Chapter Two { TC "Chapter Two "\l 1}
Detailed System Description

2.1 Power Plant{ TC " 2.1 Power Plant" \| 2}

2.1.1 The Steam Power Plant and the Clausius - Rankine Cycle{ TC "2.1.1 The Steam

Power Plant and the Clausius - Rankine Cycle' \l 3}

The Columbia Generating Station of the Wisconan Power & Light Company is a
conventiona cod fired steam cycle power plant. Such a plant works on the basis of a Clausius -
Rankine seam cycle. The basic principles of this thermodynamic cycle are shown in figure 2.1,

intheir smplegt form.
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Figure 2.1 Smple seam cycle{ TC "Figure 2.1 Smple seam cycle' \I 5}
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Liquid water is brought to a high pressure by a feedwater pump. The pressurized water
enters the boiler, where the water boils completely and leaves in a superheated state. The heeat
source for the boiler is combustion of fud in this case. The steam is led to a turbine, where it
expands and work is extracted from the turbine. After the turbine, the seamisat alow pressure
and temperature, close to a saturated state. Steam qudity should be less than one &fter the
turbine. The steam is led to a sseam condenser, where the sseam condenses completely. The
condenser is a heat exchanger, which rgects the waste heet to the environment by means of a
coolant, water in this case. The condensate is then led back to the feedwater pump. Thisis a
very smple description of the processes in a modern seam power plant as it neglects
completely al sorts of refinements intended to improve the overdl efficiency (see 2.1.2 to
2.1.3).

To explain the importance of the condenser cooling water temperature, which determines
the temperature at which the waste hedt is rgected to the environment, the overdl efficiency
limit of a heat engine can be cdculated, assuming a fully reversble cycle, by evduaing the
Carnot efficiency:

he =& 2¢O (Eq. 2.1)

This equation shows, that a lower condenser cooling water temperature leads to a higher
possible efficiency, as it means a lower temperature a which heat is rgected. The hot
temperature, basicaly the temperaure in the bailer, is limited mainly by the capabilities of the
materids that are used, for example for the high pressure pipes. Again, this is a very smple
gpproach to determine the overdl plant efficiency and amore detailed andysis of the effects of a

high condenser cooling water temperature is given in the following chapters,
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2.1.2 Steam Generation{ TC "2.1.2 Steam Generation" \| 31}

The Columbia Generating Station congsts of two identica units, each rated at 525 MW
eectrica output. The fud for the furnace, which provides the energy to the bailer, is cod with a
low sulfur content, in order to meet environmentd regulaions. Before the cod is burned it is

pulverized and then fed into the furnace by using preheeted air.
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Figure 2.2 Main ar streams of combustion process{ TC "Figure 2.2 Main air sreams of

combustion process' \| 51

Figure 2.2 shows the different air streams and how they are led. Only one hdf of the air
gream per unit is shown in the figure as every unit has two devices. The ar that flows to the
pulverizers is taken from the environment by two fans per unit that blow the air to the air

prehesters from where it flows to the pulverizers and transports the cod into the furnace. Two
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separate fans provide the main ar stream for the combustion. The main combustion air stream
and the air that goes to the pulverizers is preheated in two air preheaters per unit, where the hot
combustion gases from the furnace are used to heet the intake air. Two additiond air preheaters
per unit use extracted steam from the intermediate pressure turbine to preheat only the man
combustion air before it reaches the air preheaters that are supplied by combustion gases. The
combustion gases are induced from the furnace by two induced draft fans thet are located after
the preheaters, while the primary fans mentioned above are forced draft fans. The exhaust gases
of the furnace are treated in an eectrodtaic precipitator, which cleans the exhaust of small
particles.

Each unit has a boiler which produces, a desgn conditions, steam at 1000L1F, 2415 psa
and amass flow rate of 3,585,000 Ib/hr. The boiler also provides heat for a reheater that heets
the exhaust steam of the high pressure turbine from about 600C1F back up to 10000JF, at a
meass flow rate of 3,200,000 Ib/hr and a pressure of 583 psa The difference in seam flow
between main steam and reheating flow represents that used to supply the last feedwater
preheater. Figure 2.3 shows the different stages of feedwater heating (see dso figure 2.4, which

shows where the steam is extracted).
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Figure 2.3 Feed Water Preheating{ TC "Figure 2.3 Feed Water Preheating’ \| 51}

The boiler feedwater is prehesated in five low pressure (denoted A to E) and two high
pressure (denoted F and G) feedwater heaters, where the high pressure preheaters are located
behind the main feedwater pumps. The fifth prehester, named preheater E in the figure is
designed as a degerator. In contrast to the other preheaters, where the extracted steam and the
feedwater are separated, the deaerator is constructed as an open shell.

