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Klasicni proces plinske turbine karakterizira kompresija zraka iz okoline, koji se u komorama izgaranja
zagrijava izgaranjem goriva te tako stvoreni dimni plinovi ekspandiraju u turbini i proizvode mehanicki rad.
Performanse plinske turbine ovise o svemu sto mijenja gustocu i/ili maseni protok zraka na usisu kom-
presora. Najocitije promjene u performansama plinske turbine su smanjenje snage i povecanje specificne
potrosnje goriva s porastom temperature okolisa, pri ¢emu nastaju znacajna odstupanja od vrijednosti
garantiranih (i postignutih) pri ISO uvjetima. Hladenjem zraka na usisu kompresora pri povisenim tem-
peraturama okolisa postiZe se povecanje masenog protoka i kompresijskog omjera, te se sprjecava
smanjenje snage i povecanje specifiéne potrosnje goriva. Primjenom plinskih turbina u kombikogen-
eracijskim postrojenjima za proizvodnju elektricne i toplinske energije, povecanje masenog protoka kroz
plinsku turbinu dovodi do poveéanja energije koju dimni plinovi odvode na ispuhu turbine, a koja se kod
kombi postrojenja u kotlu utilizatoru predaje ciklusu parne turbine. Time je kod kombi postrojenja efekt
smanjenja specificne potrosnje goriva jos znacajniji. U radu je na primjeru turbine GE-PG6101FA prikazana
ovisnost o okolisnim klimatskim uvjetima, te nacin na koji se ta ovisnost moze smanijiti ili otkloniti.

The classical gas turbine process is characterised by air compression from its surroundings, heating

fuel in the combustion chambers, hence causing the created flue gases to expand in the turbine and thus
induce mechanical action. The performance of gas turbine depends on anything that affects the airflow
density and/or mass at the compressor inlet. The most obvious changes in gas turbine performance is a
reduction in power and an increase in specific fuel consumption following an increase in the ambient tem-
perature, resulting in significant deviations of the guaranteed (and achieved) values at ISO conditions.

In cooling air at the compressor inlet at increased ambient temperatures, an increase in the mass flow
and compression ratio is achieved, thus preventing a reduction in power and an increase in specific fuel
consumption. When using gas turbines in combined cycle cogeneration power plants for the production

of electrical and thermal power, increasing mass flow through gas turbines leads to an increase in power
transferred by the flue gases to the turbine exhaust, and which in the waste heat recovery boiler at the
combined cycle plant transfers to the steam turbine cycle. Consequently, the effect at the combined cycle
plant is a more significant reduction in specific fuel consumption. The work has used the example of the
GE-PG610FA turbine to show the dependency on surrounding climatic conditions, and the manner in which
this dependency can be reduced or removed.

Kljucne rijeci: hladenje zraka na usisu plinske turbine; izlazna snaga; plinska turbina;
specificna potrosnja goriva

Key words: cooling air at the gas turbine inlet, output power, gas turbine, specific fuel
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Plinske turbine su vrlo pouzdani, raspolozivii ucin-
koviti strojevi, Cija je uloga pogonskog stroja nasla
Siroku primjenu u postrojenjima za proizvodnju
elektri¢ne i toplinske energije, te u industriji. Ra-
sprostranjenost u primjeni potice njihov razvoj u
smjeru postizanja maksimalne efikasnosti i mini-
miziranja pogonskih troskova. Razvoj plinskih tur-
bina radi poboljSanja efikasnosti provodi se u dva

osnovna podrucja:

— konstrukcijska unaprjedenja plinskih tur-
bina kojima se omogucuje rad sa sve
viSim temperaturama na ulazu u prvi stu-
panj turbine, viSestupanjske kompresije s
meduhladenjem, te visestupanjske ekspanzije
s meduzagrijavanjem i regeneracijom topline
dimnih plinova koji se primjenjuju u razvoju i
unaprjedenju novih modela turbina, a odnose
se prvenstveno na poboljSanje osnovnog top-
linskog procesa koji se odvija u turbini, i

— smanjenje utjecaja uvjeta eksploatacije na rad
turbine, pri cemu se nastoji poboljSati efikas-
nost i smanjiti degradacija snage prouzroc¢ena
utjecajem  okoliSne  temperature, vlage,
Cistoce zraka na ulazu kompresora, starosti
postrojenja i sli¢nog.

Po svojoj konstrukciji plinske turbine su strojevi
konstantnog radnog volumena, a njihova je izlazna
snaga proporcionalna masenom protoku radnog
medija, tj. zraka kojeg iz okoliSa dobavlja kompre-
sor. Pri poviSenim temperaturama okoliSnog zra-
ka, plinske turbine gube snagu zbog konstantnog
volumnog ali smanjenog masenog protoka zraka,
koji je povecanjem temperature sve rjedi i Ciji se
specifi¢ni volumen u tom slucaju povecava.
Premda su plinske turbine vrlo pouzdani i Siroko
primijenjeni strojevi u proizvodnji elektricne ener-
gije, njihova slaba tocka je ovisnost o svemu Sto
mijenja gustocu i/ili maseni protok zraka na usisu
kompresora, tj. ovisnost o realnim atmosferskim
uvjetima u kojima se nalaze tijekom eksploataci-
je.

Smanjenjem masenog protoka zraka ne samo da
se smanjuje izlazna snaga plinske turbine, nego
se smanjuje i koli¢ina dimnih plinova Cija se ener-
gija u kotlu utilizatoru predaje ciklusu parne tur-
bine. Smanjenjem energije predane u utilizatoru,
smanjuje se i ucinkovitost ciklusa parnoturbin-
skog postrojenja, bez obzira da li je ono u konden-
zacijskom, toplifikacijskom ili mjeSovitom toplifi-
kacijsko-kondenzacijskom rezimu rada. Prema
tome, degradacija snage plinske turbine uzrokuje
degradaciju snage ostalih vezanih jedinica.

lako efekt smanjenog masenog protoka zraka prati
i smanjena potroSnja goriva u njenom apsolutnom

INTRODUCTION

Gas turbines are very reliable, fairly available and
efficient machines, whose role as a drive machine
has found wide application in plants used for the
production of electrical and thermal power, and in
the industry in general. Its extensive use has en-
couraged development leading to the achievement
of optimal efficiency and minimising operational
costs. Development of gas turbines for improving
efficiency is carried out in two basic fields:

— construction improvements of gas turbines al-
lowing operation at higher temperatures upon
entering the first stage of the turbine, multi-
stage compression with inter-cooling, and
multi-stage expansion with inter-heating and
thermal regeneration of flue gas used in the
development and advancement of new turbine
models, relating primarily to improvements in
the basic thermal process that occurs in the
turbine, and

— reducing the impact of exploitation conditions
on the turbine operation, while endeavouring
to improve efficiency and reduce power losses
caused by the effects of ambient temperature,
humidity, air purity at the compressor entry,
age of the plant and so on.

