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NOMENCLATURE

Symbols

A [ m2 ] – area

Ar [ - ] – Archimedes number

Cpi [ - ] – dimensionless tower inlet stagnation pressure loss coefficient

cp [ J/(kg·K) ] – specific heat at constant pressure

cw [ J/(kg·K) ] – specific heat of water

Cw [ - ] – wind effect coefficient

D [ m ] – diameter

g [ m/s2 ] – gravitational acceleration

H [ m ] – cooling tower height

hi [ m ] – tower intake height

k [ J/kg ] – turbulent kinetic energy

ma [ kg/s ] – air mass flow rate

mw [ kg/s ] – cooling water mass flow rate

p [ Pa ] – pressure

pb [ Pa ] – barometric pressure

q [ W/m2 ] – heat flux

Q [ MW ] – dissipated heat

Q* [ MW ] – corrected heat dissipation

r [ m ] – radius, radial coordinate axis

Ta [ ºC ] – air temperature

Ta1 [ ºC ] – cooling tower inlet air temperature

Ta2 [ ºC ] – cooling tower outlet air temperature

Tcell [ ºC ] – cell temperature

TH2 [ ºC ] – fluid temperature exiting the radiator

THX [ ºC ] – radiator temperature

Tin [ ºC ] – inlet temperature of the coolant in a macro



NOMENCLATURE

v

Tin0 [ ºC ] – inlet temperature of the coolant in the first macro

Tout [ ºC ] – outlet temperature of the coolant in a macro

Ts [ ºC ] – saturated steam temperature

Tw [ ºC ] – water temperature

Tw1 [ ºC ] – warmed water temperature

Tw2 [ ºC ] – cooled water temperature

v [ m/s ] – velocity

vi [ m/s ] – inlet air velocity to the cooling tower

v10 [ m/s ] – wind speed measured at 10 m above ground level

v11 [ m/s ] – wind speed measured at 11 m above ground level

v96 [ m/s ] – wind speed measured at 96 m above ground level

x [ m ] – coordinate axis

z [ m ] – coordinate axis (in the vertical direction)

α [ W/(m2·K) ] – heat transfer coefficient

Δ [ - ] – difference

ΔQa [ MW ] – correction for cooling tower heat rejection due to the deviation of
ambient air temperature from the nominal condition

ΔQb [ MW ] – correction for cooling tower heat rejection due to the deviation of
barometric pressure from the nominal condition

ε [ m2/s3 ] – turbulent dissipation rate

ε HE [ - ] – heat exchanger effectiveness

ϕ [ º ] – tangential coordinate axis

Φ [ s/m ] – density function of wind velocity

η [ % ] – effectiveness

ρ [ kg/m3 ] – density

ϑt [ ºC ] – Initial Temperature Difference of the tower

θ [ º ] – central angle of the tower (θ = 0 º points in the -x coordinate
direction)

Subscripts

0 – no-wind conditions
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m – measured

n – nominal

t – tower

w – water, wind

∞ – undisturbed flow

Abbreviations

2D – two-dimensional

3D – three-dimensional

CCPP – Combined Cycle Power Plant

CFD – Computational Fluid Dynamics

Co. Ltd. – Company Limited

CPC [ MW/K ] – Cooling Plant Capacity

CPU – Central Processing Unit

EdF – Electricité de France

EGI – an abbreviation remained from the former name of my employer:
Institute for Energetics (in Hungarian: Energiagazdálkodási
Intézet)

FVM – Finite Volume Method

GT – Gas Turbine

HRSG – Heat Recovery Steam Generator

ITD [ ºC ] – overall Initial Temperature Difference

ITD0 [ ºC ] – nominal overall Initial Temperature Difference (in no-wind
conditions)

MBV – Modified Bouver-Vogel

PC – Personal Computer

PGT – Performance Guarantee Test

Ph.D. – Doctor of Philosophy (Doctorate degree)

PS – Power Station

RNG – Renormalisation Group

ST – Steam Turbine
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TPP – Thermal Power Plant

TTD [ ºC ] – Terminal Temperature Difference, sub-cooling in the condenser

USSR – Union of Soviet Socialist Republics
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PREFACE

After graduating with honours in 2000 at the Budapest University of Technology and
Economics, Faculty of Mechanical Engineering, I started to work at the EGI -
Contracting Engineering Co. Ltd. as a design engineer. In the course of designing the
components of new power plant cooling systems, preparing the related sizing calculations
and surveying the manufacturing, assembling and testing activities at EGI’s production
plant in Jászberény, I obtained detailed working knowledge in this field.

At the same time, I continued my postgraduate studies as a correspondence student at
the organised three-year Ph.D. course of the Faculty of Mechanical Engineering, with
consultation support from the Department of Energy Engineering.

In the spring of 2001, I have begun to deal with the wind effect on natural draught dry
cooling towers, firstly by reviewing the earlier experiences of EGI which relied mostly on
full-scale measurements and scale model experiments in the wind tunnel in Jászberény.
Later, I flew to Turkey with one of my colleagues to perform new on-site measurements
on an operating dry cooling tower in June-July, 2001. After that, I was shifted to the
Research and Development Section at EGI, so I latched on to the actual research works
and assisted in the development of an advanced computer program for the evaluation of
these measurements.

In the meantime, I studied the economic and environmental aspects of different energy
technologies, too, and contributed to the Student Programme of the 18th World Energy
Congress & Exhibition organised by the World Energy Council in Buenos Aires on 21-25
October, 2001.

In 2001 EGI won government subsidy in the framework of National Research and
Development Programs 2001, called the Széchenyi-Plan, by which several aspects of the
cooling tower design were refined in consortium collaboration with other companies and
departments from the Budapest University of Technology and Economics.

From 2002 January, EGI purchased the license for a Computational Fluid Dynamics
(CFD) software called FLUENT. This allowed inter alia numerical calculations of the
cooling tower in wind to be performed. The results were compared with the on-site
measurements, and the correspondence was more than adequate. Thereafter, I made
several simulations in order to augment our knowledge about the behaviour of natural
draught cooling towers in wind. The results are summarised in this Ph.D. work.

Here I would like to express my thanks to my supervisor professor Tamás Jászay from
the Department of Energy Engineering, Budapest University of Technology and
Economics, for his valuable ideas, comments, continuous encouragement and help to
obtain subsidies for covering the expenses incurred in connection with my doctorate.
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I also render thanks to Mr. László Ludvig, Head of Design and Engineering
Department of the Heller Power and Process Cooling Systems Business Line at EGI -
Contracting Engineering Co. Ltd., by whom I was allowed, beyond I performed my
everyday engineering tasks, to study the effect of wind on cooling towers at the
workplace and to use the technical background of EGI. I am grateful to Mr. Gábor Csaba,
Head of Research and Development Section at EGI, for his help and expertise provided in
the evaluation of full-scale measurements.

I acknowledge the consultancy support of the educational staff of the Department of
Fluid Mechanics, Budapest University of Technology and Economics, relating to
modelling fluid flows in FLUENT.

Last but not least thanks to my parents and friends, to whom I was missing during
Ph.D. studies, and they tolerated this with patience.
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1. INTRODUCTION

This chapter will demonstrate at first the role of cooling systems in electricity generating
power plants, after that the main components and operating principles of the Heller® type
indirect dry cooling system to be dealt with in this Ph.D. study will be introduced.
Finally, the objectives of my analyses are presented.

1.1. Electricity generation

Within energy in general, electricity plays a special, indispensable and steadily increasing
role in our life. The industrial, residential, transport, medical and telecommunication
sectors would meet with heavy losses if power-cut occurred even just for a few minutes.
Therefore, reliable energy supply is needed for the mankind to maintain a sustainable
growth globally.

Electricity is generated from different kinds of primary energy sources, which are
listed below:

 Fossil fuels (coal, oil, natural gas),

 Nuclear,

 Renewable energy (solar, hydro, wind, geothermal, ocean wave and tidal),

 Other (combustible renewables, biomass and waste, i.e. wood, agricultural by-
products, animal refuse and wastes, gas and liquids from biomass, sulphite lyes
from the manufacture of paper, municipal, industrial and hospital waste).

Figure 1-1. Evolution of world electricity generation* by fuel, TWh
* Excludes pumped storage.

** Other includes geothermal, solar, wind, combustible renewables and waste.
Source: http://www.iea.org/statist/keyworld/keystats.htm

15000

12500

10000

7500

5000

2500

0
1971     1974     1977     1980     1983     1986     1989     1992     1995     1998

Thermal Nuclear Hydro Other**



INTRODUCTION

2

From the beginning of commercial energy supply to different end-users, fossil fuel
thermal power stations have done the bulk of electric power generation and this cannot be
expected to change during the next decades (see Figure 1-1.). Among fossil fuels, coal
has the largest geological reserves with the most evenly distributed occurrence in the
world. However, the use of coal involves environmental concerns – emission of
greenhouse gases, acid rain – however, recently many types of clean technologies
(Fluidised Bed Combustion, Integrated Gasification Combined Cycle, Flue Gas
Desulphurisation, sorbent injection, spray drying, reburning, combined SOx/NOx, low
NOx combustion, post-combustion NOx, Selective Catalytic Reduction, CO2 scrubbers,
physical coal cleaning, CO2 sequestration) help to adapt it a lot better to environmental
requirements.

Although larger oil-fields are located only in certain regions on the Earth and
alternative drives for vehicles are already in the research & development phase, due to its
high energy density (MJ/litre) and easy tractability, oil is used as a predominant motor
fuel in the transportation sector throughout the world. The heavy fuel oil residuals
(distillation residues from the oil refineries) and other oil products can be used in oil-fired
thermal power plants. Oil has also environmental problems (air and sea pollution).

Natural-gas-fired Combined Cycle Power Plants (CCPP) are one of the most advanced
technologies in electricity generation. The enthalpy of the gas turbine exhaust gases (with
cc. 600-800 ºC) is utilised in a Heat Recovery Steam Generator (HRSG), which produces
steam for a steam turbine without burning of additional fuel in the steam cycle. The
thermal efficiency of these power plants is cc. 0.58 (for comparison, the thermal
efficiency of a spark ignition Otto-motor, a compression ignition Diesel motor and a
nuclear power plant is 0.3-0.35, 0.35-0.45 and 0.33, respectively), furthermore, less
pollutants and heat load per generated electricity are emitted in the environment.

Nuclear energy has cheap and potentially large fuel resources (reserves can be largely
extended by breeder implementation) and the nuclear fission power plants emit negligible
amounts of greenhouse gases during operation. However, due to reactor safety aspects
this technology faces public acceptability problems and the fears of the risk of the final
disposal of radioactive waste and technology proliferation often lead to keep off investing
in the nuclear energy.

Renewables are „zero-emission” technologies, however, their economics depends
strongly on site conditions and also have their own environmental problems. Large
hydroelectricity is a proven technology, capable of generating thousands of MWs.
Nevertheless, a part of public opinion has turned against hydropower because of the dams
they require and in industrialised countries the potential sites have mostly been exploited
already.

The output of the wind turbines is proportional to the wind speed (intermittent
availability). Therefore, wind energy is suitable only to coastal areas and high ridges,
furthermore, the individual machines are unsightly, noisy and take up a lot of valuable
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land. Their intermittent electricity production needs keeping full capacity reserve in
traditional power stations.

Photovoltaic cells can convert diffused light and direct sunlight both into electricity,
but this technology is more productive and cheaper just at lower latitudes. The costs of
the solar electricity are high, but prices started to decrease. However, solar energy require
large surface area and only high capacity plants would be viable.

The utilisation of biomass energy is also a proven technology and the sources are
plentiful in waste products. Furthermore, this technology offers some independence from
fossil fuels and bio-forests can act as sinks for carbon-dioxide. Biogas can be burned in
combined cycle plants (co-firing with fossil fuels). The disadvantages are that the burning
of biomass produces gaseous and liquid waste and the collection, transportation and
storage of biomass is expensive.

1.2. Thermal power plants in general

In thermal power plants the heat input can be obtained by means of fuel combustion
(fossil fuels and biomass), nuclear fission, solar radiation (solar thermal) and
underground high pressure steam or warm water and hot dry rocks (geothermal plants).
The thermal energy is firstly converted into mechanical work by gas or steam turbines,
which is then transformed into electricity by electric generators.

In gas turbine cycles, air is brought to high pressure by a compressor, then the heat
input eventuates and the high pressure and high temperature air enters the turbine. While
the air is expanding and flowing through the turbine blading, the shaft of the gas turbine
(which is coupled together with the shaft of the compressor) is driven. Usually, the
exhaust gases are discharged into the atmosphere (open cycle gas turbines). In this
technology there is no need for re-cooling the working fluid because the cycle is open.

Similarly, in steam turbine cycles water is brought to high pressure by a feedwater
pump, then high temperature overheated steam is generated in a boiler by means of the
heat input. After that steam is flowing through the turbine and is expanding at the
expense of its internal energy, while its specific volume is increasing and the surfaces of
the turbine blading are rotated around, so mechanical work is produced on the steam
turbine shaft.

Modern high efficiency steam cycles are closed, i.e. after the turbine the steam flows
into a condenser, where vacuum is maintained. In this way, the enthalpy and pressure
difference of the steam utilised in the turbine is higher than it would be if dead steam was
exhausted into the atmosphere at about 1 bar. In the condenser, the steam undergoes a
phase change (condensation), so the water is recovered and flows on to the feedwater
pump. However, this cycle needs a significant amount of low-level heat to be rejected (as
according to the Second Law of thermodynamics, thermal energy cannot be converted
completely into mechanical work) to the atmosphere or natural water bodies in order to
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allow the condensation to take place. The temperature of the condensation should be low
for the better thermal efficiency of the plant, but the temperature of the condensing steam
in the condenser must be somewhat higher than the temperature of the cooling air or the
cooling water.

Alternatively, the latent (condensation) heat of the turbine exhaust steam can be
utilised for heating purposes (Combined Heat and Power plants, co-generation plants)
instead of rejecting it into the environment. While industrial heat demand is steady in
general, demand for space heating is by its nature seasonal, therefore, an auxiliary
cooling system is needed to keep the power station running also in space heating off-
seasons.

Summing up: condensing steam power stations generate the lion’s share of electricity.
To carry out condensation (heat rejection) they need cooling. The temperature level of
heat rejection has to be as near to the ambient temperature as possible. The amount of
heat to be rejected is very big. All this translates to the fact that the cooling system
represents a decisive component of a steam power station.

There are many types of power plant cooling systems, and their application depends on
the yield of available natural water sources nearby the power plant. Therefore,
availability of adequate amount of cooling water is an important factor in choosing the
optimal site for a thermal power station, but the transport distances and costs of the fuel
as well as transmission distances and costs of generated electricity have to be also
considered.

1.3. Power plant cooling systems

The main types of the cooling systems are:

a) Fresh-water (once-through) cooling is applied if the power plant is located in the
vicinity of a natural source of water (sea or river). This is the most advantageous
option in respect of the thermal efficiency of the plant. In this case the cooling
water is taken from the environment, and after the cooling process, water is
discharged back into the natural bodies of water. To avoid the direct mixing of the
high purity steam condensate (of boiler feed water quality) with the much lower
quality cooling water, (containing also pollutants and dissolved gases which would
increase the condenser pressure), surface condenser must be used, in which the
cooling water flows in tube bundles and the steam flows and condensates outside
the tubes.

b) Evaporative cooling requires less natural cooling water than once-through cooling.
After warming up in the surface type condenser, the cooling water flows into an
artificial or natural cooling pond with or without spraying equipment (like
waterworks) or in a natural or mechanical draught cooling tower. The cooling water
gets in direct contact with ambient air on the surface of the pond or on the surfaces
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of the packing of the wet cooling tower, and is re-cooled in a simultaneous heat and
mass transfer process by convective and latent (evaporative) heat transfer. The re-
cooled water is returned into the condenser by pumps. Water losses are only due to
evaporation, carry over of drops by wind and blow down. It can be said that the
supplemental water demand is nearly equal to the steam flow to the condenser,
because the amount of the condensed steam is nearly equal to the evaporated
cooling water. Depending on the size of the contact surface, water temperature
approaches the wet bulb temperature of the ambient air.

c) Dry cooling systems exclude the direct contact of the cooling water and the air
(cooling water or steam flows in finned tube bundles and ambient air flows through
the fins), so water losses mentioned at evaporative cooling are avoided. As there is
no need for significant make-up water supply, the power plant can be located at fuel
source (mine or oil refinery). The environmental impact is lower than in case of
evaporative cooling (no vapour-plume emission originating from the evaporated
cooling water), and so, less public resistance can be expected against the
construction. However, the cooling process is less efficient than with wet cooling,
because the cooling water temperature can reach only the dry bulb temperature of
ambient air in ideal case. Dry cooling requires 3-4 times more cooling air flow than
wet cooling for same steam turbine performance. Generally, the exhaust annulus
area of the low pressure turbine must be smaller with a corresponding higher end
loading at dry cooled power plants, than at wet cooled ones.

There are two types of dry cooling systems:

– indirect dry cooling „Heller® System”,

– direct dry cooling (Air Cooled Condenser).

d) Hybrid and combined cooling systems combine the advantages of different cooling
systems (combined once-though/wet, hybrid wet/dry, combined dry/wet).

1.3.1. Indirect dry cooling system

A schematic diagram of the Heller® type indirect dry cooling system (named after the late
professor László Heller, who invented the system in Hungary in the late 1940’s) is shown
in Figure 1-2.

As cooling water is circulating in a closed circuit, direct contact jet condenser can be
used. The exchange surface is formed by water jets sprinkled out from spray nozzles
(water jets leaving the holes of the nozzles impact to baffle plates thus making water
films), so the steam is mixing directly with cooling water which is of boiler feed water
quality. In the last phase of condensation about 5 % of the steam flow gets to the after-
cooler section where steam, along with its air/non-condensable content is flowing through
water curtains trickling down from a perforated, cascade tray system in counter flow
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direction, and further condensation goes on1. At the end of the after-cooler the air
evacuation system removes from the condenser the air and other non-condensable gases
(see Figure 1-3.). The evacuation system usually comprises a steam jet air ejector with
silencer.

HRSG 

Steam 
turbine 

Generator

Condensate 
booster pump 

Direct contact 
jet condenser 

Cooling water 
circulating pump

Motor 
Recovery 
hydro turbine

Louvers 

Heat exchangers

Dry cooling 
tower 

Air flow 

Ts 
Tw2

Tw2

Tw1 

Tw1

Ta1 Ta2 

Figure 1-2. Schematic drawing of the indirect dry cooling Heller® system in a CCPP

Figure 1-3. Operation of the direct contact jet condenser

                                                          
1 A more detailed description and analysis of direct contact condensers are available inter alia in
Á. BAKAY, T. JÁSZAY: High Performance Jet Condensers for Steam Turbines. Transactions of the
International Heat Transfer Conference, Toronto, 1978.

Steam
Division plate

Water header

Vertical
water films

Air extraction

After-cooler
section

Perforated trays

Nozzles
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The direct contact jet condenser is a highly efficient equipment – there is only a
marginal sub-cooling (difference between the saturated steam temperature, Ts, and
warmed water temperature, Tw1, called as Terminal Temperature Difference, is
advantageously near zero or at least less than 0.3 °C for direct contact jet condensers and
between 1.8-4 °C for surface condensers), and much less material is required for
construction, as there are no heat exchanger tubes. Furthermore, because of its simpler
construction, the jet condenser’s reliability is much higher and its maintenance cost lower
than those of the surface condensers. The direct contact jet condenser is more efficient,
smaller, lighter and cheaper than a surface condenser with its tube bundles.

The condensed steam and the warmed water are collected in the bottom „hotwell” part
of the jet condenser. Cc. 2 % of this flow - corresponding to the amount of steam condensed
– is fed to the boiler feed water system by simple booster pumps. The major part of the flow
is delivered to the cooling tower by circulating pumps for cooling. During operation, the
cooling duty is performed by the heat exchangers, where cooling air flow is induced by a
natural draught cooling tower: while flowing through the heat exchangers, the temperature
of the air increases, consequently, the air inside the tower with smaller density than that of
the ambient air outside the tower will rise upwards due to buoyancy forces.

Natural draught cooling towers may be constructed from welded/bolted steel structure
with aluminium cladding, but reinforced concrete hyperbolic shells are also applicable (see
Figure 1-4. and 1-5.). Steel towers are preferred to concrete shells at sites of high seismicity.
The painted steel structure also safely resists corrosion (the air inside the cooling tower is
normally approx. 20 ºC hotter, and hence, drier than ambient air).

Figure 1-4. Steel structured cooling towers Figure 1-5. Reinforced concrete cooling towers
Shahid Montazeri TPP 4 × 210 MWe (Esfahan, Iran) 1200 MWe Trakya CCPP (Turkey)

Heat exchangers can be arranged either vertically around the perimeter of the cooling
tower or horizontally in the inlet cross-section (see Figure 1-6. and 1-7.). In the Heller®

system, the vertical arrangement is used mainly.
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Figure 1-6. Heller type natural draught cooling tower

Source: VAN STADEN ET AL. (1996)

                  
Figure 1-7. Cooling tower with horizontally arranged heat exchangers

Source: VAN STADEN ET AL. (1996)

Usually two hydraulic machine groups are connected in parallel in the cooling water
circulating system, each consisting of a cooling water circulation and extraction pump, a
recuperating hydraulic turbine and a driving electric motor - all three machines being
mounted on a common shaft connected together by plug type coupling. Thus power
recovered by the hydraulic turbine (utilising the relatively high pressure of cooling water
arriving from the top of heat exchangers) provides part of the pumping power, the remainder
being supplied by the motor. If one of the two pumping units is off, the same heat rejection
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at approx. 5.5 ºC condenser temperature increase, or 80 % heat rejection with the original
condenser temperature still can be maintained with the pump remaining in operation. As the
cooling water pumps get the cooling water from the condenser where vacuum is prevailing,
low speed (~ 425 min-1) pumps are used in a pit at elevation lower than that of the condenser
in order to avoid cavitation.

The pumps extract water from the direct contact jet condenser and raise water pressure to
such a value that under all steady state conditions, even at the highest point of the cooling
deltas, it will exceed atmospheric pressures. This ensures that if a leak should occur, air will
not be drawn into the system, with the consequent reduction in vacuum. On the other hand,
due to the overpressure the location of the leak will be immediately apparent. The required
water level above the top of heat exchangers is maintained and controlled by the hydraulic
turbines, and in the few meters long piping from the hydro turbines to the condenser the
pressure is again low.

The cooling water is flowing in an underground distributing ring-piping in the tower,
from which the sector inlet pipelines are branching towards the groups (or sectors) of heat
exchangers, where the cooling columns are connected in parallel at the water side.
Similarly, the cooled water after the heat exchangers flows back through the sector outlet
pipelines to the underground collecting ring-piping in the tower (see Figure 1-8.). If e.g.
one of six parallel cooling delta sectors is disconnected, approximately 90 % heat
rejection with unchanged condenser temperature or 100 % heat rejection with 2.5 ºC
condenser temperature increase can be maintained.