The main function of the deserator is to remove noncondensable gases from the water in
the main steam cycle. The deserator dso functions as a storage tank and receives the drain
water that comes from the ar preheaters. The drain from each preheater, which is the
condensed extraction steam, is led to the preceding preheater. The collected drain from
preheaters A to D is pumped back into the main feedwater line by a drain pump. Two main
feedwater pumps per unit, which bring the feedwater to gpproximately 2900 psg after the
deaerator and before it enters the next preheating stages, are driven by steam turbines, the

gteam for which is extracted from the main turbines, too (see 2.1.3).
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2.1.3Steam Turbine{ TC "2.1.3 Steam Turbine"' \| 3}

The Columbia Generating Station utilizes two steam turbine sats, one for each unit,
manufactured by the Generd Electric Company. The turbines are of tandem compound four
flow type, which means, that each set congsts of a high pressure, an intermediate pressure and
two double flow low pressure turbines.

Figure 2.4 shows a schematic of the steam turbines. Superheated steam from the boiler
expands in the high pressure turbine. The exhaust of the high pressure turbine flows to the
reheater, where the seam is superheated again. The reheated steam then enters the intermediate
pressure turbine, the exhaust from which is divided into two flows. Each exhaust steam flow
from the intermediate pressure turbine enters a low pressure turbine. In the low pressure
turbines the exhaust steam leaves the turbine at two different locations (see figure 2.4). The
exhaust steam is divided because a the low exhaust pressure the seam has a high specific
volume. Therefore a large opening is required to keep the velocity of the exiting steam low.
Another important reason for dividing the seam flow in the low pressure turbine is to diminate
axid thrugt, as a high pressure drop occurs across the low pressure turbine stages. There is a
total of four exhaust steam flows per unit, which defines the turbine set type that is specified as

‘tandem compound four flow'.
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Figure 2.4 Steam Turbine Set and Steam Extraction Positions{ TC "Figure 2.4 Steam

Turbine Set and Steam Extraction Postions' \| 51}

Steam is extracted for seven stages of feedwater heeting from different locations in the
turbine, corresponding to the temperatures of the respective feedwater heaters. Figure 2.4
shows the locations of steam extraction, corresponding to the nomenclature in figure 2.3. At
point E there is, asde from the steam for preheater E, steam extracted to drive the man
feedwater pumps and to supply the air preheaters.

The ovedl turbine design conditions are summarized in Table 2.1. The turbines are
designed for a speed of 3600 rpm (revolutions per minute), which corresponds to a grid
frequency of 60 Hz. The design steam properties entering the high pressure turbine are a
pressure of 2415 psia at a temperature of 1000 [IF. The steam temperature after rehesting is
1000 [OF. An eectric generator is driven directly by each turbine set. Each st is rated at
560 MW power output.
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Manufacturer Generd Electric Co.
Type Tandem four flow
Speed 3600 rpm

Initial steam pressure 2415 psa

Initid steam temperature 100000F

Steam temperature after rehedting 100000F

Design back pressure 1.0"Hg

Back pressure limit 6.0" Hg

Capacity at vaves wide open 560 MW

Table 2.1 Summary of turbine design conditions{ TC "Table 2.1 Summary of turbine design

conditions' \| 4}

Back pressure is a main parameter that influences the turbine power output and efficiency.
Back pressure defines the exhaust pressure of the steam when it leaves the low pressure turbine,
which is dso the pressure in the condenser shell, neglecting the pressure loss between turbine
outlet and condenser. In generd, a higher back pressure leads to a lower efficiency and lower
output, if the inlet conditions remain the same (see 4.5).

Thereisdso amechanica warranty limit, specified by the manufacturer, thet limits the back
pressure at which a specific turbine can be safdly operated. This mechanicd limit is given asthe
turbine blades are only designed for a certain maximum density of the working fluid, steam in
this case. When the back pressure limit is reached, the steam flow rate and therefore the load
has to be reduced, to keep the back pressure below its limit. The mechanica limit of the turbine
was raised in an overhaul to six inches of mercury, from the origind limit of four inches. This
dlows the turbine to run at a higher seam flow rate and therefore higher load during summer
months, when the back pressure rises due to higher cooling water temperatures. The back
pressure can be used to determine the heet rate and output of the turbine, using a specific
procedure outlined in 4.5.
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c3.2.1.4 Condenser

Each unit has a surface steam condenser conssting of two shdlls. In addition to the exhaust
of the low pressure turbines the condenser receives the exhaust of the feedwater pump drives
plus some smaler amounts from other flows or emergency lines. Three condensate pumps per
unit pump the condensed water to the steam packing exhaugter from where it flows to the first
preheaters. Figure 2.5 illudtrates in principle, how the condenser works. The exhaust steam
enters at the top of the shell and flows perpendicular to the cooling water pipes. The condensed
geam is collected at the bottom of the shdl, from where it flows to the condensate pumps.
Dependent on the cooling water inlet temperature and on the amount of steam to be condensed,

a certain back pressure is devel oped in the condenser shell.

