THE UNIVERSITY OF QUEENSLAND

AUSTRALIA

Small Natural Draft Dry Cooling Towers for Renewable Power Plants
Yuanshen Lu

Master of Engineering

A thesis submitted for the degree of Doctor of ¢daphy at
The University of Queensland in 2014
School of Mechanical and Mining Engineering



Abstract

In thermal power plants using variety of heat sesythe redundant heat needs to be removed
through cooling devices such as heat exchangersaoiimhg towers. Natural draft dry cooling
towers (NDDCTSs) feature no water loss and no pacgsower consumption during operation and
are widely used in thermal power plants arounditbdd, especially in arid areas. The Queensland
Geothermal Energy Centre of Excellence (QGECE)ési$ing on developing small- or medium-
scale engineered geothermal system (EGS) geothandatoncentrated solar thermal (CST) power
plants for Australia. The proposed renewable pguants are most likely to be located in arid
remote areas where dry cooling is the only costetiffe option. These power plants may initially
be introduced to supply remote communities awamftioe national grid. Such off-grid applications
are expected to be relatively small reflectinggtze of the demand. The aim of this Thesis project
is to investigate whether natural draft dry cooliongrers (NDDCTSs) can be used for these small- or

medium-scale renewable power plants.

Crosswind is the most common factor affecting theliag performance of natural draft cooling
towers. But current NDDCT design procedures datake the crosswind effect into account. It is
probably not a critical impediment for large towassthe negative influence of the crosswind is
negligible when the draft heights are above d0®@n the other hand, in small NDDCTSs with total

heights less than 38, the crosswind effect could be substantial.

A numerical study was carried out to investigatettitermal performance of the horizontally
arranged heat exchangers in small NDDCTs undeowsugrosswind conditions. In particular, a 15
m-high CFD NDDCT model was constructed and simulébeeikamine the crosswind actions in
detail. It was found that at certain crosswind sigebe cooling tower performance can be
considerably reduced. A very effective mitigatiavite, a tri-blade-like windbreak wall, has been
found to dramatically improve the cooling perforroarf the small tower. The effect of the
windbreak was sensitive to its orientation withpesst to the crosswind direction.

An experimental study was conducted with a 1:12dbesl natural draft dry cooling tower model in
the wind tunnel. The thermal performance of théesttower was measured with and without the
windbreak wall. The experimental results verified humerical predictions for the small tower

cooling performance and the effectiveness of thedimieak wall.

The most important finding of this study is that tbtal heat transfer in a small natural draft oapl
tower is a combination of the heat transfer by bwttural convection and forced convection, with

the contribution of the latter increasing at higbersswind speeds. A simple correlation between



the heat transfer and the crosswind speed was geddo estimate the crosswind-affected thermal
performance of natural draft dry cooling towersliffierent sizes and with horizontal heat

exchanger arrangements.

The study demonstrates the feasibility of utilisemgall natural draft dry cooling towers in
renewable power plants. Crosswind could have &é#ict on the performance of these towers
without a proper design. However, by applying thegation method considered in the Thesis,
crosswind can actually be converted to a benefeffalct for the cooling tower performance.
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Chapter 1 Introduction

1.1. Motivations

About 90% of electric power today is generatechermal power plants using Rankine cycles [1].
In a thermal power plant, no matter what heat s used, only a fraction of the heat inputs is
converted into electricity and the redundant heats to be removed using devices such as
condensers or heat exchangers [2]. The thermalpolamlt cooling systems are generally referred
to as cooling towers of various types. The focuthf Thesis project is on dry cooling using
natural draft in the context of small- to mediunalscrenewable thermal power. Natural draft dry
cooling towers (NDDCTSs) feature no water losses\aridally no parasitic power consumption.
They are therefore widely used in traditional fbised thermal power plants around the world.
NDDCTs are usually the highest buildings in a poplant. The basic principle for natural draft dry
cooling tower is that the airflow across the heathanger bundles is driven by the buoyancy force
caused by the density difference between the hatside and the cold air outside [3]. Unlike fan-
forced mechanical cooling towers, the airflow INRDCT highly depends on the tower height [4].
In traditional thermal power plants with capacitnesre likely in the scale of hundreds or thousands
of megawatts, the natural draft cooling towersadten over 100 m high with 70-90 m in base

diameter.

The performance of the cooling towers is cruciahi efficiency of the entire power plant. It was
observed that when the cooling tower systems opeaitagfficiencies lower than their design values,
the power plant output may be reduced by as mud@5]. In United States alone, the losses
have been estimated to equal to about 0.3 GW bélestricity or approximately $20 million lost

revenue each year [6]. Thus it is very importaritriprove the cooling tower efficiency.

After the ambient temperature, crosswind is thetrnosimon environmental factor that affects the
cooling performance of natural draft cooling towaspecially dry towers. Unfortunately, current
design theories for NDDCT thermal performance eatiiom (e.g. [7]) do not take the crosswind

effect into account.

Some experimental and numerical studies on natluaéll dry and wet cooling towers subject to
crosswinds revealed that the cooling performanceedses along with the increase of cross wind
speed [3, 8-14]. All of these previous studies wemeducted on large natural draft dry cooling
towers with heights of more than 100 m for heatatpn rates exceeding 100 MW. In these large
NDDCTs, cross winds could cause significant readunstiin cooling performance [12], but even at
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high crosswind speeds tall cooling towers wouldagnoperational continuing to dump heat for the

whole power plant system.

What is an annoyance for large thermal power plemigd cause critical failure in small- to
medium-scale renewable thermal power plants. Geotleand solar thermal power plants are two
types of renewable power generation alternative) bsing Rankine cycles. Australia enjoys one
of the richest solar resources in the world, aradsib holds substantial proven reserves of
geothermal heat in the form of Enhanced Geothe8ysilems (EGS). The challenge for the country
is to find ways of utilising them efficiently. TH@ueensland Geothermal Energy Centre of
Excellence (QGECE) is one of the major institutionéustralia dedicated in the research and
development of EGS and solar thermal power platitrtelogies [15-17]. The Centre research
programs aim development of small renewable thepoader plant applications for Australian
remote communities. These are isolated districts démand limited to a few megawatts and often
much less. The low-maintenance natural draft doliog towers are the best option for their
cooling systems as these plants will be locateatichareas far away from towns. However, these
cooling towers do not need to be as big as thot®ge-scale coal-fired power plants. Instead,
small NDDCTs are required. QGECE has proposed iADCTs with heights below 30 m. The
towers are equipped with horizontally-arranged datube heat exchanger bundles placed inside
the towers above the air intake.

The cooling efficiency of small NDDCTs is a seriapugestion as no precedence of application in
renewable power plants has ever been seen. Edpdb@kross wind effect on their cooling
performance might be much more significant tham dindarge towers with 100 m+ height. For
example, by causing cold inflow or by disturbing #ar flow at the outlet of tower, cross wind is
known reduce the effective draft height for thé tialvers used in large plants. This effect could be
the cause of total failure with small cooling togieCurrently, most short cooling towers are
mechanical draft type and they have less crossasstciated problems than natural draft towers.
Until very recently, there has been no publicatelated to crosswind effects on small natural draft

dry cooling towers.
The following questions need to be answered to teffigners of short cooling towers:

1. Can the existing methods for cooling tower designransplanted directly into small tower
design without any amendment? What is the minimaaticg tower height?
2. How significant is the influence of crosswind om thhermal performance of small cooling tower?

3. What are the mechanisms through which crosswirfdstathe short cooling tower performance?

2
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4. How should the current theories be revised to nhelihe crosswind effect when design small
NDDCTs?
5. What methods can be applied to reduce the negatbas wind effects?

1.2. Thesis objectives and scope

The general aims of this Thesis project are tordetes the validity and effectiveness of the
existing natural draft cooling tower design thesmiehen they are applied to relatively short natural
draft dry cooling towers for renewable power plaetpecially in the consideration of crosswind
effect; to determine the smallest cooling towet tan be built based on particular design
conditions; and to develop a design method for bnalral draft cooling towers taking the
crosswind effect into account. These aims can heewed by following the specific objectives

below:

1. Identify the natural draft cooling tower size rartat can be built at typical design conditions
for small- to medium-scale renewable thermal powants. These design conditions include the
cooling water inlet temperatuiig,, the ambient air temperatufg and the total heat to be
rejectedQ. Without taking crosswind effect into accountstban be done by using the existing
tower design theories. Explore possible benefitsvajporative cooling of the inlet air to improve

the cooling tower performance for short towers.

2. Analyse the overall thermal performance of the NOB@lentified above by CFD modelling
with and without the effect of crosswind. Assessdifference in cooling performance based on

the thermal efficiency variations at different @asnd and ambient conditions.

3. Propose the crosswind mitigation measures, spealtifiwindbreak walls, and investigate the
benefits of the windbreak walls on the cooling towerformance under crosswind conditions.
Analyse different configurations (angles) of thendbreak walls and identify the optimized ones

that lead to the best improvement of cooling toleat dumping ability.

4. Validate the methodology used in the CFD analygisairying scaled natural draft dry cooling
tower tests in a wind tunnel. Test the methodsdhatbe used to prevent negative crosswind

effects on small NDDCTs under windy conditions.

5. Propose corrections for the existing NDDCT deshwoties based on numerical and
experimental results. The crosswind effect willrbftected in the corrections.
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1.3. Thesis structure

The structure of this Thesis is organized on thesbaf the detailed objectives of the study as

followings.

Chapter 2 is a broad review of past literature atural draft dry cooling tower technologies, design
methods and crosswind effects.

Chapter 3 introduces a one-dimensional mathematiodkl for cooling performance estimation of
the NDDCT. The model is used to scale down the NDB& small power plants and predict its
cooling capacity under normal (non-crosswind) cbads. A case study on the conventional
NDDCT equipped with the inlet air pre-cooling faiods is conducted finally.

Chapter 4 presents the CFD modelling investigabiothe heat transfer performance of a 15m-high
small NDDCT under different crosswind speeds. Themanisms of wind effects are analysed in
detail. A simple correlation of cooling tower héi@nsfer with the crosswind speed is proposed
based on the CFD results, indicating that the th&imal performance of the cooling tower is a
result of a combination of natural convection heatsfer and forced convection heat transfer. This
combination causes a turn-around trend with théirmgpdower performance first decreasing and

then increasing with crosswind speed.

Chapter 5 proposes a windbreak wall design to prtethe negative crosswind effect and examines
the effect of the wall orientation angles with resfpto wind. Through more detailed analysis at
different velocity ratios, the variation of the hé&@nsfer rates across the heat exchanger area are
examined and explained by considering the voriicdise air flow. The best windbreak wall
orientation is identified. The results provide het assistance to designers who need to design

relatively short natural draft dry cooling toweos fenewable power plants.

Chapter 6 presents a wind tunnel experiment usih@ an-tall natural draft dry cooling tower
model. The experiment results are compared agéiegiredictions of two 3D CFD models: a 15
m-high tower model and a 1.2 m-high tower modekhBaxperiment results and CFD findings are
matched up with each other generally well. Thel toéat transfer rate and airflow velocity in scaled
tower model experience the same decrease-turnatcemilalong with the increase of crosswind
speed as found in the CFD simulations. The air txatpre distributions inside the cooling tower
model indicate the existence of the local air datian cells in the tower. The validation indicates
that the methodology used in numerical modellinggasonable. It is also found that CFD models

may slightly overestimate the circulation of thelaw especially near the tower outlet.

4
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Chapter 2 Literature review

2.1 Cooling tower technology

In a thermal power generating cycle, heat is nedzktdischarged due to the energy transfer
efficiency is limited well below hundred per centthe laws of thermodynamics. The typical
efficiency for fossil fired power plant is about®3o 48% [12]. This means only a small part of the
heat input of steam is converted into power, aeddst is dumped through heat removal devices, in

most cases, cooling towers.

Cooling towers using the evaporation of water taagee waste heat and cool the working fluid are
known as wet cooling towers. Cooling towers thatsusmbient air to cool the closed-cycled
working fluid are known as dry cooling towers. bid#ion to being wet or dry, cooling towers can
be categorised by different ways [18]. By air-toterdlow they are catalogued into cross-flow
towers and counter-flow towers. By heat transfetho@s there are dry surface cooling towers and
wet evaporative towers. And by air flow generatioethods there are mechanical draft, natural
draft and the hybrid type of both.

2.1.1. Mechanical draft

Mechanical draft cooling towers use fans to foreedir to flow through heat exchangers.
Depending on the location where fans are instatlesly can be divided into forced mechanical draft
and induced mechanical draft. Mechanical draft tsveentrol cooling rates using fan diameter and
fan speed. These towers are usually arrangedimlare layout to form a rectangular bank, which
contains several areas (each with their own falgaaells.

It is well known that mechanical draft cooling tawere associated with recirculation and
interference problems [19, 20]. Recirculation iedily related to the degradation of cooling tower
performance. It can be measured as the ratio adrtimunt of exhaust air which re-enters the tower
divided by the total amount of air going througk tbwer [20, 21]. Kroger [22] had investigated

the effectiveness of mechanical draft cooling todige to the warm-air recirculation through
analytical, numerical and experimental methods, fandd that the effectiveness drops by up to 16%

in different conditions.
2.1.2. Natural draft cooling towers

In a natural draft cooling tower, warm air natwalkes due to the buoyancy force caused by the
pressure difference between the inside and thédeubds the tower due to the different of the warm

air density inside and the ambient air densityidetsThe most common types of natural draft
6
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towers are natural draft dry cooling towers (NDD@ny natural draft wet cooling towers
(NDWCT). For NDDCT, heat exchangers can be arramgezontally inside the tower above the
inlet or vertically in the periphery of the towesde (as shown in Figure. 2.1). Comparing to natural
draft dry cooling towers, natural draft wet coolitogver delivers a better cooling performance but
consumes a large amount of fresh water [23]. Witindasing water costs, NDDCTs become more
economic and may actually be the only option in s@md areas where water supply is extremely
limited [24].

The fundamental equations of natural draft coolowers are the draft and energy balance

equations [3]:

A%
AP = (0,0~ Pa)9(H, —Hp) = O K Fa”
(pao pal)g( t hx) ( resstances) 2 (21)

Qa = Qw = th (22)
whereH; is the tower heighti,, is the mean elevation of heat exchanger bundtey & the mean
density.

The pressure difference between tower inlet ankkbut this equation is proportional to the
difference of densities and tower height, which teelse balanced by all terms of resistance to air
flow. The dominant resistance is caused by headiangers whose coefficientksy [3]. Kk is a

function of parameters of tubes and fins of heaharger as well as the speed of air flow.

Eq. (2.2) represents the equilibrium among the traasferred by air, by water as well as by heat

exchangers [3]. All these can be expressed as:
MCoa(Tao ~Tai)
=mM,Cou(Tui = Tuo) (2.3)
Qu = N ARAT,

wherem, andm,, are the mass flow rates of air and water, respagtih, is the overall heat transfer
coefficient based of the area of the cylindricatleanger tube and it consists of the air side teansf

coefficient h, the water side coefficieht,, and the tube wall conductivity[4]:

h = L (2.4)
A (AR + A IN(r, /1) [(27KL) +1/(h,)
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whereA, andA,, are heat transfer areas of air and water sidpeotisely.L is the effective length

of water tube.

The heat transfer coefficients for both sides alated to not only the geometry of tube and fin but

also the Reynolds number and Prandtl number fdr sige.
2.1.3. Heat exchanger arrangements in natural draftooling towers

For practical reasons, in most towers the heatangér bundles are arranged either vertically
around the circumference of the tower or horizdyial the inlet cross-section of the tower [12, 25]

as shown in Figure. 2.1.

Il \ i I\ I \

(@) (b) (c)

Figure 2.1. Heat exchanger bundle arrangementse(igal circumferential; (b) horizontal
rectangular; (c) horizontal radial [12].

The heat exchanger bundles are usually arrangselveral forms: in flat pattern; deltas or A-frames
which is indicated in Figure 2.2. A-frame configtima is composed of two heat exchanger bundles
which are inclined at a certain an@levith respect to each other [4]. The purpose of the
arrangement is to maximize the heat exchangeraan@aave the tower cross-section area required
[26]. The surface area facing oncoming air floweferred to as frontal arég, while the

projection area of bundle on ground is called éffecareaA..
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Figure 2.2. A-frame Heat exchanger bundle
2.1.4. Performance assessment of natural draft cont) tower

Currently, there is no an universal standard tduata the thermal performance of natural draft
cooling tower [27]. However, practically severahmoonly used methods are used as stated in the

following [28]:
Range

Range is defined as the difference between thengptdwer water inlet and outlet temperature. A
high Range means that the cooling tower has bdert@beduce the water temperature effectively,

and is thus performing well.

AT, =T, -T,. (2.5)

range

Approach

The definition of Approach is the difference betwele cooling tower outlet water temperature
and inlet air temperature. Generally speaking)dter the Approach, the better performance the
cooling tower has. Although, both Range and Appnaawuld be monitored, the Approach is a

better indicator of cooling tower performance.

ATapproach = Two - Tai (26)
Effectiveness
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Effectiveness is the ratio between the Range amdttral Range (difference between cooling water
inlet temperature and air inlet temperature). it ba expressed as below [29]. The higher this ratio

is, the higher the cooling tower Effectiveness is.

e —_ Trange (2 7)
T tT '

range approach

2.2. Crosswind effects on large cooling towers

The performance of NDDCT is influenced by crosswenddition to a certain degree. The wind
influence on the thermal performance of a dry-captower can commonly be expressed in two
methods. The first method uses the parameter ofgehm the Approachi,pp, Which is defined as
the difference between the Approach in no crossworttition and that subjected to cross wind

condition [12], i.e.

AT, =TN -Tow (2.8)

appr appr appr

The second method uses the cooling tower therrfedtafenessyq, which is defined as the ratio of
the heat dumping rate under crosswind conditi@;-to the heat dumping rate under pure natural

convection condition (no crosswin@y [30]

Q.

¢ Q
Both methods can assess the differences in efeawss of cooling system under various crosswind
conditions. However, for large natural draft cogliowers, the first method is preferred because the

Approach temperature is a major parameter measuigueration of cooling towers.

Systematic studies on the crosswind influence darakdraft cooling towers date back to 1970s
[31, 32]. The methods used in various studiesenpidst decades can be catalogued into three
groups: field measurements, scaled model testbwratory and numerical analysis. Each of them

has advantages and drawbacks.

Field measurement is the most direct way to ingagi the cross wind effect; however, it is
expensive and time consuming to obtain sufficieatadiue to the complexity of the environmental
conditions and the difficulties of field instrumatibn in large tower. And the measurement data are
usually highly scattered and thus require to begumted statistically.

Scaled model tests in laboratory overcome the daadges associated with field measurements.
With more sophisticated instruments, systemationgtecal analysis can be done on the crosswind

10
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effect. But laboratory experiments require welligaed models and testing facilities to repeat the

similar conditions in real cooling towers, whichaistually very difficult to achieve sometimes.

Numerical simulation offers the most economicatmaative way for the crosswind study,
especially on large cooling towers. It uses nunaér@ay to solve the mathematic problems. The
challenge is that the accuracy of the results tyreelies on the quality of mathematical models.
With the advances in both the CFD fundamentalscanaputing equipment, well-conducted

numerical analysis delivers acceptable accuraoyuah lower cost.

In most literatures, field measurements and maagtiest in wind tunnel were also referred as to

the experimental testing in cross wind effect regea
2.2.1. Experimental Testing

Most early researches on cross wind effect in mhtinaft cooling towers were conducted through
the experimental testing or measurements on aifaioperating cooling tower systems (full scaled)
or the scaled models in laboratory. In these tadts, and outlet water temperature, air tempeeatur
and velocity before and after heat exchanger bsraenell as at tower outlet are measured. The
ambient conditions, such as dry-bulb air tempeeatiistribution and three-dimensional wind

velocity profile, were obtained through meteorotajitesting methods [33].

Du Preez and Krdger [33] had made a field measureorethe natural draft dry-cooling tower in
Kendal power plant in South Africa. They used 7oohel-alumel thermocouples and 12
anemometers to obtain the air temperature and ielaspectively in the positions 1.5m below

heat exchanger and tower throat. The mean watgrel&tures were measured by thermocouples
attached to the outer surface of the water tub#s seinsing tips insulated from the atmosphere. The
measurement took nearly 2 months. They obtaingg laumber of data on the change of Approach
at different cross wind speeds using the natunaatran of the wind speeds at the site. Figure 2.3
shows the measurement results on a cooling towterandlesign heat rejection capacity of 650 MW

together with the empirical correlation and numarprediction.

11
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Figure 2.3. Measurement result on cooling toweh\wgtat rejection capacity of 650 MW[33]

Wei etal. [8] conducted measurements both on a full scalet in the field and on a wind tunnel
model in laboratory for the purpose of finding thik mechanism of negative effects of wind on
cooling efficiency of dry cooling towers. The fsitale test measured the air flow velocity and
temperature inside an in-service dry cooling towih a height of 125 m, a base diameter of 108 m,
and an outlet diameter of 65 m, using anemometetseamperature sensors controlled by remote
devices.
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Figure 2.4 Distribution of (a) the mean draft sp¥edt the inlet, (b) mean temperature along the
annular radiator inside the tower, and (c) mearptrature along the central axis of the tower,
when wind speedd) V,, = 0 m/s andcf) V,, = 6 m/s. [8]

The distribution of the mean draft veloc\(0) (Figure 2.4.a) as well as the mean temperature
(Figure 2.4.b) along the annular heat exchangessmeasured at different cross wind spe®gs0

m/s andV,,=6 m/s.0 is the angle between the wind direction and thasuement point in

clockwise direction. The figures indicate tN&{?) decreased by around 20% at a large part of the
annular heat exchangers at cross wind spge@ m/s, which results in the decrease of heat feans
of the cooling tower. The temperature distributagdong the central line in the cooling tower has
been measured at different wind speeds too, fromhaihis seen that, with the crosswind, the mean

upward air flow rate decreases as the result ohneaperature increase.

In the wind tunnel testing, Wetal. [8] used a 1/20Dscaled model with the same structure as the
tower in field measurement is used. Plus, a 1740@ a 1/808 scaled models were built for testing
the effects of lateral wind on the internal flowt@iver outlet and for the visualization study. Tdnes
models were all constructed under the restrictiomvo similarity parameters: density Froude

number and speed ratio while the Reynolds numbgtagity was not achieved.

The wind effect coefficient,, was introduced to assess the influence of crosswrhich was
defined a<’,, = (AT,,, — AT,)/AT,, whereAT,,, andAT, were the range of the heat exchangers
with and without crosswind respectively. The dmaition ofC,, along the annular heat exchanger

inlet (Figure 2.5) indicates that the overall wiftect coefficient decreases by up to 8.85% under
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windy condition. HereC,,; stands for the wind effect coefficient of the etdr segment Na.(i = 1-
6).

CW|($)

-?53 T 75

3 i : 13 i 2f
Mo. of Radiagtor Segments L
TR g' ........ sy 1 i v

Figure 2.5. Wind effect coefficie®@y; (o) Vw/V; = 1.0,Cy = - 3. 28%; (0) V!V, = 2.0,Cy = -

4.98%:; (\) VolV; = 2.8,Cy = - 7.95%; O)VolV; = 3.2,Cyy = - 8.85%; %) Vu/V; = 3.6,Cy, = -

8.57%; (+ )Vu/Vi =4.0,C,, =- 7.70%; ( X Mw/Vi =5.0,C,, = - 6.47% [8].

The visualization study on the 1/808caled tower model in [8] shows the hot air risimiformly
without cross wind. Some backflow is observed mphesence of cross wind and the backflow is
measured to have lower temperature and occurg &elward part of the tower throat. The
backflow is induced by the leading edge separatmtex and reduces the effective area of the

tower outlet, which causes a lower heat dumpinigieficy for the cooling tower.

In natural draft wet cooling towers, similar measuents were carried out by several researchers.
Gaoet al[34] studied the variation of heat transfer parfance of natural draft wet cooling towers
under cross-wind conditions, by comparing the dattag water temperature differende defined

as the difference of inlet water temperature arttebwater temperature, and cooling efficiency of

towery, defined as:

At
n= 2.10
t, —t (2.10)

in lim

Wheret;, is the water inlet temperature, and is the wet bulb temperature of inlet air.

Their experimental rig was mainly comprised of 800 scaled cooling tower model, tow water

tanks, water pumps, electric heater as well amtpdevices, shown in Figure 2.6.
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Figure 2.6. Schema of the experimental rig [34]

The scaled tower model is built under the simyaréstriction only in the density Froude number

Frg, which is expressed as:

Fr, = v (2.11)
P,
where/p is the density difference between inside and dat®wer, and. is the characteristic

dimension.

Figure 2.7 (b) shows that there exists a minimutanevaf At at the cross wind velocity of about
0.4m/s, and the wind speed is called the critidatiwelocity point. This phenomenon also occurs

in the cooling efficiency as shown in Figure 2.Y (a
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Figure 2.7. The correlation of cooling performamgth wind velocity [34]

15



Chapter 2

Gao et al. [34] concluded that the crosswind hgceat influence on the circulating water
temperature and the coefficient of efficiency, #meldecreases were about 9.2% and 9.6%,

respectively.
2.2.2. CFD studies on cross wind effect

In the last twenty years, numerical analysis haslgally become the most efficient method in
studying the crosswind effect on natural draft captowers. As the result of advances in
computational fluid dynamics (CFD) technology, btith accuracy and the computation speed have

improved dramatically, making CFD simulation thestfichoice in cooling tower studies nowadays.

In CFD studies found in open literature, numericaldels of cooling towers are set up with several
approximations and simplifications. The variabldds are solved through a set of procedures.