Figure 1-8. Piping system inside the cooling tower

The self-supporting erection unit of the heat exchanger bundles is called cooling delta. It
has a rigid framework of triangular cross-section, two sides of which are formed from 10, 15

 Tower gate Underground ring-piping

Sector inlet/
outlet lines

Tower X-legs

Heat exchangers

Storage tanks
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or 20 m high, 2.4 m wide heat exchanger panels (columns) with an angle of approx. 58° (the
cooling delta angle), while the third side is left open for air inlet usually equipped with
electrically actuated louvers for air flow control. Connection between the distribution piping
and the coolers is made by flexible rubber hoses.

The air is flowing into the cooling deltas across the louver field, and is passing through
the cooling columns dissevering in two directions (see Figure 1-9.). The warm water
enters the cooling columns through the bottom header (in which a bulkhead is placed
with two separated passes), flows up in the cooler tubes, then turns down in the top
header and flows down in the cooler tubes. So while it is re-cooled, the cooling water
goes to the cold part of the bottom header in a cross-counter flow relative to the air flow.
From the bottom header, the cooling water flows back into the piping system through the
cold water outlet stub.

Cooling delta

Air flow

Louver

Cooling column

Air flow

Steel structure

Louver

Air flow

Steel structure

Cooling column

Cooler bundle

Plate fin

Cooler tube

Bottom header

Warm water inlet

Cold water outlet

Figure 1-9. Cooling delta – Forgó type water-to-air heat exchangers

In the Forgó type heat exchangers tubes are arranged in staggered pitch forming a joint
cooler matrix with perforated fin plates (see Figure 1-10.). Assembling of the all aluminium
heat exchanger surface is an entirely cold process (no welding or soldering is used) – a steel
ball is pushed through the cooler tubes, so the tubes dilate and get nipped into the collared
holes of the plate fins. Consequently, there is no danger of corrosion due to the remaining
welding or soldering fluxes. Due to the mono-metal design the bi-metallic corrosion is also
avoided.

The heat exchanger surface undergoes also the MBV (Modified Bouver-Vogel)
treatment, which results chemically in a thicker protective oxide layer. Based on the
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experiences, the life of air coolers can be expected to be over 30 years with proper cleaning
(by pressurised water) and maintenance.

  
Figure 1-10. Structure of the heat exchanger surface

The Heller system can be optionally equipped with specially configured, additional cooler
surfaces suitable for dual-purpose operation: wintertime preheating of cooling deltas by hot
air-blast during cold start-up and summertime cooling capacity enhancement with a
moderate amount of deluge water evaporation on the finned surface of cooler bundles. This
enhancement generally results in a condenser temperature drop of about 2.5-3 ºC, adding
about 1 % to the plant net generation efficiency.

The pre-heaters/peak coolers are induced mechanical draught cooler cells connected in
parallel with cooling deltas and are divided into separate sectors situated adjacent to the
main cooling deltas inside the natural draught cooling tower. Pre-heater/peak cooler groups
normally take part in the cooling operation by means of the tower natural draught. Fans are
running only during deluged operation in the hottest summer peak periods and during
preheating in winter, in the latter case running in inverse direction with the louvers of the
main cooling deltas fully closed (see Figure 1-11.).

Figure 1-11. Operating principle of pre-heater/peak cooler cells
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The fact that it is worth investing research and development work in the indirect dry
cooling system is supported by the advantages of the Heller system:

 Flexible site arrangement (unlike at direct Air Cooled Condensers, where the heat
exchangers must be located as near as possible to the steam turbine in order to
avoid additional pressure losses in the steam flow and air infiltration into the longer
main steam duct under vacuum, at indirect dry cooling locating air coolers a
distance away means elongating cooling water piping, which causes only small
increase in costs – piping is inexpensive and pressure loss in straight pipelines is
insignificant).

 Safety against freezing danger (easy control of cooling air flow rate by the louvers;
emergency draining of the heat exchangers by the control system; pre-heater cells –
absolute safe start-up and shut-down at extremely cold climates).

 Cooling system start-up with zero steam flow – cooling water by-pass circulation.

 Water saving (unlike wet towers, dry cooling systems require no significant
amounts of make-up water; a 200 MWe steam turbine unit equipped with wet
cooling tower has water consumption equivalent to the continuous water demand of
a medium size city of 100,000 inhabitants. Thus deciding for power plant dry
cooling may give chance for further development of a whole region leaving the
available water resources to use in the residential, industrial and agricultural
sectors).

 Environment friendly – easy permitting for construction. In contrast to dry cooling,
wet towers discharge concentrated cooling water blow-down, which may pollute
the surroundings, and once-through cooling systems discharge warmed water back
to natural bodies of water which may damage the aquatic flora and fauna because at
higher temperatures the solvability of oxygen in water is decreased.

 A total of 17,000 MWe power plants are in service and under construction with the
Heller system including units operating under extreme ambient conditions (as cold
as -62 °C or some at +50 °C).

 High availability and reliability: clean cooling water cycle precludes condenser
fouling leading to the deterioration of heat rejection capacity and condenser
clogging (by algae or mussels/sea weed) that plagues wet cooled and once-through
seawater cooled units with increased unavailability.

 Large cooling water fill (approximately 3,000 m3) helps smooth out fluctuations of
cooling water temperature variations due to wind-gusts and boiler make-up water
purity when demineralisation plant occasionally malfunctions.

 Natural draught:
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– Low auxiliary electric power consumption with natural draught (approx. 2 %
improvement in steam cycle efficiency by the elimination of self consumption
for cooling air moving by fans).

– Low maintenance requirements (due to absence of air moving equipment, the
only continuously moving components of the system are the cooling water
circulating pump units requiring brief maintenance during scheduled plant
shut-down).

– Low noise pollution.

– No hot air recirculation (in contrast with mechanical draught coolers, where
the air inlet and outlet openings are close to each other, warmed air
discharged from the tower may not re-enter the heat exchangers at the intake
due to wind, resulting in performance deterioration).

– Integrating boiler flue-gas stack and desulphurisation equipment inside the
cooling tower sharply reduces stack costs (cooling tower draught
superposition results in lower flue-gas stack height) and ground level
concentrations of pollutants emitted through the power plant stack (flue-gas
meets the large quantity of warm, dry cooling air inside the cooling tower, in
which the flue-gas thins down and gets to high altitudes).

1.3.2. Natural draught wet cooling towers

In the engineering science literature, a number of studies analyse the effect of wind on
natural draught wet cooling towers. These surveys are very useful in understanding the
wind effect on dry cooling towers, too. Therefore, a brief introduction of this type of
cooling towers is outlined below.

Figure 1-12. Outline drawing of a cooling system with counter-flow natural draught cooling tower

Water consumption:
Cc. 1.8-2.5 % of the circulated water flow rate
Auxiliary power consumption:
Cc. 0.8 % of the steam turbine performance
+ cc. 0.7 % if there are ventilators
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To boiler Cooling
water
pump

Motor

Cooling
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(water-plume)
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The main components of a wet tower are the water sprayers, inner-shell packing, drift
eliminator and the water collection basin (see Figure 1-12., 1-13. and 1-14.). The warm
water is sprayed through a grid of sprinklers over the packing. The packing or fill is a
multi-layered lattice with large specific air-to-water contact surface, which obstructs the
free fall of water extending by that the residence/heat and mass transfer time. The
packing breaks up water flow into droplets, increases the contact area and contact time
with air, and therefore improves the heat transfer rate and efficiency of the cooling tower.
While the cooling water is flowing down the packing, it is cooled by the air colder than it.
Below the packing, the water is further cooled in the so called „rain zone” and is then
collected in the basin at the bottom of the cooling tower for returning into the condenser
by pumps. The buoyancy forces and chimney effects induce natural draught in the tower:
the air flowing sideways into the tower is warming up and rises due to its decreased
density and leaves the tower at its upmost cross-section.

Similarly to natural draught dry cooling towers, the heat (and mass) exchanger packing
in wet towers can be arranged either horizontally in the inlet cross-section of the tower
(called as counter-flow towers – the water and the air are flowing in counter flow
direction) or vertically around the circumference of the tower (called as cross-flow towers
according to the water and air flow).

Wet cooling towers provide the „cooling” effect to the water mainly through the
evaporation of some of the water during its direct contact with air. The cooling tower
industry typically quotes that the fraction of the heat removed from the water by
evaporation is approximately three-quarters of the total heat rejected to the atmosphere
(ASME (PTC) 23-12986 (R1992)). Interestingly, this fraction can exceed 100 % if the
inlet water temperature is lower than the inlet dry bulb air temperature. In this case the
sensible heat transfer will be negative, that is from the air to the cooling water, and under
these conditions both the air and the water are cooled. This phenomenon takes place
under extreme hot and extreme dry ambient air parameters. Sensible heat transfer
involves an increase in the dry bulb temperature of the air, and is distinguished from the
latent heat transfer involving a change in the moisture content of the air, defined as the
mass of water vapour per unit mass of air.

In the literature, the effectiveness of the cooling towers is generally characterised by
the temperature approach, which is the difference between the cold water temperature of
the tower and the ambient wet-bulb temperature (dry-bulb for dry cooling towers)
corresponding usually to a constant heat load.

Wet cooling towers require smaller plot area than dry cooling systems, but the lifetime
of heat exchanger packing used in wet systems is lower (~ 10 years) and due to
evaporation, visible plume is emitted at the top of the tower (see Figure 1-15.). The latter
phenomenon may (and usually does) arise protest on behalf of the neighbourhoods.
(While the same, protesting people enjoy the fleecy clouds on the sky.)
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Figure 1-13. Film type counter-flow fill Figure 1-14. Profile type drift eliminator

Figure 1-15. Lignite-fired Schwarze Pumpe PS with wet cooling towers, Germany, 2 × 800 MWe

1.4. Main objectives and relevance of the present Ph.D. work

A cooling system is an integrated part of a power plant with steam cycles. The thermal
efficiency of the plant is higher if the difference between the highest and the lowest
temperatures in the cycle is greater. The highest applicable temperature is constrained by
the deterioration of material mechanical properties used in the equipment. At the cold end
of the cycle, the cooling system should ensure a low steam temperature along with the
rejection of the condensation heat (nevertheless, the lowest condenser temperatures are
limited by the choking phenomenon in the steam turbine: when choking occurs, further
reductions in exhaust pressure produce no increases in turbine last stage’s work).

The effectiveness of a dry cooling system is most suitably characterised by the overall
Initial Temperature Difference (ITD, the „thermodynamic driving force”): the difference
between the temperature corresponding to the turbine saturated steam back-pressure and
the ambient air temperature. In the case of indirect dry cooling the overall ITD and the
tower ITD, ϑt, differ by the value of the condenser Terminal Temperature Difference
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(TTD). A cooling system cannot be designed for an arbitrarily small overall ITD value,
because lower ITD values, i.e. smaller natural draught require greater heat exchanger
surface area for a given cooling tower height.

Ambient winds can significantly alter the flow field around a natural draught cooling
tower, which will result in an increase in tower ITD as well as in overall ITD values.
Consequently, the saturated steam temperature and pressure in the condenser will be
higher and the thermal efficiency of the power cycle will be lower which may amount to
significant economic losses for the respective power company. For instance, if the
cooling water temperature in a 1,000 MWe power station is only one degree Centigrade
higher due to wind effects, it is estimated that the corresponding decline in thermal
efficiency will cause an electric power reduction of around 55 MW (SAMALI AND MADADNIA,
2001).

In this Ph.D. work the wind effect on a natural draught Heller type cooling tower will
be analysed by means of on-site measurements and Computational Fluid Dynamics
(CFD) calculations. Some possible solutions for improving the cooling tower
performance in wind will also be examined by CFD simulations. The results of these
surveys may contribute to the design of more efficient cooling towers for the future and
the behaviour of already existing towers in wind may also be improved at a relatively
small expense.

In this chapter, a brief introduction highlighted the role of power plant cooling
systems, gave an overview of different cooling options, described the operation of
cooling systems employing natural draught cooling towers and explained the importance
of present research and development study. The second chapter summarises the existing
experiences of other researchers in this field which can be found in the scientific
literature. Afterwards, full-scale measurements on a Heller type dry cooling tower are
presented. In the fourth chapter, particulars of the CFD model of the cooling tower are
given, and the achievements of numerical simulations are outlined in the subsequent
chapter. Finally, the conclusions are summarised in the sixth chapter. Photos taken at the
on-site measurements are set out in the Appendix.
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2. LITERATURE OVERVIEW

The problem of the influence of wind on natural draught cooling towers had been
investigated by several researchers. The methods include full-scale site measurements,
scale model tests and numerical simulations.

2.1. Full-scale experience

As a supplier of power plant cooling systems, EGI - Contracting Engineering Co. Ltd. has
more decades of experiences with natural draught cooling towers. PÁLFALVI (1989)
presented results of measurements on two Heller type dry cooling towers in China. The
well-tried technical solutions applied at the cooling systems for the Hungarian Mátra
(former name Gagarin, commissioned in 1971-1972) thermal power station with
265 MWth heat rejections were modified slightly only in few aspects for the Units V and
VI of the Datong power station in China (commissioned in 1987-1988). In consideration
of the significantly high site elevation, the cooling towers in Datong were designed with a
little bit higher structural height and cooling water flow rate as compared with the Mátra
cooling towers, but the main equipment and the size of exchange area remained
unchanged.

Based on Performance Guarantee Tests carried out on the dry cooling towers of
Datong power station in China, PÁLFALVI (1989) concluded that cooling towers of similar
design behave similarly in cross-wind (see Figure 2-1.).

Figure 2-1. Wind effect curve
Source: PÁLFALVI (1989)

Notes: Curve measured in the Mátra PS, Hungary
• Datong PS, Unit V
+ Datong PS, Unit VI
Δ ITD = ITD - ITD0

Δ ITD / ITD0
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The experiences with other realised cooling towers showed that higher towers are less
sensitive to wind than lower towers with larger diameter, because of the lower air exit
velocity from the cooling tower in the latter case. Dry tower designers often consider
larger air velocity at the tower exit to reduce the wind sensitivity of the cooling system.
On the other hand, a cooling tower with larger bottom diameter has more space available
for the heat exchangers, with lower air flow velocity and pressure loss through the tower,
so the ratio of height to diameter of the towers should be optimised. Generally, natural
draught dry cooling towers operate with considerably larger draught (larger air
temperature/density difference between tower shell inside and outside), and also their
upper exit air flow rate is 3-4 times larger than that of a wet cooling tower, thus dry
towers form stronger vertical outlet air sheaf and better withstanding against wind effects.

In case of fan-assisted natural draught cooling towers the effect of wind on the stability
of the hot air plume exiting the tower is recommended to be improved by a slightly rota-
ted position of the fans, which induces a swirling flow inside the tower (see Figure 2-2.).

Figure 2-2. Example of a fan-assisted natural draught cooling tower

Other two company leaders at EGI, BALOGH AND TAKÁCS (2001) reported results of field
measurements at Bursa CCPP concerning the cooling tower heat rejection capacity fluc-
tuations triggered by atmospheric wind-gusts. They judged the heat exchanger air inlet
flow pattern indirectly from the heat exchanger outlet water temperature measurements
around the tower perimeter (measurement made on July 2, 2001, at Unit 1 cooling tower).

Heat exchangers in the frontal area, facing directly the wind upstream, had
significantly enhanced cooling by utilising their increased air inflow. On the West side
(the free side opposite to the side at the power block buildings) the wind flow (tangential
to the perimeter) caused a low pressure in that region and consequently reduced the air
flow of the respective heat exchangers. Also the heat exchangers on the power block side
(East) had good inlet air flow, since here the buildings blocked and directed cold air to
these coolers. At the backside of the cooling tower also an improved air inflow could be
measured, due to the refluxes. Thus heat exchanger outlet water temperature variation
curve shows that with vertical heat exchanger arrangement a significant portion of the
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coolers is supported by wind with better cooling, and nearly same heat exchanger area is
affected positively, as the negatively affected heat exchanger area (see Figure 2-3.).

average of
measured values
values below
average
values above
average

Cooling tower perimeter

 Wind direction

 -5 oC
  0 oC

 +5 oC

Figure 2-3. Outlet water temperatures averaged for every two neighbouring heat exchanger modules
(measured values for 4.8 m/s wind speed at 10 m level)

Source: BALOGH AND TAKÁCS (2001)

The wind speed varied in a relatively wide range from second to second, as wind-gusts
occurred. Due to the considerable water fill of the cooling system representing a certain
thermal inertia, and due to the actual cooling water pipe lengths, strongly filtered water
temperature and turbine back pressure variation was resulted. This may ensure more
comfortable operating conditions for turbine blading, especially as compared to direct air
cooled condensing plants not utilising water as indirect cooling medium.

(Bursa CCPP, Unit 1, July 1, 2001)
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Source: BALOGH AND TAKÁCS (2001)

In Figure 2-4., actual values of Cooling Plant Capacity (CPC) are plotted against the
instantaneous wind speed values measured at ~74 m distance upstream the cooling tower
and 10 m from ground level taken in every 20 seconds. CPC is defined by equation (2.1).
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CAYTAN AND FABRE (1989) gave results of some on-site tests carried out by Electricité de
France, and showed the economic importance of wind effect on the performance of
natural draught wet cooling towers. It was also described how proposals which have the
same nominal specifications can have very different performances over the whole
operating range if the corresponding cooling towers did not have the same behaviour to
wind. A method was presented how to choose the best cooling tower design based on the
characteristics in function of wind speed which is to be supplied by constructors in their
proposal in addition to the nominal parameters.

It was experienced that the cooled water temperature was very sensitive to wind and
that a temperature increase of 3 K can occur at a wind speed of about 10 m/s measured at
11 m above ground level. Figure 2-5. gives average cooled water temperature variations
as a function of wind speed at 11 m above ground level, compared to the cooled water
temperature without wind. The cooling water temperature increase due to the wind effect
results in a degradation in turbine performance and loss of electricity production.

Figure 2-5. Effect of wind speed measured at 11 m above ground level on the cold water temperature of
rain counter-flow (left) and cross-flow (right) natural draught wet cooling towers

Source: CAYTAN AND FABRE (1989)

Measurements on these towers were also reported in BOURILLOT AND GRANGE (1980).

For a cooling tower serving a 900 MWe Electricité de France plant, CAYTAN AND FABRE

(1989) estimated the cooled water temperature increase in wind weighted by the
occurrence probability of different wind speed classes to 1.1 K, which corresponds to a
power loss in the order of 3 MW or to an actualised financial loss being 19 % of the net
investment cost. It is therefore worthwhile examining wind effects much more carefully.

To be more competitive, it is in the constructor’s interest to under-estimate the wind
effect in his proposal. Therefore, it was advised to allow for wind effect during the
performance test of the tower and apply penalties if the guaranteed wind effect is not
fulfilled.

DOSKEMPIROV ET AL. (1992) introduced a construction that consisted of a raw of shields
fixed along the perimeter at the upper section of the tower with height about 8 % of that

ΔTw2, K

ΔTw2, K

Dampierre 1

Cruas 1
Bugey 4

Gardanne 4

5 10
v11, m/s

Saint Laurent B1

Emile Huchet 5

4

3

2

1

0 5 10
v11, m/s

3

2

1

0



LITERATURE OVERVIEW

21

of the tower (see Figure 2-6.). It provided air flow increase in the cooling tower of about
35 %, which was confirmed by the results of experiments on scale model towers and by
measurements of air flow on two equal industrial cooling towers standing near each other
and having spraying area of 1,200 m2 each. In the latter experiment, only one of the
cooling towers had the 5 m height mechanism to increase air flow at wind.

Figure 2-6. Mechanism for air flow increase in cooling tower at wind („wind crown”)
Source: DOSKEMPIROV ET AL. (1992)

The influence of wind on tower performance was studied for several years on the
Neurat cooling tower in Germany (BAER, 1979), and at the tower outlet a small
recirculation zone forming a „ring” of cold air inside the tower exit was observed in no-
wind conditions. In the case of low cross-wind, the recirculation zone was forming only
on the windward side of the tower becoming a „wedge” instead of a ring. These
phenomena were also revealed qualitatively by numerical study in RADOSAVLJEVIĆ AND

SPALDING (1989).

2.2. Scale model laboratory tests

Generally, two kinds of models are used for representing cooling towers in wind tunnel.
The first model is called the „cold tower” and is based on an isothermal presentation with
forced flow and it characterises the flow pattern and pressure losses in the tower. The
second model is called the „hot tower” and is based on the conservation of the
Archimedes number, using heated models. The isothermal model implies that thermal
effects due to the air buoyancy are negligible, hence the model employs a fan for
producing tower draughts.

To clarify the mechanism of unfavourable effects of wind on cooling efficiency of dry
cooling towers, WEI ET AL. (1995) conducted full-scale measurements and wind tunnel
modelling. In the model, a hot water circulation system and finned tube heat exchangers
with the same structure as that of the full-scale tower were used for simulating the
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thermodynamic process of dry cooling towers. A constant water temperature was kept at
the inlet of the heat exchangers and the temperature drop of the cooling water, ΔTw,
between the inlet and outlet of the coolers was measured. A dimensionless wind effect
coefficient, Cw, was defined and measured to describe the wind effects on the efficiency
of cooling tower:

w0

w0w
w T

TTC
Δ

Δ−Δ
= , (2.2)

where ΔTw0 is the value of ΔTw when there is no wind. Clearly if Cw is negative, the wind
has an unfavourable effect, if Cw is positive, the wind effect is favourable.

In the wind tunnel experiments three different cooling tower models were investigated
(see Figure 2-7.):

 Model I: a 1:200 scale model of a dry cooling tower in China, in which the heat
exchangers had finned tube structure and the same drag coefficient as that of the
full-scale tower, but a different geometry, and were divided equally into six sectors.

 Model II: a 1:800 scale cooling tower model without heat exchangers for testing the
effects of lateral wind past the tower exit on the internal flow passing through the
tower model. The internal flow was produced by a fan. The static pressure was
measured at the internal surface of the throat of the tower model.

 Model III: a 1:400 scale cooling tower model with a transparent shell for flow
visualisation employing the smoke wire method. Instead of heat exchangers there
were a copper net and an electric heater at the base of the tower model.

Figure 2-7. Sketch of models I-III (dimensions in mm)
Source: WEI ET AL. (1995)

Model I

Model II
Model III
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A boundary layer wind tunnel with a 2.4 m wide, 1.8 m high and 8.0 m long test
section was used. Using spires and roughness elements on the floor, a turbulent boundary
layer simulating the atmospheric boundary layer at the site of the full-scale tower was
obtained. The exponent of the power law of the mean velocity profile was about 0.24.

The experimental results regarding the variation of Cw along the bottom circumference
of model I can be questionable, because it shows that the heat dissipation has almost the
lowest value at the leeward side of the heat exchanger surface. It may be due to that the
drag coefficient of the coolers was too large compared to the other pressure losses in the
tower model.

WEI ET AL. (1995) claimed that the value of Cw averaged over the whole heat exchanger
surface becomes positive when the ratio of wind speed measured at height corresponding
to 10 m at the full-scale to the mean velocity through the heat exchangers exceeds 6.4.
From measurements on model II they concluded that the lateral wind can even increase
the tower suction.

