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ABSTRACT

The deployment of concentrating solar thermal (CST) power plants in arid areas
necessitates the use of dry cooling systems to reject heat from the condenser. Previous
research has shown that the capacity of short natural draft dry cooling towers (NDDCTS),
used as condensers for CST plants, can be significantly influenced by the prevailing wind
condition. From the literature, it is apparent that there is a lack of work relating to how
the interactions between multiple cooling towers during windy and no-wind conditions
impact the cooling capacity of multiple cooling towers on a common site, and short
NDDCTs in particular. This is a particular problem because as the capacity of CSP power
plants is increased, additional cooling is required which necessitates the addition of more
NDDCTs. When adding these cooling towers, there is a need to be able to position them
correctly so that their performance as a group is maximised. To do this, an understanding
of the effect they have on one another is needed. Hence, this work aims to characterise
the interaction between multiple short NDDCTSs on the cooling capacity of the multi-
tower system on a common site over a range of typical operating conditions including

wind speed, tower spacing, wind incidence angle, and the number of cooling towers.

This study first investigated the effect of different tower spacings on the cooling
performance of multiple short NDDCTs using computational fluid dynamics (CFD) under
a no-wind condition. The simulated tower in all multi-tower simulations is identical and
Is representative of an actual steel-membrane cooling tower in a campus of the University
of Queensland. The geometry of the used cooling tower in this study is a cylindrical shape
with a horizontally arranged air-cooled heat exchanger and is 20 m high with a diameter
of 12.525 m. This study has shown that, at a tower spacing of less than two tower

diameters (2D) where D is the diameter of the tower, a reduction in the scavenging area



between the towers limits the air supply to the towers and this interaction decreases the

cooling performance of the towers.

Secondly, the study investigated the effect of three major parameters: wind speeds (0-8
m/s), wind incidence angles (0°, 45°, and 90°), and tower spacings (1.8D, 2.6D, and 4.2D)

on the thermo-flow performance of the cooling towers.

It was shown that the interaction between the towers at a 90° wind incidence resulted in
a performance improvement of the towers only at a tower spacing of 1.8D, while for the
other tower spacings there was no interaction between the towers. At a wind incidence of
45°, the interference between the towers contributes to a decrease in the performance of
the towers at tower spacings of 1.8D and 2.6D. It was found that the thermal performance
of the NDDCTs in wind incidence of 0° is superior to other layouts at lower tower
spacings. This study found that it helps to add the second tower in line with the prevailing

wind direction.

Thirdly, the performance of the three short NDDCTSs is also investigated in an inline
layout, labelled as windward, middle, and leeward towers. At all tower spacings, the

windward tower shields the middle and leeward towers by deflecting the upcoming wind.

Finally, the effect of tower dimensions on the interaction of three NDDCTs with similar
sizes was examined and the results revealed that larger towers are less vulnerable to
crosswinds due to their higher capacity of the drawing air into the cooling tower compared

to smaller cooling towers.

Overall, the most significant outcome of this investigation was to show that when adding
additional cooling towers to an existing CSP site, they should be placed along the line of

the prevailing wind direction, with a spacing determined by the average wind speed.
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Chapter 1: Literature review

1.1.  Concentrating solar thermal (CST) power plants

Many power generation processes consume large amounts of fossil fuels. Due to limited
long-term availability of these sources, and the consequences of using fossil fuels (global
warming and air pollution among other negative impacts), the search for alternative
options has increased noticeably. Concentrating solar thermal (CST) power generation

systems offer a favourable solution to overcome these energy and sustainability concerns.

CST power generation technologies use mirrors to reflect and concentrate sunlight onto
receiver(s) that collect the solar energy and convert it to heat (Figure 1.1). The thermal
energy source then can be used to generate electricity using a turbine in a power cycle

such as the Rankine or supercritical CO2 Brayton cycle.

Figure 1.1. CST plants in Nevada.



In saying this, it is worth noting that supercritical power cycles is an effective alternative
to steam power cycles (1). Supercritical CO2 cycles have the advantages of compact
turbomachinery design, scalable modular, lower operating cost and more efficient than

the steam cycle (2).

Irrespective of the cycle type, Figure 1.2 shows a schematic view of a tower/central
receiver CST system integrated with a power cycle, and where molten-salt technology is
used to store solar thermal energy. The cold tank supplies the cold working fluid to the
solar tower, where it is heated to approximately 600-800 °C. The thermal energy from the
heated fluid is stored in the hot storage tank where part of the hot salt is pumped for night-
time application or when there is insufficient solar energy. The power block of the CST
system is the same as that used in a conventional thermal power cycle, where the high
pressure and high temperature working fluid generated by the boiler drives the turbine.
The exhaust of the turbine gets condensed in the condenser which may include a cooling
tower.
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Receiver e

Generator
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Condenser Cooling tower
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Figure 1.2. Schematic view of a typical CST plant.



The design of the cooling system in a CST power plant can have a significant impact on
the cycle efficiency, because the power cycle is sensitive to the heat sink temperature.
Typically, the cooling systems used in the power plants could be a once-through system

(3), a spray pond system (4), or cooling towers (5).

In a once-through cooling system, a large volume of water extracted from a river, lake or
the ocean passes through the plant’s condenser a single time to provide cooling before
being discharged (6). Figure 1.3 shows the schematic view of a once-through cooling

system typically used in power plants with capacities greater than 100 MW (7).

Hot water

Condenser

Cool water

Condensed water

Figure 1.3. Schematic view of once-through cooling system.

In spray pond systems, often used in nuclear power plants, the water from the condenser
is sprayed via nozzles into air to evaporate the droplets of water and cool the water (8).
Figure 1.4 demonstrates a spray cooling system which was constructed and operated by
Ecoclaire Condenser Company (9). The main disadvantages of such systems are, the large

area to cool the water (8) and the volume of water lost to the surrounding environment.



Figure 1.4. Spray cooling system (9).

Finally, cooling towers are perhaps the most common heat sink device used in thermal
power plants (10). In these systems air is circulated over the condenser tubes with the aid
of a fan (mechanical draft), or by the buoyancy effect (natural draft). That said, natural
draft cooling towers have been used widely in large thermal power plants and other
chemical processes as they have no power consumption, low maintenance costs and no
mechanical noise (11-14). These towers are generally divided into natural draft wet
cooling towers (NDWCT), hybrid cooling towers and natural draft dry cooling towers

(NDDCT).

1.2.  Natural draft cooling towers

1.2.1. Natural draft wet cooling tower (NDWCT)

In NDWCTs, the hot water from the condenser is distributed via spray nozzles as shown
in Figure 1.5. The hot water sprayed inside the cooling tower and the density of the warm
moist air inside the tower is less than the density of the atmosphere outside the tower.
Thus, the pressure inside the tower is lower than the external pressure, causing air to flow
through the tower. In doing this, the cooled water is collected in the tower’s basin and is
circulated back to the condenser. The main disadvantage of the wet cooling tower is that
some of the water is lost during the cooling process. This can present a serious problem

if freshwater resources are limited and expensive, an issue particularly in arid areas where
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CST plants may be sited. To this end, hybrid cooling towers have been also proposed as
a way to save water in regions where water is scarce and avoid the high cost of full dry-
cooling systems. By combining the features of a dry cooling tower and a wet cooling
tower, it is possible to create a hybrid cooling tower that offers reduced operating costs

for particular conditions (15).
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Figure 1.5. Configuration of the NDDWT.

1.2.2. Natural draft dry cooling towers (NDDCT)

In NDDCTs, the density difference due to the temperature difference, between the inside
and outside of the tower creates a buoyancy draft, which circulates the inside air toward
the top of the cooling tower. The circulating ambient air passes over the radiators, which

are installed at the inlet of the towers, and cools the warm water in the radiators (16)



(Figure 1.6). In the cooling process of this system there is no direct contact between the

hot water and the ambient meaning there is no water losses.
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In NDDCTs, the heat exchangers can be arranged horizontally at the inlet cross-section

Figure 1.6. Configuration of the NDDCT.

(as seen in Figure 1.6) or vertically around the inlet of the tower. The vertical heat
exchanger bundles are usually arranged in form of deltas as shown in Figure 1.7 to
maximize the heat exchanger area. In this system, the water distribution is simple due to

the bundles are self-supporting which results in lower cost compared to the other layouts.
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Side  walls  ofj
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Figure 1.7. a) Sketch of cooling delta and boundaries in one column (17) b) Installing a heat
exchanger delta at Gyongyos Hungary (15).

Alternatively, the heat exchangers can be arranged horizontally in the form of an A-
configuration (Figure 1.8) in which two heat exchanger bundles are inclined with respect
to each other at a specific angle with the delta heat exchanger bundles, the aim of this

arrangement is to maximize the heat exchanger area facing toward the buoyant air.

i

Air

Figure 1.8. a) A single A-frame heat exchanger bundle b) heat exchanger arrangement within
Kendal cooling tower in South Africa (15).



1.3.  Effect of wind on the natural draft cooling towers

One of the challenges faced by NDDCTSs is the effect of the ambient conditions including
changes to the ambient temperature, and crosswinds (18-21). Crosswind effects in
particular are complicated and difficult to predict, meaning natural draft cooling towers

are typically designed on the assumption of calm ambient conditions.

In the absence of the wind, heated air rises undisturbed from the tower’s outlet vertical as
shown in Figure 1.9a. Wind deflects the plume as it exits the cooling tower causes the
effective exit area to become smaller compared with the usual design conditions, as
shown in Figure 1.9b. At very high crosswind speeds, the blocked plume leads to a
decrease in the air temperature inside the tower to the extent that the density of air inside
and outside the tower are nearly identical. This impairs the buoyancy driven flow and
decreases the thermal performance of the natural dry cooling tower. In this case, the
plume exiting the tower is not visible and results in a phenomena known as cold flow

intake, as illustrated in Figure 1.9c (22).
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Figure 1.9. Schematic view of velocity vectors at the tower outlet at a) no-wind condition, b)
moderate wind speed, and ¢) dominant wind speed.




For natural draft dry cooling towers with horizontal heat exchanger bundles, the wind
passing through the bottom of the tower can cause a low-pressure zone underneath the
heat exchanger. This can lead to hot air inside the tower being drawn back through the
heat exchanger bundles, thus forming a hot air recirculation that reduces the effective heat

transfer area of the bundles as shown in Figure 1.10 (23).

Ty,

Figure 1.10. Schematic view of flow field at bottom of the tower in presence of crosswinds.
Given these challenges, numerous studies have looked at cooling tower performance
using three main methods: full scale/field measurements, wind tunnel (lab-scale)

measurements, and numerical and mathematical modelling.

A challenge of full-scale measurements is that they require lots of effort to perform a
controlled experiment, and the performance of the system can be affected by the rapid
changes in ambient conditions. These rapid changes include the changes in magnitude
and direction of the crosswind, air humidity, and weather conditions. Also, installing and
maintaining the instrumentation in the real cooling tower is expensive and difficult.
Therefore, the findings from the full-scale measurements are often lacking detail and
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make it difficult to understand the flow regimes and resultant heat transfer mechanisms
(24). That said, Zhang et al. (25) performed a full scale experimental study on the
performance of a 150m high NDWCT before and after it underwent structural
improvement. The measurements in this study were limited to the crosswind velocity and

water outlet temperature.

In another field study, conducted by Wei et al. (26), the temperature field inside a 125m
high tower and crosswind speed were measured using temperature sensors and airflow
anemometers. However, the only results presented were the mean temperature along the

annular radiator and the central axis.

In summary, very few studies have used field tests to systematically investigate the
performance of the NDDCTs at different ambient conditions due to the complexity of the
instrumentation, and the lack of control over the ambient conditions. Therefore, a number
of researchers have used scaled models to investigate the effect of wind on natural draft

cooling towers in wind tunnels (26, 27).

Chen et al. (28) used with a scale of 1:100 from a real model of height of 85m. An
experimental study on a 1:100 scaled model of a NDWCT was also performed by Alavi
and Rahmati (29). According to the theory of dynamic similarity, all relevant force ratio
should be identical between model and its prototype. In both (28, 29), the similarity was
performed for Froude number which represents the inertial force of crosswind and the

driving force of buoyancy and viscous forces were neglected.

Gao et al. (30) conducted an experimental study to determine the temperature profiles
inside a NDWCT under crosswind conditions using a scale model 37cm x 68cm x 85cm
(top outlet diameter x bottom diameter x height). The results indicated that at a no-wind

condition, the heat and mass transfer distributions within the tower were uniform.
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However, the height of the scaled model meant that the generated natural draft was much

smaller than for a real cooling tower.

Previous studies using dynamic similarity was restricted to considering only the velocity
ratio and Froude number. Satisfying both Reynolds number and Froude numbers is not
possible in small scale models (24). Therefore, the lab scaled results are mainly
considered as qualitative results and are used to provide general understanding of the
performance of the real cooling tower. A summary of parameters used for dynamic

similarity is listed in Appendix A.

In this regard, previous studies have shown that CFD simulations are reliable and can
achieve an acceptable agreement with full scale measurements (31). Perhaps the most
frequently used means of examining the heat and mass transfer processes in cooling
towers is the use of CFD simulations. If these are accurately and carefully set up, they
can provide a useful representation of the processes occurring in real towers. As the
thermal and flow terms in the cooling towers subject to crosswinds are highly coupled,

CFD simulations can be applied to investigate this complicated phenomenon.

1.3.1. CFD simulation of NDCT with vertical heat exchangers

Chen et al. (32) developed a CFD method to investigate the cooling performance of a
165m high NDWCT. The accuracy of the CFD model was validated by comparing the
CFD results with the temperature distribution data obtained from the real cooling tower.
CFD simulations have also been used in numerous studies (33-38) to investigate the
performance of large NDWCTs for both windy and no-wind conditions, with the CFD
simulations validated by comparing the predicted temperature distribution with that inside

the tower.
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In their study, Ma et al. (39) performed a numerical analysis in an attempt to understand
the effect of crosswinds on a NDDCTV, and attempted to introduce windbreak walls
around the tower. The results showed that adding a windbreak wall around the tower

affected the flow field inside the tower.

An interesting outcome of the CFD simulations in (17, 40) was that flow circulations
inside the tower reduce the air mass flow rate passing through the tower that consequently
negatively affect the cooling capacity. Similarly, it has been shown that high crosswind
speeds lead to a flow separation occuring behind the tower and results in a rotating flow
circulation, or vortex. As such, when the swirling velocity of the flow at the leeward
section is higher than the draft speed in the tower, the hot air cannot exit via the tower’s
outlet (41-44). In essence, the crosswind increases the flow resistance at top of the
NDDCTV which reduce the outlet flow rate of the cooling tower. As further evidence of
this, Wang et al. (43) demonstrated that increasing the crosswind speed increased the
extent of vortex at the top of the tower. They also claimed that for crosswinds speed
greater than 15 m/s, the crosswind becomes favourable, however, they didn’t identify the

underlying reason for this behaviour.

To counter the effect of the vortex, and enhance the performance of a NDDCTV,
Goodarzi by proposed a novel tower geometry which entails a windbreak at top of the
cooling tower (16). The results showed that the proposed configuration could mitigate the
negative impact of the crosswinds. In another study Goodarzi and Keimanesh applied
radiator-type windbreaks around the NDDCTYV (45). They concluded that radiator type
windbreakers can significantly improve the cooling efficiency. Also, they proposed using
savonius wind turbines as windbreaks for the NDDCTYV, however the practicality of the
proposed system was not discussed. In these studies, it was observed that changing the

geometry of the cooling tower, adding components such as windbreaks, and adjacent

12



objects could significantly change the flow behaviour around the cooling tower.

Appendix A contains the summary of previous studies on NDDCTV.

1.3.2. CFD simulation NDCT with horizontal heat exchangers

The performance of an internal horizontal arrangement (NDDCTH) is less vulnerable to
wind compared to an (NDDCTV) arrangement (46). Under equal conditions with the
absence of atmospheric disturbances, Du Preez (47) stated that towers where heat
exchangers are arranged horizontally inside the tower are less sensitive to crosswinds than
NDDCTV. A comparative study was performed by Du Preez and Krdger (48) between
NDDCTVs and NDDCTHs. Although the initial costs of a horizontal arrangement are
higher than for vertical, the thermal performance of the former in windy conditions was
shown to be superior. The weaker performance of the NDDCTYV is mainly due to the

severely distorted air flow distribution of air passing through the heat exchanger.

Al-Waked and Behnia (19) demonstrated that the performance of the NDDCTH
decreasing by increasing the crosswind speed from 0 to 20 m/s. Wu et al (49) investigated
the effect of crosswind on the flow and heat transfer characteristics of a NDDCTH. For
all wind speeds, the outlet water temperature increased with increasing crosswind speed.
Their results demonstrated that during windy condition, the crosswind causes a low-
pressure region beneath the heat exchanger bundles located at the windward side of the
tower which sucks the hot air back inside the tower, causing flow circulation. The
negative effect of the crosswind on NDDCTH occurs in the windward area and during

increasing crosswind speed where the affected zone expands.

Different types of cooling tower including natural, mechanical, wet, and dry types were
discussed and it was revealed that by using NDWCTs a higher conversion efficiency yield
is possible compared to the NDDCT (50). However, the targeted places for CST power

plants are often desert areas with high solar intensity and low water availability (51, 52).
13



Given the scarcity of water in these types of locations, NDDCTs are made to use the

atmospheric air temperature alone as the heat sink.

It was discussed that CFD simulations can analyse the performance of NDCTs
comprehensively and it was revealed that the airflow behaviour passing through the
cooling towers can be affected by the prevailing ambient conditions and objects around

or inside the cooling tower.