Although different models were used in differenbjpcations, some typical approaches are found:
1. Governing equations

In all general-purpose CFD codes widely used totteydiscretised differential governing

equations are solved which can be expressed igetheral form [35]:

wherep is air densityy is air velocity vectorfy is the diffusion coefficient ans, is the source
term. The scalap could be any quantity i, V, W andT as well ak ande, if k-e model is used for
turbulence. Th&-¢ model is based on model transport equations ®tutbulence kinetic energdy
and its dissipation rate[36]. The model transport equation tois derived from the exact equation,
while the model transport equation fowas obtained using physical reasoning and betes li
resemblance to its mathematically exact counteripae particular expressions ¢f SyandS,are

shown in table below [37]:
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Equation ¢ So Iy
Continuity 1 0 0
3 D 0 i) C i ApxAc
oo U =4 )+ )+ ) + "
3 A AL

y momentum \% ‘}P + a‘ (l—*eﬁﬂ) s 2. (LL(,ﬁ;(‘}]Y) e (utﬁr 2y ) +g(p— p,(f) — p‘ Hefr
Z momentum W aP + 52 (Hgﬁ%g) Foge (H{ﬁfav) + 57 (H(,ﬁa,;%,) o5 PT% Hefr

oy 1 (qAc B W
Energy T e ( V. ) pr t Prr,
Turbulent energy k G + Gp — pe L:;—kﬁr
Energy dissipation ¢ Cie (G + C3:Gp) — Coep uc:_ﬁ

where
) 2 5 ; 2
Ga—khﬂi [ W) ( ) :| (5*?"'“?'{\[) *(?j"ﬂv‘v) + (5 + %) ]
N Upa
Hefr = Lt w=Cy %' Gy = — 79?{; g? Cas = mnh(Uij)
Cie = 1.44; Cye = 1.92; €, = 0.09; ok = 1.0; 0. = 1.3; Pr=0.71;Pr; =0.85

Figure 2.8. Three-dimensional governing equaticarapeters [37]
2. Boundary conditions

The computational domain of CFD model is cylindri@acubic shaped in most publications, and
the boundary conditions applied to the domain igeltollowings [37]:

Velocity inlet boundary condition is applied at thaface where crosswind comes from define the
the inlet airflow velocity. The-direction component of velocity in the inlet flag/set to the
crosswind speed with a particular profile, wherbgsother components are set to 0. The ambient

air temperature Jis set to constant as described in the assumptions

Pressure inlet boundary condition defines thetaircspressure at inlet surfaces. This boundary

replaces the velocity inlet boundary when themoi€ross wind in consideration.

Pressure outlet boundary condition is definedtiergtatic pressure of air at the domain boundary
opposite to the inlet boundary. At pressure olitetndary, the air velocity ans temperature are
computed by codes while the pressure gradientrticakdirection and horizontal directions are

equal to the atomospheric pressure lapse rate aggp@ctively.

Wall boundary condition used at the tower she#,ghound and the windbreak wall is set to no-slip
with some patrticular values of roughness, corredpmnto the physical property of real case. The
velocity gradient at wall boundary is constantlywbjle the turbulence quantitiésande are

computed using the standard wall functions.

17



Chapter 2

Radiator boundary is used to represent the heaexers. The boundary is considered a lumped
face without thickness. The pressure drop throtighgroportional to the dynamic head of airflow,

namely:
AP =~k pv? (2.13)

wherev is the velocity component perpendicular to theatad surface. And the heat flux
transferred between the hot circulating water iatlgxchanger tubes and the air outside the heat

exchanger is determined as
q = h(The — Tai) (2.14)

Wherek_ andh, the pressure loss coefficient and heat transfefficient, are also the functions of
the air velocity component in normal directionky:= f(v) andh = f(v). Treand T, are hot

water temperature and the ambient air temperaReé&e(ence temperature), respectively.
3. Solver

Since the governing equations are partial diffea¢eguations that cannot be solved directly, CFD
codes use discretization to convert the contingausal differential equations and appropriate
boundary conditions into a discrete system of aigielequations. In discretization process, a finite
volume method with a segregated solver and imglifiérencing scheme are used. Pressure and
the velocity fields are calculated by mostly twgregated types of algorithms: semi-implicit
method for pressure-linked equations (SIMPLE) atbor or SIMPLE-Consistent algorithm
(SIMPLEC), and then used to solve the energy egung86]. The numerical domains are also
segregated using unstructured mesh cells, andsttaesecond order upwind spacial discretization

scheme are used to approximate the spatial derdgéit all interior grid points.

CFD studies are conducted for the effect of crasslwn both the dry and wet cooling towers as
well as on the mechanical draft towers using bathtdimensional and three-dimensional models in
the past decades.

Suet al[38] numerically studied the fluid flow and temptena distribution in a dry-cooling tower
under crosswind using the finite volume method (FVIWhe model is three-dimensional Heller-
type dry cooling tower with regular hexahedron gthpomputational domain, as shown in Figure
2.9. The Boussinesq eddy-viscosity hypothesisHentcompressible air flow, as the fluid model,

is used. Boundary conditions are also shown inreiguo.
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Figure 2.9. The cooling tower model and the boupdanditions [38]

They obtained the velocity vectors on the symmetiane and horizontal plane at the middle
elevation of the heat exchangers under cross wiadds10 m/s (Figure 2.10.). It is seen that air
flows through the windward part of heat exchangeid decreases in the leeward part. And at
inside the cooling tower base, vortices are se@;ware caused by air flows passing through both
the windward and leeward part of heat exchangdrs.air entering through the lateral part of tower
(90°-120°) nearly disappears due to the presstiiereince between both sides of heat exchanger
approaches zero because of the existence of cindstivus reduces the heat transfer significantly
at this part of heat exchangers, which also casebke in the Figure 2.11. Meanwhile at the top the
cross wind plays somehow a role of ‘wind lid’ ovlee tower, which hinders the upward air flow

through tower outlet.
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Figure 2.10. Computed natural draft dry coolingeowelocity field [38]
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Figure 2.11. The effect of the cross-wind speethertemperature of the cooling water [38]

The effect of cross-wind speed on the temperatitieeocooling water is shown in Figure 2.12. The
solid line denotes the results reported at no arioskin various power stations from literature. The
dashed lines are the numerical results obtainesiu®t al. [38].
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Figure 2.12. The influence of the cross wind spaethe water temperature at the exit of the
radiator:(1) Lazdain PS of USSR,=265 MW, (2) Ibbenbueren PS of Germay188 MW, (3)
Kakalin PS of HungaryQ =331 MW, (4) Grudfry PS of South Africa, No.G,=331 MW; (5)
Grudfry PS of South Africa, No. =331 MW; (6) Datong P® =200 MW [38].

Benderet al [10] presented a numerical study on a two-dineraifinite-volume model of the
flow over a counter-flow wet cooling tower, whossogetry shape is hexahedron. The study
predicted the flow pattern on a prototype cooliogér with the dimensions dfl.7 x 18.3 x

9.14m (height x width x length) with the tower inletiglt of 2.59m. The 2.875 m-high protective

wind wall located 1.875m in front of the coolinger.

The numerical model calculates the flow field bjvsw discrete forms of the continuity and

Navier-Stokes equations under specified boundangitions:

ou;

o (2.15)
oui _ _10p o[ oui,  (0vi 3} 2

Jox; ~ pox; | ox “axj*'“t(ax,*'a%> 35uk] (2.16)

The eddy viscosity model is calculated by:
e =Cy— (2.17)

where turbulence kinetic energyand turbulence dissipation ratare computed by the transport
equations defined by standde@ model. The discretised transport equations foh @aciable with

in each control volume are solved in velocity-pueeshased SIMPLEC algorithm.

In their study, the 2D model uses quadrilateralmesvith meshing size of 100 by 78 cells in the
whole numerical domain. The boundary conditionglertower wall are all no-slip wall

boundaries, while for the fill zone inside the towaad tower inlet which contains the louvers the
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porous media boundary is applied. The benefit ofguyporous media boundary condition is that no
special treatments are needed near the wall wétlpdinous wall model. The turbulence parameters

can self-adjust through the increased fluid stiesseated by the porous structure.

Benderet al [10] studied the flow field for some typical veltes using this numerical code of
cooling tower. The authors presented the veloagy ffor the cross wind conditiow € 9.0 m/s ar

=10 m) as well as predictions for both a solid &@é porous protective wind wall.
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Figure 2.13. Air velocity vector field around caaditower (a) without break wall; (b) with solid
break wall [10]

Figure 2.13(a) shows a vector distribution underdbsign wind condition. The imbalance between
the windward and leeward inlet flow rates is selearty. The air flow goes through the exhaust
duct at top of the tower and turns quickly by thess wind once leaving the duct. Figure 2.13(b)
demonstrates the flow vectors over the cooling tomth the existence of solid break walls. The

presence of the wall, the air velocity at the toméat in windward side decreases dramatically.

Benderet al [10] have also compared the numerical resultk thieir experimental data and found
that the main difference between the two resulis tke inlet velocity profile. The numerically
predicted intake velocity profiles much more unifothan those measured experimentally, which
may be due to the porous media model used in déimailysis. The conclusion from their research is
that the numerical prediction for the flow fieldemthe cooling tower was generally realistic, and
suggested to use more accurate turbulence modestaadardk-¢, in order to better investigate the

air flow over a cooling tower or any tall building.
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Demuren and Rodi [35] calculated the flow and terapee field of cooling towers usiréfl x
31 x 32m three-dimensional numerical model which has tletaregular numerical grid. The

governing equations for the steady-state, threeedgional turbulent flow and temperature field are:

Momentum equations:

aU; P 9 __
PUioe = ——+a—xj(—pulu]) + 9:(P = Peo) (2.18)

6xl-

Temperature equation:

aT 0 —7
pU; o, = a—xi(—pulT ) (2.19)

The local density here is considered a function of temperature asrieed in Bousinessq
approximation. The terms-pu,u; and—pu, T’ are the turbulent stresses and the heat fluxes,
respectively. The model assumes that the locad stfaurbulence is characterized by the turbulent
kinetic energy and by the rate of its dissipatieywhich are also referred to as #ie model in

Figure 2.8.

The computational domain of the numerical modelthadollowing boundaries conditions: inflow
plane, outflow plane, three wind-tunnel walls a tbp, the ground, a symmetry plane (only one
half of the flow field is calculated), the surfasall of the cooling tower, and the circular exiapé

of the tower. Particularly, the inflow plane locat&t the tower inlet with a uniform longitudinal
velocity U and the uniform temperatufe This boundary condition treats the tower inleadas
constant source of energy providing upward air flawoiding the use of heat exchanger or radiator
boundary. The benefit of this approximation is tthat effect of cross wind on the tower inlet air
flow is eliminated thus the calculation is sim@di however it sacrifices the veracity of the

numerical model.

Duvenhage and Krbger [39] numerically investigatezleffect of wind on fan performance and
recirculation in a forced draught air-cooled cogltower. A two-dimensional model, which
included a horizontal heat exchanger arrangemehtaars installed 3 meters under the heat
exchangers, has been constructed. The heat exchangiles have a frontal area of 72.12par
bundle, with the thickness of 0.72 m.

The numerical model uses a body-fitted non-orthagjonordinate system, and the mesh contains
28 x 138 x 98 cells in the x-, y- and z-directiogspectively. The model is constructed with non-

uniformly distributed mesh to obtain finer meshuard the heat exchanger and buoyant plume as
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needed. The free atmospheric boundaries are pfacaavay from the heat exchanger so that the air

flow is well developed ahead of it reaches the iogalower as well as heat exchangers.

In this numerical model the pressure drop throlnghheat exchanger is modelled as a force applied
on the air in the direction opposite to the aimld he overall pressure drop through heat
exchangers is the function of normal air flow vaip¢EQq. (2.20)), which consists of two parts: the
loss due to the finned tube bundles and the flqvassing at the leading edge of the tube fins. The
former is derived from the correlation for a sixartube bundle with round finned tubes in a
staggered tube layout proposed by Robinson-andyBi{40], while the latter follows from the
correlation reported by Moore and Torrence [41].

sinf

1 1 aV+— 1
Ap = paV*(Kpe + Kig) =5 paV? (928.837{1—(1} 0316 4 (— — 1}2) (2.20)

Whered is the angle between the approach air flow dioecéind the heat exchanger bundles.

For the overall thermal characteristic parametdrezit exchanger, it is integrated into the numerica
model by summing two parts, the air-side and thielfside heat transfer coefficient. The two
coefficients form the overall heat transfer coedint (Eq. (2.21)) which is also a function of the a
mass flow rate. The air-side heat transfer coefficis the function of the frontal velocity of the

heat exchanger bundles according to the BriggsYamdig correlation [42], while the fluid-side

heat transfer coefficienl,,, is assumed to be constant.

v0.681

U = (mmw/zz&m)-l

36.06

(2.21)

Two wind directions are taken into consideratidre tross wind and the wind that parallel to the
vertical axis of heat exchanger. The cross-windileranodel [43] showed below (applied outside
the cooling tower) is adopted:

zZ

Vew = Vewrey (G (2.22)

This equation gives the distribution of atmosphboandary Iayervcwref andz,.r are the
reference values for wind velocity and altitudgoesgively. The exponefitwas selected as 0.2 by

the author.

In their study, the PHOENICS code was used to sihlealiscretised differential governing
eguations which can be expressed in the general fbine air was considered to be incompressible

and its density was determined by the ideal gaqtayv (2.23)), while the buoyancy force of the air
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was modelled by the Boussinesq model and was etiedjin the body force term. Tke turbulent

model was similar to the one presented by Bertlat [10].

pP=r (2.23)
WhereR is the gas constant.

The temperature of inflow over the boundary is assaito be constant, which equals to the
ambient temperature. The zero gradient boundargitons are set for the variablds,, Uy, Uy, k,
¢ and the pressupeat the atmospheric boundary and wall functionsugesl to treat near solid

surfaces.

The investigation of wind influence on the heatrextger performance is to evaluate the ratio of

heat transferred with cross wind condition to th@hout cross wind:

Qw Taow—Taiw
== ="""_2 2.24
n Qo Tao_Tai ( )

whereT,, is calculated with the overall heat transfer doefht.

In Duvenhage and Kréger ’s study [39], they foulmalt twhen the cross wind velocity slightly
increases, the heat transfer increases because wetikening of plume recirculation compare to

no crosswind condition. But as the speed of crasdwicreases, the heat transfer effectiveness
decreases due to strengthening of plume reciromlalihe authors ascribed this phenomenon due to
the factor that in windless conditions plume radiation exists at both sides of the heat exchanger,
and the low speed crosswind will prevent the foramaof recirculation at one side of heat
exchanger. The temperature distribution above itha af the heat exchanger at the reference speed
of 3m/s is shown in Figure 2.15, which clearly pates that some part of hot plume is draught back

to the inlet of heat exchangers, causing degradlfitngat transfer performance.
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Figure 2.14. Temperature distribution for air flatva longitudinal section of an ACHE bank in a
longitudinal axis wind of 3.0 m/s. [39]

Al-Waked and Behnia [11, 14] numerically investeghthe effect of cross-wind on the heat transfer
performance of natural draft cooling towers witboanmercial CFD code FLUENT. With the same
method, an extended study on natural draft weticgabwer and the effect of break wall on the
improvement of thermal performance under windy dbmas has been conducted by them later. In
their studies, a three-dimensional CFD model wasl tisr natural draft cooling tower with
hyperbolic shape. The basic numerical simulatigmoreis a cylindrical tower enclosed with a

radius of 250m and a height of 260m enclosure.

Several assumptions have been adopted in ordenpdify the model and calculation. The heat
exchangers are arranged horizontally at coolingetdvase covering the entire cross-section area of
the inlet, and no A-frame arrangement is consideMdvalls are adiabatic. The simulation was

run in steady-state model. The air is essentiaihtioerefore was treated as an incompressible ideal
gas. The external body force applied in momentunservation equations included gravity and
buoyancy force. The temperature throughout the migalelomain outside cooling tower is

identical. The radiation heat transfer is negligibiith respect to the overall heat transfer.

The governing equations for the single-phase ingessgible turbulent flow used in their studies are
similar to Eqg. (2.12).

The CFD code used the finite-volume differencinigesne, the semi-implicit method for pressure-
linked equations (SIMPLE) algorithm to calculate @iressure and velocity field. The
computational domain contained 500, 000 unstrudtoresh cells associated with second order

upwind discretization scheme.

The flow and temperature field inside and outsidedooling tower without crosswind was
investigated firstly. The air going through the log tower was driven by the natural convection.

Throughout the inside cooling tower the velocity aemperature distributions are uniform.
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Figure 2.15. (a) The air flow path lines through dDDCT and (b) temperature contours under no
wind condition. [11]

The crosswind effect on the cooling performancthefNDDCT was investigated at different
crosswind velocities [11]. The cross wind effecttba cooling performance was reflected by the
change in Approach temperatuél-Ta). And the correlation between the approach tentpera
and crosswind velocity was obtained. This resuk s@mpared with the one obtained by Preez and
Kréger [12], who had done both a series of testsraumerical analysis on an isothermal scale
model of a circular natural draft dry-cooling towas shown in Figure 2.17.

—K-&
10 = Du Preez and Kroger [3]
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Figure 2.16. The change in Approach temperatudifatent cross wind speed with or without
windbreak walls [11].

Both results are in good agreement and indicatettleaincrease of cross wind speed causes the
increase of the Approach Temperature, which indg#tat the outlet water temperature of the heat
exchangersl,o, increases as the results of the increase ofrtdsswind velocity. It can be seen

from the figure that the Approach Temperature iases nearly 4°C at crosswind speed of 10m/s,

and increase about 8°C at the crosswind speednofs2@no wind break walls are used. It can be
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seen also from the figure, the windbreak wallsvanry effective on reducing the negative effect

caused by crosswind.

Figure 2.17 illustrates the ambient air temperatwmoeind the NDDCT when the crosswind velocity
is 5m/s. To compare with the case of no crossvartdgher temperature occurs on the cooling
tower windward side. As the air accelerates tarlet of cooling tower, a lower static pressure

zone below the heat exchangers occurs, causirgrttemperature to increase on windward side.
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Figure 2.17. Air temperature inside and outsideNB®CT at a crosswind velocity of 5m/s. [11]

The air flow outside the cooling tower acts simtlathe flow passing around a cylinder object. At
the lateral side of cooling tower, air flow acceakess because of circumferential motion. As the
result, the static pressure difference betweendmitnd inside of tower decreases, causing a drop
of intake air flow. The effect decreased when winelak wall was used at the peripheral of tower

base.
2.3. Summary

Cooling towers are the important devices to dungarédundant heat from thermal power plants.
Natural draft dry cooling towers (NDDCTSs) featui@water loss and no parasitic power
consumption during operation and thus are widegduth a NDDCT, heat exchanger bundles are
usually arranged either vertically around the améerence of the tower or horizontally in the inlet
cross-section of the tower. Crosswind is a chabefiog the cooling performance of NDDCTSs. In

the past decades, a variety of researches havecbadacted on the crosswind effect on the cooling
towers through field measurements, scaled mode ire$aboratory or numerical simulations.

These studies generally found that the heat durpacity of is negatively affected by the crosswind.
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Therefore, facilities that prevent the unfavourabiesswind effect are necessary in order to

improve the cooling performance of the natural tdrabling towers under windy conditions.
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Chapter 3 Analysis of NDDCTs for small renewable power plants

3.1. Introduction

The cooling system is an indispensable part ireentlal cycle of the steam turbine-based power
generation, regardless of what heat source the mpolaet uses. The heat dump capacity of a
cooling system directly affects the efficiency loé power conversion and consequently the rate of
net electricity generation. In cooling systems, ikat is removed by either evaporation of hot
water- wet cooling, or the air-cooled condenserseat exchangers where hot working fluid is
circulated in the closed loops- dry cooling. Cogltowers and/or mechanical fans are always used
to accelerate the heat dissipation. The choiceffgrent types of cooling for a given power plant

depends mainly on the environmental condition und@ch the plant is built.

The natural draft dry cooling tower (NDDCT) withetsurface heater exchangers is particularly
favourable for the geothermal power plants and eotrated solar thermal (CST) power plants
which are more likely located in arid regions, aswvater and extra energy consumed during its
operation. In this chapter the 1D mathematical rhtmecooling performance estimation of the
NNDCT is analysed first. And then the model is usedesign a NDDCT for small power plants
and predict its cooling capability under normal ditions. A case study on the conventional

NDDCT equipped with the inlet air pre-cooling féibds is conducted finally.
3.2. The analytical 1D model on the performance d(iDDCT

The working principle of a typical natural draftydrooling tower with surface heat exchangers can
be summarized as simple as “buoyancy effect”. Edut shows the distribution of air
temperatures in a typical model of NDDCTs equippét horizontal heat exchangers that cover
the whole cross-section area on top of the towse b&ix positions along with the streamline of air
flow are numbered in the same way as that in [3].
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Figure 3.1. The temperature variations in a NDDGthWworizontal heat exchangers
3.2.1 Conventional NDDCT

The air initially located between position 3 ani$ 4eated by heat exchangers. Hot air is less dense
so that it moves upward driven by the net buoydomye. Cool air underneath position 3 is sucked
in to replace it, so a continuous air flow formghe cooling tower. The air flow is approximately a
steady-state, one dimensional flow. Therefol® denotes any physical quantity in the air fl&\us

the function of only coordinatg i.e.B = B(s), where the coordinate axis is along with the

streamline, and=0is located where the air is still stagnant.

In the analysis of air dynamics and thermal proeeiin the cooling toweB particularly represents
the energyE, namely i.eE = K(s) . By choosing an arbitrary elemental fixed contalume of air

in any streamline of air flow as a closed systdra,dystem has only one entry and exit energy flux.
The Reynolds transport theorem is thus applieddhange of total energy of the systdfequals

to the entry energy flux minus the exit one. Meaitwylaccording to the first law of
thermodynamics/E equals to the total heat added inté/g minus the work done by external force

on this systenWy. The equation then can be expressed in the fortmeadifferential fort [44]:
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dE(s) _ dw, N dWQ _
dt dt dt (3.1)

f%)fgfi:t_fi§9ji + g}z(s;-p (159]

- I () + MO g+ MMt s g +

whereWg andWy are the total heat added in and the external nmézdilavork done onto the
system, respectively. The summatior v2/2 + gz in right side of the equation compridgs
whereh is the enthalpy of the aiz.is the elevation above ground, andmy,; are the mass entering
and exiting the control volume respectively. Amg = m_, = m,, wherem, is the mass of air, as
mass is always conserved. The velocity distributeatora =~ 1 for turbulence flow. The control

volume located at an arbitrasynas height and bottom areadsfanddA, respectively.
The total mechanical work consists of two parts:

W, =W, -W, (3.2)

0SS

WhereW, accounts for the work done by buoyancy force, Wiscessentially the difference of
external pressures between the entry and exitdbttee control volume. But it excludes the
pressure caused expansion/contraction work apé#nigs already included by enthalpyThusW,

done within periodit is expressed as:
dW, = P(9\s) [Adt— P(s+ds) s+ ds) [dAdt (3.3

It is followed by its differential form expresses: a

_Hs) _ P(s+dy
dW, = - d 3.4
W [p(s) p(8+ds)] m, (3.4)

WhereP andp are pressure and density, respectively.

The total “loss” workW,ss counted in Eq. (3.2) includes the negative workedby drag, friction,

expansion/contraction and redirectiordm Its differential form is expressed by:

dw,

loss

= AR

lossds

[V [HAdt = %Z K pesaPV° AL = %Z K ipssasV dm, (3.5)

Where the summatiofiK sssgsrepresents the total loss coefficient within thatoal volume. The
termsp andv are the mean density and velocity in the contotlime, respectivelydAis the cross-

section area of the control volume.

The heat transferrédl is equal to the change of the enthalpy of therobmblume system:

32



Chapter 3

d . N .
S =Q=mis+d9- i) (36)

whereQis the heat transfer rate.

Substitute Eq. (3.4) and Eq. (3.5) into Eq. (3ylglding the following equation using the dot

notation to denote the derivatives with respecine t:

g+[P(s)_P(S+ds)]_1 K g?=
m, p(s) p(s+dy

lossds'
2

(3.7)

[(s+d9 +v(s+2ds)+ gz(s+ds)] -[N(s) + V(Z) +0749)]

Eq. (3.7) is independent dA, which means this is a general expression of hieegy conservation
used for any cross-section of the air flow in a NDID The air moving along the stream path from
position 1 to 5 actually experiences three changnogesses: the isentropic process from 1 to 3, the
process with nearly unchanged absolute air pressure3 to 4, and the isentropic process again
from 4 to 5.