Based on its construction, gas turbines are ma-
chines with constant operational volume, and their
output power is proportional to the mass flow of
the operating medium, i.e. air from the surround-
ings supplied by the compressor. At higher ambi-
ent air temperatures, gas turbines lose power due
to the constant volume but reduced air mass flow,
which, due to an increase in temperature, is all the
more sparser and the specific volume of which in-
creases in such cases. Although gas turbines are
very reliable and widely applicable machines in
the production of electrical power, their weakness
is a dependency on anything that changes air flow
density and/or mass at the compressor inlet, i.e.
dependency on actual atmospheric conditions in
which they are found during exploitation.

Reducing airflow mass does not only reduce the
output power of the gas turbine, but also reduces
the amount of flue gases the energy of which in
the waste heat recovery boiler is transferred to the
steam turbine cycle. Reducing the energy trans-
ferred to the recovery boiler reduces the efficiency
of the steam turbine power plant cycle, regard-
less of whether it is in the condensation, thermal
or mixed thermal-condensation operating mode.
Hence, a power reduction in a gas turbine causes
a power reduction in the other related units.

Even though the effect of reduced airflow mass is
followed by a reduction in fuel consumption in its
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iznosu, specificna potrosnja goriva (specificna
potroSnja topline) se povecava proporcionalno
porastu temperature zraka na ulazu u kompre-
sor. Kod primjene plinskih turbina u kombikoge-
neracijskim postrojenjma za proizvodnju elek-
tricne i toplinske energije povecanjem specifi¢ne
potrosnje goriva negativna posljedica povecanja
temperature zraka uzrokuje smanjenje iskoristi-
vosti i ekonomicnosti rada cijelog kombikogene-
racijskog bloka.

ODSTUPANJE KARAKTER-
ISTIKA PLINSKIH TURBINA
OD STANDARDNIH VRIJED-
NOSTI

Termodinamicki kruzni proces po kojem plinovi
proizvode rad u plinskoj turbini naziva se Brayto-
nov ciklus, a u osnovi je to teorijski Jouleov pro-
ces otvorenog tipa. Sastoji se od dvije izobare
i dvije izentrope te je prikazan na slici 1 u p-Vi
T-s dijagramu. Proces zapocinje usisom zraka iz
okoliSa (tocka 1, slika 1). Nastavlja se komprimi-
ranjem zraka do tocke 2. Od tocke 2 do tocke 3
komprimiranom zraku se predaje toplina izgara-
njem goriva pri konstantnom tlaku:

absolute value, specific fuel consumption (specific
gas consumption) increases proportionally with
a rise in air temperature at the compressor inlet.
When using gas turbines in combined cycle cogen-
eration power plants for the production of electri-
cal and thermal power, by increasing the specific
fuel consumption, the resulting negative effect of an
increase in air temperatures causes a reduction in
utilizable and economically viable operation of the
whole combined cycle cogeneration unit.

DEVIATION OF GAS TURBINE
CHARACTERISTICS FROM
STANDARD VALUES

The thermodynamic cyclic process whereby gases
produce operation in the gas turbines is called the
Brayton Cycle, and is fundamentally the theoretical
open-type Joule process. It comprises of two iso-
bars and two isentropes and is shown in Figure 1in
the u p-Vand T-s diagram. The process begins with
air suction from the surroundings (point 1, Figure 1).
It continues with compressed air up to point 2. From
point 2 to point 3, heat is transferred to compressed
air by fuel combustion at a constant pressure:

Ouov = 03 =mc, (T3~ T,) , Jciklusu , )

gdje je:

Q,,, - dovedena toplina,

m - masa zraka,

¢, - specificna toplina zraka pri stalnom tla-
ku.

Proces se nastavlja izentropskom ekspanzijom
od tocke 3 do tocke 4, te se pri tome dobiva me-
hanicki rad od kojeg se jedan dio koristi za pogon
kompresora, dok je ostalo korisni rad za pogon
gonjenog stroja. Od tocke 4 do 1 toplina se odvo-
di, Sto predstavlja ispuh i izlazak dimnih plinova
iz turbine:

where:

Q,,, - incoming heat,

oV

m - mass,

¢, - specific heat at constant pressure.

The process continues through isentropic expansion
from point 3 to point 4, thus producing mechanical
action part of which is used for compressor opera-
tion, while the remaining part is used for operation
of the driven machine. Heat travels from point 4 to
1, representing the exhaust and exiting of flue gases
from the turbine:

Ouay = 041 =mc, (T, -T;) , Jciklusu )

gdje je:
0, - odvedena toplina.
Odvodenje topline ili ispuh dimnih plinova mogu

biti u atmosferu, ili u slu¢aju kombikogeneracij-
skog postrojenja dimni plinovi ulaze u kotao utili-

where:
0,., — outgoing heat.
Removal of heat or outflow of flue gases may oc-

curinto the atmosphere, or, in case of a combined
cycle cogeneration power plant, the flue gases en-

Begovi¢, M., OdrZavanje nazivnih performansi plinske turbine ..., Energija, god. 58(2009), br. 2, str. 192-207



zator u kojem se toplina ispuha plinske turbine
koristi za proizvodnju pare.
Dobiveni rad W po ciklusu je jednak:

W= Qdov - Qodv 5 J/ciklusu .

Kako atmosferski uvjeti okolisa u kojem zapoci-
nje kruzni proces plinske turbine (tocka 1, slika
1) variraju ovisno o dobu dana, godisnjem dobu,
lokaciji na kojoj je plinska turbina instalirana,
nametnula se potreba odredivanja standardnih
uvjeta na kojima se temelje jamstvene karakte-
ristike, a u odnosu na koje se rade i sve osta-
le usporedbe karakteristika postignutih izvan
standardnih uvjeta. U industriji plinskih turbina
standardni uvjeti zraka na ulazu u kompresor
su: temperatura 15 °C, relativna vlaZznost 60 %,
te tlak od 1 013 mbar. Nominirani su od Internati-

onal Standards Organization (ISO uvjeti).

¥a 7

| II‘;-

ter the waste heat recovery boiler where heat from
the gas turbine exhaust is used for production of
steam.

Gained work W per cycle equals:

@)

Since the surrounding atmospheric conditions in
which the gas turbine cyclic process (point 1, Fig-
ure 1) begins varies depending on the time of day,
season of the year, location where the gas turbine
is installed, there need has arisen for determining
the standard conditions upon which the guaranteed
characteristics are founded, and in relation to which
all other comparisons of characteristics achieved
outside of the standard conditions are made. In the
gas turbine industry, standard air conditions at the
compressor inlet are: temperature 15 °C, relative
humidity 60 %, and a pressure of 1 013 mbar. These
comply with the International Standards Organisa-
tion (ISO conditions).

53=54 F

Slika 1 — Termodinamicki teoretski proces plinske turbine prikazan u p-vi T-s dijagramu [1]
Figure 1 — Thermodynamic theoretical process for gas turbines shown in the p-v and 7-s diagram [1]

U radu se za analizu koriste podaci plinske turbi-
ne General Electric tip PG 6101 FA. Performanse
plinske turbine GE - PG 6101 FA temeljene na ISO
standardu razlikuju se s obzirom na vrstu goriva
koju turbina koristi.

Prema ISO uvjetima zraka na ulazu u kompresor
I pogon na dizelsko gorivo, odnosno prirodni plin,
definirane su jamstvene karakteristike na baznom
opterecenju (tablica 1).