Exhaust steam from | ow pressure turbine
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Figure 2.5 Schematic of main seam condenser{ TC "Fiqure 2.5 Schematic of main seam

condenser" \[ 5}
Circulating pump
Manufacturer Ingersol Rand
Type Vertical Mixed FHow
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Sze 50 APMA-1
Flow rate 92,500 gpm
Speed 440 rpm
Head 33.51t

Pump motor

Manufacturer LouisAllis
Rated Power 1250 hp
Speed 445 rpm

Table 2.2 Summary of circulating water pump design data{ TC "Table 2.2 Summary of

airculating water pump design data' \l 4 }

Condenser circulating water pump data is summarized in table 2.2. Two circulating water
pumps for each unit, rated at a water flow of 92,500 gpm @dlons per minute), supply the
cooling water to the two condenser shells. The pumps are driven by dectric motors. The pump
power for driving the main cooling water pumps is not included in the heat rate cdculaion
discussed in section 2.1.5.

The amount of cooling water flow that goes to the condensers can be varied by using one
or two pumps, thereby providing gpproximately 100% or 50% of the design flow rate. The
reason to switch to one pump operation may be alow unit load and therefore low hegat load on
the condenser.

The back pressure is mainly fixed by the heat load on the condenser, the cooling water inlet
temperature, and the amount of cooling water flow. This relation is discussed in more detall in
section 4.5. Also the deanliness of the pipes within the condenser has an influence on the
performance, as the cleanliness influences the heat transfer coefficient.

The design data of the main sleam condensers are given in table 2.3. Each condenser has a
total surface area of 250,000 ft2 with a total of roughly 13,300 tubes of a diameter of 1". The
design mass flow rate of steam to be condensed is 2,432,000 Ib/hr, which is congderably lower

than the steam flow rate provided from the steam generator. This is due to the many extraction
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geam flow rates in the cycle. At a water inlet temperature of 68C1F the condenser should
develop a back pressure of 3.047 "Hg. The design cleanliness factor of the tubes is dready at
90% as the assumption is made, that the tubes will be covered by a layer of oxide as soon as
the condenser is used the first time. A hest transfer rate of 970 Btu/lb, with respect to the mass
flow rate of steam to be condensed, accounts for a certain qudity of the exhaust steam, which is
usudly on the order of 90 % or below. The latent heat of vaporization for water at 1.5 p3ais
1028 Btw/lb, which would be the hegt transfer rate for an exhaust seam qudity of 100 %.

Manufacturer Westinghouse

Type Radid flow, two pass, twin shell condenser

Surface area 250,000 ft2

Number of tubes:

Admirdty metd, 1", 18BWG 12,470

Stainless sted, 1", 20BWG 868

Steam condensed 2,432,000 Ib/hr

Water inlet temperature 68L1F

Absolute pressure 3.047"Hg=15psa

Condensate temperature 115.64 (OF

Design criteria

% clean tubes 90%

Hest transfer rate 970 BTU/Ib, referred to flow rate of steam
condensed

Circulating water flow 185,000 gpm

Friction loss 18.04 ft of water at awater velocity of
6.96 ft/s

Water discharge temperature 85 OF (unit 1), 95 OJF (unit 2)

Table 2.3 Summary of condenser design dataf TC "Table 2.3 Summary of condenser

desgndatd' \l 4}

2.1.5 Heat Rate Calculation{ TC "2.1.5 Heat Rate Calculation" \I 3}
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The hedt rate (HR) of the plant is defined asthe ratio of the totd amount of energy supplied
to the system to the useful output of the system. Units of plant heat rate are BtwkWh, as the
supplied energy in the bailer is measured in British-thermd- units (Btu), and the electricad output
inkilo-Watt-hours (kWh). The heat rate can dso be expressed in terms of an efficiency, where
a heat rate of 3412 corresponds to an efficiency of unity (3412 Btu = 1 kWh). There are
severd definitions of heet rate which are defined as follows [1]:

rate of heat added to steam generator, Btu / h

Net station HR = , Equ. 2.2
net sation power, KW (Equ 3
NHR:&
Pret
, ate of heat added to st ator, Btu/h
Gross gation HR=r €9 O STeam generator, S (Equ. 2.2 b)
gross generator power, kW
GHR =
Py
f h Btu/h
Net turbine HR= rate of heat aglded to cyde, Btu/ (Equ. 2.2
net station power, kW
NTHR = 2¢
Pret
. ate of heat added to cyde, Btu / h
Gross turbine HR:r €0 o oyde, = (Equ. 2.2 d)

gross generator power, kW

GTHR = (Efyc

g
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The rate at which hesat is added to the steam generator can be computed by evauating the
totd amount of fue that is burned. By usng the heating vaue of the fud the mass flow of fue
can be converted into an equivaent rate of heat added to the steam generator.