In first and third processes, no heat added ihécsistem. According to Eq. (3.6), the heat related
terms can be extracted from Eq. (3.7) if ignorehtat exchanged with surrounding air. Therefore,
integrate Eq. (3.7) fadsalong the coordinate axis position 1 to 3 andtmos# to 5, respectively,
yielding followings:

A ~

Q=h-h,=0 (3.8)
PV PN 1 7 2

(R + 5t 90.z) — (P, + >t 90,2;) DEZ K oss3Vis (3.8b)

and

O=h,-h =0 (3.9a)
JA% PeVs’ 1 2

(P, + > 00,2,) — (R, + > 90s7s) DEZ K ioss15PVas (3.9b)

On the other hand, in the second process heaférags from water to the air. Since the elevation

difference between position 3 and 4 is very smallz, = z,, this stage can be considered the

isobaric process. Thus Eq. (3.7) is integrated fBotm 4 and flowed by:

Q=h, —h, =mC,.(Tos ~Too) (3.10a)
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XA oV 1 2
(Ps +%) - (P4 +%) DEZ Klos$4/_7v—34 (3'10b)

By combining Egs. (3.8b), (3.9b), and (3.10b), em@xpressing all the pressure loss coefficient
Kioss1z Kiossza@nd Kossasin right sides of equations referring to the heathangers frontal areg,
one gets:

1 1 1 — =
(R-R)+ (E :01V12 - Epsvsz) +9(012 — P325) + 9(042, — PsZs) = Ez Klosshxp34V342 (3.11)

And from Egs. (3.8a), (3.9a), and (3.10a), thel to¢at transfer rate in all the processes between

position 1 and 5 can be combineds3. According to the heat transfer principle of theface

heat exchangeE) can be expressed by following equation:

(Two _TaS) ~ (TWi _Ta4) F (312)

ln[(Two_ aS)/(Twi _Ta4)] '

ZQ = macpa(Ta4 _TaS) = mWCpW(TWi _Two) = UAa

whereT,, Ty andT,, are air, inlet water and outlet water temperatoespectively. The numbers in
subscripts represent the positiodsandA, are the total heat transfer coefficient and ale sirea of
the heat exchangers, respectively, andv,;, are the mean density and velocity between position
3 and 4F+ is the temperature correction factor. The lasdtierms in Eq. (3.12) state that the heat
transferred into the air is equal to the heat ex¢éfrom the cooling water or the heat transferred
through the heat exchangers.

It has been found pressure at positid?s5n Eq. (3.11) is slightly smaller than that of grabient
air at same height far away from the cooling toagttet—position 6, resulting in Eq. (3.13) [4]

where theKy, is the loss coefficient in tower outlet:

R=FK _% Ko OsVs~ (3.13)

whereKy, is the pressure loss coefficient at tower outlet.

As position 1 is a stagnation poinf,=0. The following approximations can be mages p.,
os=p,, B-P=pd(z-2)=pg9H,, andz = z, = H,, whereHsz andHs are the tower inlet height
and tower height, respectively. Eq. (3.11) thenlmasimplified and rearranged as:

2
2 @-Ky)P:Vs (3.14)

1 - _
(Ps—p,)9(Hs —Hy) = EZ K osshP34V4 >

34



Chapter 3

Eq. (3.14) is well known as the draft equation atfunal draft dry cooling towers [45], which states
that the draft provided by the tower is balancedhgytotal pressure loss the airflow experienaes. |

practices,p,often refers to the ambient air density outsidecthaing tower at the same heigty,

though there is a tiny difference between the extand interior of the tower. The summation of
all the loss coefficienKsshxin right hand side consists of the losses dubddeat exchanger
bundles, flow contraction and expansion, tower sufpgnd shelletc and the subscriitx means
the quantity is recalculated based on heat exchndraggal area, and the heat exchanger loss

accounts for largest part of the total loss [3].

Eqg. (3.14) has a more precise version if one cemsithe fact that the actual pressure or density in
Eq. (3.11) is not linear to the elevation but igegi by:

dP, —-pg (3.15)
dz

whereP; andp, are all functions ot.
For an isentropic process of the idea gas, it has:
P,/p/=CandP, =p,RT (3.16)

wherey = ¢, /c,. The dry adiabatic lapse rate is expressed as:

T.=T —% (3.17)

Combine Egs. (3.15), (3.16), and (3.17) and intiegthe pressure at any elevatioran be
expressed by:

P, = Pl[l—%]‘”"‘”‘” (3.18)

Therefore it is obviously to get the following egpsions by applying Eq. (3.18):

_p = i 9W-D(Hs = H,) wiw

P,-R=R{1-[1 T ] } (3.19a)
_p - 9@ -DHg i

R-R=R{1-11 TURT 17"} (3.19b)

Based on this correlations, D.G Kréger [3] hadwir a more practical draft equation which has

been widely used in the design works of NDDCT:
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35 35 35
Pl[{l_ 0.0097%H, + H4)} ql_ 0.0097%2H, - H, - H4)} _[1_ o.0097545J ]

2Tal 2Ta4 Ta.’l.

(3.20)

m> 0.0097%2H, -H,-H,)]" m?
= 2 KIosshx I:El_ > : 5 :| + (1_ Kto)

205,A, 2T, 20:A

whereAy, is the frontal area of heat exchanger bundles. BgE2) and (3.14) are the fundamentals
in the designs of natural draft dry cooling towdrsese two equations are usually solved through

numerical iterations.
3.2.2 NDDCT with inlet air pre-cooling

For power plants built in arid regions, evaporatweeling of the inlet air has been proposed to cool
inlet air so as to be able to maintain the powanpperformance on even very hot days [16, 17, 46].
In this section, the precooling equations will bedrporated with the natural draft dry cooling

tower governing equations introduced in the praagdection. The existence of evaporative

cooling prior to the tower inlet will significantiseduce the air temperature underneath the heat
exchanger and may also result in lower temperatlvese the heat exchangers compared to the
application without inlet precooling. The coolirmer equations need to be examined under these
conditions to make sure that the advantages oecaalket air are not cancelled by reduced
buoyancy due to the smaller difference betweender interior and exterior temperatures.

® T - ®
a6 Ta5 @ TaG
Exit flu
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std <«
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2 [T Ha
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Figure 3.2. NDDCT with pre-cooling

Referring to Figure 3.2, if the control volume &exted in the pre-cooling region, it has
m, =m, +m, =m,. Wherem, is the mass flow rate of water vapour, and thesguipt *

indicates the quantity has changed because ofprdetooling. The energy is still conserved so that
Eq. (3.7) is still valid. By re-integrating bothdss of this equation fatsin domain (1, 5), it follows:

. *

Q =mic,.(To, ~To) — M/ (3.21a)

a~pa
. 1 > 1 . .2 . . . 1 © _x %2
(R-R)+(G oM =5 o) +9(0.2 — p:2,) + 9(P.2 ~ Pss) =§Z K ossP3aVsa (3.21b)

wherelis the latent heat of water. The pressure lossinvitie pre-cooling region is assumed to be

very small so that the total pressure drop remaéesly unchanged, i.& K, ., = > K - The
aforementioned approximations are still valid vtk p,, P - P, = p,9(z, - ) = p,gH,, and

z, =z, = H,, howeverp, = p, < p,. Substituting the updated Eq. (3.13) into Eq. 1B)%yields:

* *2
* * 1 % __* 1_ K V,
(:03 - :04)g(H5 - H3) + (:03 - ps)gHs = Ez Klossh>lo34v342 +% (3-22)

Where p, is the ambient air density which is the same ongsas in Eq. (3.14).

Eq. (3.19) is the draft equation for an NDDCT wiilet air pre-cooling. It has the same terms as Eq.

(3.14) except that an addition tegm - p;)gH,with negative value occurs on left side of the

equation. The physical meaning of this new terthas the cooled air between the pre-cooling
region and the heat exchangers causes a negatyary force to the air flow. This force
decreases the total draft of the cooling towertl@nother hand, the balance in heat transfer ih hea

exchangers is still valid, so that:

(Tw _Ta*s) _(Twi _T;4) (3.23)
IN[(Too ~Taa) /(T ~To)] '

m;cpa(ra:4 _T;S) = r‘anpw(rvvi _Tv*vo) = UA%

The densityp; in EQ. (3.22) can be calculated treating the huamicis an ideal gas,

R . R (3.24)

A TRT, R,

Eq. (3.24) applies a basic assumption in this ¢aficun that the pressure loss in the pre-cooling

region is negligible. Since the air flow betweersition 2 and 3 is in an isentropic proceks, can
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be calculated b¥a, , the dry-bulb temperature of the moist air justieg the pre-cooling region,

using the following correlation [3]:
T.,=T.,,-0.00975H, (3.25)

The cooled moist air is not necessarily saturateds, might be any value between the dry bulb
temperaturd,; and the wet-bulb temperaturg, of the ambient air, depending on the humidity of
the air. To determine tHB , another assumption is made that any propertygghamthe pre-
cooling region is an adiabatic process. FigurdlRiStrates the path of determinationT$ in the

psychrometric chart. This path is equivalent todakeulations below.

35 40 45 50
Relative humidity 3 .
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Wet-bulb 7\ 40%
temperaturd’ oo > 30% | >
E 7\ 5
‘ o
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S ///humiditygol >
A # 109
L /M0|st a|rdry-bulb><</ e ’
0 temperaturgar/( >< Ambient dry-bulb
= emperatud,

0 5 10 15 20 225 _.30 35 40 45
Dry bulb temperature (°C

Figure 3.3. The path of determinationTa$ in the psychrometric chart

The ambient air with initially relative humidityy keeps the constant dry-bulb temperaturg,at

The humidity ratige at any position can be obtained through Eq. (3.26)

y=_"R (3.26)

whereP is the total pressure of the moist air, &ds the partial pressure of water vapour and can
be defined by:

P\l = ¢ |:IP\IS|'|'P (327)
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whereP,,, the water vapour saturation pressure is the imacif only the dry-bulb temperatutg,
€. va = va(Ta) .

Here, all the variables in Egs. (3.26) and (3.27¢rrto the quantities in position 1, namglyP,1,
va]_, 01, P]_ andTal.

With a knowny, the thermodynamics wet-bulb temperaflisg of ambient air at pressuRs can

be calculated using the correlation showed in B@5) [47].

— [2501— 2326(wa - 27315)]Xswb - lDOaTa _wa) (3 28)
2501+ 186(T, —27315) - 4184(T,,, —27315)
whereysw, refers to the saturation humidity ratio at wetkbtdmperature, which is a function of
only Ty at a fixed pressure.

Assuming an adiabatic process, the wet-bulb tenyerd ., remains constant in the pre-cooling
region, although the dry-bulb temperature chanigesosition 2, after the water droplets are fully
evaporated, the relative humidity of the air floawrieases and is known @s But the humidity
ratio y», water vapour pressulg,, and dry-bulb temperatufig, in this position need to be solved.
By rearranging Eq. (3.27) and combining Egs. (3&8) (3.28) to eliminate one unknoy a set
of equations with only two unknowfis, andP,; is obtained:

ve2tla (3.29)

P, _ (31363469- 2326T,,)x.,, ~ 10061, -T,,)
P -P, 31363469+ 186T., — 4186T,,

where the first equation is directly the definitiohrelative humidityy [47]. AndP, =P, =R

The solutions of this equation set include thereei,, , thereforeT,s is obtained. Meanwhile,
using the new quantities after pre-cooling regmneplace the original ones in Eq. (3.17), one can
get:

35 35 35
ol [ 0.00975(H, +H,) 1 000975(2H, -H, -H,)| " _ | 000975,
! 2Tal 2Ta*4 Tal

(3.30)

* 2

%2 35
L Eﬁl_ 0.00975(2Hi H, HJ} -k,
20:,A; 2T, 20;A;
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Egs. (3.23) and (3.30) are the key equations tmast the cooling tower performance in presence
of inlet air pre-cooling treatment. The computatadrihe two equations follows the similar way as
that used in Egs. (3.12) and (3.14).

3.3. Tower size design for small renewable poweraoits

Mathematically, there exists a range of geometrgssior NDDCT which can achieve both the
draft-pressure loss and the thermal balances, yatmekstablishment of Egs. (3.12) and (3.14).
Therefore for a desired cooling capacity (or hegation rateQ) , one can always find a smallest
tower size, provided that the design conditiorspiscified including water inlet temperature and
ambient air temperature at a fixed Initial TempemraDifference (ITD). During the design process,
an iteration procedure is applied to calculatestinallest NDDCT size under given conditions and

theoretically predict its thermal performance. Pnecedure starts with the two balances.
3.3.1. The thermal balancing

Eq. (3.12) states that in a cooling tower operatiba total heat transferred into the cooling sir i
equal to the heat extracted from the cooling wiikerugh the heat exchangers. The overall heat
transfer coefficienh, of heat exchangers based on air side Ages a function of air side heat

transfer coefficienh, and water side coefficieiht, and tube wall conductivitl

_ 1
A (AN + A In(r, /r) I(27KL) +1/(h,) (3.31)

h,

The heat transfer rate through the heat exchangface is calculated using the logarithm mean

temperature difference LMTD, namely the terfhw ~Tas) = (M ~Tas) | with the LMTD correction
IN[(Tyo = Taa) /(T = Tau)]

factorFy which is defined as [3]:

Fr=1- § f a,1-¢ )k sin| 2 arctagjﬂ (3.32)
L= U= NE be
where g, = Twi~Two e = %V‘I‘:I:: b = ___¢hde a  are the sixteen values of the empirical

~ In[(1-¢c)/(-gn)|

constant which depends on the heat exchanger tutfgarations [3].

Twi—Ta3”’

The air side and water side heat transfer coeffisibave complex correlations with the Reynolds
number for air and water, respectively. These taticas are highly dependent on the geometric
characteristics of the heat exchangers. Theretasenot possible to size a natural draft dry aogl
tower without selecting a particular heat excharogerfiguration.
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In this chapter, a typical layout of heat excharigerdles is used for the size selection of heat
exchangers and NDDCT: cross-flow, 4-rows, 2-passesooling heat exchangers with extruded
bi-metallic finned tubes (as shown in Figure 3H)is is representative of heat exchangers used in
industrial installations but does not correspond gpecific brand. The heat exchanger bundles are
arranged horizontally in A-frame to cover aroun@o/6f the base area of cooling tower with the
rest of 25% are sealed/blocked. The details ofétected heat exchangers can be found in

reference [3] and reproduced in Tables 3.1 to 3.2.

~—t
-~

D 7
R - v P
! f
I\ N
Aluminiu _ ™ d e
ASTM A214
(@) (b)

Figure 3.4. The extruded bi-metallic finned tubkg tlae geometry parameters of finned tube (b)

Table 3.1 Finned tube specifications

parameters dimensions
Hydraulic diameter (inside) of tube d=9 mm
Outside diameter of tube d,=0.0254
Relative surface roughness: eldi=5.24 X 10-4

Thermal conductivity of tube (ASTM A214 mild steelk=50 w/mk

Full Length of finned tube L=5.0m
Effective Length of finned tube Lie=4.7m
Mean thermal contact resistance R:=4*10° m’k/w
Fin diameter di=57.2 mm

Fin root diameter di=27.6 mm
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Fin cross-section shape Isosceles trapezium
Thickness of fin (mean) tr= 0.5 mm
-Thickness of fin tip tr= 0.25 mm
-Thickness of fin root tr=0.75 mm
Fin pitch p=2.80 mm

Thermal conductivity of fin (ASTM 6063 Aluminium) k=204 w/mk

Table 3.2 Heat exchanger bundles specifications

parameters dimensions
Number of tube rows per bundle N=4
Number of bundles N, to be determined
Number of effective tubes per bundle Nip=154

-Number of actual tubes per row Nira=39
Number of water passes Nyp=2
Transversal tube pitch P=58 mm
Longitudinal tube pitch P=50.22 mm
Apex angle of A-frame 2-61.5°
Inlet contraction loss coefficient K¢=0.05

The air side and water side heat transfer coeffisiare therefore calculated by the following

empirical equations [3]:

h, =383617&Pr= (y%) 237 (%) (3.33)

_(fg /8)(Re-1000)P1| 1+ (d /1) |k

3.34
|1+127(f, /8 (Pr**"-1)|d, (3.34)

h,
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3.3.2. Pressure loss balancing

The draft equation Eqg. (3.14) establishes the é@guztween the draft pressure provided by the
tower (left hand side) and the total pressure dnemirflow experiences (right hand side). Theltota
pressure loss coefficieRiKpssnxin EQ. (3.14) in a NDDCT mainly consists of thedes caused by
tower supportsK;s), tower inlet K¢;), air contraction in front of heat exchangkg), air diffusion

after heat exchangeiK e and the main part heat exchander), namely [4]:
Z Klosshx: (Kts + Kct + Kctc + Khe + Kcte)hx (335)

where the subscripix represents that all loss coefficients are refetoetie heat exchanger frontal
area [3]. All the pressure loss coefficients irhtigand of Eq. (3.35) are calculated by the folloyvi
correlations [3, 4]:

2
= CDt?;LSji;A u [p;‘?’al“] (3.36)
Ket =| 0.072613 H3 P- 0.3463 H3 ¥ 1}’0334[ ASJZ (3.37)
2
Kete = - 2/0, + 110, ‘g’g‘[ﬁ;} (3.38)
2
Kete = (1 Ag | Ag)° a34( Aesj (3.39)

where the drag coefficient of tower suppGsts=2.0; Lisandd; are the tower support length and
diameter, respectivels is the number of tower suppost.is the contraction ratio of heat

exchanger bundlese;is the total projection area of the heat exchabgedles.

For this particular type of heat exchanger bunttiie pressure loss coefficient is a function of

normal air velocity, which is expressed as [3]:

K, =13830475/ 2Va)-0s32es0 (3.40)
u

The tower outlet pressure loss coefficigptin Egs. (3.14) and (3.20) is calculated by [3]

K, =—028Fr;" + 004Fr;* (3.41)
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whereFrp is the densimetric Froude number based on towdgtaliameter, and

2 . .
Frp = (M, / A))“ /[ pas(pas-Pas) 9ds] IS valid for 0.5< dg /dg < 0.8E.

3.3.3. Iteration strategy

In the design process, the thermal balance equBtio3.12) as well as draft equation Eq. (3.14)
must be satisfied simultaneously. Since these emsaare also coupled, the solution must follow

an iterative procedure.

Some basic assumptions are necessary for thaote@bcess. The ratio of the heat exchanger
bundles project area to the entire tower baseiar@ssumed constant, and the ratio of tower inlet
height to base diameter is also fixed. This indisdhe total heat exchanger bundles change

proportionally with the change of cooling toweresiz

The computation process consists of three levelsap’s. The outer and middle loop levels are the
determination of dimension parameters of heat exgdig and cooling tower. Theoretically the
total heat dumped is approximately proportiongh®air mass flow ratew,, whereasn, is again
proportional to the tower heights and heat exchanger ada ThereforeHs andAy, as two key
variables in outer loop, have been iterated throughll their feasible values to get all the sans

to be compared.

The key iterative variables in the inner loop dresale and water-side outlet temperatuiigg,and

Two- Based on them, the mean values of air and wabgepties are obtained, followed by the air
mass flow raten, and the three separated heat transfer rates i(BB&). By comparing the
differences of these heat transfer rates, a dec@icending the inner loop can be made. The whole

computation process is briefly illustrated in Fig&.5, upon which the computation codes are based.
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Figure 3.5. The flow chart of the iterative comiatia code.
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3.3.4. Example result

For a fixed amount of heat, decreasing the codbmger draft height requires more heat exchanger
areas, andliceversa As a result of the calculation, the negative elation between height of
cooling tower required and the total frontal aréaeat exchanger bundles is depicted in Figure 3.6
for a constant heat rejection capacity of 25 MW amal ITD values. The tower diameter here is
determined by the heat exchanger areas on thedfabis assumption that the ratio of the heat
exchanger bundles project area to the entire ttvase area is 60%. Obviously, the selection of

tower height and heat exchanger area requiresie-tofi decision in design work of NDDCTSs.

300
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2001

150

Tower height (m)

100

20

| | | | | |
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Heat exchanger front area (m2)

Figure 3.6. Correlation of the tower height reqdivs heat exchanger total area for a constant heat
rejection capacity of 25 MW
On the other hand, if fix the aspect ratio of cogliower (i.e. the ratio of tower height to the &vw
base diameter), the heat exchanger frontal aleaited to certain range for a particular tower
height. Therefore in order to dump the certain amhafi heat for a particular power generation rate,
there exists a minimum tower height required bydésign conditions. Figure 3.7 plots the
correlation of the minimum tower height with thd pewer generation capacity at two different
ITD values when the tower aspect ratio is fixed.26. Here the energy conversion efficiency of
the power plant is assumed as 15%. As seen ingheef the cooling tower height increases more
rapidly in the low power generation rate than thdtigh rate, which means that in small scale
thermal power plants, the cooling tower height \®gy sensitive parameter. The ITD also
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influences the cooling tower performance. Incregsine ITD will improve the heat dump rate
significantly. Figure 3.7 suggests that for smedlle power cycle of net power generation less than

1 MW, the cooling tower can be decreased to lems 80 m for both ITDs.
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Power conversion efficiency
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Ambient temperature = 20°C
Aspect ratio of tower = 1.25
Range=15°C

Minimum tower height {m)
P =]
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| |
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Net power generation (/W)

Figure 3.7. Minimum tower height as a functionlod het power generation rate under conditions
indicated

Small capacity geothermal power plants are moedylito use small cooling towers. As a
calculation example, for a portable 100kW renewaloleer test plant proposed by the Queensland
Geothermal Energy Centre for Excellence (QGECE) nimimum sizes of the NDDCT are shown
in Table 3.4, while the design conditions for hisposal are specified in Table 3.3.

Table 3.3 The design conditions and constraintsatidral draft dry cooling system

Design conditions/ constraints Values
Total thermal efficiency, % 15
Ambient air temperaturé, (°C) 20
Ambient air relative humidity 20 %

Air static pressure (Pa) 100,688
Water inlet temperatur®,; (°C) 40, 50
ITD Ty; — Tyi (°C) 20, 30
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Heat need to be dump (KW) 567
Aspect ratio 1.25

Ratio of heat exchanger projection area to tower<60%

base area

ApproachT,,, — T,; (°C) 10, 15

Table 3.4 Tower sizing for L00KW power plant

Parameter Case 1 Case 2
Water inlet temperature (°C) 50 40
Ambient air temperature (°C) 20 20
Heat dumped (W) 568325.11 567562.37
Smallest tower height (m) 9.5 14.6
Total frontal area (A) 55.12 128.62
Water mass flow rate (kg/s) 12 13.5
Water outlet temperature (°C) 38.66 29.93
Air mass flow rate (kg/s) 24.02 53.21
Air outlet temperature (°C) 43.47 30.56
Mean Reynolds number of air based206646.8 302703.9

on base area of tower

3.4 A case study on a conventional NDDCT with aimniet pre-cooling

In this case study, the performance of water-e\atpa inlet air pre-cooling applied in a
conventional NDDCT for the above EGS plant is asadlyand modelled. The heat exchangers are
arranged horizontally on top of the tower base, thednlet ambient air is cooled in a pre-cooling
region in periphery of the tower base through wateporation. The region is treated as a “black
box”. So no matter what methods are used to achievevater evaporation inside the box, it simply
turns the “input”"—the ambient hot air into the “put’—the cooled moist air at certain humidity.

The moist air is not necessarily saturated, butmaeer droplets are assumed either fully evaporated
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or eliminated by drift eliminators. Since the ma@stas the mixture of pure air and water vapour
generally obeys the ideal gas law, the workingqipie in the rest part of the cooling tower system

is the same as a conventional NDDCT.

A cooling tower for a 5 MW geothermal power plaastbeen proposed and is used as the study
case. A thermal conversion efficiency of 17% isuassd with a brine temperature of 250 °C, which
means about 25 MW redundant heat has to be durhpmayh air cooled heat exchangers in a
small scale hyperbolic NDDCT. The design pointswth a cooling system are shown in Table 3.5.
The selection of the ambient air temperature, hignathd static pressure is based on the statistics
of the meteorologic data [48] of a potential EG&nplconstruction site.

Table 3.5 The precooling design conditions and traimgs

Design conditions/ constraints Values
Ambient air temperatur€; (°C) 25
Ambient air relative humidity 20 %

Air static pressure (Pa) 100,688
Water inlet temperaturg,; (°C) 50

ITD T, -T,,(°C) 30

Heat need to be dump (MW) 25

Because of its relatively lower efficiency compawath coal fire power plants at the same net
capacity [2], an EGS plant generally requires tajganore heat for its cooling system and
therefore more heat exchanger area and a largéngaower are normally required to handle the
cooling load. Optimising the selection of toweresand heat exchanger area is one of the goals in
the design work. In this case study, the same ligad exchanger bundles with the geometric
parameters listed in [3] was selected for the lemperature geothermal power generation. The
correlations of air side heat transfer coefficientvith air flow mass raten, are given in Eg. (3.33)
and pressure drop coefficigfiy is calculated by Eq. (3.40) [4]. The parametersea#t exchangers
are therefore fixed except the total heat exchaagga and the length of each bundle which depend
on the dimension of tower base. Furthermore, timstcaint conditions, as shown in Table 3.5, have

been set to simplify the calculations.
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The resultant minimum size of cooling tower basedhe design points and the constraints is listed

in Table 3.6.

Table 3.6 The construction parameters for the minmsize of the cooling tower

Parameters Value

Tower height 38.0m

Tower base diameter 33.0m
Tower outlet diameter 26.0m
Tower inlet height 50m

Length of finned tube 12.0m
Numbers of tubes per bundle 124
Numbers of bundles 61

Total air side area 136, 288.f m
Percentage of tower base area covered by heat 78.68%

exchanger bundles

With above heat exchanger bundle and cooling taliveensions, the 25MW heat cooling capacity

can be achieved under the design environmentalittemsl The result at design point is shown in

the first column of Table 3.7 below.

