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ABSTRACT

A technical review of the state-of-the-art of thermal pol-
lution control and treatment of cooling water in the steam-
electric power generation industry has been performed and is
presented in a practical manual format.

The manual provides an assessment of current, near horizon,
and future technologies utilized or anticipated to be used with
closed-cycle cooling systems. The manual is organized into
several basic parts for ease of reference, including the design
and operation of closed-cycle cooling systems, their capital
and operating costs, methods of evaluation and comparison, water
treatment, environmental assessment of water and nonwater im-
pacts, permits required to build and operate, and a brief dis-
cussion of benefit~cost analyses.

The manual provides sufficient information to allcw an
understanding of the major parameters which are important to
the design, licensing, and operation of closed-cycle cooling
systems. It was prepared for engineers, technical managers, and
federal and state regulatory agency staffs, who must evaluate
and render judgments on the application and use of these sys-
tems.
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SECTION 1

INTRODUCTION

1.1 PURPOSE

The purpose of this manual is to provide a user-oriented
practical handbook on closed-cycle cooling systems for fossil-
and nuclear-fueled steam electric generating stations. This
document has been written for engineers, technical managers, and
state and federal regulatory staffs who must deal with all as-
pects of power plant cooling systems. The manual is intended to
provide a broad understanding on the subject, not to serve as a
design or technical specification manual. It includes fundamen-
tal, technical, and practical information, which reflects the
progress and experiences gained in utilizing closed-cycle cool-
ing systems in the steam-electric industry.

The manual can be characterized as providing an assessment
of current, near horizon, and future technologies. Current
technologies include those technologies in extensive use in the
electric power industry. Near horizon technologies are those
which are in wide use in other industrial areas or which may have
already had limited use in the steam electric industry. Future
technologies are defined as those technologies which have not yet
been deployed extensively in any industry or those which have had
limited industrial use.

This manual is organized into several basic parts for ease
of reference. A description of the design and operation of cur-
rent, near horizon, and advanced closed-cycle cooling systems,
including the capital and operating costs, are presented in Sec-
tions 2 through 6. Current, near horizon, and future methods
available for water treatment of make-up, circulating, and blow-
down waters are presented in Sections 7 though 10. The environ-
mental impacts of the closed-cycle cooling systems, the consump-
tive water use, the permits required to build and operate these
systems, and a discussion of the environmental cost-benefit
analysis are presented in Section 11. References are included in

each of the sections.
1.2 CLOSED-CYCLE COOLING SYSTEMS

The current state-of-the-art in closed-cycle condenser cool-



ing includes mechanical draft, natural draft, fan-assisted nat-
ural draft wet and dry cooling towers, cooling ponds and.lakes,
and spray ponds. These cooling systems are currently being pro-
posed for most new power plant construction except those plants
proposed for ocean or Great Lakes sites.

The manual provides sufficient information on each of these
heat rejection systems to allow an understanding of thoge major
parameters which are important to the design and operation of
each system. In addition, information is provided on several
methods used for the economic evaluation of closed-cycle cooling
systems and capital and operating costs for all of the_conventiom
al cooling systems using one of the methods of evaluation.

Closed-cycle cooling systems have unique environmental/
economic impacts associated with them; e.g., the vapor plume of
low profile cooling towers may reduce visibility or cause icing
on roads and bridges, while evaporative heat rejection may
deplete the available water in rivers and streams during low
water periods. 1In order to minimize these impacts, the cooling
tower industry and government agencies have developed and

evaluated a number of new systems, which can potentially mini-
mize these effects.

Two of these newly developed systems, wet/dry cooling for
plume abatement and wet/dry cooling for water conservation, have
been offered by cooling tower manufacturers and have been pur-
chased for use in the late 1970~ early 1980 time frame. Since
there is no current industrial experience for these two systems,
they have been designated as near horizon technology in this
manual. Economic costs and design descriptions of these systems
as described in several published studies have been included.

Those systems which have not yet been offered by industry
but have undergone evaluation and/or development by the Federal
Government have been designated as future technology. A descrip-
tion of each system and its development status are included.

1.3 WATER TREATMENT FOR CLOSED-CYCLE COOLING

The current state-of-the-art for closed-cycle water treat-
ment has been limited primaril

y to acid or base additi
control and chlorination for controlling biologicgilggzgiﬁgr o
This has been possible because of the low number of cycles éf
concentration at which the systems were operated and the absence
of coollng'water blowdown regulations. As the use of closed-
cycle coollng systems for the electric utility industry increases
and more stringent limitations on blowdo

; wn are defined, mo ex-
tensive water treatment will be commonly applied. ' e



' The manual provides a description of the problems that occur
with closed-cycle cooling operation which will require water
treatment and the water treatment methods currently used in in-
dustry to alleviate these problems.

Those water treatment methods which are currently applied
in other segments of the industrial community have been designat-
ed near horizon technology for the purpose of this manual. De-
scriptions of examples of the application of these water treat-
ment methods on different types of cooling waters, the costs of
these treatment methods, and the resulting water quality have
also been provided.

Future technologies are those water treatment technologies
which are currently used in applications to provide good water
quality in relatively small quantities. Although these techno-
logies can have application in the power industry, in most cases,
the large volume of water which must be processed makes these
technologies economically not feasible.

1.4 ENVIRONMENTAL IMPACTS OF CLOSED-CYCLE COOLING SYSTEMS

The widespread application of closed-cycle cooling in the
expanding electric industry will provide new potentially adverse
environmental impacts, while minimizing the thermal impacts on
the aquatic systems. The environmental impacts of closed-cycle
cooling systems can be divided into three broad categories.
These are: hydrological and aquatic impacts, atmospheric and
terrestrial impacts, and land use, aesthetics and noise impacts.

Hydrological and aquatic impacts are those effects caused
by the make-up water intake structure itself, effects due to the
water consumption, and effects created by the cooling tower blow-
down. Atmospheric and terrestrial impacts are those effects
caused by the discharge of large quantities of warm, humid air
into the atmosphere, as well as effects on biota due to the en-
trained impurities in the discharged vapor. Land use, aesthetics,
and noise impacts are those effects related to the quantity and
utilization of land required by the various closed-cycle cooling
systems, their visual impacts and noise generated by the various
systems on the environment as a whole. Each of these impaqtg .
is discussed and the available methods of prediction and minimi-
zation are provided.

A brief description of the important permits required to
initiate construction and operation of closed-cycle cooling
systems is provided, as well as an integrated method of display
of the costs and benefits of alternative cooling systems.



SECTION 2

HEAT REJECTION AND POWER PRODUCTION
FROM STEAM ELECTRIC POWER PLANTS

2.1 BASIC POWER PLANT AND COOLING SYSTEM COMPONENTS

2.1.1 Power Plant Components(l-4)*

. The basic components of steam-electric power plants using
either fossil or nuclear fuel are shown in Figures 2.la, b, and
Cc. The components to the right of Section A-A in Figure 2.la are
common to all steam-electric power plants. The components to the
left of A-A belong to the steam generation system which provides
t?e major distinction between the fossil- and nuclear-fueled
plants.

The operation of the steam cycle of a steam-electric power
plant is basically as follows: steam at high temperature and
pressure enters a turbine where energy in the form of shaft work
is removed; the turbine shaft is coupled to a generator which
produces electricity; the exhaust steam from the turbine enters
a condenser where it is converted to a liquid phase (condensate)
by continual removal of latent heat in the exhaust steam; the
waste heat; the condensate then returns to the steam generator

to complete the cycle.

2.1.1.1 Light Water Reactor (LWR) Power Plant--

A light water reactor plant may be either a pressurized
water reactor (PWR) or a boiling water reactor (BWR) power plant.
The components shown to the left of Section A-A in Figure 2.la
represent a power plant with a pressurized water reactor. Heat
from the reactor is transferred to a steam generator by means of
water in a closed circuit system under a pressure of about 2300
psig. Steam leaves the steam generator at a pressure of about
1000 psig. Figure 2.1b shows the components to the left of
Section A-A (Figure 2.la) in a boiling water reactor. 1In a BWR
plant, steam is generated directly in the reactor vessel. Both
water and steam are at a pressure of about 1000 psig. 1In either
the PWR or BWR reactor vessel, the maximum steam or circulating
water temperature is about 600°F. This temperature is governed
by the heat transfer characteristics at the surface of the

*Tndicates references at the end of each section.



uranium dioxide fuel rods to limit the maximum temperature of the
fuel. This temperature limitation is responsible for the rela-
tively low thermal efficiencies of the present day nuclear power
plants.

2.1.1.2 Fossil Power Plants--

Figure 2.lc shows the components to the left of Section A-A
in Figure 2.la for a fossil-fueled steam-electric power plant.
In terms of components, it is similar to those of a BWR plant,
except that steam is produced in a boiler by the burning of coal,
gas or oil. Current large fossil plants are designed with a
steam pressure of 2400 psig to 3500 psig and superheat and re-
heat steam temperatures of approximately 1000°F and 1000C0F, re-
spectively.