The height of cooling towers investigated in the previous studies were over 100 m which
are of a size suitable for conventional power plants. The overall size CST power plants
are likely to be smaller compared to the conventional power plants. A summary of

previous studies on NDDCTH can be found in Appendix A.

1.4.  Analysis of short NDDCT in CST power plants

In the preceding section it was shown that the prevailing wind speed plays a significant
role in the cooling capacity of both wet and dry natural draft cooling towers. However, a
common factor of these studies, was that the towers were all over 100m in height (due to
the heat load required in conventional power plants). In concentrating solar thermal power
plants which are likely to be smaller compared to the conventional thermal power plants,
cooling towers are likely to be at a much smaller height. Similarly, CST power plants are
likely to be located in arid areas with high solar intensity (51, 52). Given the scarcity of
water in these types of locations, it is foreseeable that designers will favour the use of dry
cooling approaches, where heat is rejected to the ambient air. With this in mind, research
on short NDDCTs has started to gather a degree of attention, particularly from the

University of Queensland.

Lu et al. (23) first proposed a small NDDCT for use in renewable power generation, and
analysed the concept using computational analysis. This resulted in the suggestion of a
cylindrical NDDCT with an internal heat exchanger 15m in height and 12 m diameter.

14



The rationale for this being that cylindrical towers are more economic to build in remote
areas compared to those of hyperbolic shape. CFD simulations of the proposed NDDCT
were performed in this study and the results indicated that this short NDDCT was highly
vulnerable to crosswinds. In this study, it was shown that increasing crosswind speed
resulted in a flow circulation at both the bottom and top of the cooling tower, as shown

in Figure 1.11.
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Figure 1.11. Velocity streamlines at different crosswind speeds (23).

The same authors continued their research by introducing an internal tri-blade windbreak
system to the proposed NDDCT in another study (53). In this later study, the effect of the
wind incidence angle on the performance of the tower was investigated. It was found out
that the tower performance could be improved at wind incidence angles of 0° and 60°and
that the flow circulations at the bottom of the tower could be characterised using vorticity
magnitude. In addition, they suggested that that the tri-blade wind break could be placed

at angle of 0° with respect to the most frequent wind direction.
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In a subsequent study, the findings of this model were validated using a scaled model
(1:12.5) in a wind tunnel test (54), although scaling of the Froude number was not
possible. In addition, the study also described the differences in the effect of wind on a
short and tall NDDCT. This study showed that the heat transfer rate of the short NDDCT
would initially decrease with an increasing crosswind speed, but eventually increases with
further augmentation in wind speed. Conversely, they suggested that the heat transfer rate

in large NDDCTs continuously decreased with increasing the wind speed.

Having developed an understanding of the performance of short NDDCTSs the University
of Queensland developed a full-size NDDCT (Figure 1.12) to undertake further research.
This cooling tower (Gatton NDDCT) was developed with a view to being used with CST
power plants such as those being developed by the Australian Solar Thermal research
Initiative (ASTRI). On this basis, Li et al. (55) investigated the performance of the Gatton
NDDCT under windy conditions. The results demonstrated that the performance of the
tower decreased to a minimum value at a crosswind speed of 6 m/s and then increased at
higher crosswind speeds. In exploring the reasons for this, the work focussed extensively
on the flow characteristics at the bottom of the tower. At a crosswind speed of 3 m/s, the
wind caused a low-pressure region at the windward side of the tower which decreased the
upward air flow. This resulted in a reduction in the cooling performance of the heat

exchanger in this area.
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Figure 1.12. Gatton cooling tower.

In a later study it was suggested that the cooling performance of the Gatton NDDCT could
be increased by 18% by optimizing the hot water mass flow rate among the heat
exchanger bundles (56) during certain wind speeds. It was proposed that the water mass
flow rate in each heat exchanger bundle could be controlled by monitoring the airflow

through them.

Li et al. (57) continued their research by performing a full scale experimental study on
the Gatton NDDCT. Two constant heat loads of 600 kW and 840 kW with ambient
temperatures varying between 20°C and 32°C. The heat transfer coefficient of the heat
exchanger bundles was measured and compared with the manufacturer’s heat transfer
coefficients and were shown to be in close agreement. Another study also examined the
effect of crosswind on the Gatton NDDCT using a full-scale experiment (58). The
temperature field inside the cooling tower and at the heat exchanger bundles were
measured using temperature sensors installed inside the tower. Crosswind speeds

recorded in this study were 0.6 m/s, 2.3 m/s, 5.5m/s, and 8.3 m/s. The temperature of the
17



heat exchanger bundles was compared with CFD simulations and the results were again

in close agreement.

As previously mentioned, the cold inflow is an unfavourable air turbulence at the top of
the cooling tower and has a significant negative effect on the performance of natural draft
cooling towers. The cold flow intake from top of the Gatton NDDCT was performed in a
full-scale experiment and the tests demonstrated that cold flow intake can increase the

water outlet temperature up to 3°C (59).

Furthermore, experimental and numerical studies have been performed on the transient
start-up of the Gatton NDDCT by Dong et al. (60, 61). Start-up time is defined as the time
taken from initial running the cooling tower until it reaches a stable operating condition.
The results of this study indicated that crosswinds affect the start-up time, and that this
parameter is shorter when the flow inside the cooling tower is uniform. As a response to
the effect of wind on the Gatton NDDCT, Liu et al. (62) proposed an inlet cover to
improve the performance of short NDDCTSs. It was shown that an inlet cover did not
affect the flow within the tower for the no-wind condition but improved the performance

of during windy conditions.

Similarly, in order to improve the performance of the Gatton NDDCT, Lu et al. (63)
proposed introducing an air jet into the tower to increase the total air mass flow rate
through the heat exchanger bundles. Using a CFD model of the Gatton tower, this group
found that the swirling plume enhanced the tower’s thermal performance. Previous short

NDDCTs are summarized in Appendix A.

1.5.  Multi-tower cooling systems

To this point, all the studies mentioned have been devoted to an isolated tower, however
the National Renewable Energy Laboratory (64) has shown that there has been a number
of CST power plant projects that have been developed over several stages. Despite the
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potential for using windbreaks to reduce the effect of wind on the performance of
NDDCTs, as the capacity of CST plants is increased, additional cooling is required which
necessitates the addition of more NDDCTs. When adding these cooling towers, there is a
need to be able to position them relative to prevailing wind conditions correctly so that
their performance as a group is maximised. To do this, an understanding of the effect they

have on one another is needed, particularly under windy conditions.

Recently companies such as VAST Solar have been working on the development of
modular CST power plants in Australia. One of their finished projects is Jemalong with
6MW capacity. As can be seen in Figure 1.13, this CST power plant consists of five
modular towers which are connected to a central thermal energy storage unit. In such
sites, the power generation can be started after completion of the first module and the
cooling could be satisfied by a short NDDCT such as that proposed by University of
Queensland. However, to increase the power generation, by adding more modules, there
is also a need to increase the condenser area. This can be met by adding more cooling

towers to the site.

Figure 1.13. The 6MW Jemalong CST power plant accomplished but Vast Solar.
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One challenged posed by this is that most research has been devoted to isolated cooling
towers, whereas very few studies have investigated multiple cooling towers under windy
conditions. Under these conditions each cooling tower with a group may exhibit different
characteristics from an isolated cooling tower. To this end, the performance of two
cooling towers under windy conditions was experimentally and numerically investigated
by Zhai and Fu (65). Their study discussed the relationship between the cooling efficiency
recovery and the size of the wind-break walls. Here, the aim of study was to observe the
effect of windbreaks on the flow field and the interactions of the towers during no-wind

conditions and windy conditions were not been discussed in detail.

Similarly, Irtaza et al. (66) used turbulence modelling to explore the effect of wind on
configurations of three and five cooling towers without modelling the heat exchanger. In
this work, the authors did not study the effect of the wind on thermal performance, instead
focusing and only a non-dimensional pressure coefficient defined to describe the
aerodynamic aspect of multiple cooling towers interacting with each other. In this study
the heat exchangers were not modelled and the effect of wind on the tower’s shell was

addressed.

Wu and Koh (67) developed a mathematical model to predict the behaviour of plumes,
including: excess plume temperature, humidity and liquid phase moisture (water
droplets), plume trajectory, width, and dilution, at the merging locations from multiple
cooling towers. This study also explored the properties of plumes from the top side of
four cooling towers but did not explore the cooling towers’ thermal performance and the

interaction between the towers.

Liao et al. (68) investigated the effect of tower spacing on the performance of two large
NDDCTVs. They suggested that during windy conditions, when wind is blowing parallel

to the towers, the windward tower could provide protection for the leeward tower.
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However, as these results were for large NDDCTs with vertical heat exchanger bundles,

it is unclear how this might translate to shorter towers such as the Gatton tower.

The effect of neighbouring buildings on the performance of two large NDDCTVs was
examined by Yang et al. (69). In this study, the interaction of the towers during different
ambient conditions was discussed and the results showed that at high crosswind speeds,
warm air circulation occurs at the side backward surface of the heat exchangers which

reduced the cooling performance of the towers.

After the collapse of three natural draft towers at the Ferrybridge Station in the UK
(Figure 1.14), found to be due to the tower spacing of the towers, some researchers
investigated the interference effects between multiple cooling towers. These included
wind pressure, structural response, membrane forces, bending moments, shear forces and
displacement (70-75). However, the thermal performance of the towers was not discussed
and only the structural behaviour of the towers was systematically investigated. This
means the effect of wind on the towers was investigated without considering the thermal
source inside or around the cooling tower (heat exchanger). The presence of heat
exchangers will impact the flow field and the findings of these studies may change by

considering the heat exchangers.

The previous studies investigating the effect of wind on multi-tower systems are

summarized in Appendix A.
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Figure 1.14. Collapses of cooling towers in Ferrybridge 1965 (76).

In summary, in previous multi-tower analysis, the effect of wind velocity has been
discussed with regards to the performance of large NDDCTs with vertical heat exchanger
bundles. However, the effect of wind velocity on the performance of the multiple short
NDDCTs has not been discussed and there is no understanding on how these towers

interact with each other at different layout configuration and ambient wind conditions.

1.6.  Research question and objective

From the literature, it is apparent that in multi-tower systems interaction may occur
between the adjacent towers and that these interactions may change the wind’s effect on
the towers. The performance of short NDDCTs, which are suitable for CST plants with
limited power generation have been shown to be highly vulnerable to environmental
conditions, and the initial design of the cooling tower is usually suitable for calm ambient-
air conditions. The differences between a small isolated NDDCT and a multi-tower
system are not clear, and they merit thorough investigation. The lack of attention paid to
the interaction of multiple NDDCTs systems has raised the question of how they can be
placed with respect to each other if, for example, a CST plant is expanded and requires

additional cooling capacity.
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A review of the current literature shows that none of previous studies have investigated
the effect of wind speed on the performance of multiple short NDDCTSs. Therefore, this

investigation will address the current knowledge gaps by addressing the following

research question:

How do multiple short NDDCTs interact with each other at different tower spacings and

with different tower layouts, and what is the effect on their cooling capacity?
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Chapter 2: Performance of NDDCTs for no-wind condition

2.1. Introduction

From the literature review, it was apparent that NDDCTs are affected by wind. However,
to appreciate the behaviour of cooling towers under windy conditions, it is important to
first understand their performance during no wind conditions. The performance of the
NDDCTs at a no-wind condition is unknown and no study has investigated the interaction
of the towers at different tower spacings during the no-wind condition. In this chapter,

the performance of short NDDCTSs subject to the no-wind condition will be examined.

2.2.  Performance of a single NDDCT under the no-wind condition

2.2.1. Method

As a benchmark, it was decided to investigate the airflow characteristics around a single
NDDCT and compare the results to data available in the literature. Each NDDCT must

satisfy the equations 2.1 and 2.2 to achieve aerodynamic and thermodynamic balance:

BP =~ (Pao — pai) g(He — Hyy) = (3 flow resistance) 2.1)
Q= mana(Tao —Ta) = mlel(Tli —Ty) = hyAFr ATy (2.2)

Where p,, and p,; are the air density at the inlet and outlet of the tower, H, and H,,, are
the height of the tower and heat exchangers, ni, is the air mass flow rate into the tower,
T,, and T,; are the air temperature at the outlet and inlet, and i, is the liquid mass flow
rate. Equation 2.1 means the total pressure drop over various components of the tower
must be balanced by the buoyancy force. Equation 2.2 states that the heat transferred into
the air is equal to the heat extracted from the cooling liquid (water) and that this heat is

transferred through the heat exchangers (23).
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As the starting point for this no-wind study it was decided to examine the behaviour of a
cylindrical tower and horizontally arranged air-cooled heat exchanger. To do this, a
cylindrical natural draft dry cooling tower model with 20m height and 12.5m diameter
with an inlet height of 5m, as shown in Figure 2.1, was modelled using computational
fluid dynamics. This model is an approximation of an actual 20 m-tall steel-membrane
hyperbolic cooling tower built in a campus of The University of Queensland (77),

discussed in the preceding literature review chapter.

Tower outlet —

* | 20m
1l
Heatexchanger [ITTTTTTTT TTTTTTTT] —
L
. b
Airflow < |5>m
Tower support v v

Figure 2.1. Cooling tower configuration.

The airflow resistance in Eqg. 2.1 includes the pressure loss coefficient of the tower
support, heat exchanger, and tower outlet. In this equation there is no flow resistance
related to the wall profile which means that wall profile is not a major factor in

determining the airflow resistance within the tower.

In this tower, the heat exchangers are installed horizontally at a height of 5 m off the
ground. The heat exchanger parameters taken for the NDDCT were established by the
University of Queensland (77) with a tube arrangement as shown in Figure 2.2 and

detailed in Table 2.1.
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Figure 2.2. Heat exchanger bundle arrangement.

Table 2.1. The detailed data for the heat exchanger and tower dimensions.

Heat exchanger parameter Value Unit
Hydraulic diameter of tube 0.009 m
Inside area of tube per unit length 0.0285 m?
Inside cross-sectional flow area 6.40 x10% m?
Length of finned tube 3.84 m
Effective length of tube 3.79 m
Number of tube rows 5 #
Number of tubes per bundle 220 #
Number of water passes 10 #
Fin root diameter 0.0095 m
Fin pitch 0.0021 m
Equivalent circular fin diameter 0.0205 m
Tower height 20 m
Tower diameter 12.525 m
Tower’s inlet height 5 m
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With this in mind, a single tower was modelled in a cylindrical domain with a height of
90 m, a diameter of 144 m and boundary conditions, as shown in Figure 2.3. This domain
was selected since a similar boundary domain had previously been used to investigate the
performance of short NDDCTs for the no-wind condition (53, 55). The computational
domain and the cooling tower were meshed using structured elements. During no wind
condition, the pressure at the boundaries is known which atmospheric pressure is. This
enabled, a pressure inlet boundary condition (atmospheric pressure) to be assigned to the
side of the domain, and the top of the domain was set to be a pressure outlet (atmospheric

pressure) (53).

Grid independence tests resulted in 2,300,000 elements and after mesh sensitivity analysis
the deviation of results was found to be less than 1%. The details of the mesh sensitivity

analysis for this model is shown in Appendix B.

Pressure outlet v N
S

Wall v\
Pressure inlet =
bt Porous media I
3 ‘\
gl’ v
o " /d——\
v o \W—a”,_——/ -

| 12.525m |

| 144m |

Figure 2.3. Model geometry, computational domain and boundary conditions.

To check the impact of thermal stratification at the boundary domain, a temperature
profile was applied to the boundary domain using equation 2.4. During a clear dry day, a
temperature-lapse rate of approximately -0.00975 Km is often observed in the region of
the surface boundary layer. This specifies the ambient air temperature at any elevation

(15):
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T =T, — 0.00975z (2.4)

where T1 is the temperature at ground level and z is elevation. However, comparing the
simulation results of the domain, initially at constant temperature with that of a stratified
temperature, showed that the heat rejection difference is less than 1%. Hence, a constant

ambient temperature of T=20 °C was assumed.

Previously, in order to model the heat exchanger in the tower, a combination of a porous
media zone and a radiator boundary condition was used, using the data from Table 2.1.
The radiator model characterizes the heat transfer, while the porous media is included to
capture the pressure loss within the heat exchanger. This effect is realised by adding a
momentum sink in the governing momentum equations (55). This approach mirrored that
which had been successfully used for heat exchanger modelling in short NDDCTs (23,

53, 55, 57).

Following on from this, the heat rejected to the surrounding air was given by Equation

2.5.

4= h(Tr - Tao) (2.5)

Tao is the temperature of air downstream of the radiator and h is the overall heat transfer
coefficient which is estimated by empirical coefficient shown in Equation 2.6 for the

tower (58, 63):

h = 15002 + 5491, + 191 (2.6)

For air flow pressure drop, the radiator model can simulate resistance to air flow in the
direction normal to radiator face. However, it does not provide resistance in other two
directions, i.e. velocity components parallel to radiator face. This will cause

overestimation of the possibility of vortices occurring near the radiator, since the real
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structure of, as the fin tube heat exchanger bundles can prevent horizontal air flow,
allowing air to flow through the heat exchanger only vertically. Therefore, a porous media
model is added to represent the pressure loss within the heat exchanger, leaving the
radiator model to represent heat transfer only. In the porous media zone, an additional
source term S; representing the pressure loss within the heat exchanger is added to the

momentum equation. S; is expressed by Equation 2.7 (63):
Si==CGvi+ Cypvl) @7

Where o (permeability) and Cz inertial resistance factor are coefficients which were
derived from an empirical pressure drop-air speed correlation provided by the
manufacturer of the heat exchangers of the Gatton cooling tower (56). For the pressure
loss calculation, the viscous resistance factor 1/ o = 331,211 is obtained and the inertial
resistance coefficient factor C2 = 6.328 is used (56). The vertical air flow can be
guaranteed by setting the resistances in the other two directions to be much larger than

that in vertical direction (23).