Table 3.7 The comparison of the cooling performanadfferent cases

Under design Pure dry cooling With pre-

variables condition in hot period cooling in hot
(25 °C) (37 °C) period (37 °C)

Taz (°C) 25 37 37

Tag* (°C) N/A N/A 22.58

Relative humidity of inlet air 20% 20% 20%

Relative humidity after pre-cooling N/A N/A 80%

ma (kg/s) 1288.48 904.43 838.44
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Air flow velocity based on the

minimum cross-section area of tower1.33 0.96 0.87

(m/s)

Taa (O T 4)(°C) 44.41 48.19 46.44

Tuwo (OF T wo)(°C) 39.92 45.91 41.85

Q(or Q) in air side (KW) 25,257.62 10,240.88 20,434.76
Ei(\(;\;)Q ) through heat exchangers 25,256.09 10,239.78 20,434.68
Draft provided by cooling tower (Pa) 22.66 12.38 .640

Total pressure loss of air flow (Pa) 22.78 12.49 0.52

When the ambient air temperature varies, the @ ind heat transfer rates vary accordingly. The
results calculated for an ambient temperature §iCG3@re presented in the second column of Table
3.7. As predicted, the heat transfer rate of thiog systenQ drops by 41% compared with the
design point. The heat is removed at such lowlratause the ITD is much smaller in 37 °C case
compared to that in 25 °C case. Meanwhile less &uoyforce is produced by the hot air, so that

the draft of the cooling tower drops, leading te significant decrease in the air flow rate.

The situation is different if inlet pre-coolingaslded. The third column in Table 3.7 shows one
scenario where the relative humidity of the inlietsincreased to 80% by evaporating water in the
entry region. It is found that the draft and themaass flow rate are even less, because of the
negative buoyancy force in Eq. (3.22). Howeverhwitmuch lower inlet temperaturg{ ), the

ITD is much larger and the heat transfer ratensoat doubled. Although it is still not as high be t
design-point value, the off-design cooling perfonoeof the entire cooling tower in hot

environment is significantly improved compared witle case without pre-cooling.

Cases with different ambient air temperatures utitesame design condition for with and without
inlet pre-cooling have been calculated. To complageesults, two new parameters are introduced

as the relative performangeand the benefit of pre-cooling

X

n= (3.42)

X

design
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X :
— pre—cooling
— ___precooling 3.43
B X (3.43)

nopre-cooling |14

In EqQ. (3.42), the quantit{ without a subscript can be either the off-desmaltheat transfer rate
Q (or Q), or the off-design air mass flow rate (orm, ), and they is then denoted a® Or 1ma
accordingly, whileXgesigniS the quantity at design point. Eq. (3.43) dedittee performance ratio
between the cooling system with inlet air pre-ao@l{Xyre-cooling @and without pre-cooling¥uopre-
cooling at the same ambient temperature. HereXthesooingrepresents eith&® or m, , while Xpre-

cooling CaN beQ or m,, corresponding tBg andfma respectively.

Figure 3.8 shows how the relative performamgé€solid lines) and the benefit of pre-coolifig
(dashed lines) vary with the ambient dry-bulb terapee under different target relative humidity
(RH) of the moist air after pre-cooling. The atilosric static pressure is not varied. Figure 3.9
illustrates the same points for the air flow rageplotting the changes ifna andfma under the same

conditions as in Figure 3.8.
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Figure 3.8. The relative heat transfer rggeand the benefit of that in pre-coolifig as the
functions of ambient dry-bulb temperatures
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Figure 3.9. The relative air mass flow ratg and the benefit of that in pre-coolifig, as the
functions of ambient dry-bulb temperatures

It is clear that NDDCT with the inlet air pre-caudj always has an enhanced heat rejection ability
compared to a conventional dry cooling tower atsddwme ambient dry-bulb temperature and
humidity, despite the air mass flow rate decreables.higher the ambient temperature, the more is
the benefit from the added pre-cooling system. Aigker the relative humidity, achieved by
evaporation, the better is the cooling performasfdbe cooling tower. As more heat of the inlet

dry air is absorbed by the evaporation, a largér dr the heat exchangers can be achieved.

3.4. Summary

Natural draft dry cooling tower is a device workipgsed on the stack effect: the air entering the
tower is heated by the heat exchangers causirgitilensity difference between the inside and
outside. Less dense air is lifted by the buoyancge while denser, cool ambient air is drawn in
through the tower inlet, which causes continuoufi@v passing through the heat exchanger. The
airflow is stabilized when two balances are sasin the tower: the aerodynamic balance and the
energy balance. The former states that the buoyncg caused by the air density difference is

equal to all the resistance forces when the awdlthrough the tower. The latter means that heat
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transferred into the air is equal to the heat ex¢iédfrom the cooling water through the heat

exchanger surface.

A 1D mathematical model for the NDDCT performancediction has been introduced based on
the aerodynamics and energy balance principle.tAaanodel has then been used to determine the
minimum size of NDDCTs for small-scale geothermalpr plants. The advantage of inlet pre-
cooling has been investigated. As a calculatiomgpte, for a 100kW low-temperature renewable
power test plant proposed by the Queensland Geothétnergy Centre for Excellence (QGECE),
the minimum NDDCT can be as high as around 15 rh thi¢ diameter of 12 m when the ITD is
assumed as 30 °C, based on a heat exchanger |laytbdtorizontally-arranged 4-rows, 2-passes,
air-cooling heat exchangers. This configuration Mdae able to dump around 567 KW heat.
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Chapter 4 Numerical study of crosswind influence on the smalNDDCT

performance

4.1. Introduction

Geothermal and solar thermal power plants in Aliateae more likely located in arid remote inner
lands. Although natural draft dry cooling towerdBICTs) are more expensive to build compared
with other types of cooling towers, they featurewader loss and no parasitic power consumption
during operation. In long perspective, NDDCTs amrereconomic and perhaps the only alternative
in these areas. In a natural draft dry cooling towe fans are required. The flow of air througé th
bundles of heat exchangers is by means of buoyeifegts. Buoyancy occurs due to a difference in
air density between the inside and outside ofdlet resulting from the temperature difference.
The greater the temperature difference and thénhefghe tower structure, the greater the
buoyancy force. In natural draft cooling tower desiboth the aerodynamic balance and

thermodynamic balance should be satisfied at theegame which can be expressed as follows|[3]:

IAS
AP:(pao_pai)g(H _Hhx) :(ZKresist) 2 (41)
Q = macpa(Tao _Tai) = rT‘l\/\/cpw(-l-wi _Two) = hJAFTATIm (42)

The first equation means the total pressure dr@p w&rious components of the tower must be
balanced by the buoyancy force. The Eq. (4.2stttat the heat transferred into the air is etual
the heat extracted from the cooling liquid (waseml this heat is transferred through the heat

exchangers.

The above equations for NDDCT design and selectmnot include the crosswind effects. The
negative effect of the crosswind is common and skeeimg operations of both wet and dry cooling
towers in power plants. Early studies on the crasdwfluence on natural draft cooling towers
were focused on either experimental methods suélilascale tower measurements [33] or
laboratory tests [8, 9, 34]. However, numericallgsia (CFD) became the preferred method since
the last decade [11, 49].

Both the experimental and the numerical studigherpast have discovered that crosswind has a
negative influence on the NDDCT cooling performanEer instance, a study showed that the heat
transfer rate decreased by more than 30% at crodswelocities above 10m/s [11]. Wind break
walls, by using either experimental [50] or numatimethod [37, 51], were found to improve the

thermal performance of natural draft cooling towansler windy conditions. However, all the
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studies above focused on either Heller-type orasercondenser-type indirect large natural draft

cooling towers with heights above 100m.

The Queensland Geothermal Energy Centre of Exadl@QGECE) has been developing small
natural draft cooling towers (NDDCT) with the hetiggss than 30 m for geothermal and solar
thermal power plants [52]. No previous study hasnbeported on such scale natural draft cooling
towers. It is expected that crosswind will havengigant negative effect on the performance of
small NDDCTs as the draft force in them is muchdothan large ones. In this chapter, CFD
modelling will be carried out first to numericallyvestigate the heat transfer performance of a
15m-high small NDDCT under different crosswind gpgeel he mechanisms of wind effects will be
analysed in detail. Then a simple correlation aflicg tower heat transfer with the crosswind speed

is proposed based on the CFD results.
4.2. CFD Modelling methodology
4.2.1. Governing equations and solvers

Unlike the analytical method used in Chapter 3, axcal (CFD) method describes the heat transfer
and airflow dynamics in the cooling tower usingea af governing equations of the material-the air.
Since the air velocity in this study is far belov@ ®ach, the incompressible air model with
constant density is assumed. A buoyancy genertimgis introduced in vertical component of the
momentum equation using the Boussinesq’s approiomé&b reflect the buoyancy effect caused by
the density difference. The model is simulateddilyisg a series of conservation equations of

physical quantities, whose general term is exprease
div(,ovqo) = div(ngradqa)+ S, (4.3)
The expressions ¢f, I" ,and S, for the above equation are shown in Table 4.1.

Table 4.1 Summary of governing equations

Equation ¢ r, Sy

continuity 1 0 0
oP 0

X momentum U J7A -—+0 Eﬁ,ue—wj+ F,
0x 0x
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oP 0
y momentum  V He ~—+00u— 0 |- BT -T,)g+F,
ay ay
oP 0
zmomentum W 4, -—+0 Eﬁﬂe W) +F,
0z 0z
Ke 1(09A ||j
energy T - —(—e
CD Cp VceII
H
k k H+— G +Gy,—pe
Oy
o , u+tt Cse—pc, & +C,C,.G, 5
0-5 1 2 \/E 3e kb k
Where
Iﬂ(2 Cpﬂt

/Uezlu"'/ut’,ut:pc,u?' Ke:K+Kt’ Kt= Pr
t

Gk::utsz kb ﬁgﬂ— B=

Pr. dy
sK
C, =may 043 kf , C, =144, C,, =tanhi//U), C, =192, g, =10, 0, = 144,
S_+5

Pr = 074, Pr, = 085, T, = 29315

" the realizabld-¢ turbulence model is used in this modelling.

The source terms,, Fy, F; in each momentum equation refer to porous mediatesce defined as

Eq. (4.7), while—=! e e—=Lin energy source represents heat transfer of lkehtiagers witly calculated

cell

by Eq. (4.6).

The implicit partial differential governing equat®are discretised with the second order of upwind
discretization scheme and are decoupled usingyresssed segregated algorithms: SIMPLE [53].
The convergence criterion is that the scaled redsdior all variables (except energy) drop to the
order of 10° and the monitored variables remain stable wheatitey. The calculation process is

iterated for more than 15,000 steps and converggalts can be obtained.
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4.2.2. Model geometry

The first stage of the study was a theoreticalymisto find the possible smallest size of NDDCT
for a particular small renewable power generatateargiven conditions using a one-dimensional
(1D) mathematical model based on Eq. (4.1) and48) [54]. The geometry of tower is assumed
to have cylinder rather than hyperbolic shape. @hyperbolic shape provides better structure
strength for reinforced concrete towers and hahti lower air flow resistance, it increases the
building costs especially if the tower is built lviteel structure as appropriate for small towers i
remote areas. Cylindrical shapes have been widslg in steel structure natural draft cooling
towers of power plants. A steel tower offers marermmic for remote area installations since the
air flow resistance caused by the shape is insggmt comparing the building cost involved.
According to the above two equations Eq. (4.1) Bgd(4.2), the wall profile has insignificant
influence on the heat transfer and the air pressume inside the tower. The contracting and
diffusing the air flow area can cause a differeincthne pressure loss but this change is negligible
compared to the total resistance, the largestgbavhich comes from heat exchangers. The heat
transfer and flow characteristics of the heat ergkes are based on the empirical correlations
developed for 4-rows finned tube heat exchangedlesrdescribed in Section 3.3. the air-side heat
transfer correlation and pressure drop correlateambe expressed by Eq. (4.4) [55] and Eq. (4.5)

[56], respectively.

h, = 038RE®Pr (A / A)™™°K /d, (4.4)
-0927 0515
Kresist = 18'93‘]r RQOSIG(&j (&j (45)
dr pd

It was found that an NDDCT with an internal horitarheat exchanger placement could be as
small as 15m in height and 12m in base diametea fdant with net power generation of 100 kW

under the proposed design conditions in Table 4.2.

Table 4.2 Proposed design conditions

Design point Value
Tower aspect ratio 1.25
Total thermal efficiency, % 15
Water inlet temperature, °C 40
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Ambient air dry bulb temperature, °C 20
Water mass flow rate, kg/s 16
Heat exchanger tube diameter, mm 21
Tube length, m 8

Fin diameter, mm 51
Transversal tube pitch, mm 60.6

Total heat exchanger frontal are&, m 73.7
Heat exchanger tubes 3 rows, 3 passes

Bundle arrangement Horizontal inside the tower

" defined as the ratio of total height to base diame

At the design point as defined in Table 4.1, thatlexchangers can reject around 578 kW heat at no
crosswind condition. However, with crosswind, tleatrejected by the heat exchangers will be
different. CFD models of the NDDCT of Table 4.1 &deen built in the commercial CFD software
ANSYS FLUENT to study its heat rejection performarat different crosswind speeds, with and

without a windbreak.

The geometry of tower in the CFD model, includiagiér support, is a cylinder with the size given
in Figure 4.1. The cylinder shape selected to ceflee practicality of steel construction of small
towers. The computational domain (to simulate dgtsimbient air) is also of cylindrical shape with
90m in height and 72m in radius. Past CFD studiesvghat the distances from tower to domain
boundaries affect the numerical results to a aegatent [57]. So this CFD model uses 12 times the
tower diameter for the domain diameter and 6 tithedower height for the domain height.
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4.2.3. Boundary conditions and initial conditions

As shown in Figure 4.1, the wall boundaries areasedlip walls because the boundary layers are
sufficiently thin so cannot influence flow sepaoats at tower inlet and outlet [58]. The velocity
inlet boundary is defined at the windward sideh&f dlomain. The velocity profile is applied in this
boundary defined by Eq. (4.6), whexés recommended as 0.2 [59].

Vow | Y (4.6)
Vref yref
The pressure outlet boundary condition is applelééward side as well as on the top of domain.

The temperatures on both the inlet and outlet baresl are set equal to the ambient temperature,

i.e. the air inlet temperature of heat exchanger.

Several ways of modelling heat exchangers in CRDbeafound in open literature. The radiator
model in FLUENT was used in this study to represeatheat exchanger bundles as a lumped face
without thickness, whose heat transfer rate isutaled by Eq. (4.7) [53].

q="h(T, -Ty) (4.7)

where the heat transfer coefficiehfjs a function of the heat exchanger charactenstrameters
and the air inlet velocity,; , normal to radiatofT, is the radiator temperature ang is the air

temperature downstream of the radiator [59].
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For air flow pressure drop, the radiator model siamulate resistance to air flow in the direction
normal to radiator face. However, it does not pdewviesistance in other two directions, i.e. velocit
components parallel to radiator face. This will saoverestimation of the possibility of vertices
occurring near the radiator, since real struct@ifindube heat exchanger bundles can prevent
horizontal air flow, allowing air flow through heakchanger only vertically. Therefore a porous
media model is added to represent the pressurevitss the heat exchanger, leaving the radiator
model to represent heat transfer only. Porous nradidel offers an ideal approximation for
modelling the heat exchangers in this context whtegenternal structure detail is not of concern
but a distributed resistance is important. A ponmgsiia zone introduces an additional source term
in momentum equation of eachaxis [53]:

F = -(&vi wcl ,ovfj (4.8)
a 2

Wherea andC are determined by the friction factor of heat exalers in the 1D model.

By this modelling strategy, the vertical air flo@rcbe guaranteed by setting the resistances in othe

two directions much larger than that in verticakedtion § axis).

The tower support is set to the porous jump boundaich is simplified as a cylinder face with
same pressure resistance coefficients correspomalithgse of supporting pillars in real towers.

4.2.4. Meshing and convergence improvement

The whole computational domain is discretised bycstired prism meshes. The cells in high-
gradient regions such as near the walls and theeixehangers were refined through the inflation
method so that the minimum thickness of cell laygopped to 5 cm with the aspect ratio in 4-6 in
these areas. An average cell size of 12 cm wasioset the cooling tower while the cells in outer

space grew from 0.12 m to 0.8 m.

Grid-independence has been tested by analysingotoeosswind cases at different mesh sizes.

When the cell quantity is over 3 million, the congel variables monitored change by less than 0.5%
compared with results in mathematics model. Finadieh uses about 3,750,000 structured prism

cells. The thickness of first cell layer near towells is 0.08 m while the maximum cell size inside
the tower is 0.15m. And a finer mesh is used inrfggons of heat exchanger and tower outlet: cell
size is less than 0.1m. Figure 4.2 shows the firegh used in the CFD model. The final mesh size
allowed capturing most features of eddies at tiersgth scales that the two-equation RANS model

could resolve in this study.
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L

Figure 4.2. Structured meshes in tower body andrgfo
4.3 Validations of the CFD model

The simulation outcomes under the normal conditvéhout the windbreak walls are compared
with the results obtained by using the analyticBIDCT design methods and this is a preliminary
validation of the CFD model. There is no reseam@ta @n such a small-size NDDCT to be
compared with in open publications. All reportedadafer to larger cooling towers serving
relatively large thermal power plants. Howeverotir more supports for the validity of above
CFD modelling methodology, i.e. settings of bouydaonditions, turbulence model, solvetg, a
120m-high 3D NDDCT model has been specially busihg the exactly same aforementioned
methodology for the validation purpose. The prestidieat dumping capacity of this big cooling
tower is around 327 MW [3]. The comparison is domthe form of approach temperature as
shown in Figure 4.3, which compares the approaitérdnce with those obtained in the previous
studies on three large natural draft dry coolingdosizes.
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Figure 4.3. The effect of crosswind on the apprdditference of four large NDDCTs: (1) 125m
high, 200MW heat dumping [38]; (2) 129m high, 285MW&at dumping [11]; (3) 120m high 3D
NDDCT model (built for model validation only); (465m high, 650MW heat dumping [33].

The curves 1 and 2 in Figure 4.3 are numerical sitimn results reported in the literature for large
cooling towers and the curve 4 is generated basdild measurements on a real NDDCT. The
numerical results generated in this study are gdioéis the curve 3. Curve 1 presents a slightly
different trend in these three curves as the cgdbmver has a vertical heat exchanger arrangement
[38]. It is noticed that the result of current largpoling tower model (curve 3) is closer to curtes
and 2 than curve 4. This is because all the coabngrs have different heat dump rates and the
wind effect tends to be increasingly less importahg with the increase of heat dumping rates of
the cooling tower [33]. Despite of this, all fodugy results show a same change trend of the

cooling performance, which implies that current lbdg methods are consistent.
4.4 The crosswind effects on the cooling performaecf the small NDDCT

The comparison of the large tower CFD model reaadsnst modelled and measured data in the
literature confirms that the methodology of theser# project is accurate. The results for a small
cooling tower for a small renewable thermal powlanpare generated using the same methodology.
The small tower cooling performance was first simed under no-wind conditions. The three
dimensional streamlines and the temperature costiuhe central vertical cross section of the
NDDCT are shown in Figure. 4.4. Both temperature alocity distributions displays an
axisymmetric pattern, which indicates the heatdfanis uniform throughout the whole heat

exchanger area. The 3D CFD results are then comhpagaanst the 1D analytical ones with ITD of
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20°C (Table 4.3), and the relative error in heat fs about 3.02%. This comparison is useful to

verify the internal consistency of our modellingpamach.

Table 4.3 The comparison between the calculatisalt®of 3D model and 1D model

Parameters 3D model 1D model
Mean air outlet temperature (°C) 30.1 30.6
Mean air velocity inside tower (m/s) 0.38 0.35
heat flux of heat exchanger (W/m 8997 8732

Velocity
Streamline 3

. 10.00

r 8.75

r 7.50

r 6.25

r 5.00 T T

3. 4

I 725
0.00

[m s~-1]
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Figure 4.4. The 3D streamlines (a) and temperatoméours at the central vertical cross section (b)
of the NDDCT

This 1D-verified CFD model is then used for modwgjlat various crosswinds, which is not possible
to do using the 1D model. The crosswind speed \adasd from zero (no wind) to maximum of 18

m/s at the reference elevation of 10m as defindegin(4.5).

With horizontally-blowing wind, the airflow insidtae cooling tower is not only driven by the
buoyancy force created by the difference of airsitgrbetween inside and outside of the tower, but
also influenced by the outside crosswind. FiguBesthows the airflow 3D streamlines inside the
tower as well as at the bottom of the cooling towbile Figure 4.6 is the air temperature contours
at the central vertical cross section of the toaterarious crosswind speeds. At low wind speeds
such as 0.5m/s, the air flow inside the tower &rnmiform, and the ambient air enters into the
tower bottom only through the windward side. As $peed of crosswind increases, two vertices
form due to the different mechanisms applying iohei@gion and penetration or downwash [60] of

hot air in the downstream of the tower outlet isatved.
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Figure 4.5. 3D streamlines inside and under codbmger when crosswind speed is (a) Om/s, (b)
0.5m/s, (c) 2m/s, (d) 4m/s, (e) 6m/s and (f) 8m/s.
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Figure 4.6. The temperature contour at the midiapewhen wind speed is (a) Om/s, (b) 0.5m/s,
(c) 2m/s, (d) 4m/s, (e) 6m/s and (f) 8m/s.

The upper vortex is caused by the crosswind formaihggh speed zone acting like a lid above the
tower outlet to resist the air inside the towewfilng. Therefore, the hot air exiting from the tower

flows at a much slower speed (around 0.4 m/s) andat break through the “wind lid”. In fact, the
upward-flowing hot air is quickly cooled near tlosver exit by the cross wind and some of the air
sinks back into the cooling tower (Figure 4.7).sTphenomenon is referred to in the literature as
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the cold inflow in large industrial towers , whichn be usually assessed with the value of the
Froude number [32]. The result is the reductiothefeffective draft height of the cooling tower.
While at the tower bottom, hot air inside the towethe windward side is sucked down because of
the negative pressure underneath the heat exclsareyesed by the crosswind speed. Figure 4.8
shows this negative pressure getting lower andi@leng with the increasing of crosswind speed.
This air re-enters into the heat exchanger buratléseward side, forming another hot air

circulation. The lower vortex largely decreasesgd@if/e transfer area of heat exchanger bundles and

makes heat transfer in this region rather commatat
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Figure 4.7. Velocity vectors at mid-xy plane wheasswind speed = 6m/s.
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Figure 4.8. Pressure contours at the heat exchamgeface when crosswind speed is (a) 2m/s, (b)
4m/s, (c) 6m/s, and (d) 8m/s showing the negatresgure zone.

Although the emergence of these two air verticegletower is attributed to different mechanisms,
the suction effect under the heat exchangers isuvasl to play a dominant role. This has been
proven by a complementary case study where thewrod effects on the tower exit and tower
inlet are examined separately. In this case stilgyspace outside the tower is divided into two
parts by virtual horizontal faces. And in each detion, crosswind flow is applied in either upper
or lower part of computational domain to study tleffect separately. The velocity vectors at the
cross section of the central plan (Figure 4.9ajstiat in the case when crosswind is applied on
the tower outlet (upper part) only, the inside toa# flow field does not change much compared
with no-crosswind case. However, when the crosswaragplied only at the tower inlet (lower part),
air flow reverses its direction (Figure 4.9b), fbe zone below the heat exchangers now has lower

pressure.
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Figure 4.9. Velocity vectors at midrplane for case study with the virtural separafaggs at the
levels of (a) heat exchanger and (b) tower exit.

To quantitatively assess the effect of the crosdweimthe NDDCT cooling performance, the air
mass flow raten, and total heat transferr€at the radiator are computed. Here air mass faie r
my accounts for the net flow across the radiator,fadech is extracted from the numerical results
as the net difference between the upward and dovehmass flow, the latter representing the

inverse air flow at the heat exchangers.

Figure 4.10 plots they, andQ against the crosswind speeg. The mass flow ratey, decreases
first along with rising crosswind speed and remaiearly constant after 10 m/s. The variation of
the heat dump rate with crosswind is more intemgstin this small tower, the crosswind does not
always exert a negative effect on the cooling topegformance in terms of total heat transfer rate
at the radiatoR. Q reaches its lowest point at a crosswind speechdrbun/s and then increases

with increasing crosswind speed.

Figure 4.11 compares the variation of the heat ftlefined a%) /A, whereA is the area of radiator)
at the radiator surface at different crosswind dpelt can be seen that there are more low heat
transfer areas covering the surface at wind speledisn/s and 5 m/s, as predicted by the curve in
Figure 4.10.

70



Chapter 4

700 60

=e=ma

N
o
o
T
N
o

Heat transfer rate (
8
o
w
o
Mass flow rate (kg/s)

N
o
o
(
N
o

=
o
o
T
[N
o

0 ||||||||||||||||||O
0 1 2 3 45 6 7 8 9 10 11 12 13 14 15 16 17 18

Crosswind velocity (m/s)

Figure 4.10. The performances,( Q) of the NDDCT under different crosswinds speeds

The trend of the NDDCT cooling rate is better ustiesd by separately examining the two cooling
components: the heat taken away by the air upldrafing through the tower outlet at the top, and
the heat carried away by the air that leaves thrdhg bottom part of the. The total heat taken away
from the heat exchangers (radiat®)is equal to the sum of these two components. Whene is

no crosswind, the second component is zero arfekatlis dissipated through tower top.

The turn-around of) shown in Figure 4.10 indicates that under highedpe 5m/s) crosswind
conditions, the second component, i.e. the heasfearate through the tower bottom, becomes
influential in the overall heat transfer rate. Thieenomenon is seldom seen in large NDDCT
installations since a tall tower provides a reklfarge draft force for hot air and normal
crosswind speeds are not high enough to causesm¥lerv at heat exchangers against this
relatively large updraft. This effect is furthermpdored in the next section.