MADADNIA ET AL. (1998) described the development of performance improving structures
which alleviate wind-induced performance losses of a natural draught wet cooling tower.
The physical dimensions of a representative 660 MWe natural draught wet cooling tower
were scaled down 1:1,000. An isothermal and decoupled model was constructed and used
in a purpose built wind tunnel. The tests were concentrated on flow effects around the
inlet region, since this area is the most promising for the retrofitting of a cooling tower.
The curative impact of three effective performance improving structures on the tower
performance was quantified by measuring changes in the dimensionless tower’s inlet
stagnation pressure loss coefficient, Cpi, defined as
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where Δp is the stagnation pressure loss in the tower (measured between tower outside
and inside pressures at the reference positions),

vt is the reference air velocity in the tower, downstream of the packing,
vw is the cross-wind velocity at the reference height.

In their paper, MADADNIA ET AL. (1998) quoted also some estimations for the effect of
cooling tower operation on the power plant efficiency. Typically, in the United Kingdom
a reduction of 0.5 °C in cooling water temperature (approximately a fall of 2 kPa in
condenser pressure) would save about A$ 300,000 per year in fuel costs on a typical
500 MW unit (RENNIE AND HAY, 1990). Assuming the electric power generation capacity of
British power stations was around 63 GW, the saving would amount to $ 37.8 M
annually. According to an estimate by the New South Wales Department of Minerals and
Energy there will also be a corresponding reduction of tradeable CO2 emissions by
300 tonnes annually in a power station equipped with two typical 660 MW units and two
cooling towers in the case of a 0.5 °C reduction in cooling water temperature. It was also
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noted that a 1 °C increase in cooling water temperature could easily occur when the wind
velocity, measured at a height of 2 m, changes from 2.4 m/s to 4.4 m/s.

The isothermal model in MADADNIA ET AL. (1998) was fitted with a mechanically driven
fan to provide a uniform stream of air flow inside the shell, simulating no-wind con-
ditions. The fan flow rate was controlled by a motor-speed controller (see Figure 2-8.).
The reference wind pressure and velocity were measured at a height of 10 mm above the
tower’s base level. A Fecheimer probe was used for wind velocity and pressure
measurements, positioned 50 mm upstream of the tower at the reference height. Inside the
tower, a Pitot tube was used for air velocity and pressure measurements. Wind velocity,
air velocity at the throat of the tower and stagnation pressure difference between the
throat of the tower and the ambient were measured. Numerous flow conditioning devices
were tested and refined whilst observing their effect in reducing wind-induced
performance losses.

Figure 2-8. The scale model in the purpose built wind tunnel
Source: MADADNIA ET AL. (1998)

 

Figure 2-9. Performance curve with and without a curative device
Source: MADADNIA ET AL. (1998)
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An improvement in tower performance was observed through to both reduction of up
to 88 % in Cpi and an increase of up to 118 % in mass flow rate of air through the tower
with rain zone only (no packing) compared to the tower performance with no
performance enhancing structures. In addition, it was noticed that the effectiveness of the
curative devices decreased as packing was placed in the model with increasing resistance.
In Figure 2-9., ma is the tower air mass flow rate with wind, ma0 is the tower air mass
flow rate with nil wind and hi is the tower intake height.

SAMALI AND MADADNIA (2001) presented a boundary layer wind tunnel experiment which
was used to simulate wind flows for cooling tower studies on a 1:250 scale model of a
250 MWe prototype natural draught cooling tower. It was stated that in studies
concerning the flow pattern around the inlet region of a cooling tower, modelling the
immediate topography is also important. Every obstruction, minor structure, hills and
valleys and other features should be properly modelled to correct scales. This can be
achieved by using blocks as roughness elements on the floor of the wind tunnel.
Alternatively, as cooling towers are usually located in open terrain featuring less
turbulence, ground effects can be modelled using carpets in addition to mesh and spires
upstream of the working section of the tunnel (see Figure 2-10.).

Figure 2-10. Cooling tower model in the environmental wind tunnel
Source: SAMALI AND MADADNIA (2001)

It was mentioned that windscreens, windbreak walls, sound attenuators (i.e. planted
embankments), sound absorption walls and sound absorption louvers etc. can also serve
as structures to lessen the effect of cross-wind on tower performance. Structures of this
type and in particular silencers installed directly at the air inlet have a negative effect on
the cooling tower size due to the high pressure losses. In addition, there is an increase in
capital cost. Windscreens reduce the effects of cross-winds through equalising the air
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inlet flow and directing the air flow into the packing system as well as help to prevent
water spray losses out of the air inlet opening in case of wet cooling towers.

SAMALI AND MADADNIA (2001) fitted their isothermal model with a mechanically driven
axial fan to provide a uniform stream of air flow through the tower, simulating the wind-
off flow conditions. They argued that although matching wind velocity and turbulence
intensity profiles is important, the quality of test results will primarily depend on exact
modelling of immediate topography. Hence the use of nearby artificial obstacles such as
blocks and trip boards, used to generate the required velocity and turbulence intensity
profiles, is not recommended in the immediate vicinity of the tower.

ZHAO AND SHI (1998) studied some measures to overcome the negative wind influence
on Heller type dry cooling towers through model test in wind tunnel. Field test for two
Heller type dry cooling towers in Datong Second Power Plant, China, serving two sets of
200 MW generating units with 119 cooling deltas and a tower height of 125 m was also
mentioned, carried out by Cooling Water Department of Institute of Water Resources and
Hydropower Research and Beijing University in May 1991. The observation result
revealed that the averaged inlet air velocity was about 6 m/s without natural wind and
decreased to 4.8 m/s with the natural wind velocity of 5 ~ 7 m/s, whence the air tempera-
ture inside the tower increased by about 7.5 ºC.

Figure 2-11. Variation of air velocity into the tower with tower top wind velocity
Source: ZHAO AND SHI (1998)

Since ZHAO AND SHI found only few data in the literature regarding the effect of wind on
dry cooling towers, they considered that the external configuration of a dry cooling tower
is about the same as that of a wet cross-flow cooling tower, and utilised some test data
from the latter. A cross-flow natural draught wet cooling tower equipped for a 900 MW
generation unit has been chosen as the tested prototype. It was 125 m in height, 175 m in
base diameter, and the air flow velocity at packing section was vi0 = 2.2 m/s. Beside field
measurement, model tests with scale ratio of 1:175 were also analysed: it was indicated
that the inlet air flow velocity around the tower is positive under all natural wind velocity
conditions. The most unfavourable region with the smallest air inlet velocity under
natural wind condition was at the leeward and side part of the tower. The variation of the
mean air flow velocity into the tower, vi, with the natural wind velocity, v∞, is shown in
Figure 2-11., which indicates that only strong wind (the case of v∞ / vi0 > 11.7 on the
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model) is good for cooling. The effect of ordinary natural wind is always
disadvantageous.

Model study for further investigation of wind effect was conducted for another Heller
type dry cooling tower with tower height of 115 m, base diameter of 97.2 m, outlet
diameter of 58.6 m, number of cooling deltas 107, height of heat exchangers 15 m, air
inlet height of heat exchanger 16.6 m, height of cross supporting columns of the tower
18.5 m, water mass flow rate 6,111 kg/s, water temperature difference into and out of
tower 12 ºC, air mass flow rate 13,375 kg/s, environmental temperature 26.5 ºC, air
temperature difference inside and outside the tower 22.9 ºC, inlet air flow resistance
coefficient 21 (including the resistance of blind window, heat exchanger, cross column
and intake screen). Undistorted model with length scale 1:180 was used. Strict geometric
similarity of heat exchanger and blind window of the tower was replaced by the equality
of the air intake resistance coefficients of the model and the prototype.

The cylinder of the model tower was made by glass fibre reinforced plastic plate 3 mm
thick. There were 6 sectors of heat exchangers, being the same as that in the prototype.
Each sector consisted of 12 copper tubes of 7.6 cm in length, 1.0 cm in inner diameter
and covered by 0.3 mm thick plate fins with 2.7 mm spacing between them. Each set had
its own inlet and outlet pipes. The water flow rate and water temperature at the inlet of
the six sectors were kept to be the same and the water temperatures at the outlets were
different under different wind conditions. The water temperature difference of the inlet
and outlet of each heat exchanger was used to indicate the effectiveness of the
corresponding sector. The model test was conducted in a wind tunnel with a 2.4 m wide,
1.8 m high and 8 m long test chamber. The water temperature at each inlet of the heat
exchanger was taken as ~ 100 ºC and the temperature difference between inlet and outlet
was kept to about 12 ºC under no-wind condition.

Figure 2-12. Effect of wind on water temperature, Figure 2-13. Effect of wind on water temperature,
original arrangement (no guide-walls) arrangement with the suggested improved measure

Source: ZHAO AND SHI (1998)

The variation of the inlet-outlet water temperature difference with different wind
velocity is shown in Figure 2-12., which indicates that the most unfavourable effect on
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the cooling tower occurred at 1.4 m/s wind velocity which corresponds to the prototype
wind velocity of 9.3 m/s at 10 m elevation above the ground.

The cooling ability of the tower was reduced under wind condition, the temperature
drop of all sectors, except the upwind sector, decreased. The reduction of the heat
dissipation from the tower was 31,300·mw (W), where mw (kg/s) is the cooling water
discharge for all heat exchanger sectors.

Four guide-walls were added outside the air inlet around the tower periphery as
sketched in Figure 2-14., of which two guide-walls were set along with the wind
direction and the other two normal to it. Two sizes of guide-walls were used, one was
16.5 m high (same height as the heat exchanger), 10 m wide, and the other was 14 m
high, 10 m wide. The heat dissipation of the tower for the case with 16.5 m × 10 m walls
was increased by the amount of 4,600·mw (W).

With the guide-walls added, the air flow distribution into the tower remained
unchanged without wind, but the air flow rate in both the upwind and lee sides increased
well under wind condition. The worst fluid area was shifted to out of the two side guide-
walls. Thus the flow pattern of the air entrance to the tower and thereby the tower’s
cooling efficiency were greatly improved. Experiments on the tower with more guide-
walls were also conducted. No better but worse effect was observed.

                
Figure 2-14. Figure 2-15. Figure 2-16.

Guide-walls outside the tower Gateway on guide-walls Cross-walls inside the tower
Source: ZHAO AND SHI (1998)

Experiments with natural wind of 15 º, 30 º and 45 º inclinations have led to similar
conclusions. The variation of the tower temperature difference with the wind velocity is
shown in Figure 2-13.

A 3 m high and 2 m wide gateway was provided in the above mentioned case with
16.5 m × 10 m guide-walls (see Figure 2-15.) so as to furnish a traffic way around the
tower and reduce the wind pressure upon the guide-walls. The gateway showed no great
influence to the tower. The improvement of this case was something like that of case with
14 m × 10 m guide-walls. Gateway of large size (3 m × 8 m gateway in 14 m × 10 m
guide-walls) led to rather undesirable results.

  Gateway Guide-wallGuide-wall
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Cross-walls inside the tower of 18 m height and 63 m length were also investigated
with one wall set in the wind direction and the other normal to it (see Figure 2-16.). No
significant improvement was obtained by using such arrangement.

An added cone of 34 m height and 63 m base diameter (see Figure 2-17.), with the
guide-walls set in the same way as in Figure 2-16. inside the tower also yielded an effect
inferior to that of cases by adding guide-walls outside the tower.

Figure 2-17. Cone and cross-walls inside the tower Figure 2-18. Wind gathering chamber
Source: ZHAO AND SHI (1998)

A 180 º wind gathering chamber of 16.5 m height and 10 m width on the lee side of the
tower (see Figure 2-18.) resulted in an increased total heat dissipation, by 51,500·mw (W)
more than that in the case of no wind. The shortage of this measure is its high engineering
cost, and it is good only for a specified wind direction.

There could be taken some improvement measures also on top part of the tower, but
they were found to be less effective and more expensive in capital cost due to the
additional weight on the tower top. Adding four guide-walls outside the air inlet (Figure
2-14.) was finally chosen as the suggested arrangement.

Two dry cooling towers of the concerned power plant have been installed as sketched
in Figure 2-19. A 8 m high wall set aside 10 m from the towers and a 12 m × 20 m × 8 m
house is located between the towers. Experiments of the said arrangement with the
suggested improvement measure and that of the original one were performed and the
improvement effect was even more satisfied than that in the single tower experiment.

Figure 2-19. Engineering arrangement experiment
Source: ZHAO AND SHI (1998)
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Earlier EGI also carried out wind tunnel tests (CSABA, 2003). First, a pipe of finite
length was closed off at one end and placed in the wind tunnel. It was pointed out that in
the free end of the pipe a depression nearly equal to the dynamic pressure of wind was
induced when the pipe was subjected to a perpendicular air flow. Later on, the closed end
of the pipe was opened and a filled inlet was mounted onto it, this way ensuring that the
depression could suck in the air at this end of the pipe, so the air began to flow through
the pipe. The filled end of the pipe was connected to a square-shaped flat plate so that the
plate was perpendicular to the axis of the pipe. The air velocity inside the pipe was
proportional to the wind velocity. It was observed that when the air flow was throttled in
the pipe, then the induced depression caused lower air velocities through the pipe than
without throttling. Conversely, when the air flow through the pipe was increased above
the equilibrium value by a fan, then an additional pressure loss occurred, which tried to
decrease the air velocity inside the pipe to the equilibrium value.

It was therefore stated that if the air exit velocity related to the wind speed is lower, the
effect of wind is more favourable at the tower outlet. However, it should be emphasised
that for the appropriate stability of the air outflow and due to economic considerations,
criteria that are opposite to the above requirement should be met. It was also claimed that
the deteriorating effect of wind is not predominant at the tower outlet.

LUCAS AND BUCHLIN (1986) investigated cold air inflow using a vertical heated tube (see
Figure 2-20.). It was pointed out that the entrainment of cold air occurs when the net
inertia of the plume is unable to support the overlaying heavier air. This was the case if
the inlet pressure loss coefficient, Cpi (defined by equation (2.3) and varied by changing
the inlet gap of the cooling tower model) exceeded 35. The motion of heated air near the
centre of the test section had two types: pure laminar flow for Cpi less than 40 and puffing
at higher values of Cpi. During puffing the cold air was sinking into the central portion of
the cylinder and due to a shearing force between the upward flowing heated air and the
descending cold air, a counter rotating vortex was produced. The penetrating vortex
continued to mix until the buoyancy was too small to carry the puff against the
upcurrents. The vortex stalled at some position inside the cylinder and then was
exhausted from the test section.

Figure 2-20. Entrainment of cold air into the centre of the test section (puffing)

Flow
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The inflow of cold air near the crown of a cooling tower (which leads to a negative
draught force) has been attributed to a decrease in the cooling tower performance. The
flow is attached when the momentum of the exhausting fluid maintains a shear layer
preventing the inflow of cold air. The flow is strongly separated if the mixing of the
fluids is unable to immediately exhaust the penetrating cold air. In general, separation
occurs randomly, the motion is erratic and does not remain at one point along the rim.

RICHTER (1969) and BUCHLIN AND OLIVARI (1982) suggested that the instabilities begin at
an Archimedes number (defined by equation (2.4), where D is the diameter of test
section) greater than 3.

2v
DgAr

⋅
⋅Δ⋅

=
ρ
ρ (2.4)

2.3. Numerical simulations

At different wind speeds, the three-dimensional and turbulent flow around and inside a
cooling tower is extremely complex. Various vortex systems are set up which interact
with each other. A predictive understanding of the flow around cooling towers is usually
obtained from model studies carried out in wind or water tunnels. Such studies are
laborious, time-consuming and expensive. Hence, there is a need for reliable mathema-
tical models with which parameter studies can be carried out. Numerical methods are
usually free from many of the practical constraints imposed on the prototype and scale
model experimental methods and might provide additional valuable information.

The quantitative simulation of dry and wet cooling tower performance have been being
applied since many decades ago. Early theories, for example those of CHILTON (1952) and
RISH (1961), treated the flow through the tower as one-dimensional, and as governed
solely by the buoyancy of the air, the pressure losses in the components of the tower, and
the heat-, and in case of a wet cooling tower, the mass transfer processes between the air
and the water. The above theories also made use of Merkel’s approximation (MERKEL,
1926) for the evaluation of the „number of transfer units”. Later theories (POPPE, 1972 and
MESAROVIĆ, 1973) introduced various improvements, but none modelled both internal and
external aerodynamics simultaneously. RADOSAVLJEVIĆ AND SPALDING (1989) investigated the
wind influence on large wet natural draught cooling towers of the type used in many
steam power stations for cooling large quantities of water by direct contact with the
atmosphere. They used PHOENICS (SPALDING, 1981), a general purpose computer code
for fluid flow simulation to obtain numerical solutions of the three-dimensional thermal
and aerodynamic flow fields inside and outside the tower, by numerical integration of the
heat and mass transfer equations.

Their steady state and single phase simulation of the tower performance under the
prescribed conditions predicted outlet water temperature as well as enthalpy, vapour
concentration, velocity and pressure fields inside and outside the tower. Heat and mass
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exchange between water and air, and resistances to the flow inside the tower were
modelled by source terms in the enthalpy, concentration and momentum equations,
respectively. The calculations were performed within a three-dimensional spatial domain
(two-dimensional for no-wind case), described by a non-uniform curvilinear grid along
the radial, tangential and vertical cylindrical coordinate axes r, ϕ and z, divided into 26, 6
and 42 cells, respectively. The solution domain was a half cylinder 300 m high with
200 m radius. Tower shape was defined by the so-called body-fitted grid, which follows
exactly the hyperbolic shape of the shell. The investigated wet cooling tower was
assumed to serve a power plant unit of 350 MW, the cooling water flow rate was
8.556 m3/s, the tower height was 115.4 m, the radii at the base, throat and exit of the
tower were 42.6 m, 22.8 m and 24 m, respectively. Calculations have shown that further
wind velocity increase above 1.5 m/s has positive effect on the tower performance,
decreasing the outlet water temperature. It was also noticed that the warmest region of air
and water was shifted towards the windward side of the tower when subjected to cross-
wind. Calculations for a different tower geometry (Tower 2 with an exit radius bigger by
1.5 m) were also performed to show its influence on the performance. While in the case
without cross-wind both towers showed similar performance in respect of water outlet
temperature, Tower 2 performed significantly worse in the case of low cross-wind,
because of a deep penetration of cold air down the tower, decreasing the effective
chimney height. Further increase in wind velocity brought the same decrease in water
outlet temperature as for Tower 1, but the overall response of Tower 1 to wind influence
was much smoother (see Figure 2-21.).

Figure 2-21. Outlet water temperatures in function of the wind speed
Source: RADOSAVLJEVIĆ AND SPALDING (1989)

More details about PHOENICS computer code can be found in ROSTEN AND SPALDING

(1987a, 1987b, 1987c).

Using the finite volume method (FVM), SU ET AL. (1999) developed a software called
Numerical Simulation in Turbulence Research during 1991-1994, and simulated
numerically the fluid flow and temperature distribution around and inside a Heller type
dry cooling tower under cross-wind. The model equations were built up for steady and
three-dimensional flow of an incompressible fluid. The Boussinesq eddy-viscosity
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hypothesis was used for Reynolds stress. When air flows through the heat exchangers, a
heat source term was added in the energy equation:

( )aw TTAQ −⋅⋅= α , (2.5)

where α denotes the heat transfer coefficient and it was determined from experience
(ROHSENOW, 1985a), wT  is the mean temperature of water in the heat exchanger and Ta is
the air temperature. The used grid system was non-orthogonal and non-staggered, the
applied discretisation methods were the Rhie and Chow’s momentum interpolation
method (RHIE AND CHOW, 1983), the Hybrid Linear/Parabolic Approximation (ZHU, 1991)
and for the coupling of velocity and pressure fields the SIMPLEC method (PATANKAR,
1980) was employed. The linear algebraic system of equations was solved by means of
Strong Implicity Procedure (STONE, 1968).

Due to the symmetry of the fluid flow, only half of the flow field was simulated. At the
entry, the velocity, temperature, turbulent kinetic energy and turbulent dissipation rate
were given according to the atmospheric data in Datong. Downstream, the variation of all
flow field values along the main wind direction were eliminated. Because of the capacity
and speed limit of the computer (PC 486 with 16 Mb memory), the grid number was 36 ×
22 × 30, i.e. 36 grid points in the main flow direction, 22 grid points along the
circumference of the tower and 30 grid points in the vertical direction. The heat
exchanger zone in the cooling tower was divided into 21 parts along the circumference.
One can assume that every heat exchanger section has one entry and one exit for water.
The water temperature Tw1 at the entry of the heat exchanger was given, the water
temperature Tw2(j) at the exit of the jth heat exchanger section can be calculated from the
heat balance between water and air:

[ ] [ ](j)TTc(j)mT(j)TAQ(j) w2w1ww
k

awk −⋅⋅=−⋅⋅= ∑α , (2.6)

where j is the number of sections of the heat exchanger zone, k is the number of grid
points in the vertical direction, (j)Tw  is the mean water temperature in the jth section. It

was assumed that the temperature distribution in the vertical direction is uniform, so
( )(j)TT(j)T w2w1w +⋅= 2

1 . mw(j) is the water mass flow rate in the jth heat exchanger section

and cw is a flux coefficient determined from experience (ROHSENOW, 1985b).

The calculations were performed without cross-wind and with wind speeds of 5 and
10 m/s. In cases with different wind speeds, the warm water temperature was held
constant and various heat dissipation values were obtained. However, in a real cooling
tower a nearly constant heat load should be dissipated, and it means that the warm water
temperature will increase with the cross-wind in order to reject the heat load remaining
almost unchanged. Furthermore, in this model the influence of the zig-zag cooler position
(called „delta” arrangement), which is typical in the Heller system, is neglected, and the
model treats the cooling water is flowing in a simple cross flow relative to the air flow
instead of the cross-counter flow applied commonly in the Heller system.
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The numerical results were compared with full-scale measurement data. The numerical
results were checked also with a finer grid system, where the grid number was 70 × 42 ×
60. The influence of cross-wind speed on the temperature of the cooling water is
displayed in Figure 2-22. The solid lines denote the measurement results of some power
stations, and the dotted line is the result by SU ET AL. (1999).

V∞

Figure 2-22. Influence of wind speed (measured at 10 m above ground) on outlet water temperature
1: Datong PS, China, Q = 280 MW, ITD = 28 °C; 2: Ibbenbüren PS, Germany, Q = 188 MW, ITD = 28 °C;
3: Razdan PS, USSR, Q = 280 MW, ITD = 30 °C; 4: Gagarin PS, Hungary, Q = 265 MW, ITD = 26 °C;
5: Grootvlei PS, Unit 5, South Africa, Q = 331 MW, ITD = 45.6 °C (considerably high ITD!);
6: Grootvlei PS, Unit 6, South Africa, Q = 331 MW, ITD = 45.8 °C (considerably high ITD!).

Source: SU ET AL. (1999)

ERNST AND WINKLER (1994) showed how well the flow at cooling towers can be predicted
with the mathematical model MIMO, which solves on a numerical grid the conservation
equations of mass, momentum and energy and, if necessary, transport equations for
humidity, liquid water content and a passive pollutant. The model, which was developed
on the base of the meso-scale model of FLASSAK AND MOUSSIOPOULOS (1987), works with the
well-known k-ε model of turbulence (LAUNDER AND SPALDING, 1974; RODI, 1980).