The flow problem in this study can be stated as a steady state 3-dimensional CFD
simulation. In doing this, a commercial RANS finite volume code (ANSYS FLUENT
v17.2) was used to carry out these simulations, where the turbulent field was simulated
using the realizable k-¢ turbulence model. The realizable k-e model has been extensively
validated for a wide range of flows including rotating shear flows, boundary layer flows
and separated flows and has been shown to be well suited to modelling both short and

large NDDCTs (23, 49).

In CFD, the governing equations can be expressed in the general form shown in Equation

2.8:
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V. (pu(D - F@V@) = S@ (28)
the expression of the @, Iy, and Sy in the above equation are listed in Table 2.2.
Table 2.2. The governing equations of k- € model.
1) So Ty
Continuity ! 0 0
X momentum U O 9, 0UN O OV O OW\ ApiAc He
dox  Ox (,ue Ox) * dy (ue x) *oz (#e ax) V.
momentum M O 0 0UN O OVN O OW\ ApyA He
y dy 6x< eay)+6y<#e 0y)+02(‘ue 6y)+ V.
Z momentum w O 9, 0UN, O ( OV O IW\ ApAc He
az+ax<“eaz)+ay(“e Z)+6 (ue az) V.
T T e K
Energy &) prten
Turbulent energy | K Gi + Gy = pe £
k
T . 2 e
Energy dissipation | ¢ szmk +CauGy) — CZsP% o
k2 Upa Us 0P
Where u, = u + pe; pe = Cup 7 Cie =144 Cye = 1.92; (3¢ = tanh (UL,,); Gy =— p—;ra; =

0.09; 0, = 1.0; 63 = 1.3; Pr = 0.74; Pr, = 0.85

For all simulations (except no-wind validation), the radiator temperature was set at 52 °C

while the heat flux was allowed to vary. The pressure-based segregated algorithms:

SIMPLEC was applied and the second order of upwind discretization method was applied

to discretise the governing equations. The calculation results were obtained with the

scaled residuals dropping to the order of 10, except energy (10°), and the monitored

variables (average temperature of the tower outlet) were stable.

2.2.2. Validation

To validate the method, and the accuracy of the applied numerical set, the results of the

simulation were compared with the experimental results from the real NDDCT at the
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University of Queensland (57, 59, 63). In these experimental tests, a constant heat flux
was supplied to the NDDCT by an oil-fired heater for different ambient temperatures, and
the air temperature leaving the heat exchanger was measured. In the CFD simulation, the
same heat flux (845kW) was set as the radiator boundary condition (Figure 2.3), and the
effect of changing the ambient temperature on the air exit temperature at heat exchanger
was monitored. Figure 2.4 shows the comparison between the CFD results of this study
and the experimental data obtained by Li et al. (57, 58), and indicates good agreement
between them. These implies that the method is valid, and that the results of the simulation
are a good replication of reality.

50

#+ Experimental data by Li et al.
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Figure 2.4. Comparison between the CFD results and the experimental data (57, 58, 63).

2.2.3. Results and discussion for a single tower under the no-wind condition

Having demonstrated that the simulation method was valid, in so much that the results
obtained were in agreement with those physically measured, it was decided to examine

the CFD results in more detail, with a view to understanding the transport phenomena
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occurring in the tower. Figure 2.5 shows the temperature, pressure, and velocity
distributions in an isolated cooling tower for the no-wind condition. The variable contours
indicate an axisymmetric pattern which is likely due to uniform heat transfer throughout
the heat-exchanger area, and the ability of the tower to draw air in from around its entire
circumference. To demonstrate this, it can be seen that the surrounding ambient air was
drawn into the tower through the horizontal heat-exchanger bundles due to the density
difference between the inside and outside of the tower (Figure 2.5c). Figure 2.5b shows
that the reverse-pressure gradient is noticeably observed inside the tower (low pressure
region starts at the heat exchanger bundles and increases towards the outlet), especially

around the heat exchangers, to balance the buoyancy force and viscous force.
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Figure 2.5. a) Temperature contour, b) pressure contour, and c) velocity streamlines at central
vertical cross section of single NDDCT.
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Furthermore, the velocity streamlines in Figure 2.5¢ are symmetric suggesting relatively
uniform flow through the heat-exchanger. To illustrate this, the air velocity profile at
different heights in the tower were examined as shown in Figure 2.6 (where r/R is the
normalized radial distance from the centreline). The velocity distribution tends to become
more uniform across the tower after passing through the heat exchangers, and the pressure
drop caused by the heat exchangers reduces the velocity magnitude within the tower. The
slow-moving air from the outlet of the tower is buoyant relative to the surrounding air
due to the temperature difference. This temperature gradient causes the stagnant ambient
air around the tower’s outlet to become warmer and more buoyant which results in an
acceleration of the outlet air. This explaining the contraction of the outflow plume seen
in Figure 2.6 (line 3). These results are in broad agreement with those previously reported

for the Gatton tower (55).

4 Line 3=Tower Top

-&-Line 2=Tower middle

- Line 1=Heat exchanger
inlet

Velocity magnitude (m/s)

Ground

R

Figure 2.6. Velocity profile at three different tower positions.

2.3. Performance of two NDDCTs under the no-wind condition

2.3.1. Method

Having shown that the modelling method could satisfactorily predict the performance of
a single tower during the no-wind condition, this method was then applied to a multi-
tower configuration. The two-tower simulations were performed for eight tower pitch

spacings, between 5D and 1.1D (where D is the tower diameter of 12.525 m). The
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dimensions of the computational domain (Figure 2.7) were selected based on a domain
sensitivity analysis which showed that the boundaries did not affect the domain flow field.
Similarly a mesh sensitivity analysis was also performed which led to a mesh size of 4.5
million cells being used (Figure 2.8). As simulations were carried out at different tower
spacings with the computational domain-size varied according to the tower-spacing size,
the smallest computational domain was 280 m x 90 m (diameter x height) while the largest

was 380 m x 90 m.

For all multi-tower simulations in this study, the radiator temperature was set at 52 °C

while the heat flux was allowed to vary

wo6

— 1_7; Tower spacing

@280m Al

Figure 2.7. Tower layout and computational domain.
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Figure 2.8. Mesh sensitivity analysis based on the combined heat transfer rate of two towers.

2.3.2. Results and discussion for two towers under the no-wind condition

Under calm conditions, heat transfer occurs purely by natural convection so would be
very sensitive to small changes in the inlet conditions. In saying this, the rate of air passing
through the heat exchangers and moving upward in the tower is a determining parameter
of a NDDCT’s cooling performance. To explain this further, the overall heat transfer
coefficient of the heat exchangers depends on the air mass flow rate across the bundles
and an increase in the mass flow rate results in a higher heat transfer rate. The area around
the base of the towers acts as an air supply, however, with a small tower-spacing, the heat
exchangers are attempting to draw air from a common area between the adjacent towers

and hence compete for air supply.

This is demonstrated by the velocity distribution for each tower is no longer symmetrical
as the tower spacing decreased. Figure 2.9 shows that there is a weaker air driving force
between the towers at low tower spacing, which results in a lower air velocity in the tower.
At a tower-spacing of 3D, the velocity vectors are relatively uniform at the inlet of the
towers, however at 1.16D, the velocity vectors between adjacent the towers are small

compared to the far side.
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1.16D

Figure 2.9. Velocity vector at central vertical cross section of two NDDCTSs with the tower spacing of a) 3D and b) 1.16D (Zoom view).
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This is more clearly illustrated by the velocity profiles at the inlet of the towers shown in
Figure 2.10. From these it is apparent that that the velocity profile at a large tower-spacing
is like that of an individual cooling tower, whereas with reduced spacing there is a
noticeable reduction in the local velocity at the side of the tower adjacent to the second
tower. This is due to the fact that when the towers are close together there is a reduction
in the scavenge area (i.e. the area around the circumference from which the tower can

draw air freely), or more bluntly, the towers compete for air.
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Figure 2.10. Velocity profile at the inlet of the both cooling tower at different tower spacings.
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This is further illustrated by the data shown in Figure 2.11 where it can be seen that the
heat exchanger temperature at the side adjacent to the neighbouring tower is higher than
the opposite side. This means that at a low tower-spacing, the section of the heat
exchanger nearest to the adjacent tower was not capable of providing the same level of
cooling as the opposite side. Similar behaviour has been observed previously in the
thermal performance of two large NDDCTs at low tower spacings. It is also worth noting
that the interaction between the large cooling towers disappeared at tower spacings of 2D,

the same as findings of this study (68).
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Figure 2.11. Temperature distribution at horizontal centreline at top of the heat exchangers for each
tower at tower spacing of 1.16D. Each line is located on top of each heat exchanger inside
the towers.

Reflecting on these points, the total heat rejection of the NDDCT at the no-wind condition
calculated using equation 2.2, is independently calculated by radiator heat transfer rate of
ANSYS FLUENT. Having simulated the cooling performance of two towers in close
proximity, Figure 2.12 illustrates the normalized heat rejected relative to the no-wind
condition (Q/Qref), where Q is the summation of the towers’ heat rejection and QreriS twice
the heat rejected by an isolated tower under the no-wind condition. From this figure, for
a tower spacing larger than 2D the cooling capacity was constant, however, the combined

heat rejection from the towers decreased markedly as the tower spacing was decreased
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below 2D. This illustrates that the interaction between the towers at low tower-spacing

decreases the heat rejection performance of both towers.
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Figure 2.12. Normalized heat rejection of two NDDCTs at different tower spacings.

2.4.  Performance of three NDDCTs under the no-wind condition

2.4.1. Method

In understanding the behaviour of three NDDCTS, the same numerical method, boundary
conditions, and meshing strategy used in the simulation of two NDDCTs was applied.
Similarly tower spacings of 5D - 1.1D were analysed. The boundary domain was extended
by adding the third tower and increased by increasing the spacing where the smallest
domain size was 300 m x 90 m while the largest was 500 m x 90 m. This led to the cooling
towers and computational boundary domain being discretised using 6 million structured

elements.
2.4.2. Results and discussion for three towers under the no-wind condition

To understand what occurs when three adjacent towers are placed on a single site, Figure
2.13 shows the velocity vectors at the central vertical cross-section of the towers at
spacings of 3D and 1.16D. At a tower spacing of 3D the flow fields around the towers are

similar, and the internal airflow appearing to act like isolated towers, as also observed
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with two NDDCTs. However, at a tower spacing of 1.16D, the velocity vectors near the
inlet of the middle tower are smaller compared with the tower spacing of 3D. The small
velocity vectors also can be seen at the sides of the left and right towers adjacent to the
middle tower. To further illustrate this, Figure 2.14 shows that the velocity magnitude at
the inlet of the middle tower is lower in the middle tower at low tower spacing. At large
tower spacings, the velocity profiles at the inlet of all towers are symmetrical and similar
across all towers. In summary, the velocity profile at the left side of the left tower and
right side of the right tower, does not change with variation of the tower spacing due to

there being no interference with the airflow attempting to enter the middle tower.
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Figure 2.13. Velocity vector at central vertical cross section of three NDDCTs with the tower spacing of a) 3D and b) 1.16D (zoom view).
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The impact of this on the cooling towers’ cooling capacity is shown in Figure 2.15, which
shows the normalized heat rejection of three NDDCTs at different tower spacing, where
Qref is the heat rejection of a single NDDCT. The heat rejection of the left and right tower
is identical due to the symmetrical layout. However, the heat rejection of the middle tower
is increasingly decreased (up to 15%) when the tower spacing is reduced below 2D. This
is because the centre tower is surrounded by two towers on either side which limits the
ability of air to reach the inlet of the middle tower. At tower spacings of greater than 2D

however the towers act as an isolated tower.
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Figure 2.15. Normalized heat rejection of three NDDCTs at different tower spacings.

2.5.  Chapter conclusions

In this chapter the thermal performance of the NDDCT in a no-wind condition was
corroborated with experimental data obtained by another study for the Gatton cooling
tower. Using this validation, it was possible to extend the study to the examination of
multiple cooling towers placed on a common CSP power plant site. The results of this
study delivered an understanding of how tower spacing can affect the thermo-flow
characteristics of the cooling towers. For calm conditions, the heat rejection is very

sensitive to small changes at the towers’ inlet. It was found out that when two towers were
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placed more than 2D apart, both towers act as an isolated NDDCT and the flow
characteristics were symmetrical. Smaller tower spacings led to a reduction in the
scavenge area between the two towers limiting the air supply for both towers. This results
in non-uniform temperature and velocity distributions within them. This interaction
between towers at low tower-spacing decreases the performance of both towers. This
effect should be considered when adding additional cooling towers to an existing system,
particularly at sites prone to calm conditions. Further, the results of three NDDCTs
showed that the heat rejection of the middle tower which is surrounded by two towers is
highly influenced by the tower spacing and at very low tower spacings, the heat rejection
decreases by up t015%. This new finding holds particular design significance if multiple
NDDCTs are deployed on CSP sites that experience a high frequency of calm (no-wind)

conditions.
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Chapter 3: Effect of wind on the performance of two

NDDCTs

3.1. Introduction

In the previous chapter, the performance of an isolated NDDCT and multiple adjacent
NDDCTs was investigated for no-wind conditions. The effect of tower spacing was
discussed and it was shown that the towers’ interaction at low tower spacing reduced the
thermal performance of the towers. In Chapter 1 literature review, it was also noted that
crosswinds and local flow circulations at the bottom and top of the NDDCTs can also
decrease the air flow rate and consequently reduce the rate of heat rejection. It was also
discussed that short NDDCTs are more vulnerable to the crosswinds compared to the
larger towers. Although previous studies have characterised the effect of wind on a single
NDDCT, it is not clear how this relates to the performance of additional towers placed in
close proximity as CST plants are expanded. Since the performance of a short NDDCT is
highly influenced by operating conditions, this chapter aims to investigate thoroughly the
interaction between two NDDCTSs during windy conditions at different tower spacings,

wind speeds, and wind incidence angles.

3.2. Performance of a single NDDCT under windy conditions

3.2.1. Method

The same cooling tower geometry and numerical factors, including boundary conditions
and mesh generation method discussed in Chapter 2 were employed to investigate the
performance of NDDCTs under windy conditions. A computational domain, as shown in
Figure 3.1, was used and the dimensions of the computational domain were selected based
on a boundary domain sensitivity analysis that showed that the boundaries did not affect

the domain flow field. The NDDCT was placed at the centre of the semi-circular domain,
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and the domain was extended in a rectangular shape. This resulted in the simulation
domain having a height of 90 m, a breadth of 144 m, and a length of 150 m, consisting of

over 3.2 million elements. The mesh sensitivity analysis for a single NDDCT was

performed and is presented in Appendix B.
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Figure 3.1. Computational domain and boundary conditions at a) plan view b) side elevation, at
tower spacing of 1.8D.
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To simulate wind, a velocity inlet boundary condition was assigned to the curved surface
shown in Figure 3.1. The velocity profile applied was defined by Equation 3.1 as shown

in (53, 55):
U= Vew = (%ef)avref (31)

where Vrer is a reference velocity at a reference height, yrer =10 m (69) that is generally
measured by the local weather office (78). In this study wind speeds (Vrer) of 1-8 m/s with
intervals of 1 were assigned. Exponent a is defined as the roughness of the ground and
the stability of the atmosphere, taken to be 0.2 which represents a neutral atmospheric
condition [14]. Eq 3.1 represents a fully developed velocity profile at the inlet. Because
of the low-turbulence level of advection natural wind, the impact of the turbulence
intensity and viscosity ratio was very little at the computation domain boundaries. The
value of the turbulence intensity was set at 0.1% and viscosity ratio at 0.1 as suggested

by Li et al. [3, 15].

In reporting the heat rejection under windy conditions, it was decided to normalize the
value relative to the no-wind condition (Qrer) for an individual tower. Thus Q/Qref is the
fractional change in heat rejected due to the effect of wind, which will be referred to as

“normalized heat rejection”.

3.2.2. Validation

As with the no-wind condition described previously, Figure 3.2 shows a comparison of
the normalized heat rejection (Q/Qrer) of a single cooling tower for windy conditions
between this study, those of Li et al. (55), and a theoretical model proposed by Hooman
(22). In (55), Li et al. investigated the effect of wind on the heat rejection of a single
cooling tower with the same tower dimensions and heat exchanger design used in this

study using CFD simulations. Hooman (22) proposed a theoretical method to predict the
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effect of crosswind on the performance of natural draft cooling towers. Hooman’s model
offers the heat transfer prediction of the tower by knowing the draft speed and the heat

transfer rate at a no-wind condition.

Hooman’s theoretical model predicts the performance of the NDDCT, and both results
follow the same trend for wind speeds of lower than 4 m/s. At higher wind speeds, where
the forced convection controls the flow regime inside the tower and a significant amount
of hot air exits the tower from the circulation occurring at the bottom of the tower, the
theoretical model fails to accurately predict the performance of the NDDCT. However,
the comparisons indicate that the results of both Li et al.’s study and this study follow the
same trend, and the magnitude of the results is broadly similar (less than 5% difference),

thus implying a validation of the simulated results from this study.