Analysis during operation uses data from the
General Electric PG 6101 FA type gas turbine.
Performance of the GE - PG 6101 FA gas turbine
based on ISO standards differs with respect to the
type of fuel used by the turbine.

According to ISO conditions relating to air at the
compressor intake and the engine running on die-
sel fuel or on natural gas, guaranteed character-
istics are defined for base loads (Table 1).
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Tablica 1 - Jamstvene karakteristike za plinsku turbinu GE - PG 6101 FA prema IS0 uvjetima [2]
Table 1 - Guaranteed characteristics for the GE - PG 6101 FA gas turbine according to ISO conditions [2]

Karakteristike turbine /
Turbine Characteristics

Jedinica /
Measurement

unit
Snaga na generatoru / KW
Power at the generator
Spe(flflcna pf)trosnja topline / KJ/KWh
Specific thermal consumption
Maseni protok dimnih plinova / ka/h
Mass flow of flue gases 9
Izlazna temperatura dimnih plinova / oc

Output flue gases temperature

Sve karakteristike plinske turbine znacajno se
mijenjaju promjenom atmosferskih uvjeta ula-
znog zraka. Te promjene mogu biti i na dnevnoj
osnovi vrlo velike, mada je njihova promjena
najocitija usporedbom zimskog i ljetnog rezima
rada. Na slici 2 prikazana je relativna (postotna)
promjena izlazne snage, specificne potrosnje
goriva, potroSnje goriva i koliCine dimnih plinova
ovisno o temperaturi zraka na usisu kompre-
sora. Rast temperature zraka iznad 1SO uvjeta
degradira performanse turbine, smanjenjem
izlazne snage i povecanjem specificne potrosnje
goriva.

120

Gorivo / Fuel
Dizelsko gorivo / Prirodni plin /
Diesel fuel Natural gas
74 270 69 450
11152 10 593
761100 731600
584 596,7

All gas turbine characteristics significantly change
under various atmospheric conditions for incoming
air. Such variations occurring on a daily basis may
be great, although these variations are most evident
when comparing winter and summer operation.
Figure 2 shows the relative (percentile) variation in
output power, specific fuel consumption, fuel con-
sumption and the amount of flue gases dependent
on air temperature at the compressor inlet. An in-
crease in air temperature above the I1SO norms de-
grades the performance of the turbine, reducing its
output power and increasing the specific fuel con-
sumption.

Postolna promjena nazimd karakberistica /

— Spaciiéna potrodnja gorva | Specific fue

— tziazna snagas Ou Ut power
::' — = Poiminja gorva / Fuslconsum plic
i 8 Koliéina dimndh pinova 7 Amountof fus gases
B0
-1§ -10 -5 ] ] 10 15 20 25 30 35 40 45 °C
Temperatura zraka na ulazu kompresora /
Al lmperatune ot the compressor inkst

Slika 2 — Ovisnost karakteristika plinske turbine GE - PG 6101 FA o temperaturi zraka na usisu kompresora [2]
Figure 2 — Correlation between the GE - PG 6101 FA gas turbine characteristics and the air temperature at the compressor inlet [2]

Do degradacije performansi dolazi zbog toga Sto
je gustoéa zraka obrnuto proporcionalna tem-
peraturi izmjerenoj mokrim termometrom, Sto
znaci da porastom temperature okoliSnog zraka
opada maseni protok zraka na usisu kompreso-
ra plinske turbine. Izlazna snaga plinske turbi-
ne direktno ovisi 0 masenom, a ne o volumnom

Degradation in performance occurs because the air
density is inversely proportional to the temperature
measured by a wet-bulb thermometer, meaning
that with anincrease in the ambient air temperature
the airflow mass falls at the compressorinlet on the
gas turbine. The output power of the gas turbine
directly depends on the mass and not the airflow
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protoku zraka (volumni protok je konstantan,
odreden konstrukcijom plinske turbine). Na slici
2 prikazano je kako se promjena gustoce zraka
ovisno o temperaturi oCituje na performanse
plinske turbine, pri cemu je vidljiv znacajan utje-

caj na:

— specifi¢nu potrosnju goriva,
— izlaznu snagu,

— protok dimnih plinova,

— potroSnju goriva.

Iz slike 2 je vidljivo da kao Sto povecanje tempe-
rature zraka degradira performanse, smanjenje
temperature poboljsava performanse.

U praksi je uobicajena korekcija izlazne snage
dijeljenjem nominalne snage pri ISO uvjetima s
korekcijskim faktorom a koji ukljucuje ovisnost
snage o vanjskoj temperaturi i relativnoj vlazno-
sti (formula 4) [2]. Korekcijski faktor a za turbinu
GE - PG 6101 FA, kojeg je odredio proizvodac,
prikazan je dijagramom na slici 3. Ovisnost izla-
zne snage o relativnoj vlaznosti je zanemariva,
sto je vidljivo iz dijagrama na slici 3. Pri tem-
peraturama okoliSa manjim od 10 °C relativna
vlaZznost nema utjecaja na izlaznu snagu plinske
turbine, dok je pri temperaturama visim od 10 °C
taj utjecaj zanemarivo malen (poklapanje vrijed-
nosti faktora a pri razlicitoj relativnoj vlaznosti je
u granici+ 1%). Jednako je zanemariv utjecaj re-
lativne vlaznosti na ostale performanse plinske
turbine te se u ovom radu ne promatra.

Korigirana izlazna snaga:
plor _ Py(15 °0)

N = 5
a

gdje je:

Py korigirana nominalna snaga,

P, - nominalna snaga pri ISO uvjetima,
a - korekcijski faktor.

Utjecaj atmosferskog tlaka na performanse
plinske turbine takoder se ne razmatra, jer je

atmosfersko obiljezje lokacije na kojoj je turbina
instalirana.

volume (volume flow is constant, and determined by
the gas turbine construction). Figure 2 shows that a
variation in air density dependant on temperature is
evident in the performance of the gas turbine, with
a clearly visible affect on:

— specific fuel consumption,
— output power,

— flue gas flow,

— fuel consumption.

Figure 2 clearly shows that as the increase in air
temperature degrades performance, a reduction in
temperature improves performance.

A correction of the output power by dividing the
nominal power during I1SO conditions with a cor-
rective factor a that includes power dependent on
the external temperature and relative humidity (for-
mula 4) is standard procedure [2]. The correction
factor a for the GE - PG 6101 FA turbine, defined
by the manufacturer, is shown in the diagram in
Figure 3. Dependency of the output temperature on
relative humidity is negligible, as is evident from the
diagram in Figure 3. At ambient temperatures less
than 10 °C, relative humidity has no influence on the
output power of the gas turbine, while at tempera-
tures exceeding 10 °C this effect is negligibly small
(correlation of the a factor value at different values
for relative humidity is within the limits + 1%). What
is also negligible is the impact of relative humidity
on the other performances of the gas turbine and
therefore it is not taken into account in this work.

Corrected output power:

where:
kor .
P" _ corrected nominal power,
P, - nominal power,
o - corrective factor.