One configuration investigated by ERNST AND WINKLER (1994) consisted of some
rectangular wet cell cooling towers with a cross-section of 70 m × 30 m and a height of
20 m arranged in the shape of the capital letter L with a distance of 100 m between their
centres. A constant wind speed of 7.5 m/s above a height of 100 m was assumed and up
to this height the power law with an exponent of 0.3 was used. The thermal stratification
of the atmosphere was slightly stable with a temperature gradient of -7 K/km. The
relative humidity of the ambient air was assumed as 90 % independent of the height.
Only the visualised flow field and plume dispersion were discussed in their paper.

Figure 2-23. shows the flow of the plumes in vertical cross-sections perpendicular to
the wind direction along the direction of wind. At the beginning two double vortices are
formed with their smaller parts inside. In the course of dispersion, both double vortices
come closer together associated with a rise of the inside vortices. Subsequently, the inside
vortices are dissolved and only one double vortex remains.

The vortices can be observed at the outlet of a natural draught cooling tower, too. The
typical height of a natural draught cooling tower is 100-150 m, and therefore the inlet and
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outlet openings for the air flow are distant enough to each other to avoid the hot air to re-
enter the tower. However, as a mechanical draught cooling tower is much more lower
than a natural draught one, the inlet and outlet openings are close to each other and the
danger of hot air recirculation is present, which can deteriorate the cooling efficiency.
The vortices caused by wind can even result in trans-circulation, when the hot air exiting
the cooling cell flows to the air intake of a gas turbine unit, and thereby reduces the
power of the gas turbine (SZABÓ, 2002).
 

Figure 2-23. Dispersion of the plumes of two lines of cell cooling towers in vertical cross-sections
perpendicular to the wind direction

Source: ERNST AND WINKLER (1994)

RAZAFINDRAKOTO ET AL. (1998) described the governing equations for air and water flows
as well as the numerical algorithms used in EdF’s finite element code N3S-AERO.
Validations were also carried out by other researchers from EdF on some configurations
of cooling towers in 2D and 3D geometries, showing the ability of N3S-AERO to predict
major physical phenomena in cooling towers. Global results on thermal performance
were compared with calculations by EdF’s one-dimensional qualified design code
TEFERI (BOURILLOT, 1983; GRANGE, 1994) or experimental data when available.

Among others, a 3D simulation of the wet cooling tower of St. Laurent with crossing
wind was performed (FOURNIER AND BOYER, 2001). The cooling water mass flow rate, the
base diameter and the height of the tower were 33,737 kg/s, 175 m and 125 m,
respectively. Because of the symmetry of the flow, only half of the domain was included
into the computation. Inlet flow was given by a vertical power law profile of wind

Wind direction

Cell cooling towers
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velocity with an exponent of 0.2. The size of the computational domain was 2,000 m ×
1,000 m × 1,000 m. The mesh consisted of 118,374 elements.

Figure 2-24. shows a typical flow pattern of a cross-flow tower at St. Laurent
calculated by N3S-AERO with crossing wind of 9 m/s at 11 m height above ground. One
part of air motion turns around the tower as flow pattern around a cylinder. Another part
is draught into the tower at its base and creeps up to the top of the tower. Two counter
rotating vortices can be observed in the tower. At the exit of the tower, air flow has a
rolled motion. The stream lines are coloured by air temperature. Water temperature in the
exchange zone and plume are also represented. The averaged cold water temperature in-
creased by 3.9 ºC and the air mass flow rate through the tower decreased by 41.45 % due
to cross-wind compared to the results from 2D axi-symmetrical calculation without wind.

Figure 2-24. St. Laurent cooling tower with cross flow exchange configuration, 3D calculation with wind
Source: FOURNIER AND BOYER (2001)

BANQUET AND DELABRIERE (1998) outlined the utility of the N3S-AERO 3D code and
some of its industrial applications, which complements the design and test facilities used
at EdF. It was pointed out that a 3D design code is able to characterise the influence of
wind on performance and research into systems to limit its effects (inlet air guides). The
engineering time required for a complete 3D study with N3S-AERO was roughly 2 to 3
months, including 2 weeks to construct the mesh. For a 3D calculation on a CRAY C98
computer, results processing to convergence took about 90 hours with a mesh element
number of 22,549 in case of a natural draught counter-flow wet cooling tower, and cc.
260 hours with a mesh element number of 99,665 for a forced mechanical draught
counter-flow cooling cell.

DREYER ET AL. (1998) found from measured test data that the performance of two natural
draught wet process cooling towers at a petrochemical plant in South Africa did not
decline with increasing wind speed as was expected, but an increase in thermal
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performance was detected at high wind velocities. (Wind speed was measured at
approximately 1.5 m from ground level on the windward side of each cooling tower,
using a Schildknecht propeller type anemometer.) A CFD analysis was done for these
towers with firstly the splash pack hung completely within the shell of the tower (Case 1),
and secondly with the splash pack hung well into the rain zone (Case 2). A tower with the
splash pack hung into the rain zone was a lot less sensitive to wind than a tower with the
splash pack located completely inside the shell.

Figure 2-25. Section through a typical natural draught cooling tower
Source: DREYER ET AL. (1998)

The total height of the full-scale tower was 150.84 m above the pond and the air inlet
height was approximately 11.4 m. The shell diameter at the tower inlet lip and tower
outlet was approximately 105.4 m and 65.5 m, respectively. The towers were fitted with
plastic splash grids spaced at approximately 1 m intervals. The packing hung into the
open area below the lip of the towers (see Figure 2-25.). The average packing depth was
12 m. The rain zone height below the packing was approximately 4 m. Each tower was
fitted with twenty small wind-walls spaced around the perimeter of the tower. They
extended from the pond level up to the height of the shell inlet lip. At the pond level, the
wind-walls extended approximately 7 m into the tower. Their main function was to
reduce blow-out of the water droplets from the perimeter of the tower.

The commercial CFD software code, STAR-CD, was used for solving the Navier-
Stokes equations using a finite volume discretisation method and solving the final
equations in an iterative manner. The numerical mesh consisted of approximately
500,000 mesh cells with a symmetry plane boundary condition and embedded mesh
refinement in the region of the tower and packing.

A power law wind speed profile was used as an inlet boundary condition (upstream of
the tower, with free stream boundaries at the top and side boundaries) and a zero gradient
outlet boundary was applied at the outlet of the domain downstream of the tower. The
splash packing was simulated using a porous media, which imposed a similar pressure
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resistance as would the packing. The simulation model was also set up to solve for the
vapour concentration in the air. The coefficients for heat and mass transfer were obtained
from empirical data for the given splash packing configurations that were simulated. The
mass of the water that evaporated in each finite volume cell was injected into the fluid
stream by means of a water vapour source term. In this manner the water vapour
concentration was increased to a point where the air becomes saturated.

A summary of the air mass flow data is presented in Figure 2-26. From this graph it
can be seen that the tower with the packing hanging into the air inlet below the edge of
the shell showed an increase in the air mass flow rate for wind speeds of between 8 and
10 m/s. The CFD analysis on the effect of the position of the packing material in the
natural draught wet cooling tower confirmed the findings of the full-scale tests
performed. However, it should be noted that the positive effects of wind could also be
attributed to the presence of the twenty small wind-walls.

Figure 2-26. Air mass flow rate (tower draught) versus wind speed
Source: DREYER ET AL. (1998)

DU PREEZ AND KRÖGER (1993) investigated the influence of cross-winds on the
performance of a natural draught dry cooling tower by means of full-scale measurements
as continuation of their work on a scale model from 1992 (DU PREEZ AND KRÖGER, 1992).
By monitoring all the relevant independent variables, the results of these measurements
allowed direct comparison with the wind effect predicted by a numerical procedure
employing the PHOENICS code. It was shown that results obtained on full-scale towers
can be successfully reproduced provided that the effects of all tower components are
included in the analysis. In practical cooling towers rectangular heat exchanger bundles
are arranged either vertically around the circumference of the tower or in the horizontal
inlet cross-section of the tower and the wind effect is found to be dependent on the
particular layout.

The investigated concrete cooling tower was 165 m high with an inlet diameter and
inlet height of 144.5 m and 24.5 m, respectively. The inlet shape of the hyperbolic tower
shell had a cone apex angle of approximately 24 º while the outlet was essentially
cylindrical. The finned tube heat exchangers, in the form of A-frames with an apex angle
of 60 º, were arranged radially in the horizontal inlet cross-section of the tower.
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The results suggested that as the heat rejection rate in a cooling tower increases, the
tower becomes less sensitive to cross-winds. This is in agreement with similar
measurements performed by MARKÓCZY AND STÄMPFLI (1977) on a tower with the A-frames
arranged vertically around the circumference of the tower. The mean air mass flow rate
through the tower was obtained by integrating the readings of the 12 anemometers
located in the throat of the tower. The results of these measurements were presented as
the ratio of the air mass flow rate with wind to the mass flow rate obtained in windless
conditions (see Figure 2-27.).

Figure 2-27. Reduction in the mean air mass flow rate Figure 2-28. Grid distribution,
through the tower due to the wind an array of A-frames

Source: DU PREEZ AND KRÖGER (1993)

The effect of the A-frame arrangement was taken into account by employing
correlations for the temperature and pressure loss coefficient correction factor for an A-
frame in function of the incidence angle, instead of modelling the exact geometrical
configuration. These correlations were determined for two-dimensional A-frames with an
apex angle of 60 º by using the PHOENICS computer code (see Figure 2-28.). The
pressure loss coefficient for normal flow through the individual heat exchanger bundles
was given by an empirical expression. As a result of the inclined flow, it was observed
that as the flow incidence angle to the A-frames decreased, the flow distribution through
the A-frame became increasingly more non-uniform, while the flow rate through the
upstream heat exchanger within an A-frame decreased (due to an increase in the effective
pressure loss coefficient) and the mass mean temperature of the air leaving the coolers
was less than that which would be found for a uniform velocity distribution.

The influence of the heat exchanger arrangement on the wind effect on a dry cooling
tower was also investigated by means of the numerical model. The same tower geometry
was used in the calculations but the A-frames previously arranged horizontally and
radially in the tower, were positioned vertically around the circumference of the tower
directly below the inlet edge of the tower shell. The apex angles of the A-frames were
kept at 60 º, but the length of the fin tubes, and therefore the inlet height of the tower,
were changed to retain the total frontal area of the heat exchangers. With a tube length of
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19 m the inlet diameter to inlet height ratio of the tower was found to be 7.7 in
comparison with the 5.89 of the previous model.

By applying a CFD technique using the general purpose commercial FLUENT code,
AL-WAKED ET AL. (2001) investigated the effect of cross-wind on the thermal performance
of a natural draught wet cooling tower. A steady state three-dimensional study using the
standard k-ε turbulence model to simulate incompressible air flow in and around the
cooling tower has been conducted. The code has been validated against the available data
in the literature. A case study has also been conducted to examine the effect of
introducing curative devices at the lower part of the cooling tower. The introduction of
the curative device has indicated an improvement in alleviating the thermal performance
losses due to cross-wind.

The heat rejection was modelled using the radiator boundary condition in FLUENT:

( )H2HX TTq −⋅= α , (2.7)

where q is the heat flux, α is the convective heat transfer coefficient, THX is the heat
exchanger temperature and TH2 is the exit fluid temperature. The resistances of the heat
exchangers to the air flow were presented as sinks in the momentum equations, and the
flow through the radiator has been assumed to be vertically only. This was modelled
using the porous media boundary condition.

The simulations were performed for the following set of conditions:

Dry bulb air temperature: 12 ºC Block power: 200 MWth

Wet bulb air temperature: 7 ºC Tower height: 130 m

Mean radiator temperature: 40 ºC Base radius: 50 m

Atmospheric pressure: 87 kPa Throat radius: 25 m

Wind-wall height/width: 10 m/10 m Exit radius: 28 m

       
Figure 2-29. General view of the Figure 2-30. Effectiveness of the cooling tower
cooling tower with wind-walls with and without wind-walls under cross-winds

Source: AL-WAKED ET AL. (2001)
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Unstructured mesh was used to describe the hyperbolic shape of the cooling tower’s
shell (see Figure 2-29.). The cross-wind has been modelled with a uniform profile.

It was stated that at a wind velocity higher than 12.5 m/s, the separation of the air flow
from the top edge of the shell has more influence than at the lower edge. This will help
the buoyancy forces and increases the air flow rate through the tower. On the other hand,
at lower velocities the separation at the lower edge is more dominant. In contrast, this
separation reduces the buoyancy forces, which in turn will reduce the amount of the
rejected heat.

The effectiveness of the cooling tower (see Figure 2-30.) was defined as the ratio of
the amount of heat rejected at any actual condition, to the maximum heat rejection that
occurred at no-wind conditions (I think that the mean heat exchanger temperature was
possibly held constant for different wind speeds).

At higher wind velocities wind-walls cause separation, which will create low pressure
zones at the sides of the cooling tower inlet. These zones will block the air from getting
into the cooling tower as well as encouraging the air in the vicinity to recirculate out of
the cooling tower. Although this behaviour does not affect the performance in a great
manner, the shape and the location of the wind-walls need to be modified.

At a wind velocity of 15 m/s the hot air starts exiting from the rear inlet of the cooling
tower. This means that the ambient air does not infiltrate sufficiently to the cooling tower
as a consequence of the cross-wind (see Figure 2-31.). As the cross-wind increases, the
low pressure recirculating region will increase till the air eventually passes straight below
the radiator without changing its direction upwards. Hereby, the thermal performance of
the cooling tower will be affected severely.

Figure 2-31. Temperature contours of air inside the cooling tower at cross-wind velocity of 15 m/s
Source: AL-WAKED ET AL. (2001)
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The above overview of studies from the scientific literature may appear considerably
detailed. However, I think that it was important to shortly sum up all relevant information
– parameters of the investigated cooling systems, the applied equipment and methods of
analysis – beside pure observations and conclusions presented in different papers,
because the results may depend just on these details case by case. As it is known, the
effect of wind on the performance of different cooling towers is not the same.

I have reviewed a number of studies beyond those outlined in this chapter, but due to
lack of space only the most exciting ones were summarised above. Anyhow, according to
my readings I could recommend to the enquirers some further studies concerning full-
scale measurements – CHRISTOPHER AND FORSTER (1969-1970), LAURAINE ET AL. (1989), LIFFICK

AND COOPER (1995), MADADNIA ET AL. (2001a), MONJOIE ET AL. (2000), RENNIE AND HAY (1990),
VAUZANGES AND RIBIER (1984), WOLF (2001) – scale model tests – BENDER ET AL. (1996),
BLANQUET ET AL. (1986), DASHKOV ET AL. (1996), DERKSEN ET AL. (1996), GELDENHUYS AND

KROGER (1986), MADADNIA ET AL. (1996), MADADNIA ET AL. (2001b), MADADNIA ET AL. (2001c),
PEEARLMUTTER ET AL. (1996), REIZES AND MADADNIA (2001), SABATON (1984), VAUZANGES AND

RIBIER (1986), VÖLLER (1985), XU ET AL. (1989) – and numerical simulations – BERGSTROM

ET AL. (1993), CHABARD ET AL. (1993), DEMUREN AND RODI (1987), DU PREEZ AND KRÖGER (1994),
DU PREEZ AND KRÖGER (1995a, b), FLASSAK (1990), GELGAND ET AL. (1990), MOUSSIOPOULOS AND

FLASSAK (1989), RAZAFINDRAKOTO AND FOURNIER (1997). Other works which also contain
information on cooling tower wind effect include BAER ET AL. (1980), BERLINER (1980),
BUXMANN (1986), CHOLNOKY (1989), DU PREEZ (1992), ETZOLD AND FIEDLER (1976), FABRE AND

LEGRAND (1988), FARIVAR (1981), GOECKE (1969), HILL (2001), LINDAHL AND BUGLER (1986),
MADADNIA ET AL. (2001d), MAJUMDAR ET AL. (1983, 1984), MOORE (1976, 1978), MOORE AND

GARDE (1981), OKAMOTO (1982), OKAMOTO AND SUNABASHIRI (1992), OKAMOTO AND YAGITA

(1973), RUSSELL ET AL. (1978), SLAOUTI AND GERRARD (1981), WILLA ET AL. (1980), WITTE

(1983), ZHAO ET AL. (1989). For general information on cooling tower engineering refer to
VDI 2047 and BOŠNJAKOVIĆ ET AL. (1951). A collection of the formulas for calculating the
heat transfer can be found in VDI-WÄRMEATLAS (1977). A study about the influence of
temperature inversion on the cooling tower thermal performance is analysed by BUXMANN

(1977).
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3. ON-SITE MEASUREMENT OF WIND EFFECT

The wind sensitivity of a natural draught cooling tower depends on several factors. A
higher nominal ϑt (difference between the warm water temperature and ambient air dry
bulb temperature), which can be interpreted as a „driving potential” of the heat exchange,
yields a lower cooling tower performance deterioration in wind. However, in case of a
cooling tower with higher nominal ϑt value, the effectiveness of the energy production
for a given ambient air temperature and the investment cost of the cooling system are
both lower, so the value of ϑt has to be optimised in the design stage, wherein, among
other factors, a probability distribution of the wind speed for the given site should be also
considered (high wind speeds in winter are less disadvantageous than in summer). The
effect of wind on the performance of cooling towers is influenced also by geometrical
configurations (vertical or horizontal heat exchanger arrangement, tower exit diameter
and the corresponding air exit velocity and exit loss) and flow resistances of the heat
exchangers.

In order to determine the wind effect curve on the cooling tower operation, full-scale
measurements on a natural draught Heller type power plant dry cooling tower were
performed. The experiment was done according to the standard guideline VDI 2049 (1981),
which introduces uniform methods for the preparation, performance and evaluation of
thermal acceptance tests on mechanical and natural draught dry cooling towers. This
guideline also provides information on test conditions, recommendations concerning
clear technical requirements to be agreed upon between owner and supplier, and
primarily covers test details of the guaranteed thermal performance of a dry cooling tower
subject to be confirmed by the acceptance test. Since the test conditions may vary from
the design conditions, methods and procedures are included to allow conversion of the
test readings to establish a comparison with the guaranteed values.

The contractual Performance Guarantee Test was fulfilled successfully earlier, so the
present survey is aimed at collecting more detailed data during a period from 15 June,
2001 to 3 July, 2001. For determining the wind effect curve, the restrictions for the
validity of measured data recommended in VDI 2049 (1981) were not applied and a new
method was developed for evaluation.

3.1. Main data of the measured cooling system

The power plant to which the cooling system was adapted is a natural-gas-fired CCPP of
two identical 700 MWe units. Our measurements were performed on Unit 1 cooling
tower. The most important data of the cooling system are:

Location: Turkey, near Bursa city

Commissioned in: 1999
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Nominal heat rejected in the tower: 419.1 MW from the steam cycle + 2.3 MW
due to friction losses of cooling water
circulation (pumping power - power recovered
by the hydraulic turbines)

Nominal overall ITD0 value: 25.6 ºC

Steam temperature in the condenser: 40.6 ºC

Cooling water flow rate: 8,888.9 kg/s

Cooling tower height: 135 m

Base diameter of the tower: 121.8 m (outside diameter of deltas)

Tower throat (minimum) diameter: 67 m

Main cooling sector number: 6

Main cooling deltas: 130 pieces of 20 m long deltas + 2 pieces of
15 m long deltas (above tower gate)

Main cooling delta angle: 57.8 º

Number of peak cooler cells: 12 pieces

Peak cooling deltas: 2 pieces of 5 m long deltas in each cell

Peak cooler delta angle: 40 º

3.2. Execution of the measurement

The VDI 2049 (1981) guideline clearly defines the test procedure and the physical
quantities to be measured during a Performance Guarantee Test. Table 3-1. gives an
overview about the measuring instruments and Figure 3-1. illustrates their location.

3.2.1. Calibration of the measuring instruments

Prior to the measurements, the pressure transmitters (instruments with compulsory
calibration) were calibrated one by one by the National Office of Measures in Hungary
while the anemometer transmitters by the Budapest University of Technology and
Economics, Department of Fluid Mechanics. The thermometers were compared to each
other and to a calibrated higher precision thermometer at the site: all the thermometers
were submerged simultaneously into the water bath of a thermostat and connected to the
input channels of the Data Acquisition Device. The thermostat maintained selected
temperature values with the help of an electric heater. The temperatures measured by the
different thermometers were recorded and the deviations from the exact value were
calculated. After that, regression lines were laid onto the measured points and equations
were determined for each thermometer. With these corrections the exact temperatures
could be determined from the measured values during the evaluation.
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3.2.2. Operation of the measuring system

The pressure measuring taps inside the condenser were provided with guide-plates which
made it sure that the steam velocity was perpendicular to the pressure tap. The impulse
tubes coming from the condenser body were connected to a collecting vessel. The
measuring stub planned for the Performance Guarantee Test was provided with a ball
valve, therefore the absolute pressure transmitter could be connected every time without
disturbing the operation of the Unit.

The highly accurate resistance thermometers were connected to the Data Acquisition
Device with four leads shielded data cables eliminating this way the effect of the
resistance differences of the long measuring cables. The protecting test wells, in which
the thermometers were placed for cooling water temperature measurement in the main
forward and return pipelines, were filled up with oil (water fill would evaporate).

The air temperature measurement may be influenced by the sunshine, by the radiation
from the soil and from the heat exchangers. To avoid this influence, the PT 100 sensors
were inserted in double-wall cylinders. The air was forced through the cylinders by
means of electric fans. The two thermometers held by consoles at about 2 m outwards
from the outer wall of the cooling tower and at about 1.5 m below the top level of the to-
wer measured the ambient air dry bulb temperature in order to allow the calculation of the
temperature gradient. The lower value of the two measured temperatures was taken into
consideration, because one of these temperatures – depending on the direction of wind –
may be influenced by the hot air coming from inside of the cooling tower due to wind.

The flow sensor (type SDF-F50-1,400) had four holes at the front side and at the rear
side of its specially designed profile. At the front side, in the stagnation point, the total
pressure, at the rear side the static pressure could be measured accordingly. Their
difference gave the dynamic pressure that depends on the density of the flowing media
and the velocity of flow according to the Bernoulli equation (it is the principle of the
Pitot-static tubes used for measuring the local velocity). The positions of the four holes
were designed so that the measured pressure difference (dynamic pressure) is
proportional to the average velocity of the whole cross-section. This rate was taken into
consideration by a non-dimensional transmission coefficient given by the manufacturer.

The flow rate measured by these built-in sensors was checked by flow rate values
obtained from the characteristic curves of the main cooling water circulating pumps and
the readings of pump heads and absorbed power in the control room. In addition, the heat
rejection of the tower calculated with these cooling water flow rates were compared to
the heat to be dissipated from the steam cycle according to the displayed values in the
control room and the characteristic curves of the steam turbine. Measurements were done
also by a portable ultrasonic flow meter at different pipe sections for determining the
flow rate.

After the measurement system was assembled and checked, data were collected
continuously round the clock with measuring cycles of 20 s. The readings were saved into
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data files by the laptop computer. During the test period the sky was bright, sometimes
with smaller clouds. All cooling sectors (i.e. all main cooling delta sectors and all peak
cooler sectors) and both cooling water circulating pumps were in operation. The
operation mode of the peak cooler sectors was dry. All louvers of the tower were fully
open and the surfaces of the heat exchangers were cleaned one week before our
measurements.

