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This study evaluates the performance characteristicl. Introduction
of a power plant incorporating a steam turbine ad Due to the decreasing availability and rising aafstooling
direct air-cooled dry/wet condenser operating atater, dry-cooling towers or air-cooled steam corsees are

different ambient temperatures.

The proposedhcreasingly being used to reject heat to the envirent in

cooling system uses existing A-frame air-coolefodern  power plants incorporating steam turbines.

condenser

achieves

(ACC) technology and through th
introduction of a hybrid (dry/wet) dephlegmator.

measurable enhancement coolinge

éJnfortunater, with an increase in the ambient terafure,

the effectiveness of these cooling systems decseasalting
in a corresponding reduction in turbine efficiencyhe
duction in turbine output during hot periods mesult in a

performance when ambient temperatures are highjgnificant loss in income, especially in areas mehehe
During these periods the hybrid (dry/wet) condensefemand and cost for power during these periodigrs h
operating in a wet mode can achieve the same Maulbetsch and DiFilippbconducted a study on four
increased turbine performance as an oversized aidifferent 500 MW gas-fired, combined-cycle poweanik
cooled condenser or an air-cooled condenser witfi70 MW produced by the steam turbine), located at
adiabatic cooling (spray cooling) of the inlet aat a different site_s in California_t, and compared thetanfswet-
considerably lower cost. For the same turbine poweind dry-cooling at each site. They found that algiodry-

output the water
condenser
dephlegmator is at least 20 % less than an air-@ubl
condenser with adiabatic cooling of the inlet air.

Additional keywords:

incorporating a

Nomenclature

consumed by an air-coole
hybrid

Power plant economics

ooling reduces the annual water consumption orageeby

5 % to 96 %, the total plant cost is 5 % to 15 ighér if
dry-cooling instead of wet-cooling is used. Thegoahote
that for dry-cooled systems, due to their perforoean
penalties during periods of high ambient tempegatiine
reduction in the potential annual income may be 1% %
or amount to $ 1.5 to $ 3 million. The utilizatiarf dry-
cooling systems is therefore highly dependent om th
availability and/or cost of water at a particulde s

G mass velocity [kg/sfh Dry/wet or wet/dry cooling systems utilize charaistécs
L length [m] of both dry- and_wet—cooling towers. These systeoverall
m mass flow rate [kg/s] water consumption rates typlcqlly vary between 2080
=) power [W] percent of those normally required for all-wet sys$, but
unlike air-cooled systems are not subjected todfzenatic

P pressure [N/} loss in efficiency during periods of higher ambient
Q heat transfer rate [W] temperatures  (Maulbetsdh The  performance
T temperature [°C or K] characteristics of the dry/wet cooling systems highly
\Y; velocity [m/s] dependent on the chosen configuration. In the desig

) dry/wet cooling systems, it is desirable to achitheshighest
Su bSC”pFS o possible thermodynamic efficiency while utilizinghet
a air, or based on air-side area smallest amount of cooling water in the most cdfgetive
atm atmosphere manner.
av mixture of dry air and water vapor The dry and wet sections, in the dry/wet systensy; be
gen  generated arranged in different combinations that will diffier capital
[ inlet cost and operating capabiliies. Maulbetscibriefly
(0] outlet summarized the different dry/wet system arrangement
Vv vapor described by Lindahl and Jame$amd Mitchell* . Some of
w water the possible cooling tower arrangements include

a

a
b

U Single-structure combined tower (hybrid) or separat
dry and wet towers

O Series or parallel airflow path through the dry amet
, b Department of Mechanical and Mechatronic systems
Engineering, University of Stellenbosch, PrivatgBa 1 Series or parallel connected cooling water circwitdle
X1, Matieland, 7602, South Africa possible condenser arrangements are:
E-mail: jaheyns@gmail.com 0 Common condenser
E-mail: dgk@sun.ac.za O Divided water box separating the cooling water #low
from the wet and dry towers
U Separate condensers
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De Backer and Wuriz investigated the use ofUnder these conditions the installation paybackopewill

mechanical draft wet-cooling towers connected iralia to
direct dry-cooling systems. They state that foraatipular
parallel dry/wet cooling system, during the warmasstods,
the turbo-generator can operate at a 20 % lowansteack
pressure than when an all-dry-cooling system isleyeqal.

be between a year and two and a half years. Howtorethe
nozzles tested only between 60 % and 70 % of thaysp
water is evaporated and even the introduction ef dhft
eliminator cannot ensure that the finned surfaeesain dry.
The unevaporated water droplets accumulating on the

The overall amount of water consumed by the pdaicustructure lead to corrosion of the structure swsaas well as

dry/wet cooling system is only 4 % of the wateradlrwet-
cooling system will consume.

undesirable rainback that cause surface and grovatdr
contamination.