T T T T ‘ | T T

1.2 —
| -8-Current study |
1 -B-Lietal ]
—a-Thoeretical model| |
0.8 —
® | |

o \
~ 0.6 u B
] 'v./l
= 1

04\

0.2 —
0 | I | L P L L T I |
0 1 2 3 4 5 6 7 8

Wind speed (m/s)

Figure 3.2. Normalized heat rejection of a single NDDCT at various wind speeds, and
comparison between the CFD result and previous studies.
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3.2.3. Results and discussion for a single tower subject to windy conditions

Having demonstrated that the modelling method could also be applied to NDDCTs
subject to windy conditions it was decided to explore, in greater detail, the behaviour of
a single tower. Figure 3.3 illustrates the 3D velocity streamlines at different wind speeds.
For the no-wind condition (Figure 3.3 A), the ambient air enters the cooling tower from
the bottom and moves toward the top of the tower. At a wind speed of 2 m/s (Figure 3.3
B), the air around the cooling tower can easily move through the heat exchanger and exit
the outlet of the tower, but in doing so, small vortices (flow circulation) start to appear at
the windward side of the tower’s inlet and the leeward side of the tower’s outlet. This
decreases the flow rate through the windward side of the heat exchanger. The vortices
(flow circulations) are formed at the bottom and top of the cooling tower once the wind
reaches 4 m/s (Figure 3.3 C). In particular, the high velocity beneath the heat exchanger
draws down the hot air inside the tower. Further, the wind at the top of the tower acts like
a lid, resulting in the deflection of the plume at the exit plane of the tower. The distorted
or maldistributed airflow caused by the wind reduces the effective heat transfer area of
the condenser in the tower. By increasing the wind speed, the vortices generated at the
bottom and top of the cooling tower become dominant, which makes it difficult for air to

exit the tower (Figure 3.3 D and E).
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Figure 3.3. 3D streamlines of the cooling tower at various wind speeds, V=0 m/s (A), V=2 m/s
(B), V=4 m/s (C), V=6 m/s (D), and V=8 m/s (E).

To have a better understanding of the flow circulations in the NDDCT, the velocity
vectors are depicted at the mid-plane in Figure 3.4 and the flow circulations are
highlighted. It can be seen that the flow at the bottom of the cooling tower at the windward
side of the heat exchanger is circulating within the tower. The velocity vectors at the

leeward side of the tower’s outlet are also circulating back into the tower.
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Figure 3.4. Velocity vectors around a single NDDCT at wind speed of 4 m/s.

To investigate the effect of wind on the air flow inside a single NDDCT, the average
vorticity (vorticity is a vector field which provides a local measure of the instantaneous
rotation of a fluid parcel) at the bottom and top of the cooling tower was plotted at various
wind speeds, as shown in Figure 3.5. The vorticity introduced to the local spinning motion
of air which can represent the flow instabilities inside a cooling tower, and has previously
been used previously to measure flow circulations and disturbances within short

NDDCTs (53).

This measure of vorticity is important as flow instabilities inside the cooling tower
decrease the heat transfer rate. By increasing the wind speed, the vorticity rises at both
the bottom and top of the tower. For wind speed greater than 2 m/s as seen as Figure 3.3
C-E and summarized by Figure 3.5, there is a sudden growth in the vorticity at the bottom
of the tower, signalling the vortex’s appearance at the windward side of the heat

exchanger.
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Figure 3.5. Average vorticity at bottom and top of the NDDCT at various wind speeds.

Taking this further, Figure 3.6 presents the pressure distribution at the bottom of the heat
exchanger. For the no-wind condition the pressure distribution is uniform, however as the
wind speed increases, a low-pressure area is formed at the windward side of the tower.
This low-pressure area decreases the air flow at the windward side of the tower and

counters the buoyancy-driven flow.
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Figure 3.6. Pressure contour at the bottom of the heat exchanger at V=0 m/s and V=4 m/s.

Expanding on this, it should be noted that the heat transfer within a NDDCT occurs by
two mechanisms: the heat taken away by the air moving toward the top of the tower (by
natural convection Qu), and heat taken away by the air that leaves through the bottom part
of the tower after circulating around the heat exchangers driven by a lower vortex (by
forced convection Qa), which will be explained later in this chapter. The sum of these
components is equal to the total heat removed from the heat exchangers (radiator), Q,

which is independently computed by FLUENT as the radiator heat transfer (Q=Qd+Qu).

The heat dissipated through the cooling tower outlet, was calculated using equation 2.2,
in which the air mass flow rate (ma) is the net value of the air flowing through the radiator.
This can be calculated from the numerical results. The heat exchanger exit-temperature
(Ta0) was extracted by averaging the numerically calculated air temperature at the tower
outlet face, and the air that enters the heat exchanger (Tai), which is the ambient air
temperature. The second component Qq was calculated by subtracting Q from Qu. For the

no wind condition the airflow is unidirectional inside the tower, so Qu is zero (Q=Qu).
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Therefore, the heat transferred by the forced convection increases with increasing wind
speed, as shown in Figure 3.7. Increasing the wind speed may increase the heat rejection
rate of the cooling tower and compensate for a level of decreased heat rejection in the
cooling tower. For wind speeds of less than 6 m/s, the heat rejection rate decreases rapidly
as the wind speed increases. For a wind speed of 6 m/s the heat rejection rate of the
cooling tower reaches a minimum, and this referred to as the “turnaround” point. Previous
studies have shown that the turnaround point occurs at a higher wind speed by increasing

the height of the tower (79).
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Figure 3.7. The heat rejection component of the simulated NDDCT.

As discussed earlier, at high wind speeds the flow circulation leaving the bottom of the
NDDCT takes away the heat from the heat exchanger. Hence, when the effect of wind on
multiple NDDCTs is investigated, it may be expected that warm air leaving the bottom
of the windward NDDCT will enter the leeward towers and decrease the heat rejection of
those downstream towers. To determine if this may be a factor, the air temperature after

the single NDDCT was monitored at the inlet height. In Figure 3.8 it can be seen that at
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wind speeds of 2 m/s and 4 m/s, the air temperature immediately downstream of the tower
is equal to the ambient temperature (293.15 K). At wind speeds of 6 m/s and 8 m/s, the
air temperature leaving the tower is higher than at lower wind speeds, showing that heat
is taken away from the heat exchanger at the bottom of the tower. However, the results
also show that the air rapidly mixes with the ambient air between the towers and reaches
the ambient temperature after 0.8D downstream. As such, it is unlikely that any additional
towers downstream of an initial tower would experience a change in their inlet

temperature as a result of its presence.
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Figure 3.8. The air temperature over a line at the inlet height after the NDDCT.

3.3. Performance of two NDDCTs under windy conditions

3.3.1. Method

Having shown that the model could predict the performance of a single tower, it was
applied to a multi-tower configuration. Subsequently, the simulations were performed for
two towers, configured with three tower-spacings: 1.8D, 2.6D, and 4.2D (where D is the
tower diameter of 12.525 m); three wind incidence angles (6 is the angle between the
relative wind direction and the line connecting the tower centres): 0°, 45°, and 90°; and

multiple wind speeds (1, 2, 3, 4, 5, 6, 7, and 8 m/s). The minimum tower spacing was
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selected based on the findings in Figure 3.8. At different wind conditions, the additional
tower spacings were examined to observe whether any opposite trend occurred at a

particular distance.

The same computational domain and boundary conditions as used for the single NDDCT
were used for two NDDCTs simulation, where the second tower was placed as shown in
Figure 3.9. The dimensions of the boundary domain at different tower spacings and wind
incidence angles are detailed in Appendix B, and the same meshing method used in the
single tower study was used to discretise the multi-tower system. This same

computational domain was used in the investigation of a multi-tower system by Zhai and

Fu (65).
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Figure 3.9. Computational domain and towers’ layout.
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The computational domains used in the simulations were dissimilar at different tower
spacings and wind incidence angles. Therefore, at each condition, a separate grid
independence test was performed at a wind speed of 4 m/s to find the minimum optimum
number of elements at which the simulation’s results stabilize. Further mesh refinement
is then necessary as this does not change results. The mesh sensitivity analysis for the
simulation of two NDDCTs during windy conditions is explained in detail in Appendix
B. A good mesh quality was achieved with the maximum skewness of 0.47, minimum

orthogonal quality of 0.62, and maximum aspect ratio of 9.7.
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3.4. Results and discussion for two towers under windy conditions

3.4.1. Wind incidence of 0°

Figure 3.10 displays the flow field around two NDDCTs at the inlet height, and the heat exchangers’
temperature distribution at a tower spacing of 1.8D and a wind incidence angle of 0° for different wind speeds.
At a wind speed of 2 m/s, the velocity contours (Figure 3.10.A.i) suggest that, there is low-velocity region
between the towers. The velocity streamlines (Figure 3.10.A.ii) show that the air is directed around the
windward tower and this protects the leeward tower from the wind (which sits in the wake). This results in a
higher temperature at the windward side of the windward tower compared to the leeward tower (Figure
3.10.A.iii). The velocity streamlines also show a low velocity region at the windward side of the windward
tower as highlighted in (Figure 3.10.A.ii). This low-velocity region is greater at the windward tower compared
to the leeward tower. Viewing this another way, from the velocity streamlines shown by Figure 3.11, for a wind
speed of 2 m/s, it can be seen that there is a flow circulation at the windward side of the windward tower
compared to the leeward tower. Therefore, the low-velocity region, shown in the velocity streamlines from the
top view in Figure 3.10.A.ii, illustrates the flow circulation at the bottom of the tower.

The velocity profile and the location of flow circulation at the bottom of two towers are further discussed in
Appendix C. At a wind speed of 4 m/s in Figure 3.10.B, the windward tower protects the leeward tower from
the upcoming wind.

The velocity streamlines shown by Figure 3.10.B.ii, indicate that the flow is deflected after the windward tower
and converges back with respect to the dominant wind direction after the leeward tower. As discussed, at a wind
speed of 2 m/s, the low-velocity region shown in the NDDCTSs represents the flow circulations at the bottom of
the NDDCTs. By comparing the wind speed of 2 m/s and 4 m/s, the larger flow circulations can be noted at a
wind speed of 4 m/s, which results in a higher temperature especially at the windward side of the towers (Figure

3.10.B.iii).
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Figure 3.10. Velocity contour and streamlines at the inlet height and heat exchanger temperature contour of
both NDDCTs at wind incidence angle of 0°, tower spacing of 1.8D, and wind speeds of 2 m/s (A), 4

m/s (B), 6 m/s (C), and 8 m/s (D).
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Figure 3.11. Isometric view of velocity streamlines around two NDDCTs at wind speed of 2 m/s,
tower spacing of 1.8D, and wind incidence angle of 0°.

The protection of the windward tower results in a smaller flow circulation. Furthermore,
the heat exchangers’ temperature contours show that the temperature of the windward

tower is higher than that of the leeward tower (Figure 3.10.B.iii).

Again, with the increased the wind speed to 6 m/s, the heat exchanger temperature of the
windward tower increases compared to the wind speed of 4 m/s. The protection provided
for the leeward tower from the windward tower is evident, and the difference between the
heat exchanger temperature of the windward tower and leeward tower shown by Figure
3.10.C.iii is significant. At this wind speed, the velocity streamlines show that the flow
circulation at the bottom of the windward tower becomes dominant over the entire heat

exchanger surface (Figure 3.10.C.ii).

Finally, at 8 m/s, the flow deflected by the windward tower aligns with the wind direction
and does not converge in front of the leeward tower (Figure 3.10.D.i and ii). This results
in the leeward tower being protected, even at high wind speeds. The temperature of the

windward tower at the wind speed of 6 m/s is higher than the temperature of the windward
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tower at the wind speed of 8 m/s (Figure 3.10.D.iii) which implies an increase in forced

convection from the windward tower.

Previously in the single tower analysis, shown by Figure 3.3, it was noted that the wind
deflects the warm air exiting the tower, consequently, the warm air is cooled at the
interface of the tower’s outlet and reaches the ambient temperature. This causes this cold
air to sink back into the tower, which results in a reduction in the effective draft height,
an effect known as cold flow intake. To illustrate this behaviour in a tow-tower
configuration, Figure 3.12 shows the velocity streamlines around two NDDCTs at a tower
spacing of 1.8D and wind incidence angle of 0°. Larger flow circulations at the towers’
outlet results in more cold flow intake. To investigate the rise of warm-air vortices in the
wake region of windward tower and their interference with the leeward tower’s outlet,
the streamlines are shown only around the NDDCTs to allow better visualization of flow

around the NDDCTs.
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Figure 3.12. Velocity streamlines around two NDDCTs at wind incidence angle of 0° and tower
spacing of 1.8D at wind speeds of 2 m/s (A), 4 m/s (B), 6 m/s (C), and 8 m/s (D).

63



At a wind speed of 2 m/s (Figure 3.12.A), the plume of the windward tower is deflected
due to the existence of the crosswind. This deflection is less pronounced in the leeward
tower, meaning that the plume of the windward tower protects the leeward tower, though
it can be seen that some streamlines rise in the wake region of the windward tower. For
all wind speeds, the deflection of the plume of the leeward tower is less than for the
windward tower. The flow circulation is evident for the windward tower from a wind
speed of 4 m/s (Figure 3.12.B), while this occurs at a wind speed of 6 m/s for the leeward
tower (Figure 3.12.C). The reason for the reduced protection of the windward tower
compared with the leeward tower at high wind speeds is that at these wind speeds the
plume exits almost horizontally instead of moving vertically. When the plume exits the
tower’s outlet vertically it acts as a barrier and protects the leeward tower outlet from the
upcoming wind. At high wind speeds the inertia force exerted on the plume is much
higher than the draft speed of the air moving inside the tower, which results in flow

deflection.
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Taking this to it’s extreme, at a wind speed of 8 m/s the separated flow from the windward tower does
not reattach in front of the leeward tower, which results in a low-velocity region between the towers

(Figure 3.13.D.i and ii).
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Figure 3.13. Velocity contour and streamlines at the inlet height and heat exchanger temperature contour of

both NDDCTs at wind incidence angle of 0°, tower spacing of 2.6D, and wind speeds of 2 m/s (A), 4
m/s (B), 6 m/s (C), and 8 m/s (D).
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This increase in wind speed increases the required length for the separated flow over an
object to reattach. Hence, the velocity streamlines show that no velocity lines interfere

with the windward region of the leeward tower.

Viewing this result in another way, Figure 3.14 shows a side view of the velocity
streamlines around two NDDCTs at a wind incidence of 0° and tower spacing of 2.6D.
As for the tower spacing of 1.8D, the plume of the windward tower exits the tower’s
outlet vertically at low wind speeds and horizontally at high wind speeds. The wind
deflects the plume, and this deflection increases as the wind speed increases. Previously,
it was noted that the deflection of the plume reduces the heat rejection of the tower. The
deflection of the leeward tower’s plume is less than that of the windward tower’s, which
means that the windward tower outflow protects the leeward tower’s outlet. The plume
of the windward tower effectively acts as a windbreak. At a wind speed of 8 m/s (Figure
3.14.D), the plume of the windward tower exits horizontally and does not provide

protection for the leeward tower.
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Figure 3.14. Velocity streamlines around two NDDCTs at wind incidence angle of 0° and tower
spacing of 2.6D at wind speeds of 2 m/s (A), 4 m/s (B), 6 m/s (C), and 8 m/s (D).

67
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Finally, if the spacing between the towers is increased enough, such that the separated flow from A

the windward tower reattaches in front of the leeward tower, it would be expected that the (V=2m/s)

windward tower protection of the leeward tower would decrease. Figure 3.15 shows the velocity
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Figure 3.15. Velocity contour and streamlines at the inlet height and heat exchanger temperature
contour of both NDDCTs at wind incidence angle of 0°, tower spacing of 4.2D, and wind
speeds of 2 m/s (A), 4 m/s (B), 6 m/s (C), and 8 m/s (D).
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To investigate the interference of the NDDCTSs from the outlet, the velocity streamlines
around the NDDCTs at a wind incidence of 0° and tower spacing of 4.2D is illustrated in
Figure 3.16. At a wind speed of 2 m/s shown by Figure 3.16.A, the plume deflection of
the windward and leeward towers is not substantial. The flow in the wake of the windward
tower rises gradually toward the leeward tower’s outlet and interferes with it. This also
can be seen at the wind speed of 4 m/s (Figure 3.16.B), and the flow circulation at this
wind speed can be seen, as highlighted. At wind speeds of 6 m/s and 8 m/s, the flow in
the wake region of the windward tower does not rise and move vertically toward the next
tower (Figure 3.16.C and D). At high wind speeds, the windward tower cannot protect
the leeward tower’s outlet since the plume of the windward tower exits horizontally and

cannot act as a windbreak.
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Figure 3.16. Velocity streamlines around two NDDCTs at wind incidence angle of 0° and tower
spacing of 4.2D at wind speeds of 2 m/s (A), 4 m/s (B), 6 m/s (C), and 8 m/s (D).
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Therefore, at a wind incidence of 0°, the flow and temperature fields demonstrate that the
windward tower provides significant protection for the leeward tower at all wind speeds
for both the bottom and top of the tower. The flow and temperature fields also suggest
that by increasing the tower spacing the protection of the leeward tower will decrease. To
illustrate this point Figure 3.17 presents the normalized heat rejection of the two NDDCTs
at a wind incidence of 0° and at different tower spacings. The heat rejection from the
windward towers is similar to that of an isolated tower. Conversely, the heat rejected by
the leeward tower is highest at a tower spacing of 1.8D and lowest at a tower spacing of
4.2D, which means that increasing the tower spacing decreases the protection provided

by the windward tower.

At tower spacings of 2.6D and 4.2D, the heat rejection of the leeward tower increases for
wind speeds beyond 6 m/s. As the flow field analysis suggested, the reattachment length
of the separated flow from the windward tower increases as the wind speed increases.
This provides a low-velocity region in front of the leeward tower as shown in flow field

analysis.