In order to gain information about the flow field around the tower and velocity profiles
along some individual heat exchanger panels during cross-wind conditions, a cup
anemometer, a digital ducted vane anemometer and a self-manufactured Sher-disc (for
static pressure measurement) were fixed onto a 5.5 m long rod. These instruments were
carried in hand to different locations for mensuration. During nights the rod was belayed
at some places close to the tower for further data collection.

Item No. 1
Measured value Dry bulb temperature of ambient air entering the cooling tower

Location In the ¼ and ¾ height of the inlet opening at the middle of each sector
around the tower (6 × 2 = 12 pieces)

Position of measuring device Fixed by fastening belts on the horizontal rods of the cooling delta
steel structure behind the louvers, thermometer in horizontal position

Sort of measuring device PT 100 platinum resistance thermometer in double-wall shielding tubes
(against thermal radiation), with electric fans

Sensor type Ahlborn P444
Measuring range 0 ... 100 °C
Accuracy IEC Class „A”
Item No. 2

Measured value Dry bulb temperature of ambient air outside the cooling tower at
133.5 m level

Location Sidewalk at the top of the tower, East side and North side (2 pieces)

Position of measuring device On console fastened to the outer wall of the sidewalk, thermometer in
vertical position

Sort of measuring device PT 100 platinum resistance thermometer in double-wall shielding tubes
(against thermal radiation), with electric fans

Sensor type Ahlborn P444
Measuring range 0 ... 100 °C
Accuracy IEC Class „A”
Item No. 3
Measured value Temperature of cooling water entering the cooling system
Location Machine hall

Position of measuring device Discharge pipe of cooling water pumps, near to pump outlet (2 pieces
for the two hydro machine groups)

Sort of measuring device
PT 100 platinum resistance thermometers put into the existing
protecting tubes welded into the cooling water forward lines for local
thermometers

Sensor type Ahlborn P600
Measuring range 0 ... 100 °C
Accuracy IEC Class „A”

Table 3-1. Detailed list of measuring devices
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Item No. 4
Measured value Temperature of cooling water returning from the cooling system
Location Machine hall

Position of measuring device Return cooling water lines, about 1 m from machine hall wall
(2 pieces for the two hydro machine groups)

Sort of measuring device
PT 100 platinum resistance thermometers put into the existing
protecting tubes welded into the cooling water return lines for local
thermometers

Sensor type Ahlborn P600
Measuring range 0 ... 100 °C
Accuracy IEC Class „A”
Item No. 5
Measured value Wind velocity at 10 m level in undisturbed flow
Location At least 50 m from the cooling tower
Position of measuring device On a rod fastened to the top of a lamp post
Sort of measuring device Cup anemometer transmitter, (measured signal: voltage)
Sensor type Thies Clima 4.3400.3
Measuring range 0 ... 35 m/s
Accuracy 2 %
Item No. 6

Measured value Water flow rate Pressure difference of the water
flow sonde

Location Machine hall Machine hall

Position of measuring device

Built into the return lines at about
4 m from the wall
(2 pieces for the two hydro
machine groups)

Connected parallel on the water
side to the existing differential
pressure transmitter of the plant
(2 pieces for the two hydro
machine groups)

Sort of measuring device

Water flow sensor operating on the
principle of Pitot-static tubes
(measured signal: pressure
difference)

Capacitive differential pressure
transmitter with power supply
unit (measured signal: current)

Sensor type Siemens SDF-F50 Gamma C719.04
Measuring range 0 ... 22,500 m3/h 0 ... 250 mbar
Accuracy 1 % 0.25 %
Item No. 7
Measured value Condenser pressure
Location Condenser upper part
Position of measuring device Connected to the measuring stubs made for the PGT

Sort of measuring device Capacitive absolute pressure transmitter with power supply unit
(measured signal: current)

Sensor type Gamma C719.31
Measuring range 0 ... 310 mbar
Accuracy 0.25 %
Item No. 8
Measured value Barometric pressure of ambient air
Location Switch-gear of the cooling tower
Position of measuring device On worktop
Sort of measuring device Digital barometer operating on piezoresistance principle
Sensor type Wallace & Tiernan Diptron 3+
Measuring range 0 ... 1,100 mbar
Accuracy 0.04 % of full scale

Table 3-1. Detailed list of measuring devices (continued)
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Item No. 9
Measured value Relative humidity of ambient air
Location Switch-gear of the cooling tower
Position of measuring device Hung on the outer wall of the switch-gear building
Sort of measuring device Capacitive relative humidity sensor (measured signal: current)
Sensor type Ahlborn FHA 646-52
Measuring range 0 ... 100 %
Accuracy 2.5 %
Item No. 10
Function Collecting the input signals of sensors
Location Switch-gear of the cooling tower

Position of device Connected with data cables to the sensors (4 leads to PT 100
thermometers)

Sort of device Data Acquisition Device for measuring temperature, voltage and
current

Type Ahlborn Almemo 5590-2
Resolution Less than 0.1 °C, 0.01 mA
Item No. 11
Function Operating the measuring system, recording the measured values
Location Switch-gear of the cooling tower
Position of device Connected by serial port to the Data Acquisition Device
Sort of device Laptop computer
Item No. 12
Function Printing the recorded data
Location Switch-gear of the cooling tower
Position of device Connected by parallel port to the laptop computer
Sort of device Printer
Item No. 13
Measured value Water flow rate
Location Portable

Position of measuring device Mounted on the outer wall of the pipes in which flow rate is to be
measured

Sort of measuring device Ultrasonic flow meter using the transit-time flow measurement
technique, with magnetic fixture

Sensor type Panametrics PT868
Measuring range 0 ... 12.7 m/s
Accuracy 0.5 ... 2 %
Item No. 14
Measured value Measurement of velocity profiles

Location Different locations inside and outside around the tower measuring the
flow field

Position of measuring device On a 5.5 m rod, carried in hand

Sort of measuring device Digital ducted vane anemometer
(measured signal: r.p.m.)

Cup anemometer transmitter
(measured signal: voltage)

Sensor type Thies Clima 4.3405.20 Thies Clima 4.3400.3
Measuring range 0.3 ... 30 m/s 0 ... 35 m/s
Accuracy 2 % 2 %

Table 3-1. Detailed list of measuring devices (continued)
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Figure 3-1. Locations of measuring instruments

3.3. Evaluation of the thermal performance of the cooling system

For Performance Guarantee Tests on dry cooling towers the evaluation method is
described in the VDI 2049 (1981) guideline. In this procedure only those measurement data
can be used in the evaluation, for which the deviations from the nominal values are
within the values stated in Table 3-2. to ensure the appropriate accuracy of the
corrections. Operational deviations during the tests shall not exceed half of these
deviations.

Parameter Deviation
Inlet air temperature ±10 K
Water flow rate ±10 %
Thermal performance ±10 %

Table 3-2. Maximum admissible deviation of average test values from the nominal values

Furthermore, according to the guideline, test should never be carried out at fog or
precipitation of any kind and regarding corrections of the thermal performance for
inversion weather conditions, Seller and Customer shall make a specific agreement.

Because up to present no sufficient experience was gained to show any lawfulness
regarding the effect of wind velocity on the thermal performance of a cooling tower, the
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VDI 2049 (1981) guideline recommends that the mean wind velocity at cooling tower top
elevation should not exceed 3 m/s and the instantaneous wind velocity should not exceed
6 m/s more than 20 times during the test period of one hour used for performance
evaluation.

Considering the fulfilment of the above listed conditions a one-hour period should be
selected from the collected data for evaluation and the mean values of the data during this
period are considered as the result of the measurement.

Since the measured conditions usually deviate from the nominal values, the measured
heat dissipation should be transformed before comparing it with the guaranteed thermal
performance. The thermodynamic behaviour of the cooling plant at operating conditions
deviating from the design point is shown in the form of diagrams – a basic diagram and
corresponding correction curves – considering the most important variable parameters.
These figures had already been supplied by EGI - Contracting Engineering Co. Ltd.
before the Performance Guarantee Test measurement in 1999 as part of the cooling
system purchase contract.

The evaluation procedure is outlined below:

 Calculation of the measured overall ITDm from the condenser temperature, Ts

(determined from the measured absolute pressure of the condenser, using tables for
saturated steam properties), and ambient air temperature, Ta:

as TT −=mITD (3.1)

 If the air inlet dry bulb temperature deviates from the nominal ambient air
temperature, Tan, determining the correction:

( )
a

aana T
QTTQ

∂
∂

⋅−=Δ (3.2)

The correction curve to be used shows the relationship ( )mITD;w
a

mf
T
Q

=
∂
∂  for the

measured cooling water mass flow rate, mw, and overall ITDm in case of nominal
heat rejection and nominal barometric pressure, pbn.

 If the barometric pressure, pb, deviates from the nominal value, pbn, determining the
correction:

( )
b

bbnb p
QppQ

∂
∂

⋅−=Δ (3.3)

The second correction curve shows the relationship ( )mITD;w
b

mf
p
Q

=
∂
∂  for the

measured cooling water mass flow rate and overall ITDm in case of nominal heat
rejection and nominal ambient air temperature, Tan.
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With minor deviations from the design point or minor influence of the main

parameters mw and ITDm on the corrections, the functions 
aT

Q
∂
∂  and 

bp
Q

∂
∂  can be

approached by constants.

 Calculation of the measured heat dissipation, Qm:

( )w2w1wwm TTcmQ −⋅⋅= , (3.4)

where cw is the specific heat of water at the average cooling water temperature, Tw1

is the temperature of cooling water entering the tower and Tw2 is the water
temperature returning from the tower.

 Calculation of the corrected heat dissipation duty:

bam QQQQ Δ−Δ−=∗ (3.5)

 Using this Q* value and the relative water mass flow, mw/mwn, a target ITDtarget

value is ascertained from the basic diagram, which shows the relationship
( )targetITD;wmfQ =∗  related to design ambient air dry bulb temperature, Tan, and

barometric pressure, pbn.

 Guarantee is fulfilled if the following condition has been complied with:

targetm ITDITD

*
m QQ

≥ (3.6)

For measurement evaluation an advanced computer program was developed. It made it
possible to evaluate posteriorly within a relatively short time also the previous
Performance Guarantee Test from 1999. The total tolerance of the measurement due to
the accuracy of the instruments was determined to be ±2.3 %. Detailed description of
calculating the total tolerance of an acceptance test is provided in VDI 2049 (1981).

3.3.1. Another evaluation method

BUXMANN AND HAMANN (1974) described another method to calculate the diagrams of forced
draught and natural draught cooling towers. It establishes the thermal efficiency
coefficient deviating from the design point and finally the desired parameters such as
thermal performance and overall ITD. This allows conversion from design point to any
other operating point. This function contains only values for pressure, temperature and
viscosity of air as well as water temperatures and water flow rates to be determined from
measurements.

3.4. Wind effect curve obtained from full-scale measurements

In our calculation aimed at determining the effect of wind on the cooling tower
performance, the limitations recommended in VDI 2049 (1981) for the validity of the data
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to be used for evaluation were not applied, as our computing method was different from
that of the guideline.

The effect of wind is characterised by the deterioration of tower ITD with constant
heat rejection due to wind. The tower ITD is defined as

aw1 TT −=ϑt , (3.7)

where Tw1 is the temperature of cooling water entering the tower and Ta is the ambient air
dry bulb temperature.

The database of the measurement evaluated in the frame of this survey contained
almost 60,000 data series altogether. The determination of the wind effect curve was
made in the following manner:

1. Several one-hour long measuring periods were selected for evaluation,

2. The arithmetic mean values of measured data during these one-hour periods were
calculated,

3. The heat rejection and the tower ITD were determined from the average values for
each one-hour periods according to equations (3.4) and (3.7), respectively.

4. For every one-hour measuring period corrections were calculated (instead of using
correction curves like in the VDI 2049 (1981) evaluation method) for all measured
factors influencing the operation of the cooling tower except wind velocity (i.e. the
temperature and relative humidity of ambient air, barometric pressure, cooling
water mass flow rate, heat rejection and possibly the inversion in the atmosphere) in
order to transform the measured tower ITD, ϑt, to nominal operating conditions.
The corrections were based on cooling tower sizing calculations, which rely on
theoretical relationships, earlier laboratory and full-scale measurements and the
half-century experiences of EGI - Contracting Engineering Co. Ltd. in power plant
natural draught dry cooling towers.

5. The differences between the average tower ITD values obtained in the previous step
– which relate to nominal ambient air temperature, barometric pressure, cooling
water mass flow rate and heat rejection – and the nominal tower ITD were related
one by one to the nominal tower ITD. These Δϑt/ϑt0 values were plotted against the
average wind velocities in the relevant one-hour periods.

The effect of wind obtained by this method is shown in Figure 3-2. (curve
f (v10)measured). Here ϑt0 is the tower ITD at nominal and wind-off conditions, while Δϑt is
the one-hour average value of the change in tower ITD at a wind speed v10 measured at
10 m level above ground and averaged also over one hour. In this figure, the tower is
considered to operate at nominal conditions in wind. Beside determining the wind effect
curve the main purpose of this calculation was to establish a figure that can be used for
comparison with results obtained by Computational Fluid Dynamics modelling.
Therefore, curve f (v10)measured in Figure 3-2. which relates to average wind speeds during
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one hour was transformed to curve f (v10)theoretical which relates to constant wind speeds.
The relationship between the two curves is the following:

( ) ( ) ( )∫
∞

⋅⋅=
0

dΦ 1010ltheoretica10measured10 vvvfvf (3.8)

It is obvious, that a wind effect curve which is calculated in theory for constant wind
speeds, f (v10)theoretical, cannot be applied to real conditions, because the wind blows with
variable speeds. The wind effect strongly depends on the meteorological features of the
wind, like velocity profile with height or statistical distribution.

If, for example, a steady wind blew with a velocity of 3 m/s, the wind effect would be
cc. 0.4 %. If, on the contrary, this average 3 m/s wind speed arose only from wind
velocities of 0 and 6 m/s blowing for equal time periods, the resulting wind effect would
lie on the dashed line at a value of cc. 1.2 %. The wind effect with a real statistical wind
velocity distribution would result somewhere between these two values, that is between
the continuous line obtained with constant wind speeds and the dashed line (as the wind
effect curve is convex from beneath, i.e. wind velocities greater than 3 m/s cause more
deteriorating effect than wind velocities lower by the same extent than 3 m/s have smaller
wind effect). In addition, according to the differences between the dashed-dotted and the
continuous curves in Figure 3-2., it can be read out that at 3-3.5 m/s average wind speeds,
for example, the wind-gusts increase the wind effect by approximately 50 %.
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Figure 3-2. Wind effect curve obtained from measurement

The theoretical wind effect curve is not obtainable from the measurements directly, but
with calculations in reversed direction it can be derived from the average values,
f (v10)measured, and the density function, Φ(v10). The equation for the f (v10)measured wind
effect curve was obtained by fitting a power function trendline on the data points by the
least squares method. In order to determine the density function of wind velocity, the
distribution function of instantaneous wind velocities was composed and a sixth order
polynomial trendline was created for it by the least squares method, the equation of which
was derived. Figures 3-3. and 3-4. illustrate the distribution and density functions of the
measured instantaneous wind velocities, respectively.
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f (v10)measured
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Figure 3-3. Distribution function of the measured instantaneous wind velocities
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Figure 3-4. Density function of the measured instantaneous wind velocities

A detailed description of this analysis is summarised in CSABA AND KAPÁS (2002).
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4. COMPUTATIONAL FLUID DYNAMICS MODELLING

In order to investigate different conceptions aimed at improving cooling tower behaviour
in wind, first the Computational Fluid Dynamics (CFD) model of the aforementioned
Bursa cooling tower was built, with which the effect of wind on the tower could be
determined by calculations for some selected stationary wind speeds. The wind effect
curve obtained this way was compared to the theoretical wind effect curve for constant
wind speeds resulting from full-scale measurements (Figure 3-2.). Below we will see that
the agreement of these two curves is more than satisfactory, so the subsequent wind effect
analyses can be based on the CFD model.

In this chapter this cooling tower CFD model is described in detail and the results of
the calculations are also presented. The applied CFD software was FLUENT 6.0.20.

4.1. Geometry

As the first step, geometry was created in 3D based on data used in sizing calculations
(KESZTHELYI, 1996), design drawings of the cooling system and data provided by different
suppliers of equipment (see Figure 4-1.). In CFD modelling, before starting the geometry
building, decisions should be made what details are important and will be included and
what will be neglected. In addition, the structure of the whole model should be imagined
in advance, because the possibilities in the subsequent steps depend on the composition
of different geometrical shapes (meshability of faces and volumes, application of
boundary conditions). Efforts were made to take into account the main features of the real
construction, however, at some points the exact geometrical shapes had to be simplified:

 The cooling delta frame structure was not included in the model, but the location of
the heat exchangers corresponds to the real arrangement (the heat exchanger
columns were considered as so many individual fluid zones as their number in one
half of the real cooling tower).

 The louvers in front of the heat exchangers and the tower X-legs were modelled by
porous jump boundary conditions across simple planes.

 The effect of cooling water piping was modelled by porous zone boundary
condition with appropriate pressure loss coefficient in the air flow.

 The outlet of the peak cooler cells was created with rectangular cross-section in the
model without the transition piece to circular cross-section. The fans were modelled
by the fan model of FLUENT at the exit planes.

 The cooling tower shell was considered as a wall with „zero” thickness, and its
profile was formed by a spline interpolated through the average of outer and inner
shell diameters at the bottom, throat and exit.

 The power plant buildings around the tower were not incorporated in the model.



COMPUTATIONAL FLUID DYNAMICS MODELLING

56

Figure 4-1. Cooling tower geometry
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Figure 4-2. The computational domain

The model consists of 369 individual volumes and contains 2,627 faces. These
volumes and faces were grouped into 183 cell zones and 1,488 face zones, respectively,
so the number of boundary conditions was somewhat reduced.
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Assuming symmetrical thermal and flow fields in the model, only one half of the
cooling tower was modelled with a symmetry boundary condition. The dimensions of the
computational domain were determined according to the recommendations by STRAW

(2001): if H denotes the greatest size of the cooling tower, the domain should exceed 5·H
upstream, 10·H downstream and 6·H upwards the tower as usual. The domain is
illustrated in Figure 4-2., where the types of the boundary conditions applied at the pe-
ripheries are also indicated and the model is mirrored against the central symmetry plane.

4.2. Mesh

During mesh generation, much attention was paid to comply with mesh quality
requirements recommended in FLUENT User’s Guides (FLUENT, 2001a-e). In order to
have an appropriate resolution of the flow field in the vicinity of and inside the cooling
tower, the computational domain was discretised into a large number of finite volume
cells. Detail from the mesh is illustrated in Figure 4-3.

Figure 4-3. Bottom region of the cooling tower – quadrilateral face mesh elements

Figure 4-4. Finite volume cells coloured by their Equiangle Skew quality metric
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The faces were meshed with quadrilateral mesh elements using Map, Pave and Tri Pri-
mitive meshing schemes, and the volumes were meshed with hexahedral elements using
Map and Cooper schemes. The model contains altogether 752,549 finite volume cells.

For every heat exchanger zone two cells were generated in the direction of air flow in
order to be able to take into account the effect of two passes of cooling water flow in the
tube bundles (see Figure 4-4.).

Figure 4-5. Location of interface boundary conditions

To avoid extremely large number of cells causing long CPU time for obtaining a
converged solution, the reduction of the number of cells in the model was facilitated in
three ways:

 By applying interface boundary conditions, which means that two identical faces
exist at the same location, hereby different mesh sizes can be used on the two sides
of the respective plane while the faces are treated as simple internal faces without
any effect to the air flow. Interfaces were used at two places in our model (see
Figure 4-5.) and in both cases the finer mesh was coming from the proximity of the
cooling tower and the coarser mesh was extending into the bulk of the
computational domain. In this manner, the very small cells generated for the
detailed tower geometry were not retained through the domain. (Other internal
faces are shared commonly by their two adjacent volumes so the mesh size must be
the same at the two sides of the faces.)

 The inner and outer surfaces of the walls inside the model have identical shapes,
but are disconnected and consist of different faces, so the mesh sizes on the two

Interface 1: annulus shaped surface
outside the tower, cc. 1 m above the
top of heat exchangers

Interface 2: polygon surface,
50 m above the tower outlet
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sides of the walls can be different. Nevertheless, every wall was modelled with
„zero” wall thickness.

 Using size functions or grading mesh nodes on the edges (i.e. allocating
continuously increasing edge mesh intervals) in order to increase gradually the cell
size for regions which are far from the tower.

4.3. Model settings

In this section the applied model settings are briefly introduced. Readers who are not
familiar in FLUENT can find detailed description of the definitions for specific concepts,
theoretical background and model equations, calculation method for different boundary
conditions, solution techniques as well as references to the concerning scientific literature
in FLUENT (2001a-e).

4.3.1. Grid manipulation

The domain was reordered using reverse Cuthill-McKee method. Hereby a bandwidth
reduction of 53.13 was achieved with maximum cell distance of 3,977. However, after
creating the interface zones the maximum cell distance increased to 24,039.

4.3.2. Turbulence modelling

The calculations were done with the segregated implicit solver assuming steady flow in
3D. The turbulent nature of flow was taken into account by the RNG k-ε turbulence
model with non-equilibrium wall functions and enabled differential viscosity model, swirl
dominated flow and full buoyancy effects options.

4.3.3. Material properties

During the simulations the material properties of air were computed according to the
following considerations:

 For calculating the density the equation of state for incompressible ideal gases was
used (the air density is a function of the temperature only),

 The specific heat was defined as a piecewise linear function of temperature,

 The thermal conductivity was modelled using the kinetic theory,

 The viscosity was calculated by the three coefficient Sutherland law,

 The molecular weight was constant, 28.966.

Properties for solid materials were set as constants taken from RAŽNJEVIĆ (1964).

4.3.4. Operating conditions

The operating pressure was given as 99,277.2 Pa at a point 100 m upstream from the
centreline of the cooling tower at ground level. The gravitational acceleration was
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specified as 9.81 m/s2. For the Boussinesq approach an operating temperature of
288.16 K and an operating density of 1.2 kg/m3 was entered.

4.3.5. Wall boundary conditions

At walls zero heat flux boundary condition was applied (adiabatic walls). For momentum
equation no slip shear condition was prescribed and a wall roughness height was
specified. In FLUENT an „equivalent” sand-grain roughness height should be used with
the default roughness constant of 0.5. When determining the „equivalent” sand-grain
roughness height for the physical roughness height of different walls, recommendations
in SCHLICHTING (1965) were studied.

4.3.6. Thermal modelling of heat exchangers

It is impractical to model individual fins and tubes of a heat exchanger core. In principle,
heat exchanger cores add heat and introduce a pressure drop to an air stream. In
FLUENT, lumped parameter models are used to account for these effects with the
following assumptions:

 The heat exchanger effectiveness, ε HE, is defined for a complete heat exchanger,
and can be applied to a small portion of the heat exchanger represented by a
computational cell,

 The air capacity rate, (m·cp)air, is less than the coolant capacity rate,

 The cell temperature, Tcell, (i.e. the cell centroid value) can be used instead of the
temperature of the fluid entering the cell,

 Flow acceleration effects are neglected in calculating the pressure loss coefficient,

 The coolant temperature must be higher than the air temperature,

 The coolant is restricted to a single phase.