Impact of atmospheric pressure on the gas turbine
performance is also not taken into account, since it
is the atmospheric property of the location where
the turbine is installed.
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Slika 3 — Korekcijski faktor a koji ovisi o relativnoj vlazi i vanjskoj temperaturi zraka [2]

Figure 3 — Correction facto

VRSTE | PRINCIP RADA
SUSTAVA ZA HLADENJE
ZRAKA NA USISU KOMPRE-
SORA PLINSKE TURBINE

Mogucnost odrzavanja i poboljSanja nazivnih
performansi smanjenjem temperature zraka
na ulazu kompresora pokrenula je istrazivanja
i prakticna ispitivanja tog podrucja. Do danas
je razvijen veliki broj tehnika za hladenje zraka
na ulazu kompresora plinske turbine, a vecina
njih je primijenjena i u komercijalnoj uporabi. Te
tehnike se prema funkciji i nacinu rada dijele u
sljedece osnovne grupe [3] i [4] :

— evaporativno hladenje:
- strujanjem zraka kroz vlazni medij,
- uSpricavanjem vode u obliku maglice,
- uSpricavanjem vode u obliku maglice iznad
zasicenja,
— klasi¢ni rashladni sustavi:
- klasi¢ni rashladni sustav - direktni,
- klasi¢ni rashladni sustav - indirektni,
- klasi¢ni rashladni sustav sa spremnikom
leda,
- klasi¢ni rashladni sustav sa spremnikom
smjese vode i leda,
— apsorpcijski rashladni sustavi:
- apsorpcijski jednostupanjski rashladni sustav,
- apsorpcijski dvostupanjski rashladni sustav,
— hladenje uplinjavanjem LNG-a,
— hibridni rashladni sustavi.

Svaka od tih tehnika ima svoje dobre i loSe oso-
bine, koje se odituju kroz troSkove investicije,
troSkove rada i odrzavanja, efikasnost, ali i kroz
moguénost primjene u ovisnosti o klimatskim
uvjetima lokacije na kojoj je postrojenje izgrade-
no.

r a which depends on relative humidity and external air temperature [2]

TYPES AND PRINCIPLES OF
OPERATION OF THE AIR COOL-
ING SYSTEM AT THE GAS TUR-
BINE COMPRESSOR INLET

The possibility of maintaining and improving de-
clared performance by reduction in air temperature
at the compressor inlet has initiated research and
practical testing in this area. Up until today, a large
number of techniques have been developed for
cooling air at the compressor inlet in gas turbines,
with most of them applied in commercial use. Such
techniques are divided according to the function
and manner of operation into the following basic
groups [3] and [4]:

— evaporative cooling using:
- air flow through a humid medium,
- spraying water in the form of drops,
- spraying water in the form of drops above sa-
turation levels,
— classical cooling systems:
- classical cooling system - direct,
- classical cooling system - indirect,
- classical cooling system with ice storage,
- classical cooling system with a reservoir for
water and ice mixture,
— absorption cooling system:
- single-stage absorption cooling system,
- two-stage absorption cooling system,
— cooling by gasification of LNG,
— hybrid cooling systems.

Each of these techniques has its positive and nega-
tive qualities, revealed thorough investment, op-
erational and maintenance costs, efficiency, and
through the possibilities of application depending
on the climatic condition of the location where the
plant has been assembled.
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Evaporativno (tzv. mokro) hladenje zraka

Strujanje zraka kroz vlazni medij
Strujanje zraka kroz vlazni medij je jedna od mo-
krih tehnika kojima se hladenje postiZe evaporaci-
jom (hlapljenjem) vode koja se dodaje struji zraka
na usisu kompresora. Povijesno gledano, to je prva
komercijalno koristena tehnika hladenja zraka na
usisu kompresora. Tom tehnikom struja zraka se
izlaze vodenom filmu koji prolazi nekom od mno-
gih primijenjenih vrsta vlaznih medija. U nekim
slucajevima voda koja se koristi da ovlazi medij
mora biti kemijski tretirana (pripremljena), ovisno
o kemijskom sastavu sirove vode te o zahtjevima
i specifikacijama proizvodaca medija. Strujanjem
kroz vlazni medij zrak se moze ohladiti za oko 85 %
do 95 % razlike izmedu temperature mokrog i
temperature suhog termometra okoliSnog zraka.

Kod ovog nacina hladenja investicijski trosak, te
troSkovi rada i odrzavanja najnizi su, ali njegov
osnovni nedostatak je to Sto je dubina hladenja
ograni¢ena temperaturom mokrog termometra,
tj. ucin je ovisan o atmosferskim uvjetima. Pored
toga, u radu je potrebno stalno pracenje kemij-
skih karakteristika recirkulirajuce vode koja pro-
laskom kroz vlazni medij apsorbira necistoce, te
pracenje degradacije materijala ispune vlaznog
medija.

Hladenje zraka strujanjem kroz vlazni medij naje-
fikasnije je u toplim i suhim klimatskim uvjetima,
a efikasnost mu izrazito opada pri visokoj vlazi u
zraku. Takoder, ovaj nacin u radu trosi velike koli-
¢ine vode. Pored svih nedostataka, hladenje stru-
janjem kroz vlazni medij je najrasprostranjenija i
najvise koristena tehnika hladenja zraka na usisu
kompresora plinske turbine.

Uspricavanje vode u obliku maglice
USpricavanje vode u obliku maglice sljedeca je
mokra tehnika hladenja koja se bazira na doda-
vanju sapnicama fino raspréene vode u struju
zraka. Uspricavanjem vode u obliku maglice zrak
je moguce ohladiti za 95 % do 98 % razlike izme-
du temperature mokrog i temperature suhog ter-
mometra okoliSnog zraka, pa je taj nacin samo
malo efikasniji od strujanja vlaznim medijem.
Sustavi za uSpricavanje uglavnom koriste kemij-
ski pripremljenu (demineraliziranu) vodu, a mogu
biti projektirani za razliite veli¢ine kapljica ovi-
sno o Zeljenom vremenu evaporacije (hlapljenja)
te klimatskim uvjetima lokacije. Velic¢ina kapljica
je uglavnom manja od 40 um, dok je u vecini slu-
Cajeva priblizno 20 pm.

TroSkovi ovog nacina hladenja vrlo su sli¢ni tros-
kovima pri hladenju strujanjem zraka kroz vlazni
medij, a takoder su sli¢cna i ogranicenja i nedo-
staci. USpricavanje vodene maglice u struju zraka
na drugom je mjestu po zastupljenosti u instali-

Evaporative (Wet) Air Cooling

Air Circulation Through a Moist Medium
Circulation of air through a moist medium is one of
the wet techniques whereby cooling is achieved by
evaporation of water which is added to the circulat-
ing air at the compressor inlet. Viewed historically,
this was the first commercially used technique for
cooling air at the compressor inlet. This air circula-
tion technique is exposed to film of water passing
through some of the many applicable types of moist
mediums. In some cases, water used in order to
moisten the medium must be chemically treated
(prepared), depending on the chemical composition
of the raw water and the requirements and speci-
fications by the medium manufacturer. Circulation
through the moist medium allows air to be cooled
by around 85 % to 95 % of the difference between
the moist and dry ambient air temperature.

For this type of cooling, the investment, operation-
al and maintenance costs are lower, but its main
deficiency is that the depth of cooling is limited by
the temperature of the wet-bulb thermometer, i.e.
the result depends on the atmospheric conditions.
Furthermore, during operation, continual monitor-
ing is necessary of the chemical characteristics of
the re-circulated water which, passing through the
moist medium, absorbs impurities, and the moni-
toring of the degradation of materials filling the
moist medium.