2.1.2 Cooling System Components(5-7)

The cooling system which rejects the power plant waste heat
is shown to the right of Section B-B in Figure 2.la. A cooling
system is termed "once-through" (open-cycle) when the cooling
water flow is circulated only once through the system, and waste
heat is discharged into natural bodies of water, such as rivers,
lakes or coastal waters. A cooling system is termed "closed-
cycle" when the cooling water is recirculated, and waste heat is
rejected to the atmosphere by such "terminal heat sink devices"
as evaporative cooling towers, cooling ponds, spray ponds, and
dry cooling towers. In certain cases a cooling pond or wet cool-
ing tower is combined with a once-through system to discharge to
the atmosphere a portion of the total waste heat through the de-
vice before the rest is discharged to a natural body of water.

This type of open-cycle cooling system is sometimes called a
"topping"” or "helper" system.

This manual discusses the closed-cycl :
both fossil and light water reactor poer SlgggifngTﬁzsgimgrfggm_
ponents of a closed-cycle cooling system (shown to the rijht of
Section B-B in Flgu¥e 2.1a) include the condenser, the cig 1 t—
ing water pump, piping and associated equipment, énd the iggminal

heat sink device, e.g., cooling tower or i .
system may also include: 1) a make ¢ooling pond. A cooling

make-up water to replace the loss ofu§i¥2§§§tiz5t§thhl°h supplies
evaporation, drift, blowdown, and leakage, 2) agbla gr through
ment and disposal system, and 3) a water treatme tOW own tregt_
trea?s the make-up and circulating water to pre n Syste@ Wh%ch
scaling, corrosion, and fouling. vent or minimize

2.2 POWER PLANT CYCLE AND THERMAIL EFFICIENCY(l 2)
’

The Rankine cycle of the steam-electrj
_ nkir C ri :
Figure 2.1 is illustrated in the temperatur:-ggzer plant shown in
Figure 2.2. Liquid water is compressed isentro ooy diagram of
a to b in the feedwater pump. From b to c, eaglizllgdfrom
added

6



reversibly in the compressed liquid, two-phase, and superheated
sFates of water in the steam generator and superheater. Isentro-
pic expansion of steam through the turbine with shaft work out-
put takes place from ¢ to d. Condensation of the spent steam

takes place from d to a with the rejection of waste heat to the
atmospheric heat sink.

The thermal efficiency of the cycle is defined as the ratio
of the net work output to heat input of the cycle. The theoreti-
c§l maximum efficiency of all ideal heat cycles operating between
given temperature limits, including the (ideal) Rankine cycle, is
the Carnot efficiency. The Carnot efficiency is determined by
the temperature of the heat sources and the temperature of the
surroundings which serve as a heat sink and is given by:

T .
_sink | &+ 1002 (2.1)
Tsource

N max = [ -

where the temperatures are measured on an absolute scale.

Equation (2.1) indicates that there are three choices for im-
proving the ideal cycle efficiency; that is, decreasing Tgink’
increasing Tgoyrce Or Varying both to reduce the ratio, Tgink/
Tsource+ Modern steam electric power plants utilize improved
variations of the basic Rankine cycle which effectively increase
the heat source temperature and the cycle efficiency. 1In this
section, a brief description will be given for the modern fossil
and nuclear steam cycles and the associated thermal efficiencies.
The effect of heat sink temperature as determined by the cooling
system performance will be discussed in Section 2.3.

2.2.1 Steam Cycle for Fossil and Light Water Reactor Power
Plants

One improvement to the Rankine cycle is the adoption of
regenerative feedwater heating. It is done by extracting steam
at various stages in the turbine to heat the feedwater as it is
pumped from the condenser hotwell to the boiler. Regenerative
heating not only improves cycle efficiency, but has other ad-
vantages; among them are lower volume of steam flow in the final
turbine stages and a convenient means of deaerating the feed-

water.

Where maximum temperatures are limited by physical or eco-
nomic means, reheating of steam after its partial expansion in
the turbine can be used as an effective means of raising the
average temperature of the heat source and, thus, thg thermal
efficiency of the cycle. Reheat also reduces the moisture of
the steam in the low pressure turbine stages. Reduction of



moisture improves the expansion efficiency and provides an ef-
fective means to control blade and nozzle erosion.

Figure 2.3 shows the cycle diagram of a typical fossil '
power plant, illustrating schematically the arrangement of vari-
ous components, including the steam reheater and feedwater hgat—
ers. As shown in Figure 2.3, steam is reheated after expansion
through the high pressure turbine. The temPeratgre—gntropy dia~-
gram for the cycle shown in Figure 2.3 is given in Flgure 2.4 for
a supercritical throttle steam condition of 3515 psia apd lQOOF
and a reheat steam condition of 540 psia and 1000F. This flgure
illustrates how the principle of regenerative feedwater heating
and steam reheat increases the mean temperature level ?o; heat.
addition. Consequently, the maximum cycle thermal efficiency is
increased (See Equation (2.1))

Figure 2.5 illustrates a Rankine cycle whose thermal energy
source is a light water reactor system. Pressure and tempera-
ture limitations required for a nuclear reactor mean that the
steam leaving the steam generator is either saturated or slight-
ly supersaturated and that expansion through the power cycle
is largely in the region of wet steam. Three different methods
are generally utilized for moisture removal, which both improve
the thermal efficiency and minimize blade erosion. After expan-
sion in the high pressure turbine, the steam passes through an
external moisture separator. After passing through the external
moisture separator, the steam is then reheated, increasing its
temperature and reducing its moisture content. Current plant
designs also include mechanical moisture separation in the low
pressure turbine blades. These separations utilize grooves on
the back of the turbine blades to drain the collected moisture.

2.2.2 Thermal Efficiency and Waste Heat Rejection

2.2.2.1 Thermal Efficiency--

As indicated earlier, the performance of a steam cycle
plant can be expressed in terms of cycle thermal efficiency,
or cycle heat rate, HR. The thermal efficiency is expressed

as a dimensionless parameter, while the heat rate is expressed
as a dimensioned parameter.

r

1) Cycle thermal efficiency,ﬂ :

7= Net power output from the steam cycle (2.2)
Heat input to the steam cycle - )

2) Cycle heat rate, HR:

= Heat input t :
HR = pu 0 cycle in Btu/hr
Net power output from cycle in kKW’ Btu/Kwh  (2.3)




The cycle thermal efficiency, expressed as a fraction, and the
heat rate are related by the following equation:

7 - 3413
=322 (2.4)

where the numerator is the conversion factor from Btu/hr to kW.

In engineering practice, several other thermal efficiency
terms and corresponding heat rate terms have been used in power
plant applications. These are: 1) gross plant efficiency and
gross plant heat rate, 2) net plant efficiency and net plant
heat rate, and 3) net station efficiency and net station heat
rate. The definitions of these efficiency terms are as follows:

1) Gross plant efficiency,ze :

(2.5)

Z7 — Turbine-generator output
§  Heat input to the steam cycle

The turbine-generator output is the electric output at the gen-
erator, and it is equal to the turbine output less the loss in
the generator.

2) Net plant efficiency,%% :

‘? - Electric output at bus bar (2.6)
» Heat input to the steam cycle :

The electric output at bus bar is equal to turbine-generator
output less the sum of the plant auxiliary power requirements,
e.g., pumps and fans, air conditioners, lights, etc.

3) Net station efficiency,7%+:

Z: - Electric output at bus bar (2.7)
s Heat input to station

For nuclear power plants, the heat input to the station is
theoretically equal to the heat input to the cycle, neglecting
the heat losses in the primary reactor coolant circuit. For
fossil plants, the heat input to the station is equal to the sum
of the heat loss through the smoke stack and the heat input to
the steam cycle. Therefore, for nuclear plants, the net plan@
efficiency and the net station efficiency are equal; for fossil
plants, the net station efficiency is equal to the net plant
efficiency times a boiler efficiency,Z% , defined as:



W _ Heat input to the steam cycle (2.8)
b = —Heat input to the boiler

2.2.2.2 Waste Heat Rejection Rate-- .

The heat rejection rate of a power plant Fo its copdenser
cooling system can be calculated by the following equation,
given the cycle heat rate and net cycle power output:

Qpej = (HR - 3413) x P x 1000 (2.9)

where:

Qrej = heat rejection rate to the condenser
cooling system, Btu/hr.

HR

cycle heat rate, Btu/kWh.
P = net cycle power output, MW.

The above equation is derived from the energy equation for the

steam cycle and the definitions of cycle thermal efficiency,
heat rate, and power.

It has been common practice, however, to use the turbine-
generator output and the corresponding heat rate to calculate
the heat rejection for sizing a cooling system. This practice
gives a more conservative estimate of the heat rejection rate.

2.3 EFFECT OF COOLING SYSTEM PERFORMANCE ON POWER PLANT
PERFORMANCE

The cooling system used with a steam electric power plant
determines the lowest or the heat sink temperature in the thermo-
dynamic cycle of the power plant. Ideally, this temperature is
the steam condensing temperature. Since the cycle thermal ef-
ficiency increases as the heat sink temperature decreases (as-
suming all other conditions remain constant), it is desirable to
reject the waste heat at the lowest possible temperature. Thus,

a lower exhaust pressure means higher efficiency and more useful
work by the turbine.

