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Cooling the inlet air uti liz ing a direct water spray system
can increase the perfo rmance of a combustion turbine duri n g
hot we a t h e r. In a direct spray system, water is added to
the air stream in the fo rm of fine droplets. As the droplets
absorb the latent heat of vapori z a t i o n , heat is removed from
the air stream thereby reducing its tempera t u r e. The objec-
t i ve of this paper is to discuss a direct spray system for cooling
inlet air for Florida Power & Light’s Westinghouse 501 B5
c o m bustion turbine at the Putnam plant. The fogging is done
in multiple stages – an external zone and an internal zo n e
to control the humidity to a precise leve l . An ove rs p ray
zone has been added for additional power augmentation.
The water is sprayed into the incoming air stream through
impingement nozzles placed at the cross-section of the
incoming air. The size of the water droplets var ies with
the nozzle dimensions and water pressure. It is impor t a n t
to l imit the size of the water droplets in order to allow fo r
v a p o r ization of water in a relative ly shor t distance , t h u s
minimizing water carr yover and droplet agglomera t i o n .
T h e r e fore selection of the nozzle type, their arra n g e m e n t
and placement, and the water discharge pressure is ve r y
i m p o r tant to control the stringent compressor inlet air require-
m e n t s . These design requirements and actual cooling system
p e r fo rmance are discussed in detail in this paper.

I N T RO D U C T I O N

o m bustion Turbine Inlet Air Cooling (CTIAC) is a method
of cooling inlet air at the combustion turbine’s (CT) com-
pressor intake . This cooling is accomplished to regain the
m e g awatts lost due to turbine operation at higher ambient
t e m p e ra t u r e s , t y p i c a l ly well above ISO conditions (Fig. 1 ) .
There are seve ral ways to accomplish CTIAC :

1) Evapora t i ve cooling with wetted-media or direct-spray,
w h e r e by moisture is added to the air-stream to prov i d e
s e n s i ble cooling of the inlet air. As the water evapora t e s ,
it extracts the required latent heat of vapor ization from

the surrounding air causing the temperature of the air
to decrease .

2) Continuous cooling with mechanical means of cooling
b e l ow the dew point tempera t u r e . This method pro-
vides the maximum benefit of increased megaw a t t s
d u ring hot weather conditions on a continuous basis. T h e r e
are seve ral ways of providing continuous cooling – direct
r e f ri g e ra t i o n , a b s o rption chillers , e l e c t r ical chi ller s , e t c.

3) Cooling with T h e rmal Energy Storage (TES), w h e r e by a
cold storage medium (ice, chil led water, e t c .) is created
d u ring off-peak per i o d s . Water is circulated through this
cold storage medium to absorb heat from the inlet air
d u ring peak peri o d s . In this case, the size of the system
is smaller than that required for continuous cooling because
the cooling is provided only during peak hours whereas
the entire off-peak hours are used to build the cold energ y
r e s e rve. The main advantage of a TES system is that almost
the entire gain in the output is av a i l a bl e, since the auxil-
i a r y power consumption during the peak hour s is min-
i m a l .

This paper focuses on evapora t i ve cooling by utilizing a direct
s p ray in the inlet duct to cool the ambient air to near we t -
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F i g u re 1: E f fect of Compressor Inlet Air Temp 
on CT Pe r fo r m a n c e
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bulb tempera t u r e. The direct spray system is based on the
same concept as a conventional media-type system,but without
the penalty of a pressure drop incurred by the media placed
in the air-stream and maintenance required for the media.
Other key advantages of this spray system are better con-
trol over the humidity of the air and ease of instal lation
for retrofit projects.

TYPES OF DIRECT SPRAY SYS T E M S

To achieve the desired adiabatic  cooling of the airs t r e a m ,
water in the fo rm of fine droplets (fog) is added. As the
droplets extract the latent heat of vapor ization (that energ y
required to conve r t the water from liquid to vapor), h e a t
is removed from the air stream thereby reducing its tem-
p e ra t u r e.

