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The subject Combined Cycle Power
Plant located in the north-eastern
United States operates a 9-cell
counter-flow cooling tower. The tower
provides cooling water for its steam
turbine. The plant utilizes evaporative
coolers for its combustion turbine air
inlet conditioning system. The tower is
positioned on the north side of the
Turbine Building and the evaporative
coolers are positioned on the northeast
side of the building. The prevailing
wind, out of the northwest, results in
recirculation of the cooling tower plume and interference with
the evaporative coolers. In the summer, these phenomena result
in thermal performance degradation of the steam turbine,
reduced mass flow through the combustion turbines, and overall
reduction in megawatt capacity of the Combined Cycle Plant. In
the winter the cooling tower plume creates ice formations on the
Turbine Inlets, Generator Step-Up Transformers, and on the High
Voltage Electrical Equipment in the Switchyard.

It was determined that a CFD (Computational Fluid Dynamics)
Analysis would be used to study mitigation solutions for cooling
tower performance and overall plant performance. The Plant
layout was modeled using precise dimensions of all equipment
and obstructions. The cooling tower performance data, historic
weather data, and plant operating data were all incorporated into
the model.

Numerous studies were done using different combinations of
wind screens to control the plume direction coming off the tower.
Screens were modeled on top of the tower, along the air inlet of
the tower, and numerous locations on the Turbine Building
shielding the Gas Turbine Air Inlets. Definite conclusions were
determined to best mitigate future recirculation and interference.

BACKGROUND INFORMATION; HISTORY

Project Aim

This project is evaluating the potential application of
commercially available wind screens for reducing cooling tower
recirculation and interference. This case study documents the
results from a Cogentrix Energy site, a single 2 on 1 combined
cycle power plant with a 9-cell counter flow mechanical draft
cooling tower, and combustion turbine air inlet evaporative
coolers.

Basic Plant Information
583 MW 2x1 Combined Cycle Power Plant, Constructed in 2002.
Consists of:

¢ 2 Siemens 501 FD3 combustion turbines each approximately 195
MW
e 2Vogt (Nem) triple pressure heat recovery steam generators
with supplemental duct firing
e 1 GE D11 Steam Turbine - maximum full load 220 MW with
steam flow of 1.0 Mlbs/hr
¢ 1 Psychrometric Systems Inc. mechanical draft cooling tower
with 9 cells:
1. 33’ diameter fans with 10 blades and 10’ tall fan stack and 2-
speed
2. 200 HP motors
3. ACCU-PAC VF 19 Plus high efficiency fill
4, Desigh Range 19.7 °F @ 123,400 GPM
5. Design Approach 1.5 ‘F@ WBT 75 ° F
6. Makeup water is POTW effluent

Equipment Layout and Orientation and Problems

The mechanical draft cooling tower is located on the North end of
the plant, and the switchyard on the east. Combustion turbine air
inlets labeled CT1 and CT 2 are located about 20 ft. above grade on
the roof of the combustion turbine enclosure building. Plant layout
was designed to minimize construction cost. With respect to the
cooling tower layout, no regard was given to the location and
height of surrounding buildings, or the prevailing wind direction.
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Figure 1 - Site Layout
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Weather Patterns When winds are out of the Northwest, which is the prevailing

Prevailing winds are out of the WNW. The Wind rose for nearby direction, the cooling tower plume blows around the northeast
Providence Airport is shown in Figure 2. Average Summer Highs corner of the steam turbine building. The plume blows over the
are 83 °F, and average Winter Lows are 26 °F. Average daily high voltage switchyard and is ingested into the combustion

chance of precipitation is 27%. turbine air inlets. During winter months, the switchyard and the

combustion turbines suffer from icing. During the summer
months, plume ingestion interferes with the combustion turbine
air inlet evaporative cooling system. Whenever the cooling tower
e e plume is being ingested, the moisture shortens the life of the
combustion turbine air inlet filters, and causes accelerated

N wi corrosion on the air inlet housing and structure.
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Figure 2 - Wind Rose Couresy of MRCC Cli-MATE Application Tool

Operational Deficiencies
Several operational deficiencies occur as a result of cooling
tower plume recirculation and interference.