The heat transfer is modelled by a heat source in the energy equation and the pressure
loss is modelled by a momentum sink in the momentum equation, respectively.

In a typical heat exchanger core, the coolant temperature is stratified in the direction of
coolant flow. As a result, heat rejection is not constant over the entire core. In FLUENT,
the fluid zone representing the heat exchanger core is subdivided into macroscopic cells
or „macros” along the coolant path (see Figure 4-6.). The coolant inlet temperature to
each macro is computed and then subsequently used to compute the heat rejection from
each macro. This approach provides a realistic heat rejection distribution over the heat
exchanger core.

The fluid zones representing the heat exchanger cores were sized to the dimension of
the core itself in our cooling tower model. The dimensions of the heat exchanger core are
the height (defined along the direction of the coolant inlet), width (defined along the pass-
to-pass direction) and depth.
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As part of the setup procedure, the coolant path was defined separately for each heat
exchanger zones to ensure the cross-counter flow of the air and cooling water (132 main
cooling and 24 peak cooling heat exchangers). To define the coolant direction and flow
path, direction vectors were specified for the coolant inlet direction and the pass-to-pass
direction. The number of macros per pass was specified as 6 and 5 in case of main
cooling and peak cooling heat exchanger zones, respectively. Based on this and the
specified number of passes, 2 for each heat exchanger zone, and the corresponding
coolant inlet and pass-to-pass directions, the macros were constructed automatically. The
physical properties and operating conditions of the core (heat exchanger effectiveness,
coolant flow rate) were defined separately for main coolers and peak coolers.
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Figure 4-6. Heat exchanger core discretised into 4 × 2 macros (example)

The model computes the total heat rejection for a fixed coolant inlet temperature in
each heat exchanger zone in the following way. Heat rejection is computed for each cell
within a macro and added as a source term to the energy equation for the air flow. The
heat transfer for a given cell is computed from

( ) ( )cellinairpcell TTcmq −⋅⋅⋅= HEε , (4.1)

where ε HE is the heat exchanger effectiveness,

(m·cp)air is the air capacity rate (flow rate × specific heat),

Tin is coolant inlet temperature of macro containing the cell,

Tcell is cell temperature.

The heat rejection from a macro is calculated by summing the heat transfer of all the
cells contained within the macro:

∑=

macroin
cellsall

cellmacro qq (4.2)
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The total heat rejection from the heat exchanger core is computed as the sum of the
heat rejection from all the macros:

∑=
macrosall

macrototal qq (4.3)

The coolant inlet temperature to each macro (Tin in equation (4.1)) is computed based
on the energy balance of the coolant flow. For a given macro

( ) ( )inoutcoolantpmacro TTcmq −⋅⋅= , (4.4)

where Tin and Tout are the inlet and outlet temperatures of the coolant in the macro,
respectively. The value of Tout then becomes the inlet temperature to the next macro. The
first macro (macro 0) is assumed to be where the coolant enters the heat exchanger core.
The coolant inlet temperature for macro 0 is a given value.

Since the heat exchangers connected in parallel represent significant flow resistances
in the cooling water circuit, the flow rate can be considered equally distributed among
them. However, the coolant mass flow rate is adjusted to be different for the main cooling
and peak cooling heat exchangers. According to the design conditions 32.6 kg/s and
4.797 kg/s was specified for the water flow rate in the main coolers and peak coolers,
respectively. The specific heat and inlet temperature of water were set as cp =
4,186.8 J/(kg·K) and Tin0 ( = Tw1) = 312.68 K for each heat exchanger zone.

The effectiveness of the heat exchanger core (ηHE in equation (4.1)) was defined as a
piecewise-linear function of air velocity through the heat exchanger zone. Air velocities
of 0.1, 1, 2, 3, ..., 15 m/s were used to specify this function at 16 points. The air-side heat
transfer coefficient, αair, was available from earlier laboratory tests in the form of:

B
1air LAα ⋅= (4.5)

here A and B are constants determined from laboratory tests,

L1 is the specific air mass flow rate to the tested heat exchanger.

In equation (4.5) αair is related to the frontal area of the heat exchanger panel and it is
characteristic for a heat exchanger with 6 tube rows.

Since we had two cells in the pass-to-pass direction of the heat exchanger zones (see
Figure 4-4.) the formula for calculating the heat exchanger effectiveness, ε HE, was
deduced with the assumption of two tube rows (i.e. one tube in one pass):

airW
k

−

−= e1εHE (4.6)

where

( )
HE

airp
air A

cm
W

⋅
=  in [W/m2, K] units, (4.7)

AHE [m2] is the frontal area of the heat exchanger,
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waterair α
1

α
1

1
2
1

+
⋅=k (4.8)

The water-side heat transfer coefficient, αwater, is related to the frontal area of the heat
exchanger panel and can be considered as constant since the water flow rate is also
constant.

As the main cooler and peak cooler heat exchangers have different heat transfer
characteristics (different A and B constants in equation (4.5)) their effectiveness was
defined by different values.

4.3.7. Pressure drop in heat exchanger zones

The heat exchanger zones were considered as porous zones and the pressure drop across
them was defined by the power law model:

v
vvC

s
pS iC

i ⋅⋅−=
Δ
Δ

= 1

0 (4.9)

where Si is the source term for the ith (x, y or z) momentum equation,

Δp is the pressure drop along path Δs travelled by the air parcel,

C0 and C1 are user-defined empirical coefficients,

vi is the ith component of the velocity vector.

In the power-law model the pressure drop is isotropic. Since the flow direction can be
considered to be perpendicular to the frontal plane of heat exchangers (i.e. the air is trying
to cover the shortest distance across the porous zone), and if Δp denotes the pressure
difference before and after a cooling element, then Δs is equal to the depth of the heat
exchanger core. The coefficients C0 and C1 were determined from the relationship for
calculating the pressure drop of heat exchangers obtained as result of earlier laboratory
measurements and expressed in form:

Q
1LPΔp ⋅= (4.10)

here P and Q are constants determined from the laboratory tests,

L1 is the specific air mass flow rate to the tested heat exchanger.

Since the main cooler and peak cooler heat exchangers are of different types, the
pressure drop was calculated by different constants.

Porosity of these zones was specified as 1.

4.3.8. Turbulence modelling in the heat exchanger zones

The effect of heat exchanger fins and tubes on turbulence was taken into consideration by
applying User Defined Functions (UDFs) for calculating „fixed values” for the turbulence
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kinetic energy and dissipation rate in these zones. The assumptions according to which
the formulas were derived are summarised below.

The isotropic turbulence kinetic energy, k, by definition is

( ) 2
2
3

222
2
1

u
m

wvum
k ′⋅≈

′+′+′⋅⋅
= (4.11)

where m is the mass of a fluid parcel,

u', v', w' are the velocity fluctuations in the x, y, z directions, respectively.

FLUENT (2001e) suggests that the turbulence intensity, I, which is defined as the ratio of
the root-mean-square of the velocity fluctuations, u', to the mean flow velocity, uavg, can
be estimated at the core of a fully-developed duct flow according to the following
formula derived from an empirical correlation for pipe flows:

8/1Re16.0 −⋅=
′

≡
HD

avgu
uI (4.12)

The Reynolds number, 
HDRe , is based on the hydraulic diameter, DH, of a rectangular

channel bounded by two adjacent cooler tubes and two adjacent plate fins in the heat
exchanger core:

ν

⋅
= Havg

D

Du
H

Re (4.13)

DH was determined and incorporated into the formulas according to the heat exchanger
geometry. The direction of the air flow was supposed to be perpendicular to the frontal
plane of heat exchangers, therefore, uavg, can be calculated from the u, v and w velocity
components:

222 wvuuavg ++= (4.14)

The kinematic viscosity, ν, is calculated according to the Sutherland law applied
throughout in the model for the dynamic viscosity of air:

ST
ST

T
T

+
+

⋅⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
⋅

ρ
μ

=ν 0

2/3

0

0 , (4.15)

where ρ [kg/m3] is the density, T [K] is the static temperature, μ0 [kg/m,s] is a reference
value, T0 [K] is a reference temperature and S [K] is an effective temperature, called the
Sutherland constant.

With equations (4.8) to (4.12) the turbulence kinetic energy can be calculated for every
individual cell in the heat exchanger zones. The variables u, v, w, ρ and T are supplied by
the solver at the actual iteration for each cells in the heat exchanger zones.

The turbulence dissipation rate, ε, is determined according to the relationship used in
FLUENT:
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l

2/3
4/3 kC ⋅=ε μ , (4.16)

where Cμ is an empirical constant specified in the turbulence model. To determine the
turbulence length scale, l, an approximate relationship suggested by FLUENT (2001e) was
used:

HD⋅= 07.0l (4.17)

Since the main cooler and peak cooler heat exchangers are of different types, the fixed
values for turbulence quantities were calculated by different constants.

4.3.9. Wind profile

The most important boundary condition at the periphery of the domain was the velocity
inlet plane, because here profiles of fully-developed atmospheric flows had to be
prescribed.

We can find several classifications and recommendations relating to profiles of
atmospheric flows in the literature (KAPÁS, 2002). However, when applying them in a
FLUENT model as inlet conditions, it was observed that they change when going away
from the inlet plane as long as a fully-developed flow was achieved. This was not
acceptable in our survey, because the flow pattern approaching the cooling tower was
different in this case from that prescribed at the inlet plane of the domain. To solve this
problem, first we generated fully-developed flow profiles for different ambient air
velocities by FLUENT using a simple periodic model, which is illustrated in Figure 4-7.
After that the flow variables (velocity, turbulence kinetic energy and turbulence
dissipation rate) were exported to a simple text file which was read in the cooling tower
model and linked to the velocity inlet plane boundary conditions. The air temperature was
specified to be constant along height, 288.16 K.

Periodic boundaries

Symmetry

Symmetry

Symmetry

Wall

1500m

25m
1400m

Figure 4-7. Auxiliary model used to generate fully-developed flow profiles
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The periodic model shown in Figure 4-7. puts back the flow variables obtained at the
outlet plane onto the inlet plane. The iteration proceeds until the changes in the
successive steps are negligible. The depth of this computational model is equal to one
finite volume cell in the wind direction, but its inlet plane has the same extensions as our
large model with the cooling tower in Figure 4-2. Thus, when applying the profiles of the
flow variables obtained by this method to the inlet plane of the model in Figure 4-2., the
flow pattern prescribed at the inlet is not changing along the wind direction till the effects
of the cooling tower structure appear.

The fully-developed shape of the wind profile mostly depended on the roughness of
the ground and to a lesser extent the wind velocity had also an effect. We generated wind
velocity profiles for two ground roughness heights: 0.05 m and 0.4 m (sand-grain
roughness height). When these profiles were compared to the power law formula of the
wind speed,

n

refref z
z

v
v

⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
= , (4.18)

for the exponent n 0.087 (0.05 m roughness height) and 0.102 (0.4 m roughness height)
were obtained by fitting a trendline on the profiles using the least squares method.

4.3.10. Fan boundary condition

The peak cooler cells were simulated in dry operation mode, so in the fan boundary
condition a pressure jump of 0 Pa was specified.

4.3.11. Air tunnel of peak coolers

The air tunnel through which air flows from the bottom of main cooling deltas into the
peak cooler cells was treated as a porous zone in the FLUENT model. In the momentum
equation the pressure loss due to the main cooling sector aboveground ring piping and the
steel structures (heat exchanger and pipe supports, stiffening cross rods in the peak cooler
cells) in this air tunnel was taken into account by a source term having form of the power
law model:

v
vvC

s
pS i

i ⋅⋅−=
Δ
Δ

= 2 (4.19)

The value of the constant C was determined so that for nominal flow rate to the peak
coolers the same pressure drop occurs through the tunnel as that considered in the sizing
calculation of the tower.

4.3.12. Tower X-legs

The tower X-legs were modelled by a porous face through which the pressure loss was
computed according to the following equation:
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mvCp Δ⋅⋅ρ⋅⋅=Δ 2
2 2

1 , (4.20)

where C2 [m-1] is the pressure-jump coefficient, v [m/s] is the velocity normal to the
porous face and Δm [m] is the thickness of the medium.

The pressure-jump coefficient, C2, was determined using the drag coefficient of a
square-shaped body, CD, from GRUBER AND BLAHÓ (1981). C2 was calculated from CD with
the assumption that the same force is acting upon the X-legs and the porous face:

mA
A

CC
faceporous

legsX
D Δ⋅
⋅= −

2 , (4.21)

where AX-legs [m2] is the frontal area of the X-legs in one half of the cooling tower,
Aporous face [m2] is the area of the porous face in the CFD model.

4.3.13. Louvers

The pressure loss through the louvers was also modelled by a porous face. The thickness
of this face was set to 0.06 m and the pressure-jump coefficient, C2, was determined as
16.33 m-1 according to laboratory tests of the louvers in case of full opening.

4.3.14. Solver settings

The discretisation schemes for the solved equations are summarised in Table 4-1. The
first order upwind scheme resulted in better convergence and stability than the second
order upwind scheme.

Variable Scheme
Pressure PRESTO!
Pressure-Velocity Coupling SIMPLE
Momentum First Order Upwind
Turbulence Kinetic Energy First Order Upwind
Turbulence Dissipation Rate First Order Upwind
Energy First Order Upwind

Table 4-1. Discretisation schemes

4.4. Solution initialisation and monitoring

Solution was initialised by means of an interpreted UDF written in the C programming
language. In this procedure flow variables of a fully-developed flow (velocity
components, turbulence kinetic energy and turbulence dissipation rate) and a constant air
temperature of 288.16 K were set to all finite volume cells in the domain. After that an
upward velocity of 5.81 m/s and a temperature of 306.3 K (corresponding to the nominal
operating conditions of the tower) were specified manually in the cells inside the cooling
tower. With this it was ensured that a reasonable initial guess was provided for the
iteration.
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In order to judge whether convergence is achieved, the scaled residuals of the transport
equations and the air mass flow rate at the tower exit plane were plotted during the
iterations. As the solution converges, the residuals decay to some small value and then
stop changing. Similarly, the tower air mass flow rate reaches its final value.

Usually there was a little instability even after 2000 iterations. In these cases the
calculations were stopped and evaluated after several oscillation periods when the air
mass flow rate was close to the average value determined for the last few periods (see
Figure 4-8.). The oscillations of the tower air mass flow rate caused cc. 7 MW (1.66 % of
the nominal heat rejection) variations in tower heat rejection.
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Figure 4-8. Convergence history of mass flow rate at tower outlet

At some wind velocities (e.g. 9 m/s) the oscillations were very small. However, at a
wind speed of 1.5 m/s at 10 m above ground a very unstable tower air mass flow rate was
experienced (see Figure 4-9.). It was due to the periodic entrainment of ambient cold air
into the tower at the outlet cross-section. This is a time-dependent phenomenon, and this
wind velocity was not considered in determining the wind effect curve.
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Figure 4-9. Convergence history of mass flow rate at tower outlet (wind speed: 1.5 m/s)
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4.5. Results

In this section we will see that measurement data presented in Chapter 3 are well
approximated by the CFD analysis. Furthermore, all characteristics experienced and/or
assumed previously, together with some new observations concerning fluid flow through
a natural draught dry cooling tower in wind can be found in the numerical reports,
solution animations and visualised flow fields of the CFD results.

4.5.1. Flow visualisation

The flow field can be visualised by contours, velocity vectors and path lines. Careful
analysis of these distributions at different cross-sections of the domain proved that the
calculated flow variables are reasonable.

In Figure 4-10. we can see the velocity distribution in the x = 0 m plane, which is
perpendicular to the wind direction and passes through the centreline of the tower. At the
bottom, a hemisphere-shaped space can be observed in the middle of the tower, in which
very low velocities are prevailing. When the air flow begins to turn upwards after passing
through the heat exchangers, a separation bubble is arising due to the abrupt transition of
the annulus-shaped tower skirt (covering) into the hyperbolic shell. The hot air is rising
upwards as a free jet above the tower exit plane. In Figure 4-10., β is the angle of the
thermal contraction. If β is greater, then the cooling tower plume contracts into a smaller
cross-section due to the intensive upward acceleration of warm air. At the same time, in
an inverse situation, β characterises the aptitude of the cold air to sink down in warmer
surrounding air (see also Figure 4-18.).

Figure 4-10. Contours of velocity magnitude [m/s] in the x = 0 m plane, wind speed: 0.3 m/s

Figure 4-11. shows the temperature distribution of the plume in the symmetry plane of
the domain for 6 m/s wind speed (at 10 m above ground in undisturbed flow). The

β

Separation bubble

Tower skirt
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temperature decrease due to the mixing of the free jet with the ambient air is well
illustrated. (In this figure, the air temperatures greater than 291 K are coloured red
uniformly in order to obtain better visibility of the plume.)

Figure 4-11. Contours of static temperature [K] in the y = 0 m plane, wind speed: 6 m/s

Figure 4-12. displays the static pressure contours (overpressures) in a horizontal plane
12 m above ground (it is approximately at the middle of the height of the heat
exchangers) for 6 m/s wind speed.

Figure 4-12. Contours of static pressure [Pa] in the z = 12 m plane, wind speed: 6 m/s

The highest overpressure is prevailing at the frontal stagnation point. Its value is cc.
9 Pa, which is slightly less than the half of the dynamic pressure of the wind. In the
region of cc. the 19th cooling column (α = 26º) the pressure is equal to the ambient static

Wind α

Wind
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pressure (i.e. the overpressure is zero). The location of the region with the lowest pressure
is nearly perpendicular to the direction of wind. Here the value of depression is cc. -49Pa.

In the case of a solid cylinder, one can expect in viscous flows a separation of the
flowing fluid from the wall of the cylinder at a certain point, and at the point opposite to
the frontal stagnation point the velocity is not zero, so the static pressure is lower than the
total pressure. However, measurements on the operating cooling towers show that
although the Reynolds number is large (if the characteristic length is taken as the tower
diameter, the Reynolds number is ~ 4.8·107), the flow does not separate from the surface
at the level of heat exchangers, and a higher pressure region develops also at the rear side
downwind the tower, but not directly on the tower circumferential surface. It can be
assumed that separation is impeded by the continuous sucking of the air flowing in a
boundary layer directly near by the heat exchangers into the tower. The pressure
distribution with high pressure regions at the windward as well as at the leeward side can
be observed also in Figure 4-12.

Above the heat exchanger modules, where this suction of air into the tower is not
present, the flow separates and the high pressure region does not evolve at the rear side of
the tower. At elevations above the top of heat exchangers (z > zHE,top) the flow pattern is
similar to that of around a circular cylinder: the static pressure is increased by
approximately the dynamic pressure of the wind at the stagnation point, and a much
stronger depression is prevailing at α ≈ 100º than that in the z = const. < zHE,top planes.
This strong depression can not develop at the heat exchangers partly due to the tower
draught and also partly because of the braking effect of the ground.

Figure 4-13. Distribution of static pressure [Pa] at the tower outlet plane, wind speed: 6 m/s

Figure 4-13. shows the distribution of static pressure inside and outside the tower at
the tower outlet plane. The stagnation pressure in this plane is 16 Pa. This pressure forces
the air to flow up and evade the front side of the upper edge of the tower, and allows the

Wind α
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exiting hot air jet to enter the ambience with a relatively low loss of energy. Inside the
shell, in the first tierce of the cross-section, this results in a pressure less by some 5 Pa
than the ambient pressure.

The depression evolving due to the velocity distribution around the cylindrical tower
shell is present intensively at this height, too, and causes static (over)pressure values of
-18 ... -35 Pa in the rear two tierces of the outlet cross-section. The sideward depression
outside the tower is so strong, that it sips out the hot air from the tower and induces two
vortices rotating in the opposite directions to each other by forcing this hot air mass
downwards outside the tower. These vortices are intensified by the strong thermal
buoyancy developed in the plume (which is deflecting to the horizontal direction),
resulting in an upwelling velocity behind the tower even greater than the exit velocity
from the tower, so between the two vortices the cold ambient air is carried up into the
plume at the rear side of the shell.

Figure 4-14. shows the velocity vectors in a vertical plane which is perpendicular to
the wind direction and located 50 m behind the centreline of the tower for 6 m/s wind
speed (wind is blowing towards positive x direction). Two vortices can be observed in
Figure 4-14. flowing like two rolling gear-wheels.

Figure 4-14. Velocity vectors coloured by velocity magnitude [m/s] in the x = 50 m plane,
wind speed: 6 m/s

In Figure 4-15. the same effects are illustrated in the x = 0 m plane, which is
perpendicular to the wind direction.

In Figure 4-16. we can see the velocity distribution from the direction of wind. It is
well observable that according to the typical flow pattern around a cylinder, a velocity
magnitude of 13.8 m/s evolves beside the shell. It is important to note, that a high
velocity value is prevailing also in the region near by the plane of the outlet, while at the
bottom, below the widening, the velocity is much less (11 m/s).

Wind
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Figure 4-15. Velocity vectors coloured by velocity magnitude [m/s] in the x = 0 m plane
at wind velocity of 6 m/s

Figure 4-16. Contours of velocity magnitude [m/s] in the x = 0 m plane at wind velocity of 6 m/s

In Figure 4-17. it is illustrated that hot air is drawn out from the tower in the
neighbourhood of the heat exchangers located at α = 90º. This phenomenon appeared
already at 9 m/s wind speed, but in a much less extent. The region influenced by this
effect of the flow pattern around the tower did not increase at wind speeds higher than
12 m/s. It is also important that at higher wind speeds hot air did not started to flow out of
the tower at the leeward area (α = 180º).



COMPUTATIONAL FLUID DYNAMICS MODELLING

74

Figure 4-17. Contours of static temperature [K] in the z = 12 m plane at wind velocity of 12 m/s

Figure 4-18. Penetration of cold ambient air inside the tower (Iteration number: 790, cf. with Figure 4-9.)

It was already mentioned that at 1.5 m/s wind speed a very unstable tower operation
was experienced. The temperature field in the y = 0 m plane was displayed at every
second iteration during the calculation, and a video file was created from these pictures.
Based on this animation the instability of the air mass flow rate at the tower exit plane
can be explained by the penetration into and subsequent upward ejection of cold ambient
air out of the tower ever and anon. Figure 4-18. shows an individual static image from the
animation.

Wind
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Wind

β



COMPUTATIONAL FLUID DYNAMICS MODELLING

75

Regarding Figure 4-18., one of my colleagues shared his experiences with us in EGI
office (CSABA, 2003):

„I had two experiences from my youth regarding to this picture. One happened at
Visonta on a foggy winter day in 1972, at the unit IV cooling tower of the present Mátra
Power Company. I was standing in the middle of the cooling tower with a senior
colleague, and we suddenly observed that humid air was tumbled in at the top of the
tower, then a cold waft flapped us after 15-20 seconds. We continued observing this
phenomenon, which occurred periodically over and over again.

The other happened during a measurement in Ibbenbüren in 1974, when I was able to
look inside a lower wet tower from the top of a dry cooling tower which was standing
beside the wet one. I observed the same as in this animation. The cold air tumbled into
the wet tower from time to time, hereby the fog disappeared in the tower and I could see
the upper packing from above. However, the air flow did not cease for any moment, the
vapour appeared above the packing again and the tower was being filled up with it
continuously. After a short time the phenomenon started from the beginning.”