There is a consistency between the current results and findings of (68) which indicates
that at wind incidence of 0°, the closer the two towers are, the thermo-flow performance
of the leeward tower is. This has also been indicated in wind tunnel test visualization

which is described in Appendix D.
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Figure 3.17. The normalized heat rejection of two NDDCTs at wind incidence of 0°.
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3.4.2. Wind incidence of 45°

In the previous section it was demonstrated that when the towers lay along the line of the wind
direction, the windward tower would act as a passive windbreak. However, this may not be true once
the wind direction changes. To examine this effect the leeward tower was orientated at 45° to the
windward tower’s axis.

Figure 3.18 shows the velocity streamlines and contours, and heat exchanger temperature, of two
NDDCTs at a wind incidence angle of 45°, tower spacing of 1.8D, and different wind speeds. At a
wind incidence angle of 45°, the windward tower deflects the flow as it did previously, however, the
flow deflected from one side of the windward tower moves toward the leeward tower. The NDDCTs’
orientation creates a contractive passage which accelerates the flow between the towers. At a wind
speed of 2 m/s, this flow acceleration between the towers is not significant (Figure 3.18.A.i and ii).
This results in a similar heat exchanger-temperature distribution (Figure 3.18.A.iii). At a wind speed
of 4 m/s, a high-velocity region is highlighted (Figure 3.18.B.i). The local high-velocity region in that
region may cause flow instabilities, which result in a higher temperature region at the right side of the
leeward tower compared with the left side of the tower (Figure 3.18.B.iii).

Again, at wind speed of 6 m/s, the high-velocity region between the towers is highlighted (Figure
3.18.C.i), and the temperature distributions of the heat exchangers show that the leeward tower

temperature is higher than that of the windward tower (Figure 3.18.C.iii).
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Figure 3.18. Velocity contour and streamlines at the inlet height and heat exchanger temperature contour of both
NDDCTs at wind incidence angle of 45°, tower spacing of 1.8D, and wind speeds of 2 m/s (A), 4 m/s
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At 8 m/s, the high-velocity region between the NDDCTs becomes the dominant feature
of the flow (Figure 3.18.D.i). Now, at a lower wind speed this high-velocity region
decreases the thermal performance of the heat exchanger in that region and the
temperature increases. Here, the high-velocity region between the towers decreases the
heat exchanger temperature (Figure 3.18.D.iii). As discussed earlier, at very high wind
speeds the forced-convection component increases and compensates the decreased total

heat-rejection, due to the negative effect of the crosswind.

To investigate whether, for the NDDCTs, a wind incidence of 45° and tower spacing of
1.8D causes interference at the outlets, the velocity streamlines of the towers’ outlets at a
wind speed of 4 m/s are displayed in Figure 3.19. The plumes of the towers at this
condition do not interfere with each other, hence, at a wind incidence of 45° and tower

spacing of 1.8D there is no interaction between the outlets of the towers.
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Figure 3.19. Velocity streamline of the NDDCTSs’ outlets at tower spacing of 1.8D at wind speed 4
m/s (isometric view).
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Figure 3.20. Velocity contour and streamlines at the inlet height and heat exchanger temperature contour of both NDDCTs
at wind incidence angle of 45°, tower spacing of 2.6D, and wind speeds of 2 m/s (A), 4 m/s (B), 6 m/s (C), and 8
m/s (D).
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Based on these observations, it is expected that at a wind incidence of 45° and tower
spacing of 2.6D, the towers’ will not interfere with each other and is the same result as
that found at for the tower spacing of 1.8D. This is clearly shown to be the case as shown

by Figure 3.21.
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Figure 3.21. Velocity streamlines of the NDDCTS’ outlets at tower spacing of 2.6D and wind speed
of 4 m/s (isometric view).
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Taking this idea to its extreme, Figure 3.22 shows the velocity and temperature fields of the two NDDCTs
at a wind incidence of 45°, tower spacing of 4.2D, and wind speeds of 2 m/s, 4 m/s, 6 m/s, and 8 m/s
respectively. The velocity and temperature fields show that at a tower spacing of 4.2D, the towers do not
interact with each other and the thermo-flow performance of the towers exhibits similar characteristics

at all wind speed considered.
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Figure 3.22. Velocity contour and streamlines at the inlet height and heat exchanger temperature contour of both
NDDCTs at wind incidence angle of 45°, tower spacing of 4.2D, and wind speeds of 2 m/s (A), 4 m/s (B), 6 m/s
(C), and 8 m/s (D).
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As with the previous tower spacings, the outflowing plume from each tower do not

interfere with each other at tower spacing of 4.2D, as shown in Figure 3.23.
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Figure 3.23. Velocity streamlines of the NDDCTSs’ outlets at tower spacing of 4.2D and wind speed 4
m/s (isometric view).

It is apparent that at a wind incidence angle of 45°, the flow and temperature fields suggest
the windward tower does not protect the leeward tower to the same extent as for when the
flow is in line with the orientation of the towers. At tower spacings of 1.8D and 2.6D, the
contractive passage between the towers causes increased local velocity, which is not
beneficial for the NDDCTSs. In particular, at a tower spacing of 4.2D, the NDDCTs appear
to act as isolated towers and do not interact with each other. Figure 3.24, showing the
normalized heat rejection of the two NDDCTSs at different tower spacings, supports this
assertion. Although the leeward tower’s heat rejection is less than that of the windward
tower. The heat rejection of both the windward and leeward towers increases beyond a
wind speed of 6 m/s. The heat transfer increment of the leeward tower is more than that
of the windward tower or of an isolated tower. This is because the high local wind-
velocity between the towers at high wind-speeds causes the forced heat transfer
component of the total heat rejection for the leeward tower to increase. By increasing the
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tower spacing the interaction between the NDDCTSs decreases and, at a tower spacing of

4.2D, these towers act as isolated towers.
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Figure 3.24. The normalized heat rejection of two NDDCTs at wind incidence of 45°.
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At tower spacings of 1.8D and 2.6D, the interaction between the towers is not beneficial
and the heat rejection of the towers is less than for an isolated tower. This can be attributed
to the high-velocity region between the towers. The high velocity region in a contractive
passage has been noted previously in Dai et al’s (80) study which investigated the effect
of wind on multiple buildings. However, the objects considered in their study were

rectangular buildings without any interior thermal source.
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Figure 3.25. Velocity contour and streamlines at the inlet height and heat exchanger temperature contour of both
NDDCTs at wind incidence angle of 90°, tower spacing of 1.8D, and wind speeds of 2 m/s (A), 4 m/s (B), 6 m/s
(C), and 8 m/s (D).

81



By increasing the wind speed to 4 m/s, the high-velocity region between the towers
becomes more apparent (Figure 3.25.B.i). The contraction between the towers means less
air can flow through the passage between the towers, which means that more air flows
onto the windward side of the towers instead. The flow circulation has again shifted
toward the centre of the tower from the tip of the windward side of the towers. The high-
and low-velocity regions of the heat exchanger are highlighted (Figure 3.25.B.i and ii).
When the wind speed increases to 6 m/s, the flow circulation at the bottom of the towers
becomes larger than that found at lower wind speeds (Figure 3.25.C.i and ii). However,
there is still flow entering the NDDCTs from the windward side. The temperature
distribution shows a notable difference between the tip of the windward side and the

centre of the heat exchanger (Figure 3.25.C.iii).

Finally, at a wind speed of 8 m/s, the flow still enters the towers from the windward side
causing the flow circulations to shift toward the leeward side of the tower (Figure
3.25.D.1). The temperature contour is the same as other wind speeds, showing a low-
temperature region at the windward side of the NDDCTs (Figure 3.25.D.iii). As
mentioned before, after the turnaround point increases the wind speed increases the total
heat rejection of the towers. This is due to an increase in the forced heat transfer

component of the total heat transfer.

At a wind incidence of 90° and tower spacing of 1.8D, the NDDCTs outflow plumes do
not interfere with each other, as shown in Figure 3.26. The velocity streamlines show that
the plume exits each NDDCT without any interaction. At this wind-incidence angle, when
the plumes of the towers do not interfere with each other at the tower spacing of 1.8D, by
increasing the tower spacing further, the same phenomena will be observed and there will
be no interaction from top of the towers at even greater tower spacings. Therefore, the

outlet flow fields of the towers for larger tower spacings will not be assessed.
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Figure 3.26. Velocity streamline of the NDDCTS’ outlets at tower spacing of 1.8D and wind speed of
4 m/s (isometric view).

83



Velocity contour (i) Velocity streamlines (ii) Temperature contour (iii)

Exploring the effect of the tower spacing on the other factors, Figure 3.27.A A {} U Tompaesire
g::g&t'y },/,?',, 3845 G
i i ; ; (V=2mls 325 [ R | | F a17.80
shows the velocity streamlines and contours at the inlet height, and the heat | 308 - - ‘ , Hes
) B e
- - - | 309,53
exchanger temperatures, of the two NDDCTs at a wind incidence of 90°, tower 223 = 0738
B | 4 i
- - | 1.72 302.92
spacing of 2.6D, for a wind speed of 2 m/s. g s 104 sot2r
At a tower spacing of 2.6D, the reduced contraction between the towers does (m s3] fm s-1] e
K]
not create a low-velocity region and the towers act as two isolated towers. The
B i Yo e
. . : : (V=4 Ps= [ g
velocity contour shows that flow circulation occurs at the tip of the heat Epnd ‘ | 364
144
m/s) iz i B
. . . f 3.82 1
exchangers (Figure 3.27.A.i), and the temperature contour shows a high B ) N |y
W - | EE
. . e . L , | 0292
temperature at this area (Figure 3.27.A.iii). Similarly, a wind speed of 4 m/s Itsa l : |
092 297 96
: . . 008 000 Tess
the flow and temperature fields show that there is no interaction between the m 1) o
towers and the towers act as isolated towers (Figure 3.27.B). I — Volesiy Tomparsine
ontour Cantour
(V:6 c';wg‘ l 877 H 31945 Low temperature region
. . 7 3TB0
For a wind speed of 6 m/s, however the contraction between the towers causes zié 733 f | Sidas
m/s) 565 §£§
a high-velocity region. The flow circulation at bottom of the towers has been N e 022
ggg 244 | §3?§§
shifted from the windward side of the towers to the leeward side (Figure Ioi‘g o 2 I000 2708 High temperature region
0.00 [ms*-1) gg;ﬁ:
[m s*1)
3.27.C.1). This change causes less air to flow through the passage between the
; . ) B D ggxﬁ?x ‘S/g::r‘r: e zempera:un
towers and more air to flows into the windward side of the towers. The  (v=8 Wy g Low temperature region
B — |
. . . 72 074 Hr N
resulting temperature contours show that the windward side of the heat ™9 os sne @
j gﬁ r 649 307 68 ) -
48 gg; emperature region
exchangers is cooler than the middle and leeward regions of the heat | 29 . . o Hmi e temperseree
' fig High velocity region I 3'&1
075 70008
exchangers (Figure 3.27.C.iii). —— o =0

Figure 3.27. Velocity contour and streamlines at the inlet height and heat exchanger temperature contour of both
NDDCTs at wind incidence angle of 90°, tower spacing of 2.6D, and wind speeds of 2 m/s (A), 4 m/s (B), 6 m/s
(C), and 8 m/s (D).
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At a wind speed of 8 m/s, the same flow field can be seen as for a wind speed of 6 m/s
(Figure 3.27.D). By comparing the temperature contour of the heat exchangers at wind
speeds of 6 m/s and 8 m/s, the temperatures of the NDDCTSs at a wind speed of 8 m/s is
lower than at 6 m/s (Figure 3.27.D.iii). This demonstrates the heat rejection increases
after a certain wind speed, which is the turnaround point as discussed earlier in this

chapter.
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Figure 3.28. Velocity contour and streamlines at the inlet height and heat exchanger temperature contour of
both NDDCTs at wind incidence angle of 90°, tower spacing of 4.2D, and wind speeds of 2 m/s (A), 4
m/s (B), 6 m/s (C), and 8 m/s (D).
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Figure 3.29 shows the heat rejection of the two NDDCTs at a wind incidence of 90° at
different tower spacings. Due to the symmetrical layout of the towers at a wind incidence
of 90° the performance of the two towers is similar. The normalized heat rejection of an
isolated tower is also shown, to compare the thermal performance of the two NDDCTs
with that of a single tower. The blockage of the flow in front of the towers at a tower
spacing of 1.8D and 2.6D results in increased air flow onto the windward side of the
towers. By increasing the tower spacing, the interaction of the towers decreases, and the

normalized heat rejection becomes like that of an isolated tower at a tower spacing of

4.2D.
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Figure 3.29. The normalized heat rejection of two NDDCTs at wind incidence of 90°.

3.5.  Summary of findings

The performance of two NDDCTSs was investigated at various wind speeds (0-8 m/s), at
different wind incidence angles, and with tower spacing variables from 1.8D to 4.2D. The
flow field around the NDDCTs, and heat exchanger temperature distribution at each
condition, were presented and discussed. The interactions between the NDDCTSs from the
bottom and the top were analysed and, finally, the normalized heat rejection of the towers

was discussed and compared with the heat rejection of an isolated NDDCT.
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The results from this investigation have demonstrated that there is a noticeable interaction
between the two towers at different tower-layouts especially at a smallest tower spacing
of 1.8D. The results at different wind incidence angles demonstrated that at a wind
incidence of 0°, the NDDCTs interact with each other at both the bottom and top level of
the towers. The windward tower redirects the wind-flow and reduces the local velocity
near the leeward tower. The windward tower also acts as a passive windbreak and protects
the leeward tower’s outlet. This is more noticeable at low wind-speeds because at high
wind-speeds the plume of the tower exits horizontally rather than vertically, which
suggests no protection for the leeward tower. The heat rejection of the leeward tower is
higher than that of the windward tower at all wind incidence angles and tower spacings.
It was observed that by increasing the tower spacing the heat rejection of the leeward
tower decreases, which means the protection provided by the windward tower is lower at

large tower spacings compared to smaller tower spacings.

At a wind incidence of 45°, the performance of the leeward tower decreases at tower
spacings of 1.8D and 2.6D. The interaction between the towers disappears at a tower
spacing of 4.2D. The interaction at this wind incidence angle is mainly devoted to the

bottom of the towers and the plumes of the towers do not interact with each other.

When the wind is blowing at 90°, there is a performance improvement in both towers at
low tower-spacings. However, the performance of both towers is almost the same as for
two individual towers at tower spacings of 1.8D and 4.2D. The interaction between the
towers is from the bottom of the towers and the plumes of the towers do not interfere with

each other the same as for a wind incidence of 45°.

3.6.  Chapter conclusions
This chapter was set out to explore the possibility of interaction between two towers

during windy conditions at different wind speeds, wind incidence angles, and tower
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spacing. It was concluded that the interaction between the towers and the heat rejection
of them varies at each wind speed, wind incidence angle, and tower spacing. The
interaction between the towers results in an increase or decrease in the heat rejection rate

of the towers.

At wind incidence of 0°, the protection of the windward tower results in a better thermal
performance of the leeward tower, and this protection decreases by increasing the tower

spacing.

When the wind blows at 45° to the towers, the interaction of the towers decreases the heat
rejection of the towers especially the windward towers. This interaction is more notable

at low tower spacing and it disappears at very large tower spacings.

Finally, at wind incidence of 90°, when the wind blows perpendicular to the towers, the
interaction between the towers enhances the heat rejection of the towers at low tower

spacing and the interaction vanishes at large tower spacings.

Generally, the performance of the two towers at a wind incidence of 0° is superior to that
of the other two wind-incidence angles. These results provide practical insights into the

targeted placement of towers in locations with a prevailing wind direction.
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Chapter 4: Simulation of multiple in-line NDDCTs under

windy conditions

4.1. Introduction

In the previous chapter the effect of wind on two NDDCTs was investigated at different
tower spacings and wind-incidence angles. Based on the findings from this investigation,
it was concluded that placing the towers in the direction of the prevailing wind maximizes
the heat rejection from the towers. This is relevant because there is frequently a
predominant wind direction at CST sites; for instance, the wind direction in Zagora was
detected as coming mainly from the south-west, and in Missouri the prevailing wind
direction is westerly (81). The aim of this chapter is to investigate the effects of wind on
three NDDCTs arranged in line with the prevailing wind direction, at various equal tower

spacings.

4.2.  Method

The same geometry and numerical approach, as explained previously in section 3.2, was
used to determine the performance of the three NDDCTs under windy conditions. The
cooling towers were placed in a computational domain, as shown in Figure 4.1. The
computational domain for three NDDCTs was extended so the outlet boundary did not
affect the flow field. The entire computational domain was discretised using 4.8 million
structured mesh. At each tower spacing, a grid-independence test was performed, and the
resulting (heat-transfer rate) deviation was less than 1% when the number of cells was
over 4.8 million, 5.5 million, and 6.2 million, for tower spacings of 1.8D, 2.6D, and 4.2D,

respectively. The details of the grid-independence tests can be found in Appendix B.
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Figure 4.1. Computational domain.
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4.3.  Flow field analysis for three towers spaced at 1.8D

Figure 4.2 shows the surface velocity streamlines at the inlet height, and the heat exchangers’
temperature distribution, at different wind speeds and tower spacing of 1.8D. As the flow passes
over the windward tower at 2 m/s, it is redirected due to the blockage the tower presents. The
velocity streamlines (Figure 4.2.A.1) show that at the windward side of the windward tower, a
low-velocity region is formed. This low-velocity region shows the flow circulations at the bottom
of the tower. The effect of the flow circulation at the bottom of the windward tower on the heat
exchanger temperature is apparent in (Figure 4.2.A.ii). It can be observed that at the windward
side of the windward tower, the heat exchanger temperature is higher than at the leeward side.
The low-velocity region under the middle and leeward towers is smaller than for the windward
tower due to the protection provided by the windward tower. The protection of the windward
tower for the leeward sections of the middle and leeward tower is similar. However, the redirected
flow after the windward tower, impinges on the side of the leeward tower (Figure 4.2.A.i). This
is evident in the heat exchanger temperature of the leeward tower which shows that the
temperature of the windward and side regions of the leeward tower is higher than that of the rest
of the heat exchanger’s surface area. The heat exchanger temperature of the middle and windward
towers is different, and for the middle tower the temperature increases only at the windward side
(Figure 4.2.A.ii).

