equations with an algebraic turbulence model for closure. Simulations were performed con-

sidering the domain on a fill testing facility built in the ESDLab. The fluid flow distribution

was obtained for an empty tower both in 2D and 3D. The obtained pressure drop in the

empty cooling tower was compared against experimental data. Ansys software was utilized

to estimate the fluid flow distribution with the k − ε turbulence model. The algebraic tur-

bulence model shows a good agreement with the experimental data.

The fill in the tower is considered as a porous media using the Darcy-Forchheimer equation.

The fill permeability value is estimated based on the available experimental data, which is

then utilized to estimate the pressure drop in the tower. Parametric studies were performed
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with different fill heights and locations to assess their effect on the fluid flow distribution

in the tower. The obtained fluid flow distribution is utilized to estimate the heat and mass

transfer distribution inside the cooling tower. The fill location in the tower does not affect

the overall pressure drop in the tower.

The advection-diffusion equations were employed to solve for heat and mass distribution in

the tower. Transfer coefficients estimated based on the test facility predict the temperature

and mass fraction in the ESDLab cooling tower. The outlet air temperature and mass frac-

tion increase with fill height and decrease with air flowrate in the ESDLab cooling tower.

The current numerical model is used to estimate the fluid flow and temperature and mass

fraction distribution in an industrial-scale cooling tower and a cross-flow cooling tower. The

industrial-scale cooling tower has similar observations as that of the ESDLab test facility,

except the inlet effects are lower due to the tower’s larger dimension.

Keywords: counterflow cooling tower, numerical model, fill, flow distribution, airflow
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Chapter 1

Introduction

1.1 Motivation

Cooling towers are an integral component of many refrigeration systems, industrial plants,

and other process plants, providing comfort or process cooling across a broad range of ap-

plications. They dissipate low-grade heat by bringing hot water in direct contact with the

cold ambient air where both sensible and evaporative cooling occurs.

Cooling towers are large structures where air and water flow distribution depends on the

cooling tower’s geometry. Air is drawn at the bottom of the tower and exits at the top while

it passes through the different zones in the tower, simultaneously interacting with hot water.

The underlying physics in the tower, hence, depends mainly on the extent of water and air

distribution in the tower, and it has been noted that the uniform distribution of both air

and water leads to the good thermal performance of the tower [6].

Cooling towers have been an area of interest since the mid of 1950s; however, earlier models

primarily relied on simplified one-dimensional models that did not account for fluid flow

distribution. The fill-zone in these models is modelled with a semi-empirical equation, and

the nature of the flow is not studied. Air enters the tower horizontally and changes di-

rection to flow vertically up. This sudden change in direction results in a vena-contracta,

a low-pressure region that might result in a recirculation zone along the inner tower wall.

The presence of the recirculation zone leads to an uneven distribution of airflow across the

tower cross-section, which is known to affect the tower performance [7]. Few recent models

have considered a two-dimensional (2D) and three-dimensional (3D) numerical approach.

However, they did not focus on fluid flow behaviour on the final performance of the tower.

Moreover, the flow behaviour in the rain zone is affected by the fill characteristics [8, 9]. A

quantitative approach with regards to a CFD model lacks in this aspect.
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Figure 1.5 – Schematic of an induced draft cooling tower. Reproduced from reference [3] with
permission

eventually shapes the flow into the rain zone.

The ambient air encounters water droplets for the first time in the rain zone as it enters

the tower through the inlet. Water exiting the fill drops through the rain zone as it passes

by the air inlet to the collection basin. In wet cooling towers, about 10-20% of the total

heat transfer occurs in the rain zone [12]. Air, possessing the maximum momentum in this

region, experiences resistance by the water drops as it changes its direction. Due to the

inertial effects, air tends to move towards the center of the tower, resulting in a non-uniform

distribution of the airflow across the tower cross-section. This flow behaviour continues until

the air encounters the fill. Moreover, the air with low temperature and low moisture content

come into contact with the relatively hotter air in the rain zone. Hence, the flow behaviour

becomes vital as an uneven distribution can result in uneven mass and thermal transport

across the rain zone. Such an uneven distribution of airflow across the tower cross-section

makes the rain zone critical for analyzing the fluid flow behaviour.

Fill zone is considered as the heart of the cooling tower as about 60-70% of the total heat

transfer is achieved in this zone [13]. It is a complex grid-like structure with multiple pas-

sages provided for the flow of water and air. These passages enable direct contact between

the liquid and the gas phase. Enhanced heat and mass transfer can be achieved by increasing

the residence time and the interface area between the gas and liquid phases. There are three

types of fills: 1) splash, 2) film, and 3) film-grid. A splash type fill is a layer of horizontal
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model applicable to natural and mechanical draft towers with counter-flow or cross-flow ar-

rangements. In their analysis of fluid flow profiles in a cooling tower, the velocity distribution

showed a non-uniform profile approaching the fill, a uniform flow in the fill, and a smooth

turning and acceleration towards the exit. Vander Merwe and du Toit [6] studied the fluid

profiles considering fill as a porous media and observed a similar profile as of Majumdar’s [5]

at the fill inlet. Milosavljevic and Heikkila [16] developed a three-dimensional model using

ANSYS FLUENT to analyze the flow profile at the inlet of a forced draft cooling tower. They

observed a non-uniform distribution of the air across the fill inlet. The vertical distance from

the fill inlet to the tower inlet is varied, and the flow distribution improved with increasing

vertical height. It was noted that the flow distribution is also improved by either having a

flow straightener or having a bell-shaped air spreader at the tower inlet. Williamson et al.

[7] in his 2-dimensional study of a natural draft cooling tower, studied the non-uniformity

nature of the flow in a cooling tower and observed that the flow in most cases is uniform

in both fill and spray region but has a considerable non-uniformity in the rain zone. The

non-uniformity has a significant effect on the cooling load of the rain zone; however, it is

dependant on multiple factors like the droplet size, fill height, water flow rate, and to some

extent, the inlet height.

A good numerical model that estimates the fluid flow distribution in a cooling tower must

include an accurate representation of the inlet losses as they constitute a significant portion

of the overall pressure loss [22]. Inlet losses are the pressure drops traditionally associated

with the entrance effects to duct flows. The sudden contraction of flow as it enters the

tower and high shear stresses on the molecules adjacent to the wall just inside the entrance

causes the separation of the accelerating fluid downstream of the entrance. One of the first

attempts at modelling cooling tower inlet losses was studied by Lowe and Christie [23].

Terblanche and Kroger [8] in their experimental study, showed that inlet losses highly de-

pend on the fill resistance. Du Preez and Kroger [9] arrived at a similar conclusion with

their experimental study where they investigated the inlet losses at the base of a circular

natural draft cooling tower. De Villiers and Kroger [22] experimentally obtained an inlet

loss coefficient and showed that it decreased with an increasing inlet rounding radius, sug-

gesting that the inlet geometry affects the flow profile and can be used to control the flow

distribution in the rain zone. The study was extended by Reuter and Kroger [11] who used

a CFD model to analyze the flow profiles. They reported that the inlet geometry affects

the flow distribution. Keeping this in consideration, in the current study, the domain of the

cooling tower is extended to include a zone connecting the tower inlet with the ambient zone.
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Turbulence modeling

Numerical models that have studied airflow in cooling towers have estimated the velocity and

pressure distribution by solving the Reynolds Averaged Navier-Stokes (RANS) equations as

the flow in the cooling tower domain is turbulent. Majumdar et al. [5, 14] and Hawlader and

Liu [15] have used an algebraic turbulence model to estimate the effective viscosity, while

other numerical studies have used the k − ε turbulence model [16, 17, 24–26].

These turbulence models aim to predict the turbulence viscosity that appears in the RANS

equations due to turbulent mixing. In algebraic turbulence models, the turbulent viscosity

is evaluated based on an empirical relation, and, hence, it is a fixed value throughout the

domain. On the other hand, in the k − ε turbulence model, turbulent viscosity is evaluated

based on the turbulent eddies. A turbulent eddy can be thought of as a local swirling motion

of fluid that encompasses the kinetic energy associated with the turbulent flow. Turbulence

features a cascading effect, i.e., the kinetic energy transfers from a large eddy to a more

miniature eddy that eventually dissipates into heat at a micro-scale. The turbulent viscosity

is higher at the zones where the turbulent eddies are strong and is almost equal to zero where

the turbulent eddies are negligible [27].

The k − ε turbulence model provides a good approximation for most flows, however, it has

been observed to perform poorly when flow separation is present [28]. In the rain zone,

the flow undergoes a sudden change in direction resulting in flow separation. Therefore the

applicability of the k − ε model to cooling towers must be assessed. Majumdar et al. [14]

noted that sophisticated models such as the k − ε turbulence models might not be useful

unless the cells dimensions are smaller than the pitch of the fill element.

A mesh refinement of the order of the lowest turbulence scale (Kolmogorov length scale)

increases the computational cost and might become prohibitive for three-dimensional mod-

elling. To overcome this computational cost, Guermond et al. [29] introduced an artificial

viscosity concept called an entropy viscosity model that is based on the numerical residual

of the energy (entropy) equation. The artificial viscosity is defined such that it vanishes in

low turbulent eddy regions and becomes active in high turbulent eddy regions. Though the

entropy viscosity model is observed to have better control over the system, it has not been

explored for steady-state conditions. Hence, an algebraic turbulence model suggested in the

literature [14, 15] is utilized in the current study.

10



Air flow in the fill

The fill is the primary pressure drop region in the cooling tower. The air and water flow

through the splash bars or the film-type sheets in opposite directions. The airflow distri-

bution entering and leaving the fill depends on the water loading and fill characteristics

[11, 25]. Hence, it is imperative to have a good understanding of the fill such that the airflow

distribution in the tower is aptly predicted.