Boulayet al.®conducted a study to determine whether it Finer sprays may be achieved with smaller highunes

would be more economical to oversize air-cooledesys or
use alternative dry/wet systems to achieve
backpressures during summer time and generateicudit
revenue when energy prices peak. The cost andrp@afae
were compared at two sites: Northeastern USA (slawrg,
PA) and a hotter and drier Southwestern locatidroéRnix,

nozzles. Due to practical and cost consideratiopsays

loweooling of inlet air is, however, not likely to finapplication

in large air-cooled condensers.

A practical cost effective hybrid (dry/wet) coolisgstem
is described in the following section. The thermal
performance characteristics of the hybrid (dry/wet)

AZ). The dry/wet systems offered better paybackanthcondenser are evaluated and compared to other meede

over-sizing the air-cooled condensers, but duédédr thigh
capital cost, only had a marginal return at thetheastern
site and proved not to be economical for the Soattern
site.

configurations in section 3.

2. Proposed Hybrid (Dry/Wet) Cooling
System

Dry/wet systems provide relatively good thermalhe thermal performance characteristics of a ctisttive

performance characteristics during hot ambient itimmd,
while maintaining a low overall water consumpticater.
The initial capital costs as well as the operatiagd
maintenance costs of these systems are relativgly due
to the fact that they consist of both dry and wetling
towers. Utilization of the wet-cooling tower onlyrihg
short periods of high ambient temperatures tendedoce
the lifecycle economic viability of dry/wet cooliraystems.
To enhance the performance of dry-cooling systehes,
air-side of the heat exchanger surface can be déelugth

cooling water. Deluge systems make use of bothilsens

and latent heat transfer. The latent heat tranafers place

through the evaporation of a small amount of deloge

cooling water into the air stream. By deluging theat

exchanger with cooling water and enabling evapegati

cooling, the heat transfer rate may be improvediaantly

(Kroger). A problem associated with deluge cooling is the

fouling and corrosion of the air-side of the tubtgs can,
however, be limited in the case of plain tube baadso that
its influence does not drastically inhibit
performance.

The performance of dry-cooled systems can also
enhanced by passing the entering air through daomedr fill
or by introducing a fine spray into the air upsineaf the
heat exchanger, adiabatically cooling the air. Evafion of
the water cools the air to near its wetbulb temjpeea
resulting in a thermal performance improvementhaf dir-
cooled heat exchanger.

Investigating adiabatic enhancement of air-cooledqr
plants in California, Maulbetsch and DiFilighoonducted
tests on various low-pressure nozzles and the geraant
of the nozzles. They also investigated the -effe€t
introducing a drift eliminator to reduce the amouoft
unevaporated droplets entering the finned tube leufieésts
showed that during periods of high ambient tempeest it

thermal

direct dry/wet cooling system that makes use ofteg A-
frame air-cooled condenser technology is investidlahe
system maintains good thermal performance duringpge
of high ambient temperatures, while only utilizing
minimum of the limited water resources available.