When the wind is light and out of the North or Northwest, the
cooling tower plume is blocked by the much taller steam
turbine enclosure building, resulting in recirculation of the
plume. The recirculating plume causes thermal performance
issues with the steam turbine, but also creates a biohazard for
personnel as the plume engulfs the plant access road and
sometimes occupied buildings.

Figure 4 - Icing_on the High Voltage Switchyard and Combustion
Turbine Air Inlets

Thermodynamic modeling has shown that the cooling tower
plume recirculation can impact steam turbine performance by up
to 5 MW in winter conditions, and the plume ingestion in the
combustion turbine air inlets reduces overall plant output by up to
8 MW in summer conditions.

Figure 3 - View of the Cooling Tower from the Northeast Corner of

the Steam Turbine Building
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Figure 5 - Site Layout and Principal Wind Dlrections

Modeling of Site

A CFD model of the Site was implemented to study the
detrimental effect of the wind on the trajectory of the wet air
plume issued from the cooling tower. The principal risks due to
wind are related to the ingestion of wetted air into the air
intakes that benefits from low temperature and humidity. In
particular, the highest risks for Site were those connected to
recirculation into the downwind air inlet of the cooling tower
and interference with the gas turbine intakes. Recirculation is a
typical issue affecting most, if not all, the CT when the wind
exceeds a certain threshold speed. Despite largely affecting the
surrounding flow field, no wind direction is fully safe in this
concern. It is problematic mostly during summer as the cooling
potential of the ambient air is lower. Since it is a general issue,
Ergon Research and Galebreaker engineering team has a vast
experience in modelling and a specific know-how on wind-
screen positioning to mitigate such shortcoming.

Interference instead depends more on the specific layout of the
plant and the typical weather conditions experienced at the site.
At Site, such issue arise as soon as the wind blows from N/NW
even at low wind speed and affects more GT2 intake. The
ingestion of wet air becomes problematic both in summer and
winter conditions respectively because of its impact on thermal
performance of the GT and icing.

These two phenomena are mostly independent one from the
other and also require different solutions to mitigate the two
types of ingestion. Two separate analyses, sharing the same
computational methodology, will be hence conducted focusing
for the recirculation on screens installed on top of the CT or near
the CT inlets, for the interference on screens installed close to
the GT intakes. Finally, the efficiency of a combined solution able
to mitigate recirculation and interference will be verified
coupling the most interesting windscreen layouts.

The objective of the analysis is to quantify the obtained benefits
and the corresponding installation costs to choose the most
rewarding solution.

Ambient Conditions

The ambient conditions need to be chosen wisely to well represent
conditions at which the mentioned recirculation and interference
issues arise. In practice the most detrimental conditions to the
plant management should be selected. For the case of study, the
summer season is the most critical as both recirculation and
interference are more problematic.

Such ambient conditions, necessary to close the CFD modelling,
should be representative of far field conditions and ideally
unaffected by the plant and includes the ambient temperature,
humidity, and pressure as well as the wind conditions (i.e., wind
speed and wind direction). In principle, the site weather station are
the closest data plant managers can have access to but, it is not
rare, that site wind anemometer is affected by blockage effects
from the surrounding buildings or by interaction with spent air
issued by heat exchangers or other machinery. For this reason, the
plant weather station data were integrated with publicly available
data from the nearby stations [1]. The closest stations for which
historical time series are available are those at the Theodore
Francis Green State Airport (10 miles) and at Cherry Hill (2 miles).

Pressure

Ambient pressure is only slightly affected by meteorological
conditions and depends mostly on the altitude. A simple average
of the pressure recordings for summer 2019 was taken as a
representative value for such investigation.

Temperature

Concerning the temperature, it was anticipated that site weather
station readings could be affected by interference. However
seasonal distribution, depicted in Figure 6, is consistent with
monthly averages provided at the two selected nearby stations.
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Figure 6 - Hourly Temperature Time Series - Year 2019

As the focus was on summer conditions, a typical summer week
was chosen for a closer comparison between the available
temperature data.

The graph in Figure 7 shows the hourly temperature distribution
for the first week of August 2019. The daily distribution is
consistent and the agreement between site and nearby stations
data is quite good. These two analyses show that any bias in the
site weather station readings due to interference were low or fully
absent.