The rate of heat added to the cycle can be determined by the amount of energy that is
transfered in the boiler to the main seam flow and reheet flow. Thisis the only energy input into
the system. Net station power is the power that leaves the plant, or that can be sold in this case.
The gross generator power is the power that the generator produces. The difference in net
dation power and gross generator power is the auxiliary power thet is needed to drive auxiliary
components such as condenser cooling water pumps, forced and induced-draft air fans, drain
pumps, cooling tower pumps and fans, fue supply and handling devices, to name the most
ggnificant. The main feedwater pumps are driven by extracted steam, origindly coming from the
same bailer, so that the feedwater pump drive is not an auxiliary power consumption. Typica
net dation heat rate vaues of the Columbia Generating Station are in the range of

10200 BtwkWh, which corresponds to an efficiency of gpproximately 33.5 %.

2.2 Condenser Circulating Water Cooling{ TC " 2.2 Condenser
Circulating Water Cooling" \l 2}

2.2.1 Cooling Pond{ TC "2.2.1 Cooling Pond" \| 3}

The cooling pond was designed originaly as the primary heet sink of the power plant. The
hot circulating weater is discharged into the cooling pond after it comes from the cooling
equipment ingde the power plant. The water then flows around the pond from plant discharge
to intake. The circulation time depends on the amount of tota cooling water flow and on the

amount of water which is taken from the plant discharge to the cooling towers (see 2.4).
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Circulation time defines the time the water needs to flow from discharge to intake. During the
circulation time, the water cools down and is then pumped back into the power plant.

Asdde from the condenser cooling water flow, an additiond flow of hot water is discharged
into the pond. This is the so caled low head circuit water, which is supplied by up to four
pumps. Low head refersin this case to the water pressure in the circuit that isin the range of 70
to 90 psa By employing different numbers of pumps, the flow rate can be varied. The average
flow rate for one pump is about 16,000 gpm, depending on the discharge pressure. This water
is used for auxiliary cooling, such as ail cooling or Hydrogen cooling for the generators. The hot
water is discharged at the same location as the hot condenser cooling water and the cold water
is taken out of the pond a the same place. The range of temperature rise in the low head circuit
is usudly about SCIF lower than in the main circuit.

Losses from evaporation in both cooling pond and towers are compensated for by a
make-up water flow that is taken from the Wisconsn River. The magnitude of the losses
depends mainly on weather conditions. Four make-up pumps, each rated a 10,000 gpm, are
available to feed the needed amount of make-up water into the pond.

During three pond surveys that were intended to measure the temperature distribution
within the pond, the depth of the pond was measured, too (see 3.2.2). Figure 2.6 shows the
depth of the pond following the flow path of the water. The depths shown are measured near
the middle of the flow path. Near the shore the pond gets shdlower. It can be seen that the
discharge and intake sections are among the degpest parts while the rest of the pond varies in
depth. An average depth of gpproximately 6.5 ft is determined by taking the shdlower shore
aress into account.

The physcd shape and orientation of the cooling pond is shown in figure 2.7. It can be
seen, that the flow channd is not of uniform width, especidly in the first hdf. The figure shows
an idand on the northeast side of the pond and a shdlow areain the same region that restrict the
flow path. A spillway limits the water level and the water overflows when the leve reaches a
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certain vaue. Before the make-up water mixes with the pond water it is pumped into a settling
basn where smal particles caried with the river water can snk to the ground. The overdl
surface area of the pond is gpproximately 490 acres, with alength of approximately 9500 ft and
an average width of about 1250 ft. The irregular shgpe of the pond is due to the way in which
the pond was constructed. The pond was not excavated but it was taken advantage of a natural

depression on the Ste of the pond. A levee was congtructed and the resulting basin then filled up

with water.
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Figure 2.6 Cooling pond depth distribution near middle of flow path{ TC "Fiqure 2.6

Cooling pond depth disribution near middle of flow path" \| 51}




Figure 2.7 Cooling pond shape{ TC "Figure 2.7 Cooling pond shape' \| 5}
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2.2.2 Cooling Towers{ TC "2.2.2 Cooling Towers' \| 3}

In addition to the cooling pond, two cooling towers manufactured by the Marley Company
are employed for heat rgection. The towers are denoted tower A and tower B, where tower A
is located on the east Sde of the plant intake section of the pond. The towers are of cross flow
induced draft type. Each tower conssts of seven separate tower cdls. Figure 2.8 shows the
crossection of atower cell and the sde view of a whole cooling tower. The fan is mounted on
top of the tower and ‘sucks the ar through the fill (see crossectiona view in figure 2.8).
Induced draft refers to this type of fan location while a forced draft fan would be located before
the ar enters the fill. The cooling towers are of crossflow type as the incoming ar flows
perpendicular to the down faling water. After the ambient air takes up heat and moisture the hot
and humid air is discharged at the top of the tower. The hot water is brought to the header pipes
by two equally szed risers on the front end of each tower cdl row (see Sdeview in figure 2.8).
The water flow is then didtributed to the severa cels through two header pipes, one on each
dde of the tower. To maintain an equd flow rate for each cdl, the flow can be regulated
individudly for each cdl by discharge vaves. However, it is difficult to maintain an equd flow
digtribution with the same vave podition if the totd water flow rate is changed in order to control
the tower operation. From the top of the tower, the water fdls through diffusers into the tower
fill. The fill congsts of splash bars. The function of the splash bars is to increase the overdl
contact surface between water and air by distributing the water into smal droplets. The origind
fill conasted of ashestos cement splashbars. In a recent tower upgrade the asbestos fill was
replaced by coated sheet metd bars. Thefill of tower A was replaced completely while only the
fill of four cdls of tower B was replaced.