_ The effect of the steam condensing temperature on the tur-
bine exhau§t pressure and the plant efficiency is generally
presenteq in terms of steam turbine heat rate corrections ver-
sus turbine exhaust pressure curves or heat rate tables(8).
These heat rate corrections and the corresponding outputs are
different for differgnt power plant cycles and specific power
glants, as well as dl?ferent load conditions. The corrections
hepiesent the change in heat rate relative to a fixed reference

eat rate, called base heat rate, at a particular exhaust

10



pressure. Typical heat rate corrections for 1000-MWe fossil and
light water reactor power plants operated with conventional tur-

bines at valve wide-open conditions are shown in Figures 2.6 and
2.7, respectively.

It should be noted that for a fixed heat input to the power
cycle, the product of power output and its corresponding heat
rate at any exhaust pressure within the operational range is al-
ways equal to the product of the base output and the base heat

rate. This relationship allows the determination of plant out-
put at off-design conditions.
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SECTION 3

ECONOMIC EVALUATION OF ALTERNATE COOLING SYSTEMS

3.1 METHODS OF ECONOMIC EVALUATION

3.1.1 General Description

In order to assess alternate cooling systems on a common
economic basis, several penalty costs must be included in the
evaluation in addition to the capital cost of the equipment and
its installation. Common to all cooling system evaluations are
the penalties incurred to account for: 1)} the loss of plant per-
formance (capacity and energy) at elevatea temperatures, 2) the
power and energy required to operate the cooling system, and 3)
the cooling system maintenance requirements. Other penalties
may be included under special circumstances. For instance, the
cost incurred for the purchase of water and the capital and op-
erating costs of the water supply, treatment, and blowdown dis-
posal systems may be included.

The evaluation of capacity and energy penalties depends
both on how the loss of plant performance is assessed and how
that loss is made up. For these reasons, three different methods
have been used in the economic evaluations of cooling system
alternatives (1-6). These methods have been categorized by
Fryer(7) as follows:

1. Fixed demand/fixed heat source method
2. Fixed demand/scalable steam source-scalable plant method
3. Negotiable demand/fixed heat source method.

In the first two methods, a fixed demand or load is imposed
on the plant. This fixed demand serves as the basis from which
the loss of plant performance can be assessed. In other words,
as the plant output changes due to changes in cooling system
performance, the capacity and energy generated are compared to
the fixed demand required of the plant. If the heat source 1is
fixed, the next step is to decide how to meet that demand from
generating units other than the plant. The methods of meeting
that demand then completely define the capacity and energy penal-
ty assessment. If the scalable steam source method is selected,
the next step is to define what fraction of the loss of capacity
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. e, i.e.
will be made up by scaling up the 51ze'of thetgsat source, r
the entire plant exclusive of the cooling sys .

In the third method, the demand is negotiable, meaglng ?hat
the utility system will take whatever outgut that the ptﬁn 1sl
capable of generating. The performance differences of e cool-
ing systems are reflected in the differences 1n the net'energy
output. There is no lost capacity or energy to be considered.

3.1.2 Fixed Demand/Fixed Heat Source Method

In the fixed demand/fixed heat source method, it is assumed
that a fixed demand is imposed on the plant output. This fixed
demand is generally the name plate power output of a reference
plant operating with a conventional turbine at a specified tur-
bine back pressure. The power plant under consideration also has
identical energy input and plant design as the reference power
plant. As the plant performance changes, due to changes in cool-
ing system performance, the capacity and energy generated are
compared to the fixed demand required of the plant. If the cool-
ing system caused the plant to operate below the fixed demand, a
penalty equivalent to an increase in capital cost is added to the
capital cost of the cooling system; credit is taken if the plant
operates above the demand value. A penalty is also assessed for

the capacity and energy requirements for operating the pumps and
fans.

3.1.3 Fixed Demand/Scalable Heat Source Method

The fixed demand/scalable heat source method assumes that
while the demand is basically set by the reference plant, the
heat source and the balance of the plant can be scaled up in size
to p;ovide a part or all of the loss of plant performance. When
scaling up the heat source, other plant components must also be
increased to accommodate an increased steam flow. For fossil
plants the a@ditional scaling up of plant components would in-
clude the b01ler,-superheater, reheater, feedwater heaters, steam
pipes, coal handling equipment, turbine—generator, etc. Fér a

nuclear plant, it would include the rea : :
ated equipment. ctor core and its associ-

X that the plant hag a
Zgzzﬁiggrrztzdsime capacity as the reference plant aiegﬁzzi re-
has been subse aCklpressures_ In addition, the entire lant
power the dr que?F Y scaled up to provide adequate ca ag't to
the approachyugoo ;09 System fans and pumps. This i E gt
ed in Reference 5. The amount of scaiinaSlcaliy
g can be
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such that during the coldest temperatures some excess capacity
above the fixed demand imposed on the reference plant would
exist. However, during the hottest temperature periods a short-
age would result, which would have to be made up by some capaci-
ty leveling means, such as gas turbines (Figure 3.1).

In some studies which concerned dry cooling systems, the en-
tire plant, including necessary additional steam supply, has been
scaled up so that the dry cooling plant will meet the demand or
load imposed on the plant even during the highest maximum ambient
temperature as shown in Figure 3.2. This represents the maximum
amount of scaling that would be required. Excess capacity would
exist at all temperatures except at the maximum temperature. On
a normalized basis, the same unit costing results from using a
derating method.

Steam source and plant size scaling of fossil plants are
possible, barring problems of scaling between discrete standard
sizes of certain equipment. Scaling of the steam source of a
nuclear plant may not be at all possible if the reference plant
is at the current U. S. Nuclear Regulatory Commission limits on
the thermal power. An alternative method which circumvents this
problem is to reduce the load or demand imposed upon the plant,
or to essentially derate the dry cooling plant relative to the
reference plant as in the method discussed below.

3.1.4 Negotiable Demand/Fixed Heat Source Method

The negotiable demand/fixed heat source method involves
a derating process rather than a size scaling process. Barring
economics of scale, derating or scaling done to the same propor-
tion should result in the same unit costs. The derating of the
load imposed on the dry cooling plant has involved derating the
dry cooling plant to the output that it can produce at maximum
steam flow during the maximum ambient temperature. Figure 3.3
exemplifies this method. Derating to this level would be a ra-
tional approach if the dry cooling plant were isolated and had
to meet a constant base load. However, in an actual utility
system, it does result in significant and uneconomic excess
capacity during the cold periods. On the other hand, no direct
energy or capacity must be made up, thereby, greatly simplifying
the analysis.

3.2 TREATMENT OF LOSS OF PLANT PERFORMANCE
In this and in subsequent subsections the fixed demand/fixed
heat source method of analysis is described in detail. Cooling

system costs reported in Sections 4 and 5 are based on this method.

The quantitative evaluation of the loss of plant performance
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required for assessing the capacity an@ energy penalties %n a
fixed demand/fixed heat source evaluation 1s illustrated in Fig-
ure’ 3.4. ‘

Figure 3.4 shows the typical gross Plant output of the re-
ference power plant as a function of amblgnt temperature and
time when the plant is operated. The ambient temperature affects
the plant output, since the performance of a coollng'system
determines the lowest temperature of the theymodynamlc cycle anq,
consequently, the plant output as discussed_ln Section 2.?. This
figure also shows the net plant output optalned by deductlng'from
the gross plant output the capacity required to run the cooling
system auxiliary equipment.

The maximum plant capacity deficit with respect to the fixed
demand occurs at the highest ambient temperature and represents
the capacity replacement needed. This includes both the maximum
loss of plant performance, (AkW), .., and the coincidental auxil-
iary power requirement, (HP)au . The hatched area represents
the replacement energy requireé during the annual cycle. The
area above the gross plant output curve represents the energy
deficit caused by the changes in cooling system performance,
whereas the hatched area between the gross plant output and the
net plant output curves represents the energy requirement by the
cooling system auxiliary equipment, e.g., pumps and fans.

Figure 3.5 shows the relative performance of a power plant
with different size cooling systems. As indicated in this figure,
when the cooling system size or design changes, the plant per-
formance curves are shifted; both the capacity and energy
devicits with respect to the base values change, resulting in
different penalty costs for different cooling systems. However,
the plant fuel costs will not be affected by the change in
cooling systems, because the size of the heat source is kept
unchanged regardless of cooling system changes, and the heat
source is assumed to operate at full power during the period of
the year when it is operating. There is no change in capital
cost for the balance of the power plant, as the boiler and the
balance of the plant are also assumed to be fixed. Thus, in the
fixed source-fixed demand method of analysis, the cost of in-
stallation and operation of the boiler and the balance of the
plant 1s not included in an assessment of the penalty cost in-
curred by the cooling system deficiency. )

3.3 CAPACITY AND ENERGY PENALTY ASSESSMENT

The annual capital needed to provide th i
e extra capacity and
energy to compensate for the losses as discussed in thg prezious
section are a part of the total penalty cost. 1In evaluating the
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penalties, it is assumed that the plant either operates at full
capacity or is off-line and has an average capacity factor of a
certain percent, e.g., 75 percent.

