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Abstract

Predictions based on scale analysis of a natuedl dry cooling
tower (NDDCT) are compared with those obtained mica#y
and experimentally. Experiments were conducted labascale
model built for our NDDCT where CFD-ACE commercyall
available software was used to simulate the flovard around
the heat exchangers modelled as a porous mediuth.\Ratical
and horizontal arrangements of the finned-tube lsndare
examined. The three independent approaches legdryoclose
predictions for the air velocity and temperaturehet exit from
the cooling tower. The results of this study wi# biseful for
future work on the development of air-cooled corsdes for

geothermal power plants in Australia.

Nomenclature

A cross section area

B constant

Cr form drag coefficient

G specific heat

d diameter

D tower base diameter

f friction factor

g gravitational acceleration
H tower height

K permeability

L heat exchanger height

P pressure

Q generated heat

Re Reynolds number

t heat exchanger bundle thickness
T temperature

U average velocity

Greek Symbols

p density

B thermal expansion coefficient

K constant

1) porosity

u viscosity

Q dimensionless group
Subscripts

f fluid

Introduction

Geothermal power plants are the major candidateseott
generation renewable and emission-free power ggoera
systems in Australia. This technology is not cutlyerat an
advanced stage of commercialization in Australiangared to
other renewable counterparts such as wind or sélawever,
industry and renewable energy associations, togethi¢h
government agencies, are now including geothernmedrgy
within their calculations of available generati@apacity by 2020
[1]. Australia’'s renewable energy sector is still its infancy
when compared to most of the other developed cmsntr
Australia’s current policy targets an annual reng@aenergy
generation of 45,000 GWh by 2020. Geothermal ensygyems
have the potential to produce a base load genaratpacity
capable of replacing existing coal-fired plants.wéwer, there
are some technical challenges to be overcome fdsé of the
major technical difficulties is the cooling systeAlthough wet
cooling is more efficient than dry cooling [2], tea shortages
and harsh environmental conditions in areas suchthes
Australian desert have forced designers to condedsr efficient
and more expensive air-cooled systems, or dry-oQaéis it is
often termed. Air-cooled plants offer potential eomic
advantages due to plant sitting flexibility. Botataral draft and
mechanical draft dry-cooling towers, equipped waih-cooled
heat exchangers (extended airside surface arem)used. Air
cooling can be done by using fans (mechanical dyive by

using natural draft through a cooling tower. The-thiven



systems can be built quickly and at relatively lowst but their
operating costs are higher due to their higher teaance
requirements and the parasitic losses associatbdrwining the
fans [3]. The cooling system is a significant cdem in the
power plant and affects the performance of therenpiower
cycle. If the cooling system does not provide adégcooling,
the overall plant efficiency decreases with seri@e®nomic
consequences (e.g. decreased electricity prodiciien a cost-
performance trade-off exists. For instance, thecddiein of a
waste heat rejection system for steam-electric poplants
involves a trade-off among environmental, energyl avater
conservation, and economic factors, while achietiregrequired
cooling rate. It has been reported that approxitpsde8 GWh
per year of electrical generation in the United&tdas been lost
because of cooling towers operating below their igies
efficiency. This corresponds to an economic penafliground 20
million US dollars per year [4]. It is thereforegry important to
design and analyse highly efficient dry coolingteyss for power
plants. Hence, in order to improve the performaateooling
systems, numerical or theoretical investigationsrehdeen

reported by many researchers (e.g. [5-8]).

On the other hand, few experimental investigatibase been
reported for the fan-assisted NDDCTs (e.g. [9])tlPdecause
of huge size of the cooling tower, it is very diffit to conduct

on-site experiments to collect data.

The Queensland Geothermal Energy Centre of Examlldras
tried to develop an efficient cooling system inéhgda new type
of heat exchanger [10]. Experiments will be ruraiteboratory
scale cooling tower built by QGECE with the mainabof
improving the cooling system for a geothermal powpdant.
However, what is yet missing in the literature isthmrough
knowledge about the scaling of cooling towers, erg does not
know the functional relation between the heighttleé cooling
tower and the heat that can be dumped by diffelest
exchangers. In our case, one does not know howrthdeight
model in our lab relates to a real prototype whiah be a couple
of 100 meters height.