Cooling air by circulating it through a moist me-
dium is optimally effective in hot and dry climatic
conditions, whereas its efficiency deteriorates ex-
ceptionally at very high air humidity. Moreover, this
manner of operation uses large quantities of water.
Besides these inadequacies, cooling by circulation
in a moist medium is the most common and widely
used technique for cooling air at the compressor
inlet on gas turbines.

Spraying Water in Drop Forms

Spraying water in drop forms is the next wet cool-
ing technique, which is based on adding finely
dispersed water in the circulating air by nozzles.
By spraying water in drop forms, air is cooled by
95 % to 98 % of the difference between the dry and
wet temperature of an ambient air thermometer,
hence this method is only somewhat more efficient
than circulating air in @ moist medium. Spraying
systems mainly use chemically prepared (dem-
ineralised) water, and can be designed for various
drops sizes depending on the desired evaporation
time and climatic conditions at the location. The
size of the drops is mainly less than 40 um while
in the majority of cases they are approximately
20 pm.

The costs of this type of cooling are very similar to
the costs associated with cooling by circulating air
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ranim sustavima hladenja, iako pojedini proizvo-
daci i korisnici plinskih turbina ne dozvoljavaju
njegovu primjenu zbog moguce degradacije ka-
rakteristika i mogudih kvarova kompresora, koji
se pripisuju uSpricavanju.

Uspricavanje vode u obliku maglice iznad
zasicenja
USpricavanje vode u obliku maglice iznad za-
sicenja treca je mokra tehnika hladenja u kojoj
se usSpricava viSe vodene maglice u struju zra-
ka nego Sto je moguce da ishlapi pri okoliSnim
uvjetima. Struja zraka, u tom slucaju zasicena
do 100 % relativne vlage, visak uSpricane vode u
obliku maglice unosi u kompresor, gdje ona pri
promjeni tlaka i temperature zraka dodatno hla-
pi i hladi komprimirani zrak, stvarajuci tako do-
datni maseni protok koji povecava izlaznu snagu
plinske turbine u vecoj mjeri nego je to moguce
klasi¢nim evaporativnim sustavima hladenja.
Ova tehnika zahtijeva vodu visoke kvalitete, jer
bi u protivnom troskovi odrzavanja nastali zbog
vode loSe kvalitete mogli biti veci nego ekonom-
ski efekt poboljSanja karakteristika hladenjem
zraka.

Klasi¢ni rashladni sustavi

Klasi¢nim rashladnim sustavima moguce je
rashladiti ulaznu struju zraka do temperatura
mnogo nizih nego su to u stanju evaporativni su-
stavi hladenja, te je bez obzira na vlagu u zraku
i temperaturu mokrog termometra moguce po-
stici i odrzavati temperaturu zraka na bilo kojoj
vrijednosti do minimalnih 5 °C. Rashladni susta-
vi mogu biti pogonjeni elektri¢nim motorima, ili
parnim turbinama. Hladenje se u tom slucaju
odvija strujanjem zraka preko cijevnog snopa iz-
mjenjivaca topline postavljenog iza usisnih filtara
zraka, kroz koji struji rashladni medij ili ohlade-
na voda i hladi zrak na Zeljenu temperaturu.

Opce prednosti klasi¢nog rashladnog sustava su
da se njime moZe postici i odrzati Zeljena tempe-
ratura zraka neovisno o atmosferskim i klimat-
skim uvjetima. Nedostaci ovog nacina hladenja
su veci troskovi investicije, rada i odrzavanja.
Klasi¢ni rashladni sustavi pogonjeni elektromo-
torima povecavaju vlastitu potrosnju proizvodne
jedinice, jer za svoj pogon trose dio proizvedene
elektricne energije. Za razliku od evaporativnih
sustava, da bi proizveli rashladni uc¢in malim
dijelom smanjuju predanu snagu proizvodne je-
dinice, ali takva usporedba s mokrim sustavima
nije vjerodostojna, jer je njihova primjena uglav-
nom na lokacijama na kojima zbog atmosferskih
i klimatskih uvjeta evaporativni sustavi nemaju
znacajnog efekta, tj. na lokacijama gdje je rela-
tivna vlaga u zraku visoka.

through a moist medium, and the limitations and
inadequacies are also similar. Spraying water drops
into the circulating air is the second most common
method in installed cooling systems, although cer-
tain gas turbine manufacturers and users do not
allow such use due to possible degradation of char-
acteristics and compressor breakdowns associated
with spraying.

Spraying Water into Drop Forms Above Satu-
ration Levels
Spraying water in the drop forms above the satura-
tion levelis the third most popular cooling technique
whereby more water drops are sprayed into the cir-
culating air than can evaporate at ambient condi-
tions. The circulating air, in this case saturated at
100 % relative air humidity, excess sprayed water
in the form of drops enters the compressor, creat-
ing therefore additional mass flow which increases
the output power of the gas turbine to a greater ex-
tent than possible when using classical evaporative
cooling systems. This technique requires high-qual-
ity water, since, in the opposite case, maintenance
costs occurring due to poor water quality might be
greater than the economic effect of improving air-
cooling characteristics.

Classical Cooling Systems

Classical cooling systems can cool incoming cir-
culating air up to a temperature much lower than
is possible by evaporative cooling systems, and re-
gardless of the air humidity and temperature of the
wet thermometer, these can achieve and maintain
air temperatures at any value up to a minimum of
5 °C. Electrical motors or steam turbines can drive
cooling systems. Cooling in this case is conducted
by circulating air through a series of tubes in a heat
exchanger placed behind the inlet airfilters, through
which the cooling medium or cooled water and
cooled air circulate at the desired temperature.

The general advantages of the classical cooling sys-
tem are that it can achieve and maintain desired air
temperatures regardless of the atmospheric and
climatic conditions. The disadvantages of this man-
ner of cooling are higher investment, operational
and maintenance costs. Classical cooling systems
driven by electrical motors increase consumption at
the production unit since part of the produced elec-
trical power is used for operation.

In order to produce a cooling effect, compared to
evaporative systems, classical cooling systems
reduce power supplied from the production unit
to a lesser extent. But such comparisons with wet
systems are not reliable, because their use occurs
mainly at locations where, due to atmospheric and
climatic conditions, evaporative systems do not
have a significant effect, i.e. at locations with rela-
tively high air humidity.
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Razlikuju se:

— direktni klasi¢ni rashladni sustav - sus-
tav kod kojeg rashladni medij (uglavnom
amonijak) neposrednoizrashladnog uredaja
prolazi kroz cijevi hladnjaka zraka na ulazu
kompresora,

— indirektni klasi¢ni rashladni sustav - za
razliku od direktnog uvodi joS jedan cirku-
lacijski krug vode, koja se hladi rashladnim
medijem (uglavnom amonijak) iz rashladnog
uredaja, te tako ohladena prolazi kroz cijevi
hladnjaka zraka na ulazu kompresora,

— klasi¢ni rashladni sustav sa spremnikom
leda - kao i klasi¢ni rashladni sustav sa
spremnikom smjese vode i leda koristi aku-
mulaciju leda ili hladne smjese vode i leda.
Ovakav nacin se koristi kod postrojenja koji-
ma u tarifnim sustavima cijene isporucene
energije bitno odstupaju izmedu vrénih i
normalnih sati. Akumulacijom je omogucen
kontinuirani rad rashladnog uredaja s man-

jim opterecenjem, jer se izvan vrsnih sati
hladi spremnik, iz kojeg se u vrsnim satima
tarifnog sustava povlaci rashladna tekucina
te se dobiva mnogo veci rashladni kapacitet
nego je kapacitet rashladnog sustava. Para-
zitska potrosnja elektricne energije rashlad-
nog sustava i time nastalo povecanje vlastite
potrosnje proizvodne jedinice na taj nacin se
pomice u vrijeme izvan vrsnih sati.