The cold water is collected in the tower sump. From the sump the water flows back to the
plant intake section of the pond. There is no direct inflow of make-up water into the sump that

would compensate for losses, as the make-up is added directly to the pond.
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Figure 2.8 Cooling tower{ TC "Hoagure 2.8 Cooling tower" \| 5}
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Thefans are driven by eectric motors located on top of the tower outside the shell and the

torque istransferred by a shaft and gear to the fan. Table 2.4 summarizes the fan and fan motor
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information. Originaly the fans were condructed with eight blades but in an upgrade the
number was increased to nine. The intention was to increase the air flow while not increasing the
fan motor power. Unfortunately, there is no actud measurement of the ar flow rate with the
‘old” fans, but in the process of a cooling tower performance test the actua value after the
upgrade could be determined (see 3.2.3).

Motor nameplate information for the fan drives is given in table 2.4. The motors are rated
a a speed of 137 rpm and a power requirement of 178 kW . The red power requirement
differs dightly from the design vaue (see 3.2.3). The actua fan power was measured in the
performance tes, too. The fan drive power isamgor energy consumption and will be included

in the further andysis of the cooling cycle.

Fan

Number of blades 9

Fan Diameter 336"

Origind Design Airflow 1.3656-106 cfm
Fan Motor

Type Three phase
Voltage 460 V

Current 223 A

Speed 137 rpm

Rated Horsepower 178 KW

Table 2.4 Cooling Tower Fan Datal TC "Table 2.4 Cooling Tower Fan Data' \l 4}

The hot water that is cooled down in the towers is taken from the plant discharge ste into
the pond, so that the temperature of the hot water is equd to the plant discharge temperature.
The towers are supplied by two water pumps that can be run separately. By running one or two
pumps, the water flow can be controlled. However, the pumps discharge the water into the
same main pipe, that leads to the cooling towers. The flow is then dmost equaly digtributed to

each of the two towers. It is dso possible to run only one tower while shutting the flow to the
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second tower off. Table 25 summarizes the design cooling tower pump data. The pumps are
rated at 92,500 gpm each so that atotd flow of 185,000 gpm can be achieved, which accounts
for roughly hdf of the totd circulating water flow. Exact flow measurements are given in 3.2.3.
The rated power requirement to run the pumps is 1922 bhp (orake horse power) for each
pump. This power requirement is sgnificant and will dso be included in the further andyss. All

14 fan drives and two pump motors together account for a power requirement of about

6300 hp or 4.7 MW.

Manufacturer Foster Wheeler Corp.
Pump Type VA-I (F) K-48R.S.
Sze of Discharge 66"

Stages 1

Flow rate 92,500 gpm

Speed 352 rpm

Dynamic Heed 72 ft

Pump Efficiency 87.5%

Brake Horse Power 1922 bhp

Table 2.5 Summary of Cooling Tower Pump Design Datal TC "Table 2.5 Summary of

Cooling Tower Pump Design Datd' \l 4}

2.3 Configuration of Generating Unit and Cooling Cycle{ TC " 2.3
Configuration of Generating Unit and Cooling Cycle" \l 2}

The configuration of the whole cooling cycle and the two power plant units is shown in
figure 2.9. The hot water from the power plant is discharged into the cooling pond at the
discharge section. Unit 1 and unit 2 discharge the water a the same location. The hot water is
the discharge from both the low head and the main cooling cycle. The water then flows around
the pond to the plant intake section. Makeup water is added in the second half
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Figure 2.9 Cooling circuit and plant set up{ TC "Hgure 2.9 Cooling circuit and plant set up” \I 5
}
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Figure 2.10 Map of the power plant site] TC "Fgure 2.10 Map of the power plant site"
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of the pond. The water that flows to the cooling towers is taken from the pond discharge section
by two pumps that are located in a screen house right near the discharge of the plant. The
towers are placed on two different sdes of the intake channel, so that tower B is further away
from the pumps and a longer supply pipe is required. In the arrangement shown towers and
pond are in pardlel, which corresponds to the present configuration in the site. From the intake
channel the water is pumped back into the plant by the main condenser cooling pumps and low
head circuit pumps. There is a totd of four condenser and four low head pumps that are dl
located in the same screen house. Unit 1 is further away from the screen house and requires
therefore a longer supply pipe for both cooling cyces. Figure 2.10 shows a scaled map of the
plant ste. The Wisconsin River that supplies the make-up water is located on the west Sde of
the plant. A technicdly irrdlevant but interesting fact is the nomenclature of the cooling pond. On
the map shown in figure 2.10 the cooling pond is denoted Columbia Lake that is a publicly
accessble body of water. The Wisconsn Power & Light Company clams the pond as its
property, asit isindeed, and the company's nomenclature is cooling pond instead of lake.