The fill is modelled as a momentum sink in the majority of the models in literature where

the resistance offered is estimated based on the equation

∆p = kf
1

2
ρv2 (1.1)

where kf is the loss coefficient of the fill [14, 17, 24, 25, 30]. Hawlader and Liu [15] utilized a

slightly modified equation where the power to the velocity is a dependant parameter specific

to the fill. Empirical relations estimate the loss coefficient. A comprehensive summary of

empirical loss correlations available in the literature is provided in reference [12].

The flow inside a fill undergoes a complex path which is not captured by having it as a

pressure drop zone. Becker et al. [31] in his study of flow around an induced draft mechanical

cooling tower, assessed the pressure prediction inside a cooling tower by considering fill as a

porous media. A viscous resistance is considered for pressure prediction, which is known as

Darcy’s law, shown below

∇p = µK̂
−1

v (1.2)

where K̂ is the permeability matrix of the medium, a measure of resistance to the fluid,

and v is a velocity vector. His study was mainly focused on the external flow, and hence

the flow profiles inside were not analyzed. Vander Merwe [6] extended the study of Becker

et al. [31] to study the flow profile inside a mechanical draft cooling tower and compared

the results to those in Majumdar et al. [5]. The overall profile in both cases was similar;

however, van der Merwe and du Toit observed a difference of profiles near the walls and a

more significant recirculation zone. No other flow behaviour was analyzed inside; however,

the study was limited in the sense that the turbulence effects that arose by the fill were not

considered. In this regard, Burchart [32] suggested to have an inertial term along with the

viscous term, which is known as Forchheimer estimation.

The fills, as mentioned before, can be a film type and splash or can be both. The permeabil-

ity value of the fill can be adjusted based on the directional flow of the fill. For orthotropic

11



fill resistance, such as film type, the oblique flow entering the fill is forced into the vertical

direction by the fill sheets [11]. The splash fill can be considered as an isotropic porous

medium having the same permeability in principle directions. To better capture flow and

flexibility to adapt to different cases, the fill zone is modelled as a porous media.

Computational domain

The fluid flow in a cooling tower is decided by the geometry of the cooling tower. Most of

the past CFD studies have focused on natural draft cooling towers, while mechanical draft

cooling towers remain least explored [7, 15, 18, 24, 33]. The fluid flow in mechanical draft

towers is different as these towers usually have a rectangular cross-section contrary to the

circular cross-section of natural draft cooling towers. Further in mechanical draft towers,

while a fan is used to induce/force the flow in a mechanical draft cooling tower [12]. Most

mechanical cooling towers are comparatively smaller in size and do not have a hyperbolic

shape. Because of this reason, the external draft is necessary to drive the flow as the ge-

ometry does not aid the acceleration of the flow as in a natural draft tower. Considering

all these differences, the fluid flow in mechanical draft towers is very different from natural

draft towers and, hence, is the focus of this study.

Unlike spray and fill regions, the fluid flow behaviour in the rain zone is influence by many

factors such as inlet effects, fill characteristics, its location in the tower, and to some extent,

the tower inlet height. Due to the multiple factors, the fluid flow in the rain zone results in

non-uniform distribution, significantly affecting the tower’s thermal performance. Analyzing

the flow behaviour becomes more prominent in a mechanical draft tower due to its geomet-

rical and space constraints. All these factors emphasize the need to study fluid flow. Most

studies in the literature were focused on the thermal performance [7, 14, 15, 33] while few

[16–18] have tried to analyze flow profiles in the tower. Most have analyzed the flow profiles

in the natural draft cooling tower, while flow behaviour in the mechanical draft cooling tower

is least explored. Hence, this study aims to analyze the fluid flow and the main factors that

affect the fluid flow behaviour in a mechanical draft cooling tower.

1.3.2 Heat and mass transfer in the tower

The thermal performance of a cooling tower can be estimated by incorporating a heat and

mass transfer model into the above-established airflow model. Upward flowing air comes into

direct contact with hot water as it travels through the spray, fill and rain zones under the
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by which the source term in the advection-diffusion equation can be calculated.

The empirical relations related to the fill mass transfer coefficients are derived from labora-

tory tests. Kloppers and Kroger [1, 12] in their detailed test procedures measured the water

inlet and outlet temperatures along with the air inlet temperature. The Merkel can then be

used to find the Merkel for the fill. The data is correlated to give an empirical equation of the

Merkel number as a function of the dependent variables. Different formats for the empirical

equations have appeared in the literature. Lowe [23] proposed the empirical equation as

shown in eq (1.4) while Kroger [12] proposes eq (1.5):

Me

Lfi

= c1

(

Gw

Ga

)c2

(1.4)

Me

Lfi

= c1G
c2
wG

c3
a (1.5)

where c1, c2 and c3 are the fill specific constants obtained from experiments, Ga is airflow rate

per unit area, Gw is water flow rate per unit area and Lfi is the depth of the fill. Kloppers

and Kroger [1, 12] found that the Merkel number is not dependent on air inlet temperature

or wet-bulb temperature but is a function of the fill depth and the above equation is modified

as:
Me

Lfi

= c1G
c2
wG

c3
a L

c4
fi (1.6)

Making use of these empirical equations, the mass transfer coefficient is obtained, which is

utilized to obtain the heat transfer coefficient by Lewis factor relation. The heat transfer

coefficient in the tower is estimated by using Lewis factor relation as in equation (1.7).

Merkel [19] assumed that the Lewis factor to be unity while Bosmjakovic [34] has reported

that it may be lower than unity and provided with a formula as equation (1.8).

Lef =
h

cpKa
(1.7)

Lef = 0.8662/3

(

ωw
s + 0.622

ω + 0.622
− 1

)

ln

(

ωw
s + 0.622

ω + 0.622

)

−1

(1.8)

where h is the heat transfer coefficient.

Majumdar et al. [5, 14] evaluated the rate of mass transfer from water to air based on

Lowe’s empirical equation (1.4). Their model provides a good estimation of the temperature

on the moisture profiles; however, taking the Lewis factor to unity results in an inaccurate

approximation of the heat and mass transfer. Besides, the fill depth is not considered in the

evaluation of the mass transfer coefficient, which according to Klopper and Kroger [1, 12]
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also affects the transfer coefficient. Razafindrakoto et al. [17] followed a similar approach

where a three-dimensional airflow model is coupled with one-dimensional heat and mass

transfer water-air exchange model. The coupling, however, was implemented in steps where

the convection, diffusion, and pressure-continuity were solved in consecutive steps, which

according to the author, needs improvement as the predicted values deviate from the exper-

imental values. The model is also observed to have an underpredicted air flow rate due to

which the thermal performance is not aptly predicted. Additionally, these models have only

considered fill as heat and mass sources when other regions like spray and rain significantly

contribute to thermal performance.

Hawlader and Liu [15] extended Majumdar’s model [14] to include the heat and mass trans-

fer in the rain zone and reported that about 83% of the total heat transfer occurs in the fill

zone. It is also observed that about 90 % of the heat transfer in the rain zone is through

evaporation. Al-waked et al. [24] considered the one-dimensional flow of water in the fill zone

as droplets, and transfer coefficients were derived based on Ranz and Marshall [35]. They re-

ported that the droplet diameter has the most significant effect on the thermal performance

of the tower. However, this approach might be valid for splash fill but may not be accurate

for the case of film type fills. Williamson et al. [25] considered the film type nature of the

flow and the one-dimensional heat and mass transfer inside the fill zone. The fill is divided

into vertical layers, and in each layer, water temperature and its flow rate are kept constant.

The volumetric mass transfer coefficient is estimated based on the correlation equations of

Kloppers [1] and the Lewis factor is determined based on Bosjnakovics formula [20] which is

then used to estimated the volumetric heat transfer coefficient. The resulted flow, in most

cases, is relatively uniform through the fill but resulted in a considerable non-uniformity in

the heat transfer due to the radial airflow in the rain zone.

Mass-transport analysis in literature [7, 14, 14, 24] have modelled water as a one-dimensional

flow assessing the mass variation with height. Since the fluid flow in the domain was the

main focus of this study, the heat and mass transport is simplified by solving the advection-

diffusion equations with equivalent source terms in the fill zone without solving the water

flow.

1.4 Objectives

From the above literature study, it is observed that while there have been sufficient studies

on the natural draft cooling towers, the research related to mechanical draft cooling towers
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is limited. The research focus was mainly directed towards the tower’s thermal performance,

while the effect of the fluid flow distribution is not highlighted. A three-dimensional model

is necessary to study the effect of fluid flow distribution, especially in mechanical draft

towers. The inlet geometry, the fill in the tower, fill height, and its parameters influence

the airflow distribution, affecting the thermal performance. It is also to be noted that a

three-dimensional model is computationally expensive and requires efficient models to solve

the fluid flow. Since the flow is in the turbulent regime, a turbulence model is necessary to

achieve a steady-state solution. Keeping the above issues in consideration, the objectives of

this study are outlined as

• To analyze the flow in a cooling tower and validate it with the experimental

data: This objective will focus on obtaining the fluid flow distribution in a cooling

tower with and without fill. Fill is considered as a porous media, and the pressure drop

obtained across the fill is validated with the experimental data.

• To investigate the effect of different parameters affecting fluid flow distri-

bution: This objective will focus on the influence of inlet height, inlet geometry, fill

location in the tower and fill parameters on the fluid flow distribution.

• To estimate the heat and mass distribution in a cooling tower: This objective

will focus on solving the energy and moisture conservation equations based on the

obtained fluid flow distribution in the tower.
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Chapter 2

Theory

The fluid flow in the cooling tower is predicted by the Reynolds Averaged Navier-Stokes

(RANS) equations. Advection-diffusion equations are utilized to estimate the heat and mass

distribution in the tower based on the obtained fluid flow distribution.