PAGE 28



95 35 100 -— - — e 100
: - % Z A . & 7
= = ™ -y L]
L ;‘ - #h 5 o= z 8 Y. . DA A L
w . - ‘ . | 4 ] 3 &' . . . f
5680 % . ¢ = L &0 - s> C Y 'y 1 w b i
= - - J &0 ’ =Gl
= 4 ‘ Ld 75 = el “. -
g 5 . q 5 5 s 5 *
E Pl ‘ - o = bt
] A E f 40
= o %
65 ? 65 & 30
-
) &0 20 20
a 24 ag 72 a5 120 144 168 0 24 ag 72 96 120 144 168
Time [hours] Time [hours]
® Plant data = Weather station airport  ® Weather station Cherry Hill ® Plant data  ® Weather station airport @ Weather station Cherry Hill
Figure 7 - Hourly Temperature Time Series - Week 31, 2019 Figure 9 - Hourly Humidity Time Series - Week 31, 2019
For this reason, the ambient temperature was selected based on 10 100
the site weather data considering summer 2019 readings, see _ 4 [oan =
Figure 8. The value of 85 °F, corresponding to the 90th £ g L | &0 E
“m
cumulative centile was chosen as representative for typical very E 7 - 70 ﬁ
hot conditions registered at the plant. g o ® I
g - - {- re0 g
E S ,o S
10 "'.-m 100 2 ' 30 i
9 o Lan = &5 S0 men 88 88 _ 3
E . o £ 3 - w g
£ = -P'. [8u 8 1 .7- ceme oBe®m o @ i
- o~ ro s 0 . = = F T 3
g = * bu E 0 20 an &l &l 100
g s . ° [ 508 Relative humifity [%]
; . ™ Pl oo % %
— - } N 3
" . - . .f 30 ﬁ; @ Relative aocurrances  ® Cumulalive Doourrances
w2 e ot 20 E
0« L # s
f ﬁ. H' A | ;n = Figure 10 - Statistical Hourly Relative Humidity Distribution - Summer
’ an &0 & 0 - a0 100 2019 with Temperature = 85F

Temperature [*F]

. - 100
& [elative nrcurrances ® Cumulative oocurrances 100

Figure 8 - Statistical Hourly Temperature Distribution - Summer 2019

£
g
R
Relative Humidity g 0
Concerning humidity, a similar procedure was applied. Figure 9 = jg
shows that plant data were also consistent with the nearby S,
stations except for peaks and the daily distribution was ]
repeatable. A value of RH of 70% was chosen because such value 40 50 60 0 80 20 100 110
was representative for daylight data during the hot season and Temperature [*F]
because it represents the 80th centile of summer readings with
temperature at 85 °F as previously selected. * Plant data

To better appreciate the representativeness of the chosen
ambient condition, Figure 11 depicts the chosen temperature
and relative humidity inside the cloud of points registered
through summer 2019.

Figure 11 - Chosen Ambient Conditions (Blue Dot) Inside the Cloud of
Points Registered for Summer 2019

In the plant reference system, these conditions correspond to a 30

Wind Conditions deg inclination respect to the CT axis, due to a 26.2 angle of the
Registered events taken from the plant weather station during plant reference system (used in this paper for the sake of clarity)
summer 2019 shows, see Figure 12, two predominant wind relative to the geographical north as depicted schematically in
directions blowing respectively from WNW and S. For the events Figure 13.

characterized by high air temperature (80 °F<T<90 °F) the
relative frequency of winds from WNW is even enhanced. These
winds are unfortunately those responsible for both interference
and recirculation. The obvious choice for the simulations of such
issues was hence wind blowing from WNW (304 deg from
geographical north).
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(air_wet_ambient) and the air at fan exit condition (air_wet_100).

Buoyancy forces are considered as well as turbulence effects
which are modelled following a modification of the standard k-
epsilon model to include buoyancy effects.

Computational Domain

The layout of the plant is reconstructed quite in detail, simplifying
the details but considering all main buildings as well as the local
orography as depicted in Figure 14. Such sketch of the plant is
inserted into a bigger box of Tkmxlkmx600m (height) that
represents the full computational domain. At the north and west
boundaries, the above-described velocity profile (Equation 1) is
specified while on the south and east one (and at the top) pressure

ure 12 - Wind Rose Summer 2019 (Left). Unfiltered (Right). Filtered for 1S @PPlied.