As in a direct A-frame air-cooled system, the stésfed
via steam header to the primary condenser unitspssx
steam leaving the primary condenser units is coselenn
the dephlegmator (secondary reflux condenser toovem
non-condensable gases) as shown in figure 1.dtdposed

/ Steam

To ejector -

Steam duct
(dividing header)_

be

Condensate drain

Condenser

Figure 1: Air-cooled condenser street

that the air-cooled dephlegmator be replaced byylaridh
@ry/wet) dephlegmator, consisting of two stagesnexted
in series: It consists firstly of an air-cooled denser with
somewhat shortened inclined finned tubes, simiathbse
used in the A-frame configuration, and a secondjesta

is possible to achieve between 60 % and 100 % ef g#pnsisting of smooth galvanized steel tubes armhnge
prevailing wet-bulb depression and 75 % of the outphorizontally. The configuration of the proposed tigh

losses can be

recovered through the use of spdgphlegmatoris shown schematically in figure 2e $acond

enhancement during the 1000 hottest hours of tha. yestage can be operated either as an air-cooled nsedélry)
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Figure 2: Hybrid (dry/wet) dephlegmator

or the air-side surface of the tube bundle can éeged
with water, thus to be operated as an evaporativetled
condenser.

The operation of the second stage depends on

For the present analysis, the one-dimensional nigaier
solution presented by Krédeis used for predicting the
thermo-flow performance characteristics of an Axfea
tilmed tube air-cooled condenser. The A-frame tetaie

ambient conditions. During periods of low ambiergiven in Krégef.

temperatures where air-cooling is sufficient, threcond
stage is operated in a dry mode. However, durintieho
periods deluge water is sprayed over the galvansted|

tubes and the second stage is operated as an atrapor

condenser. The deluge water is collected undertube
bundle in troughs.

This system has the potential of enhanced thern

performance during periods of high ambient tempeest
while having a lower overall water consumption réttan a
spray cooled system (adiabatic pre-cooling of irdéf
giving the same performance enhancement. It isnasgtid
that the capital cost of the hybrid (dry/wet) deggmhator
will be only slightly more than that of a standakdrame
air-cooled dephlegmator. Furthermore, the finngdakes of
the unit remain dry, reducing the risk of corrosamwell as
scaling while the galvanized wetted plain tube atefwill
be rinsed with clean water on a regular basis timze
fouling.

3. System Performance Analysis

Consider a power plant in which the turbine exhatisam
is fed to three air-cooled condenser streets asvrsho
figure 1. The turbo-generator power output canxpgessed

in terms of the steam temperatutle, i.e.

Pgen= 225.83-0043F+0.0013327>-0.000163T° (1)

while the corresponding heat to be rejected bycthaenser
is

Q =336.4 + 0.18223F 0.01601T% + 0.00018°  (2)

where T, isin °C. These curves are shown in figure 3.
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Figure 3: Performance characteristic of a
turbo-generator

The turbo-generator power output for the steamitierb
with three streets of A-frame air-cooled condengeshown
in figure 4.

Consider three streets of A-frame air-cooled cosden
incorporating a hybrid (dry/wet) dephlegmator asvef in
figure 2. The thermo-flow performance charactarstf the
different sections of the dry/wet condenser arelyaed
employing a one-dimensional approach. The different
components are:

0 The A-frame finned tube air-cooled primary condesse
U The first stage of the hybrid dephlegmator, whigtan
air-cooled reflux condenser with inclined finnetés

The second stage of the hybrid dephlegmator censfst
a horizontal plain tube bundle. The mode of operati
varies according to the performance requirements an
the ambient conditions. The unit can either be aieer

a
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dry as a secondary air-cooled condenser or it @n A schematic flowchart of the steam flow through afighe
deluged with water and operated as an evaporatiheee streets of the condenser array is showmnyindi4.

condenser
Steam from
turbine outlet .
Ejector for non-
condensable gases
—>
______________ ———
|
Dephlegmator |
. . . A Y ! pries .
| 15 st ond stage :
ACC ACC ACC ACC ACC ! SAsC L gl (ACC/ | 1
! (ACC) |
| EC) |
|
' I

Y

To condensate I::I
pump

Figure 4: Diagram of steam flow through condenser and dephlegmator

Kroger's approach is also used in the analysis of tleldition of a further street. At an ambient tempee of
thermal-flow performance characterisitcs of thelimed 40 °C, the increase in the power output for théihgr with
finned tube bundles in the first stage of hybridy(det) this extra street is approximately 5 %. The incegaspower
dephlegmator. output is only 1.7 % if the number of condenseeets is