2.4 Current Operation Mode of the Plant{ TC " 2.4 Current
Operation Mode of the Plant" \l 2}

24.1Unit Load{ TC "2.4.1 Unit Load" \I 3}

The Columbia Generating Station is a base load plant. That means it is used to supply the
base load that is needed through the whole day. The fact that the plant has low production costs
iS one main reason that the units are run a dmost maximum power a every time of the day.
One other reason is that the Columbia Station is a steam cycle power plant. Thistype of plant is
not able to react to changes in load quickly. For example, the system needs about one hour to
reach a Sationary dtate again after an increase in power of about 100 MW. A so-cdled cold
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dart, that means arting power production after a unit was completely shut off, takes severd
hours. Therefore the plant is only sddom taken off the grid and an amost congtant turbine

power output is maintained.

2.4.2 Operation Mode And Control of the Cooling Cycle{ TC "2.4.2 Operation M ode
And Control of the Cooling Cycle' \| 3}

Average water flow rates of the cooling cycle

Thetotal cooling water flow rate is fixed by the cooling needs of the plant corresponding to
the load and can not arbitrarily be changed. As mentioned in 2.4.1, the Columbia Generating
Station is a base load plant and therefore dmost dways operated close to the maximum power.
Thus the maximum cooling water flow rate for the condensers is needed, too, and al four
condenser circulating pumps are usudly operated, providing a tota cooling water flow of
370,000 gpm.

The times of operation of the low head circuit pumps are given in table 2.6. Operation data
only for summer months 1992 were avallable. The table shows the number of hours in which
two, three or four low head pumps were operated. A minimum of two pumps is aways
required, four pumps were never on a the same time. The column for two pump operation
shows the sum of hours for two pumps while the next columns only show the actua operation
time for the third and fourth pump, respectively. For further calculations an average number of

pumps was determined by dividing the sum of pump hours by the sum of hoursin the months.

n - r‘||h,sum :8724h'
e am 36720

=2.37»2.4 (Equ. 2.3)



Taken this average number of low head pumps, the total amount of cooling water flow that the
system has to handle is app. 408,000 gpm, assumed four main cooling water pumps are on and

each low head pump provides aflow rate of 16,000 gpm.

Year: 1992 |2 pumps 3 pumps 4 pumps Sum of pump | Hoursin
hours month
May 1488 hr 190 hr 0 1678 hr 744 hr
June 1440 hr 461 hr 0 1901 hr 720 hr
July 1488 hr 191 hr 0 1679 hr 744 hr
August 1488 hr 151 hr 0 1639 hr 744 hr
September 1440 hr 387 hr 0 1827 hr 720 hr
Sum 7344 hr 1380 hr 0 8724 hr 3672 hr

Table 2.6 Low Head Pumps Operation Times{ TC "Table 2.6 Low Head Pumps Operation

Times'\1 4

Posshilities of controlling the performance of the cooling cycde components

The mogt effective way of controlling the performance of the cooling cyclein the current set
up is to change the operation mode of the cooling towers and cooling tower pumps. There are
severd options for operating the towers:

- no tower operation and only usage of the cooling pond

- Operating one cooling tower pump and both towers

operating two cooling tower pumps and both towers

- operaing only one cooling tower and one pump

In addition to these four possibilities the number of fans that are operated can be changed. The
fans can individudly be turned on or off. Thereis no way of adjusting the fan speed and thereby

changing the volumetric air flow rate through the towers. Thus, if afan is operated, it operates at
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its maximum power. The effect of ar flow rae on tower performance will be discussed in
chapter 4.

There are two effects of changing the number of tower pumps that are operated. On the
one hand, the water velocity in the pond is changed and on the other hand, the cooling capability
of the towersis influenced by different water flow rates. In generd alower flow rate through the
towers leads to a lower tower outlet temperature, if dl other parameters, such as arr flow rate
and ambient conditions, remain congtant. \When the towers are not operated at dl, the cooling
pond is the only source for heat rgection from the plant to the environment. In the case of no
tower operation, the whole amount of cooling water flows through the pond, thereby leading to
ahigh velocity in the pond and low circulation time.

When the cooling tower pumps are turned on, a portion of the total cooling water flow is
pumped to the cooling towers. In thisway the flow rate of water into the pond and therefore the
water velocity within the pond is changed. In the case of two tower pump operation the velocity
within the pond would be the lesst.

Table 2.7 shows gpproximate circulation times in the pond for different tower operation
modes. A total cooling water flow rate of 408,000 gpm is assumed and the design tower pump
flow rates are taken as a basis for the calculation. It can be seen that the tower flow rate has a
mgor impact on the circulaion time in the pond. The effect of circulaion time and tower flow

rate on cooling cycle behavior will be discussed in more detail in chapter 4.