The equations for evaluation of these annual penalty costs
are given below:

Capacity Penalty (Pqp):

Py = afcr-K-(AkW)max (3.1)
Replacement Energy Penalty (P;):
8760
py = cap f [{OAM + F'HR(T)} - DKW (T) -dt (3.2)
0
Cooling System Auxiliary Power (P3):
P3 = afcr-K- (HP)ux (3.3)
Cooling System Auxiliary Energy (P,):
8760
py = cap S [{OAM + F‘HR(T)} ‘HP(T)'dt] (3.4)
0

where:

(AKW) pax s AkKW(T), (HP) and HP(T) are shown in

aux’
Figure 3.1.

and:

afcr = annual fixed charge rate, %/100.
K = capacity penalty charge rate, $/kW.

(AKW) iax = maximum loss of capacity at T kW,

max’

Tmax = Peak ambient temperature, ©F.

cap = average capacity factor of the plant, %£/100.

OAM = operation and maintenance cost for the
generating unit used, $/kWwWh,

F = fuel cost for the generating unit used to
make up the loss of energy, $/Btu.

25



heat rate as a function of ambient tem-
perature for the generating unit used to
make up the loss of energy, Btu/kWh.

HR(T)

T = ambient temperature (T is a function of
time), OF.

AKW (T) loss of capacity at ambient temperature T,

kW.

t = time, hr.

(HP) = cooling system auxiliary power requirement
aux ,
at Tpax: kW.
HP(T) = cooling system auxiliary power requirement

at ambient temperature T, kW,

The capacity penalty, P3, and the auxiliary power penalty, Pj3,
Equations (3.1) and (3.3), are first cost penalties. They re-
present the capital expenditure for the generating equipment
needed to supply the extra power, either by the addition of
peaking units (e.g., gas turbine or pumped storage generating
units) or by providing excess capacity from base load units in
the utility system. These penalties are annualized by the
multiplication of an annual fixed charge rate.

The replacement energy penalty, P, and the cooling system
auxiliary energy, Py Equations (3.2) and (3.4), are annual
energy cost penaltiés. These annual energy costs are evaluated
by integrating the energy costs for a series of time periods,
which add up to a year. Each time period has a constant ambient

dry bulb temperature and a coincident and constant wet bulb
temperature.

3.4 ECONOMIC FACTORS FOR CAPACITY AND ENERGY PENALTY ASSESSMENT

Since the size of the plant heat source is fixed, the loss
of plant capacity and energy will be provided by an outside
source. The source of capacity and energy replaceménts which
serves as the basis for the assessment of the associated

economic factors K, F, and OAM may include any of the following:

1. High capital cost, low operating cost base load units

2. Low capital cost, high operating cost peaking units

3. A mixture of generating unit types



4. Purchased power from another utility system.

The selection of the capacity replacement is dependent on
economics and on the type of duty of the capacity being replaced.
For example, for duties which require relatively constant loads
or large amounts of energy, the replacement choice on economic
grounds should be a base load capacity. Such is the case for the
cooling system auxiliary power and also the capacity loss for dry
and wet/dry cooling systems during most of a year, except at tem-
peratures near the highest ambient temperature(l,2). A portion
of the maximum capacity loss at the highest ambient temperature
for a dry cooled plant should be provided by peaking units, such
as gas turbines.

3.5 OTHER PENALTY COSTS

3.5.1 Water Cost Penalty

The cost of supplying the make-up water to a plant and the
handling of the blowdown disposal consists of the following com-
ponents:

1. Capital cost for the make-up water supply system

a. pumps and associated structures
b. pipelines

2. Pumping cost which includes both the capacity
charge for the power required by the pumps and
the energy charge for pumping the water

3. Water purchase cost

4, Capital cost of water treatment facilities
and operating cost

5. Capital and operating costs for blowdown
disposal.

For specific power plants all these component costs can be sep-
arately estimated. In the absence of the specific information,
a lumped charge for the purchase and treatment cost of make-up
water and circulating water can be used.

3.5.2 Cooling System Maintenance Penalty Cost

The cooling system maintenance penalty is the cost charged
to a cooling system for services which include periodic main-
tenance and replacement parts. Cooling system maintenance cost
mainly consists of:
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1. Lubrication and general inspection of the motoOrs
and gearboxes

2. Partial replacement of motors and gearboxes

3. Cleaning of the cold water basins of the wet
towers

4. Cleaning and partial replacement of finned tubes
for the heat exchangers, if dry towers are used

5. Condenser tube cleaning and tube replacement.

The maintenance costs of various cooling system components are
generally calculated as a percentage of the capital cost of these
components in the absence of specific cost information for each
of the above components.

3.6 TOTAL EVALUATED COST AND OPTIMUM COOLING SYSTEM

The penalty costs evaluated on an annual basis are capital-
ized over the plant lifetime and added to the capital cost of
the cooling system. The sum of the capital cost and the capital-
ized penalty cost is called the total evaluated cost and is ex-
pressed by the following equation:

N
Ce = C+ 2 :Z:: Py (3.5)
j=1
where:
Cy = total evaluated cost, S.
C = capital cost of cooling system, §.
afcr =

annual fixed charge rate, %/100.

i annual economic penalty for the jth component, $.

3 = index for penalty cost component,

N = total number of penalty cost components.,

This total evaluated cost repre
s : .
of the cooling system. presents an effective capital cost

The nature of the total evalua
‘ . ted cost as a f i
design parameters is such that a minimum total evagggtégncggtthe
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system can be identified as shown in Figure 3.6. This minimum
total evaluated cost system is called an optimum cooling system,
and this cost represents the best trade-off between the capital
and penalty costs.

The figure also shows the general trend of capital cost and
penalty costs. Varying the size and design of a cooling system
will vary the capital cost and penalty costs associated with the
system. For example, a large and, consequently, expensive cool-
ing system will have better performance than a smaller version
of the same system. The smaller system, however, will have a
higher economic penalty.

3.7 ECONOMIC OPTIMIZATION

Economic optimization is the process of selecting the mini-
mum cost cooling system. It includes sizing and costing of a
series of cooling systems, determining their thermal performance,
water consumption, auxiliary power and energy needs, and the re-
sulting economic penalties during a typical annual cycle. The
total evaluated costs of these systems are then determined, and
the system with minimum total evaluated cost is selected as the
optimum system.

Additional criteria or restrictions may be imposed on the
economic optimization. An example is the selection of an optimum
wet/dry system for a specific water consumption requirement
which serves as an additional criterion(2,3).

The cooling systems are generally sized on the basis of
design temperatures using components of standard designs. The
major components of a cooling system include the condenser,
circulating water pump and motor, the pump structure, the ter-
minal heat sink device, and the connecting pipelines.

The most difficult part of the cooling system design is that
of the terminal heat sink device. This is due to the fact that
the performance and cost information of a particular cooling de-
vice usually falls in the realm of proprietary information. Heat
transfer coefficients, pressure drop correlations, and other
operational factors are all necessary to size a cooling system
and to determine the performance of the cooling system but are
difficult to obtain as functions of variables over which a system
designer has control. The recourse is to use the standardized
designs offered by manufacturers.

The design parameters include wet bulb temperature, dry
bulb temperature, approach to wet bulb or dry bulb temperature,
cooling range, wind velocity, and other meteorological variables
pertinent to the particular cooling system under considertion.
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The design approach, range, and terminal temperature dif-
ference together define the saturated steam temperature in the
condenser and the turbine back pressure. From the turbine heat
rate curve, the turbine-generator output (gross plant output)
and the amount of heat rejected are determined. The heat load,
combined with the given design temperatures, determines the size
of the various cooling system components.

Once a system is designed, the performance of the system can
be evaluated at off-design ambient conditions. The performance
of one component will influence that of the others. Consequently,
the performance of the plant, as a function of the ambient con-

ditions, has to be considered simultaneously with the condenser
and the terminal heat sink device.

The cost and design obtained with this approach is sufficent-
ly accurate for budgeting purposes and economic comparisons with
alternative cooling systems as indicated in Reference 1.
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SECTION 4

DESIGN AND OPERATION OF CONVENTIONAL
COOLING SYSTEMS

4.1 EVAPORATIVE COOLING TOWER SYSTEMS

4,1.1 General Description

In an evaporative or wet cooling tower, most of the waste
heat is dissipated to the atmosphere by evaporation of a small
portion of the circulating cooling water. Heated water from the
plant condenser is pumped to the top of the tower's fill or pack-
ing material. The water then flows or splashes down through the
fill to the water collecting basin while air sweeps through the
fill area. As the water and air come in contact, a small portion
of the water becomes vaporized, thus, carrying with it the latent
heat of evaporation. In the process, air is humidified, and the
remaining unvaporized water is cooled. The water falls by gravi-
ty through the £fill, while the air flows either perpendicular to
the flow of water (crossflow) or upward and parallel to the flow
of water (counterflow).