2.1 Governing equations for empty tower case

In an empty tower, the flow has no restriction in its path, and no source of heat and mass is

present, resulting in an incompressible flow, i.e., the fluid density is constant. In solving the

fluid flow equations, another important aspect is to know the nature of the flow, i.e., whether

it is laminar or turbulent. The characteristic length (width or breadth) of a mechanical draft

tower is usually in the order of few meters, and the airflow velocity is usually in the order

of a few m/s. The density and dynamic viscosity of air at standard conditions are 1.225

kg/m3 and 1.8×10−5 Pa.s respectively (measured at STP). The Reynolds number of a flow

is calculated by

Re =
ρuavgD

µ
(2.1)

where uavg is the average velocity in the tower and D is the characteristic length of the tower.

Owing to the large geometrical structures, the Reynolds number of a typical cooling tower

is of the order of 105, suggesting the flow is well within the turbulent regime.

To solve such flows, the Navier-Stokes equations are time-averaged resulting in a steady-state

equation and the turbulent effects are mapped in the final equation as Reynold stresses. The

obtained set of equations are called the Reynolds averaged Navier-Stokes (RANS) equations.

The final incompresible RANS equations are:
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∇ · v = 0 in Ω (2.2)

ρ∇ · (v ⊗ v) = ∇ ·
(

−pÎ + 2µeff∇sv
)

+ ρg in Ω (2.3)

where p is pressure in Pa, ρ is the fluid density in kg/(m3, v is the velocity in m/s, σ̂

is the Cauchy stress tensor, µeff is the effective viscosity (dynamic viscosity + turbulence

viscosity) in Pa.s, ∇s is the symmetric gradient, defined as ∇s = 1

2

(

∇ + ∇T
)

, Î is the unit

tensor, g is the gravitational force and Ω is the computational domain.

The governing equations can be rewritten as

∇ · v = 0 in Ω (2.4)

ρ∇ · (v ⊗ v) + ∇p− 2µeff∇ · ∇sv − ρg = 0 in Ω (2.5)

The gravity force is neglected as it do not provide any pressure difference that drives the flow

inside the tower. The weak formulation is achieved by multiplying suitable vector valued

functions to the above set of equations:

∫

Ω

q∇ · v dΩ +

∫

Ω

ω · [ρ∇ · (v ⊗ v) − 2µeff∇ · ∇sv + ∇p] dΩ = 0 (2.6)

The advantage of considering a weak formulation is that it automatically satisfies the natural

boundary conditions. In the Galerkin method, the solution approximation functions and the

test functions belong to the same vector space, i.e., both have the same basis functions.

The terms in the momentum equation can be expanded as follows:

∫

Ω

ω · [ρ∇ · (v ⊗ v)] dΩ = ρ

∫

Ω

∇ · [(v ⊗ v)ω] dΩ − ρ

∫

Ω

∇ω : (v ⊗ v) dΩ

= ρ

∫

Γ

[(v ⊗ v)ω] · n dΓ − ρ

∫

Ω

∇ω : (v ⊗ v) dΩ

= ρ

∫

Γ

(n ⊗ ω)s : (v ⊗ v) dΓ − ρ

∫

Ω

∇ω : (v ⊗ v) dΩ (2.7)

where the following relationship has been used:

T̂ sv · n = (n ⊗ v) : T̂ s = (n ⊗ v)s : T̂ s (2.8)

where T̂ s is a symmetric tensor of rank 2. The weak form of the viscous term reads as

18



follows:
∫

Ω

ω · [−2µeff∇ · ∇sv ] dΩ = 2µeff

∫

Ω

∇ω : ∇sv dΩ − 2µeff

∫

Ω

∇ · [∇sv ω] dΩ

= 2µeff

∫

Ω

∇ω : ∇sv eff dΩ − 2µ

∫

Γ

(∇sv ω) · n dΓ

= 2µeff

∫

Ω

∇ω : ∇sv dΩ − 2µeff

∫

Γ

(n ⊗ ω)s : ∇sv dΓ (2.9)

The pressure gradient term reads:

∫

Ω

ω · ∇p dΩ =

∫

Ω

ω ·
(

∇ · pÎ
)

dΩ

=

∫

Ω

∇ ·
(

pÎ ω

)

dΩ −

∫

Ω

∇ω : pÎ dΩ

=

∫

Γ

(

pÎ ω

)

· n dΓ −

∫

Ω

∇ω : pÎ dΩ

=

∫

Γ

(n ⊗ ω)s : pÎ dΓ −

∫

Ω

∇ω : pÎ dΩ (2.10)

The weak form of Eq. (2.6) reads:

∫

Ω

q∇ · v dΩ − ρ

∫

Ω

∇ω : (v ⊗ v) dΩ + 2µeff

∫

Ω

∇ω : ∇sv dΩ −

∫

Ω

∇ω : pÎ dΩ =

−ρ

∫

Γ

(n ⊗ ω)s : (v ⊗ v) dΓ +

∫

Γ

(n ⊗ ω)s :
[

−pÎ + 2µeff∇sv
]

dΓ (2.11)

To simplify the complex terms, the following relationship is used,

Â : T̂ s = Âs : T̂ s (2.12)

where Âs = 1

2

(

Â + Â
T
)

is the symmetrized version of Â. Taking (2.12) into account,

Eq. (2.11) can be rearranged as:

∫

Ω

q∇ · v dΩ − ρ

∫

Ω

∇sω : (v ⊗ v) dΩ + 2µeff

∫

Ω

∇sω : ∇sv dΩ −

∫

Ω

∇sω : pÎ dΩ =

−ρ

∫

Γ

(n ⊗ ω)s : (v ⊗ v) dΓ +

∫

Γ

(n ⊗ ω)s :
[

−pÎ + 2µeff∇sv
]

dΓ (2.13)

This set of equations is nonlinear and therefore it needs to be linearized, which in this case

is done with Newton’s method. Let us assume that at a k−th Newton iteration the pairs
{(

pk, v k
)}

fail to satisfy the Eqs. (2.6) but still satisfy all necessary boundary conditions.

Then we require that the new pairs
{(

pk+1, v k+1
)}

=
{(

pk + δp, v k + δv
)}

are the solution

to the whole problem (both equations and boundary conditions are supposed to be satisfied).
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∫

Ω

q∇ ·
(

v k + δv
)

dΩ − ρ

∫

Ω

∇sω :
[(

v k + δv
)

⊗
(

v k + δv
)]

dΩ

+2µeff

∫

Ω

∇sω : ∇s

(

v k + δv
)

dΩ −

∫

Ω

∇sω :
(

pk + δp
)

Î dΩ =

−ρ

∫

Γ

(n ⊗ ω)s :
[(

v k + δv
)

⊗
(

v k + δv
)]

dΓ

+

∫

Γ

(n ⊗ ω)s :
[

−
(

pk + δp
)

Î + 2µ∇s

(

v k + δv
)

]

dΓ (2.14)

On expanding:
∫

Ω

q∇ · v k dΩ +

∫

Ω

q∇ · δv dΩ − ρ

∫

Ω

∇sω :
(

v k ⊗ v k + v k ⊗ δv + δv ⊗ v k
)

dΩ

+2µeff

∫

Ω

∇sω : ∇sv
k dΩ + 2µ

∫

Ω

∇sω : ∇sδv dΩ −

∫

Ω

∇sω : pkÎ dΩ

−

∫

Ω

∇sω : δpÎ dΩ =

−ρ

∫

Γ

(n ⊗ ω)s :
(

v k ⊗ v k + v k ⊗ δv + δv ⊗ v k
)

dΓ

+

∫

Γ

(n ⊗ ω)s :
(

−pkÎ
)

dΓ +

∫

Γ

(n ⊗ ω)s :
(

−δpÎ
)

dΓ

+

∫

Γ

(n ⊗ ω)s :
(

2µeff∇sv
k
)

dΓ +

∫

Γ

(n ⊗ ω)s : (2µeff∇sδv) dΓ (2.15)

Rearranging the equation based on the known terms and solution variables
∫

Ω

q∇ · δv dΩ − ρ

∫

Ω

∇sω :
(

v k ⊗ δv + δv ⊗ v k
)

dΩ

+

∫

Ω

∇sω :
(

−δpÎ + 2µeff∇sδv
)

dΩ + ρ

∫

Γ

(n ⊗ ω)s :
(

v k ⊗ δv + δv ⊗ v k
)

dΓ

−

∫

Γ

(n ⊗ ω)s :
(

−δpÎ + 2µeff∇sδv
)

dΓ =

−

∫

Ω

q∇ · v k dΩ + ρ

∫

Ω

∇sω :
(

v k ⊗ v k
)

dΩ −

∫

Ω

∇sω :
(

−pkÎ + 2µeff∇sv
k
)

dΩ

−ρ

∫

Γ

(n ⊗ ω)s :
(

v k ⊗ v k
)

dΓ +

∫

Γ

(n ⊗ ω)s :
(

−pkÎ + 2µeff∇sv
k
)

dΓ (2.16)

2.1.1 Algebraic turbulence model

To account for turbulence, a µeff was introduced into the final governing equation which is

the sum of dynamic viscosity, µ, and turbulence viscosity µturb, i.e,

µeff = µ + µturb (2.17)
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The turbulence viscosity, µturb, needs to be estimated. In this thesis, an expression proposed

by Majumdar et al. [5, 14] for cooling towers is used as shown below,

µturb = Cρuavgyl (2.18)

where C is a constant equal to 0.06, ρ is the density of the fluid, uavg is the average fluid

velocity in the tower domain, and yl is the characteristic length which is proportional to the

local boundary layer width i.e,

yl = αyb (2.19)

where α is proportionality constant, and yb is boundary layer width. The proportionality

constant, α, is based on the flow type and for a radial jet is 0.125 [36]. It is chosen based

on the radial nature of the flow obtained in the fan’s presence. The other proportionality

constants provided in reference [36] are mainly for the plane type of flow, and hence the

radial jet constant is considered, which is more suitable for a system with a fan. The bound-

ary layer width is equal to half of the channel width, i.e., for example, in ESDLab tower,

the channel width is 0.645 m, for which the boundary layer width, yb is equal to 0.3225 m.