Number of tower How rateto towers | FHow rateinto pond | Approximate circu-
pumps ltion time

No tower operation no flow 408,000 gpm 45 hr

One pump 92,500 gpm 315,500 gpm 59 hr

Two pumps 185,000 gpm 223,000 gpm 84 hr
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Table 2.7 Water flow ratesin cooling pond and tower and circulation times for

different tower operation modes{ TC "Table 2.7 Water flow rates in cooling pond and

tower and circulation times for different tower operation modes' \l 4}

Another way of influencing the behavior of the cooling cycleisto vary the amount of make-
up flow that is added to the pond water. The number of make-up pumps can be varied to
change the total make-up flow rate. Up to four pumps can be turned on dthough a the time of
this study only three pumps were available and one pump was not in operation condition. Each
make-up pump is rated at 10,000 gpm water flow so that a total make-up flow of 40,000 gpm
can be achieved. If the amount of make-up is larger than the amount of losses, mainly due to
evaporation, the pond overflows. The spilled water is warm pond water that is replaced by
colder river water. In this way an additional cooling can be achieved, dthough environmenta
restrictions have to be consdered that limit the amount of make-up water taken from the river.
When the water leve in the river is low, drawing a large amount of water from the river can
harm the river fauna. Also, the cooling effect that can be achieved by make-up is limited, asthe
maximum amount of make-up water is only ten percent of the totd cooling water flow in the
cycle and the temperature difference between pond and make-up water at the location of the

make-up inflow isin therange of 5to 10C1F.

Current Operation Mode

At the time of the study the operation mode of the cooling towers is such that in summer
months the towers are on dl the time. During night time two pumps are operated and in the
morning the water flow is cut back to one pump operation. In the late afternoon the second
pump is turned on again. The intention for operating the towers in this way is not to heet up the
pond outlet water with warmer tower outlet water. Thus the time for switching to one pump
operation in the morning is determined by monitoring tower outlet and pond temperature. When

the tower outlet temperature exceeds the pond temperature, one tower pump is shut off. In late
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afternoon the second pump is turned on again as during the night the tower water is colder than
the pond water even if two tower pumps are operated. The intention to run two tower pumps
during the night is to dow down the flow to achieve a lower pond outlet temperature and to
'sore or 'save the pond for the next day. A basic assumption for this control strategy is that
less flow in the pond increases the cooling potentid by increasing the circulation time and leads
to colder water temperatures at the outlet. This control strategy will be studied in chapter 5.

When the towers are operated, dl fans are on dl the time. The fans are only turned off for
maintenance purposes. Also both towers are operated together. Only in spring or fal or for
maintenance is one tower shut off.

During winter months, the cooling potentia of the pond is sufficient and the towers are not
operated. Another reason not to operate the towers in very cold weather is to protect the
equipment from freezing.

Usudly the make-up pumps are only used to compensate for losses. But during summer
1995, a very hot summer and the time period during which the study was done, the make-up

flow was increased to its maximum to use the additiond cooling effect.

2.5 Options For Performance Improvement Of The Cooling
Cycle{ TC " 2.5 Options For Performance Improvement Of The
Cooling Cycle" \[ 2}

2.5.1 Optimization Of Control Strateqy{ TC " 2.5.1 Optimization Of Control Strategy"
\I 3

The present control strategy, as outlined in 2.4, is based on the assumption that a longer
circulation time in the pond leads to a lower water temperature at the pond outlet. A closer
examination of the behavior of cooling tower and cooling pond for different flow rates is

supposed to yidd the optimum times to switch between one and two pump operation. The
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optimum has to be a compromise between a possbly cold water inlet temperature and the
necessary auxiliary power that is used to reach this temperature. It is aso possible that switching
the number of pumpsis not useful a al and the best performance can be achieved by running a
congtant water flow rate through the towers.

Another posshility to change the operation mode is to vary the amount of make-up flow. It
has to be evauated whether the cooling effect of more make-up water justifies the required
higher auxiliary power for running a higher number of make-up pumps.

The effects of switching the number of pumps and of pumping a variable amount of make-
up water into the pond will be studied in chapter 5 by usng a modd of the whole cooling
system. In thisway the most cost effective control strategy will be found.

Vaiation of the ar flow rate through the towers by changing the number of fans that are
operated is generdly another option. But, as the fans can only be turned on and off, it is
conddered not to be an advantage at any time, to run the towers without fan operation. Natural
convection is not sufficient to provide enough ar to achieve a condderable cooling effect.
Therefore the fans will be turned on every time the towers are operated. The effect of changing
the number of fans that are operated will not be examined in the further study, but instead the

assumption is made that the fans will dways be on during tower operation.

2.5.2 Upgrading The Available Equipment{ TC " 2.5.2 Upgrading The Available

Equipment" \| 3}

Upgrading of a cooling tower could include changing thefill of the tower to increase its heet
transfer capability by providing a higher surface area for heat trandfer between water and air. As
the fill was replaced recently, in winter 1994/95, this option will not be consdered further.
Another way of improving cooling tower performance is to increase the ar flow rate by
upgrading the fans. An upgrade of the fans was done recently, too, so that with the present

avallable fan drives it seems not to be possible to increase the ar flow rate further. The water
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flow rate is another parameter that influences tower performance and dso the pond flow rate
(see 2.4). But, in order to change the water flow rate, the pumps or water supply system would
have to be dtered. An upgrade of the cooling tower pumps would mean replacing the present
impellers with more effective ones. This posshility is congdered together with an addition of
cooling devices (see 2.5.3). Adding another pump is not considered, for desgn and economic
reasons, as the screenhouse where the tower pumps are located can not hold another pump. It
seems aso not economicd to ingtal an additiona separate water supply pipe for the towers that
would come from athird pump.