We pointed out that this phenomenon may occur more possibly with low heat load and
choked louvers in the reality. In this case, the stability of the exit air mass flow is not
sufficient, and the cold air tumbles into the tower. However, the operation of the natural
draught tower will not stop because the ingressing cold air decreases not only the draught,
but also the exit loss to such an extent that the exit loss becomes negative. The depression
raised by the wind begins to dominate, and this can restore the normal flow pattern very
quickly. Furthermore, starting the natural draught cooling tower is facilitated by wind,
too.

4.5.2. Wind effect curve

In the first phase of the CFD calculations, eight different stationary wind speeds were
investigated between 0.3 and 20 m/s related to 10 m height above ground and 700 m
upstream of the tower, while the tower ITD was held constant at its nominal value. As re-
sult, the heat rejections of the tower for different wind speeds were obtained. In defining
the wind velocity profile at the inlet boundary of the domain, two wind profile exponents
were used: 0.087 (with a roughness height of 0.05 m of the ground) and 0.102 (with a
roughness height of 0.4 m of the ground). This is illustrated in Figure 4-19., where v∞
denotes the wind velocity at 10 m level above ground at the inlet boundary of the domain.

There is very little difference between the two curves. The largest deviation is 1.2 % at
9 m/s. Till 6 m/s the curve relating to 0.05 m roughness height of the ground is above the
other curve. However, the curve relating to 0.4 m roughness height resulted in higher
tower heat dissipations at wind speeds higher than 6 m/s.

Using the basic diagram of the cooling tower, ( )target,ϑwmfQ && =∗  related to design

ambient air dry bulb temperature, Tan, barometric pressure, pbn and nominal cooling water
flow rate, the results presented in Figure 4-19. could be transformed to nominal heat
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dissipation with increased tower ITD values. In this way, the „preliminary” wind effect
curves showing the relationship of the change in tower ITD value related to the nominal
tower ITD, Δϑt/ϑt0, in function of the wind speed, v∞, were obtained. Since the
„preliminary” wind effect curve with 0.05 m roughness height of the ground provided a
better approximation of the theoretical wind effect curve determined from the full-scale
measurements, it was decided that further calculations should have been made with this
roughness height.
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Figure 4-19. Heat rejections of the cooling tower in case of fixed tower ITD value

In the second phase of the CFD calculations the tower ITD values were increased in
FLUENT to such values that the resulting heat rejections of the tower were equal to the
nominal heat dissipation for every investigated wind speed. In fact, the effect of wind on
natural draught cooling towers cannot be analysed correctly without taking into account
the interaction of the tower with the other components of the power plant (e.g. the steam
turbine). Although with increasing tower ITD (which means higher condenser
temperature and a higher turbine back pressure) the cooling demand of the steam cycle
slightly increases, it is reasonable to assume that the heat rejection is nearly constant
when the tower ITD is increasing due to the wind. Because of the large number of the
heat exchanger zones, the specification of the cooling water inlet temperature was
automated by running journal files which contained all the necessary commands for this
procedure and could be simply edited in Microsoft Excel. The resulting „final” wind
effect curve is shown in Figure 4-20. Here the Δϑt/ϑt0 values are plotted in function of
the wind speed va prevailing at the location of the anemometer during the full-scale
measurements. In this manner the differences between the measured wind velocities and
the velocities in undisturbed flow (e.g. at 700 m upstream the tower at the inlet boundary
of the FLUENT model) were eliminated, if there were any. The wind effect curves from
the measurement and FLUENT are in very good agreement with each other, the
maximum deviation is 1.64 %.

v∞  [m/s]
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Figure 4-20. Wind effect curves for nominal operating conditions

Based on the above, it can be concluded that the CFD model is capable to predict the
behaviour of the natural draught dry cooling tower in wind.

4.5.3. Thermal performance

The thermal performance is reported for individual heat exchanger zones separately in
FLUENT. Since there is a large number of cooling columns, the reporting was
automated. First, journal files were read in, which contain the commands for the
evaluation, whereupon the reported values were printed in the console window of
FLUENT. These data should have been copied into simple text files through the
clipboard. After that these text files were opened in Excel, the evaluation was performed
immediately by using the previously adjusted referencing of the relevant cells containing
the heat rejection values of the individual heat exchanger zones.

The smallest wind velocity for which calculation was made, was 0.3 m/s at 10 m above
ground. In this case the heat rejected by the heat exchanger zones was nearly constant –
the largest difference in the heat rejection among the cooling columns was 2.72 %.
Therefore, the results for this wind speed were considered as the reference case, i.e. the
wind-off conditions were approximated by this situation.

Figure 4-21. illustrates the heat rejection by the cooling columns spread out round the
tower. The location of the largest heat dissipation can be found in the region of the 22nd

cooling column. Here also the air mass flow through the heat exchanger is the largest.
The reason for this is that at this location the air flow must not change its direction
significantly to pass through the heat exchanger (the wind direction is approx.
perpendicular to the plane of the heat exchanger) and the velocity distribution is probably
more uniform along the width of the cooling column than at other locations.

The heat rejection is only slightly less at the rearward cooling deltas in comparison
with the frontal ones. The smallest heat dissipation can be observed at coolers with

va [m/s]
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positions at the endpoints of the tower diameter perpendicular to the wind direction,
because here the wind speeds up intensively, and therefore, the static pressure is low in
front of the coolers. This small pressure difference between inside and outside the tower
results in low air mass flow through the heat exchangers. Also here we can find the
largest difference between the rejected heat of two adjacent cooling columns within a
cooling delta. This can be explained so that the dynamic pressure of the incoming air is
utilised effectively by the heat exchanger facing frontally to the upstream flow, while its
neighbour does it barely due to the evolved vortices. The highest deviation as compared
to the nominal heat rejection of a cooling column is cc. 79.6 % between the 22nd (α = 30º)
and the 73rd (α = 99.5º) heat exchanger zones. This disparity plays a significant role in the
decrease of the tower performance in wind.
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Figure 4-21. Dissipated heat (Q) in the cooling columns, wind speed: 6 m/s
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Figure 4-22. Dissipated heat (Q) in the cooling columns, wind speed: 16 m/s
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Figure 4-22. shows the heat rejection of individual cooling columns for a higher,
16 m/s wind speed. It can be seen that the heat exchanger zones between α = 72.3º ... 120º
have very low heat dissipation values, which is caused by the high outer wind velocities
at this part of the tower circumference, i.e. the pressure outside the tower is so low, that
hot air is drawn out from the tower. This phenomenon decreases the natural draught and
the air mass flow rate of the tower.
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Figure 4-23. Outlet water temperatures averaged for every four neighbouring heat exchanger zones
(cooling delta pairs), wind speed: 4 m/s

The outlet water temperature variation along the cooling tower perimeter plotted in
Figure 4-23. confirms the calculated heat rejection values in the heat exchanger zones.
Where there is higher heat dissipation, the cooling water outlet temperature is
correspondingly lower. By FLUENT we obtained symmetrical distribution in
Figure 4-23., due to the applied symmetry boundary condition. However, in real cooling
towers this figure may be slightly asymmetrical due to the surrounding buildings of the
power plant (cf. with Figure 2-3.).

4.5.4. Dimensionless numbers of flow similarity

Considering a typical case of 6 m/s wind speed at 10 m height above ground in
undisturbed flow, and taking the arithmetic mean of cooling tower base and throat
diameters as the characteristic length,

( ) m4.9467121.82
1 =+⋅=L ,

the following dimensionless numbers can be calculated:

Reynolds number ≡   ratio of inertial forces to viscous forces,

35,201,989
101.609
4.946Re 5-

10 =
⋅

⋅
=

⋅
=

ν
Lv ,

Froude number ≡   ratio of inertial forces to body forces,

 α [ º ]

Wind direction
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vFr ,

Grashof number ≡ ratio of buoyancy forces to viscous forces,

( )
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4.9415-33.810.00322481.9
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−ν
β LTgGr ,

Prandtl number ≡ ratio of momentum diffusivity to thermal diffusivity,

71.0Pr = ,

Rayleigh number, which is a measure of the strength of buoyancy-induced flow in
natural (free) convection,

1515 101.37271.010933.1Pr ⋅=⋅⋅=⋅=GrRa ,

the Archimedes number, which is a combination of Grashof and Reynolds numbers,

( ) 6.1
61.148

4.941.113-1.18381.9
Re 22
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⋅
⋅⋅

=
⋅
⋅Δ⋅

==
v

LgGrAr
ρ
ρ ,

Peclet number for heat transfer,

24,993,41271.0989,201,35PrRe =⋅=⋅=Pe ,

and the Brinkman number, which indicates the importance of the thermal energy
created by viscous shear in the flow,

( )
3-

2-52
10 101.4

15-33.810.0254
6101.843

⋅=
⋅
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=

Δ⋅
⋅
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T

vBr
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μ .

The material properties of air were taken from RAŽNJEVIĆ (1964) at the temperature
averaged between the ambient air and warmed air in the tower at design operating
conditions:

( ) ( ) C 24.40581.33152
1

212
1 °=+⋅=+⋅= aa TTT

4.6. Grid adaption

In order to determine the sensitivity of the calculated results with the resolution of the
grid, an Y+ type grid adaption was made for the case with 0.3 m/s wind speed. With the
original grid the Y+ values ranged between 0 and 10,446.61. The logarithmic law of the
wall is valid between 30 < Y+ < 500 (AZAD, 1993), so computational cells adjacent to all
of the walls (excluding the exterior ground and the walls of the heat exchanger zones and
their neighbouring walls) with Y+ values greater than 500 (altogether 29,641 cells) were
marked for hanging type refining. After that, the refinement process was restricted to
cells with volumes greater than 0.025 m3. No limits were applied on the maximum
number of cells generated during the adaption process, but the creation of new cells in the
heat exchanger zones was precluded. (If cells at wall surfaces either neighbouring or
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within the heat exchanger zones were adapted, the calculation could not be continued,
because an error occurred in FLUENT. Therefore, these cells were excluded from the
adaption process.) With these restrictions the number of marked cells was decreased to
29,092 (3.9 % of the total number of cells). The volume weight was set as 1.

The adaption process lasted 1 hour and 14 minutes, and the number of cells was
increased by 27.1 %. This caused a 40 % increase in CPU time per iteration, and the
resulting heat rejection of the cooling tower decreased by 0.08 % as compared to that
obtained by the original grid.

Considering the increased CPU time and the marginal change in tower heat rejection
after adaption, it was concluded that the original grid was fine enough for our purposes.

4.7. Data about the computer hardware

The CFD calculations required much time. The necessary number of iterations for
obtaining a converged solution ranged from 925 to 4,070 (on the average 2,421
iterations). Therefore, a new computer configuration was purchased for these
calculations, which was the state-of-the-art in the category of the Personal Computers in
May, 2002. With this hardware one iteration step lasted 55 s (which means 1 day and 13
hours in CPU time for 2,421 iterations). The elements of this configuration are listed
below.

Central Processing Unit Intel P4 2AGHz 478PGA

Motherboard ASUS P4T-E

Random Access Memory 4×512MB RAMBUS ECC

Video Card ASUS V8170 GeForce4 MX440 64MB

Hard Disk Drive Maxtor 740X 40GB IDE HDD 7200 rpm

Compact Disk Reader-Writer LG 16/10/40 IDE CDRW

Networking Card 3Com 905CTX-M 10/100 Mbit Lan Adapt

Tower Case DTK CAS-WT-PT074W

Monitor ELSAT-20H03T 20”

Operating System Windows 2000 Professional HU

Keyboard PS2 HU

Mouse SafeWay 4D Optical Scrolling Mouse USB & PS/2

Floppy Disk Drive 1.44MB FDD
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5. WIND EFFECT IMPROVEMENT POSSIBILITIES

The performance deterioration of the cooling tower in wind can be improved in several
ways. The measures which were investigated in our survey can be grouped mainly into
two groups: interventions on the water side and on the air side.

5.1. Measures on the water side

On the water side, two ideas were investigated for improving the wind effect. First, the
total cooling water flow rate was increased with uniform distribution of flow rate among
the heat exchangers. Second, the original amount of water flow rate to the tower was kept
constant but the distribution of the water flow rate among the heat exchanger sectors was
controlled. In the above two cases the geometrical structure of our CFD model was not
changed.

5.1.1. Increasing the water flow rate to the tower

The modifications which were made to the reference CFD model introduced in Chapter 4
are summarised below:

 the original cooling water flow rate was quintupled in the heat exchanger zones,

 in order to obtain the required heat rejection, the tower ITD value was decreased
also for 0.3 m/s wind speed (ϑt0 = 20.82 ºC),

 due to the increased water flow, the water side heat transfer coefficient was taken as
the treble of that in the Bursa model (partly, the aim in this step was to model the
flow of steam in the cooler tubes instead of water). As a consequence, the heat
exchanger effectiveness of both the main cooler and peak cooler heat exchangers
was changed.

Increasing the cooling water flow rate to such an extent is technically not realistic, but
with this theoretical simulation we can imagine how much the wind effect could be
expected to decrease by measures at the bottom part of the tower.

The main effect of the higher water flow rate is that in case of unchanged heat
rejection the water temperature drop (cooling range) in the heat exchangers is less than
that in the model of Bursa cooling tower. It is the reason also for the lower tower ITD
value in no-wind case. The results proved that with higher water flow rate the distribution
of cooling water outlet temperature around the tower perimeter was not distorted due to
wind so much as in the case with original water flow rate. According to Figure 5-1., it
can be assumed that where the outlet water temperature is lower than the average value
(α ≈ -55º ... +55º and α ≈ 150º ... 210º) the heat transfer is enhanced in the case of
increased water flow as compared to the case with original water flow, because the curve
in cyan colour represents higher temperatures than the dashed curve in blue. With higher
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outlet water temperatures the temperature differences (or „driving potential”) between the
cooling air and the water are higher in the heat exchangers. The situation is converse
where the outlet water temperature is higher than its average value, i.e. the heat transfer is
more efficient in the case of original water flow rate.
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Figure 5-1. Outlet water temperatures averaged for every four neighbouring heat exchanger zones (cooling
delta pairs), wind speed: 4 m/s

In Figure 5-2. the above statement is supported well. Where the outlet water
temperature is lower than its average value, the heat dissipation is greater in the case of
increased water flow as compared to the case with original water flow. Where the outlet
water temperature is over its average, there are smaller heat rejections in the case of
increased water flow.
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Figure 5-2. Dissipated heat (Q) in the cooling columns, wind speed: 4 m/s

We can conclude that at moderate wind velocities there are heat exchangers with both
enhanced and decreased heat transfer conditions. The wind effect curve of the cooling
tower with increased water flow does not deviate significantly from that of Bursa tower.
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However, at higher wind speeds (> 8 m/s) the heat rejection of some coolers (α ≈ 72º ...
128º) is decreased almost to zero, so their performance could not be even worse (see
Figure 5-3.). It means that the difference between the cases with increased and original
water flow rate will comprise only the enhanced heat transfer at α ≈ 0º ... 50º and as a
consequence, the wind effect curve will be more advantageous for the increased water
flow. This can be observed in Figure 5-4., wherein the calculations were performed for
the same wind speeds as in the case of Bursa tower and the total heat dissipation was held
constant. The higher water flow rate increases also the thermal inertia of the cooling
system against wind-gusts.
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Figure 5-3. Dissipated heat (Q) in the cooling columns, wind speed: 16 m/s

0.00

0.04

0.08

0.12

0.16

0.20

0 4 8 12 16 20
wa [m/s]

Δ
ϑ

t/ ϑ
t0

Increased cooling water
flow rate

Original cooling water
flow rate

Figure 5-4. Wind effect curves

5.1.2. Controlling the water flow into different heat exchanger sectors

Since the cooling deltas represent significant flow resistances in the cooling water circuit,
the water flow rate can be considered nearly equally distributed among them. The main
idea of this measure was to increase the water flow rate in heat exchangers where the heat
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rejection is increased due to wind. Consequently, the water flow should be decreased (e.g.
with throttling by a control valve) in heat exchangers with lower heat dissipations in or-
der to keep the total water flow rate of the tower unchanged. In this analysis the hydraulic
characteristics of the cooling system was not taken into account, but it should be noted
that if the flow is distributed unevenly, the total water flow rate will slightly decrease.

It is technically not feasible to install a control valve for every individual heat
exchanger. The main coolers are connected in parallel into six sectors on the water side,
and usually one electromechanically actuated butterfly valve is built into both the sector
inlet and outlet pipelines of the realised cooling towers. Therefore, it is practical to
investigate the effect of varying the flow distribution among the main cooler sectors. The
orientation of the sectors is illustrated in Figure 5-5. The water flow rate in the peak
cooler sectors was not changed and the simulations were performed for only two wind
speeds: 6 m/s and 16 m/s.

Figure 5-5. Orientation of main cooling sectors

The analysis was performed in four steps. The first unequal distribution of water flow
rate was determined according to the following relation:
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where im ,1& is the new water mass flow rate of the ith sector for the first calculation
with uneven flow distribution,

Tin is the inlet water temperature,

Tout,0,i is the outlet water temperature of the ith sector,

0m& is the original water mass flow rate of the sectors.

In equation (5.1) the values of Tin, Tout,0,i and 0m&  were taken from the model of the
Bursa cooling tower with uniform flow distribution.
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The flow rate to the individual heat exchanger zones were adjusted by journal files in
FLUENT, based on their location (sector number) around the tower perimeter. After
obtaining a converged solution, it was found that the total heat dissipation of the tower
was increased (the tower ITD was kept unchanged). In the second step, by using the
results of this first calculation with uneven flow distribution, the flow rates were
determined once more according to the following relation:
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here im ,2& is the new water mass flow rate of the ith sector for the second

calculation with uneven flow distribution,

Tout,1,i is the outlet water temperature of the ith sector obtained from the first
calculation with uneven flow distribution.

The flow rates determined in the second step deviated only slightly from those
determined by equation (5.1), which resulted in additional marginal increase in the total
heat dissipation of the tower (Q = 425.96 MW). By a third simulation it was
demonstrated that when the inequality among the sector flow rates was carried too far, the
thermal performance of the tower somewhat decreased.

Finally, in the fourth step, using the flow rates determined by equation (5.2) in the
second step, it was found that the tower ITD could be decreased by 0.22 ºC in order to
obtain the original heat dissipation of the tower for 6 m/s wind speed. This improvement
in cooling tower heat dissipation efficiency could be attributed to the uneven water flow
distribution among sectors. For this case the heat rejections, water mass flow rates and
outlet water temperatures are illustrated in Figures 5-6. and 5-7., respectively.
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Figure 5-6. Dissipated heat (Q) in the cooling columns and water mass flow rate of sectors,
wind speed: 6 m/s
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Figure 5-7. Deviation of outlet water temperatures averaged for every two neighbouring heat exchanger
zones (cooling deltas) from their average value, wind speed: 6 m/s

The same calculation procedure for 16 m/s wind speed showed that due to the
unevenly distributed cooling water mass flow rate, the total heat dissipation of the tower
increased to 464.02 MW and in the fourth step the tower ITD deterioration caused by
wind could be decreased by 2.68 ºC.

5.2. Measures on the air side

Measures on the air side were investigated at the air inlet and outlet opening of the tower.
At the air inlet area several ideas were analysed, while at the outlet only the effect of the
ratio of tower height to throat diameter was determined.

5.2.1. Measures at the air inlet opening

First without changing the geometry, a wind effect improvement possibility by means of
louver control was examined. After that the flow field was influenced by obstructive
structures in order to increase the air flow through the tower.

5.2.1.1. CONTROLLING THE LOUVERS

The mechanism of this measure can be explained so that at the windward side of the
cooling tower (at sector 1 in Figure 5-5.), a significant amount of ambient air enters the
tower and its temperature is not increased to such an extent as in another regions where
the air flow rate is lower through the heat exchangers. This deteriorates the natural
draught of the tower, because air masses of lower temperature are present inside the
tower. Therefore, it can be suggested that with partially closing the louvers of sector 1,
the tower heat dissipation efficiency may increase.

The calculations were made for 6 and 16 m/s wind speeds and the tower ITD values
were taken from the wind effect curve in Figure 4-20. for the respective wind velocities.
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As a result, we could see the variation of the tower heat rejection in function of the
pressure-jump coefficient, C2 (see Figure 5-8.).
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Figure 5-8. Tower heat rejection (Qtower) in function of the pressure-jump coefficient of sector 1

The pressure drop through the louvers is calculated according to equation (4.20). By
closing the louvers, i.e. increasing the value of C2 in the sector facing directly the wind,
first a slight increase was detected in tower thermal performance, then by closing further
the louvers, the thermal performance began to decrease. The maximum gain in tower
performance was not significant for 6 m/s wind speed (Q = 422.42 MW), but some full-
scale site observations indicated higher improvement. In case of 16 m/s wind speed, the
tower heat rejection increased to 439.04 MW.

From the adjusted pressure loss coefficient at the louvers in the FLUENT model and
the louver characteristics obtained by earlier experiments, I determined the required
closing angle of the louvers causing the maximum thermal performance improvement.
This closing angle was in good accordance with the full-scale experience.

5.2.1.2. BAFFLE PLATES

The simulations to be introduced in this section required first of all the modification of
the geometry. It means that additional surfaces were incorporated in the CFD model to
represent the deflector walls.

As the geometry was changed, some volumes should have been re-meshed, so the
numerical mesh was also altered. Therefore, in the first step some calculations were made
to reproduce the results obtained earlier with the original grid (Table 5-1.). The difference
between the resulting tower heat rejection obtained with the two grids for 0.3 m/s wind
speed is small and can be accepted:

%55.0%100
421.15

418.84-421.15%100 =⋅=⋅
−

old

newold

Q
QQ (5.3)
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Original model New grid
Wind speed [m/s]

Q [MW] ϑt [K] Q [MW] ϑt [K]
Remark

421.15 24.52 418.84 24.52 Without baffle plates
0.3

- - 418.67 24.52 With all baffle plates „on”
6 421.19 25.51 418.66 25.56 Without baffle plates

Table 5-1. Preliminary calculation results with the new grid

With the new grid the influence of the baffle plates on the tower heat rejection was
examined in the case of 0.3 m/s wind speed. It was found that when all baffle plates were
set as walls the thermal performance of the tower decreased barely, therefore the effect of
the obstructive surfaces can be neglected in calm.

With the new grid and baffle plates set as internal surfaces the cooling tower required a
tower ITD value of 25.56 ºC in order to maintain the heat rejection of 418.66 MW in the
case of 6 m/s wind speed. The subsequent simulations were performed for 6 m/s wind
speed with eight different configurations altogether, wherein the tower ITD value was
kept unchanged (25.56 ºC) and the deviation of the resulting heat dissipations from
418.66 MW showed the effectiveness of the actual wind effect improving structure.

The eight cases are described shortly below:

 Case 1: 1.05 m long and 19.318 m high baffle plates are placed inside every cooling
delta module (comprising two adjacent cooling columns and a louver field). The
planes of the baffle plates are aligned with the symmetry planes of the triangles of
the respective cooling deltas.

 Case 2: 2.1 m long baffle plates are placed in the symmetry plane of every cooling
delta module. The baffle plates sever entirely the volume inside the cooling deltas
and their height is equal to the height of the heat exchangers, i.e. 19.318 m.