Apsorpcijski rashladni uredaji

Apsorpcijski rashladni uredaji funkcionalno su
slicni klasi¢nim rashladnim uredajima, s bit-
nom razlikom da umjesto mehani¢kog rada
elektromotora ili parne turbine za proizvodnju
rashladnog ucina koriste vanjski izvor toplin-
ske energije, koja im se dovodi vru¢om vodom
ili vodenom parom. Njihov konzum elektric¢ne
energije daleko je manji, jer je potreban samo
za pumpe cirkulacije rashladne vode. Apsor-
pcijski rashladni uredaji mogu ohladiti zrak do
temperature od oko 10 °C, a mogu se poput kla-
si¢nih rashladnih sustava koncipirati sa ili bez
akumulacijskih spremnika leda ili smjese leda i

vode. Razlikuje se:

— jednostupanjski  apsorpcijski  rashladni
uredaji kao vanjski izvor toplinske energije
koriste vruc¢u vodu ili pregrijanu paru tlaka
priblizno 2 bar,

— dvostupanjski apsorpcijski rashladni uredaji
koji za isti uCin troSe osjetno manje kolic¢ine
pare, ali je potrebna para viSih parametara,
oko 9 bar.

Prednost ovih sustava je da ne opterecuju vla-
stitu potrosnju proizvodne jedinice, tj. opterecu-

ju je vrlo malo u odnosu na klasi¢ne rashladne

The following are distingushed:

— direct classical cooling systems - a system
whereby the cooling medium (most often am-
monia) passes directly from the cooling system
through the piping of the air cooler at the com-
pressor inlet,

— indirect classical cooling system - introduces,
in comparison to the direct system, still another
water circulation cycle, cooled using a cooling
medium (most often ammonia) from the cool-
ing device, and therefore once cooled passes
through the piping of the air cooler at the com-
pressor inlet,

— the classical cooling system with an ice reser-
voir — as in the classic cooling systems with a
reservoir containing a mixture of water and ice,
this system uses an accumulation of ice or a cold
mixture of water and ice. This technique is used
for plants where the tariff price system for de-
livered power deviates greatly from the peak or
normal hours. Accumulation allows continual
operation of the cooling device and less loading,
since, outside of the peak hours, the reservoir is
cooled, and during the tariff system peak hours,
from the reservoir the cooling liquid is used and a
much larger cooling capacity is gained than is the
capacity in a cooling system. Parasitic consump-
tion of electrical power in the cooling system and
therefore the increase in proprietary consump-
tion by the production unit is transferred to the
time periods outside of the peak hours.

Absorption Cooling Devices

Absorption cooling devices are functionally similar
to classical cooling devices, with the main differ-
ence being that instead of mechanical operation of
the electrical motor or steam turbine for the pro-
duction of the cooling effect, an external source of
thermal energy is used sourced from hot water or
water steam. Their consumption of electrical power
is far less, since such power is necessary only for
the cooling water circulation pumps. The absorp-
tion cooling devices can cool air up to a temperature
of around 10 °C, and just like the classical cooling
systems, these can be designed with or without ac-
cumulation reservoirs for ice or ice-water mixtures.
The following differences exist:

— single-stage absorption cooling devices as the
external source of thermal energy use hot water
or heated steam at a pressure of approximately
2 bar,

— two-stage absorption cooling devices for the
same effect use considerably lesser amounts
of steam, but steam at higher parameters of
around 9 bar is necessary.

The advantages of these systems is that they do not
exert proprietary consumption from the production
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sustave pogonjene elektromotorom, no investi-
cijski troskovi su znacajno vedi nego kod klasic-
nih rashladnih sustava. Apsorpcijski sustavi se
prvenstveno primjenjuju u termoenergetskim
objektima gdje postoji jeftina toplinska energija
¢ijom je pretvorbom u rashladni ucin mogude
proizvesti dodatnu skupu elektri¢nu energiju.

Hladenje zraka uplinjavanjem LNG-a

Hladenje uplinjavanjem tekuceg prirodnog plina
(LNG) primjenjuje se kod postrojenja smjestenih
u blizini terminala za uplinjavanje tekuceg pri-
rodnog plina. Proces uplinjavanja LNG-a zahtje-
va izvor topline, te se primjenom cirkulacijskog
kruga vode izmedu hladnjaka zraka na usisu
kompresora i isparivaca tekuéeg plina ta topli-
na dovodi iz struje zraka koja ulazi u kompresor
plinske turbine. Kod ovakvog nacina hladenja
zraka investicijski troskovi i troskovi odrZavanja
sustava su jedini, jer se njegovim radom supsti-
tuira jedan dio ionako potrebnog izvora toplinske
energije za isparivac tekuceg plina.

Hibridni rashladni sustavi

Hibridni rashladni sustavi kombiniraju pojedine
od spomenutih tehnika, npr. klasi¢ni i apsorpcij-
ski rashladni sustav. Takvi sustavi se projektiraju
i optimiraju prema posebnim zahtjevima na po-
jedine elektrane ovisno o trazenim koli¢inama
isporucene elektricne energije i njenim cijena-
ma, te raspoloZivosti toplinske energije.

Na slici 4 prikazan je hladnjak zraka ugraden u
filtarsku jedinicu usisnog kanala kroz koji kom-
presor usisava zrak iz okoline. Hladnjak se ugra-
duje iza filtra zraka, a njegovim smjeStajem u
struji zraka omoguéeno je njeno hladenje, tj. od-
vodenje topline rashladnim medjem. Hladnjaci se
ugraduju kod klasi¢nih, apsorpcijskih ili hibridnih
rashladnih sustava. Kod evaporativnih sustava
na istom mjestu potrebno je ugraditi postolja sa
sapnicama za ubrizgavanje vode, ili nosace vaz-
nog medija, ovisno o vrsti mokrog sustava hlade-
nja. Rekonstrukcija i prosirenje filtarske jedinice
hladnjakom ujedno je i jedini zahvat na plinsko-
turbinskom agregatu. Ostali dijelovi sustava hla-
denja su periferni, pomocni sustav koji ne mijenja
i ne zadire u konstrukciju plinske turbine.