80F<T<90F

Geographical north

Plant/Domain
north

Prevailing wind
direction

Figure 13 - Plant Reference System

In terms of wind speed, the statistical distribution of registered
events corresponding to the selected range of temperature
shows that wind velocity at site ranges between 0 and 30 mph.
As per standardized practice, the 10th (6 mph) and 90th (24
mph) centile value were chosen to represent respectively typical
low and high wind conditions.

Such reference values (Vref) are used to define a power law

profile function of the distance from ground (y) following
Equation 1.

1
E

4

1 I:-'l'_:l':' = L’raf =

ref
Equation 1

The power law exponent was set to 0.2 as suggested by [2] for
stable BL over rough surfaces, and Href was set to 10m as per
standard meteorological stations.

Numerics
All simulations discussed in this paper are completed with Ansys
Fluent v195.

The numerical modelling follows our long-established practice
which is based on steady-state and ideal mixture assumption.
The local air conditions are estimated based on the local mixing
concentrations of two gaseous species (condensation is
neglected) representing respectively the ambient air

Figure 14 - CFD Plant Layout

A closer look at the CT in Figure 15 is needed to better understand
the computational methodology. The fill and drift eliminator are
not modelled directly into the model but treated through
boundary conditions. The inlet of the tower (surface in blue) and
the fan surface (red surface) represents respectively an outlet and
an inlet boundary for the computational domain. In practice the
flow exits the domain at the fill (574 kg/s of air at ambient
conditions) and reenter with increased mass (588 kg/s of air in wet
conditions) and enthalpy at the fan. The assigned conditions on
the two surfaces are evaluated at design point and are
summarized in Table 1.

Fan bell

Fan Inlet tower

(fill and drift eliminator
not modelled directly)

Windwall

Partition wall

Figure 15 - CT Geometry Details

The principal intakes and exhausts of the other machinery
installed at the plant are also considered in the model. Since it is
quite relevant for the understanding of the interference study, it is
worth mentioning the position of the GT air intakes and the way
they are modelled. As depicted in Figure 16, the intake of each GT
is split in two sections one normal to the machine axis and the
other one also vertical but othogonal to first one. The flow is split
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equally between the two parts as the pressure drop due to
louvers, filters and inlet treatment device are believed to be the
driving factor rather than the external aerodynamics.

bient CT exit
ir_wet_ambient air_wet_100

Dry bulb temperature "C 29 44 37.40)
Relative humidity o 70 100
solute humidity g wikg da 18.41 42 62
ensity ka/m* 1.140 1.006
nthalpy kJfkg da 76.47 146.88
et bulb temperature C 24 97 37.40

Table 1 - Air Species Properties

Flue gas exhaust
Mass flow rate = 500.53 kg/s
(for each GT)
Temperature = 366.48 K

Air intake
—— Mass flow rate = 488.95 kg/s
(for each GT)

Flow is equally split between
M and E facing intakes
244 5 kg/s for each intake

Figure 16 - GT Intakes and Exhausts

INTERFERENCE OF GAS TURBINE INLETS
Study of existing configuration (no screens)

The first step of the analysis is to quantify and analyze the
interference phenomenon in the existing configuration without
the installation of any wind screen. Interference is defined as the
mass weighted concentration (in mass) of warm wet air
(air_wet_100) on GT intakes.

Figure 17 demonstrates that, in agreement with field experience,
the interference level is quite high (nearly 10%) both at high and
low wind speed. Paradoxically the value is slightly higher at low

speed than at high speed.

LOo

Interference [5%)

Q 6 12 18 24 30
Wind spead [mph]

i | (1]

Figure 17 - Average Interference

As depicted in Figure 18, the distribution of interference among
the four GT intakes is not homogeneous. In summary, GT2 is
penalized respect to GT1 disregarding the wind speed but the
difference in interference is much larger (18%) at low wind speed
than at high wind speed (6%). The differences between the two
intakes of the same turbine are not large with those surfaces
facing North only slightly preferred.