There are two basic methods of spraying water in the inlet
a i r : 1) high pressure (HP) impingement nozzles and 2) ultra-
sonic nozzles (US). The droplet size is the cr itical para-
meter in evapora t i ve cooling effi c i e n c y. The smaller the droplets,
the shor ter the evaporation time and corresponding eff i-
c i e n c y.

High Pre s s u re Impingement Nozzles

In an impingement type nozzle , water is supplied at a high
p r e s s u r e. When water passes through the nozzle , it is accel-
e rated because of a reduction in area at the opening. T h e

o ri fice of the nozzle is only a few thousandths of an inch
in diameter.The impingement pin at the ori fice is prov i d e d
to help break down the water stream into f iner par t i c l e s .
As the water str i kes the tip of the impingement pin, it pro-
duces a fine mist or fog (see Fig. 2 ) .The distance betwe e n
the pin tip and the or i fice can be adjusted to control the
water droplet size .The supply water to the nozzles is con-
trolled and pressur i zed by a high pressure pump. Ty p i c a l ly,
a plunger- t y p e , fi xed displacement pump is util ize d .

The droplet size var ies with water pressure , o ri fice diam-
eter and location of the pin tip. Ty p i c a l ly water pressures
in the range of 1,000 to 3,000 psi are used for turbine inlet
air cooling applications. Figure 3 shows a comparison of
droplet sizes for two different nozzle sizes conducted at a
water pressure of 3,000 psi and at the same impingement
pin distance.

U l t rasonic Nozzles

A fur ther enhancement to operation and perfo rmance ove r
the impingement type nozzle system is achievable by using
u l t rasonic nozzles. In an ultrasonic nozzle , c o m p r e s s e d
air and water at relative ly low pressures are used to main-
tain small water droplet size. The water under pressure
is directed through an ultrasonic shock wave of air to break
d own the water par ticles into a finer mist / fo g . The water
is supplied at a much lower pressure than that of the impinge-

F i g .2 : A zone arr ay showing an actual nozzle mounted on stainless steel tubing.
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ment nozzle. The ori f ice through which the water and air
f l ows in the ultrasonic nozzle is much larger than the impinge-
ment nozzle making it much less susceptible to clogging.
In addition, l ower operating pressure means that norm a l
p i p i n g , v a l ve s , h o s e s , g a u g e s , e t c . can be used and that less
maintenance and replacement cost will be incurr e d . T h e
longevity of the ultrasonic nozzles and system components
is expected to be much greater than the impingement noz-
zles operating at 3,000 psi .

The ultrasonic nozzles can vary the amount of air and water
reaching the nozzle to modulate capacity. At lower out-
p u t s , less compressed air is used thus saving energ y.T h e s e
nozzles are ful ly modulating from 0 to full capacity without
a p p r e c i a ble enlargement of par ticle size . Another advan-
tage of this system is that since the flow is controlled through
each nozzle to meet cooling requirements, a unifo rm dis-
t ri bution of fog in the air stream is possibl e, thus eliminating 

a ny stra t i fication in the air stream. H owe ve r, the ultra s o n i c
w ave is set up with compressed air and this adds to the
complexity of the system. The main drawback of this system
is the compressed air requirement, which results in an aux-
i l i a r y power consumption of up to 3 times that of the HP
impingement nozzles.

The ultrasonic nozzles typically break down the water mol-

ecule into much finer fog with droplets ranging from 0.5-
10 microns, depending upon the nozzle type .

C A S E S T U DY

This paper discusses the direct spray system recently installed
by Caldwell Energy & Env i r o n m e n t a l , I n c. (CE&E) on a
Westinghouse W 501 B5 CT at the Putnam Generating Station,
in Pa l a t k a ,F l o ri d a . The system is used to humidify and cool
the turbine inlet air during hot days to increase capacity
and eff ic iency of the gas turbine and the plant.