The average velocity in the tower is obtained by taking a cumulative average of measured

velocity data. The data points collected at the outlet of the tower from experiments are aver-

aged to evaluate the average velocity in the tower, which is explained in detail in section 3.1.2.

2.2 Governing equations with fill

As mentioned in the literature review, the fill is considered as a porous media in this current

study. In considering the fill, the fluid is forced to pass through a restricted path that may

have an effective smaller cross-sectional area compared to that of the rest of the tower cross-

section. This may give rise to some compressibility effects, and hence compressibility has

to be considered. In addition to the compressibility, the fluid flow in the porous media is

very complex, and some type of averaging is used for such flows. The method of averaging

is based on the assumption that locally averaged properties will suffice for design purposes

[37].

Consider a small porous elementary volume shown in Fig. 2.1, where there is both fluid

domain and solid domain. The two most common choices for representative elementary

volume (REV) averaging are the phase and intrinsic average methods. For the phase average,

the fill variables are averaged over the entire domain including the solid domain, while the

intrinsic average, the fill variables are averaged over the domain of that the fluid exists.

The phase and intrinsic REV averages are mathematically defined for a given function φ
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In general, compressed RANS equations are solved in the tower incorporating the volume-

averaged equation for the fill zone. Considering a d-dimensional cooling tower domain Ω ⊂ R
d

with a boundary Γ. It is known that the governing equations must be valid for two sets of

domain, i.e, channel and porous media. Channel is the domain which is free of any kind of

resistance to the flow while a resistance to the flow is present in the porous domain. Hence

the domain, Ω has two sub domains, channel domain, Ωc ⊂ Ω with a boundary Γc ⊂ Γ and

porous domain, Ωp ⊂ Ω with a boundary Γp ⊂ Γ. Applying the assumptions above and

simplifying the governing equations that were implemented in OpenFCST that are valid for

all domains is as follows:

∇ · (ρv) = 0 in Ω (2.25)

∇ · (ρv ⊗ v) = ∇ ·
(

−pÎ + σ̂

)

+ F + ρg in Ω (2.26)

p = ρ
RT

M
(2.27)

σ̂ = 2µ∇sv −
2

3
µ (∇ · v) Î (2.28)

F =

{

0, in Ωc

−µK̂
−1

εv − CF K̂
−1/2

ρ ‖εv‖ εv , in Ωp

(2.29)

ε =

{

1, in Ωc

0 < ε ≤ 1, in Ωp

(2.30)

ρ =

{

ρ, in Ωc

〈ρ〉, in Ωp

(2.31)

v =

{

v , in Ωc

〈v〉f , in Ωp

(2.32)

On following the same procedure of weak formulation and linearizing, the governing equations

with fill results in
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∫

Ω

q∇ ·
(

δρv k + ρkδv
)

dΩ −

∫

Ω

∇sω :
(

δρv k ⊗ v k + ρkδv ⊗ v k + ρkv k ⊗ δv
)

dΩ

+

∫

Ω

∇sω :
(

−δpÎ + δσ̂
)

dΩ −

∫

Ω

ω · (δF + δρg) dΩ

+

∮

Γ

(n ⊗ ω)s :
(

δρv k ⊗ v k + ρkδv ⊗ v k + ρkv k ⊗ δv
)

dΓ

−

∮

Γ

(n ⊗ ω)s :
(

−δpÎ + δσ̂
)

dΓ =

−

∫

Ω

q∇ ·
(

ρkv k
)

dΩ +

∫

Ω

∇sω :
(

ρkv k ⊗ v k
)

dΩ

−

∫

Ω

∇sω :
(

−pkÎ + σ̂
k
)

dΩ +

∫

Ω

ω ·
(

F k + ρg
)

dΩ

−

∮

Γ

(n ⊗ ω)s :
(

ρkv k ⊗ v k
)

dΓ +

∮

Γ

(n ⊗ ω)s :
(

−pkÎ + σ̂
k
)

dΓ (2.33)

where:

δp = δρ
RT

M
(2.34)

δσ̂ = µeff

(

2∇sδv −
2

3
(∇ · δv) Î

)

(2.35)

δF =







0, in Ωc

−µeffK̂
−1

εδv − CF K̂
−1/2

(

δρ
∥

∥εv k
∥

∥ εv k + ρk εvkεδv

‖εvk‖
εv k + ρk

∥

∥εv k
∥

∥ εδv

)

in Ωp

(2.36)

From Eq. (2.27), it is known that both pressure and density are related by the ideal gas

law. In the case of the compressible flow, density is varied in the tower and it is considered

as the solution variable instead of the pressure, i.e, density boundary conditions are applied

in case of known pressure/density value. The viscosity as detailed in the previous section,

is replaced by an effective viscosity µeff due to the turbulent nature of the flow. Q1Q2

elements are used to solve the compressible set of equations. A detailed discussion of the

formulation is given in reference [38].

2.3 Heat and mass transfer

Once the fluid flow is established in the domain, the obtained velocity field is used to solve

the advection-diffusion equations to achieve the heat and mass transport distribution in the

tower. The governing equation for the mass transfer is

∇ · (ρvω − ρDeff∇ω) = Sv (2.37)
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and the governing equation for the thermal transfer is

∇ · (ρcpvT − κeff∇T ) = ST (2.38)

where ω is the vapor mass-fraction, Deff is the effective mass diffusivity tensor in m2/s,

Sv is the vapor source term kg/m3s, T is the temperature of air in K, κeff is the effective

thermal conductivity tensor in W/(m K), cp is the specific heat of air per unit mass J/(K

kg) and ST is the heat source term in J/(m3 s).

Sv is the source term proportional to the difference between vapor density and saturated

vapor density [14]

Sv = kv
(

ωv − ωsat
v (T )

)

(2.39)

where ωv is the moisture fraction of moist air, ωsat
v is the moisture fraction of the saturated

moist air at a given temperature, and kv is the effective mass transfer coefficient. The

saturated moisture fraction of the moist air is evaluated as below:

ωsat
v =

1

ρ

psat(T )Mv

RT
(2.40)

where psat(T ) is the saturation pressure at the local temperature, Mv is the vapor molar

mass, R is universal gas constant and T is the local air temperature.

The constant kv is dependent on the fill used and hence is obtained from the empirical

equation provided by the fill manufacturer. Majumdar et al. [14] obtained the mass trans-

fer coefficient kv using Ka where K is the mass transfer coefficient, kg/m2s and a is the

liquid-vapor interfacial area per unit volume, m2/m3. The product of these two parameters

is obtained by fitting to the experimental data using [1]

KaV

mw

= c1

(

L

G

)c2

Hc3
fi (2.41)

where V is the volume of the fill equal to product of the cross sectional area and height, Hfi,

L is the mass flux of liquid (water) in kg/(m2s), G is the mass flux of gas (air) in kg/(m2s).

From the above equation, the overall mass transfer coefficient Ka is achieved for a fixed L
G

ratio and known fill height, Hfi.

Once the mass transfer coefficient is achieved, Lewis factor relation is utilised to achieve the

heat transfer coefficient kT .

Lef =
kT

cpKa
(2.42)
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The source term St in Eq. (2.38) is is given by

ST = kT (Tw − T ) (2.43)

where Tw is the hot water temperature. The thermal transfer coefficient kT is obtained by

the overall mass transfer coefficient kv and Lewis factor. Lewis factor values ranges from 0.5

to 1.3 and can influence the performance evaluation of cooling towers [39]. This, however,

diminishes when ambient air is relatively hot and humid. Since, Merkel method is considered

in the current study, a value of 1 is considered for Lewis factor.

The variation of temperature and mass fraction in the tower can influence the velocity

and pressure distribution inside the tower. The density of air is related to temperature by

equation

ρ = p
Ma

RT
(2.44)

where p is pressure, Ma is the molecular mass of air in kg/mol, R is universal gal constant in

J/(mol K), and T is the temperature in K. By this relation, changing air temperature affects

the density of the air which in turn affects the velocity distribution as they are implicitly

coupled with one another. In the current study, the effect of temperature is not considered,

i.e., the velocity and density in the tower is not affected by the fluid flow temperature vari-

ation.

2.3.1 Effective diffusivities

As mentioned in the fluid flow section, the flow regime is usually turbulent. Hence the mass

diffusive coefficient and thermal diffusive coefficient are replaced with effective diffusive terms

which accommodate the turbulent effects.

Deff = D + Dturb (2.45)

κeff = κ + κturb (2.46)

where Dturb is the turbulent (mass) diffusivity and is related to the turbulent momentum

diffusivity (eddy diffusivity) µturb through a dimensionless number called turbulent Schmidt

number.

Sct =
µturb

ρDturb

(2.47)

Koeltzsch [40] in his review on previous experimental investigations found that most authors

used a constant for Sct ranging from 0.5 to 0.9. Wind tunnel experiments in the turbulent

boundary layer showed a strong dependence of Sct on height within the boundary layer and
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reported that the measured values range from 0.3 to 1.0. Another study by Flesch [41], based

on the field observations under different stability and wind conditions, estimated values of

Sct ranging from 0.18 to 1.34. However, they concluded that there was no clear trend in Sct

with either stability, time of day, or wind speed in experiments.