Theoretical Analysis

In a NDDCT the driving force is the air densityfdifence [11-
13] that, following the use of Boussinesq approsiora leads to
the following pressure difference

Ap = pgHBAT (1)

Porous medium modelling of the heat exchanger l¢adthe
following pressure drop for flow of air across arfed-tube
bundle, of thicknest reads

sy = (2 o) @

As shown by [14] for cases whehUVK > 0(107%) the form
drag is the dominant term. Besides, according £ fbth the
form drag coefficient and the permeability changéhwthe
internal flow structure as well as the porosity theé porous
medium; however, the average value of the form deqprted
there isO(0.1) while that of the permeability ©(10°) for a
commercial finned-tube bundle. Hence, the critefiena form
drag dominant flow through the bundlelis> 0(10~2).

The tower frictional pressure drop, for fluid velgcUy, is the
sum of distributed and local (changes in crossiseat area,
recirculation, and other imperfections) losses

Ap = O.Spr (f% + K) 3)
wherek, as given by Table 1.1 of [15], puts on higher ealthan
those given byf =0.08Re®®, The tower height and hydraulic
diameter are, in most of the practical designs,pamable so that

one can simply neglect the distributed losses. Ttienpressure

drop through the tower scales with local losses

Ap~0.5kpU}? 4)
The dimensionless total pressure drop should satte

Ap
0.5kpU} ~1Q ®)

The two pressure drop terms can be comparable when

2tCrp?
KWK

values ofQ, the tower/bundle pressure drop is the dominaat on

dimensionless groug) = ~0(1). For very high/low

For a specific problem of finned-tube bundle coesid in [12],

Q~0(10) thus the heat exchanger pressure drop becomes the

dominant one. However, for the experiments condlidte a
tower without heat exchangers, as will be shown tle
forthcoming discussion, the pressure drop scalés thie tower
frictional losses.

It is easy to show that the heat transferred tofliid flowing
through the porous medium increases the enthalpheofiuid,

i.e.Q = pAUc,AT, to get the volume-averaged velocity as

__2Q
U= PACcp AT (6)

Equation (6) is general enough to cover all heatharger
configurations but for comparison purpose, horiabnand
vertical bundle arrangements are further examinetthis paper.
For the case of vertical arrangement, the crosseseat areaA in

equation (6) is given by

A=nDL (7



where for a horizontal tube arrangement, to a good
approximation, the area is given by

—Tn2
A=2D 8)

with D andL being the tower base diameter and heat exchanger
height, respectively. Equations (5-6) should be loioed with (7-

8) to give the fluid velocity (and thus the masewfl rate)
depending on the tower and heat exchanger design.

Numerical Analysis

Assuming no wind conditions, the cooling tower isdelled as

an axisymmetric body to reduce the computatiomad tand cost.

H: Tower Height

Heat exchanger
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Figure 1. Generated grids; the tower and the hedtamgers around the
tower base for the case of vertical heat exchangers

The computational model is chosen to be bigger thamphysical
counterpart, as illustrated by figure 1, to elinbén¢he entrance
and exit effects. The governing equations can higemrin the
form of a generic equation and Table 1
AP o) _ 0 09,0 0 o g
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Commercially available software CFD-ACE (ESI Softe)ais
used to solve full set of turbulent governing eturet. The
computational domain was generated with trianggiads for
this 2-D geometry using the commercial package GHBM
(ESI Software) that is typically used in conjunatiovith the

commercially available finite volume flow solver BDFACE.
Grids were controlled in CFD-GEOM using curvaturgetion,
transition factor, and maximum and minimum cellesizThese
values were 30 degrees, 1.1, 0.0025, and 0.00@8Bectively.
The results were found to be accurate when thé totaber of
nodes is 29579. Grid-independence was tested lyotoons on
a finer grid with 41580 nodes that produced coesistesults
(with a maximum error being less than 3%). Hena®erfgrids
were not used in reporting the results. It showdcdbted that the
convergence criterion (maximum relative error ie tralues of
the dependent variables between two successiaides) in all
runs was set at 0

The heat exchanger is modelled as a heat generptngus
medium similar to [12] dumping 283MWth to produceMbVe
[16]. The total heat is divided by the volume odedpby the heat

exchanger for a tower of 200m height.