LOO

Interference [%:]

1M 1L 2N 21
GT Air Intake [-]

—a— [ mph —e—24mph

Figure 18 - Interference with GT Intakes

Such different behavior can be explained by the role of the Steam
Turbine building in screening the GT intakes deviating the plume
of wet air issued by the cooling tower. The iso-surfaces of mass
concentration of wet air are a powerful mean to visualize the
plume development. Two different levels (40% for the inner core
and 15% for the external) of such variable are presented in Figure
19. It is shown that at low wind conditions the plume can
overcome the steam turbine building and access the GT intakes
from top; at high wind the plume is deflected by the wind and is
forced to turn around the steam turbine building accessing the GT
intakes only from the East side.

Wind direction

Figure 19 - Iso Surface of Air_Wet_100 Mass Fraction - 15% Blue, 40%
Red

Windscreen Layouts

The analysis of the windscreen effectiveness in reducing
interference was started with some simple concepts as an East
side (LO2) or a top (LO3) mounted screens as depicted in Figure 20.
Both solutions implement porous screens with 75% solidity. As the
analysis of LOO may have suggested, the two windscreen concepts
work quite well each for a single wind condition only. At 24 mph
wind LO2 shows the highest benefits while LO3 is worse than LOO
as it traps hot air in the proximity of the GT intakes due to the
blockage against vertical velocity. At 6 mph, LO3 is much better,
halving the interference levels predicted for LOO, but LO2 is
showing similar interference than LOO, see Figure 21.
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Figure 20 - Initial Windscreen Concepts for Interference Mitigation - LO2,

LO3 . . .
= Figure 22 - Roof Installation Windscreen Concepts for Interference
Mitigation - LO7, LO9
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Figure 21 - Average Interference - LOO, LO2, LO3

Figure 23 - Interference Distribution @6 MPH - LOO, LO2, LO3, LO7, LO9

For this reason, alternative concepts to be installed on the roof
were tested. Among the many tested it is worth mentioning the
wedge-shaped screen (LO7) and the extended wind deflector
covering the entire roof (LO9) depicted in Figure 22. Both screens 18
were 15m tall chosen as the maximum allowable height for
implementing roof screens without bothering with excessive
structural reinforcements.

& mph

Looking at the 6-mph wind speed case in Figure 23 and Figure

24, it can be noticed that GT1 is not registering observable : _ . . — o
interference with any of the tested solution. Concerning GT2, the 10 w2 0 o 18
roof screen (LO9) can drive the plume upwards so that Windscremns conguration H

interference is almost cancelled. The wedge shaped vice-versa is CEEE

offering good protection but not comparable with LO9 and even

lower than the already described LO3. Figure 24 - Average Interference per GT @6 MPH - LOO, LO2, LO3, LO7, LO9

At high wind speed, see Figure 25 and Figure 26, none of the new
layouts can overcome the performance of LO2 but LO9 shows
similar effectiveness. Using LO9 the overall interference is
reduced to 5% for GT2 and 2% for GT1.
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Figure 25 - Interference Distribution @24 MPH - LOO, LO2, L0O3, LO7, LO9
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ar o Figure 27 - Iso Surface of 10% Air_Wet_100 Mass Fraction @24 MPH -
i LOO, LO2, LO9
Figure 26 - Average Interference per GT @24 MPH - LOO, LO2, LO3, LO7,
LO9
24 mph
Such integral results are coming from a substantially different ::
plume development predicted with the implementation of the = o
screens. As depicted in Figure 27, LO2 affects only locally the ]
plume development blocking the ingress of plume in the E )
proximity of GT2 intake. LO9 instead substantially modify the B .

plume structure pushing it significantly towards the East side. ’ : ;:_f_'/—_‘ﬁr\:“" ——-.:_.,_____ 9
The two screen layouts thus work quite differently and with ‘ 8
independent approaches. It was hence natural to verify the o

effectiveness in coupling such concepts. Also, a shorter version of :

LO9 (LO9b) with 10m height screen was tested to try minimizing
the impact of the installation in terms of costs and loads on the

GT Alr Intake [-]

——100 —e—L09 —e—[094+L02 —e—L09h+L02

structure.