At a higher wind speed of 4 m/s, a larger low-velocity region forms at the bottom of the windward
tower compared to a wind speed of 2 m/s (Figure 4.2.B.i). This results in the expansion of the
high-temperature region of the windward tower’s exchanger (Figure 4.2.B.ii). The low-velocity
region at the bottom of the tower is highest at the windward tower and smallest at the leeward

tower.
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Figure 4.2. Velocity contour and streamlines at the inlet height and heat exchanger temperature contour
of three NDDCTs at tower spacing of 1.8D, and wind speeds of 2 m/s (A), 4 m/s (B), 6 m/s
(C), and 8 m/s (D).



The heat exchanger temperature of the middle tower is higher than that of the leeward
tower. However, the heat exchanger temperature of the leeward section of the leeward
tower is higher than that of the middle tower. This is due to the flow convergence at the

side regions of the leeward tower creating a high-velocity region in this area.

As the wind speed increases to 6 m/s at a tower spacing of 1.8D, the low-velocity region
under the windward tower becomes dominant at the inlet surface (Figure 4.2.C.i), which
results in a significant temperature increase in the heat exchanger temperature(Figure
4.2.C.i1). At this wind speed, the windward and middle towers protect the leeward tower
and the flow is deflected before it reaches the leeward tower. At the leeward side of the

leeward tower the heat exchanger temperature is lower than that at a wind speed of 4 m/s.

Finally, at 8 m/s, the low-velocity region at the bottom of the windward tower increases
to the largest extent observed. At this wind speed the heat taken away by the forced
convection has been enhanced, which reduces the heat exchanger temperature of the
windward tower compared to a lower wind speed of 6 m/s. The flow is redirected after
the windward tower and becomes parallel with the dominant wind direction, and the flow
passes the middle and leeward towers. At wind speeds of 6 m/s and 8 m/s the protection
of the windward tower for the middle and leeward towers becomes similar (Figure
4.2.D.i), with the leeward heat exchanger temperature slightly lower than the middle

tower (Figure 4.2.D.ii).

To further illustrate the flow characteristics Figure 4.3 shows the velocity streamlines
around the NDDCTs at a tower spacing of 1.8D. One may expect that the vortices
generated in the wake region of the towers to rise vertically from the ground and interfere
with the next tower’s outlet. At a wind speed of 2 m/s (Figure 4.3.A) , the outflow plume
coming from the windward tower’s outlet joins the middle tower’s outflow and then

moves vertically, which gives protection to the leeward tower. The wake of the middle
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tower rises toward the leeward tower’s outlet and slightly deflects the plume from the

leeward tower.

The deflection of the plume from the windward tower increases as the crosswind speed
increases. At a wind speed of 4 m/s (Figure 4.3.B), the windward tower’s outlet joins the
middle tower’s outflow, which covers the outlet of the leeward tower. However, the wake
of the middle tower rises toward the leeward tower’s outlet and interferes with the

upcoming plume from the leeward tower.
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Figure 4.3. Velocity streamlines around NDDCTs and tower spacing of 1.8D at wind speeds of 2 m/s
(A), 4 m/s (B), 6 m/s (C), and 8 m/s (D).
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At wind speeds of 6 m/s and 8 m/s (Figure 4.3.C and D respectively), the wakes of the
windward and middle towers do not rise vertically. Due to the low tower-spacing, the
deflected wakes of the windward and middle towers enter the next tower and cause no
interference to the tower’s outlet. At high crosswind speeds, the plume of the windward
tower is deflected and moves lower than the middle tower’s outlet and interferes with the
outlet of the leeward tower. This results in a flow circulation at the leeward tower’s outlet

despite the flow protection provided by the windward and middle towers.

The wind passing over the tower’s outlet, deflects the exiting plume which causes flow
circulation. Figure 4.4 shows the average vorticity at the towers’ outlets surface at tower
spacing of 1.8D. The vorticity at the windward tower is the same as for an isolated cooling
tower. As the wind speed increases, the plume tends to exit the outlet of the tower more
horizontally. For 1 m/s <V < 3 m/s the average vorticity of the middle tower is larger
than the leeward tower. Figure 4.3 demonstrates the vertically moving plume from the
middle tower deflects the wind and protects the leeward tower’s outlet. At wind speed
greater than 3 m/s the vorticity of the leeward tower becomes larger than the middle
tower. The flow exiting the windward tower and middle tower moves horizontally
towards the leeward tower. The exiting plume from the windward and leeward towers
generates a high velocity zone at the leeward tower’s outlet. This causes the vorticity at
the leeward tower’s outlet to be high compared to the middle and windward tower, shown

by Figure 4.4.
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Figure 4.4. Average vorticity at towers’ outlets at tower spacing of 1.8D.

The wind passing over a tower’s outlet deflects the exiting plume, which causes flow
circulation. The warm air 1s quickly cooled at the tower’s outlet by the wind, and some
cold air sinks back into the tower, which results in the reduction of the effective draft-

height of the cooling tower. This phenomenon is known as cold flow intake.

The effect of wind on the cold flow intake of the NDDCTs can be observed in the
temperature distribution on a vertical cross sectional plane at different wind speeds in
Figure 4.5. Atawind speed of 2 m/s (Figure 4.5.A), the crosswind deflected the windward
tower plume. In the presence of wind, the temperature at the windward side of the towers
is higher than the leeward side. By increasing the wind speed the temperature difference
between the windward and leeward sides of the towers increases. At wind speed of 4 m/s
(Figure 4.5.B), the wind at the top of the tower dampens the plume at the leeward side
preventing the hot air exiting the tower. Hence, the plume cools and circulates back into
the tower at the leeward side decreasing the temperature. This temperature decrease

reduces the draft height which in turn decreases the thermal performance of the towers.
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Figure 4.5. Air temperature contour at vertical cross-sectional plane and tower spacing of 1.8D at
wind speeds of 2 m/s (A), 4 m/s (B), 6 m/s (C), and 8 m/s (D).
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At a wind speed of 6 m/s (Figure 4.5.C), the cold flow intake at the leeward tower is clear,
and at wind speed of 8 m/s (Figure 4.5.D) it is evident in all towers. The cold flow intake

becomes more significant by increasing the wind speed in towers.

It also can be observed that the warm flow exiting the bottom of windward and middle
towers dissipates the heat to the ambient before entering the next tower. This does not
reduce the thermal performance of the middle and leeward tower because of warm air

draw from the windward towers.

The temperature contour around the windward tower displays similar characteristics of

what previously found in Lu et al.’s single-tower study (23).
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Figure 4.6. Velocity contour and streamlines at the inlet height and heat exchanger temperature contour
of three NDDCTs at tower spacing of 2.6D, and wind speeds of 2 m/s (A), 4 m/s (B), 6 m/s
(C), and 8 m/s (D).
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At a wind speed of 6 m/s, the wind tends to move parallel to the wind direction instead of
converging toward the middle and leeward towers (Figure 4.6.C.i). The low-velocity
region at the bottom of the windward tower, shows that the flow circulation at the bottom
is larger than at the middle and leeward towers (Figure 4.6.C.i). The windward tower
protects the middle and leeward towers, at which the heat exchanger temperature-
contours verify the flow field. The temperature at the windward side of the middle tower
is larger than that of leeward tower (Figure 4.6.C.ii). This means that the leeward tower
benefits from the protection of the windward and middle towers, while the middle tower

is protected by only the windward tower.

The deflected flow at wind speed of 8 m/s, after the windward tower, reaches around the
middle tower and is again slightly deflected and then moves parallel to the wind direction.
This provides a protection for the leeward tower (Figure 4.6.D.i). This flow deflection,
after the windward tower, enhances the thermal performance of the middle and leeward
towers (Figure 4.6.D.ii). The heat exchanger temperature of the middle and leeward
towers is lower than that found at a wind speed of 6 m/s. The same as for a tower spacing
of 1.8D, the heat exchanger temperature of the windward tower is lower at a wind speed

of 8 m/s compared to at a wind speed of 6 m/s.

Figure 4.7 illustrates the velocity streamlines around the towers at tower spacing of 2.6D
at different wind speeds. Although at wind speed of 2 m/s and 4 m/s (Figure 4.7.A and B
respectively), the windward and middle towers protect the leeward tower, and the wake
of the middle tower rises toward the leeward tower and deflects the plume. At a wind
speed greater than 4 m/s, the plumes from the middle and leeward towers’ outlets exit
vertically (Figure 4.7.C and D respectively). It can be observed that, the same as for tower
spacing of 1.8D, the deflected plume of the windward tower interferes with the leeward

tower.
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Figure 4.7. Velocity streamlines around NDDCTs and tower spacing of 2.6D at wind speeds of 2 m/s
(A), 4 m/s (B), 6 m/s (C), and 8 m/s (D).
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To illustrate these points, the average vorticity at the bottom of the heat exchangers at a
tower spacing of 2.6D is shown in Figure 4.8. At wind speeds of 1 m/s and 2 m/s, the
vortices at the towers’ outlets are similar. The vorticity at the windward tower’s outlet is
the same as for the tower spacing of 1.8D. At wind speeds of 4 m/s and 5 m/s, the vorticity
at the middle and leeward towers’ outlets is similar, and for wind speeds greater than 5

m/s the vortices at the leeward tower’s outlet become larger than at the middle tower.
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Figure 4.8. Average vorticity at towers’ outlets at tower spacing of 2.6D.
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The temperature contour at the vertical cross-sectional plane at tower spacing of 2.6D at
different wind speeds is displayed in Figure 4.9. At wind speed of 2 m/s (Figure 4.9.A),
the plume of the leeward tower deflected more than the middle tower which is due to
interference of the middle tower wake with the outlet of the leeward tower’s outlet. At
wind speed of 6 m/s (Figure 4.9.C), the cold flow intake occurs at the middle tower which
can be seen at low temperature region at the middle tower’s outlet. By increasing the wind
speed to 8 m/s (Figure 4.9.D), the cold flow intake appears at the leeward tower outlet.
Although the windward and middle towers provide protection for the leeward tower, at
high wind speeds, the leeward tower’s plume cannot push the wind at the towers outlet
and the air cooled down sink back again into the tower at the leeward section of the

leeward tower’s outlet.
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Figure 4.9. Air temperature contour at vertical cross-sectional plane and tower spacing of 2.6D at
wind speeds of 2 m/s (A), 4 m/s (B), 6 m/s (C), and 8 m/s (D).
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Figure 4.10. Velocity contour and streamlines at the inlet height and heat exchanger temperature
contour of three NDDCTSs at tower spacing of 4.2D, and wind speeds of 2 m/s (A), 4 m/s (B),
6 m/s (C), and 8 m/s (D).
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The same as for the tower spacings of 1.8D and 2.6D, the heat exchanger temperature of
the windward tower decreases compared to at a wind speed of 6 m/s, due to enhanced

force convection.

The flow patterns from the towers’ outlets are represented by 3D streamlines at different
wind speeds at tower spacing 4.2D, as shown in Figure 4.11. The windward tower protects
the middle and leeward towers by deflecting the upcoming wind. The windward tower
redirects the upcoming flow and decreases the local wind-velocity, and this also occurs
again by the middle tower. However, the wake of middle tower interferes with the leeward
tower’s outlet and causes the plume to deflect. The vortices which are generated at the
outlets of the middle and leeward towers are similar. At a wind speed of 8 m/s, the wake
of the middle tower does not rise vertically and is deflected by the high wind-speed
(Figure 4.11.D). Therefore, the leeward tower benefits only from the protection provided

by the middle and windward towers.
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Figure 4.11. Velocity streamlines around NDDCTSs and tower spacing of 4.2D at wind speeds of 2
m/s (A), 4 m/s (B), 6 m/s (C), and 8 m/s (D).

The average vorticity at the towers’ outlets at a tower spacing of 4.2D is shown in Figure
4.12. For all wind speeds, the vorticity at the outlet of the windward tower is similar to
the windward tower at a tower spacing of 1.8D and 2.6D. For wind speeds smaller than 6

m/s, the vorticity of the leeward and middle towers is similar. For wind speeds of 7 m/s
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and 8 m/s, the vortices at top of the leeward tower become smaller than at the middle

tower.
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Figure 4.12. Average vorticity at towers’ outlets at tower spacing of 4.2D.

The temperature field shown in Figure 4.13 is consistent with the velocity streamlines.
The temperature inside the windward tower is always higher than the middle and leeward
towers. At tower spacing of 4.2D, the difference between the temperature inside the

towers decreases by comparing to the tower spacing of 2.6D and 4.2D.
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Figure 4.13. Air temperature contour at vertical cross-sectional plane and tower spacing of 4.2D at
wind speeds of 2 m/s (A), 4 m/s (B), 6 m/s (C), and 8 m/s (D).
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4.6.  Summary of the flow field analysis at different tower spacings

It was expected that the leeward tower benefits from the protection provided by the
windward and middle towers at all wind speeds. However, the results demonstrated that
at different wind speeds the windward tower protection is different for the middle and

leeward towers.

At tower spacing of 1.8D, at low wind speeds the deflection of the wind after the
windward tower converges around the leeward tower and the middle tower stays in the
low-velocity wake of the windward tower. This resulted in a higher heat exchanger
temperature of the leeward tower compared to the middle tower. By increasing the wind

speeds, the protection provided by the windward and leeward towers enhances.

At tower spacing of 2.6D, the same flow field of the 1.8D was observed, however, the

difference between the middle and leeward towers flow field decreased.

At tower spacing of 4.2D, same as the other tower spacings, the windward tower has the
highest heat exchanger temperature at all wind speeds. At this tower spacing, the distance
between the towers is large and the separated flow from the windward joins around the
middle and leeward towers. This means there is less windward tower protection at largee

tower spacings.

The results demonstrated at this configuration the outflow plumes of the towers interfere
with each other. At all tower spacings, the outflow of the windward tower protects the
outlet of the middle and leeward towers especially at low wind speeds due to vertical
movement of the plume. This protection decreases by increasing the wind speed as the
plume of the windward tower deflects by the crosswind and moves horizontally and can’t

provide protection for the middle and leeward towers.
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The findings of this study with respect to the development of flow-shear layers from the
windward cylinders, and their place of reattachment onto the downstream cylinders, are
in agreement with the findings of (82). lIgarashi and Suzuki (82) investigated the
characteristics of the flow around three circular cylinders arranged in a line, using flow
visualization by a smoke-wind tunnel. It was found that by increasing the equal spacing
between the towers, the flow field around the second and third towers becomes similar.
At low spacing, the reattachment mainly occurs around the third cylinder. This has been
shown in the findings of this study: at V=4 m/s, the streamlines around the leeward tower

become more similar to the middle tower by increasing the tower spacing.

4.7. Heat rejection analysis at different tower spacings

The heat rejection of the NDDCTs at different tower spacings and various wind speeds
was calculated, and the thermal performance of each tower at different conditions was
compared with the heat rejection rate of an isolated cooling tower under the no-wind

condition (Qref).

Figure 4.14 shows the normalized heat rejection of the NDDCTs at a tower spacing of
1.8D. The thermal performance of the windward tower is the same as for an isolated
tower, it decreases with increasing wind speed, for wind speeds of less than 6 m/s. For
wind speeds greater than 6 m/s the heat rejection of the windward tower increases due to
the increase of the forced convection at the bottom of the windward tower. At a no-wind
condition the normalized heat rejection of the towers is less than 1. It has been explained
previously in Chapter 2, that at low tower-spacings the performance of the towers is

exacerbated by the interference of the towers.
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Figure 4.14. Normalized heat rejection of NDDCTs at tower spacing of 1.8D.

In the flow field analysis, it was shown that at wind speed of 2 m/s, the crosswind moves
toward the leeward tower after passing the windward tower. At wind speeds greater than
4 m/s, the flow deflected after the windward tower does not converge back to the middle
and leeward towers. The leeward tower benefits from the protection of the middle and
windward towers, thus the heat rejection of the leeward tower is higher than that of the
middle tower. It is clear that due to there being no protection for the windward tower, the
heat rejection of this tower is less than that of the other downstream towers for all wind

speeds.

As for a tower spacing of 1.8D, the normalized heat rejection of the NDDCTSs at tower
spacing of 2.6D is shown in Figure 4.15. Again, the windward tower’s heat rejection is
similar to that of an isolated tower. The heat rejection of the middle tower decreases as
the wind speed increases, until a wind speed of 5 m/s is reached, and for wind speeds
greater than 5 m/s the heat rejection increases. It was observed in the flow field analysis,

the separated flow from the windward tower moves alongside the wind direction, which
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decreases the local wind-velocity in front of the middle tower. This can be seen in the

heat rejection of the leeward tower.

eWindward ®Middle «Leeward
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Figure 4.15. Normalized heat rejection of NDDCTs at tower spacing of 2.6D.