 Case 3: 1.42 m long and 19.318 m high baffle plates are placed between the
adjacent cooling deltas inside the cooling tower.

 Case 4: the same arrangement as in Case 3 but with 2.13 m long baffle plates.

 Case 5: 2.13 m long baffle plates are placed between the cooling deltas radially
outwards of the tower. The baffle plates extend from the ground to the top level of
the heat exchangers.

 Case 6: 2.1 m long baffle plates are placed radially outside the tower at the middle
point of the louver field of every cooling delta. The baffle plates extend from the
ground to the top level of the heat exchangers.

 Case 7: as a matter of fact the „baffle plates” are represented by 2 × 4 pieces of
cooling deltas outside the tower placed at α = 90º and α = 270º. These coolers are
considered to be connected in parallel with the adjacent main cooling delta sector
on the water side when there is wind. The water flow rate is assumed to be uniform-
ly distributed among the outer and the sector coolers, so that the cooling columns in
sectors 2 and 5 have lower cooling water flow rate than those in the other sectors.
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 Case 8: 12 pieces of 16.27 m long baffle plates are arranged radially outside the
tower. The height of the baffle plates is 21.68 m, i.e. they extend from the ground to
the top level of the heat exchangers.

          

          

          

           

Figure 5-9. Schematic drawings of the investigated configurations
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Cases 1-6 are expected to decrease the heat rejection differences between the adjacent
cooling columns observed in wind. Cases 7 and 8 involve larger but fewer obstructive
surfaces and are aiming at influencing the wind-induced flow pattern around the tower.

The tower heat rejection values obtained from the simulations (with ϑt = 25.56 ºC and
6 m/s wind speed) are summarised in Table 5-2. The case number „0” indicates the
configuration without any baffle plate.

Case No. Q [MW] ΔQ [MW] dQmax [MW]

0. 418.66 0.00 0.702
1. 419.70 1.04 0.882
2. 428.05 9.39 0.288
3. 423.15 4.49 0.593
4. 425.85 7.20 0.589
5. 436.33 17.67 0.144
6. 436.81 18.16 0.154
7. 440.25 21.59 1.605
8. 447.11 28.46 0.785

Table 5-2. Results of the simulations

We can see that every configuration yielded an improvement. In Table 5-2. ΔQ is the
difference in tower heat rejection between the case in question and case number „0”,
while dQmax is the maximum difference between the heat dissipation of neighbouring
cooling columns for the case in point.

In Figure 5-10. the path lines and pressure contours are illustrated for Case 0 (without
any baffle plates). We can see that if baffle plates corresponding to Case 1 were installed
(shown with dashed line in Figure 5-10.), path lines number 2 and 3 would not flow
through cooling column A but through column B. This results in an increase in dQmax for
Case 1 as compared to that of Case 0. However, the tower heat rejection is higher in
Case 1 than in Case 0. The reason for this may be that at locations around the tower
perimeter other than α ≈ 90º more advantageous flow distributions may prevail for Case 1
on the whole. In Case 2 the baffle plates are longer and enhance the air flow through
cooling column A, therefore dQmax decreases in this case. The baffle plates of Case 3
make an end of path line number 1 which again results in a lower dQmax compared to that
of Case 0. Case 4 eventuates a slightly better dQmax value than Case 3. It was peculiar for
Cases 0-4 that cooling columns at positions similar to B in Figure 5-10. (heat exchanger
zones with even ordinal numbers) had higher heat rejection than cooling columns at
positions similar to A (heat exchanger zones with odd ordinal numbers).
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Figure 5-10. Contours of static pressure [Pa] overlaid by path lines in the z = 12 m horizontal plane,
in the region α ≈ 90º

From Table 5-2. we can see that Case 5 has the lowest dQmax value. Figure 5-11.
shows that the distribution of the heat rejection among the cooling columns improved
significantly (cf. with Figure 4-21.).
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Figure 5-11. Dissipated heat (Q) in the cooling columns, wind speed: 6 m/s (Case 5)

In contrast to Cases 0-4, it was found that with the baffle plate arrangement of both
Case 5 and 6 the cooling columns with odd ordinal numbers have higher heat dissipation
than that with even ordinal numbers. In Figures 5-12. and 5-13. the path lines are
illustrated through the heat exchanger zones for Case 5 and 6, respectively. In the region
α ≈ 90º, where dQmax has a high value, it can be observed that in Case 5 the air flow is
distributed more uniformly between the two adjacent cooling columns than in Case 6, and
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this explains why the value of dQmax is higher for Case 6. Nevertheless, Case 6 yielded a
slightly higher increase in the tower heat rejection than Case 5. It may be due to that at
locations around the tower perimeter other than α ≈ 90º more advantageous flow
distributions may prevail for Case 6 and this baffle plate arrangement provides more
benefits on the whole.

Figure 5-12. Path lines coloured by velocity magnitude [m/s] for Case 5 in the z = 12 m horizontal plane,
in the region α ≈ 90º

Figure 5-13. Path lines coloured by velocity magnitude [m/s] for Case 6 in the z = 12 m horizontal plane,
in the region α ≈ 90º
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Figure 5-14. Dissipated heat (Q) in the main cooling columns and water mass flow rate of sectors, Case 7

Figure 5-15. Contours of static pressure [Pa] in the z = 12 m horizontal plane, Case 7

With Case 7, the wall placed between the outer coolers and the tower periphery
resulted in a sharp decrease in the heat rejection of the main cooling columns after
α = 90º (Figure 5-14. and 5-15.). Practically, these heat exchangers can receive only the
warm air exiting from the outer coolers. Therefore, I have removed this connecting plate
leaving a 2.06 m wide gap instead and run the simulation again. As a result, the tower
heat rejection and dQmax were obtained as 440.36 MW and 0.959 MW, respectively. The
arrangement investigated in Case 7 can be applied effectively at sites where the wind
always blows from the same direction.

The highest tower heat rejection was obtained in Case 8. Figures 5-16. and 5-17. show
that the influence of the baffle plates on the flow field is significant. It can be also seen
that in the leeward region of the wind-walls the heat exchangers operate with decreased
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air mass flow rate. I tried to improve this negative effect by replacing the wall boundary
condition at the end of the wind-walls adjoining the tower with porous faces having
dimensions 5.35 m in width and 21.68 m in height. However, by altering the pressure-
jump coefficient so that the air velocity through the porous part of the wind-wall at α =
90º was decreased from 7.1 m/s (this corresponds to a pressure-jump coefficient of zero)
to 3 m/s, the change in tower heat rejection was between -1.16 ... 0.81 MW which means
that in this manner the additional tower performance improvement is very low.

Figure 5-16. Contours of static pressure [Pa] in the z = 12 m horizontal plane, Case 8
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Figure 5-17. Dissipated heat (Q) in the cooling columns, Case 8

5.2.2. Measures at the tower outlet

The final set of simulations was made with a modified shape of the tower shell. It means
that the height and the throat diameter were changed from 135 m and 67 m to 127.1 m

Wind direction
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and 73.7 m, respectively. This is illustrated in Figure 5-18. The bottom part of the
cooling tower (base diameter and position of the cooling deltas) was not altered, and the
modified tower shell dimensions were determined by EGI’s internal sizing program so,
that they must ensure the same tower performance (unchanged nominal tower ITD, heat
rejection and air mass flow rate) in no-wind case.

With this larger tower throat diameter the air exit velocity and exit loss from the tower
will be both smaller, so the tower height could be decreased. However, due to the lower
air exit velocity the tower may be more sensitive to cross-winds. This problem will be
analysed in this section.

The simulations were performed using the nominal tower ITD value, so the resulting
overall heat rejections indicate the cooling capability of the tower. For 0.3 m/s wind
speed, the tower heat rejection was higher by only 0.04 % than that obtained with the
original tower geometry. In case of 6 m/s wind speed the average tower air mass flow rate
was by as much as 4.77 % lower with the modified tower shell, however, the solution was
much less stable than with the original geometry – there were significant changes in the
air mass flow rate through the tower even after 4,000 iterations (up to ±1,104 kg/s
deviations from the average value). It can be assumed that with lower air exit velocity the
cold ambient air is more susceptible to penetrate into the tower in the outlet plane, and
this caused the aforementioned instability.

For higher wind speeds, the stability of the solution was acceptable, and the differences
between the heat rejections obtained with the original and modified geometry, using the
nominal tower ITD value, were 3.258, -0.742, -2.187 and -5.646 MW in case of 9, 12, 16
and 20 m/s wind speeds, respectively. (For these wind speeds the reference tower heat
rejections with the original geometry were indicated in Figure 4-19. with 0.05 m
roughness height of the ground).

Figure 5-18. Original and modified cooling tower shells
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Modified tower shell
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5.3. Economical evaluation

I have performed a simple economical evaluation of wind effect improving measures.
The basis of this analysis was the loss of electricity generation caused by the effect of
ambient wind on the cooling tower.

Hourly average meteorological records were available from the power plant’s
meteorological station for one month period (June, 2001). By substituting these data
excluding wind velocities into cooling system sizing calculations, I determined firstly the
condenser temperatures in case of no wind for the respective one-hour long periods. The
condenser temperatures and steam turbine characteristics allowed the calculation of
electricity generated by the steam turbine with the assumption of continuous 100 % heat
input into the steam cycle.

In the next step, with the help of hourly average ambient wind speed records and wind
effect curves obtained from on-site measurement and CFD simulations, changes in warm
water temperature due to wind in the cooling tower and corresponding electricity
productions were calculated for the different wind effect improving measures. The
electricity generation values were compared with those from no-wind case, and the
differences during the one-hour long periods were summed to determine the monthly
electricity losses for the investigated improving measures.

The annual costs occurring due to ambient wind were calculated with an electricity
price of 4 ¢/kWhe and a power plant load factor of 85 %. As in cold winter weather
situations the cooling air flow is throttled by the louvers of the tower anyhow in order to
avoid condenser pressures below the choking point of the steam turbine, the wind effect
can be compensated by less throttling at the louvers. Therefore, annual costs were
reduced by a factor of 0.9.

The results for the Bursa 1,400 MWe CCPP are shown in Table 5-3. The
supplementary investment costs for baffle plates, Cases 1-8 were determined according to
general pricing practice used at EGI - Contracting Engineering Co. Ltd. and their payback
periods were calculated with an interest rate of 4 %.

Cost [$/a] Benefit [$/a] Supplementary
investment [$] Payback period [a]

Base case 371,420 0 - -
Increased cooling water flow 299,902 71,519 - -
Controlled cooling water flow 339,609 31,811 - -
Controlled louvers 365,875 5,545 - -
Baffle plates, Case 1 368,998 2,422 352,127 >100
Baffle plates, Case 2 321,554 49,866 704,253 20
Baffle plates, Case 3 366,334 5,086 476,209 >100
Baffle plates, Case 4 341,531 29,889 714,314 65
Baffle plates, Case 5 248,184 123,237 1,603,306 18
Baffle plates, Case 6 244,016 127,404 1,580,724 17
Baffle plates, Case 7 214,416 157,005 645,954 5
Baffle plates, Case 8 156,755 214,666 974,454 5
Modified tower shell 525,189 -153,769 - -

Table 5-3. Results of economical evaluation
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6. SUMMARY OF NEW RESULTS

Wind effect on natural draught cooling towers has complex physics. It takes place in the
atmospheric boundary layer, and for a long time, the only reliable method to determine its
quantitative value has been the on-site measurement on full-scale towers.

Recently, we have seen a very rapid development in the field of Computational Fluid
Dynamics (CFD), whereby simulation of fluid flows in a complex geometry became
feasible. CFD modelling can serve as a powerful tool to predict the degree of wind effect
on cooling towers already in the design stage, which can influence the selection of the
optimum tower design. When an air-cooled cooling tower is subjected to cross-wind, the
flow field is distorted around the tower. As a consequence, some heat exchangers have
higher cooling air flow through them, while other coolers have lower. On the whole, the
efficiency of the tower decreases, which means that the condensation heat from the steam
cycle can be rejected to the environment only with increased cooling water temperatures
in the cooling tower. This results in a higher temperature of condensation in the
condenser and hereby a higher steam turbine back pressure, which cuts down the thermal
efficiency and capacity of the power plant – the same output of electric energy will
require more input of fuel, as well as the unit’s capacity, available for the electricity grid,
decreases. The costs caused by the decreased cooling plant capability in wind can be
determined, and these costs could make reasonable the application of such accessories
that can mitigate the wind effect economically.

Actual wind effects on specific cooling towers depend on a large number of
parameters, so the effect of wind is difficult to express in a general way. Therefore,
within the frameworks of my Ph.D. work a specific cooling tower was selected to be
analysed. The methods included full-scale measurements in the field and state-of-the-art
CFD investigations of the problems relating to the operation of the aforementioned
natural draught power plant cooling tower in ambient winds. The applied Computational
Fluid Dynamics software was FLUENT.

In this Ph.D. dissertation the details of the computational model were described, the
obtained flow fields were analysed, and the wind effect curve resulting from the CFD
calculations was compared with that obtained from full-scale site measurements. The
agreement between experimental and numerical results was more than satisfactory.

Some improving measures aimed at lowering the deteriorating effect of wind on the
cooling tower thermal performance were also discussed. The numerical simulations
showed moderate improvement possibilities, however, full-scale site measurements were
not performed yet for these cases.

The purpose of this Ph.D. study was to find and analyse new solutions for improving
the behaviour of natural draught power plant dry cooling towers in wind. The main
results are summarised below.
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6.1. Thesis 1.

Based on full-scale measurements on a given cooling system, I have determined the
relationship between the ambient wind speed and the change in warm water temperature
entering the cooling tower. I have demonstrated by statistical analysis of the measured
wind velocities the sense and extent of the effect of wind-gusts occurring during the one-
hour averaging period used in measurement evaluation.

6.2. Thesis 2.

I have created a mathematical cooling tower model more detailed than those known in the
literature, and I have determined the wind effect curve also by numerical simulations. The
full-scale measurements confirmed the correctness of my model very well. Furthermore,
the visualised scalar distributions, vector plots, flow animations and resulting numerical
reports agree with every known or formerly supposed theory and experience. Beyond my
surveys presented in my Ph.D. thesis, my numerical model provides the basis to perform
further experimental studies in the future.

6.3. Thesis 3.

My investigations have shown that wind effect improving measures can be applied
already at the cooling system’s design stage, too. I have carried out technical and
economical analysis of two design alternatives different from usual practice: increased
cooling water mass flow rate and modified shape of tower shell (stubbier tower). With the
enlarged cooling water flow the loss of electricity occurred due to the effect of wind
could be decreased, which means 71,519 USD/a extra income for the power plant
annually. The modified shape of the tower would yield extra profit only in case of higher
wind velocities, so the extra income is -153,769 USD/a.

6.4. Thesis 4.

I have found that the effect of wind on already existing and operating cooling systems can
be improved by appropriate adjustment of the operational parameters. I have carried out
technical and economical analysis of two interventions of this kind, namely non-uniform
cooling water flow distribution among the heat exchangers according to their cooling
duty perturbed by the wind as well as cooling air flow control by louvers. In both cases
the loss of electricity occurred due to the effect of wind could be decreased, which means
31,811 USD/a and 5,545 USD/a extra income for the power plant, respectively.
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6.5. Thesis 5.

I have found that the effect of wind on already existing and operating cooling systems can
be improved also by the installation of windbreak walls requiring additional investments,
and I have carried out technical and economical analysis of eight different wind-wall
arrangements. With all configurations developed by me, the loss of electricity occurred
due to the effect of wind could be decreased. Hereby, extra income of between
2,422 USD/a and 214,666 USD/a can be achieved in the power plant. Depending on the
arrangement, the investment costs of the wind-walls ranged between 352,127 USD and
1,603,306 USD. The two most advantageous arrangements have payback periods of 5
years.

Budapest, 23 February 2005

……………………………….
Nimród Kapás

Candidate for the Ph.D. degree
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APPENDIX: PICTURES FROM THE ON-SITE MEASUREMENT

Figure App-1. Cup anemometer transmitter and Sher-disc

Figure App-2. Flow field measurement around the tower
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Figure App-3. Cup anemometer and Sher-disc fixed onto a 5.5 m long rod
belayed beside the tower for data collection during night

Figure App-4. Cooling water flow rate measurement with the ultrasonic flow meter
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Figure App-5. Siemens SDF water flow sonde

Figure App-6. Capacitive differential pressure transmitter (yellow) with power supply unit
for measuring the pressure difference of the water flow sonde
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Figure App-7. PT 100 platinum resistance thermometers for measuring the temperature of cooling water

 

Figures App-8. and App-9. Mounting the PT 100 platinum resistance thermometers in front of the
heat exchangers for dry bulb temperature measurement of ambient air entering the cooling tower
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Figure App-10. Climbing the tower in order to install the thermometers on the top

Figure App-11. Mounting the PT 100 platinum resistance thermometers on the console
for dry bulb temperature measurement of ambient air at the top of the tower
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Figure App-12. The 1,400 MWe Bursa CCPP (Turkey)

Figure App-13. Bursa CCPP by night
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ÖSSZEFOGLALÓ MAGYARUL

A szél hatása természetes huzatú hűtőtornyokra igen összetett jelenség. Ezek a
folyamatok az atmoszférikus határrétegben játszódnak le, és hosszú ideig a szélhatás
számszerű értékének meghatározására a tornyokon végzett helyszíni mérések voltak
egyedül megbízhatóak. Újabban igen gyors fejlődésnek lehettünk tanúi a numerikus
áramlástan területén is, ami által bonyolult geometriák esetén is elvégezhetők az
áramlástani számítások.

A doktori kutatómunkám célja új megoldásokat találni és elemezni az erőművi
természetes huzatú száraz hűtőtornyok szélben való viselkedésének javítására. Ha egy
léghűtésű hűtőtorony szélnek van kitéve, az áramlási mező eltorzul a torony körül. Ennek
következtében néhány hőcserélőn több hűtőlevegő áramlik keresztül, míg más hűtőkön
kevesebb. A szél a hűtőtorony kilépő keresztmetszeténél is megzavarja az áramlást.
Összességében véve a torony hatékonysága lecsökken, ami azt jelenti, hogy a
gőzkörfolyamat kondenzációs hőjét csak magasabb hűtővíz hőmérsékletek mellett lehet a
toronyban leadni a környezetbe. Ez megnöveli a kondenzátorban a kondenzációs
hőmérsékletet és egyben a gőzturbina ellennyomását is, ami lerontja az erőmű termikus
hatásfokát és kapacitását – ugyanannyi villamos energia megtermeléséhez több
tüzelőanyag szükséges, ugyanakkor a blokk villamos hálózat számára rendelkezésre álló
kapacitása lecsökken. A torony szél által lerontott hűtőképességéből származó költségek
meghatározhatók, melyek indokolttá tehetik olyan beavatkozások alkalmazását,
melyekkel a szélhatás gazdaságosan csökkenthető.

Egy adott hűtőtorony aktuális szélhatása nagyszámú paramétertől függ, így a szélhatást
nehéz általánosan meghatározni. Ezért a doktori kutatómunkám keretén belül egy konkrét
természetes huzatú erőművi hűtőtorony került kiválasztásra, melyen a vizsgálatokat
elvégeztem. A hűtőtorony környezeti szélben való működésének tanulmányozásakor
alkalmazott módszerek helyszíni mérésekből és korszerű numerikus áramlástani
számításokból álltak. Az utóbbi módszer esetében a FLUENT nevű programot
használtam.

A doktori értekezésemben megtalálható a numerikus modell részletes leírása és az
eredményül kapott áramlási mezők elemzése. A numerikus számításokkal meghatározott
szélhatás görbét összevetettem a helyszíni mérésekből kapott görbével, és
megállapítottam, hogy a két módszer igen jó egyezést mutatott.

Számos hűtőtorony szélhatást javító beavatkozást is bemutattam. A vizsgált esetek
magukba foglalták a növelt hűtővízáram, a hőcserélők közötti szabályozott
hűtővízmennyiség elosztás, a szabályozott torony hűtőlégáram, terelőlemezek, valamint a
módosított toronyhéj alak hatásainak elemzését. A műszaki vizsgálatokon túl
gazdaságossági számításokat is végeztem a szélhatás javítása kapcsán a fenti esetekre.

A fő eredményeket öt tézisben foglaltam össze.
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SUMMARY IN ENGLISH

Wind effect on natural draught cooling towers has complex physics. It takes place in the
atmospheric boundary layer, and for a long time, the only reliable method to determine its
quantitative value has been the on-site measurement on full-scale towers. Recently, we
have seen a very rapid development also in the field of Computational Fluid Dynamics
(CFD), whereby simulation of fluid flows in a complex geometry became feasible.

The purpose of my Ph.D. study was to find and analyse new solutions for improving
the behaviour of natural draught power plant dry cooling towers in wind. When an air-
cooled cooling tower is subjected to cross-wind, the flow field is distorted around the
tower. As a consequence, some heat exchangers have higher cooling air flow through
them, while other coolers have lower. The fluid flow is disturbed by the wind also at the
cooling tower outlet opening. On the whole, the efficiency of the tower decreases, which
means that the condensation heat from the steam cycle can be rejected to the environment
only with increased cooling water temperatures in the cooling tower. This results in a
higher temperature of condensation in the condenser and hereby a higher steam turbine
back pressure, which cuts down the thermal efficiency and capacity of the power plant –
the same output of electric energy will require more input of fuel, as well as the unit’s
capacity, available for the electricity grid, decreases. The costs caused by the decreased
cooling plant capability in wind can be determined, and these costs could make reason-
able the application of such accessories that can mitigate the wind effect economically.

Actual wind effects on specific cooling towers depend on a large number of
parameters, so the effect of wind is difficult to express in a general way. Therefore,
within the frameworks of my Ph.D. work a specific cooling tower was selected to be
analysed. The methods included full-scale measurements in the field and state-of-the-art
CFD investigations of the problems relating to the operation of the aforementioned
natural draught power plant cooling tower in ambient winds. The applied Computational
Fluid Dynamics software was FLUENT.

In my Ph.D. dissertation the details of the computational model were described, the
obtained flow fields were analysed, and the wind effect curve resulting from the CFD
calculations was compared with that obtained from full-scale site measurements. The
agreement between experimental and numerical results was more than satisfactory.

Several improving measures aimed at lowering the deteriorating effect of wind on the
cooling tower thermal performance were also discussed. These improving measures
included increased cooling water flow, controlled cooling water flow among heat
exchangers, controlled air flow through the tower, baffle plates and modified shape of
tower shell. Beyond technical surveys, economical analysis of these measures was also
carried out.

The main results are summarised in five theses.
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ABSTRACT

The effects of wind on power plant natural draught dry cooling towers were investigated
by means of full-scale field measurements and Computational Fluid Dynamics calcula-
tions. The relationship between ambient wind speed and the change in warm water tem-
perature in cooling tower was established and several interventions aimed at improving
the behaviour of the tower in wind were analysed. These improving measures included
increased cooling water flow, controlled cooling water flow among heat exchangers,
controlled air flow through the tower, baffle plates and modified shape of tower shell.
Beyond technical surveys, economical analysis of these measures was also carried out.

A doktori értekezés címének fordítása angolról magyarra:

A szél hatásai a természetes huzatú száraz hűtőtornyokra