At low wind speed the combined layouts confirmed the good Figure 28 - Interference Distribution @24 MPH - LOO, LO9, LO9+L02,
performance of LO9 achieving interference below 1% for all the LO9b+L02

layouts based on LO9 concept. At high wind speed, see Figure 28

and Figure 29, the performance is not as optimal as at low wind 24 mph

speed but the combined implementation of LO9 and LO2 is e
beneficial further reducing the interference on GT2 to less than !
3%. The shorter wind screen LO9b+L02 shows similar !
performance on GT2 but it increases the interference with GT1
above the levels registered for turbine 2. For this reason, LO9 +
LO2 was considered as the most performing layout in terms of

interference mitigation. j H Hﬂ I_I ’_‘ ﬂ |_|

o:o:

Interference [%

Figure 29 - Average Interference per GT @24 MPH - LOO, L0O9, LO9+L02,
LO9b+L02
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RECIRCULATION OF COOLING TOWER
Study of existing configuration (no screens)

Like for the study of interference, also recirculation must first be
characterized and understood in the existing configuration
without windscreen (LOO) before thinking about solutions to
mitigate the problem. Recirculation is estimated as the
concentration (in mass) of warm wet air (air_wet_100) on CT
intakes. Provided averaged values are calculated with a mass-
flow average operator.

Figure 30 depicts the contours of concentration (in mass) of wet
air issued by the CT onto the CT inlet surface. It is possible to
note that the upstream side presents no recirculation (i.e., fresh
air enters the CT from the North side) and that average
recirculation increases from low to high wind. As the wind blows
slightly towards East, a trend of increasing recirculation is
registered from West to East.

Arweth00 Mass Fractor

6 mph

PEDLBD PP DS P

Airwat 400 Mass Frasclior

24 mph

Figure 30 - Recirculation into CT Inlet - LOO

Windscreen Layouts

The first windscreen solution analyzed to reduce the
recirculation downstream is a vertical screen (10 m tall) place all
along the CT perimeter surrounding the fans on top of the CT
roof. This layout was tested with two variants: a solid screen (LO1)
and a porous fabric (LO6) with 75% solidity. Looking at Figure 31,
it is possible to notice that the top mounted screens are mostly
beneficial on central cells. While East side corner cell shows an
improvement like those of the central cells, West side corner cell
shows a significant augmentation of recirculation. Porous
material is able to substantially reduce such detrimental effect
also increasing the benefits on the other cells.

bw Ml NLI : - solid
= h 1 porous

R R Y ST

o' e e o o et e’ ol e ol o

Airwet100.Mass Fraction

Figure 31 - Recirculation into CT Inlet @24 MPH - LOO, LO1, LO6

On average, computed recirculation is around 11% without the
wind screens. That can be reduced to 8% with LO6.

An alternative solution (L10) consisting of a horizontal screen
acting as an extended roof on the downwind side was tested to
verify further improvements in recirculation abatement. Despite

some benefits can be clearly identified as the west side cells, see
Figure 33, the central cells actually show increased recirculation
level compared to no screens.

24 mph

LOO Lol LG

Windscreens configuration [-]

Figure 32 - Average Recirculation into CT Inlet @24 MPH - LOO, LO1, LO6

y.

DB DS P pp PP PP

e e o el e e el e o a

Airwet100. Mass Fracton

Figure 33 - Recirculation into CT Inlet @24 MPH - LOO, LOG, L10, L10+L06

Overall, the effect is beneficial but not as much as for LO6.
Interestingly the two windscreen layouts can be combined and, as
their protection concept is rather independent, their achievements
substantially sum up to obtain a recirculation level at high wind
condition lower than 7%, see Figure 34.