It is seen from Figure 4.10 that with the existeoterosswind at certain speed levels, the total
transferred hedD could decrease by 37% compared with no-crosswindition, which leads to a
significant drop in net power generation at certaimss wind speeds. At some high speed levels, the
total heat rejecte@ have been increased. It is very hard to designadl €ooling tower under
unpredictable crosswind without some controllabans to be introduced.
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Figure 4.11. Heat flux contours at the radiatofaste when no crosswind (a) and when crosswind
speed is 0.5 m/s (b), 2m/s (c), 4m/s (d), Sm/s@)s (f), 8m/s (g), and 10m/s (h).

The CFD results imply that the crosswind has themt@l for improving the heat rejection if its
flow direction is controlled. Some sorts of barsiean be deployed inside or near cooling tower
base to prevent the negative crosswind effect gwamd. When there is no crosswind, the cooling
air enters into the tower freely without any obstion from the walls. If crosswind exists, the

barriers stop the crosswind flowing across thedwmoftchange the direction of the crosswind, and
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force it flow through heat exchanger. Since mordlaivs through the heat exchanger, it improves

the performance of the tower. This idea will becdssed in next chapter in detail.
4.5 A simple heat transfer model

This interesting turn-around trend of the totaltitesnsfer rate was only explained qualitatively in
Section 4.4 through the way that heat dissipatiethods. Further analysis has been made and a

simple mathematical model can be proposed.
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Figure 4.12. The dimensionless heat transfer mafaractions of crosswind velocity ratio NDDCTs
of different sizes

The results plotted in Figure 4.12 are firstly niomehsionalized using the corresponding quantities
in pure natural convection case without the crosdwin other words, the dimensionless heat
transfer rate is defined a3/Qy , and the dimensionless mass flow ratejgm,y, whereQy and

myn represent the heat transfer rate and air massréiewvithout the crosswind affecting,
respectively. The crosswind speed is nondimensetby the pure natural convection air speed
Van, 1.€.V., /Van, Which is of the physical meaning that the heagfer in cooling tower is due to a

common effort of these two airflows. It is therefdrue that:
Q _ f(lew
= fC™) (4.9)

The dimensionless heat transfer rates as predistéd). (4.9) are plotted in Figure 4.12 for four

small tower sizes: the 15-m tall tower as in thevpus sections, a 1.2 m-high, a 7.5 m-high, and a
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25 m-high cooling tower models. All these curves alotained from the results of 3D CFD models.
These tower models are built using the same modetiiethod as mentioned above, i.e. boundary
conditions, solver, turbulence model, mesh, etd #ey are all geometrically proportional to
others while they have different tower heightsyuisers and other dimensions. The aspect ratio

(ratio of height to diameter) for all three toweodels is 1.25.

The heat exchangers on these CFD cooling tower Iméaliow the same thermal and aerodynamic
characteristics rather than being scaled at theng& ratio, which means the Rayleigh number
and Reynolds number are not the same for themhé&thaw conditions in these models do not
satisfy the full similarity conditions. But similmnctional relation of Eq. (4.9) for the threests|
expected. In fact, in Figure 4.12, all curves slaosame turn-around trend although their slopes are

different.

As explained above, with the presence of crosswilmelheat from water side is taken away by not
only the upward air stream through the tower odtigtalso the horizontal airflow through the

tower inlet. The latter enhances significantlylaswind speed increases resulting in a rise of the
total heat transfer rate. In fact, the two waybedt transfer between heat exchanger surface and ai
correspond to the natural convection in upwardatioe and the forced convection horizontally on
the lower heat exchanger surface, respectivelyheab transfer in the cooling tower under
crosswind is a combined convection problen®Qf:..ras andQsorceg denote the heat transfer rates due
to pure natural convection and pure forced conaaatespectively, anNunatura aNANUorceq are

their respective heat transfer coefficients, thaloimed heat transfer rate of the cooling tower is a
sum of both, namelyQ = Qnaturar + Qrorcea- FOr the combined heat transfer coefficient, there

an empirical correlation of the form as [61]

1/n

Nu = (Nu;llatural + Nu}lorced) (4-10)

whereNuis the combined overall heat transfer coefficathe entire cooling tower under
crosswind conditions. Exponenis a constant and is suggested to be 3 or 4 Md}wura and

Nuorceg are all based on the tube diameter of the hedtamgers.

The natural convection heat transfer coefficlttara IS positive-related to the buoyancy-induced
upward airflow rate. In windless condition, the mearflow rate maintains at a constant valug,
which only depends on the density difference aradieg tower draft height. The heat exchangers

used in NDDCTs are essentially the cross-flow todseks, for which numerous empirical
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correlations have been proposed between the oVveailtransfer coefficient and the airflow speed.

Their general term [3] is similar to:
Nuy = a;RelPr¢ = a,vk, Pre (4.11)

where the subscripi stands for normal case or no-wind case whichrigicgy a pure natural
convection casdRe is based on the diameter of the finned tube ohtta exchangersand the air
velocity at the minimum free flow area3]. Pr is Prandtl number of air. The exponebtsndc
generally vary slightly case to case around 0.61d8drespectively fot03 < Re, < 2 x 10° [3,
61]. Obviouslyv is always proportional ta,\, therefore by rearrangirige, one can obtain

Reb = a;vk, whereaz is merged int@, resulting ina, in Eq. (4.11).

When the crosswind exists, the vertical hot airfipets deflected when just leaving the tower exit,
resulting in the reduction af. In an earlier study, Hooman [62] has defined fleedBon angle
between the normal airflow direction and the acielined flow direction at the tower outlet, and
concluded the heat transfer coefficients ratio leetwcrosswind case and no wind c888 a1/

Nuy can be roughly expressed using wind velocity ratjg/v,y as:

Nunatural 1
Nuy V1+@ew/van)? (412)

On the other hand, the forced convection heat fieagppens mainly when the airflow caused by
the crosswind passing parallel to the heat exchrdmgwadles. If one assumes the bundle to be a hot
square plane, the convective heat transfer coeffi@ver the plane is approximately in the term of
[63]:

Nusoreeqa = ayRe2EPTY/3 4.13
f

whereRg, is based on the distangeérom the leading edge of the bundle and the parftced
airflow which is the function of the crosswind sdeg,. Herex is relevant to the length or width of
a heat exchanger bundle. Similar to Eq. (4.12),camedefine a ratio of the forced convection heat
transfer coefficient to the heat transfer coeffitim normal cas&luwy. This ratio has a similar

functional relation withv,,, /vy, i.€.:

Nuforcea _ a4Red®Prl/3

— qg(laryos (4.14)

Nuy avdepri/3 Van

where coefficients is a function of the many parameters includingRleeand/or Grashof number
of the cooling tower in still air, heat exchangbaracteristics, and the cooling tower geometry—the
aspect ratio in this paper. Based on Eqs. (4.20)2], and (4.14), it can be finally proposed that:
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e — [t () 4 g ()

whereas is a speed ratio correction factor to the propos&looman [62], which is similar tas.

n —-0.25n

n 1/n
+ |asC2y0s] } (4.15)

Eq. (4.15) gives a rough function relationship kestw heat transfer coefficient ratiéu/Nu, and
the wind velocity ratia,,, /v,y for horizontal heat exchanger NDDCTs subject tsswind. In
particular NDDCTSs, the temperature changes frondlgss case to crosswind case only in numbers

but not in order, therefore it always has:

Nu @ (4.16)

Nuy  Qn

So the heat transfer ratio for pure natural congact) /Qn)naturq: @Nd for pure forced convection
(Q/Qn)forcea Can be plotted against,, /v,y using the correlations in Eq. (4.12) and Eq. (.14
respectively. For the horizontal heat exchangedscgtindrical NDDCTSs with the aspect ratio
H/D = 1.25 in this study, the standard nonlinear regressiatyais has been made based on the
data of all aforementioned cooling towers of déier heightsas andas in Eq. (4.15) can be
presented as following:
as = 21.211(—=)"134 anda, = 0.123(—) 0174 (4.17)

Rep Rep
The squared residual of the regressRis 0.922 fom=3. Here the Grashof number is defined as

Thx—Ta) pEH3
Gr = 9B(Thx—Ta)Pg

aDvan
u? '

and Reynolds number e, = P .

Thx IS the mean heat exchanger

surface temperature, aidis the mean temperature of inlet and outletairs the mean air density

across the heat exchangeédsandD are the tower height and base diameter, respéctive

77



Chapter 4

12 === Natural convection
1 Forced convection
- + Combined heat transfer /
0.8
S
206
o4
0.4
0.2
O T T T T T T T T 1
0 5 10 15 20 25 30 35 40 45
Vou! Van

Figure 4.13. The general trends@fn vsvew/Van curves for both heat transfers and their
combination in a natural draft dry cooling tower.

According to Egs. (4.12) and (4.14), the ra&Qi6Q, for the natural convection persistently reduces
along with the crosswind speed, while the one docdd convection keeps continuously increasing.
Figure 4.13 demonstrates the general trends ofdmtielations expressed in Egs. (4.12) and (4.14)
and their combined values as per Eq. (4.15) as Wedimall NDDCTs, the natural convection
effect is not much stronger than the forced onthatGr/Re? is small [64]. Consequently the
coefficient of the forced convection term in Eq.1®)-a¢ is considerable. On the other hand, the
crosswind velocity ratiw,,, /v,y in small cooling towers can reach a very high neminder

normal environmental wind speeds, e.g. far ovefTB@refore the forced convection term in Eq.
(4.15) plays an important role in the combined heatsfer ratiaQ /Q, which must follow the V-
shaped turn-around trend. By contra@8t/Re? in large cooling towers is a large number leading

a much smalleas in Eq. (4.15). Plus, the.,, /v,y on large towers is usually less than 20. As the
result, the forced convection term in the combi@¢@, is negligible. This explains why in most
previous studies, all the conclusions are simdahe dashed line (natural convection) in Figure
4.13.

4.6 Conclusions

Crosswind would stop small natural draft cooling/éo functioning properly in certain crosswind

conditions. In this chapter, CFD modelling has béene to quantify the crosswind effects on
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cooling performance of small size NDDCT with hontally-arranged heat exchangers. A new
approach has been introduced to simulate the reaetfér and pressure drop of the heat exchanger
in the cooling tower model: a combination of a FLINJE“radiator” element to represent the
convective heat transfer term and a porous media mrepresent the heat exchanger pressure
drop.

Simulations under different crosswind speeds irtditizat the heat transfer is significantly affected
by crosswind. The total transferred h@atould decrease by 37% compared with no-crosswind
condition. The air flow field inside the tower istlirbed by the horizontally-flowing wind and
forms two major vortices leading to inverse flowaihgh the heat exchangers. The main reason for
the formation of vortices is the suction effecttué wind passing underneath the heat exchangers.

With the inverse air flow, the total heat trandfetween the heat exchangers and the air is nolonge
uni-directional and the heat can be dissipateditjindoth the tower top and the tower bottom
simultaneously. And at certain wind speed, larget pf heat is dissipated underneath the heat
exchangers, which unexpectedly increases thedotding performance of heat exchangers.

The total heat transfer rate can be expressesga af natural convective heat transfer and forced
convective heat transfer. In small cooling toweeszause of the low buoyancy-induced airflow,
natural convection term is comparable with forcedwection term. Therefore a turn-around trend

in total heat transfer exists and the critical poiccurs when the sum of the two terms is minimum.

The numerical results are internally consistenttaedhumerical predictions under no crosswind
conditions are in agreement with the correlatiomgetbped using industrial data. Later chapters
will report the results of experiments carried tutest the fundamental assumptions of the

representation used in this model so as to produnere rigorous experimental validation of the

numerical method.
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Chapter 5 Mitigation of the crosswind effects

5.1. Introduction

In Chapter 4, a 15 m-high cooling tower design wmé®duced as a natural draft dry cooling tower
suitable to serve a small 100-kWe geothermal pghaatt. This tower was equipped with
horizontally arranged finned-tube heat exchangedshad a heat rejection capacity around 578 kW
with the free convection air speed of 0.38 m/s the mean velocity of the hot air in the tower) in

still ambient air.

It was found that crosswind could reduce the tivtaisferred hed by 37% from Figure 4.10,
leading to a significant drop in net power generatit certain cross wind speeds. The analysis in
the last chapter showed that this decrease wasdu®wer vertical hot air speed inside the
cooling tower, which was mainly caused by the negairessure underneath the heat exchangers.

It is therefore necessary to deploy some barriesislé or near the cooling tower base to prevent the
negative crosswind effect near the ground. Wheretiseno crosswind, the cooling air should enter
into the tower freely without any obstruction. tbeswind exists, the barriers should stop the
crosswind flowing across the tower bottom, chaimgedirection of the crosswind, and force it
through the heat exchanger plane. More air floimgugh the heat exchangers would improve the

tower performan ce.

Crosswind mitigation methods have been proposewjwsindbreak walls or wind shells. A cross-
shaped windbreak wall installed under horizontallyanged heat exchangers in a 165m-high
NDDCT was proposed and investigated by Du Preezadgder [12, 65]. The wall was porous and
as high as the tower inlet and was able to decribasapproach by up to 8 °C at wind speeds below
18 m/s. This conclusion was verified by Al-Waletdl. [37], who numerically studied the effect of
this type of windbreak wall on the thermal perforro@ of NDDCTs. Al-Wakee@tal. [37] also

found that the walls did not have to be solid. &itporous or solid windbreak walls would have
similar favourable effects on cooling tower perfame. Chert al [50] ran experiments on a
scaled wet cooling tower model installed with taene windbreak walls and found that
improvement in the cooling performance of the todee to the windbreak walls depended on the
setting angles of the walls. As an alternativeaptivind shells placed on the periphery of the
tower base were investigated by Waatgl. [66] using a scaled model tower in the laboratory
They found that the air flow rate and the cooliffgceency increased remarkably after the inlet air

was directed by the wind shells with various ifatadn angles. Zhatal. [51] proposed a similar
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but much simpler version of outer shells—the plaeenof two walls at two opposite lateral sides
of towers, which was found to improve the coolifigceency by about 50% by hindering the cross-

airflow and forcing the air flowing into the towers

All these past studies focused on natural drafticga@aowers or their prototypes with heights
usually over 100 m and with crosswind speeds ftm/s. Compared to these tall towers
employed in conventional power plants, the efféarosswind on the cooling performance of short
towers is much more complicated. The sensitivitgtudrt towers to ambient wind conditions can be
explained by comparing the ratio between the crosbspeed and the speed of the tower exit air in
still air for short and tall towers [8] as Eq. (b.1

V,
o=—2% (5.1)

VaN
In EQ. (5.1)Vvew is the crosswind speed at the reference height.grstands for the upward pure

natural convective air speed inside the coolingeton windless condition.

Since tall towers provide high air draft speeds,\thlocity ratios used in past studies were
generally limited to below 10. This ratié, can easily exceed 10 for short towers. In a previ

study, the present authors considered crosswiedtefbn a short NDDCT at velocity ratios up to
47 (corresponding to a wind speed of 18 m/s) [BAgy found that the heat rejection performance
of the short tower kept declining with increasirejocity ratio until reaching a maximum reduction
of 37% at a velocity ratio of around 13. This cepended to an actual crosswind speed of 5 m/s,
only a slightly annoying speed on most large NDDQfwas proposed in [67] that, by introducing
tri-blade-like windbreak walls in small NDDCTSs, thegative effect of the crosswind in a wide
range of velocity ratios (up to 40) could be efifleslly arrested and even converted into a significan

performance boost.

In this chapter, the proposed deployment of alade-like windbreak wall underneath the heat
exchanger bundles and the effect of the crosswigteaof attack are examined. The variation of
the heat transfer rates at different velocity aaoe examined and explained by considering the
vortices in the air flow. The results should praviglidance for designers who need to design

relatively short natural draft dry cooling toweos fenewable power plants.
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5.2. Methodology of numerical simulations

5.2.1. Governing equations and solver

The physical flow problem in NDDCTs can be exprdsa& a series of unsteady, three-dimensional
Navier-Stokes equations supplemented with somelgietbmathematical component models.
These equations are solved to obtain the conseslations using a general-purpose CFD code,
Fluent. The governing equations can be expresstuiform of the following transport equation

Eq. (5.2):

a% +0(owg)=0(r,00)+ S, (5.2)

The generalized scalgy diffusion coefficientl’ ,and source terng, for each governing equation

are defined in Table 5.1.

Table 5.1 Summary of governing equations

Equation ¢ Yy Sy
continuity 1 0 0
P

X momentum U U, P, O [ﬁﬂei W) +F

0X [3)4

oP 0

¢ v oy, LW |- p BT -T,)g+F

y momentum He oy [E,Ue oy J pB(T-Ty)g +F,

oP 0
z momentum W U S +0 [ﬁﬂeg Wj +F,

Ke 1 [qpt ||J
ener T - — |
gy Cp Cp Vcell
K K G-yt
k

@ @ ﬂ+§ G, —wuf +G,,
Where
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The air was assumed to be incompressible, anddahedthesq’s approximation was applied so that
the air density was a function of temperature onhe turbulent air flow was simulated by the two-
equation RANS model SSFw in the comprehensive consideration of accuraayppeding time

and robustness [68].

All numerical calculations were run first using fr@ssure-based steady-state solver with SIMPLE
segregated algorithms and second-order discretizfii3]. The convergence criterion in each
calculation was for all scaled residuals of theatefent variables to drop to the order of 169]

and remain invariable afterwards. In addition,ititegral variables monitored also remained stable
when iterating. Based on these converged resh#dransient solver was used to solve the
conservation equations in a time-dependent maiihen we compared the steady-state solutions
and the time-averaged transient results carefiitiging that the difference between them was
sufficiently small.

5.2.2. Model geometry and meshes

The natural draft dry cooling tower and the compatel domain are both modelled as regular
cylinders, as shown in Figure 5.1. The windbreaksa@nsist of three solid radial walls arranged
symmetrically with separating angles of 120°. Tradlsvare located under the heat exchangers at
the same height as the tower inlet and dividediaet base into three identical sectors, denoted
sector A, B, and C respectively. The walls themsekkre named after the sectors they separate, for
example, wall A-B is the wall between sectors A 8xd he wind angle of attack refers to the angle
between the incoming crosswind direction and the akthe leeward wall, as shown in Figure 5.1.
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Top view of tower
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Figure 5.1. The dimensions of the CFD model andthendary conditions.

The whole computational domain is discretised bycstired prism meshes. A series of grid-
independence tests have been done in the casanwtialbreaks at a crosswind speed of 4 m/s
using different mesh sizes until the integral hestsfer rate over the whole radiator ((®, as
discussed below) is nearly independent of the mefalement. Figure 5.2 indicates that three
million mesh cells would be fine enough. The finadel of the cooling tower contains over 3.7
million cells in total. Cells near the walls ane thheat exchangers are further refined through the
inflation method so that the minimum thicknesshaf tell layers drops to 5 cm with the aspect
ratios of 4-6 in these areas. An average cell&iZ& cm is used inside the cooling tower. Figure
5.3 shows the final mesh of the tower. Testing shthat the final mesh size allows the capturing of
most features of the turbulence structures atehgth scales that the two-equation RANS model

could resolve.
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Figure 5.2. The variation in the integral heat $fenrate of a radiator with cell numbers of theDCF
model without windbreak walls at a wind speed of/4.

Figure 5.3. Refined meshes inside and outside afrgptowers.
5.2.3. Boundary conditions

The velocity inlet boundary condition is used oae tindward half surface of the domain. The

profile of the inletx-velocity U obeys the power law defined by Eq. (5.3) whiledheer two
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velocity component¥ andW equal to 0. A constant ambient temperature is agpénd the
turbulence quantitiels andw at the boundary are determined using Eqgs. (54)%u5).

U=v, = (lJ Vo, (5.3)
yref
3
k==(v,l)? .
> (Voul) (5.4)
w:_0.0S]( (5.5)
H

wherey is the height and.s is the reference velocity at the reference heyghf70]. The term
“crosswind speédefers to the reference velocity at the refereineight ofyes= 10 m. The
turbulence intensity and the turbulent viscosity are determined according to a preliminary CFD

simulation for the same cylindrical domain withaumy object inside.

At the leeward half surface and the top surfachefdomain, the pressure outlet boundary is
applied, where the air static pressure is set i@.velocity, temperature and turbulence quastitie

are computed by CFD codes.

The heat exchangers are modelled by a cylindricadys media zone associated with the radiator
boundary condition on its upper surface. The poroadia represent the pressure loss within the
heat exchanger by adding an additional source tasndefined in Eq. (5.6)) in each momentum
equation [71] in Table 5.1. The radiator boundarydition only reflects the heat transfer between

heat exchangers and the air, calculating the heatfusing Eq. (5.7) [72]:
£ =Ly scdor] 56)
a 2

qr = hr (TI’ _Tao) (5'7)

whereF; andv; are the source term and velocity for ifi€x, y, orz) momentum equationd/andC
areresistance factorg; andT,.are the radiator reference and air outlet tempezatespectively.
The resistance factofigp andC and the convective heat transfer coefficigrdre all functions of

air velocity and the heat exchanger specificatiarigch are derived from correlations shown in Eq.
(5.8) [56] and Eq. (5.9) [55], respectively.

86



Chapter 5

-0927 0515
K, = 3786n, qu(&) [&J (5.8)
dr pd
h = 038RE*Pr™3(A / A) K /d, (5.9)

wherekK; is the pressure loss coefficient of heat exchangedR.. is the air-side Reynolds number
based on the minimum free flow area of the finndzes. Parameteds, n;, P;, Py, As, andA; are all
the specifications of the heat exchangkris the molecular thermal conductivity of air. Foe
horizontal directions, i.e. the andz- axis, the sourcE; is set significantly larger than that in

vertical directiony- axis so that the horizontal air flow inside treahexchanger zone is prevented.

Non-slip and adiabatic conditions are applied ®ttwer wall and the windbreaks as well [73].
The pressure drop due to the tower support strestigralso simulated by a cylinder face with

pressure resistance coefficients in the tower model
5.2.4. Model validations

Using the same method in Chapter 4, validation® l@en made in above CFD modelling
methodology, i.e. the settings of boundary condgjdurbulence model, solvetc. The same 120
m-high 3D NDDCT model has been built using the safoeementioned methodology. The
analytical heat-dumping capacity of this big cogliower is around 327 MW [3]. The crosswind
effects on this cooling tower with and without assessed in the form of approach temperature
differences, where the approach temperature isefas the water outlet temperature minus the air
inlet temperaturel,, - Ta. Figure 5.4 compares the approach temperaturereiif€e in this result

with those obtained in previous studies. In addite cross-shape windbreak wall with the same
porosity as that in [12] was used underneath tla¢ désechangers inside the tower base, as indicated
in Fig. 5.4.
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Figure 5.4. The effect of crosswind on the appradifference of large NDDCTs (1) 129 m high,
285 MW heat dumping [11]; (2) current 120 m highy 32W (built for model validation only); (3)
165 m high, 650 MW heat dumping [33], wherandb denote the cases without and with the
windbreak wall, respectively.

In Fig. 5.4, the solid lines (curves 1la, 2a, andr8present the results without the windbreak wall
while the dashed lines (curves 1b, 2b, and 3byvfodbreak wall cases. Particularly, curves 3a and
3b are obtained in a field measurement [33] anchBesnodel test [12], respectively. It is noticed
that the result of our current large cooling towerdel (curves 2a and 2b) is very close to that of
Al-Wakedetal. [11] (curves la and 1b). The other two curvesvgsi3a and 3b) are moderately
different. The differences are partly due to the that the cooling towers included in the
comparison all have different heat dumping rated,tae magnitude of the wind effect tends to
decrease with the increase of heat dumping ratdgeafooling tower [33]. In spite of this
qualification, all four studies concluded the sazhange trend in the cooling performance, which

supports the consistency of the current modellileghod.
5.3. Results and discussion

Using the above three-dimensional CFD model ofim-high small NDDCT, the air flow and the
heat transfer within the computational domain hiaeen calculated. The simulations are carried out
at different wind speeds (0, 1, 2, 3, 4, 6, 8,111),14, and16 m/s) and different wind attack angles
(0°, 10°, 20°, 30°, 40°, 50°, and B0
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The installation of windbreak walls in the 15m-highver are found to have a strong effect on the
air flow behaviour in the tower base, and this itissn a large change in the heat dissipation
capacity of the heat exchangers. The paramete¢hgoftegral net upward mass flow ratgand

the convective heat transfer r&eat the radiator are introduced here to assesditptavely the
overall thermal performance of the heat exchangedsthe cooling tower. In this modet, andQ,

are computed using Egs. (5.10) and (5.11) respygtiv

m, = [ o, dA (5.10)

Q =[.h (T -T,)dA= | qdA (5.11)

All variables on the right-hand sides of both eoret are solved and conserved in the numerical
iterations to enable reporting of the quantitiegtonleft side after the computations are completed
When bothm, andQ; are divided by their corresponding values undecnosswind conditiomyy
andQ, respectively, they become dimensionless quasitilibese two dimensionless quantities
are plotted against the velocity ratidor different angles of attack using solid linas,shown in
Figures 5.5 and 5.6, respectively. For comparisgpgses, the simulated results without the

windbreak walls [67] are plotted in dashes in Fegu5.5 and 5.6 as well.
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Figure 5.5. The dimensionless air mass flow nafen,y as a function of the velocity ratioin all
cases of angles of attack. The legend refers tavthe attack angle. The secondargxis andy-
axis show the corresponding dimensional valuesiofi\wpeed and air mass flow rate, respectively.
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Figure 5.6. The dimensionless radiator heat tramateQ,/Q,n as a function of the velocity ratio

in all cases of angles of attack. The legend ratetee wind attack angle. The secondaaxis and
y-axis show the corresponding dimensional valugb@ivind speed and the heat transfer rate,
respectively.