Early CFD models on turbulent mass transport used Sct = 0.7 and Spalding [42] confirmed

that this value is in close agreement with the experimental results. Launder [43] reported

that a value of 0.9 suits for turbulence near the wall. Based on these two studies, most

CFD studies have used values between 0.7 and 0.9. Tominaga et al. [44] reported that the

optimum value of Sct is very different from the commonly used 0.7-0.9 values and are widely

spread from 0.2 to 1.3. Further, they observed that a smaller value such as 0.3 tends to

provide better predictions on concentration distribution around plumes and states that the

Sct has a large influence on the prediction of mass transfer and thus needs to be selected

carefully based on the flow characteristics. Since we are interested in the overall flow in the

tower, a value of 0.7 is used in the current study.

Similar to the mass diffusivity, the thermal diffusivity is related to the turbulent diffusion

coefficient through another dimensionless number called Prandtl number (σt) defined as the

ratio of momentum diffusivity to thermal diffusivity

σt =
cpµturb

κturb

(2.48)

In case of turbulence, Prandtl number is taken as unity [14], then the effective thermal

conductivity can be written as

κturb = cpµturb (2.49)

2.4 Domain, boundary conditions and input parame-

ters

The domain considered plays a crucial role in understanding the flow behaviour. If only the

flow inside the tower is of interest, one may choose not to include the ambient air outside the

tower where the flow enters the domain, e.g. Majumdar et al. [14] and Hawlader and Liu

[15]. However, the flow behaviour inside the tower might be influenced by the inlet geometry

[11], and therefore the addition of air outside the tower might lead to more accurate results.

The domain for the current study is developed based on the test facility in the ESDLab.

The experimental setup shown in Fig. 2.2, built by Elizabeth Clare [3], has all the critical

components of a full-scale cooling tower like the water distribution system, drift eliminator,
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Figure 2.2 – Test facility in ESDLab. Reproduced from reference [3] with permission

fill, fan, and sink basin. The cross-sectional area of the tower is 0.645 ×0.645 m2 with an

overall height of 3.7 m and is designed to accommodate a fill of height as tall as 6 ft. A

spray nozzle is installed, along with a drift eliminator on top of it. A rectangular basin is

installed at the bottom of the tower, which collects the cold water. A fan is installed inside

the rectangular duct upstream of the tower, responsible for drawing air into the tower. The

fan is equipped with a variable frequency drive (VFD), meaning the airflow in the tower can

be varied by changing the input power frequency to the drive.

The experiments were conducted with and without fill. With the current solver in Open-

FCST, a solution is achieved for all the desired cases in the two-dimensional analysis. The

solver is also able to provide a three-dimensional solution without fill.

2.4.1 Two dimensional domain

The test facility has a square cross-section with two inlets on opposite sides of the tower. As

already mentioned before, since the inlet geometry influences the fluid flow behaviour inside
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is the top ambient boundary which is considered as a pressure boundary. Since we are only

interested in applying a pressure difference, gauge pressure values are applied as a boundary

condition instead of absolute values. Boundary ID 2 is the vertical boundary and is set to

be far from the tower inlet such that it can be considered as a wall, and hence a no-slip

boundary condition can be applied. Boundary ID 3 is the outlet of the tower where both

pressure and velocity can both be applied. From the measured data, both average velocity in

the tower and pressure drop achieved is known. To have a good validation of the simulation,

a pressure boundary condition is applied at the inlet and outlet for an empty tower case to

evaluate the flow rate obtained. Having a pressure boundary condition at the outlet results

in an unconstrained flow profile at the outlet, which otherwise would be constrained to have

a uniform value. At boundary ID 4, a perfect-slip condition is applied. Boundary ID 5

(boundaries marked with red) are walls, and the no-slip condition is applied. The boundary

conditions are summarized below

p|
Γ1

= pamb (2.50)

v |
Γ2

= 0 (2.51)

p|
Γ3

= pout (2.52)

(v · n)|
Γ4

= 0 (2.53)

v |
Γ5

= 0 (2.54)

where pamb is the ambient pressure, pout is the pressure at the outlet, and n is the normal

vector. The ambient pressure is the atmospheric pressure, and we apply a gauge pressure

since the pressure difference is of interest. The velocity at different grid points in the plenum

plane is known from the measured experimental data. In the case of simulations with fill,

the same boundary conditions are applied, but density gradient is considered.

2.4.2 Three dimensional domain

Following the two-dimensional domain, the three-dimensional zone is considered as shown

in Fig. 2.4. Initially, the entire domain containing all the four ambient zones on four sides

of the tower is taken. The blue section is the actual tower, while the sections surrounding it

represent the ambient zones. Two inlets on either side of the tower are shown in red, with

the airflow path is shown with green arrows. From the geometrical symmetry along the two

vertical planes, the domain can be cut, and a quarter part of the domain is generated, which

is sufficient to provide the necessary information.
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and 5 are formed due to the symmetry planes’ cutting, and hence a symmetry boundary

condition is applied. Boundary ID 6 is the outlet where a pressure boundary condition is

applied. The rest of the boundaries of the domain are considered as walls with boundary ID

7. The boundary conditions applied are summarized below

p|
Γ1

= pamb (2.55)

v |
Γ2

= v |
Γ3

= v |
Γ7

= 0 (2.56)

(v · n)|
Γ4

= (v · n)|
Γ5

= 0 (2.57)

p|
Γ6

= pout (2.58)

2.4.3 Input parameters

The input parameters for the simulation are based on the laboratory conditions of the ES-

DLab. For all calculations in this study, the temperature is taken as 298 K and the pressure

as 93000 Pa. The air density is 1.08 kg/m3, and the humidity in the lab is approximately

15%, resulting in a moisture fraction of 0.0033 kg/kg.

The cross-section area of the tower is 0.645×0.645 m2 with a total height of 3.65 m. An

anti-fouling fill called OF21Ma is considered for which the porosity is obtained to be 0.975

from the manufacturers’ datasheet. The permeability value is calculated from parametric

studies which is described in detail in section 3.2.

2.5 Implementation and solution strategy

The linearized discrete weak formulation of governing equations along with appropriate

boundary conditions, iterative procedures, and other related routines was implemented in

the Open-Source Fuel Cell Simulation Toolbox (OpenFCST) [38]. OpenFCST is an open-

source, finite element method-based multi-dimensional mathematical modelling software for

polymer electrolyte fuel cells. The program can run in either serial or parallel mode (using

the MPI protocol). For all the 2D simulations in OpenFCST, the serial computation is em-

ployed as it is quick to provide a solution; however, due to the drastic increase in degrees of

freedom, a parallel computation was employed in 3D.

To predict the heat and mass transfer in the tower, five equations are solved i.e, continuity

equation (Eq. 2.25), momentum equations (Eq. 2.26), mass transport equation (Eq. 2.37)
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and thermal transport equation (Eq. 2.38). These equations are non-linear due to the

presence of the convective term in all the transport equations. Hence, the Navier-Stokes

equations are linearized as shown in section 2.1 and the transport equations are linearized as

shown in Appendix A. Therefore, at every Newton step, the following incomplete Jacobian

is solved to provide a solution update, δu









A(uk) B(uk) 0 0
BT (uk) C(uk) 0 0

0 0 K(uk) 0
0 0 0 M(uk)

















δρ
δv
δT
δω









=









Rρ(u
k)

Rv (uk)
RT (uk)
Rω(uk)









(2.59)

and the new Newton iterate is then given by uk+1 = uk + αδu where α is set to one unless

the residual increases between iterations. The complete Jacobian matrix is difficult to com-

pute analytically; therefore, an incomplete Jacobian is solved where δRρ

δT
, δRρ

δω
, δRT

δv
, δRT

δρ
, δRω

δv

and δRω

δρ
are neglected. In order to simplify the problem, it is assumed that the temperature

and mass fraction have a limited effect on the fluid flow. Therefore, the density and viscosity

variations with temperature and mass fraction are neglected. Pressure is computed based

on the Eq. (2.44).

The tolerance level is kept different for different simulations, i.e., the overall tolerance on

absolute residual is taken as 10−8 for the empty tower case in 2D while it is taken as 10−5

in 3D. In the case of simulations with fill, only 2D simulations were performed for which the

tolerance residual was taken as 10−6.

2.6 Simulations in Ansys

Few of the simulations performed in OpenFCST were also performed using Ansys to; 1) check

the validity of the simulation results and 2) assess the accuracy of the algebraic turbulence

model. Fluid flow equations in OpenFCST are validated against standard problems, which

are also detailed in the next chapter. However, an attempt is also made here to compare the

simulation results and the computation time, especially for the 3D simulations. In Open-

FCST, an algebraic turbulence model is employed, whereas in Ansys, options are available to

employ a more sophisticated turbulence model like the k − ε turbulence model. The results

obtained from both the simulations are then compared with the experimental data. The

fluid flow equations solved in ANSYS are:
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∇ · (ρv) = 0 in Ω (2.60)

∇ · (ρv ⊗ v) = ∇ ·
(

−pÎ + σ̂

)

+ ρg in Ω (2.61)

σ̂ = 2µ∇sv −
2

3
µ (∇ · v) Î (2.62)

pressure and velocity are coupled by the SIMPLE scheme with the first-order discretization

for the pressure and second-order discretization for the velocity following the Q1Q2 approxi-

mation considered in the OpenFCST. The domain and boundary conditions are as described

in section 2.4.2. The tolerance on the residual is taken as 10−5 for all fluid equations and also

the turbulent equations when the k − ε model is considered. To proceed with the algebraic

model, laminar flow is considered with viscosity value revised to the desired value following

Eq. (2.18).
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Chapter 3

Results and discussion

The numerical model described in chapter 2 is utilized to perform simulations. The simu-

lations are performed based on the data obtained from the ESDLab test facility to validate

the model. First, the test facility is described in detail, followed by the experimental and

simulation results.