Three different methods are used to provide a continuous
flow of fresh air through the tower, resulting in three major
tower types:

1} Mechanical Draft Cooling Towers

A mechanical draft cooling tower is one which uses a fan to
move the air through the tower. The fan provides a constant
volume of air flow through the tower independent of the ambient
weather conditions. The fans can be either induced draft or
forced draft fans, depending on whether the air is pulled or
forced through the tower. For power plant application, most
mechanical draft towers use induced draft fans. Air flow through
the tower is varied by changing the fan motor speed and/or the
pitch of fan blades. Figure 4.1 shows typical mechanical draft
towers of the counterflow and crossflow types(l).

2) Natural Draft Cooling Towers

A natural draft tower is one that depends on a chimney or
stack to induce air movement through the tower. Instead of a
constant volume of air flowing through the tower as in.a mechani-
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cal draft tower, the natural draft tower has an air flow rate
which is proportional to the density difference between the
ambient air and the warmer humid air in the tower. Figure

4.2 shows typical counterflow and crossflow natural draft cooling
towers(l).

3) Fan Assisted Natural Draft Cooling Towers

A fan-assisted natural draft cooling tower is one that de-
pends on both the chimney effect and the fans to move the ambient
air through the tower. The fans are usually located around the
periphery at the base of the tower. The fans augment the natural
draft and provide a nearly constant volume flow. In addition,
the air flow provided by the fans allows a substantial reduction
of the tower height needed to provide the air flow through natur-
al draft. Figure 4.3 shows typical counterflow and crossflow fan
assisted natural draft towers(2).

4,1.2 Heat Transfer

The macroscopic approach of Merkel's total heat theory has
been almost universally adopted for the calculation of tower per-
formance. Merkel's theory states that the local heat transfer
taking place in a cooling tower is proportional to the difference
between the enthalpy of air stream and the enthalpy of air sat-
urated at the temperature of the water. In the following dis-
cussion, the derivation of Merkel's equation is given to provide
a better understanding of the operation of a wet cooling tower.
It has been shown that Merkel's equation is sufficiently accurate
for practical application as compared to a rigorous solution(3).

The energy equation for a cooling tower is:

(Cp) L (AT) = GAH, (4.1)

(cp)w = specific heat of water, J/KgOC.

L = mass flow of water into the coolij
tower, Kg/s. 9

AT = cooling range in tower, °C (see Figure 4.4)

G = mass flow rate of 4dr

y air t
the system, Kg/s. hrough

AH, = change of the'air enthalpy per unit
mass of dry air as the air passes
through the tower, J/Kg.
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Equation (4.1) is applicable to any cooling device which uses
the atmosphere as its final heat sink. The simplifying assum-
tion made in Equation (4.1) is that the water flow rate remains
constant in the cooling tower. This is not exactly true, be-
cause of the water loss due to evaporation. However, since the
actual amount evaporated will usually be less than three per-
cent of the circulating water flow, this assumption will intro-
duce very little error.

The driving potential for the sensible heat transfer is
the difference between the water temperature and the tempera-
ture of the air in contact with the water. The driving poten-
tial for evaporation is the difference between the concentration
of water vapor in the saturated air at the water surface and
the concentration of water vapor in the bulk of the air stream.
This relationship can be expressed for a volume element of a
cooling tower packing(3-5) as:

(Cp)ybrdTy = [n(Ty - To) + B, {w () - wirh] avav (4.2)
where:

(

Cp)w and L are defined under Equation (4.1).

dTw = incremental change in water tempera-
ture, °cC.

h = heat transfer coefficient, W/m2°C.

T = temperature of the water in the volume
element, ©C.

T_ = temperature of the air in the volume
element, ©°cC.

K = mass transfer coefficient for water
vapor, Kg/m2.

H, = latent heat of vaporization, J/Kg of
dry air.
Wy (T,) = specific humidity of saturated air at

the water temperature, Kg of water vapor/
Kg of dry air.

specific humidity of air stream, Kg of

W(T,) :
water vapor/Kg of dry air.

a = water surface area per unit VOlETe
of the cooling tower packing, m —.
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dv = increment of tower packing volume, m3.

The right side of Equation (4.2) can be rearranged to yield the
following equation:

h - .
(Cp)wL.dTw = K B SR )Cp(TW—Ta) + Hy, {WS(TW) W(Ta&] a-dv  (4.3)
where:
Cp = specific heat of dry air, J/Kg°cC.

The ratio h/CxK (Lewis number) has been experimentally determin-
ed and has been found to be almost equal to one for an air-water
vapor system. Using the value 1.0 for h/CpK and rearranging

Equation (4.3) gives:

(Cp)WL-dTw = K Bprw + HV-WS(TW$ - {CPTa + HV'W(Ta%] a-dv (4.4)

The term (C,T, + Hy "W (T_)) is the enthalpy of saturated air at the
the water sgr¥ace temperature; the term (C T, + W(T,)) is the
enthalpy of the bulk air stream. Thus, quation (4.4) can be
written:

(Co)yL-dT,, = K- [Hg(T,) - H(T,)] a-av (4.5)
where:
Hg (Ty) = (CpTy + Hy Wy (Ty))
H(Ta) = (CpT, + Hy W(T,))

Rearranging the terms in Equation (4.5) assuming K and a are
constants and integrating over the total coolin

volume gives: g tower packing

T
Kav _ d//n w2 Cp)y ATy,
L 3 (4.6)
HS(TW) - H(T,)

Twl

The enthalpy of moist air at any dry bulb temperature, T and
7 a'

wet bulb temperature, T, is approximately e
. . ual
of saturated air having a temperature equa{ tg thetgethz iﬁtzang
perature; i.e., H(T_,) = H. (T .). If H (T u em

: ) is substi
H(T5), Equation (4.%) becomes Merkel'ssequgtion: Stituted for
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W2 ), a
( KiV )M = / p'w TW (4.7)
T He (Ty) = Hg (T

wl

Figure 4.4 illustrates the water and air relationship and the
driving potential which exists in a counterflow tower (4-8). This
figure will be used to explain the tower cooling process and the
meaning of Merkel's equation. The water operating line, AB, is
fixed by the tower inlet and outlet water temperatures; and it
represents the conditions of the air adjacent to the falling
water surface. Since it is generally assumed that the air ad-
jacent to the water surface is saturated at the water surface
temperatures, the line, AB, is a portion of the saturation line
on the psychrometric chart. The air operating line, CD, repre-
sents the bulk air conditions as the air flows through the tower
with the air entering the tower at point C and leaving the tower
at point D. Point C for the bulk air stream corresponds to point
B for the air layer adjacent to the water surface and has an en-
thalpy equal to the saturation enthalpy at the entering air wet
bulb temperature. Similarly point D corresponds to point A and
has an enthalpy equal to the saturation enthalpy at the leaving
air wet bulb temmerature. The vertical segment, MN, between the
water and air operating lines represents the enthalpy driving
force (Hg - H), previously represented as (Hg(Ty - H(Tz)). The
water-to-alir ratio (L/G) is the slope of the air operating line
as defined by Equation (4.1). The coordinate axes refer direct-
ly to the temperature and enthalpy of any point on the water
operating line, AB. The corresponding wet bulb temperature of
any point on the air operating line, CD, is found by projecting
the point horizontally to the water operating line, AB, then ver-
tically to the temperature axis. The cooling range is the pro-
jected length of line, CD, on the temperature scale. The cool-
ing tower approach is shown on the diagram as the difference be-
tween the cold water temperature leaving the tower and the am-
bient wet bulb temperature.

The integral of the Merkel's equation (Equation (4.7)) is
inversely proportional to the area ABCD in the_diagram. The.
term (KaV/L)ym, known as the tower characteristic, 1s proportional
to the relative degree of difficulty to perform a given heat
transfer duty. For a given water flow rate and range, the cgol—
ing tower characteristic will decrease as the area petween_llnes
AB and CD increases. The area can be increased by 1lncreasing
the approach or by decreasing the enthalpy driv%ng force, Hg - H.
A decrease in Hg ~ H can be achieved by increasing the air flow
rate. The air flow rate must always be large enough so that
line CD will not intersect line AB.

Equation (4.7) has been graphically represented as a fEnig
tion of water-to-air ratio (L/G), approach, range, and wet bu
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temperatures. Separate charts have been prepared for each repre-
sentative combination of inlet air wet bulb temperature and '
range(9). These charts can be use@ with experlmentally obtained
cooling tower characteristics to size the tower at a given dg—
sign condition and estimate the tower performance at gff—de31gn
conditions. An example of their use is shown in Section 4.}.4
where they are used to illustrate the procedure for the design
of a mechanical draft tower.

4.1.3 Design and Performance Parameters

The major parameters which influence the size and perfor-
mance of a cooling tower are(6): 1) cooling range, 2) approach
(Figure 4.5), 3) ambient wet bulb temperature, 4) flow rate of
water to be cooled, 5) flow rate of air passing through the
tower packing, 6) performance coefficient of the tower packing,
and 7) volume of the tower packing. The parameters over which
the cooling system user has control are: 1) the cooling range,
2) the approach, and 3) the design wet bulb.