Design Conditions

The Putnam Plant is a combined cycle plant owned and oper-
ated by Flor ida Power & Light Company (FPL). It util ize s
four Westinghouse 501B5 combustion turbines, four heat
r e c ove r y steam genera t o rs (HRSGs) and two steam tur-
b i n e s . FPL and CE&E evaluated the perfo rmance of the
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F i g u re 3: Nozzle Comparsion at Pre s s u re of 3,000 psi.

F i g . 4 : Inlet housing of W 501 B5 at the Putnam jobsite befo re any modifications.
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fi r st turbine using the direct spray system. The or iginal inlet
duct housing of this turbine is shown in Fig. 4 .

The design ambient temperature conditions we r e :

T dr y bulb  = 95ºF

R . H . = 50% 

T wet bulb  = 79ºF

Air Flow  = 2,500,000 lbs./hr  

E l e v a t i o n : = 35 ft

T inlet air  = 95% humidity for base load

T inlet air  = 99% humidity for peak load

Another design requirement was to minimize any associ-
ated pressure drop with the installation of the inlet cooling
s y s t e m . The maximum allow a ble pressure drop was 0.25
i n . of water column. An additional requirement was a droplet
s i ze of 20 microns or less for 90% of the vo l u m e. To meet
this requirement with the selected nozzle system, d e s i g n
water pressure was increased to 3,000 psi.

System Description

The inlet fogging system consists of seve ral arrays of impinge-
ment nozzles. The nozzles, mounted on manifold piping,
were arranged in grids and segregated into multiple zo n e s .
The complete system was subdivided into three major zo n e s
– extern a l , i n t e rnal and ove rs p ray. Each of these major
zones is fur ther subdivided into minor zo n e s .

The external zone is located outside the inlet housing and
is accessible for installation while the turbine is ru n n i n g .

This zone is posit ioned upstream of the prefi l t e r s to max-
i m i ze the system efficiency by increasing the absorption dis-
tance for the majority of the humidification process (see
F i g . 5 ) . This pri m a r y nozzle zone humidifies the intake air
to near ly 80% relative humidity before the air f lows into
new prefi l t e r / d e m i s t e rs , which were instal led on the tur-
bine inlets to replace original spun fi b e rglass assembl i e s .
The new prefilter/demister pads are perm a n e n t , w a s h a bl e
mesh units with a lower pressure drop.

D ownstream from the pref i l t e rs , humidistats are instal led
to detect higher than allowed RH and to prevent over humid-
i fication by shutting off arrays and/or throttling the extern a l
zone pump. When ambient humidity approaches the 80%
l i m i t , zones in the external array will cut off. A tempera-
ture element to monitor inlet air upstream of the final f i l-
t e rs is included in the humidity dew point tra n s m i t t e r.

The internal zone is located on the downstream side of
the final fi lter bank. This zone provides the final "topping
off" humidification which takes the air stream relative humidity
to 95% for the Base Load Condition, 99% for the Peak Load
Condition and 100% for the Peak Load Reser ve Condition.
This zone is fur ther subdivided into smaller zones to allow
precise incremental stepping of tempera t u r e.

The purpose of the ove rs p ray zone is to super s a t u rate the
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F i g .5 : Modified inlet housing showing external nozzle arr ay s .



inlet air with fine mist to increase the turbine capacity duri n g
those crit ical t imes when power is absolutely needed.
O ve rs p ray is expressed as the ratio of excess mass of water
s p rayed to the mass of the air and is usually expressed on
a percentage basis . The ove rs p ray zone is located dow n-
stream of the internal zone just pr ior to the trash screen
and compressor inlet. With ove rs p ray, the water is not evap-
o ra t e d ; instead it is carr ied to the compressor in the fo rm
of fine droplets. This results in additional gain as the water
gets evaporated in the fi r st few stages of the compressor.