For wind attack angles from 0° to 40°, the ratibbath air mass flow and the heat transfer rate sta
to decline at low velocity ratios until the velgcratio reaches a critical value. Different attack
angles show different declinations. Above the caitvalue, the trend is reversed, which indicates
the benefits of the windbreak walls. The troughtheke curves, depending on the wind attack
angle, occur in the velocity ratio range of 2.5-h0this 15 m-high NDDCT, an air velocity ratio of
10 corresponds to a crosswind speed of approxigndtel/s. A comparison between the solid lines
and the dashed lines shows the significant effenggs of the windbreak walls at high velocity
ratio (¢ >10).

It is interesting to note the turn-around of heamsfer rate without windbreaks (i.e. the dashed
curve in Figure 5.6) at velocity ratios above 18jak cannot be found in previous open published
results. Most of the research studies on natuedt dooling towers involved air velocity ratios of
below 10. A previous study [67] of the current authfound that the turn-around feature in the
dashed curve could be attributed to the reverdiewiin the windward part of the heat exchanger
area caused by the suction effect of crosswind nne@¢h the heat exchanger. The inverse flow
occurs only at certain crosswind speeds. Withithisrse flow, the total heat transf@rbetween
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the heat exchangers and the air can be dissipatagipaths at the same time—one through the
tower top whose mass flow rate is describedarhyand the other via the tower bottom. Increasing
wind speed depresses the former but boosts tlee. l&tie change in the tot@} of the entire

cooling tower is thus the result of both the nagmatind positive effects of crosswind.

While similar trends have been observed at theesufor all wind attack angles, Figures 5.5 and 5.6
show that the critical crosswind speed correspantbrthe troughs af./muy or Q//Qrn curve for
attack angles from 0° to 40° are different at défe angles of attack. It is noted that at thecatta
angles of 50° and 60°, the cooling performanadmsost unaffected at low velocity ratias<10)
region, which implies a great advantage comparéd ether wind attack angles. Once the wind
velocity ratio exceeds >10 (>4 m/s), a significant advantage is observed ferdttack angles

of 0°, 10°, and 20°, where the wind direction issar to one of the walls.

The underlying reasons for the interesting trerfde@numerical results presented in Figures 5.5
and 5.6 are investigated by detailed examinatidh@fir flow patterns around the heat exchangers
under two sets of conditions: the same crosswiegdat different angles of attack; and the same

angle of attack at different crosswind speeds.
5.3.1. Effect of angles of attack

The air flow patterns in the tower interior andward the tower base are visualized by the time-
averaged 3D streamlines at different attack argfléise wind speed of 4m/s, as shown in Figures
5.7 and 5.8.
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Figure 5.7. Side views of the time-averaged 3Dastilnes passing through the tower bottom at a
crosswind speed of 4 m/s and at different windcitengles as indicated.
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Figure 5.8. Top views of the time-averaged 3D siig@es passing through the tower bottom at a
crosswind speed of 4 m/s and at different windciatengles as indicated.
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Figure 5.9. Temperature contours at mydplane for different wind attack angles as indidatdnen
crosswind speed is 4 m/s.

With no windbreak walls, the air flows directly ass the tower base with significant vortex

activity being observed inside the tower. By costiréowers with windbreak walls experience a
smoother and more uniform air flow inside the tawldris improvement leads to a difference in the
air temperature profiles. Figure 5.9 comparesehgperature contours at nig-plane of the

cooling tower for different wind attack anglesla¢ same crosswind speed. No hot air region is
seen underneath the heat exchanger from the centdwan the windbreaks exist. The windbreak
walls enhance the convective heat transfer fronh#és exchangers by improving the airflow above

the heat exchangers.

However vortices are generated in the wake ofdtet base caused by the separation of the air
flow at the tips of windbreak walls. At a wind spe&f 4 m/s §=10.5), the Reynolds number based
on the tower base diameter is aro@@&k10°. The wake structures are complex at such a high
Reynolds number and sensitive to windbreak wadrddtions as well. At attack angles of 0° and
60°, where the walls are arranged symmetricallyuabwe wind direction, the time-averaged

streamlines of air flow vortices are symmetricabapected. For other attack angles, the tips of the
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windbreak walls where flow is separated are notragtnically positioned about the wind direction,
resulting in the different vortex distributions the two sides. This causes an asymmetric and
biased streamline pattern behind the walls as iseeigure 5.8 at attack angles in the range of 10°—
50°.

The air flow through the tower base in one of tases is presented in greater detail in Figure 5.10,
which shows the horizontal components of the timeraged velocity vectors in the plane of y=2.5
m at a non-symmetric attack angle of 30°. This lhtkedgrresponds to the layer just underneath the
plane of the heat exchangers, which are placedhaight of 3 m. Figure 5.10 shows that the air
flow is separated at the tips of the windbreak svedrming the wake. An imaginary boundary
between the free stream zone and the wake zoreewike boundary) can be seen as shown in

shaded lines. The flow regimes are distinctly défe at the two sides of this boundary.

C
2
Velocity [ms”-1]
E | = .
7] 7 e > 2 ? 7 5 3

Figure 5.10. The time-averaged horizontal velocgynponents at y=2.5 m, an attack angle of 30°
and a crosswind speed of 4 m/s.

The magnitude of vorticity, which is a measurelef local spinning motions of air, is introduced to
help in understanding the distribution of the vaat and the wake flow structure. Figure 5.11
shows the vorticity contours at the horizontal plaf y=2.5 m at different angles of attack under a
crosswind speed of 4m/s. The vorticity in the wasdewindbreak walls is generally higher than
those in the ambient air, and it is especiallyrgiralong the free-wake boundaries and closer to the
wall tips. In these areas, the velocity gradienésmauch higher, causing the shear stress to inereas

dramatically. If the free-wake boundaries are ledahside a sector, the strong shear force near the
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boundaries substantially dominate the air flowdfiil this sector by inducing a large-scale
circulation of air movement in the wake of thisdew wall. In Figure 5.11, this phenomenon is

clearly visible in sector C in cases of attack asgif 30° to 50°.

The air flow underneath the heat exchangers atya®is influenced by not only the separation but
also the lifting effect of buoyance force. Unlikeetshear stress, the lifting force tends to regulat
the air flow by drafting air moving upward throutjte heat exchanger. Sectors without significant
shear stresses experience relatively low vortabégpite the sectors falling into the wake zones,

such as sector B in Figure 5.11. The vortices éne¢lading edge of windward sector A relate to a

reverse suction effect of the heat exchangersisasssed in Chapter 4.

Figure 5.11. The vorticity contour at plane y=2.5ana crosswind speed of 4 m/s and at different
wind attack angles as indicated.

The larger magnitude of local vorticity indicatemare severe spinning of the air nearby which
consequently implies that lower air pressure ocangsvice versa. According to the working
principles of a cooling tower with horizontally anged heat exchangers [3], the variation of the
inlet pressure in a given zone of heat exchangesstty influences the air flow rate through the
heat exchanger bundles and consequently the lagatér rate in that zone. Figure 5.12 plots the
contours of the air pressui,in the surface under the heat exchangers ateliffangles of attack,

while Figure 5.13 shows the corresponding localigraged heat fluxg;, in the upper surface of the
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heat exchangers. The distributions of the net tnaasfer rate€), can then be calculated by applying
Eq. (5.11).

40°
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Figure 5.12. PressuRecontours at a surface 1 cm under heat exchangarsrasswind speed of 4
m/s and at different wind attack angles as inditate

Figure 5.13. Heat flug, contours at heat exchanger upper face at a cnodspeed of 4 m/s and at
different wind attack angles as indicated.
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Clearly, low-value zones fd? andq, are observed at positions of high vorticity. Trahtransfer
performance in sectors facing or mainly facing tamviéie oncoming wind (e.g. sector A in all cases)
has been significantly enhanced compared to the saeas with no windbreak walls since both the
air flow rate and pressure in this area are ine@ashich can be understood from the streamlines
(Figure 5.7) and pressure distributions (Figur@p.By contrast, the laterally facing sectors (sect

C in cases 20°, 30°, and 40°) suffer redueehd theg, for the opposite reason, causing a lower

overall heat transfer rate of the entire coolingen
5.3.2. Effect of wind speeds

For different crosswind speeds at the same wiratlatingle, the vortices at y=2.5 m are shown in
Figure 5.14 for the attack angle of 30°. With theseence of wall B-C, the wake of wall A-C is
confined within sector C at a wind speed of 1mk.aiesult, the shedding vortices accumulate in
this region rather than dissipate downstream, fognai great local circulation of air flow. The
circulation reduces the local air pressure ancefoee yields less air flow through the heat
exchangers. As the crosswind speed increasesiy ttiecalation expands gradually until it covers
the whole area of sector C when the crosswind size@a/s. However, a further increase in the
wind speed causes the wake of the wall A-C torektaut of sector C so that vortices can dissipate
far downstream of the cooling tower and the laggal circulation shrinks. As a result, the air flow
rate through the heat exchangers recovers.

Concerning the local heat flux distributions (Figr.15), increasing crosswind speeds boost the
heat transfer rate in sector A, where the upwarflawv rate and pressure underneath the heat
exchangers are both enhanced. Meanwhile, the gppérformance is also improved slightly in
sector B, benefiting from the extension of the satea flow areas of both walls A-B and A-C.
Because the low-velocity zone is enlarged, progditore intake air for this sector. However, a low
heat flux zone appears in sector C because oétlge local air circulation. The in this sector

experiences a turn-around process along with isargarosswind speed.
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Figure 5.14. The vorticity contour at plane y=2.5ana wind attack angle of 30° at different
crosswind speeds as indicated.
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Im/is

Figure 5.15. Heat flug, contours at the heat exchanger upper face fond aitack angle of 30° at
different crosswind speeds as indicated.

The variation of the overall heat transfer ratéhef cooling towef); at different crosswind speeds
is therefore subject not only to increased heatsteaa in sectors A and B but also the decrease in
sector C. By integrating the local heat flgpover the entire heat exchanger area using EdlL)5t1
is found that the minimur®, occurs at the wind velocity ratio of 8 with a axgament of the
windbreaks at the attack angle of 30°. Fo#8, the total air flow ratem,, across the heat exchanger
surface starts to increase, resulting in the erdgraeat of cooling performance. In fact, the resaits
other attack angles follow the same trend, whigblagrs the existence of critical wind speeds for
both them, andQ; curves in Figures 5.5 and 5.6.

5.4. Conclusions

The influence of crosswind speed on the heat teaupsrformance of a small NDDCT equipped
with tri-blade-like windbreak walls in the bottorasbeen studied using CFD numerical modelling.
The overall heat rat®; of the tower was found to be significantly enhancechpared to that of the
same tower without a windbreak wall when the véjortio of airé was over 10. For the short
tower examined in this study, this velocity rat@rmesponds to crosswind speeds larger than 4 m/s.
The results confirm the benefits of using windbresi#ls for cooling performance in small

NDDCTs with horizontally arranged heat exchangéhe variation of this benefit depends on the
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structure of the turbulent airflow in the tower tooh, which in turn is sensitive to the orientations

of the windbreak walls with respect to the crossinelocity vector. The study also finds that:

1. The flow separation causes the forming of vegim the wake of the windbreak walls. The
vortices with high magnitude of vorticities wasie tmajority of the kinetic energy of the air flow,
resulting in reductions in the air pressure andhine transfer rate of heat exchangers in these

regions.

2. The increase of crosswind speed could consigtenhance the air flow and the cooling

performance in the windward and leeward sectoteetooling tower heat exchangers.

3. When the windbreak walls are arranged with vétidck angles of 0° and 10° with respect to the
crosswind direction, the heat-dumping rate of theliog tower is significantly higher than other
angles at air velocity ratios of over 10. At thevéy velocity ratios, the performance is slightly
better for the attack angle of 50° or 60° and tb&n

In general, the windbreak walls give the most bier@fperformance at wind attack angles of 0°
and 60° as they enhance the cooling rate of thedxehanger over the entire range of crosswind
speed. This implies that the tri-blade-like wal®sld be placed with one wall, i.e. one symmetry
axis, always aligned with the dominant directiorttad crosswind. The most practical implication of
this result is that the findings can be used termeine the windbreak installation angles with
respect to the most frequent direction(s) of thearenmental crosswind in a given district. If there
is no dominant crosswind direction, the resultslsamised to quantify the benefits of designing a

rotatable windbreak wall fitted at the tower bottander the heat exchangers.
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Chapter 6 Experimental study of NDDCT performance with and wthout the

windbreaks

6.1. Experimental objectives

The full size 3D CFD NDDCT models of the previotmpters predicted both the air flow field and
the heat transfer in cooling towers subject to nasds. Comparisons with the data from the
previous studies confirmed the validity of the aggmh. There is still an uncertainty on the how

well the model will apply under conditions wherepublished data exist, for instance short towers
subject to significant cross wind. The present teragegports on an experimental study of a lab-
scale tower under crosswind conditions. The objeadf the experiment was to validate the
crosswind performance modelling used in the previchapters. A scaled natural draft dry cooling
tower model was tested in a wind tunnel. An expental schedule was designed to accomplish the

following steps:

1. Measure the quantities (temperature, velocity,qanesand heating power) of the model
cooling tower under various crosswind conditions.
2. Process the experimental data and compare thenthat@FD results.

3. Visualize the air flow in and around the model towéth smoke.
6.2. Experimental design

6.2.1. Design of the Lab-Scale cooling tower

By using dimensional analysis, one can investigat#arity laws by which the results for lab-scale
cooling tower models can be translated to corrediogrresults for full-size towers. It is possibde t
develop such similarity laws but it has been fothat it was impractical to design an experimental

set-up that would fully satisfy these similarityg This is explained in the following section.
6.2.1.1. Dimensional analysis

As seen in above chapters, the most interestingties in the performance quantification of
natural draft dry cooling towers are the air mdew fatem, and the heat transfer ra@e In

practical testings, the air velociy is measured so that, can be calculated.

In an investigation of appropriate scaling lawg, trrelations o, andQ with their parameters

are analysed first.

1. Kinetic correlation
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It is proposed that the air flow velociy under crosswind condition is a function of the &iot
velocity in pure natural convection condition (rrogswind)v,,, cross wind velocity.,, inlet and

outlet air densities, tower height, tower diameggayvitational acceleration, and viscosity,

va = f(vaNr vCW’ pai; pao' H; Dl g:ﬂ) (61)

The number of the variables in Eq. (6.1) can beced through the dimensional analysis so that the

eguation can be nondimensionalized because:

* A simpler experimental design would suffice becasee would be fewer independent
variables to investigate; and
» Data from tests with small towers can be convetbegkpectations for large towers by using

the dimensionless number definitions.
All the dimensions appearing in the variables in (6ql) are listed in Table 6.1:

Table 6.1 List of dimensions in Eq. (6.1)

Variables U, Van Vew Puai Pao H D g U

Dimensions| LT~! LT1 LTt | ML™3 | ML3 L L | LT™%2 | ML7IT™!

There are totally three independent dimensidvsT, L} in Eq. (6.1). According to the

Buckingham pi theorem, the nine variables can Haaed to six dimensionless variablés) by

three independent variables which do not form aedisionless variable among themselvegy;

Pai» @ndH [74]. The six/Is are constructed following the theorem and somene®ging judgment:
Va

H H D .
M =% I, = - [, = %, My =—, 15 = fT, andll = w. Here I1; is actually the
i aN

2
VaN VaN ai
Froude numbeFr based on tower height, andll, is Reynolds numbdReof hot airflow based on

the tower diametdb.

The above 5 dimensionless variabl&s)(form the dimensionless function that can replage
(6.1):

1 v, H H Dv
a _ F( cw'@ =, .92 ,Pao aN) (62)
VaN VaN Pai D vgy u

It is noted thav,y is different fromw, in EqQ. (6.2). The former is the upward air velgditside the
cooling tower in purely natural convection with@aubsswind, while the latter is the same air

velocity under the crosswind conditions.
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2. Thermal correlation

The total heat transferred in the cooling towerarmtosswind conditions is subject to many
parameters and essentially can be calculated &jn¢B.12) in Chapter 3. However, in order to

reveal its relation with crosswind and the toweesa new correlation is proposed:

Q = f(QNl H,A, Uew» UaNhu) (63)

whereQ, andQ, are the total heat dumped by heat exchangergiprdsence of crosswind and

without crosswind, respectivelfkis the total frontal area of heat exchangers.

Eq. (6.3) implies that without knowing the actuahiperature difference or the convective heat
transfer coefficient, the heat dumping rate ofdbeling tower under crosswind conditions can be
expressed based on the heat rate and buoyancyemdetocity in windless condition, i.8, and
vy, tower dimensions and crosswind speed. Followipgoaedure similar to that above, Eq. (6.3)

has been nondimensionalized. There are 3 dimensideg. (6.3) which indicates the7 variables

2
can be reduced to 4 dimensionless parameters. &ysis) the four/s arell; = Qi, I, = H—,
N

A

Iy = - andIl, = "“"D%. Therefore, Eq. (6.3) is equivalent to the follog/idimensionless

VaN
function:
Q H? Vew PaoDVan
~ = F(—, - Fao aN 6.4
QN (A VaN u ) ( )

Egs. (6.2) and (6.4) are two basic equations iredsionless form which describe the behaviour of
a NDDCT of any size under crosswind conditions.@dmg to the scaling law, the scaled cooling
tower model is completely similar to a full scatetotype tower if and only if all the dimensionless
parameters in these equations have the same valuesth [74]. The experimental model and the
testing conditions are therefore designed andséb ensure the similarity with a full-scale as
much as possible. If the similarity is satisfidte £xperiment results could be used to validate the
CFD simulation results for the full-size prototyp®oling tower. Next section describes whether

and how this is achieved
6.2.1.2. Similarity/scaling laws

As discussed, the scaled model of the NDDCT inatimel tunnel testing should be designed
obeying the scaling laws in order to achieve thamgete similarity to the prototype CFD model. So,
ideally, all the dimensionless parameters desaithe physical behaviours of the problem in the
scaled model tower need to be same as the cormisiggoones in the prototype. These parameters
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include not only the ones in Egs. (6.2) and (64j},also others in all the governing equations.
Therefore, the similarity criteria between the sdatooling tower model and the prototype are

determined as followings.
1. Geometric similarity
Both the Egs. (6.2) and (6.4) involve the dimenkass parameters related to the geometric §D’+'ze:

2
andHT, which implies that the geometric similarity isicral. The criteria are thus that all the

corresponding parameters between the scaled towleiha prototype have the same scale ratio,

namely:

_ (H)m _ (D)m _ (Hi)m —
TS, Ty, oMt (6.5)

wherert is the scale ratio of the experimental model. Jigscriptsn andp denote “model” and

“prototype”, respectively.
With the correlation defined in Eqg. (6.5), it auttioally exists that(%) = (%) , and (HTZ) =
m P m
HZ
(A)@
2. Kinematic similarity

The velocity ratiof;ﬂ, in Eq. (6.2) requires the tower model to be kiagoally similar to its

prototype. The criterion is that the correspondiatpcities in model and prototype follow the

scaling law:
(), =), 66)
(), =G2), 67)

3. Dynamic similarity

The dimensionless velocity correction in crosswenddition (Eqg. (6.2)) involves Froude number
Fr and Reynolds numb&e Therefore these two parameters should be comrsiderthe dynamic

similarity criteria.

Since the heat transfer in a NDDCT is essentialtataral convection problem, the momentum

equation describing the air motion in the airflomnde rearranged specifically as following:
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av =~
Po—; = PogB(T —To)k — VP + uvcv (6.8)

wherek is the unit vector iz direction.p, is the ambient air density. The tepgyB(T — T,)k,

which applies the Boussinesq’s approximation, ésrtét buoyancy force only indirection

Eqg. (6.8) has 4 basic dimensiond {T, L, ®} all together. It can be nondimensionalized thioug
the 4 reference constants—the characteristic tgl¥cicharacteristic length, characteristic
temperaturd,, and characteristic presswg.. And letV = v,,,, L = H, andT = T,, andP = AB..
Therefore each of the variables in the equationtsaimensionless form denoted by a superscript

*-

14 tv _T-T, P

V==, V'=LV,V?* =2V, t* == T" = P =— (6.9)

1% L T,—T, AP,
Rearrange these equations and then substituteititerdaq. (6.8), yielding:
W _ O Tl pfp B gepr | B g2y (6.10)
dt 14 pV pVL
Eq. (6.10) can be simplified as following equation:
W — Sk — EuV P + — V2V (6.11)
dt Re Re

_ 273

whereGr = gﬁ(Trﬂ# is the Grashof number aid: = 2;2 is the Euler number. Eq. (6.10) is

the dimensionless momentum equation.

The dynamic similarity forms when the dimensionleggnentum equations are same for both the
model tower and the prototype. So all the dimerlegmparameters should obey the relations below:
(Re)p = (Re)m, (GT)p = (GT)m, (FT)p = (FT)m, (EWp = (EWn (6.12)

However, it is nearly impractical to satisfy alltbese constraints at the same time. For example,

(Re), decreases with the geometrical dizdn order to get the sanf®&e),,, as(Re),, for the case

when the hot air velocity i&,y), in the prototype cooling tower, tife,y ), in the wind tunnel

should be% (van)p- The scale ratio in this experiment is 1/12.5, afd,y),, is around 0.38 m/s

according to the CFD result. %Qva,\,)p could be 4.75 m/s, which far exceeds the possihteral

draft speed of current lab-scale cooling tower nhode

Approximations and compromises can be made irettperiment. In fact, the Reynolds numbers
based on the crosswind speed and tower height &he iorder of magnitude of 1@nd 16 in the

tower model and the prototype, respectively. Refgrio Eq. (6.10), such large Reynolds numbers
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make the viscous term negligibly small. And themagtion is thus dominantly driven by the inertial
force and buoyancy force (mdirection). Therefore, it is not necessary to hsiviet equality
between the model and prototype Reynolds numbers istonly required to maintain a large
tower-model Reynolds number in above order of ntageiso that some approximate similarity in
the momentum equations can be achieved. This statemmatches the findings of the study in [75]
which reported that the airflow in a NDDCT beconretependent of Reynolds number when the

Reynolds number inside the tower is larger than10*.

The Grashof numbers do not have to be identicaéehecause of the difference in Reynolds
numbers. On the other hand, the equality in Grasbofbers requires the completely similarity in
the convective heat transfer of the heat exchamtmrever, the natural convective heat transfer
cannot be scaled only using the parameters thdtinggeometric and kinetic similarity. It is thus
not considered in this experiment. In additiongider to reflect the effect of air density diffecen
the densimetric Froude number is considered in the similarity criteria insteddre normal
Froude numbefr.

Consequently, the dynamic similarity criteria asd@lowings. And for convenience, the
characteristic velocity in these criteria is replddy the pure natural convection air speed inide

tower-v,y So that the physical meanings of the equationsnaigh clearer.

(Ew)p = (Bl = Gurm = Gy (6.13)

p

2 2

(Frp)m = (FrD)p = (##)m = (ﬁZJ (6.14)

The equality in Euler number in Eq. (6.13) requitesstotal air pressure drop in the scaled tower
model remaining at certain value. So the presstop through the heat exchanger model needs to
be calculated and a mesh screen is used to prexide resistance to the airflow, while pressure
loss in other model parts is very small thus caighered.

The equalities of the dimensionless parametergi; .5), (6.6), (6.13), and (6.14) are the dater
for scaling the experimental cooling tower modehjch are summarized in table below. A
compromised similarity then will be satisfied beémehe experiment model and the prototype in
CFD simulations.

The test rig has been designed to achieve sinitaersionless numbers when it is practically
possible. However, the inability to achieve eqydiétween the two Reynolds numbers and some

others as described above means that the test mesudls cannot be directly used to validate the
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CFD model for the full-scale prototype tower. THere, it has been decided to validate the CFD
modelling approach by building a CFD model with ithentical dimensions as the test rig. This will

be discussed in Section 6.5, after the test moudktlze testing conditions are defined.

Table 6.2 List of the key scaling parameters

Scaling parameter  Physical meaning Note
H/D Ratio of tower height to base I.e. Aspect ratio of
diameter tower
Vew/Van Ratio of crosswind speed to upwardi.e. Crosswind speed
air velocity inside the tower ratio
Vo /Van Ratio between hot air velocities with

and without crosswind

viy Ratio of kinetic energy to potential i.e. densimetric Froude
'D‘)P%ng energy of the upward airflow inside numberFrp
the tower
AP Ratio of pressure drop to kinetic  i.e. Euler number
PVaN energy of the upward airflow inside
the tower

6.2.2. Measuring techniques and error analysis

The key scaling parameters in Table 6.2 requirerteasurement of two basic quantities in the
experiments: the air speed and temperature. Thertantties involved in the scaled tower model

experiments are caused by systematic and rand@one§’6, 77].

Systematic uncertainties are related to the natupdysical problem being studied and the
conditions of the test rig. Since the airflow iINBDCT is driven by the natural convection effect,
the distribution of quantities in the flow field sghly non-uniform and time dependent. This is
especially true when testing a small tower. Moreptree wind flow in the wind tunnel is not
perfectly stable and uniform in spite of the filtgy screens and straighteners preceding the test
section. To reduce the effect of these systematientainties, the following methods might be

helpful:

* More measuring points in the region where airfloslcfis not uniform;
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» Longer recording time to capture steady-state perars while the experimental conditions
are kept constant; and
» Avoiding sensor placement in regions such as walhblary layers, heat exchanger tube

wakesetc

The random uncertainties in current experimenparaarily due to the noises in the data
acquisition system and the unexpected problemseisénsors. Using the filter circuits in the
system is an effective way to reduce the randonemaiaties. The sensors with problems can be
identified by a “cross check” that swap sensomdifferent points and run the measurements in
same conditions and then compare the results.