24 mph

Recirculation [%)

0 L& L0 10 + LG

Windscreens configuration [-]

Figure 34 - Average Recirculation into CT Inlet @24 MPH - LOO, LOG6, L10,

L10+L0O6

FINAL VERIFICATION OF RESULTS

As previously hinted, the final step to complete the quest for an
optimal solution was to combine the two best candidates for the
investigations on recirculation and interference respectively. Since
the selected candidates for the two optimizations were already a
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combination of two different screening concepts, the resulting
layout is a composition of vertical screens on top of the CT,

& mph

horizontal roof on top of CT downstream inlet, a screen on top of
the Steam turbine building and an East facing screen in the e
proximity of the GT2 air intake. Such installation, sketched in _
Figure 35, will be referred to as optimal in the following
paragraphs. -
Windhcreers configeration

24 mph

wfindsereens configuration

Figure 37 - Mean Recirculation for Optimal Solution -
Figure 35 - Final Verification of Optimal Layout - L10+L06, LO9+L02 L10+LO6+L09+L02

The optimal layout was tested both at low and high wind speed. & mph

s

Recirculation at low wind speed is low even without
windscreens and remains low with similar pattern of non-zero
recirculation in the central cells, see Figure 36. At high wind
speed, the benefits verified with L10 + LO6 only are confirmed
and actually small positive feedback of the GT screens on
recirculation was registered. The average values shown in Figure
37 well summarize quantitatively such scenario with optimal
solution obtaining less than 6% recirculation at high wind and 0
3% at low wind.

Pt

Interference [%]

N 2E 1N 1E
GT Alr Intake [-)

6 mph

e ) =05 L0 el L0+ LOG o+ LOD o LOE

LOO

Figure 38 - Interference Distribution for Optimal Solution -

I ISR g 24 mph

B

Airwet 100 Mass. Fraction

24 mph

™l L0O £ 5
m L10+L08 2 .—M
o - 0
M 2 1M 1E
2 Wl - i . L10 + LO6 + LO9 + LO2 GT Air Intake [-]
Figure 36 - Recirculation Contour for Optimal Solution - L10+L06, —— 100 —e—Ll09#102 —e—L10+L06+L09+L02
LO9+L02

Figure 39 - Interference Distribution for Optimal Solution -
The influence of CT screen on interference is higher than that of L10+LO6+L09+L02

the GT screens onto the CT recirculation. In particular, the CT
screens worsen the interference at low wind speed but enhance

it at high wind speed, see Figure 39. Nevertheless, the optimal THERMAL AND ECONOMIC ANALYSIS

solution shows convincing performance against the unscreened

case both at high and low wind with significant interference Based on the results of the CFD modeling, the combination of the
reduction especially on GT 2 where the average value decrease L2 and L9 screen configurations were selected for further analysis.
from 18% to 4% at low wind speed and from 12% to 2.5% at high The L10 + LOG6 solutions were not considered for the economic
wind speed. analysis, because of the known plant budget restraints, the
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relatively low incremental performance impact, and the
relatively high capital cost of the cooling tower structural
modifications that would have been required. The main
economic effect of the windscreens is expected to be the
lessening of interference of the plume with the air inlet
evaporative coolers.

Evaporative coolers typically operate whenever the combustion
turbine is at full load and ambient temperatures are above 60
degrees Fahrenheit. Evaporative coolers work by evaporating
water and cooling the inlet air, making it denser. More dense air
passing through the combustion turbine allows it to do more
work, and thus power output can be increased. Cooling tower
plume interference starts the air out at a higher humidity,
allowing less evaporation, and therefore less of an effect.

Thermo-flow modeling software was used to determine the
conditions of the cooling tower plume under full load operating

conditions and various environmental conditions.

The results are shown in the table below:

Ambient Dry Bulb [°F) 50 60 70 80 90
Cooling Tower Plume Temp (°F) 30.9 51.5 35.5 39.8 104.3
Ambient Air Absolute Humidity (g/kg) 4.574 6.602 5.401 13.204 [18.34
Cooling Tower Plume Absolute Humidity (g/kg) 32.122 32.761 | 37.338 |42.889 [49.566

Turbine Air Inlet
Relative Humidity
(%)

Table 2 - Air Species Properties

For each set of environmental conditions, Combustion turbine
air inlet humidity conditions were predicted using a mass
balance and air inlet temperature conditions were predicted
using an enthalpy balance.

Due to limitations in the thermo-flow model, separate ambient
conditions cannot be input for each of the turbine air inlet faces.
For this reason, the interferences predicted in the CFD model
were averaged across the faces and the average values were
used. The following charts show the modeled combustion
turbine inlet conditions under various ambient conditions, with
no interference, with interference occurring but no wind screens
(LO), and with interference occurring but with wind screens
(L2+L9). Each of the interference conditions were repeated with
the low and high wind cases. Low wind and high wind cases
overlapped, so only one is shown.