System Components

The spray water system components are as fo l l ow s :

1) Duct water spray delive r y system 

•Nozzle arrays consisting of stainless steel tubes or pipe      
and pre-assembled nozzles

•Hardware for suppor ting the tubes to the housing

•Motor operated  bal l valve s , fitted external to the duct 
to control zone f low

•Stainless steel headers to distr i bute water to the nozzle 
a rray s

•Stainless steel piping from the water tra n s fer skids to 
the nozzle arrays to supply deminera l i zed water

2) Water tra n s fer system

•Steel skid

• Water tra n s fer pumps and belt dr i ve s

• E l e c t r ical motor star t e r / b r e a ker cabinet and control
t e rmination panel

• Water fi l t e r

• Water flow meters and pressure tra n s d u c e rs with 
t ra n s m i t t e rs

•All necessar y water connections

•All required piping, fittings and valve s

3) Water piping from tra n s fer skid to duct spray delive r y 
s y s t e m

4) Controls and instru m e n t a t i o n

5) Instal lation, s t a r t-up and  commissioning

6) System design documentation

7) Operation and maintenance manu a l s

All control valve(s) are located external to the air flow. E a c h
tube is connected to the array such that individual tubes
can be removed from the inlet house for periodic cleaning
and testing.

Inlet Structure Modifications

In order to enhance the effe c t i veness of the external zo n e ,
weather hoods were installed to protect the fog plume.
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F i g .6 : Inlet duct of the combustion turbine after modifications to add weather hoods.



This is propri e t a r y to the CE&E system and assures better
fog control with less dispersion in high winds, thus reducing
water consumption.

The existing inlet housing has four separate inlets flow i n g
into two separate plenums for each turbine. Each inlet was
extended with eight feet of ductwo rk . This length was opti-
m i zed in order to assure proper evaporation of the water
(see Fig. 6 on page 5).

The or iginal fi b e rglass prefi l t e rs at the Putnam site we r e
replaced with washabl e, p e rmanent demister/prefi l t e rs . T h e
p r e fi l t e rs at Putnam were replaced 3 to 4 times a ye a r. B y
replacing the "throw aw ay" prefi l t e rs with washabl e, p e r-
manent assembl i e s , we obtain better perfo rmance dur i n g
fogging and eliminate the future replacement costs for the
plant (see Fig.7).

With this design confi g u ra t i o n , no downstream mist elim-
i n a t o rs are needed, and therefore the turbine perfo rm a n c e
is not penalized during normal "unfogged" operation with
additional pressure drop.

Each of the two inlet plenums has a trash screen just upstream
of the bellmouth. These original trash screens made of carbon
steel welded wire were replaced with all stainless steel wove n
w i r e . The condition of the old trash screens and the future
exposure to DI water made this change-out necessar y.

Pump Skid

Water pressure to the pumps is regulated down from plant
p r e s s u r e . The supply water to the nozzle arrays is con-

trolled and pressur i zed by a three pump (water tra n s fe r )
s k i d . The pump skid includes the pumps, m o t o rs and dr i ve
p a c k a g e s , pressure bypass valve s ,a p p r o p riate suction pipe
p r ov i s i o n s , water fi l t e r, motor star t e r, g u a g e s , pressure tra n s-
m i t t e rs , f l ow tra n s m i t t e rs and thermal protection for the
pump(s) and motors ( s ) . The pump(s) discharge pressure
is 3,000 psi to ensure injection unifo rmity and a droplet
s i ze below 20 microns. The pumps have stainless steel bodies
to handle the plant deminera l i zed water.

The location of the pump skid should be conve n i e n t . T h i s
requires evaluation of tubing runs to the array s , water supply,
availability of electrical power (480V) and control cable routing
to plant tie-in point. This par ticular skid was mounted near
the inlet plenums to minimize tubing runs to the nu m e r o u s
zones and to make use of close proximity power feeds (see
F i g . 8 & Fig. 9 ) . Water supply was within fifty feet of the
skid with the plant PLC requir ing control cable and instru-
ments to be run approx i m a t e ly 150 fe e t .