Nevertheless, the uncertainties can only be redbaedot eliminated completely. So the error
analysis is needed to estimate the uncertaintidgeitestings. Suppo3erepresents any quantity of
temperature, velocity, pressure, or electric pomveasured in the scaled cooling tower testiXxgs,
hasn recording dataXy, Xz, X3, ... Xn) over a period of time in a measurement in whighftow
condition is nearly constant. The extent of scattet can be quantified by the sample standard

deviations [77]:

_ [Eoex?
Sy = /—n(n_l) (6.15)

Therefore the uncertainty of the quanityn this measurement is defined as [77]:

oy = j—; (6.16a)
or
ey = Xiﬁ (6.16b)

whereox andex are the uncertainty and percent uncertainty ofjtrentityX.

The uncertainties of directly measured quantitidsh& propagated in the following calculations of
the parameters which are functions of these quesitiEor instance, if the calculated parameter

F = f(X,Y, Z), the uncertainty of is estimated by following equation [77]:

or = (57 + 0y + o3 Ly (6.17)

whereoy, oy, andoz are uncertainties foX, Y, andZ, respectively. And the partial derivatives are all

calculated using the arithmetic means of the reiegaantities.
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6.3. Testing apparatus and instrument
6.3.1 Cooling tower model

The scaled model of the 15 m-high NDDCT in Chapgtex designed following the similarity
criteria in Section 6.2.1. The tower model considthree major components: the cylindrical tube
as the cooling tower body, the circular finned-tebextric heater as the heat exchangers and the
stand as the tower base supports, as shown ineF&gLr

Figure 6.1. The dimensions of the scaled coolimgetanodel

The scale ratio defined in Eq. (6.5) is therefore calculated in @&q18) and the geometrical
dimensions of the tower model excluding the heatedisted in Table 6.3 below:

_Hm _ D)y _12m _ 096m _ 1

L (6.18)

T m, (0, 15m  12m 125

Table 6.3 Specifications of the model tower bodgleting the heater

Parameter Size Note

Total tower height (m) 1.2+0.01 Satisfy the scaléo ¢

Tower diameter (m) 0.96 £ 0.03 Satisfy the scali® ra

Tower inlet height (m) 0.24 +0.002 Stand heiglatiSy the scale
ratio
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Support diameter (mm) 12 +0.01 Satisfy the scatli® ¢

Tower shell thickness (mm) 3 Thickness of the fpanent sheet
which makes the cylinder. Not
satisfyz. Material: clear
polycarbonate.

It is noted that all parameters are in the rati@/@R.5 expect the tower shell thickness, since the
influence of tower shell thickness on the inletgstge loss of the cooling tower is negligible [71].

The aspect rati&/ /D is equal to 1.25 which should be exactly samé&a®he in prototype tower.
6.3.2. Heater and its control

A round electric heater is applied as the moddlasizontally arranged flat heat exchangers in the
prototype cooling tower of the CFD simulations. Tieater contains 27 heating spiral-fin tubes of
different lengths. All of the heating tubes areaaged in a plane with a constant spacing between
any two tubes, as seen in Figure 6.2.

Figure 6.2. The round electric heater
The key manufacturing parameters of the heatestawe/n in table below:

Table 6.4 The specifications of the electric heater

Parameters (mm) Size Note

Tube diameted, 13+0.2 Same as fin root diameder
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Tube length; - Varies depending on the

position of the tube

Fin thickness; 0.65 +0.05

Fin pitchps 24+0.2

Fin diametedk 24.8+0.2

Heater diameteuly 950 £ 4 Inner diameter
Tube pitchpy 35+£2 Transversal pitch
Heater heighHyy 801

Frame width 6+2

The geometric dimensions of the heater do notfgdtie scale rati@ with its prototype because the
heat transfer and pressure loss cannot be scalsidhuftaneously while the velocity ratig,, /v,y

is already in scale. In fact, the dimensions ofttbater are designed with the purpose that the
pressure drop coefficient through the finned tuleenentsK;, can be calculated by following

correlation [78]:

Ag
Ac

Ky, = 2.271Re; 0325 (2£)71849 (6.19)

whereRe, is the Reynolds number based on the minimum flea af the heateXk.. A, is the total

air surface area of the heater.

Apparently the single tube row heater cannot previee entire pressure drop which is required by
the similarity of Euler number in Eq. (6.13), ae tieater exchanger in the prototype cooling tower
has 4 rows of tubes. The extra pressure lossrizduted by a mesh screen placed above the heater

as discussed below.
6.3.3. Mesh screen

A mesh screen is used just above the heater taderovore resistance to the airflow in the scaled
tower model. The screen is a round plate with @eraliameter of 960 mm and a total thickness of

4.62 mm, as shown in Figure 6.3.
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e 2950 1.D.

SPOT WELD MESH
INBETWEEN TWO
2mm RINGS EVERY

/ 25mm.
\J WWQ‘Z&“&W‘ZWA)

e ) /

Figure 6.3. The dimensions of the mesh screen
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4.62

The mesh is woven using stainless wires of 0.31diameter with the aperture of 0.53 mm (30
mesh / 30 swg). The pressure loss coeffidignthrough the mesh can be estimated by the

following correlation [79]:

1-a?
2

Kn = () () (6.20)

a

Wherea is the permeability of the mesh screen, @nd discharge coefficient, which is given as a

function of Reynolds numbéte,, namely:C = 0.1,/Re,. HereRe is based on the aperture of the

mesh.
6.3.4. Wind tunnel

An open circuit blower type wind tunnel is usedhe experiment. The tunnel consists of seven
main parts: air intake fan, diffusing section, isettsection, working section, exit diffusing seatio
and exhaust fan, as seen in Figure 6.4. The iritakes a centrifugal blower driven by a 75 kW
motor with the capacity to deliver up to 28 air per second [80]. The diffusing section and the
setting chamber altogether contain eight screedoaa honeycomb. The former are able to
prevent the separation of the boundary layer andyme a uniform wind in the tunnel profile while
the latter eliminates the swirl and lateral velpéibm the air flow [80]. The air flow is thus emned

to uniformly spread out in the whole cross-sectibthe working section.
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Figure 6.4. A schematic drawing of the wind tungtleé exit diffusing section and exit section are
not shown in this figure)

The working section where the cooling tower modedlaced has a length of 8 m and the cross-
section of 1.75m by 1.75m. The air speed in thisi@e can reach up to 6.9 m/s theoretically when
both the intake and exhaust fans operate at theetrmmum speeds. Figure 6.5 illustrates the position

of the scaled cooling tower model.

Working section, 1.75m X 1.75m
096
4
0.37 0.37
1.2
Screen Heater
Side unitm Front view

Figure 6.5. The position of the scaled cooling tomedel in the wind tunnel.

The clearance between tower top and the ceilingrofel is around 0.55 m, while the distances to
each tunnel side wall are 0.37 m. The tower malplaced 4 m away from the last screen which
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well exceeds the 0.5 hydraulic diameter of theiseco that the non-uniformities of the air flow

are reduced below an acceptable level [81].

It is noted that the clearance above the towerddgss than one tower height, which may influence
the dissipation the hot air under windless or lonvdaspeed condition. Therefore, tests without the

working section are also be implemented in ordeite the comparisons. This will be discussed in
Section 6.4.4 in detail.

6.3.5. Sensors and data acquisition system

According to the experiment design, physical questiwhich are needed to be measured in the
scaled cooling tower testing are air temperatusioity, pressure, and the electrical power of the
heater. These quantities are tested by the seimsbetow table:

Table 6.5 The list of sensors

Quantities  Sensors/apparatus Measuring range  UncertaintyResponse
measured Accuracy time (9
Air thermistor 0-150C +0.2°C
temperature
RTD 0-150°C 10.2°C
Air velocity  Hot-wire anemometer 0-5.08nvVs +1.5% 0.25-2
(OMEGA)
Hot-wire anemometer 0-30nVs +3%
(TSI)
Static transducer 0-5@a +0.1Pa 0.1
pressure
current Digital voltage/ampere 0-90A +0.5% 12s
meter (Refresh
time)
voltage Digital voltage/ampere 0-500V +0.5% As above
meter
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All the sensors are integrated in a data acqumgittontrol system, the schematic diagram of which
is shown in Figure 6. The temperature sensorsregiaged in five different levels inside the cooling

tower, while the velocity and pressure sensorsrai@ly in the middle level of the tower body.

The electric heater is controlled by the compu#aregating a micro current signal through the
signal generating module. This current ranges 20 /A Then this signal is transmitted into the
power regulator in the heater control panel whichverts the current signal to the corresponding
voltage output. Therefore the working voltage @& kieater is a function of the control signal. The
real time voltage and current of the heater ispeaelently monitored and logged by a digital power
meter, to calculate the actual real time electower. Figure 6.7 shows the correlation between the

input control signal and the heater electric power.

The data acquisition (DAQ) comprises of an UIE {gdiElectronic Instruments) Power DNA
serials gigabit-class Ethernet I/O module, one 8spanalogue voltage input board, and two 8-ports
analogue current input boards. The hardware coswith a software user interface developed on
the Labview system as seen in Figure 6.8. The testyoe, velocity, and pressure data is acquired
through analogue input boards, while the commuitindietween the computer and the power
meter is conducted through the RS-485 serial porter the MODBUS® protocol [82].

Sensor
Cooling tower
DA
- Q
Heater
power
@
¢ Feate control
pane
¢ | Pc
Signal -
generating
module

Figure 6.6. The sketch of the data acquisition@ntrol system
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Figure 6.7. The actual correlation of heater powigh the input control signal

Instructions/ Defaults Temperature Plots | Pressure/Flow Rate/ Humidity Plots | Process Info | Diagnostics
THERMISTORS

Figure 6.8. The user interface of the data acgomsgystem
6.4. Testing methods
6.4.1 Sensor position

The sensors are positioned at five different leirethe tower model: top, middle, bottom, heater

level, and underneath the heater. Figure 6.9 stiosuslocations.
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Figure 6.9. Five levels for sensor position
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Figure 6.10. The sensors layout at levels excepghmheater level

In any level except the heater level, the sensamsbe arranged in two different layouts, as shown
in Figure 6.10. The central line layout positiofissansors in a straight line with the pitch of 120
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mm. In the circular layout, all the sensors ararmgement at every 36° around the tower. In the
heater level, the sensors are attached to thecesrt# finned tubes directly. Multiple measurements
are required at a same condition and in each measumnt sensors are placed at one of the levels

with only one layout so that the influence of seasmn the airflow can be minimised.

It is noted that with current sensor arrangemeid, hard to detect local effects of the airflow in
detail throughout the cooling tower, as the nundfeneasure points is such small. However, a
rough variation of the measured quantities at #quéar position, like the temperature distribution

in the central lines of three different levels, tanstill obtained.
6.4.2 Measurement procedure

The air temperature is measured using thermistat9Ra Ds in the aforementioned four levels of

the cooling tower model, while the air velocitynieasured at bottom and middle levels. Because of
the limit in number of sensors, the only one lagseheasured at each testing. The air static pressur
drop across the heater is measure using a transavueh reads the absolute pressures of two
sides of the heater and then calculates the diféeref them.

Before the experiments, all these sensors havetbstad for their repeatability. In this test, ses
are placed and the recording of data starts bétfereeater is switched on. Once the heater is on
and its surface temperature turns to be stablesrtysswind speed varies from 0 to 4m/s with the
increment of 0.5 m/s each time and reverses thegihg back to 0 m/s again. Finally the heater is
power off, and the recording lasts until the heet@ompletely cooled down. This process is

repeated three times. It is found that the quastitheasured in these three tests are repeatable.

During experiment, the flow conditions at each smiad speed remain stable for at least 10 min
before starting measurement window. And the measemés are done at a sampling rate of 1 Hz

lasting for another 10 minutes.
6.4.3 Heater control mode

The whole experiment is run based on two basic siadmstant heating power and constant heater
surface temperature. In the first mode, the elegiower of the heater is fixed. During the
measurements, the surface temperature of the Heated tubes is monitored by the temperature

sensors attached on them.

In the second mode, the finned tube surface temyreres controlled and maintained at a constant
value [83]. The controlling is achieved by a loggtem: the real-time temperatures in different
positions are measured by the attached sensothamdhe control system in the computer
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calculated a mean value based these data andcgetaponding change in the heating power
through a PID module; finally the signal is tranted to the heater controller so that the heating
power can be changed. In spite of a constant teatyrerat heater surface, the air temperature
changes with the crosswind speed. And there isgmifisant difference the measured quantities
compared to those in the case of fixed heating powe

6.4.4 Working section and open channel

As mentioned above, the limitation in the heightt@ wind tunnel working section may affect the
performance of the cooling tower model. Thereftwgher tests have been done with part of the
working section replaced by an open channel witlloeiiceiling. The channel simply consists of
three rectangular timber boards which form the ok&floor (with some short legs supporting
underneath) and two vertical walls on two sidespeetively. The channel has a height and a span
of 1.75 m so that it can join up with the remainpagt of wind tunnel working section perfectly.

The function of this channel is equivalent to tiigiaal working section except for the open top.
The scaled cooling tower model is placed insideoiben channel. In spite of the absence of ceiling,
the airflow attacking on the tower model is gengrahiform as the channel top is still 0.55 m

higher than the tower outlet.

The measurement results are then compared witke tiatsined in the original working section. It

is found that both results at a crosswind speeldd®Mm/s or higher are close enough, which accords
with the numerical predictions. The CFD results¢ate that the hot plume leaving the cooling
tower reach up to further 23% of the tower heighemwwind velocity ratio is above certain value
(around 9). But at low crosswind speed (<1.5 niiejd¢ are some moderate differences between the
two results, and the one measured in open chasnebie trustable because these tests are

relatively closer to a real situation.

Therefore, the final results for low crosswind g é<1.5 m/s) discussed in this chapter are all

obtained in the open channel tests.
6.5. Identical-dimension CFD model for direct compason

As discussed in Section 6.2, the similarity betwi#enscaled tower model and the CFD prototype
cannot be satisfied completely as certain dimehsssrparameters are not the same for both.
Therefore, an extra CFD model has been built ugnwlate the scaled cooling tower and the

conditions in the wind tunnel. The CFD tower molda$ the same geometric dimensions as those of
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the experimental rigs: the tower is 1.2 m high @rgb m in diameter while the computational

domain has the same size of the wind tunnel worgewgion, as shown in Figure 11.

Wind
directior

Grounc
unit: m

Figure 6.11. The geometry of the CFD model ancctimputational domain

The boundary conditions are set the same as thatmors in the wind tunnel. The velocity inlet

uses a uniform velocity profile with the turbulennogensityl is calculated by:
I =0.16Re,;"® (6.21)

whereRg, is the Reynolds number based on hydraulic dianiztehich is 1.7 m here. The wall
boundary is applied on two lateral sides and tpedad the downstream face of the tunnel is set as

pressure outlet boundary where only the staticouresis specified.

This CFD model uses the same porous media assbevitethe radiator boundary introduced in
Chapters 4 and 5 for the heater. The coefficiantaomentum source term, i.e. Eq. (4.8), and the
heat transfer coefficierit of the radiator in Eq. (4.7) are all derived frédme wind tunnel testings

rather than the correlations in Chapter 3.

More precisely, for Eq. (4.83 is the permeability of mesh screen &b recalculated big, and in
Eq. (6.19) andk, in EqQ. (6.20). Meanwhil€l, in Eq. (4.7) is the heater surface temperature tlae
total convective heat transfer coefficiéntan be roughly estimated by the heat transfeetairon

proposed in [78] which is also valid for this heatee.:

Nu = % _ 0.495Re?‘509(%)_0'209 (6.22)
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The CFD model uses the same meshing methods int&haprhe cell size near the walls isrth

The CFD model is constructed to have all the dinoehass parameters introduced in section 6.2 to
be identical to those for the experimental cootimger model. Therefore, the simulation results of
the CFD model can be directly compared to the expart results. Since many of the
dimensionless numbers (except Grashof and Reymaliciber) for the test rig are also similar to
those for the full-height CFD model, the comparisoth the full-size prototype will also be

reported in terms of dimensionless numbers, althdbg agreement with the experimental results is

expected to be weaker for the full-scale coolingen

6.6. Cooling tower performance in natural convection case

The cooling tower operates in a pure natural caimmeecnanner when there is no crosswind. Thus
the scaled NDDCT model is tested first outsidevtired tunnel. The heater works at the first mode—
at a constant power of approximat@y..., = 5.216 KW. Even though the tests are conducted
indoors, to prevent any ambient air flow disturlb@rzarriers are installed 3 meters away

surrounding the tower model.

The natural convective air flow rate due to theyanxry is measured by three hotwires in the
middle level of the tower model. A mean velocityhen calculated by averaging the three
measurements. Figure 6.12 plots the real time ragarelocity recorded in a period of 700 seconds.

The data sampling rate in the figure wadz
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Figure 6.12. The spatial averaged real time awaig} at the constant heating power mode
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The uncertainty analysis on the results showsainatelocity over the given period of time has an
average value of 0.316 m/s with the standard dewiaif 0.027 m/s. The fluctuation of
instantaneous velocity indicates that certain lef@hstability occurs in the air flow. In fact,eéh
free convection air flow in such scale tower isghtReynolds number turbulent flow, and can be
disturbed by any tiny external influence whichnrsvitable in current laboratory condition.
Therefore, the measurement is taken in severatpoirer a sufficiently long period of time (>10
min).

The air temperature is measured at different lewmsisle the tower model, and each level has 6 or
10 measuring points. Figure 6.13 shows the aversggdime temperatures in each level: bottom,

middle, top,underneath, and tower inlet (ambientiaithe same period of 700 seconds as above.

50
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[ ———— VTR S it bt R —= ‘M
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©
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l— 5 TEESTd @A ¢ I 7 @l ' @Gl § a7 s ¢ & ¢ & " = " =
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Time (s)

Figure 6.13. The spatial averaged real time tentperan four levels as indicated at the constant
heating power mode

The result of the uncertainty analysis on thesesoregnents is shown in table below.

Table 6.6 The uncertainties of the real time terajpee

Measured quantity Arithmetic mean over all Standard deviation
sensors

Velocity at middle level 0.32 m/s 0.03 m/s

Top level temperature 42.8° 0.8 <C

Middle level temperature 43.C° 04 <

Bottom level temperature 43.8° 0.2<C

Underneath level temperature 250 ° 0.2<C
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Ambient (inlet) temperature  24.T° 0.04 T

These measurement results have verified that thettaimilarity has been achieved between the
experimental model and the 15 m-high tower protetypCFD as discussed above. For example,
with the average air velocity in pure natural cartian case, the similarity defined in Eq. (6.14h ca

be verified, namely:

2 2

(F1p)p = | 2| = tmo=rm— ) = 0.1037 (6.23a)

’ —p 9H p 117z 915

2 2

(Fro)m = (552~ ) = mmsa—— ) = 0.1095 (6.23b)
p 9 m 11z 912

Therefore:

(Frp)m = (Frp)y (6.23c)

All the values in Eg. (6.23a) are extracted from @FD results(p,),, and (p),, in EqQ. (6.23b) are
calculated using Eq. (3.16) where the barometesgure in laborator§?,),,, =~ 101100 Pa, and

the air temperatures are based on the measurenaetgroude number for model is slightly larger
than that in prototype which indicates the actwavective air speed is slightly larger than what

expected. This is due to a relatively smaller pres$oss in the heater than designed value.

Additionally, a direct comparison of the resultévizeen the measurement and the identical CFD

model (1.2 m-high) is made in table below, whictlitates there is a very good agreement for them:

Table 6.7 A comparison between the experiment &fld @sults for pure natural convection case

parameters measurements identical CFD model (1hiyh)-

Mean air velocityay)  0.316 m/s 0.315 m/s

Mean air outlet
temperature (Bottom  42.5°C 43.2 °C
level)

With the spatial averaged temperature and air \tglat each time step, the total heat absorbed by
the air flow from the heater is calculated by E&j24a). It is then plotted against the time in Fégu
6.14 for the same period of 700 seconds as above.
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Qa = macpa(Tao - Tai) = p_avaOACpa(Tbottom - Tground) (6.248.)
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Figure 6.14. The real time total heat transfer b&tisveen the heater and air, at the constant lgeatin
power mode

The time average value of the heat transfer@ati the tower model over this measurement
window is 4925.5 W with the standard deviation acting for 7.9%0Q, matches the actual
working power of the heatd,, quite well, and the heat transfer efficienclgetween air and the

heater surface is therefore:

O _ 4925 _ g4 400 (6.24b)

Pheater 5.216

17:

There shows around 5.6% of heat mismatch in thetreasfer, which mainly due to the heat
dissipation to the surrounding air of cooling tovlaough heater frame, support, caéle The

imprecision of the measurements could be anotlasore

It is noted that the air temperature drops slightbng with the air flow above the heater. The
temperature differences between bottom and midalebatween middle and top are 1.15 °C and
2.37 °C. The decrease shows that the heat lossghithe tower wall (cylinder shell) is not
negligible in this model. An approximate estimatairthe heat loss on the tower body surface can

be calculated by following mathematics model.

The air temperature inside the towWgkeeps changing frorfi,, between tower bottom and top as
the heat is continuously lost. Therefore Thés expected as a function of the distance abawe th

heaterh, namely:T; = f(h). To obtain the correction betwe@&nandh, consider a random
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infinitesimal heightdh in which the air temperature decreasediBy as shown in the Figure 6.15

below.

Inside tower Outside tower

Figure 6.15. Heat loss model at the tower wall

Suppose the ambient temperature outside the t@waeconstant,, the energy of hot air lost in this

infinitesimal heightd Q,,,, is expressed as:
dQioss = MqCpadT; = hymD(T; — T,)dh (6.25)

whereU is the overall heat transfer coefficient betweadrrnal hot air and the ambient air

calculated by:

by = (6.26)
K

D
By rearranging the last two term of Eq. (6.25) artdgrating from 0O tdH, yielding:

nUD H
T; = (T, — T,)emacra + T, (6.27)
It is calculated that the convective heat trangfea vertical wall of surface temperature 43 °C is
around 9W/Knt, therefore the theoretical temperature decreasaloylation isAT = T, — T; =
43.25 — 42.57 = 0.62 °C. The result is close to the actual temperadifference measured which

is 0.77 °C.

6.7. Crosswind effects on the cooling tower without windbreaks

The scaled tower model is then tested in the wimdel under different crosswind speeds: 0.5, 0.75,
1,15, 2,25, 3,35, 4,4.5, 5 and 5.5 m/s wtherheater works at the constant heating power mode
first and then the constant surface temperatureemiideach wind speed, the data are logged only

after all the quantities monitored remains stadie the recording is done over 10 minutes.
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6.7.1. The mean velocity

According to Eq. (6.2), the velocity of the ainilanside the tower under crosswind conditiogs

is nondimensionalized by the pure natural convecio speed without crosswind;y as a divider.
This ratio represents the variation of air flowttve tower with external wind. Since for the scaled
NDDCT model, the variables other thay), /v,y in EQ. (6.2) remain unchangeabig/v,y can

expressed as a function of only wind velocity ragiQ/v,y:
Va _ rVew
il [Gp) (6.28)

The uncertainty of this function is calculated akofving equation:

1\?2 Dy
Ova/vaN = \/(a) 05q + (— ﬂ)zo_gaN (6.29)
wheread,,, andag,,y are the uncertainties @f andv,y respectively

Figure 6.16 shows the dimensionless air velogjiv,y varies with the crosswind speed ratio in
measurement and the two CFD models. The electriepof the heater in the experiment is fixed
at approximatelyP,.qter = 5.216 KW while in the two CFD models, the heat transfegsaif the
heat exchanger model are constants. So, all tvesum Figure 6.16 are for the results from the
constant heat dumping rate mode. The uncertaimtitt®® measurement are shown on experimental
results. In the experiment, air velocity is the mean value at the middle level of the ecgptower.
All three curves show a similar turn-around treiHdwever, the slope of the curve for the 15 m-
high prototype CFD model is different from the atheo. This is because the similarity between
the model and the prototype in CFD simulationsosaompletely satisfied, for instance the
Reynolds numbers do not satisfy the similarity.t@sother hand, the comparison of the
experimental result with that in the identical CFiodel (1.2 m-high tower) shows a good

agreement with slight difference for the velociyio v,,, /v,y more than 12.
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Figure 6.16. Air velocity, /v,y changes with the crosswind at constant heat duymaires, both
experimental and numerical results. The error Beeshown on experimental results.

The turn-around trend of the natural convectioruoed! hot air speed implies that airflow pattern is
complex and the air circulations may exist. In thied tunnel experiment, the speed sensors can
measure the air flow in directions normal to thesse probes which are placed horizontally inside
the tower but cannot determine the exact directiimthe other hand, the vertical airflow speed in
the tower is inevitably decreased by the horizowiatl which causes the inclined exiting airflow at
cooling tower outlet [62]. Therefore, the increasair speed post the critical wind speed in the
measurement is attributed to no reason other ti@nedirection of the actual airflow. This
argument can be further proved by the CFD restdts the 1.2 m-high cooling tower model.
Figure 6.17 shows the velocity vectors at mygplane of the cooling tower under no-wind
condition and at crosswind speed of 4 m/s, respaygtiThe speed 4 m/s corresponds to wind
velocity ratiov,,, /v,y Of around 12.7 at which, /v,y is larger than 1. In Figure 6.17, a large
vortex is seen in the middle and upper part ofcthaing tower when crosswind speed is 4 m/s, and
it is clear that the mean absolute air speed atiddle level in (b) is larger than that in (a) wihiis

no-wind case.
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Veloeity

0.34
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Figure 6.17. Velocity vectors at mig-plane under no-wind condition (a) and when crosdwi
speed =4 m/s (b).