The ambient wet bulb temperature is an important factor in
designing, sizing, and selecting evaporative towers. It is a
controlling factor since it is the lowest temperature to which
water can be cooled by the evaporative method. Selection of a
proper design wet bulb temperature is, therefore, vital in de-
termining the optimum cooling tower size. A design wet bulb
temperature that is too high can result in an oversized tower;
one too low can result in inadequate tower capacity, such that
the power plant it serves would experience severe capacity de-
ficits at high ambient temperatures. Current practice is to se-
lect a wet bulb temperature which is exceeded no more than one
percent of the time during an annual cycle.

Once the design wet bulb temperature is established, the
range and approach determine the size and, consequently, the
cost of the cooling equipment. Thus, in economic evaluations of
wet tower cooling systems, these variables are extensively in-
vestigated for each application. The heat rejection duty of the
tower is equal to the product of the range, circulating water
mass flow rate and the specific heat of water. The typical ef-
fect of range on tower size for constant heat load, ambient wet
bglb, and cold water temperature is shown in Figure 4.6a(l).
With a given heat load, the size of the tower increases as the
range decreases. The increased capital cost for a larger tower
would be compensated by better operating performance in that the
lower range of this tower would achieve a lower back pressure
in the turbine and, consequently, lower operating penalties over

the lifetime of the plant (see Section 3 for a discussion of
Capital and operating costs).

The final and most important temperature consideration is
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establishment of the approach, the difference between the cold
water temperature and the wet bulb temperature. Once the de-

sign wet bulb temperature and range have been determined, the

approach fixes the operating temperatures.

The typical effect on tower size of varying the approach
while holding heat load, design wet bulb, and range constant is
shown in Figure 4.6b(l). With a given heat load, the size of the
cooling tower required increases as the approach decreases. Of
all of the variables involved, the approach can have the great-
est effect upon the size and cost of the cooling tower. The
closer the cold water temperature approaches the wet bulb tem-
perature, the greater the increase in cooling tower size. For
example, consider a tower designed for a 15°F (8.4°C) range and
a 159F (8.40C) approach to a 76°F (24°C) wet bulb temperature.
Decreasing the approach to 10°F (5.5°C) will increase the tower
size by 50 percent. In comparison, decreasing the range from
15°F (8.4°C) to 100F (5.5°C) will increase the tower size by
only 15 percent.

As in the example described in the discussion on range, in-
creased capital costs for larger size cooling towers are com-
pensated for by better operating performance. In evaluating
the costs of cooling systems, the investigation should include
the trade-off between the capital costs and the operating costs
of each design.

4.1.4 Mechanical Draft Wet Cooling Tower Design

Charts, such as that shown in Figure 4.7, can be used with
experimentally obtained cooling tower characteristics provided
by tower manufacturers to size a tower for a given heat duty.
The empirical characteristic equation describes the relationship
between the tower characteristic, (KaV/L)C, and the water-to-air

ratio, (L/G), for the tower as given in the following functional
form:

KaVv L B
( T, —)C = C (—a—) (4.8)
where:
Kav ] . . .
(—f ) = characteristic of a particular cooling
tower or cooling tower module design.
c,n = parametric constants which describe

the line AB on Figure 4.7.

The tower characteristic curve for a particular cooling
tower design is usually determined from test data and perfor-
mance tests conducted at research facilities. The research
data are then related to field performance tests for further

45



substantiation. The values of "c" and "n" in Equation (4.8) are
a function of packing design. The value of n is the slope of
the characteristic curve for the packing design. Values can
vary from 0.25 to 1.0. The lower values are generally charac-
teristic of splash-type packings, and the upper limits are
usually associated with high heat transfer, fll@—typg packings.
The average value of n for industrial type packings is from

0.5 to 0.6(10).

To size a tower using standard modules and to determine its
performance, the following parameters in units consisteqt with
that used to develop the empirical characteristic equation must
be known about the standard module:

Tybs wet bulb temperature.
TRy = temperature range.
L_ = water mass flow rate.
G_. = air mass flow rate.

¢, n = characteristic equation parameters
at T and TR .
wbs s

fus
o
1l

input power to tower fans.

The procedure requires that the experimentally determined charac-
teristic (KaV/L)C equals the characteristic (KaV/L)M determined
at the design conditions using Merkel's Equation:

=2y = 2, (4.9)

With this condition satisfied, the water-to-air flow ratio, (L/G),
needed to reject a given amount of heat with a corresponding range
and approach can be obtained. The water-to-air flow ratio along
with the air flow rate of the standard module can be used to
determine the number of modules needed.

Specific information concerning the tower characteristic
equation must be obtained from the tower manufacturer. This
information is proprietary with each manufacturer. The manu-
facturer's tower characteristic graph is made available to the

utility for evaluating the guaranteed performance of the tower
after it has been purchased.

4.1.5 Natural Draft Wet Cooling Tower Design

The cooling process which takes place in a natural draft
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wet tower is identical to the process which occurs in a mechan-
ical draft tower. The equations which describe the heat trans-
fer process in a mechanical draft tower are also applicable to
a natural draft tower. The basic difference between the towers
is the way by which the air flow is established. As indicated
in Section 4.1, a natural draft tower depends on a chimney or
buoyancy effect to induce air movement through the tower.

As stated in Section 4.1.4, specific information concern-
ing the tower characteristic equation is proprietary with each
manufacturer. If, however, the tower characteristic is pro-
vided, the water-to-air flow ratio and the air flow rate can be
determined. Thus, the basic design objective of the natural
draft tower is to achieve the needed air flow rate for heat re-
jection. As the air flows through the tower packing, it is
heated and humidified by evaporation. Both of these processes
reduce the density of the air and produce a driving pressure dif-
ferential called draft which in turn maintains the continuous
flow of air through the tower. The magnitude of the draft is
proportional to both the air density difference and the tower
height and is expressed as:

APg = H (pa - p)9 (4.10)
where:
Apg = draft, N/m2.
H = tower height, m.
Py = density of the ambient air, Kg/m3.

Pe = average density of the humidified air in
exiting from the tower, Kg/m3.

g = gravitational acceleration, m/sz.
This draft must be at least equal to the flow resistances en-
countered by the air stream at steady state conditions. The

individual flow resistances are usually expressed in terms of
a loss coefficient and a velocity head(3):

 ois 2 )
_ NjpiVi 4.11)
APy = 5 (

where:
AP; = resistance to air flow, N/m2.

Ni = loss coefficient.
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Py = air density, Kg/m3.
Vi = air velocity, m/s.

i = subscript identifying location gf
important air flow resistances 1in
the tower.

The total resistance to air flow in the tower requires summation
of all the important flow resistances in the tower. ?hege
usually include the resistance of the packing, Fhe frictional
resistance of the internal tower shell, the resistance created
by the water drops, and the resistance of the various obstruc-
tions, such as drift elminators(11-14). Thus,

N 2
N. -V.
H (fa ~P)9 = Z —l’o—;—i— (4.12)
i=1

Theoretically, as long as a density difference exists, a tower
height can be selected to obtain the required draft; however,
there is a practical limit on tower height due to structural
and economic considerations.

Natural draft towers in the United States are constructed
of reinforced concrete with the shell shaped like a hyperboloid
of revolution. A cylindrical shell would work equally well; how-
ever, to produce the same amount of draft, a hyperboloid shell
provides improved structural strength against wind forces and
requires less material for its construction(14).

In response to the increased heat rejection required for
the new generation of large electric generating stations, the
manufacturers have provided larger towers. Figure 4.8 shows
the trend in natural draft tower sizes in the United States since
1558. There are more than 120 natural draft towers installed or

planned in the U. S.(15), mostly in the eastern half of the
country.

4.1.6 Fan-Assisted Natural Draft Cooling Tower Design

. In recent years, as the size of power plants increased, the
size of natural draft cooling towers increased proportionally
as‘showp }n‘Flgure 4.8. Cooling tower manufacturers and elec-
tric utilities have been looking for ways to reduce the aesthetic
lmpact of these tower installations while retaining the advan-
tages of natural draft towers in terms of environmental impacts
of plume and drift (see Section 11). As a result the fan-assist-
ed natural draft tower evolved; it utilizes a hyperbolic shell
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similar to that of the natural draft tower with motor-driven
fans at the periphery of its base. Because it no longer depends
on the stack height to produce all of the needed draft, the
height and diameter of a fan-assisted tower can be tailored to
each site, considering specific limitations of ground area and
height of plume discharge.

Current design and operating experience of fan-assisted
natural draft towers have been developed in Europe. In 1976
there were only 10 such towers in operation or under construc-
tion in Europe and none in the United States(2). The majority
of these towers (nine) are of the conventional forced draft
counterflow towers, and one is of the crossflow induced draft

type.