Heyns and Krogér experimentally investigatedincreased to five. Boulagt al® stated that the increase in the
performance characteristics of an evaporative codleeir initial capital cost of the air-cooled condenserdisectly
results together with the one-dimensional Merkepety proportional to the condenser size.
analysis were used to determine the performance

characteristics of the evaporative condenser. 240 ‘

The thermal-flow performance characteristics of the . Pa=E4600Nm?
horizontal galvanized steel tube bundle operated dre 235 ~ < B
evaluated using a one-dimensional analysis empjofie \!
correlation Zukauskas and Ulinskasrecommend for £ 230
determining the convective air-side heat transéafficient = - 3 Strests of dry A- SN
for tube bundles in cross-flow and the pressurepdroZ s |— frame condenserunits RO
correlation recommended by Gaddis and Gnielfiski 5 --B-- 4 Streets of dry A- RN

From the turbine performance characteristics givee, £ 20 | fiame condenserunits ‘\ ]
turbo-generator power output of the steam turbiite three = —+—HDWC (3 streets, wel \
streets of air-cooled condensers incorporating aritly s | Hmde_)”

(dry/wet) dephlegmator (operated in wet mode) sleated T D et
and shown in figure 5. 210 L L

To reduce the water consumption, the second stage 0 10 20 30 40 50

the hybrid (dry/wet) dephlegmator need only be getl Ambient temperature, T,; , °C

with water during periods of high ambient tempemeguor ) )
peak demand periods. The turbo-generator powembuotp Figure 5: Power output for different air-cooled

the air-cooled condenser incorporating a hybridy/(det) condenser configurations
dephlegmator when operated in dry mode is showviigime )
4. Although, the power output when the hybrid (dist) The power output for the hybrid (dry/wet) condenser

dephlegmator is operated dry at higher ambiefiDWC) operating in wet mode is almost the saméhas
temperatures is slightly less than that of the entional A- for the dry air-cooled condenser with four stredtsis
frame arrangement, there is no noticeable differemtcthe €xpected that the initial capital cost of the aioled
design temperature {J 15.6 °C . cqndenser incorporating a hybrid (dry/wet) dephletgm
Based a study done by Boulay al® on the oversizing W|II,_ _however, be considerably less than the coktan
of the air-cooled condensers, it was also decided additional street. _
investigate the performance characteristics ofplaat with In section 1 the enhancement of an air-cooled ausete
four A-frame air-cooled condenser streets. As shamn through the adiabatic cooling of the inlet air veiscussed.
figure 5, at higher ambient temperatures, the tgréerator The performance characteristics of the three sthefeame
power output with three streets can be improved wie air-cooled condenser with adiabatic cooling (spcapling)
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of the inlet air is compared to that of the thréeeex A- condenser incorporating a hybrid (dry/wet) dephlatgmis
frame air-cooled condenser incorporating a hyhdig/(vet) at least 20 % less than an air-cooled condenshragiabatic
dephlegmator. For the adiabatic cooling of thetird@ cooling of the inlet air.

(assumed to be at a 50 % relative humidity), iassumed 50
that a 100 % wetbulb depression is achieved ieedtibulb 45 | pe SHG0ONME
temperature of the inlet air is lowered to the wéib o ?
temperature. Figure 6 shows that the power outgut i
approximately the same for the air-cooled condemgtr

.
=
v
&
\

35 4

adiabatic cooling of the inlet air to that of thi-@ooled 30 o P

condenser incorporating a hybrid (dry/wet) dephlagm 2 e

In his studies MaulbetsEtstated that wetbulb depression Z 20 — o o
varied between 60 % and 100 %. The heat rejectethdy 15 :/,/'/ e ™

air-cooled condenser shown in figure 6, where titet iair is
adiabatically cooled, will be lower when the wetbul
depression is not 100 %.

10

Mass flow rate, Myeqqpy . kg's
\

—a— HDWC (Inlet air, 50%
35 relative humidity) —

0 | \

240 EPyP— 0 10 20 30 40 50
238 = = e, b },3:3_7;:1?S Ambient temperature, T;; , °C
“ Tl G . : .
236 .. \*\\ Figure 7: Water consumption of the hybrid (dry/wet)
234

condenser and the adiabatic cooling of the
inlet air of the A-frame air-cooled condenser

Power output, P, MW
=
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