ODRZAVANJE PERFOR-
MANSI PLINSKE TURBINE
HLADENJEM ZRAKA NA
ULAZU U KOMPRESOR

Ovisnost osnovnih performansi plinske turbine
(specificne potroSnje goriva, izlazne snage, pro-

units, i.e. such loading is very small with respect
to classical cooling systems driven by electrical
motors, but the investment costs are considerably
greater than with classical cooling systems. The
absorption systems are primarily used in thermal
power plants where there exists cheap thermal en-
ergy whose transformation into a cooling effect pro-
duces additionally expensive electrical power.

Air-Cooling By Gasification of LNG

Cooling using gasification of liquefied natural gas
(LNG) is used in plants located close to terminals
for gasification of liquefied natural gas. The process
of gasification of LNG requires a thermal source,
and in using the water circulation cycle between the
air coolers at the compressor inlet and the lique-
fied gas evaporator, this heat is brought from the
airflow entering the gas turbine compressor. This
manner of cooling air exerts only investment and
maintenance costs for the system, since its opera-
tion replaces part of the already necessary source
of thermal energy for the liquefied gas evaporator.

Hybrid Cooling System

Hybrid cooling systems combine various parts of the
stated techniques, for instance, the classical and ab-
sorption cooling system. Such systems are designed
and optimised according to particular requirements
for certain power stations and depending on the re-
quired amounts of delivered electrical power and
prices, as well as the availability of thermal energy.

Figure 4 shows the air cooler installed into the filter
unit of the inlet canal through which the compres-
sor sucks air from the surroundings. The cooler is
fitted behind the air filter, while its position in the
airflow allows it to be cooled, i.e. removal of the heat
from the cooling medium. The coolers are installed
in classical, absorption or hybrid cooling systems.
For evaporative systems located at the same posi-
tion, it is necessary to install a base with nozzles
for accelerating water, or carriers for the moist me-
dium, depending on the type of wet cooling system.
Reconstruction and expansion of the filter units us-
ing the cooler is actually the only intervention on the
gas turbine generator. The other parts of the cool-
ing system are peripheral, auxiliary systems that do
not alter or affect the gas turbine construction.

MAINTAINING PERFOR-
MANCE OF THE GAS TURBINE
BY COOLING AIR AT THE COM-
PRESSOR INLET

Dependency of the gas turbine’s fundamental per-
formance (specific fuel consumption, output power,
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Slika 4 — Hladnjak zraka smjesten u filtarskoj jedinici usisnog kanala zraka
Figure 4 — Air cooler located in the filter unit of the air inlet canal

toka dimnih plinova i potrosnje goriva) o tempera-
turi na ulazu u kompresor prikazana je na slici 2.
Na slici 5 prikazan je dijagram promijene izlazne
snage plinske turbine u tipicnom ljetnom danu, u
odnosu na doba dana i temperaturu okoliSa.

flue gas flow and fuel consumption) on the temper-
ature at the compressor inlet is shown in Figure 2.
Figure 5 shows the diagram for gas turbine output
power variation in a typical summer day with re-
spect to the time of day and ambient temperature.
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Slika 5 — Ovisnost izlazne snage plinske turbine o temperaturi zraka na usisu kompresora u tipicnom ljetnom danu
Figure 5 — Dependency of gas turbine output power on the air temperature at the compressor inlet during a typical summer day

Apscisa dijagrama na slici 5 je vrijeme, te je kao
vremenski okvir odabrano 00:00 do 24:00 sata.
Skala na lijevoj ordinati prikazuje postotni iznos
nominalne snage plinske turbine pri ISO uvje-
tima, gdje je 100 % nazivne snage vezano uz
temperaturu od 15 °C. Desna ordinata prikazuje
temperaturu okolisa, koja je ujedno i temperatu-
ra zraka na ulazu kompresora.

Donja krivulja pokazuje promjenu temperature
zraka kroz dan, a gornja krivulja promjenu izla-
zne snage ovisno o temperaturi okolisa prema
dijagramu na slici 2. Indikativan je znacajni pad
izlazne snage plinske turbine od 12,25 % pri tem-
peraturi od 34 °C, koja se na dijagramu pojavljuje
izmedu 17:00 i 18:00 sati, Sto je kod turbine GE
- PG 6101 FA gotovo 8,5 MW.

Begovic, M., 0drz

The x-axis on the diagram in Figure 5 is time, and
the time period chosen covers 00:00 to 24:00 hours.
The scale on the left ordinates shows the percent-
age value of the gas turbine’s nominal power at SO
conditions, where 100 % of the nominal power re-
lates to a temperature of 15 °C. The right ordinate
shows the ambient temperature, which is also the
air temperature at the compressor inlet.

The lower curve shows the air temperature varia-
tion during the day, while the upper curve shows
the variation in output power with respect to the
ambient temperature as shown in the diagram in
Figure 2. What is indicative is the significant reduc-
tion of 12,25 % in output power of the gas turbine
at temperatures of 34 °C occurring on the diagram
between 17:00 and 18:00 hours, which for the GE -
PG 6101 FA turbine is almost 8,5 MW.
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Ovdje je istaknuta maksimalna degradacija sna-
ge, ali je iz dijagrama uocljivo da je degradacija
snage prisutna cijelo vrijeme u kojem je tem-
peratura visa od 15 °C. Da bi se ta degradacija
sprijecila, okolisni zrak se na ulazu u kompresor
hladi. Efekt hladenja zraka, tj. utjecaj na izlaznu
snagu prikazan je dijagramom na slici 6, u istom
vremenskom okviru i istim ordinatama.

Kljucni trenuci prikazani dijagramom na slici 6
su start rashladnog sustava hladenja zraka, koji
se po dijagramu potrosnje elektricne energije
dogada izmedu 06:00 i 07:00 sati ujutro. Zelena
i crvena krivulja predstavljaju izlaznu snagu plin-
ske turbine u periodu rada rashladnog sustava.
Moguci nacini rada su odrzavanje ulazne tempe-
rature zraka na 15 °C, Sto je prikazano zelenom
krivuljom, te eliminiranje degradacije izlazne
snage plinske turbine s porastom temperature.
Na taj nacin turbinu odrZavamo na njenim nomi-
nalnim parametrima pri ISO uvjetima.

Here the maximum degradation in power is em-
phasised, but is can be concluded from the diagram
that the degradation in power is present during the
whole time in which the temperature is greater than
15 °C. In order to prevent this degradation, the sur-
rounding air at the compressor inlet is cooled. The
effect of cooling the air, i.e. the effect on the output
power is shown by the diagram in Figure 5, in the
same time period and same axis.

The key moments shown in the diagram in Figure
6 are the starting of the cooling system for cooling
the air, which according to the diagram for electri-
cal power consumption occurs between 06:00 and
07:00 hours in the morning. The green and red
curves represent the gas turbine’s output power
in the period of operation of the cooling system.
The possible modes of operation are maintaining
the output air temperature at 15 °C, shown by the
green curve, and an elimination of the degradation
of the gas turbine’s output power at temperature in-
creases. In this way, the turbine is maintained at its
nominal parameters at ISO conditions.
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Slika 6 — Utjecaj hladenja zraka na izlaznu snagu plinske turbine tijekom tipi¢nog ljetnog dana
Figure 6 — The impact of cooled air on the gas turbine’s output power during a typical summer day

Dodatna pogodnost dobro kapacitiranog ras-
hladnog sustava je hladenje zraka na tempera-
turu nizu od 15 °C prema kojoj je ISO uvjetima
odredena nominalna snaga, te porast izlazne
snage zbog toga. Taj nacin rada prikazan je crve-
nom krivuljom, gdje je kao ciljana temperatura
ohladenog zraka odabrano 8 °C, a ¢ime se dobi-
va porast izlazne snage plinske turbine od 4,5 %
u odnosu na nominalnu. Usporedbom krivulja
snage bez hladenja zraka, te krivulje hladenja
na 8 °C pri okoliSnoj temperaturi zraka od 34 °C,
dobivena je razlika od 16,75 % nominalne snage,
ili za turbinu GE - PG 6101 FA gotovo 11,5 MW.