Experimental Analysis

Figure 2 shows the small scale cooling tower aradihg element
that are used in this study. The cooling tower missof the
tower shell that is made of polycarbonate, the tosupport, and
the electric heating element. Because of the matwiag
difficulties the cooling tower is made into a pyidal-square

shape.
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Figure 2 Experimental setups

The cooling tower shelis supported by four bars 30 cm high.
The base area is 22mwith the tower exit area being 0.84.m
Four copper heating bars, 10 mm diameter, are @echn
horizontally in parallel to form the heating elerherStatic
temperature measurements are introduced as a shtartgredict

the velocity which is very hard to measure directly
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Figure 3 Thermocouple locations to measure thertewit temperature

The power consumed by the heating element is medshy
using “Nanovip power meter”. During the experimeth room
temperature is measured using a “tech” thermom@e€r.CN-
306, K-type thermocouples). The surface temperatmethe
copper tube is measured by a k-type thermocoupld ian
controlled by an in-house manufactured temperatargrol box.
The room temperature and temperatures at the towetr and
outlet are measured using four “Go! Temp” temperfrobes
(see figure 3) so that the tower exit velocity istireated

following the use of equation (1).

Results and Discussions
Horizontal bundle

Temperature measurements are conducted using d scadg
cooling tower at QGECE labs for an empty tower ljwib heat
exchanger resistance on top of the heating eleinefts this
case, the tower pressure drop is the main factohatothe tower

exit velocity, predicted by scale analysis, reads

U=B8 /295# (10)

The result from the temperature measurements ipgolthe
uncertainty of measurements which is estimateddiygua basic
uncertainty analysis [17]. In the scale analysig, temperature
difference of 1.8C was used (from experiments) wikh=2m,
x=0.08 [15] andB = 0.3 to observe that the exit velocity is close
to 0.515 m/s in close agreements with the measumsm&%
error for 0.543+0.064 m/s) and CFD (14% error f@6® m/s).

Vertical bundle

Details of the local velocity and temperature dsttion inside
the tower are skipped over for the sake of breaitgt as a sample
of our results table 2 is presented to shows a aoisgn between
numerical and theoretical predictions of the aloweity through a
vertical bundle for a fixed porosity, permeabilignd form drag

coefficient characterized by a typical air-cooleeahexchanger
[12].

Table 2. A comparison between theoretical and nigaleresults

Scale Analysis| CFD | H(m) | Error
(m/s) (m/s)
2.48 254 | 625 | 2.3%
2.27 2.22 50 2.25%
2.05 2.08 375 | 1.44%
1.78 1.77 25 0.5%

As seen, numerical results are in close agreementhdse
predicted by scale analysis and the error is djigincreasing
with the tower height (the maximum error is stés$ than 3%

which is quite reasonable).

Conclusions

Theoretical results to predict the performance MRDCT are
validated with both experimental and numerical obetons.
Numerical simulations of a small scale NDDCT indécthat the
porous medium modelling is suitable for predictihg flow in
and around the heat exchanger bundle. In additiom, k-¢)
turbulence model is found to be a reliable modeprtedict the
complex nature of the flow in and around a cootinger despite
the fact that the model is believed to deviate frexperimental
results for low fluid velocities. The method presehin this
paper makes it possible to conduct research ordéseggn and
performance of NDDCTs without the need to complex
engineering details or iterative solution to thefdrequation.
Future research at QGECE will aim at examiningedéht heat
exchangers in the cooling tower and study the &ffeEwind on

the heat and fluid flow from the air-cooled heatteangers.
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Table 1. Summary of the governing equations wjth0.09k%e (in porous layerk = 1.5 p?(U>+?)¥4/10¢ ande = 1.643C?).

Equations Q rq) Sq;
Continuity 1 0 0
1dp (w+vpu Cruvu?4+v? 0 ou
TpaxT T KT VR 1 CARF)
X-momentum we® | (vhvle p K
+ 0 ( 4 617)
dy (v+vr) dy
10 v+vpv  Cpvvu?4v? 0 du
o R St (e )
y-momentum W’ | (vtvdle poy Kk y
d dv
+ @((V +vr) @) + gBAT
Energy T o+vi/Pro O/ (pCp)
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ay* vHvr vT< 5) T % + 6y+ o £
Turbulent 077 | €[ 144 < o2 , a2 sou  ov)\? Loo
ool T L (P (R BT ) e
dissipation* Tk T\ \ox oy dy 0Ox
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