To take full benefit of the natural draft effect of the
fan-assisted tower, the fans should be controlled such that
their use is minimized. Figure 4.9 shows a typical annual
cycle of fan use. The fans operate at maximum power for a very
short period of the year and operate at or below 50 percent of
capacity for most of the year(2).

4.1.7 Description of Components and Materials of Construction
Used in Wet Cooling Towers (16)

The basic components of the wet towers are: 1) tower frame-
work, 2) water distribution system, 3) fill or packing material,
4) drift eliminators, 5) inlet louvers, 6) water collecting basin,
and 7) fans. The following discussion describes the main func-
tion of each component and the materials used in construction.

4.1.7.1 Tower Framework--

The tower framework for mechanical draft towers is a
structure designed on the basis of aerodynamic, structural,
thermal, and economic considerations. It is designed to support
the weight of the various components in the tower as well as the
weight of the cooling water. The framework may be of wood or
concrete but must be strong enough to withstand winds and seismic
loads.

The tower framework of a natural draft tower or fan-assist-
ed natural draft tower is usually a hyperboloid shell made of
reinforced concrete. The hyperboloid shape is used because of
structural and economic considerations.

4.1.7.2 Water Distribution System-- ) )
The function of the water distribution system is to provide
a uniform distribution of the hot water above the fill. Tbe
distribution network can be made of treated redwood, cast iron,
carbon steel, polyvinyl chloride (PvVC), fiberglass, or asbestos
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cement. All spray nozzles are usually made of plastic.

4.1.7.3 Fill or Packing Material--

The function of the fill or packing material is to break
the water into many small droplets or filaments so as to in-
crease the air-water interface area as well as the contact time.
Two types of fill are in common use: film £ill which breaks
the water into thin filaments and splash fill that produces
small droplets. The fill material can be wood, asbestos cement,
or various types of plastics. Several examples of packing con-
figurations are shown in Figure 4.10.

4.1.7.4 Drift Eliminators--

Drift eliminators are located above the fill material.
They serve as a baffle designed to cause a sudden change in the
direction of the air stream. The sudden change in direction
strips the water droplets from the rising air stream, thus
reducing the gquantity of water (drift) lost to the atmosphere.
Materals used in the construction of drift eliminators are wood,
asbestos cement, and various types of plastics. Typical drift
eliminator configurations are shown in Figure 4.11l.

4.1.7.5 1Inlet Louvers--

The inlet louvers provide a uniform air flow into the tower.
Their design includes proper slope, spacing and width to prevent
water losses and to minimize icing problems during the winter.
Construction materials are usually treated redwood, asbestos
cement or plastics.

4.1.7.6 Water Collecting Basin--
The cooled water falls through the f£ill and is collected at
the bottom of the cooling tower in a basin from which it is

pumped back to the condenser. The basin is constructed from
concrete.

4.1.7.7 Fans--

. In mechanical draft cooling towers, a fan provides the de-
sired flow of air through the tower. The fan can be located
at the top of the cooling tower above the drift eliminators or
gtdthi.bottom og ;he cooling tower. In the former case, the
induction principle is applied and the fan i
the fill and the drift eliminators. In thepgiiieilgazgrozg?ch
usually applies to small towers, the fan pushes air up éhe tow-
er through the fill and the drift eliminators. Blades are made
of fiberglass covered with a polyester resin or aluminum coated
with an epoxy or other synthetic resin selected for its cor-
rosion gnd erosion resistance properties. Blade diameters i
conventional U. S. practice range from 28 to 80 feet SEs
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4,2 COOLING PONDS

4.2.1 General Description of Cooling Ponds

Cooling ponds are man-made bodies of water or natural lakes
used for dissipating waste heat from power plants. Heat dis-
sipation from the pond surface is accomplished by radiation,
conduction, convectlon, and evaporation. Since a cooling pond
does not have forced air or forced water motlon, it is less
efficient than a cooling tower as described in Section 4.1. The
low rate of heat transfer requires that cooling ponds have
large surface areas. The rule-of-~thumb values often cited for
pond surface requirements range from 1 to 3 acres per megawatt
of electric output.

Cooling ponds are generally considered economically attrac-
tive for power plants sited in locations where the cost of land
is low and conducive to the construction of the pond, and the
soil is relatively impervious. One of the advantages of a cool-
ing pond worth noting is its potential use for other purposes
which may be incorporated in the design of the pond.

The following list presents the major advantages and dis-
advantages of cooling ponds(17):

Advantages

1. Have reasonable construction costs where land
costs and soil conditions permit

2. Serve as settling basin for suspended solids
3. ©Need no makeup for extended periods

4. Provide possible recreational area

5. Can be stoc¢ked with fish species that are able

to tolerate the warmer waters (Ponds can also
serve as an area for aquaculture or fish farm-

ing.)

6. Serve as river control to minimize flooding or
increase minimum flow

7. Need very little maintenance

8. Have low pumping power requirements
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9. Have a high thermal inertia (Water temperature at
the pond intake will not reflect short-term changes
in meteorological conditions or plant loading.)

Disadvantages

1. Require large land area and deny use of this land
for other useful purposes

2. Require soil basin of low permeability or liners

3. Tend to concentrate dissolved solids which may
leach into an underground water source

4. May lead to fogging and icing in adjacent areas
5. Serve as collecting area for wind-blown debris

6. May deny runoff waters to former users below the
pond sites

4,2.2 Classification of Cooling Ponds

Cooling ponds are usually classified by depth as well as
flow pattern(17). A pond is generally considered to be shallow
if its depth is on the order of 8 to 20 feet (2.4 to 6.1 meters).
Qooling ponds which exceed 20 feet (6.1 meters) are character-
ized as deep ponds. Both types can be further classified ac-

cording to their flow pattern to be described later in this
section.

. Cooling ponds can also be classified according to their
1ntepded usage as single purpose (heat rejection primarily) or
multipurpose (heat rejection, recreation, irrigation, etc.).
These classifications are important in the licensing procedure
for power Pl§nts designed to use cooling ponds, especially

in the definition of the consumptive water use of the pond (18-21).

4.2.2.1 Shallow Ponds--
Shallow ponds are constructed primaril issi
. ; Yy for heat dissipa-
tion. These ponds are subdivided into "flow through" or "s?ug

flow" and "completely mixed" types This distj :
i . stincti
heavily on the pond shape and pond outlet design. on depends

Completely mixed ponds are assumed to h i
ce ave a uniform
temperature throughout. Conditions promoting such behgzior

are: 1) a sufficient depth to allow wi i i
' : s nd~-in i
as well as circulation induced by plant pumpggg?d2$l§cgig§ion

: ’ a xo i
14
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4) a discharge located away from the pond shore, and 5) long re-
tention time.

Flow-through (or slug flow) ponds are generally long and
slender with inlet and outlet at opposite ends, narrow width
to minimize wind mixing, large width to depth ratio, or low
velocity to minimize vertical velocity gradients. Thus, a flow-
through pond provides more rapid cooling, but it is more expen-
sive to build than the completely mixed pond.

4.2,2.2 Deep Ponds--

Deep ponds are usually constructed for multiple uses or are
natural ponds which have multiple uses. Deep ponds are usually
well-stratified thermally. Deep ponds are further classified
into three categories: 1) horizontally-mixed, 2) flow-through,
and 3) internally-circulating. In the first two, the water
temperature distribution is dominated by the natural hydrological
and meteorological conditions; in the latter, the natural con-
ditions are augmented by the design of the intake and discharge.
As the name implies, the horizontally-mixed ponds exhibit uniform
temperature within each horizontal plane. Reservoirs where the
heat burden is less than 0.25 MWe per acre and the discharge
rate to pond capacity is small will generally approximate a
horizontally-mixed pond.

For discharges with high flow volume outputs relative to
total reservoir capacity, the pond is classified as flow-through.
In this type, horizontal gradients become important.

In internally-circulating ponds, the heat burden is high,
and the effects of meteorological conditions are no longer dom-
inant.

4,2.3 Heat Transfer in Cooling Ponds

4.2.3.1 Mechanisms of Heat Transfer--

The heat transfer mechanisms occurring at the surface layer
of a cooling pond include the following: 1) incoming shogtque
solar radiation, Qg, 2) incoming longwave atmospheric radiation,
Qa, 3) solar radiation reflected from the pond surface, Qsr, 4)
atmospheric radiation reflected from the pond surface, Qzr: 5)
longwave back radiation from the pond surface to the atmosphere,
Obr: 6) heat loss due to evaporation, Qg, and 7) heat loss or
gain due to conduction and convection of air, Qg. These
mechanisms are depicted in Figure 4.12(22).

The intensity of incoming solar radiation striking the
water surface at a given location depends on the altitude of Fhe
sun and on the amount of cloud cover. The longwave atmospher}c
radiation comes from the gases, notably water vapor, carbon di-
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oxide and oxygen, in the atmosphere and depends on both the
altitude and amount of cloud cover. Not all of the incoming
radiation reaching the water body passes through the water sur-
face. These incoming solar and atmospheric radiations are
independent of water temperature.