Instrumentation and Contro l s

Special instruments and controls are required for measuri n g
the ambient humidity, dewpoint and the humidity upstream
of the final fi l t e rs . To accomplish precise control of the system,
new thermocouples with better accuracy were instal led in
the ductwo rk upstream of the bellmouth. A complex system
of logic was required to step the various zones into and
out of service with just seve ral degrees in temperature change
being the targ e t . The internal zone util izes a learning sub-
r o u t i n e, which also stores the learned temperature impact
for the par ticular ambient conditions. This info rmation can
be accessed to step perfo rmance on future days with sim-
ilar weather conditions.

The external zone pump utilizes vari a ble frequency dri ve
to throttle f low to either one third of the external zone or
the full zo n e. The throttled speed and zoning is controlled
by the proximity of ambient conditions to 80% RH.

PERFORMANCE 

The goal of the perfo rmance test was to ve rify that the
installed system is capable of humidifying the inlet air to
95% and 99% for the base load and peak load, r e s p e c t i ve ly.
Another requirement of a maximum pressure drop of 0.25
i n . of water column was ve ri fied earl ier and not included
as par t of this test on the basis that initial plant instru m e n t a t i o n
s h owed no noticeable increase in the air side pressure drop
after installation of the cooling system and new trash screen.

Humidistats are not reliable in the high velocity zones where
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F i g .7 : N ew pre-filters installed to reduce water carryove r
to final filters.



they have an accuracy of ±3%. Placement of the humidis-
tats in the high velocity region would require periodic replace-
ment because of excessive we a r. T h e r e fo r e , t e m p e ra t u r e
measurements at the compressor inlet was used to ve ri f y
the humidity of air after spray i n g . In the test operating ra n g e,
95% humidity corresponds to a dry bulb temperature of
1ºF higher than the wet bulb tempera t u r e , and 99%
humidity corresponds to a dr y bulb temperature nearly the
same as the wet bulb tempera t u r e.

The perfo rmance test was conducted on the afternoon of
August 25, 1 9 9 8 . D u ring the test, the ambient dr y bu l b
t e m p e rature varied from 91ºF to 95ºF with a steady we t
bulb temperature of 79ºF. This approx i m a t e ly corr e s p o n d s
to a relative humidity in the range of 50% to 60%. For the
base load case, the inlet air temperature was brought dow n
to within 1∞F of the wet bulb temperature and for the peak
l o a d , the inlet air temperature was brought down to about
the same as the wet bulb tempera t u r e.

The perfo rmance guarantees were met with the 2/3rd extern a l
zone stil l off, d e m o n s t rating sufficient excess capacity to
p r ovide additional cooling on hot, a rid day s , when the ambient
humidity is lower than the design conditions.

C O N C L U S I O N S

Direct water spray is an effe c t i ve and economical means
of cooling inlet air of combustion turbines. The successful
implementation of a direct spray system for a We s t i n g h o u s e
W 501 B5 is discussed in detail. Multiple zones are employe d
to control and produce efficient evaporation of the fog droplets
while operating near or below the saturation point for the
a i r. E v a p o ra t i ve efficiency of near 100% is obtainabl e . B y
accomplishing a por tion of the humidification outside the
p l e num at the lower capture velocity of the inlet housings,
the need to spray a larger quantity of water into the high
veloc ity of the plenum is eliminated. T h u s , a b s o rption is
m a x i m i zed and final spray flow in the high velocity area is
m i n i m i ze d , resulting in a more efficient evaporation process
and corresponding reduction in inlet air tempera t u r e.
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F i g .8 : Space available for pump skid.

F i g .9 : Pump skid for external, internal  and ove r s p r ay zones.
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