Each of the scenarios was modeled separately in thermo-flow to

help understand the impact on the electrical efficiency, net
plant capacity, and heat rate.
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Figure 40 - Calculated Turbine Air Inlet Relative Humidity
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Figure 41 - Calculated Turbine Air Inlet Temperature
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Figure 42 - Calculated Net Electrical Efficiency
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Figure 43 - Calculated Net Capacity
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Figure 44 - Calculated Turbine Net Electrical Efficiency,
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The following table summarizes the above graphs in a tabular ¢ In the design/layout of new Power Plants, the locations year-

format: round wind profile and Cooling Tower exhaust/plume should
Ambient Temperature (°F) | 60 | 70 | 80 | 920 be. studied. . L. .
Net Capacity e Wind screens were effective in mitigating plume interference.
KW @ 0 Intarference 576267 | 563522 | 549262 | 532160 e CFD Modeling allows the study of many different scenarios at a
KW Low Wind LO 569287 | 556557 | 543021 | 528739 low cost. _ o
KW Low Wind L2519 575737 | 562936 | 523690 | 533734 e Plume Management must be st.udled from the beginning.
KW High Wind LO 563486 | 556812 | 543310 | 528902 * Paybacks are defined and certain.
kw High Wind L2+L9 573589 | 560913 | 546989 | 532248
REFERENCES
Heat Rate

HR @ O Interference (BTU/kWH) 6271 6281 6303 6340

- ¢ https://www.wunderground.com/
HR Low Wind LO 6277 6292 6318 6357 M . .. .

- ¢ Irwin, “A theoretical variation of the wind profile power-law exponent as
HR Low Wind L2+19 5271 5282 5305 5341 a function of surface roughness and stability” Atmospheric Environment,
HR High Wind LO 6277 65292 65318 6357 Volume 13, Issue 1,1979, pp 191-194
HR High Wind L2+LS 6273 6285 6308 6346 e B.E.Launder and D. B. Spalding. Lectures in Mathematical Models of

Electrical Efficiency Turbulence. Academic Press, London, England. 1972.

Met Efficiency @ 0 Interference (%) 54.41 54.33 54.14 53.82
Eff. Low Wind LO 54.36 54.23 54.01 53.67
Eff. Low Wind L2+L.9 54.41 54.32 54.12 53.81
Eff. High Wind LO 54.36 54.24 54.01 53.68
Eff. High Wind L2+L9 54.4 54.29 54.09 53.77

Table 3 - Air Species Properties

Economic Analysis:

For the purpose of economic analysis, an hour-by-hour back-cast
model was created, using actual historical weather and plant
operating data from 2019. Based on the thermodynamic model
results, polynomial regression was used to create a formula for
determining the predicted plant output and heat rate for each
hour, both with and without wind screens. For the purpose of
the model, the wind screens were only assumed to be effective
for a given hour if evaporative coolers were operating, and the
unit was at full load, and wind was blowing from an unfavorable
direction.

The back cast model predicts that, if the wind screens had been
installed in 2019, the following results may have been achieved:
e The plant was online for 6435 hours during 2019 (73.5%
service factor)
¢ The plant was operating at full load for 2786 hours during
2019, or about 32% of the time
¢ Wind was blowing from an unfavorable direction 3574 hours,
or about 41% of the time
¢ Wind screens would have had an economic impact during
1782 hours of 2019.
¢ An additional 4,243 MWh of energy may have been generated
during 2019.
¢ Compared to the annual average, energy margins were on
average 107% higher during the hours when wind screens
were effective.
¢ Simple Payback Period on the project is expected to range
between 4-6 years depending on actual weather conditions
and actual energy margins achieved.

CONCLUSION
Power plant generation can be significantly impacted by not
only cooling tower recirculation but also ingestion of the
exhaust/plume by the turbine air inlets. As a result of this study,
we would conclude:
¢ The path of the cooling tower exhaust throughout the year,
should be studied for the impact on other equipment and
structures.
¢ Inlooking at plant performance upgrades, the impact of the
cooling tower exhaust should be studied, and mitigation
strategies evaluated.
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