3.1 ESDLab test facility

The ESDLab test facility is equipped with different sensors to measure velocity and pressure

in the tower. As shown in Fig. 3.1, a pitot tube is inserted into the tower through a

hole drilled on the side and is held in position. The pitot tube connected to a differential

pressure sensor measures the total pressure and the dynamic pressure and provides static

pressure as the output. A velocity sensor connected to the differential sensor reads the

dynamic pressure, and the velocity is calculated with appropriate correction terms. More

details about the measurement of velocity and pressure are provided in reference [3]. Various

critical planes are selected in the tower as shown in Fig. 3.1 where the grey area represents a

zone encompassing fill, spray distribution setup, and drift eliminator. The suggested planes

are available for measurement only when the tower is empty, with only a few critical planes

available when fill and drift eliminator are installed. At these critical planes, a 5×5 grid is

selected based on the ASHRAE duct traverse method [45]. The pitot tube is placed at these

points for a certain time over which time-averaged static pressure values are obtained. The

procedure is repeated on all the points on the grid.

The incompressible N-S equations in chapter 2 are solved to estimate the fluid flow distri-

bution in 2D with and without fill. The same equations are then used to estimate the flow

distributions in 3D without fill. These are compared to experimental results obtained for an
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Table 3.1 – Experimentally measured average pressure and velocity at the plenum plane

Input Frequency (Hz) Velocity (m/s) Gauge pressure (Pa)
30 1.2096 4.22
40 1.6274 7.50
50 2.1065 11.94
60 2.5813 16.83

computation time of 10 times. Hence, to have faster computation with reasonable accuracy

on the final solution, adaptive refinement is considered starting from the initial mesh in Fig.

3.3a with 2 levels of refinement.

3.1.2 Empty tower - 2D

Considering the computational domain in Fig. 3.2 and the boundary conditions specified

in the section 2.4.1, the incompressible RANS equations are solved to obtain the fluid flow

in an empty tower. The simulations are performed by using the experimental results, i.e.,

the pressure values obtained from the experiments are applied as boundary conditions. For

different input frequencies of VFD, the velocity and pressure values are measured at the

plenum plane in reference [3] are displayed in Table 3.1. The experimental results are mea-

sured over a 5x5 grid. The mean of all data points is calculated for the plenum plane (refer

Fig. 3.1) by dividing the sum of all values by the total number of data points (25). This

value of average pressure is then used as a boundary condition at the outlet. Considering a

pressure of 4.22 Pa at the outlet for 30 Hz, the simulation is executed.

The corresponding average velocity in the tower is 1.2096 m/s for which the Reynolds num-

ber as calculated from Eq. (2.1) is 54700. i.e., the flow regime is well in the turbulent

regime. As mentioned, in the current study, an algebraic turbulence model [14] is considered

to accommodate the turbulent effects where the effective viscosity is evaluated using the

average value of the velocity obtained from the experimental data. The effective viscosity

for the considered simulation is 0.0032 Pa.s obtained from Eq. (2.18) where C = 0.06, ρ =

1.09 kg/m3, α = 0.125 and yb = 0.3225 m.

Fig. 3.5 shows the velocity and pressure distribution for an empty tower operating at 30 Hz.

The applied pressure difference drives the fluid flow in the tower. However, it is seen that a

low-pressure zone is observed at the tower inlet as the fluid is restricted to change direction

and flow vertically. Due to this sudden change in the flow behaviour, a vena-contracta is

formed. A major portion of the flow is pushed towards the tower center with comparatively
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Table 3.2 – Abbreviations used for different simulations

Simulation method Abbreviation used
OpenFCST OpenFCST
Ansys with algebraic Ansys algebraic
Ansys with k − ε Ansys kepsilon

in the rest of the tower. The incoming high flow velocity causes this low pressure due to the

sudden contraction in size and change in direction. The fluid stream cannot closely follow

the sharp angle and hence results in a narrowing stream profile. Such a phenomenon gives

rise to unequal distribution of flow stream resulting in a lower pressure drop region at the

tower inlet.

As mentioned in the previous section, one of the main reasons to simulate a 3D model is to

reduce the three-dimensional effects, which can be observed when the velocity profiles are

analyzed at the central plane and an offset plane. Fig. 3.11 shows the velocity profile in

the central plane (refer Fig. 3.8a for central plane and Fig. 3.8b for offset plane) and in the

offset plane that is 0.3 m from the central plane. The colormap is kept the same in both

cases to display the extent of variation. It is observed that both planes have similar profiles

with greatly varying velocity magnitudes emphasizing the need for a 3D domain.

The velocity profile, in general, follows the trend as in the case of the 2D domain except

that it varies along the inlet width. A significant portion of the flow is pushed towards the

tower centre due to vena-contracta, and it assumes a laminar profile as it flows towards the

exit. Due to the non-uniform distribution of the flow at the inlet, the lower pressure drop

and some airflow downwards results in a recirculation zone at the inlet.

Ansys simulations

With the same boundary conditions, simulations are performed in Ansys with the algebraic

turbulence model and with the k − ε turbulence model. The solution achieved with the

algebraic model is shown in Fig. 3.12. It has a similar pressure distribution to that of the

OpenFCST solution. In both cases, the velocity at the inlet is more concentrated towards

the center of the tower due to convective effects. Eventually, the flow distributes across the

tower cross-section. Since a constant viscosity is used for the whole domain, the predicted

velocity profile in the tower appears laminar rather than turbulent.
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Table 3.4 – Pressure drop measurement for two feet fill height

Average velocity (m/s) Pressure drop (Pa)
2.54 33.7
2.16 22.8
1.73 15.0
1.13 8.60

Table 3.5 – Pressure drop measurement for four feet fill height

Average velocity (m/s) Pressure drop (Pa)
2.22 56.50
1.91 41.57
1.53 26.93
1.23 16.34

To estimate the permeability value (k), simulations are performed at moderate velocity with

multiple values of permeability and the pressure prediction is noted. The obtained pressure

is then compared to one of the experimental data points. The value of the permeability

which matches with the experimental data is then used to estimate the pressure at other

data points. In case, the considered value provides a good prediction at the other data

points, it can be used for future simulations to predict the pressure drop. However, the

experimental data point with which the predicted pressure is matched should be considered

carefully. An extreme data point should be avoided as it may result in extrapolation issues.

Therefore, in the current study, the data point corresponding to the average flow rate of 1.7

m/s is considered.

A parametric study is performed on the permeability value as shown in Fig. 3.26a where

Darcy’s estimation is used for the pressure prediction for the two feet fill. The fill perme-

ability value of 0.5 cm2 results in good agreement with the experimental data and is then

used to predict pressure for other data points as shown in Fig. 3.26b. This value, however,

deviates significantly in predicting the pressure drop for a four feet fill (data in Table 3.5)

as shown in Fig. 3.26c.

At high velocity, inertial effects might dominate, and, as a result, the fill model is extended

to include inertial effects by adding a Forchheimer term (Eq. 2.24). A new parametric

study is performed using the updated model to include the inertial effects to obtain the fill

permeability value for pressure prediction. The same set of data for the two feet fill and

four feet fill is considered. A permeability value of 230 cm2 was obtained, which has a good

prediction with the experimental data of both two and four feet high fills. The results are
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tower cross-section. The pressure drop observed at the tower inlet starts to recover as the

flow tends to become uniform. However, due to the presence of the fill, full recovery does not

happen and, hence, an inherent pressure loss is always observed that contributes towards

the overall pressure drop.

By construction, the fill consists of a solid component that offers resistance to the fluid

flow. In the current study, the permeability is defined along the vertical direction only. The

permeability in the horizontal direction is considered a minimal value, indicating a high

resistance to the flow and, therefore, imposing a no-flow condition. The flow adjusts itself

before entering the fill and maintains a uniform flow across the fill. Due to uni-directional

permeability along the vertical direction, a gradual pressure drop is observed across the fill

as shown in Fig. 3.28.

Assuming the porous media as a bed of spheres of uniform diameter Dp, the Kozeny-Carman

equation can be used to estimate the size of the particles

Dp =

√

180
(1 − ε)2

ε3
k

φ2
(3.2)

where ε is the porosity, φ is the sphericity of the particle [54]. With the obtained perme-

ability of 230 cm2, ε = 0.975 and considering φ to be unity, the diameter of the spherical

particle is estimated to be 5.61 cm. It indicates that a bed of spherical particles with a

uniform diameter of 5.21 cm results in 230 cm2. Such an analogy fits better in considering

a fluid flow across a bed of sand particles. The equation above is developed assuming reg-

ular shapes like spheres or cylinders as solid objects. In contrast, in fill, the solid objects

are either sheets or wire-like grills, which may not be co-related to a specific object type.

Additionally, the equation is applicable at low Reynolds numbers. So Darcy’s law is ap-

plied for the pressure drop, while in the case of cooling towers, the flow regime is turbulent,

and the Konzeny-Carman equation may not provide a good estimation of the shape of the fill.

3.2.1 Parametric studies

It is observed that by introducing the fill in the tower, the flow behaviour is significantly

affected. In addition to being a source of pressure loss, the fill also straightens the flow.

Therefore, it is imperative to understand the extent of the influence of the fill on the flow

behaviour. Studies are conducted with varying fill height and fill location in the tower to

understand the extent of the influence of the fill on pressure drop. The fill height (H) is

varied in the tower while the airflow rate is kept constant with an average velocity (uavg)
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thereby resulting in a recirculation zone extending from the tower inlet until the fill inlet.

Therefore, the presence of the recirculation results in a non-uniform distribution of the flow

across the tower cross-section. The pressure drop profiles are shown in Fig. 3.36. The overall

pressure remained similar for the same velocity as the reduced pressure drop at the inlet is

counter-balanced by the increase in pressure drop across the fill. The same effect can be

observed at higher velocity as shown in Fig. 3.37 .