Pored prikazanog utjecaja temperature zraka na
izlaznu snagu, po istoj logici je napravljen dija-

Additional benefits of a well-capacitated cooling sys-
tem is cooling air at a temperature lower than 15 °C
based upon which ISO conditions determine the
nominal power, and the resulting increase in output
power. This manner of operation is shown by the red
curve, where the desired temperature of the cooled
air is chosen as 8 °C, and where a 4,5 % increase
in the gas turbine power output of 4,5 % is achieved
compared to the nominal power output. A compari-
son of power curves without air cooled, and the cool-
ing curve 8 °C at an ambient temperature of 34 °C,
achieves a difference of 16,75 % in nominal power or
almost 11,5 MW for the GE - PG 6101FA turbine.

Besides the shown impact of air temperature on
output power, the same logic applies to the dia-
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gram utjecaja temperature okoliSa na specifi¢-
nu potrosnju goriva, prikazan na slici 7.

Promatrajudi iste uvjete kao i kod ovisnosti izla-
zne snage plinske turbine, iz dijagrama na slici
7 vidljivo je povecanje specificne potrosnje gori-
va pri povecanju temperature okoliSa, tj. zraka
koji ulazi u kompresor plinske turbine. Odrza-
njem temperature na ISO uvjetima, specificna
potrosnja goriva ostaje na svojoj nominalnoj
vrijednosti, ili se hladenjem zraka na 8 °C ona
smanjuje. Pri tome se ne smanjuje apsolutna
potrosnja goriva, koja je proporcionalna izlaznoj
tj. potrebna kolic¢ina goriva za proizvedenu elek-
tricnu energiju je manja. Sukladno tome, i emi-
sije dimnih plinova po proizvedenom kilovatsatu
elektri¢ne energije su manije.

gram showing the impact of the surrounding tem-
perature on the specific fuel consumption, as shown
in Figure 7.

Taking into consideration the same conditions as
for output power dependency of the gas turbine, the
diagram in Figure 7 clearly shows the increase in
specific fuel consumption during increased ambi-
ent temperatures, i.e. air entering the gas turbine
compressor. By maintaining the temperature at 1SO
conditions, the specific fuel consumption remains at
its nominal value, or by cooling air to 8 °C, it falls.
Consequently, the absolute fuel consumption which
is proportional to the output power does not fall, but
higher efficiency of turbine operation is achieved, i.e.
the necessary amount of fuel for the produced elec-
trical power is less. Therefore, the emission of flue
gases for every produced kilowatt-hour of electrical
power is lesser.
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Slika 7 — Ovisnost specifi¢ne potrosnje goriva plinske turbine o temperaturi zraka na usisu kompresora u tipicnom ljetnom danu (s
hladenjem zraka, i bez hladenja)
Figure 7 — Dependency of specific fuel consumption for gas turbines and the air temperature at the compressor inlet during a typical

mmer day
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ZAKLJUCAK

Hladenje zraka na ulazu u kompresor plinske
turbine danas je razvijena i poznata tehnika,
visestruko potvrdena u eksploataciji. Osnovni
razlog njene primjene je taj Sto pri poviSenim
temperaturama okoliSnog zraka plinske turbi-
ne gube snagu zbog konstantnog volumnog, ali
smanjenog masenog protoka zraka, koji je pove-
¢anjem temperature sve rjedi i Ciji se specificni
volumen u tom slucaju povecava. Ovisno o kli-
matskim uvjetima lokacije na kojoj je postrojenje
sagradeno, taj efekt je viSe ili manje znacajan, te
je za svaku pojedinu lokaciju potrebno provjeri-
ti ekonomicnost investicije u rashladni sustav.
Ekonomicénost investicije ovisi prvenstveno o
atmosferskim uvjetima, ali bitni parametri su i

vrsta postrojenja, stanje elektroenergetskog su-

with an

d without air cooling)

CONCLUSION

Today, cooling air at the compressor inlet of the
gas turbine is a well-developed and common tech-
nique, confirmed many times through exploitation.
The fundamental reason for its use is that during
increased ambient air temperatures, gas turbines
loose their power due to constant volume, but re-
duced air mass flow, which with increasing temper-
ature is less dense and the specific volume of which
increases in such cases. Depending on the climatic
conditions of the location where the plant has been
assembled, this effect is more or less important,
and for each particular location, it is necessary to
verify the economic viability of investing in a cooling
system. Economic viability primarily depends on the
atmospheric conditions, but also other important
parameters include the type of plant, the state of
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stava na koji je vezan, te tarifni sustav naplate
isporucene elektri¢ne energije.

Na lokacijama na kojima se potvrdi opravdanost
ugradnje rashladnog sustava, efekti ugradnje
oCituju se kroz eksploataciju maksimalnog uci-
na postojeéeg postrojenja, tj. eliminira se potre-
ba izgradnje dodatnog vrénog izvora elektri¢ne
energije koji je elektroenergetskom sustavu po-
treban kada se superponira ljetna vréna potros-
nja elektri¢ne energije i efekt degradacije snage
turbine pri visokim dnevnim temperaturama. U
tom slucaju nema potrebe za ishodenjem do-
zvola i suglasnosti za izgradnju dodatnog izvo-
ra, oprema rashladnog sustava zauzima manje
prostora nego novi izvor, a i troSkovi pogona i
odrZavanja rashladnog sustava su manji u od-
nosu na troSkove pogona i odrZavanja dodatnog
izvora.

Ekoloski efekt se ocituje kroz smanjenu spe-
cifiénu potrosnju goriva, tj. direktno smanjenje
emisija u okoli$ po proizvedenom kilovatsatu
elektri¢ne energije.
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the electrical power system to which it is connected,
and the tariff payment system for the supplied elec-
trical power.

At locations where the constructing a cooling sys-
tem is justified and confirmed, the effects of install-
ing the system are evident in the exploitation of the
maximum effect in the existing plant, i.e. elimination
of the need to construct an additional peak source of
electrical power necessary for the electrical power
system when the summer peak consumption of
electrical power and the effect of a degradation of
the turbine’'s power is superimposed during high
daily temperatures. In this instance, there is no need
for obtaining a permit and consent for construction
of an additional source; the cooling system equip-
ment consumes less space than the new source,
and the costs of the plant and maintenance of the
cooling system are lesser compared to the costs as-
sociated with the plant and maintenance of the ad-
ditional source.

The environmental effects are evident in reduced
specific fuel consumption, i.e. a direct reduction in
emissions into the environment for each produced
kilowatt-hour of electrical power.
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