Upgrading the cooling cycle could dso include changing the arrangement of towers and
pond. In the present arrangement, pond and towers are in pardlel. In order to speed up the
flow veocity in the pond and, by doing so, making presumably better use of the cooling
potentid of the pond, towers and pond can be connected in series. That means that the water is
first led through the pond. The cold pond water is then pumped to the towers and cooled further
down. After that it is mixed with the remaining pond water flow again, as not the whole amount
of cooling water required can be cooled in the towers, and pumped into the plant. The
background idea for connecting pond and towers in series is that the pond water may reach
equilibrium before it reaches the plant intake section. Practicdly this would mean that the pond
is too long or longer than it has to be. If this is true, speeding up the flow would be an
advantage. But, changing the arrangement of the cooling cycle would require a new connection
between the cold side of the pond and the cooling tower pumps, which is not easily done. It has
to be mentioned that the idea of too long a pond contradicts the concept mentioned above, that
a longer circulation time leads to lower outlet temperatures. Further examination has to show
whether connecting pond and towers in series proves to be beneficid.

An dternative of changing the pond is to dter the depth of the flow channd. This can be
done uniformly by rigng the water levd in the entire pond by blocking the spillway. But the

practica limit to an increase in depth is in the order of one to two fedt, if only the spillway is
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blocked. Another dternative of increasing the depth is to dredge the pond. The advantage of
dredging is, that it can be done in sdected areas. For example, the depth could only be
increased in the second hdf of the pond while the firgt haf remains unchanged to enable the
pond water to cool down quickly in the first part and then to store the cold water in the second
hdlf.

2.5.3 Adding cooling devices{ TC " 2.5.3 Adding cooling devices' \l 3}

To increase the capacity of the cooling cycle, additiond cooling devices can be added.
One way to accomplish thisisto construct another cooling tower or to enlarge the present ones.
It seems not to be possible to add another complete cooling tower with seven cdlls of the same
Sze and design as the present ones as there is not sufficient room on the site. Another complete
cooling tower would interfere with the two exigting towers, mainly with respect to arr flow. It is
important to avoid a Stuation in which one tower getsits fresh air from the exhaust ar stream of
another tower. Considering these restraints, the one reasonable dternative is to add cells to the
exising towers, which would basically make the towers longer. Without upgrading the pumps,
the water flow is then digtributed over more cells, thereby reducing the flow rate for every single
cdl. This can be an advantage. Also, increasing the water flow rate in away mentioned in 2.5.2
can provide an improvement as in total more water is handled by the cooling towers.

It is ds0 possble to include different cooling devices in the sysem. The primary device
considered is an atmospheric cooling spray. Such a spray works in that water is sprayed into
the air through verticaly upward facing nozzles that are placed above the pond surface. During
the time the droplets fly through the air, the water is cooled down, mainly by evaporation smilar
to a cooling tower, and the cold water drops fal back into the pond. A spray requires no fan as
it depends soldy on wind and natural convection. But its reiability as a permanently and
efficiently working device is in question. Sprays are consdered more efficient for cooling than a

pond surface, as a Spray provides a greater surface area for heat transfer. But there is aso a
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congderable amount of pumping power required and in addition a new set of pumps and pipes
is needed to inddl a spraying sysem. A short andyss of sprays will be given in chapter 4. In
order to keep congruction costs low, that means primarily pipes and power supply lines, the
only location consdered for a spray or any other additiond cooling device is the plant intake or
discharge section of the pond.

A shading structure for the pond is not redlly a cooling device in its usua meaning. Shading
off solar radiation shuts the only mgor energy input, besides the power plant, off and promotes
the process of cooling down of the pond water. A disadvantage of a shading structure is that it
would aso shut off radiation from the water to the sky. At night time radiation is amgor source
of heat rgection from the pond water to the environment. A caculation has to show whether a
shading structure can be an advantage. In any case it seems not redidtic a the present time to
build a shading structure over a flow channd that is at average over 1200 ft wide. Only for
dightly futurigtic thoughts, namely that photovoltaic cdls may become economicd to use them
for shading the pond, the option of shading is included in the further andyss, however only
briefly.

2.6 Conclusion{ TC " 2.6 Conclusion" \I 21}

The condenser cooling cycle of the Columbia Generating Station consists of a number of
different components that were described in the preceding chapters. A number of options exigt,
as discused in section 2.5, to improve the overdl performance of the cooling cycle with the
god of increasing plant efficiency and lowering production codts. In sections 2.1 to 2.4 the
system properties were described and the limits discussed that the plant operators have to
consder in operating the power plant. The whole system of power plant and cooling cycle can
not be evauated by looking a components individualy as the components interact with each
other. Thus there is the need to develop a modd that describes the whole system. This modd
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will be usad to find optimum operation conditions and to sudy the benefits that new
components would add to overdl plant peformance. This drategy will be described in

chapter 4 and 5, as the purpose of chapter 2 wasto outline in detall the task of thiswork.