3.2.2 Heat and mass transfer

Advection-diffusion equations stated in section 2.3 are used to achieve heat and mass transfer

distribution in the tower. Following assumptions were considered in solving for heat and mass

distribution:

• The change in fill permeability due to the addition of water is not considered

• The hot water temperature is constant in the fill zone

• The change in air density and velocity due to changes in relative humidity and tem-

perature are not considered

With the introduction of water into the tower, the fill is partly occupied by water as it flows

down. Due to this, the effective cross-sectional area available for air is less, and the fill’s

permeability may decrease. In general, the pressure drop coefficients provided by the man-

ufacturers are related to the air and water flow rate in the tower. In the current study, fill

is considered as a porous media, and the permeability value k is calibrated by experimental

data, as mentioned in the fluid flow section. Similarly, it has to be calibrated by introducing

water in the tower. Due to the lack of experimental data, the change in fill permeability

with water introduction is not considered.

The thermal source term is defined as proportional to the temperature difference between

the water and air, i.e., (Tw − T ), where Tw is the hot water temperature, and T is the

air temperature. Water falling through the fill zone loses heat gradually and has a lower

temperature at the bottom of the fill than at the top. In the current model, water flow is

not solved, and the water temperature variation is unknown. Hence, the water temperature

variation is not considered, and the water temperature is assumed constant throughout the

fill zone equal to the inlet water temperature.
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The fluid flow is obtained with the RANS equations, and the advection-diffusion equations

utilize the fluid flow to achieve the heat and mass transfer. The temperature change and

mass distribution in the tower should affect the fluid’s velocity and density; however, to

simplify the calculations, density and velocity are calculated using the inlet air conditions

when solving for heat and mass transfer.

Table 3.6 – Boundary conditions for the transport equations

ID Boundary type Mass Bound. conditions Thermal Bound.conditions
1 Inflow - Dirichlet ω specified (= 0.0033) T specified (= 298.15 K)
2 Wall - no flux n ·Nω = 0 n · qt = 0
3 Outflow n ·Nωd = n · (−ρDeff∇ωo) n · qtd = n · (−κeff∇To)
4 Symmetry - no flux n ·Nω = 0 n · qt = 0
5 Wall - no flux n ·Nω = 0 n · qt = 0

where Nω = ρvω − ρDeff∇ω, qt = ρcpvT − κeff∇T , Nωd = −ρDeff∇ω, qtd = −κeff∇T ,

ωo and To are the solutions obtained at the outlet to the previous Newton iteration

To obtain the heat and mass distribution in the tower, the 2D domain is assigned with extra

boundary conditions related to the temperature and water mass fraction. The fill zone is

considered as the source of both heat, and water vapour with the hot water temperature

taken as 323.15 K. The ambient air conditions were considered as 298.15 K with 15% relative

humidity for which the water mass fraction results in 0.0033 (water vapour in kg/dry air in

kg). Required boundary conditions for the transport equations are reported in Table 3.6.

The value of the mass transfer coefficient is calculated using the empirical Eq. (2.41) and

taking liquid flow rate of 2.5 kg/s and air mass flow rate of 1.16 kg/s (liquid to gas flow

rate, L/G = 2.15 ), 2 feet fill, and the width of the tower is 0.645 m. The product Ka

is 0.005449 g/(cm3 s). Assuming unity for the Lewis factor, the heat transfer coefficient is

0.005511 W/(cm3 K).

The obtained temperature and relative humidity is shown in the Fig. 3.38a. The air temper-

ature is equal to the ambient air until it reaches the fill where it encounters the heat source.

The air temperature gradually increases as it flows through the fill and reaches an average

value of 317 K at the end of the fill. However, it is observed that the maximum temperature

of the air reaches almost 323 K at the wall. A similar trend is reported by Williamson et al.

[7] where the air temperature is similar in the tower cross-section with a sudden spike at the

tower wall. Such a distribution is due to the lower velocity of fluid close to the wall as shown

in Fig. 3.39. Since the fluid close to the wall has a lower velocity, it has a longer residence
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Table 3.7 – Numerical simulation vs CoolIT results

S.no Tsim(RH%) TCoolIT Tsim − TCoolIT

1 321.38 (77.89) 312.58 8.8
2 321.87 (81.62) 313.16 8.66
3 322.68 (89.16) 314.98 7.7

the exit, the amount of vapour holding capacity increases; however, the numerical model

is not expected to produce 100% saturation at the exit. Hence, it is hypothesized that the

numerical model may provide similar results as CoolIT if the numerical model has increased

saturation. To check the phenomenon, the fill equation is modified to increase the transfer

coefficients in the model such that the mass transfer is increased.

The exponent of L
G

ratio in Eq. (2.41) is increased such that the mass transfer coefficient

Ka is 0.006269 g/(cm3 s) and heat transfer coefficient kT is 0.00634 W/(cm3 K). By using

the increased value of transfer coefficients, both thermal transport and mass transport are

increased, for which the simulation results in an exit air temperature of 321.87 K with a

relative humidity of 81.62% while CoolIT results in an exit air temperature of 313.16 K. In

another simulation, the exponent value is again increased where Ka is 0.00886 g/(cm3 s), and

kT is 0.00896 W/(cm3 K). Numerical model results in an exit air temperature of 322.68 K

with a relative humidity of 89.16% and CoolIT results in an exit air temperature of 314.98 K.

The exit air temperatures predicted with different exponent values are reported in Table 3.7.

With the increasing transfer coefficient, the relative humidity predicted by the numerical

model increases. The predicted air exit temperature values between the numerical model

and CoolIT are compared. The difference is observed to have almost remained similar with

a slight movement of numerical model prediction towards the CoolIT results. This suggests

that the results predicted by the numerical model will always have an offset difference due

to the overestimation of exit air temperature. The overestimation is due to the higher water

temperature value utilized in the source equation (2.43). The constant higher value of hot

water temperature results in more heat generation in the system, which is not correct in

practical application.

The effect of temperature on the density is neglected in the current model, since the model

is developed for mechanically induced draft towers. To evaluate the effect of temperature on

density, the dimensionless Richardson number is used from which buoyant velocity due to
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Chapter 4

Industrial cooling tower simulations

From chapter 3, it is established that the current model developed in OpenFCST can pro-

vide a fluid flow solution with an algebraic turbulence model. In this chapter, the study

is extended to apply the developed model to industrial-scale cooling towers. To show the

versatility of the current numerical model, it is first applied to obtain results for an industrial

cooling tower and subsequently to a cross-flow tower reported in reference [5].

4.1 Industrial scale cooling tower

The developed model is used to obtain the fluid flow distribution in an industrial-scale cool-

ing tower. Also, the mass and heat transfer equations are solved to predict air temperature

and mass fraction. A 2D domain of the cooling tower is shown in Fig. 4.1. The boundary

IDs are the same as those mentioned in section 2.4.1 and the same boundary conditions are

applied. In this case, the fill is installed at the cooling tower inlet, leaving no offset between

the tower inlet and the fill inlet.

The working parameters of the considered cooling tower are not known and hence an ap-

proximate air flow rate as in reference [5] is considered such that the Reynolds number in

the tower is 784,800. The ambient section of the domain is extended such that it does not

affect the inlet conditions. The permeability of the fill is kept the same as obtained from the

analysis in chapter 3, i.e, equal to 230 cm2. The algebraic viscosity is evaluated based on

Eq. (2.18) and it is equal to 0.098 Pa.s (C = 0.06, ρ = 1.2 kg/m3, uavg = 1.2 m/s, α = 0.125

and yl = 9.13 m).

A constant velocity value is applied at the tower outlet, and the obtained results are shown

in Fig. 4.2. As in the ESDLab tower case, the airflow at the fill inlet is forced to redistribute,
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dimensions are smaller such that the air entering from one inlet encounters the air entering

at the opposite end of the tower. The flow profile at the inlet is very much influenced by

the tower dimensions and can lead to a higher pressure drop at the inlet. In the case of the

industrial tower, the recirculation region is very much limited to the inlet tower wall. The

dimension of the tower is large enough such that the flow entering has a smooth transition

except for a tiny region. For this reason, the inlet effects are higher in the ESDLab tower

(test facility with lower dimensions) and lower in the industrial tower. However, the differ-

ence in the pressure drop is reduced by raising the fill as the inlet effects in ESDLab are

reduced.

4.1.1 Mass and temperature distribution

Similar to the ESDLab tower, the mass transport and thermal transport equations are solved

to obtain the mass and temperature distribution in the tower. The ambient air conditions

were considered as 298.15 K with 15% relative humidity for which the moisture fraction of

water results in 0.0033. The hot water temperature is taken as 323.15 K. Required boundary

conditions for the transport equations are reported in Table 4.1

Table 4.1 – Boundary conditions for the transport equations

ID Boundary type Mass Bound.conditions Thermal Bound.conditions
1 Inflow - Dirichlet ω specified (= 0.0033) T specified (= 298.15 K)
2 Wall - no flux n ·Nω = 0 n · qt = 0
3 Outflow n ·Nωd = n · (−ρDeff∇ωo) n · qtd = n · (−κeff∇To)
4 Symmetry - no flux n ·Nω = 0 n · qt = 0
5 Wall - no flux n ·Nω = 0 n · qt = 0

where Nω = ρvω − ρDeff∇ω, qt = ρcpvT − κeff∇T , Nωd = −ρDeff∇ω, qtd = −κeff∇T ,

ωo and To are the solutions at the outlet obtained to the previous Netwon iteration.

The transfer coefficients are kept the same as that of the ESDLab tower, meaning the liquid

to gas flow rate ratio is kept constant at 2.15. The airflow rate is equal to 182.98 kg/s

resulting in a liquid flow rate of 393.40 kg/s.

The obtained temperature and water mass fraction inside the tower is shown in Fig. 4.6.

The temperature in the tower is equal to the ambient temperature until it reaches the fill,

where it starts to increase owing to the heat source in the fill zone. The temperature of air

increases until it passes through the fill. Air exiting the fill acquires a temperature profile

that remains uniform for the rest of the tower domain except in the stack. The water mass
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in X and Y directions. Similar to the parametric study in section 3.2, the permeability is

varied in either direction to arrive at a specific value such that the provided velocity values

are matched with the simulation values. The final value of permeability is 1600 cm2 in either

direction.