6.7.2. The mean air temperature

The temperature sensors are arranged in the laydraduced in Section 6.4.1 at each testing level
so that the level mean temperatiifecan be calculated. It is found that at any lelelmean air
temperature changes with the air velocity. Accagdmthe scaling analysis, the non-dimensional
parameter is defined for the temperature, i.e.:

T+ = 1o~ (6.30)

Tan—To

whereT, is the ambient constant air temperature Bn the mean air temperature. The divider
T,n — T, stands for the temperature difference betweeimteeand outlet air of heat exchangers
when there is no crosswin@l? at every time step varies with the time and Figui& shows the

real timeT* measured at the bottom level of the tower modehfstable 10-minute time window,

whenv,,, /v,y is around 5.2.
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Figure 6.18. The real tiniB at the bottom level for a stable 10-minute pedbthe crosswind
speed ratio of 5.2.
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Figure 6.19. The experimental air temperature figréint testing levels changes with the crosswind
at constant heating power mode

The dimensionless air temperat(reis plotted against the crosswind speed ratio. fei@ul9

shows the dimensionless air temperature at diffdemels as the functions of crosswind velocity
ratiov,,, /v,y When the heater works the same constant heatwgrpoode as that in Section 6.7.1.
The overall temperature above the heater, i.edénie tower, generally follows the opposite trend
to the air velocity. Air temperature at the towap tends to be much cooler than that in the bottom

when the wind velocity ratio is larger than 3. THierence also implies that the air flow is not
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unidirectional above the heat exchangers, but thereortices in tower upper part causing the cool
ambient air penetrated into the tower from theeiuihis supports the CFD observations presented

in earlier chapters.

On the other hand, temperature underneath therhedtes expected sin€g = T, in EQ. (6.30).

As the crosswind speed increases, it shows a gbniexaeasing trend and tends to converge to be
the value of the middle and top temperatures. iBrevidence for the existence of the air circulatio
around the heater exchanger as predicted by thedBRlations. As seen in Figure 6.17, part of
the hot air above the exchangers is sucked dowthégegative pressure in the tower bottom
caused by the crosswind, as the result, the agased again. Therefore, the temperature in the

reverse flow region increases significantly.

The measured temperatures are then compared wittutherical results of the identical 1.2 m-
high CFD model at each level at the approximataiyies heat dumping rate 5.216 KW, as shown in
Figure 6.20.
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Figure 6.20. Comparisons of dimensionless temperatariation at different measurement levels
between the experiment and CFD results at the saaiedumping rate 5.216 KW.
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The experiment and CFD results for temperaturetit tower bottom level (above the heater) and
the heater underneath level agree generally wailabthe tower middle and top levels there are
differences between both results, especially ifn kvgnd velocity ratio range. Further investigation
indicates that the air flow field at tower base &wler part predicted by CFD simulations are very
close to that in the wind tunnel measurement. H@wvevtower upper part, air temperature is lower
in CFD results because more cool ambient air patestthrough tower outlet, which points out that
the airflow vortices are overestimated by numerstadulations. This may be due to the limitations
of the two-equation RANS turbulence model usedhis $tudy [84]. Despite of this, all curves
verify that air temperature obtained in either expent or CFD have very similar change trends

with respect to the variation of crosswind speed.

6.7.3. Temperature distributions
The air temperature distribution in particular piosis is investigated in order to estimate the

variation of the flow field pattern of the coolibgwer when there is crosswind.

The temperature distribution is implemented by magag the increased air temperature along the
central lines of four different levels of the caglitower shown in Figure 6.21. The heater in the
measurements is controlled at the constant heptimgr mode. The increased temperature means
the difference between the temperature of testougt@nd the inlet ambient temperature of the
tower, as defined in Eq. (6.31).This parametentioduced to eliminate the influence of the

environmental temperature on the experiment results

AT, =T, —Ty=T,—T, (6.31)

~
- C

Top
\ x=0 =1
Wwind Middle
Bottom

/L‘ ) Underneath

Figure 6.21. Positions in the cooling tower (reck#) where the increased temperature is measured
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Figures 6.22-6.25 plot the distributions of ther@ased air temperature in the central lines at
different levels when crosswind speed changes fianis to 4 m/s and the electric power of the
heater, i.e. heat dumping rate, is same as tt#¢ation 6.7.1. The-axisin these figures is ratio of
x to tower diameteD, wherex is thex-coordinate of the position of a temperature ser®Sod the

crosswind direction is same as thaxis namelyx = 0 is windward side whilg = 1 is leeward

side.
40
35 =0=0 m/s
=@=0.5 m/s
30 -
==0.75 m/s
8 25 1m/s
ITO =#=1.5m/s
= 20
=0=2 m/s
15 =2 5 m/s
10 3 /S
4 mls
5 T T T T 1
0 0.2 0.4 0.6 0.8 1
x/D

Figure 6.22. Measured temperature distributiorténcentral line of bottom level at different
crosswind speed (constant heat dumping rate)
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Figure 6.23. Measured temperature distributiorténcentral line of middle level at different
crosswind speeds (constant heat dumping rate)
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Figure 6.24. Measured temperature distributiorténcentral line of top level at different
crosswind speeds (constant heat dumping rate)
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Figure 6.25. Measured temperature distributioreeimtral line underneath the heater at different
crosswind speeds (constant heat dumping rate)

The temperature distributes nearly symmetric aloitly the central line at any level of the tower in
free convection case. The crosswind tends to isertd@e temperature much more on windward side
than on leeward side. This is quite clear showtomand underneath levels. Situations at bottom
and middle levels seem a little complicated. Irt the maximum temperature position changes with
the crosswind speed: this position generally magesrds the leeward side as the wind speed
increases. According to the analysis in Chapténelhighest temperature in a horizontal line occurs

where the air velocity is lowest. This is exactig position of airflow circulation centre. When the
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crosswind speed is increasing, this centre is putheards the leeward because the negative
pressure zone under the heat exchanger in windsideds expanding. The experiment results

therefore verify the prediction of the CFD simubais in previous chapters.

Generally speaking, the profile of temperatureriigtion at each measuring levels provides strong
evidence that the crosswind causes air circulaiimmside the tower as discussed above. In the
region near tower outlet, temperature in leewadd sgieclines as cool air penetrates. Consequently,
the natural convection air speed decreases, leaalithg rise of temperature in the region out ef th
air vortices. While underneath the heat exchangeverse airflow exists at windward part
especially at high crosswind speeds. Reverse flewwvahses the net air flow rate passing through
the heat exchangers, but it is not always harnoftihé overall heat transfer which is unlike the
vortices near tower outlet. As discussed in Chagptér certain high crosswind speed range, the

heat can dissipate through the reverse air flow.

The temperature distribution obtained in experimetiien compared against the results of the 1.2
m-high CFD model computed at the same heat dunpieg Figures 6.26—6.28 compare the
temperature distributions in the central linesavfer bottom, top, and base (under the heat

exchangers) from both the experiment and CFD restiltrosswind speeds as indicated.
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Figure 6.26. A comparison of temperature distrimsiin central line of bottom level when
crosswind speed is 1 m/s and 4m/s between theiemgr@rand CFD results (same constant heat
dumping rate).

135



Chapter 6

25
= CFD 1m/s
T CFD 4m/s
2
T >I< X Measurement 1 m/s
= ¥ Measurement 4 m/s
z15 . =
b \ — £ *
= 1 * = 3
Ho1 X —
L_‘j - X
0.5 ;
O T T T T 1
0 0.2 0.4 0.6 0.8 1
x/D

Figure 6.27. A comparison of temperature distrimsiin central line of top level when crosswind
speed is 1 m/s and 4m/s between the experimenCBBdresults (same constant heat dumping

rate).
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Figure 6.28. A comparison of temperature distritmsiin central line underneath the heat
exchangers when crosswind speed is 1 m/s and &tvgén the experiment and CFD results

(same constant heat dumping rate).

These comparisons show a satisfied agreement hetiweexperiment and CFD results for bottom

and underneath levels. However, the consistenogtisnade at tower top. It is believed that the air

flow field in this part is very complicated. The BFesults suggest there exists air vortices in this
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region, but its scale is probably exaggerated merical simulations, leading to that the airflow

field in upper part of tower predicted by the CFDdul is not same as that in the experiment results.

However, these temperature distributions refle¢y arrough estimation of the temperature
variation in the aforementioned locations rathantthe complete state of the airflow in the cooling
tower. Because with such small number of measyroigts, many very detailed local effects might

be missed out.

6.7.4. The total heat transfer rate
To examine the crosswind effect on total heat fearrateQ of the heater, the measurements at

variable heating power mode is conducted. In #8sing mode, the surface temperature of the
heater is maintained at a constant value whichaskater temperature in free convection case
when there is no crosswind. While crosswind changegilate the input electric power depending
on the real time temperature monitored and thelztah power is then recorded. As the discussion
in 5.1, more than 94% of the electric power is $farred to the air which is emitted through the
outlet of the cooling tower. So the variation oahansfer can be reflected by electric power
changing measured.

The scaling analysis defines the ratio of totak leasfer rates between the cases of crosswind and
no crosswind) /Qy. According to Eq. (6.4), this ratio can be expeglsas a function of the

crosswind speed ratig., /v,y While the others are constant for a certain tawedel, namely,

Q _ £ (6.32)

QN VaN

The correlation obtained from the experiment dadisplayed in Figure 6.29 where a comparison
with the two CFD results is given as well. In these CFD models, the surface temperatures of the

heat exchanger models are fixed instead of thecheaping rate.
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Figure 6.29. The total heat dumped by the coolavget at different crosswind speeds when the
heater/heat exchanger surface temperatures arantms

In Section 4.5, the correlation du/Nuy andv,,, /v,y proposed in Eq. (4.13) indicates that the
turn-around trend of the heat transfer rate ekistause of a combination of natural and forced
convection. Figure 6.29 shows that the experimentechas matched up with the curve of 1.2 m-
high CFD model quite well. The curve for 15 m-highD model appears different slopes from the
other two. Again, the difference is mainly becaokthe incomplete similarity of the scaled tower

model.

It is noted in Figure 6.29 that in the range ofdwrelocity ratio between 0 and 13, the
measurements, either the air velocity or the hreaster rate, agree quite well with the predictions
of its identical 1.2 m-high CFD model. But at highelocity ratios (i.e. >13) the experiment
obtains a smaller air velocity or a larger heatgfar rate than the CFD simulation. This factil st
due to that in high wind velocity ratios CFD caktibn overestimates the airflow circulations
inside the cooling tower, so that it underestim#tescooling performance of the heat exchangers.
However, the CFD modelling methods are still coestd valid because its prediction of the critical
points for both the airflow velocity and heat triangate is accurate according to the comparisons
with the scaled model measurement results in the winnel.
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6.9. Crosswind effects on the cooling tower with windbreak walls

According to the CFD results in Chapter 5, thetexise of the windbreak stops the crosswind
flowing across the bottom, change the directiothefcrosswind, and force it flow through the heat
exchanger. Since more air flows through the heclh@&xger, it improves the performance of the
tower. When there is no crosswind, the coolingeaters into the tower freely without any

obstruction from the walls. The benefit of the winebk wall is clear seen in the numerical results.

This experiment uses the same shape of windbrelikimgerneath the heater in the tower base.
Three cases of the wall installing angles have lmastigated: 0°, 30°, and 60° at the constant
heating power mode first. Figure 6.30 shows theetiisionless air velocity, /v,y averaged at the
tower middle level changing with the crosswind spesio in these three cases of angles (solid
lines), while the corresponding results from then¥&igh CFD prototype and the identical 1.2 m-
high CFD model are presented in the figures asfeetomparisons. All the experimental and

CFD results are obtained in the case that thecheaping rates are constants.

5 Measurement(0°)
== Measurement (30°)
=== Measurement (60°)

4| === CFD(0) A 7,,0.
——~ CFD (30°) }//33 2 ZA

3.5 | === CFD(60°) 7
—+ -CFD 1.2m (0°) K

3 =& -CFD1.2m(30°)
—& -CFD 1.2m (60°) z /&

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22|23
Vou/Van

Figure 6.30. Air velocity as a function of crossdispeed ratio for different attack angles at
constant heat dumping rates

It is found the windbreak wall generally enhandesdir velocity inside the cooling tower as

crosswind speed increases for the attack anglé anh@ 60°. The air velocity for 30° attack angle
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experiences a temporary decrease in low crosswieeds followed by a turnaround at the wind
speed ratio around 4. All the experiment and CHDlte show the similar trend as the crosswind
speed varies, although the gradients of the cuorebe 15 m-high cooling tower are much smaller

the other ones.

On the other hand, the dimensionless temperattfexatice at the same level changes in the
opposite trend as the velocity, which is showniguFe 6.31 using solid lines. The results of the 15

m-high and 1.2 m-high CFD model are compared inifeid.31 too.

1.4

0.4 —&=— Measurement (0°) == Measurement (30°)
—==— Measurement (60°) ==« CFD 15m (0°)
— == CFD 15m (30°) === CFD 15m (60°)
02 — -CFD 1.2m (0°) —& -CFD 1.2m (30°)

—& -CFD 1.2m (60°)

0

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22|23
VouVan

Figure 6.31. Temperature difference as a functimrasswind speed ratio for different attack
angles at constant heat dumping rates

The measurement at the variable heating power nsoztnducted to examine the crosswind effect
on total heat transfer ra@ of the heater. The surface temperature of theehetgments is
maintained at a constant value which is the heateperature in free convection case when there is
no crosswind. The electric power recorded is apprately equal to the total heat the “heater
exchanger” dumps. Figures 6.32-6.34 show the diroerless heat transfer rafe/Qy as the

functions of crosswind speed ratig, /v,y for different attack angles, obtained from expen

and CFD results. As seen in the figures, the erpant and CFD results for 1.2 m-high CFD tower
model agree with each other generally well foitladl cases of attack angles.
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Figure 6.32. Total heat transfer rate varies vhithdrosswind speed for different attack angle of 0°
both experiment and CFD results, constant heatrdhechanger surface temperatures
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Figure 6.33. Total heat transfer rate varies withdrosswind speed for different attack angle of
30°, both experiment and CFD results, constantehetat exchanger surface temperatures
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Figure 6.34. Total heat transfer rate varies wihdrosswind speed for different attack angle of
60°, both experiment and CFD results, constanteietat exchanger surface temperatures

It is noted that despite that the measurementteeatgd comparable with its identical CFD model,
there are still some differences between both ésibem the air velocity. The most possible reason
for this is believed to relate to the complexityairfflow field in the cooling tower base and cannot
be modelled in the CFD model. Since the windbreak @xists under the heat exchangers, the
airflow in this region has been changed greatlythiedvortices generates, according to the analysis
in Chapter 5. As the result, the flow field insitée cooling tower tends to be very irregular and
unstable. This is a source of inaccuracy for aed@RD model which causes the discrepancies in
the final results.

The benefit of windbreak walls under the heat ergeas has been verified by the experiment. The
cooling performance of the tower generally exceabdssalue in normal natural convection
condition (no wind case) when the walls are arrdregeattack angles of 0° and even 60°. This
conclusion accords with the findings of CFD studyChapter 5 [85].

6.10. Flow visualization

The air flow in the scaled cooling tower model isualized through smoke. The smoke is generated
by a smoke machine and guided through a pieces# twa short chamber underneath the tower
model base. The chamber is covered by a perfostteet so that the smoke can flow out. The
smoke has the same temperature and density asrdarabjeso it cannot form a constant durable

flow by itself unless there is an airflow carryitige smoke.
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Wind directior

(@) (b)

Figure 6.35. The airflow in the cooling tower underwind condition (a) and at crosswind speed of
2 m/s (b).

Figure 6.35 compares the smoke flow in the codiowger under no wind condition and at
crosswind speed of 2 m/s when the heater workseatdnstant power of 5.216 KW. As seen in the
figure, the nearly all the air flows through theatex in free convection case. The contraction ef th
air flow at heater level indicates that ambientsairounding the tower base is sucked in at certain
speed. When there is crosswind, all the smokeowwlway sideways. This indicates the
horizontal airflow dominates the tower base regorthat only a part of air flows through the
heater.

143



Chapter 6

Wingd directior
4

)

Figure 6.36. Smoke visualization in the tower asevindbreak wall angle of 0° at wind speed of
2m/s

Figure 6.37. Smoke visualization in the tower asevindbreak wall angle of 30° at wind speed of
2m/s
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Figure 6.38. Smoke visualization in the tower asevindbreak wall angle of 60° at wind speed of
2m/s

From Figure 6.35, it is clear that the crosswirdliees the upward air flowing through the heat
exchangers which leads to the decrease in theraeafer rate in the entire cooling tower. Once the
windbreak wall is used under the heat exchangerhdhizontal influence of the crosswind can be
limited significantly and even can be convertethi beneficial effect. Figures 6.36-6.38 show the
air flow in the tower base for the three instalyi@s of the windbreak wall at the same heating
power when the crosswind speed is 2 m/s. It has been that most part of the smoke is not blown
away by the wind, and there is more smoke passirgsa the heater. This improvement is more
remarkable in the wake areas of the windbreak klddehese areas, much thicker and larger
plume of smoke is seen than the sectors direatipdethe incoming wind, which means that there
exist air vortices in the wall wakes—the smokeuwdates locally with airflow.

6.11. Conclusions

The 1:12.5 scaled natural draft dry cooling towedel has been tested in the windnel. The
experiment is designed obeying the scaling law ashnas possible to model the cooling
performance of the proposed cooling tower undesssind conditions with or without the
windbreak walls. Several quantities (temperatuedqaity, and electric power) on this tower model
have been measured. The final data is then compartée results of two 3D CFD models: the 15
m-high prototype tower model and a new 1.2 m-hdagntical numerical tower model. The
experiment results generally agree with what th® C&lculations predicted which verify the

methodology used in the CFD.

1. The total heat transfer rate and airflow velpaitscaled tower model experience the same
decrease-turnaround trend along with the increasmeswind speed as found in the CFD

simulations.

2. The air temperature distributions inside theliogaower model proves that crosswind causes the
local air circulations in the tower. In the regiogar tower outlet, temperature in leeward side
declines as cool air penetrates through the towteto While underneath the heat exchangers,
reverse airflow exists at windward part especiatihigh crosswind speeds, leading to the local air

temperature increases significantly.

3. The CFD models slightly overestimate the cirtates of the airflow especially near the tower
outlet. This is believed due to the limitation bétturbulence model used. As a result, the

distribution of the quantities predicted by CFDujper part of the tower might be not accurate.
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4. The heat transfer rate of the proposed NDDCdinmensionless form is proposed as a function of

crosswind velocity ratio,,, /v,y, aspect ratiéi*/A and Reynolds numbey,,Dv,y /1.
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Chapter 7 Conclusions

7.1 Summary

In thermal power plants using variety of heat sesythe redundant heat needs to be removed
through cooling devices such as heat exchangersaoiohg towers. Natural draft dry cooling
towers (NDDCTSs) feature no water loss and virtuathyparasitic power consumption during
operation. Although they are more expensive todhtile avoidance of parasitic losses help the
plant increase its net power generation. The Quaet$seothermal Energy Centre of Excellence
(QGECE) is developing small- or medium-scale gemwtla and solar thermal power plant
technologies for Australian conditions. These reaige power plants are most likely to be located
in remote interior where there is limited waterglyp If NDDCTs are to be used in the air-cooled
condensers of these plants, the towers will beivelst short because the plants are smaller than
typical coal-fired power plants. This Thesisjpob examined a critical operational issue for such
short towers, the cross wind effect, proposed ity measures and design guidelines for
designers of the future renewable thermal powentplasing natural draft dry cooling towers. The
working principle of NDDCTs is as simple as thecktaffect. Air density difference between inside
and outside is crucial to the draft force of thedo. In conventional thermal power plant, natural
draft dry cooling towers are usually built highlkah 100 m to create a large enough draft velocity
so that the expected amount of heat can be durkjmedever, for small-scale renewable power
plants with net power generation of only few megasyaur 1D mathematical model has proved
that the cooling tower size can be decreased bgsilan order of magnitude. With this 1D model,
the cooling performance of a particular small NDD@der certain given conditions can be

precisely predicted.

The most important factor influencing the NDDCT mgi®n is the crosswind. The 1D cooling
tower performance models currently employed bygtesis of tall cooling towers for large power
plants are not capable of predicting the crosswiifielct. A number of previous studies have proved
that cooling performance of large cooling towersrdases with the rise of crosswind speed as the

natural convection is affected by crosswind but thecrease is not very large for tall towers.

However, the situation for short NDDCTs is entirdlfferent. This study carried out numerical and

experimental investigations on the unique effeatrobswind in small NDDCTs with the height

less than 20 m. It found that, when there is cvassl, the total heat transfer rate Q in a naturaftd

cooling tower is a combination of the rates duairstconvection and forced convection. While the

former causes the vertical airflow inside the toaed decreases with the increases of the crosswind
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speed, the latter occurs underneath the heat egelsaam the tower bottom as the horizontal wind
passes through and has a positive relation withvithd speed. If the tower height is large enough
to produce a high draft force, the natural conwectieat transfer is orders of magnitude stronger
than the forced convection. So, the latter is @gke in such towers even under high crosswind

conditions.

In small NDDCTs, the natural convective heat transf low enough to become comparable to the
forced convection heat transfer. Therefore, theradtion between them needs to be analysed and
evaluated with care. As the results in this stiaye shown, the cooling capacity of small
NDDCTs is not always defeated by crosswind effexsttead, a turn-around trend with increasing
crosswind speed has been observed. The increaskagctmwer total heat transfer rate above
certain crosswind speeds is attributed to the tbregural convection effect. This is a new

phenomenon and it is different from the large aupliowers.

The total heat transfer composition of a NDDCT besn shown to follow a simple correlation of
heat transfer rate with the crosswind speed, ge(£15). This mathematical model predicts the
reduced heat transfer rate under crosswinds aiza natural draft dry cooling towers with
horizontal heat exchangers. The coefficients incthreelation are believed to depend on the size
and characteristics of the cooling towers. Theaigy} ratio in the correlation refers to the ratio

the crosswind speed to the air velocity that wdaddbtained through the tower under pure natural
convection (no crosswind). This ratio has beeticatito the predicted performance of short
NDDCTs.

In the 15 m-high NDDCT studied in this project, treat dumping rate of the tower has been shown
to decrease by up to 37% when the crosswind sge@thes to its critical point-5 m/s or the
velocity ratio of approximately 11. A tri-blade-gkwindbreak wall was therefore introduced under
the heat exchangers in tower bottom in order tacedhe horizontal wind speed in the region. The
windbreak wall has been shown to increase thecatmir velocity and thus the natural convective
heat transfer in the cooling tower. The effecth& indbreak wall has been found to be highly
sensitive to its orientation. It has been found ¢hti-blade-like windbreak wall gives the most
benefit to the cooling tower performance at windek angles of 0° and 60°. This suggests that the
windbreak walls should be placed with one wall, a:ee symmetry axis, always aligned with the
dominant direction of the crosswind. This findirande used to determine the windbreak
installation angles with respect to the most frequkrection(s) of the environmental crosswind in a

given district.
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In this study, a 1:12.5 scaled natural draft drglic tower model has been constructed and tested
in the wind tunnel. The experiment results gengiadiree with what the CFD predictions, which
indicates that the methodology used in numericalelimg is reasonable. It has also been found
that the CFD models may be overestimating theiaiukation especially near the tower outlet at
high crosswind speeds. This is believed mainlytduée limitation of the turbulence model used.
This suggests that the actual crosswind effecherNIDDCT is slightly weaker than what has been
predicted by CFD model at high crosswind speedsvaver current CFD model is still valid when

predicting the change trend of the cooling towefqgenance.

In summary, this study demonstrates the feasillitytilising relatively short natural draft dry
cooling towers in small- to medium-size renewahkrmal power generators. Crosswind effects
could be fatal to these towers but can be prevearedeven can be converted to benefits with
proper wind mitigation measures as described sghidy. Finally, it has been demonstrated
through validation tests in a wind tunnel that tlsenerical method used in the study is an effective
tool to study natural draft cooling tower operaturgler different conditions.

7.2 Suggestions for future work

Crosswind effect and its mitigation currently intigated have not been tested in full scale real
cooling towers. While numerical and scaled modetsaell designed to be as similar to the real
tower as possible, it would still be valuable tmdoct studies on the boundary conditions/ wind
profile, scaling issues of the convective heatdfan(i.e.Re Nu, Ra Eu, etc), tower inlet and
outlet pressure drop and airflow structure, moressly the turbulence in the airflow. Some of
these issues cannot be analysed in small laboratatg towers in wind tunnels. Long term field
measurements are required for the investigatiaragswind effects in operating plants. Testing on
full scale real NDDCTs is needed, and real indaktmned-tube heat exchangers can be used in
these cooling towers. It is noted that althoughed#nt industrial heat exchangers perform
differently in terms of the magnitudes of the hieahsfer rate and the pressure resistance, the
relation between the overall tower performance@odswinds should be very similar, because
generally speaking, any heat exchanger bundle pheeysame role, namely provide heat and

resistance, to the airflow in cooling towers.

Although a rough correlation of the crosswind effeas been proposed, more studies are required
before it is developed into a more precise andtmaanathematical model. The form model could

be further developed to involve a set of correlaiby considering more cooling tower parameters
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like the aspect ratio, Reynolds number, Nusseltbenretc. Combined with experimental
validation on full-scale cooling towers, this waskexpected to lead to predictive design formula to
help future power plant designers planning to e¢&tively short natural draft dry cooling towers

under crosswind conditions.
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