Finally, the heat rejection of the NDDCTs at a tower spacing of 4.2D and at different
wind speeds is illustrated in Figure 4.16. By comparing Figure 4.14, Figure 4.15, Figure
4.16, it can be seen that the heat rejection of the towers becomes similar by increasing the
tower spacing. This shows that increasing the tower spacing decreases the protection of

the windward tower for the middle and leeward towers.
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Figure 4.16. Normalized heat rejection of NDDCTs at tower spacing of 4.2D.

4.8.  Chapter conclusions

The influence of wind speed and tower spacing on the heat-transfer performance of three
NDDCTs arranged in a line with respect to the prevailing wind direction has been studied.
The flow and temperature fields were examined and the effects of tower spacing on each
tower at various wind speeds was discussed. The interaction of the towers from the bottom
and top of the towers were identified at different tower spacings and wind speeds. At all
tower spacings, the windward tower protects the middle and leeward towers by deflecting
the upcoming wind. It was observed that the windward tower acts as a windbreak and
protects the middle and leeward towers. This investigation has found that this protection
is more significant at low wind speeds. Further, the protection of the windward tower for

the middle and leeward towers decreases by increasing the tower spacing.
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Chapter 5: Influences of varying NDDCT dimensions upon

the performance of a multi-tower system

5.1.  Introduction

In the previous chapters, it was shown that wind had a significant effect on short
NDDCTs. Furthermore, it was shown that orienting these towers in line with the
prevailing wind would improve the performance. Of course, this raises the question of
the generalisability of this finding to cooling towers of different geometries. Although
some studies (65, 68) have examined this, they have not undertaken any systematic
investigation of varying geometry of the tower. For different sizes and shapes of the
cooling towers, the crosswind effects are different. In order to better compare the
crosswind effect on the different size (height and diameter) of the cooling tower in a
multi-tower system, this chapter explores the thermo-flow performance of three NDDCTs
in an in-line arrangement with different sizes. The aim of this chapter is to find a
relationship and generalize findings of this study which was found for Tower 1 placed in
a multi-tower system with different tower dimensions The results of this chapter will
provide an understanding of how the findings of short NDDCTs can be related to larger

ones.

5.2.  Performance of a single NDDCT with varying height

5.2.1. Method

To help understand the effect of size variation on the interaction and performance of
NDDCTs in a multi-tower system, the cooling performance of four cooling towers of
varying size (including the tower dimensions of previous chapters) with the same aspect
ratio (height/diameter) and air-cooled heat exchanger were investigated. The cooling

tower dimensions are listed in Table 5.1. The aspect ratio used in these towers (1.6) was
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kept constant to understand the effect that varying only height and diameter has on their

cooling performance.

Table 5.1. Tower geometry parameters.

Tower number Height (m) Diameter (m)
1 20 125
2 40 25
3 60 375
4 90 56.25

In doing this the same numerical method of simulation, described in Chapter 2 and 3 was
used in this chapter to simulate the airflow and thermal performance. Similarly, the
dimensions of the domain were modified based on the dimensions of the simulated tower.
Hence, the number of elements to mesh the NDDCT and domain were increased for
different tower sizes. The domain sizes and final number of elements for each tower are
listed in Table 5.2. A separate mesh sensitivity analysis was performed for each tower
configuration, details are summarized in Appendix B. The simulations of a single tower

with different sizes were carried out for wind speed range of 0-8 m/s.
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Table 5.2. Boundary domain dimensions and finial number of elements for different towers.

Tower number Computational domain Number  of  elements
Height x breadth x length | (million)
(m)

1 90 x 144 x 150 3.2

2 180 x 288 x 300 5.4

3 270 x 430 x 450 7.2

4 400 x 620 x 650 8.8

5.2.2. Results and discussion

The airflow streamlines shown in Figure 5.1 demonstrate that that the air flow

recirculation at the heat exchanger is reduced as the tower height is increased. In chapter

3 it was noted that vortices formed at the bottom of the 20m cooling tower and that these

vortices could make the hot air return into the heat exchangers which reduced the heat

transfer. However, as the height of the tower size increases the airflow inside the cooling

tower becomes more uniform, as shown in Figure 5.1. This is due to the natural draft

effect becoming stronger for taller cooling towers, which is apparent in the flow

circulation at the bottom of the cooling tower becoming smaller.
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Figure 5.1. Streamlines of the cooling towers at crosswind 4 m/s.
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By enlarging the NDDCT, the vertical velocity in the cooling towers increases. The
vertical velocity in towers is 0.98 m/s, 1.1 m/s, 1.3 m/s, and 1.54 m/s for towers 1 to 4
respectively. By increasing the vertical velocity inside a cooling tower, the deflection of
the exiting plume by the crosswind decreases. The consequence of this is apparent in the
normalized heat rejection of a single NDDCT of varying height and similar aspect ratios
shown in Figure 5.2. The heat rejection of all towers decreases with increasing crosswind
speed, however, the shortest tower (Tower 1) sees an increase in heat rejection for wind

speeds above 6 m/s.

It was previously noted in Chapter 3 that the heat rejection of a cooling tower is composed
of natural convection term and forced convection term, hence, when the heat rejection of
a cooling tower increases after the “turnaround “ point, this means that forced convection
is the predominant heat transfer mechanism. The forced convection is the amount of heat
taken away from flow circulations at the bottom of the tower. Therefore, the heat rejection
of Towers 2, 3, and 4 is mainly controlled by the natural convection (flow moving
vertically inside a tower towards the outlet). This effect has been shown in Figure 5.2,
where the flow inside the cooling tower becomes more uniform by increasing the tower
dimensions. This means that by increasing tower height the cooling effect becomes less

vulnerable to the crosswind suppressing heat loss.
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Figure 5.2. Normalized heat rejection of the towers.

5.3. Performance of multi-tower systems with different tower heights

5.3.1. Method

In modelling the multiple tower situation, the same numerical method as described in
section 5.2 was used with the same range of tower heights and fixed aspect ratio. In line
with the previous chapters, simulations were carried out for three tower spacings of 1.8D,
2.6D, and 4.2D. The parameters of the horizontal arranged heat exchanger were the same

for all towers.

The dimensions of the computational domain were modified based on the dimensions of
the simulated tower and tower spacing. Hence, the number of elements to mesh the
NDDCTs and domain was different at each condition. The computational domain sizes
and final number of mesh elements for different tower sizes and tower spacings are listed

in Table 5.3.
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Table 5.3. Computational domain size and final number of mesh elements.

Tower | Tower spacing | Computational domain Number of elements
Height x breadth x length | (million)
(m)

1 1.8D 90 x 144 x 220 4.8

1 2.6D 90 x 144 x 240 55

1 4.2D 90 x 144 x 260 6.2

2 1.8D 180 x 288 x 240 5.2

2 2.6D 180 x 288 x 320 5.8

2 4.2D 180 x 288 x 400 6.9

3 1.8D 270 x 430 x 320 1.7

3 2.6D 270 x 430 x 440 6.5

3 4.2D 270 x 430 x 520 8.5

4 1.8D 400 x 620 x 500 7

4 2.6D 400 x 620 x 540 8.5

4 4.2D 400 x 620 x 800 9.6

5.3.2. Results and discussion
To illustrate how multiple tower systems respond to the wind, the normalized heat

rejection of three NDDCTs of varying sizes (Towers 1-4) at tower spacings of 1.8D is
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Figure 5.3. The normalized heat rejection of the windward tower increases with an increase
in the dimensions of the tower. By increasing the size (height and diameter) of the cooling
tower, the natural draft effect is enhanced, so the air flow inside the cooling tower is
controlled by the stack effect. The normalized heat rejection of the Towers 1 to 4 as the
windward tower at wind speed of 4 m/s is 0.56, 0.66, 0.84, and 0.93. This result reinforces

the previous finding of the windward towers sheltering the down-wind towers.
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The results show that for all tower sizes, the normalized heat rejection of the windward
tower is the minimum and the leeward tower is the maximum. This means that the leeward
tower benefits from the protection provided by the middle and the windward towers. By
increasing the tower dimensions, the protection provided by the windward tower
increases for the middle and leeward towers. Furthermore, at wind speed of 4 m/s, the
heat normalized heat rejection of the leeward Tower 4 is almost 1, which means the
crosswind does not have any impact on the performance of this tower. Essentially the
windward and leeward towers provide significant protection at this tower spacing with
this tower size. When wind speed is 4 m/s, the difference between normalized heat
rejection of the windward tower and leeward towers increases from Tower 4 to Tower 1.
It is also notable that by increasing the wind speed the normalized heat rejection of the
Tower 4 does not change significantly compared to the smaller towers. This means at this
tower spacing, the impact of increasing crosswind on the leeward and middle tower is

small for larger towers.
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Figure 5.3. Normalized heat rejection of the NDDCTs at different sizes and tower spacing of 1.8D.

Following on from this, Figure 5.4 displays the normalized heat rejection of the NDDCTs
with different sizes at tower spacing of 2.6D. The normalized heat rejection of the
windward tower at tower spacing of 2.6D is the same as with a tower spacing of 1.8D.
Further, the normalized heat rejection of the middle and leeward towers decreases when
increasing the tower spacing of all tower sizes. This reduction is caused by increased

tower spacing reducing the windward sheltering effect.
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At a tower spacing of 2.6D, the thermal performance of the leeward tower is superior to
the middle and windward towers for both wind speeds of 4 m/s and 8 m/s. The normalized
heat rejection of windward, middle, and leeward towers is 0.93, and 0.98, and 0.99, which
shows protection provided by the windward tower for the middle and leeward towers.
Moreover, by increasing the diameter of the tower, the size the heat exchanger area will
be increased which results in a higher mass flow rate into the cooling tower. The
crosswind comes around the windward tower, gets into the cooling tower and decreases
the local wind speed in front of the middle and leeward towers. This may provide a calm
condition for the middle and leeward towers and air can easily get into these towers
without any disturbance. Same as tower spacing of 1.8D, the middle and leeward towers
of Tower 4 is less vulnerable to the crosswind effect compared to smaller towers (Towers

3,2,and 1).
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Figure 5.4. Normalized heat rejection of the NDDCTs at different sizes and tower spacing of 2.6D.

Finally, at a tower spacing of 4.2D, similar performance behaviour for the cooling towers
can be observed, as shown in Figure 5.5. As shown previously, the normalized heat
rejection of the towers decreases by increasing the wind speed, and again, the normalized
heat rejection of the towers decreases by increasing the tower spacing from 1.8D to 4.2D
(comparing with Figure 5.3). Despite the large tower spacing 4.2D, the performance of

the leeward tower (tower 4) at a wind speed of 4 m/s is still close to the no wind heat
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rejection, while at a wind speed of 8 m/s, the performance of all towers has dropped

compared to a wind speed of 4 m/s.
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Figure 5.5. Normalized heat rejection of the NDDCTs at different sizes and tower spacing of 4.2D.

This chapter aimed to find a relationship and generalize findings of this study which was
found for Tower 1 placed in a multi-tower system with different tower dimensions. The

main connection could be found between different tower dimensions was that the
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windward tower protects the leeward towers despite of the size. The height of towers was
increased from Tower 1 to Tower 4 and it was found out that larger towers are less
susceptible to the crosswind effects. This means that middle and leeward towers
normalized heat rejection remain almost unaffected for very large towers (Tower 4). The
results demonstrated that at low tower spacing, large towers (Towers 3 and 4) becomes
independent of the wind speed since by increasing the wind speed from 4 m/s to 8 m/s,

the normalized heat rejection of these towers did not change significantly.

The normalized heat rejection of the Tower 4 as the middle and leeward tower did not
change by increasing the tower spacing when the wind speed was 4 m/s (at wind speed
of 4 m/s, the normalized heat rejection was above 0.9). However, the normalized heat
rejection of the middle and leeward of short towers (Tower 1 and 2) changes significantly
by increasing the tower spacing when the wind speed is 4 m/s. Overall, for all cooling

towers, the smaller tower spacing provides a better protection for the leeward towers.

5.4.  Chapter conclusions

In this chapter, the thermal performance of three NDDCTs at a wind incidence of 0° was
investigated for various tower dimensions over a fixed height/diameter ratio. For each
simulation of different tower spacings, the dimensions of the windward, middle, and
leeward towers were identical. The height of towers ranged from 20m to 40, 60m, and
90, with the aspect ratio maintained at 1.6. The simulations were performed for the four
heights individually, and it was concluded that by increasing the tower dimensions, the

relative cooling performance of the towers decreased for wind speed range of 0-8 m/s.

Furthermore, in agreement with the findings in preceding chapters, the normalized heat
rejection is highest for the leeward tower and lowest for the windward tower. However,
the larger cooling towers appeared to provide a higher degree of protection for the middle

and leeward towers provided by the windward tower.
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It is suggested that the ability of larger cooling towers to the draw more air into the cooling
tower, may decrease the local velocity in front of the middle and leeward towers. This
will result a calm condition for the leeward towers and increase the drafting capability of

the middle and leeward towers.

The heat rejection of the very large cooling towers, when placed as the middle and
leeward towers, are not influenced by the tower spacing significantly and at low tower
spacing crosswind effect on the heat rejection of these towers is not notable. The overall
relationship between all of these towers is that the windward tower protects the middle

and leeward towers and this protection is higher at lower tower spacings.
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Chapter 6: Conclusions, recommendations, and future work

6.1.  Conclusions

Over the course of this study the thermal performance of a single and multiple natural
draft dry cooling towers (NDDCTs) located on a common site were investigated under
both no-wind and windy conditions using CFD simulations. The simulated NDDCT for
this study was a cylindrical tower with a horizontally arranged air-cooled heat exchanger,
similar to that developed by the University of Queensland. The effects of different wind
speeds, tower spacings, and wind-incidence angles on velocity and temperature fields,
and on the heat rejection of the towers, were investigated. The model developed for a
standalone tower was validated against computational and test results obtained from
studies of the University of Queensland test cooling tower. Once the methodology was
validated, it was then applied to a multi-tower configuration, for which no precedent

results could be found in the literature.

From this a number of interesting conclusions can be drawn which answer the research
question of this study and will inform the design of dry cooling systems for expanding
CSP plants. In particular, it was found that when two towers were placed more than 2D
(diameter of the tower) apart, on a site with still conditions (i.e. no wind), both towers act
as an isolated NDDCT and the flow characteristics are symmetrical. Smaller spacings led
to a reduction in the scavenge area between the two towers limiting the air supply for both
towers. This results in non-uniform temperature and velocity distributions within them.
Further, the results obtained from three-tower simulations showed that the middle tower
heat rejection decreases by 15% at small tower spacings. This interaction between towers

at low tower-spacing decreases the performance of all towers.
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Conversely, the situation for sites with multiple towers and windy conditions are far more
complex. Put simply, it was found that the flow fields around the NDDCTSs are completely
different at various wind-incidence angles. At a wind incidence of 0°, the windward tower
protects the leeward tower from the upcoming wind, which enhances the cooling
performance of the leeward tower. By increasing the tower spacing, the heat rejection of
the leeward tower decreases, which means the protection provided by the windward tower
is lower at large tower spacings compared to small tower spacings. At this wind-incidence
angle, the performance of the windward tower does not change at different tower spacings
and it acts like an isolated tower. Velocity field showed that the towers interact with each
other at both the bottom and top of the towers. However, the overall outcome is that the

windward tower act like a windbreak for the leeward towers.

When the wind is blowing at an incidence angle of 45°, the velocity field indicated that
the towers interfere only from bottom of the towers and there was no interference between
the towers’ outlet. Interaction of the towers at either the bottom or top results in a
reduction in the towers’ heat rejection compared to an isolated tower. The small tower-
spacing creates a contractive passage which accelerates the flow between the towers. The
flow acceleration around the towers decreases the heat rejection of the towers, especially
the leeward tower. The interaction between the towers decreases by increasing the tower

spacing and the towers act as isolated towers at a tower spacing of 4.2D.

When towers are placed beside each other (wind incidence of 90°), the interaction
between the towers exists only at a tower spacing of 1.8D, and for tower spacings of 2.6D
and 4.2D the interaction between them is negligible. The small passage between the
towers means that little air can flow through the passage between the towers, which means
more air flows onto the windward side of the towers instead. The temperature fields
demonstrated that the windward side of the heat exchanger is cooler than the middle and

leeward side of the heat exchanger. At this wind incidence angle, the towers interact only
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from bottom of the towers and the velocity field suggested that there is no interaction

between the outlets of the towers.

Furthermore, there was a consistency in thermal performance of the cooling towers with
different dimensions. However, it was found out that larger towers are less vulnerable to
crosswinds, which may be due their ability to draw more air into themselves. Also, it was
observed that under windy conditions, the protection offered by the windward tower

increased by enlarging the towers.

Overall, perhaps the most important conclusion to be reached, and considered in
deploying multiple cooling towers on a common site is that the NDDCTs should be

aligned with the respect to the prevailing wind.

6.2.  Suggestions for future work

Future investigation could be performed on the power cycle analysis of systems cooled
down by multiple short NDDCTs under “real world” conditions, i.e. varying wind speeds
and wind directions. The objective of this modelling will be to determine the influence of
multi-tower parameters variation on power output of the plant. It has been previously
found that optimizing the water mass flow rate into the air-cooled heat exchanger bundles
increases the performance of the NDDCT. The optimization of the water mass flow rate
into the multiple NDDCTs can be achieved with respect to different wind speeds and
incidence angles with objective function of maximizing the heat rejection of the entire

multi-tower system.