The obtained flow profiles are compared to those reported by Majumdar et al. [5]. Fig. 4.10

shows the pressure profiles from reference [5] (left) and from present model (right). In the

present model results, isobaric contour lines are provided for the same values as reported in

Majumdar et al. [5]. The pressure has a gradual variation in the horizontal direction and

an insignificant variation in the vertical direction in both models. The bulk of the pressure

drop occurs in the fill zone.

Fig. 4.11 shows the comparison between velocity profiles. Velocity in the fill zone is horizon-

tal as shown in reference [5] (left) and mostly uniform throughout the zone. As soon as the

air exits the fill, it is smoothly accelerated towards the tower’s center as it exits the tower.

Both the profiles have a similar trend at the tower exit and at the bottom of the tower,

where the air velocity is low. The air velocity increases gradually, moving from the bottom

of the tower towards the top and has the maximum velocity at the center of the tower outlet.

4.2.1 Mass and temperature distribution

The ambient air temperature is taken as 306 K with a relative humidity of 58% such that

the mass fraction is equal to 0.018 kg/kg. The hot water temperature is given as 313.15 K.

The boundary conditions applied are shown in Table 4.3

Table 4.3 – Boundary conditions for the transport equations

ID Boundary type Mass Bound.condition Thermal Bound.condition
1 Inflow - Dirichlet ω specified (= 0.018) T specified (= 306.15 K)
2 Outflow n ·Nωd = n · (−ρDeff∇ωo) n · qtd = n · (−κeff∇To)
3 Symmetry - no flux n ·Nω = 0 n · qt = 0
4 Wall - no flux n ·Nω = 0 n · qt = 0

where Nω = ρvω−ρDeff∇ω and qt = ρcpvT−κeff∇T , Nωd = −ρDeff∇ω, qtd = −κeff∇T ,

ωo and To are the solutions at the outlet obtained to the previous Newton iteration.

The temperature and mass fraction distribution in the tower are obtained by taking mass

transfer coefficient as 0.0013 g/(cm3 s) and heat transfer coefficient as 0.005511 W/(cm3 K).

The temperature profiles are shown in Fig. 4.12 where the profile from reference [5] (left)

83









Chapter 5

Conclusion and future work

The flow behaviour inside an empty cooling tower is studied in this thesis using an incom-

pressible RANS fluid flow solver. Two and three-dimensional flow simulations are performed

and validated against experimental data. The two-dimensional approach provides us with

a reasonable estimation of pressure drop in the tower; however, it is not sufficient to un-

derstand the tower in totality due to the presence of three-dimensional effects like varying

velocity profile at the inlet and wall effects in the tower.

To better estimate the flow profiles in the tower, three-dimensional simulations are per-

formed. The fluid flow solver implemented in the in-house Open-source Fuel Cell Simulation

Toolbox (OpenFCST) is utilized to perform these simulations. Ansys was also utilized to

assess the validity of the obtained solutions and assess the algebraic model’s accuracy. The

simulation results obtained from different solvers are then compared with the experimental

data.

Ansys simulations with a k − ε turbulence model were able to capture the critical features

in the tower; however, they deviated from the experimental data compared to OpenFCST

and Ansys with algebraic turbulence model. OpenFCST had a good agreement and matched

with the Ansys results suggesting that the simulation with OpenFCST is appropriate.

To simulate the fluid flow of a cooling tower with a fill, the compressible RANS equations

were solved with the algebraic turbulence model in a two-dimensional domain. The fill is

treated as a porous media. The fill permeability value is calibrated using a parametric study,

first using Darcy’s approximation and then Forchheimer’s approximation. Results showed

that the calibrated fill permeability value with Darcy’s approximation is not valid for the

cooling tower as the flow is in a turbulent regime. Forchherimer’s estimation for the resis-

tance gave good predictions of pressure drop at measured experimental values. Therefore,
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it is recommended that for a fill, when considered as a porous media, the Forchhermier es-

timation is used for better prediction of pressure drop.

The fluid flow in a mechanical tower is non-uniform at the tower inlet due to the abrupt

change in the flow direction. Once inside the tower, the flow behaviour is majorly decided

by the fill parameters like fill height, fill location in the tower, and overall flow rate. A para-

metric study of fill height and flow rate showed that the pressure drop in the tower increases

with fill height and flow rate in the tower.

According to the experimental data, inlet effects can contribute to the overall pressure drop.

To study this, the fill is raised in the tower, and the achieved pressure drop is compared with

the normal case. The inlet effects result in a different pressure drop, especially at higher air

velocities in the tower. However, the difference is still less compared to the overall pressure

drop and needs further research into the inlet geometry to understand the extent of its sig-

nificance. The velocity profile does not have much variation with fill height and flow rate.

It, however, changes with fill location in the tower.

Advection-diffusion equations are also solved to achieve heat and mass transfer in the tower.

The temperature gradually increases across the fill zone resulting in a uniform temperature

across the cross-section with a higher temperature value near the wall region. However, the

overall temperature value is higher at the fill exit due to the constant hot water temperature

value considered in the heat source term. A similar analogy can be made to explain mass

fraction distribution in the tower.

Two types of industrial towers, a counter-flow and a cross-flow tower, are studied to under-

stand the application of the current model to different towers. A counter-flow tower with no

fill offset at the inlet has no recirculation zone observed in the rain zone. If the fill is raised

in the tower, the recirculation zone is observed; however, its reach is less than the ESDLab

tower due to the large overall width of the industrial tower. Pressure drop increases with

fill height and airflow rate. Raising fill in the tower has very little change in the pressure

drop and can be attributed to the lower inlet effects for the given inlet geometry. Outlet air

temperature and mass fraction reduce with increasing air velocity.

A cross-flow tower analyzed in the literature is simulated, and the obtained flow profiles are

observed to be in good agreement with the profiles reported. The pressure drop is achieved

across the fill with no recirculation zone due to the way the geometry is defined. The velocity

is uniform in the fill zone with a smooth accelerating flow at the exit. The temperature and

88



mass fraction are also plotted, which are compared with profiles reported in the literature.

They both show significant deviation from the literature owing to the assumption of constant

hot water temperature considered in the current study.

The current study is focused on analyzing fluid flow behaviour in a cooling tower with the

help of compressible RANS equations along with the advection-diffusion equations. The

study of the cooling towers can be enhanced by :

• Solve for water in the domain and associated local heat and mass transfer coefficients

• Consider the effect of temperature and mass fraction on the density to incorporate the

buoyancy effects

• Include fan model such that the flow behaviour at the tower exit imitates the flow

arisen due to fan rotation

• More research on the influence of inlet effects on the pressure drop in the tower
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Appendix A

Linearization and weak formulation

Similar to the fluid flow equations, the advection-diffusion equations are linearized and then

multiplied with a test function and then integrated over the domain, Ω.

−

∫

Ω

uv(v · ∇ρδωv ) dΩ −

∫

Ω

uv(ρ∇ · vδωv ) dΩ −

∫

Ω

uv(ρv · ∇δωv ) dΩ

+

∫

Ω

uv(Deff∇ρ · ∇δωv ) dΩ

−

∫

Ω

∇uv · (ρDeff∇δωv ) dΩ +

∮

Γ

n · (uvρDeff∇δωv ) dΓ −

∫

Ω

uvkvδωv dΩ =
∫

Ω

uv(v · ∇ρωk
v ) dΩ +

∫

Ω

uv(ρ∇ · vωk
v ) dΩ +

∫

Ω

uv(ρv · ∇ωk
v ) dΩ

−

∫

Ω

uv(Deff∇ρ · ∇ωk
v ) dΩ

+

∫

Ω

∇uv · (ρDeff∇ωk
v ) dΩ −

∮

Γ

n · (uvρDeff∇ωk
v ) dΓ −

∫

Ω

uvkv(ω
sat − ωk

v ) dΩ (A.1)

−

∫

Ω

ut
∂cp
∂T

T k(v · ∇ρ)δT dΩ −

∫

Ω

utcp(v · ∇ρ)δT dΩ −

∫

Ω

utρ
∂cp
∂T

(v · ∇T k)δT dΩ

−

∫

Ω

utρcp(v · ∇δT ) dΩ −

∫

Ω

∇ut · (κeff∇δT ) dΩ +

∮

Γ

n · [ut(κeff∇δT )] dΓ

+

∫

Ω

utktδT dΩ =
∫

Ω

utcp(v · δρ)T k dΩ +

∫

Ω

utρcp(v · δT k) dΩ

+

∫

Ω

∇ut · (κeff∇T k) dΩ −

∮

Γ

n ·
[

ut(κeff∇T k)
]

dΓ −

∫

Ω

utkt(Tw − T k) dΩ (A.2)

where uv and ut are the scalar weight functions multiplied to the mass transport and tem-

perature transport equations respectively. The velocity and density in these equations are

obtained from the previous iteration and are considered constant. These transport equations
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are coupled in one way i.e., the velocity and density from the fluid flow are utilized to get the

vapor and temperature distribution, however, the vapor and temperature distribution are

not used to solve the density and velocity field. The variation in the density and velocity is

only because of the compressibility and is in no way affected by the vapor and temperature

distribution in the tower.
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channel after the fill.

The incompressible solver can provide results for equal permeability in both directions. How-

ever, the convergence is reduced when the permeability value is equal to or less than one

cm2 in at least one direction. The observed pressure prediction is not in accordance with

the analytical value. The compressible solver provides the solution for higher Re with an-

isotropic permeability of the fill with the value lower to the order of 10−8 cm2, which is not

the case with the incompressible set of equations. Hence, the compressible set of equations

was considered for the simulations in the current study, including a fill.
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