Also, since the collapse of cooling towers at the Ferrybridge Power Plant, interference
effects among grouped buildings have attracted much attention. However, no research
has been conducted to investigate the interference factor (IF) which is commonly used to
envelop the multiple complex static wind pressure distributions for multiple short
NDDCTSs. It was shown in this study that towers are interfering with each other and it has
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been previously shown that interference effects influence average and fluctuating wind
pressure simultaneously. It would be beneficial to perform finite element analysis to
calculate the structure responses and shell reinforcements of the current NDDCTs with
the tower spacings, wind incidence angles, and wind speeds used in this study. Further,
previous studies mainly investigate the interference factor just by modelling the cooling
tower’s shell. Hence, it is highly recommended that the structural responses of the cooling
towers interfering with each other will be examined including the heat exchanger and
energy equation due to the strong relationship between the flow and thermal source in the

cooling towers.

The findings of this study can be applied in the analysis of the effect of wind on multiple
buildings. Previous studies regarding the flow analysis over multiple buildings were
considered the geometry of the buildings as a solid without the interaction of the wind on
the interior area of the building. This study has the potential to provide better understating

of flow over buildings while considering the internal air flows.

This study could also be a guideline for flow analysis over objects with the presence of
thermal sources and internal flows and future investigations can be performed on them

by considering the findings of this work.
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Appendix A: Literature summary

The dynamic similarity should be performed for the listed parameters listed in Table A.1.

Table A.1. Dynamic similarity in scaled model.

139



Parameter Relation Meaning

Aspect ratio = E Ratio of the tower height to the base diameter
D

Crosswind Re., = pDv,, /u Crosswind flow patterns

Reynolds

Reynolds Re; = pDv;/u Flow patterns inside the tower

number inside

the tower

Densimetric Fr = pvf Ratio of the flow inertia to the external field

Froude (po — PIgH

number

Euler number Fu = AP2 Represents the air pressure drop of the cooling tower
PY;

Velocity ratio _ Yew Crosswind velocity to the vertical air inside the tower
Vi

The summary of previous studies on NDDCTYV can be found in Table A.2

Table A.2. Summary of NDDCTYV studies.
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Tower Type of study Remarks
dimension
Authors
(Height*  Base
diameter* Outlet
Diameter) (m)
Ma et al. | (173* 155*91) CFD (Realizable k-¢) | The angle of windbreak walls around the
(39) (Steady state) tower affects the flow distribution inside
the tower.
Zhao et al. | (172*152*96) CFD (Standard k- | During windy condition, an air
(83) €) (Steady state) circulation  zone  formed  which
deteriorates the cooling performance of
that region.
Zhao et al. | (172*152*96) CFD (Standard k- | Crosswinds increased the exit water
(17) €) (Steady state) temperature.
Yang et al. | (195*177.6*120) | CFD (Realizable k-¢) | The cooling performance of the upwind
(40) (Steady state) deltas are superior to other deltas.
Al-Waked (129*95*52) CFD (Standard k- | Animprovement of 15% was predicted
and Behnia €) (Steady state) at crosswind velocity of 10 m/s by using
windbreakers.
(19)
Wang et al. | (170*85*146) CFD (steady state) As crosswind increases, the main
(43) vortices become stronger and larger.
The high crosswind speeds can be
favourable factor in the outlet.
Suetal. (31) | (125*108*60) CFD (Standard k- | Determined the unfavourable effect of
€) (Steady state) crosswinds on NDDCTV.
Goodarzi (120*100*60) CFD (Standard k- | Changing the geometry can affect the
(16) €) (Steady state) performance of the NDDCTV.
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Goodarzi (120*100*60) Higher initial cost, improves the cooling
and efficiency both with and without wind
Keimanesh CFD  (Standard k- compared to solid windbreakers.
€) (Steady state)
(45)
Goodarzi (120*100*60) Producing power from wind and also
and increases the cooling efficiency of the
Keimanesh CFD (Standard k- cooling tower by using wind turbines as
£) (Steady state) windbreakers.
(84)
Darbandi et | (150*118*64) CFD (Standard k- Under windy conditions the efficiency of
al. (85) €) (Steady state) the windward sectors increases while the
side and leeward decreases.
Reshadatjoo | (150*118*64) CFD (k-w) (Steady The windbreakers are more effective at
et. al (86) state) higher wind speeds compared to lower
ones.
Table A.3 lists the previous studies on NDDCTH.
Table A.3. Summary of NDDCTH studies.
Tower Type of study Remarks
dimension
Authors (Height*  Base
diameter* Outlet
Diameter) (m)
Al-Waked (129*95*52) CFD (Standard k- | Increasing the crosswind speed decreases
and Behnia €) (Steady state) the performance of tower for all wind
seed range.
(19)
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An improvement of 15% was predicted at
crosswind velocity of 10 m/s by using

windbreakers.

Du  Preez | (165*144) CFD- Steady state Horizontal heat exchanger demonstrated
and Kroger better thermal performance under windy
(21) conditions compared to vertical ones.
Du Preez | 165*144) CFD- Steady state Tower supports have positive impact on
and Kroger the performance of the system.

(87)

Wu et al | (207*192*130) CFD (Realizable k-¢) | The outlet water temperature of the heat
(49) (Steady state) exchanger increases with increasing

wind speed.

Table A.4 summarizes the findings of the previous short NDDCT studies.

Table A.4. Summary of previous studies on short NDDCT.

Author Type of study Findings/ Remarks

Lu et al. (23) CFD- Steady e The heat rejection of a short NDDCT reaches to a
state- Realizable minimum value by increasing the crosswind speed
k-¢ and then increases.

Luetal. (53) CFD-  unsteady e The difference between steady state results and the
state- standard k- time-averaged transient results was sufficiently
1) small.

Vorticity magnitude was used to identify the flow
circulations.
The windbreak walls improved the performance of
the NDDCT.
The heat rejection rate of short and large NDDCTs

are different
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Luetal. (54)

Wind tunnel test

(scale ratio 1:12.5

By decreasing of the dimensions of the short
NDDCT, the minimum heat transfer rate occurs at

lower crosswind speeds.

Lietal. (55) CFD- Steady The heat transfer rate of the windward section
state- Realizable decreases with the presence of the crosswind and
k-¢ then improves gradually at high crosswind speed.

Li et al. (56) CFD- Steady The water mass flow rate to each heat exchanger
state- Realizable bundle can be controlled by proportional control
k-¢ valve with respect to the air mass flow rate.

Lietal. (57) Full scale The NDDCT was tested at constant heat flux and
experiment was proposed for a IMW CST sCO; power plant.

Lietal. (58) Full scale Crosswinds affected the temperature distribution
experiment inside the cooling tower significantly.

Dong et al. (60,

1D analytical

The start-up time is shorter when the flow is

state- Realizable

k-

61) modelling/ CFD- uniform.
Steady state-
Realizable  k-¢/
Full scale
experiment
Liuetal. (62) CFD- Steady The inlet cover improved the performance of the
state- Realizable Gatton NDDCT during windy condition.
k-¢
Luetal. (63) CFD- Steady The swirling ratio plume vortex which was created

by introducing a number of blower-powered air
jets within the tower increased the cooling

performance of the tower.

A summary of previous studies regarding the effect of wind on multiple NDDCTSs is

listed Table A.5.

Table A.5. Summary of previous studies on multiple NDDCTSs.
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Authors | Type of study | Dimension | Number of Remarks
] towers
Zhaiand | CFD (Steady (125m 2 tower in- | The windward tower
Fu (65) state- *108m *60 tandem protects the leeward tower
Realizable k- m) arranged from the direct incidence of
€) the crosswind.
Experimental
(wind tunnel
test scale
1:100)
Irtaza et Numerical (172.5m*1 5and 3 Both shielding and
al. (66) | (CFD standard | 34.60m*78 cooling interfering effects were
k-¢, RNG k-¢, .82m) towers observed, which led to either
realizable k-¢) interact with | reduction or enhancement.
each other
Experimental
(wind tunnel
test 1:283)
WU and Numerical | ------------- 4 The model predicts only the
Koh (67) specification of plumes
Liao et Numerical (125m*96 2 The windward tower
al. (68) (CFD- steady m*66m) protects the leeward tower
state- during windy conditions.
realizable k-¢)
Yang et Numerical (173m*12 2 Effect of the neighbouring
al. (69) (CFD- steady | 9.6m*88m buildings has been discussed
state- standard ) on the performance of the

k-w

towers.
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Appendix B: Mesh and boundary domain sensitivity analysis

The mesh sensitivity for a single NDDCT during no-wind condition was performed and
heat rejection was selected to monitor the effect of number of elements on the simulation.
Figure B.1 shows the mesh sensitivity analysis and it shows the heat rejection deviation

is less than 1% when the number of cells is over 2,000,000.
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Figure B.1. Mesh sensitivity analysis for a single NDDCT at no-wind condition.

The mesh sensitivity for a single NDDCT during windy condition was performed at wind
speed of 4 m/s. The normalized heat rejection of the radiator was selected to monitor the
effect of increasing the mesh elements on the thermal performance of the NDDCT. The
mesh sensitivity analysis is shown in Figure B.2. The normalized heat rejection deviation
is less than 1% when the number of cells is over 3,000,000. With further refinement the
number of cells reached to 3,200,000 for single NDDCT simulation during windy

condition.
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Figure B.2. Mesh sensitivity analysis for a single NDDCT at wind speed of 4 m/s.

The mesh sensitivity analysis for two NDDCTs were performed at wind speed of 4 m/s
at tower different tower spacings and wind incidence angles. Figure B.3Figure B.4Figure
B.5 show the mesh sensitivity analysis of two NDDCTs at wind incidence angle of 0° at

tower spacings of 1.8D, 2.6D, and 4.2D respectively.
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Figure B.3. Mesh sensitivity analysis for two NDDCTs at wind speed of 4 m/s, tower spacing of
1.8D, and wind incidence angle of 0°.
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Figure B.4. Mesh sensitivity analysis for two NDDCTs at wind speed of 4 m/s, tower spacing of
2.6D, and wind incidence angle of 0°.

148



4.2D

1
0.9
0.8
— /‘\h_‘\."
(o] /
8 0.6
- o
0.5 .%//r’_/_.
0.4 ~o—

2 25 3 35 4 45 5 5.5 6
Number of elements (million)

| —-Windward tower —&—Leeward tower |

Figure B.5. Mesh sensitivity analysis for two NDDCTs at wind speed of 4 m/s, tower spacing of
4.2D, and wind incidence angle of 0°.

Figure B.6Figure B.7Figure B.8 show the mesh sensitivity analysis for two NDDCTs at
wind incidence angle of 45° at tower spacings of 1.8D, 2.6D, and 4.2D. The normalized
heat rejection of the towers was monitored to ensure that increasing the number of

elements do not affect the simulation results.
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Figure B.6. Mesh sensitivity analysis for two NDDCTs at wind speed of 4 m/s, tower spacing of

1.8D, and wind incidence angle of 45°.
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Figure B.7. Mesh sensitivity analysis for two NDDCTs at wind speed of 4 m/s, tower spacing of

2.6D, and wind incidence angle of 45°,
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Figure B.8. Mesh sensitivity analysis for two NDDCTs at wind speed of 4 m/s, tower spacing of

4.2D, and wind incidence angle of 45°.

The mesh sensitivity for wind incidence angle of 90° was performed with the same criteria

as 0° and 45° for tower spacings of 1.8D, 2.6D, and 4.2D (Figure B.9Figure B.10Figure

B.11).
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Figure B.9. Mesh sensitivity analysis for two NDDCTs at wind speed of 4 m/s, tower spacing of

1.8D, and wind incidence angle of 90°.
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Figure B.10. Mesh sensitivity analysis for two NDDCTs at wind speed of 4 m/s, tower spacing of
2.6D, and wind incidence angle of 90°.
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Figure B.11. Mesh sensitivity analysis for two NDDCTs at wind speed of 4 m/s, tower spacing of
4.2D, and wind incidence angle of 90°.

The boundary domain size for simulation of two NDDCTs during windy conditions are

listed in Table B. 1.
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Table B. 1. Boundary domain size of two NDDCTSs at different tower spacings and wind incidence

angles.
Wind incidence angle/tower spacing Height | Breadth Length
(m) (m) (m)
0°/1.8D 90 144 150
0°/2.6D 90 144 165
0°/4.2D 90 144 190
45°/1.8D 90 160 150
45°/2.6D 90 170 165
45°/4.2D 90 180 190
90°/1.8D 90 170 150
90°/2.6D 90 190 150
90°/4.2D 90 220 150

Figure B.12Figure B.13Figure B.14 show the mesh sensitivity analysis of three
NDDCTs at wind incidence of 0° at tower spacings of 1.8D, 2.6D, and 4.2D

respectively.

Table B.2 indicates the final number of mesh cells after performing the grid independence
test at different tower spacings and wind incidence angles, at which the heat rejection of

the towers remains constant after this number of mesh cells.
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Table B.2. Final numbers of mesh cells at different wind incidence angles and tower spacings.

Wind incidence angle Tower spacing Final numbers of mesh
cells (million)
0° 1.8D 4.3
0° 2.6D 4.5
0° 4.2D 4.9
45° 1.8D 4.5
45° 2.6D 4.7
45° 4.2D 5
90° 1.8D 4.5
90° 2.6D 4.6
90° 4.2D 4.8
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Figure B.12. Mesh sensitivity analysis for three NDDCTs at wind speed of 4 m/s and tower spacing
of 1.8D.
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Figure B.13. Mesh sensitivity analysis for three NDDCTs at wind speed of 4 m/s and tower spacing
of 2.6D.
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Figure B.14. Mesh sensitivity analysis for three NDDCTs at wind speed of 4 m/s and tower spacing
of 4.2D.

A mesh sensitivity analysis for a single NDDCT with different sizes was carried out for

Chapter 5 and is shown in Figure B.15.
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Figure B.15. Mesh sensitivity analysis for a single NDDCT at wind speed of 4 m/s and different
sizes.
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Appendix C: Two-tower velocity profile at wind incidence of
OO

In Chapter 3, it was shown that by increasing the tower spacing the flow circulation at the
bottom of the leeward tower expands. This has been addressed by showing the velocity
contour and velocity streamlines at the bottom of the cooling towers. Here, to further
illustrate the flow behaviour at the bottom of the leeward tower, the velocity profile for
the leeward tower at tower spacings of 1.8D, 2.6D, and 4.2D where r/R is the normalized
radial distance from the centreline on top of the radiator surface is shown Figure C.1.
From these, it can be seen that with an increase in the crosswind velocity, the velocity
magnitude at the windward side of the tower decreases. The fluid velocity in the flow
circulation is lowest in the core region and increases as moves away from it to its sides.
The velocity profile at high wind velocities reaches a minimum value which shows the
centre of the circulation. By increasing the wind velocity, the minimum value moves
toward the centre of the tower. Further, the low velocity region at the bottom of the
leeward tower moves toward the leeward face of the tower with an increasing the tower
spacing. This shows that the flow recirculation becomes larger at the bottom of the

leeward tower at larger tower spacings
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Figure C.1. Velocity magnitude at bottom centreline of the leeward tower at different tower
spacings.
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Appendix D: Wind tunnel visualization

D.1. Experimental setup

In order to compare some of the findings of the CFD simulations in Chapter 2, a wind
tunnel test using tuft flow visualization was carried out. Experiments were performed in
a 500mm x 500m test section which was extended 500mm upstream and 1000 mm
downstream on a 1:150 scale models of the simulated tower in this study. A thread rake
was mounted at the inlet of test section to show the streamlines around the towers. The
sewing threads were further enhanced with UV lighting. The sides of the wind tunnel
were blackened, and the lights of the room were turned off. The images of the flow were
captured using a digital SLR camera. The scale model of the cooling tower was
manufactured using a hollow pipe and four 1mm diameter were used as the support of the
tower. A honeycomb structure was mounted at the inlet of the wind tunnel to provide a
uniform flow velocity. The wind tunnel has been tested for a homogenous flow in the
experiments (88). Figure D.1 shows the schematic drawing of the experimental setup.
The towers were placed in the wind tunnel at different tower spacings of 1.8D, 2.6D, and

4.2D (D is the diameter of the tower).
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Figure D.1. Schematic view of the wind tunnel experiment.

D.2. Numerical method

In doing this, the same domain size and cylinder dimensions used in the wind tunnel tests
were simulated using CFD simulations. The heat exchangers were not modelled in this
section and same tower spacing used in the wind tunnel test were applied to the CFD
simulations. The computational domain and cooling towers were discretised using 2.8
million structured elements. A free stream velocity of 3.2m/s was used at a temperature
of 20°C. This results to a free stream Reynolds number of 1.77x10% considering the
diameter of the cooling tower (0.0835m) and the kinematic viscosity of 1.51x107°. This

free stream velocity was used in both CFD and wind tunnel experiment.

D.3. Comparison between CFD and wind tunnel tests

The threads are at the height of 0.033m from the ground and same streamlines from the
similar points in CFD simulations were extracted and displayed in Figure D.2, Figure D.3,
and Figure D.4 . Figure D.2shows the comparison between the similar streamlines of the
wind tunnel test and CFD simulations at tower spacing of 1.8D. The similarity between

streamlines show that there is an agreement between the CFD and wind tunnel results.
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The streamlines after the windward tower redirects and converges after the leeward tower.
By increasing the tower spacing to 2.6D (Figure D.3) and then 4.2D (Figure D.4), the
streamlines converge after the windward tower and move towards the leeward tower. This
offers that wind windward tower protects the leeward tower and by increasing the tower
spacing, this protection decreases as suggested by the streamlines. This is in agreement

with the findings of the Chapter 3 for wind incidence of 0°.

; 0

Figure D.2. Streamline Comparison between a) wind tunnel test and b) CFD simulation at tower
spacing of 1.8D.
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Figure D.3. Streamline Comparison between a) wind tunnel test and b) CFD simulation at tower

spacing of 2.6D.

Figure D.4. Streamline Comparison between a) wind tunnel test and b) CFD simulation at tower
spacing of 4.2D.
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