The major heat losses at the pond surface are due to back
radiation, evaporation, and conduction-convection. The magni-
tude of these losses is dependent on the water surface tempera-
ture. The back emitted radiation is proportional to the fourth
power of the absolute temperature of the surface. The heat con-
vection to the atmospheric air above the surface is proportional
to the difference of the water temperature and the air tempera-
ture. The heat loss due to evaporation is proportional to the
difference in saturation vapor pressure at the water surface

temperature and the water vapor pressure in the ambient air a-
bove the surface.

4.2.3.2 Net Rate of Heat Transfer Across a Cooling Pond Surface--
The steady state net rate at which heat is transferred
across the water surface to the atmosphere is as follows:

Q= (Qpp + Qc + Q) - (Qg +Q, - Qsr ~ Qar) (4.13)
= (Qpy + 0, + Q) - Qp (4.14)
where:
Orp = Qg + Q, - Qg - Q,,) and is the net thermal

radiation absgrbedaﬁy the water body.

The other quantities are as defined in Section
4.2.3.1.

There are a number of semi-empirical models available for the
calcu}ation of the basic components in Equation (4.13) or
Equation (4.14), such as the Edinger-Geyer (22), Brady et al. (23),
Hogan et al. (24), and Thackston-Parker (25). Each of the models,
however, can be reduced to a simple form which states that the
rate of heat loss to the overlying air is a function of heat
transfer coefficient, K, and the driving temperature, that is,

0 = KA(Tg - T,) (4.15)

where:

=
"

heat transfer coefficient.

]
i

surface area.
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TS water surface temperature.
Te = equilibrium temperature of water surface.

The value of K is a function of wind speed and air and water sur-
face temperatures. The equilibrium temperature T is defined
as the surface temperature Ty = T_ for which Q = o under steady

environmental conditions, i.e., without the addition of power
plant waste heat.

In cooling ponds, the forced evaporation loss, i.e., evapo-
ration loss due to the addition of power plant waste heat, ac-
counts for 40 to 80 percent of the waste heat dissipated. The
wind speed and water temperature are the major parameters in
determining what fraction of the total loss is evaporation. The
remaining waste heat, 60 to 20 percent, is lost to the atmo-
sphere primarily by convection and longwave radiation from the
pond surface temperature. One other element in the pond heat
balance is the heat transfer to the ground; it has been esti-
mated to be between 0.5 - 2.5 Btu/ft<-hr-Or(17).

4.2.4 Design and Performance Parameters for Cooling Ponds

The parameters which affect the design and performance
of cooling ponds include those directly affecting heat transfer
and those affecting the circulation pattern of water flows.

_ The circulation pattern affects the water temperature and in-
directly affects the heat transfer from the pond surface. In
addition to the information presented here, modeling of cooling

pond water consumption is discussed in Section 11.3.

4.2.4.1 Parameters Affecting Heat Transfer--

As was discussed in Section 4.2.3, the parameters which
affect the surface heat exchange of the cooling pond include the
following: 1) latitude, 2) time of year, 3) solar radiation,

4) cloud cover, 5) air temperature, 6) relative humidity, 7)
wind speed, and 8) water surface temperature.

The first four parameters and the last one affect the net
thermal radiation which is absorbed by the water body. The last
four parameters affect the pond surface heat transfer meghanlsms
(back radiation, conduction-covection, and evaporation) in the
following manner:

Back Radiation: Qbr“'Ts4
Convection: QC~(Ts - Ta)

_e)

Evaporation: Qem(es a
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The symbols used in the above proportional (~) expressions are:

Tg = pond surface temperature, °k.

T, = air temperature (dry bulb), °K.

eg = saturation vapor pressure at Tg,
mm Hg.

e, = water vapor pressure in ambient air,
mm Hg.

4.2.4.2 Parameters Affecting Water Circulation Patterns--

Based upon actual observation of prototype pondg, Ryangzs,
27) summarized the major parameters affecting pond circulation
patterns. They are: 1) entrainment of pond water by plant ef-
fluent, commonly called "entrance mixing", 2) pond shape, 3)
configuration of the cooling water intake and water body outlet,
4) wind effects, and 5) density-induced currents. Each factor
will be discussed briefly below.

1) Entrance Mixing

Initial mixing strongly affects pond performance in trans-
ferring heat. This mixing depends mainly on the design of the
outfall from the condenser discharge, the densimetric Froude
Number of the influent to the pond, as well as the shape of the
pond. The densimetric Froude Number is the criterion by which
the type of flow, tranquil or rapid, is determined. Tranquil
flow occurs when the Froude Number is less than unity and rapid
flow when it is greater than unity. Heat is dissipated more
rapidly from a pond with a higher surface temperature than from
the same pond with a lower temperature. If the outfall promotes
entrance mixing, the pond will have a lower average temperature
and approximate a completely mixed pond. Because of this, a
completely mixed pond requires more surface area than a flow-
through pond to reject the same head load.

2) Shape of the Pond and Effect of Depth

Pond shape is the most significant variable in determining
hydraulic characteristics. A round or square surface pond is
less preferred than a long slender pond due to eddy formation
at stagnation points and possible flow separation. Wind and

dinsity-induced currents dlways complicate the effect of pond
shape.

. Occasionally,_stream distribution equipment is used to
increase thg active or participating area for cooling. Common
techniques involve modifying the outlet to a fan shape with a
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grating across it, or constructing a stream distribution levee
to force the influent to cover a greater pond area.

The deeper the pond, the longer the response time to weath-
er or plant loading changes. Pond storage capacity should at
least equal the volume circulated in 24 hours to take advantage
of night cooling, as well as to even out temperatures resulting
from changes in plant loading. It is commonly accepted that a
depth of 8 to 12 feet is necessary to prevent large diurnal
variations in temperature. For depths less than 5 feet, there
is a tendency for accelerated aquatic growth. If a pond is too
shallow, wind-induced mixing will likely predominate, preventing
the formation of density-induced currents which disperse heat
into outlying regions of the pond. In cases where the cooling
pond acts as a storage reservoir for make-up water, an additional
constraint is generally imposed on pond depth. The normal op-
erating depth should be at least 5 feet (1.5 meters) plus the
maximum expected drawdown to allow the pond to function effec-
tively.

3) Location and Design of Intake and Outfall Structures

In general, the discharge will be located at the surface
with an initial densimetric Froude Number less than unity to re-
duce entrainment. The intake should be located as deep as
practicable to avoid recirculation of influent water and to take
advantage of the pond's cooling capacity as weather and plant
loading conditions change. Ryan recommends building a skimmer
wall, if locating the intake in deep water is not feasible. If
the discharge is directed away from the intake at a reasonable
velocity, i.e., 2 to 3 feet per second (0.6 to 0.9 meters per
second), Kirkwood, et al. (28) estimates that separation of dis-
charge and intake structures by about 40 percent of the pond
length is adequate to prevent recirculation. Local wind ef-
fects should also be considered.

4) Wind Effects

A pond should be designed so that the prevailing wind dur-
ing the summer is directed from the condenser intake to the c?n—
denser discharge, thus avoiding recirculation during tbe pond's
most critical season. The most common effect of wind is the
vertical mixing caused by wind-generated waves. Only a very
shallow pond or the topmost layer of a deeper pond 1s dlregtly
affected. Wind-induced currents are a secondary effect which
forces warmer waters into outlying regions of the pond and,
thereby, increases its effective area. A third effect 1s.th§
pPiling up of warm water by the wind on the pond shore. Tilting
of the heated layer-cold pond water interface may be caused by
the wind and result in increased recirculation problems.
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5) Density-Induced Current Effects

Density differences within the warm plume and.between the
plume and the pond water will cause lateral spre@dlng. In gen-
eral, wind-induced currents are an order of magnltgde greater
than those induced by density disparity. Density-induced cur-
rents are, in turn, an order of magnituqe g;eater than those in-
duced by pumping. As noted above, den51ty—1nQuced currents
assist in improving the active area of a cooling pond.

4.2.5 Design and Size of Cooling Ponds

4.2.5.1 Design of Cooling Ponds-- _

The design of a cooling pond is affected by Fhe local cli-
matic, topographic, and hydrological characteristics of the
site. The construction of cooling ponds is normally limited to
placing dikes or low dams to take advantage of natural topo-
graphy. Excavation is unrealistic for large ponds; ?he cost of
excavating an entire pond would normally be prohibitive. Pre-
sently, the design of ponds is still very much of an art. Much
more work remains to be done in defining appropriate criteria
and in selecting design procedures.

One example of pond construction using dikes and dams is
that for the Cholla Plant in Holbrook, Arizona(29). The pond,
shown in Figure 4.13, was formed by placing dikes on three sides.
The dikes have a maximum height of 14 feet (4.2 meters) and re-
quired 265,000 cubic yards (202,619 cubic meters) of fill. The
pond has a surface area of 380 acres (154 H) with an average

depth of 9 feet (2.7 meters) and serves a plant of 125-MWe rated
capacity.

4.2.5.2 8Sizing of Cooling Ponds--

Mathematical models which adequately encompass the entire
range of features for the description of pond performance are
not available. Hence, experience and simplified analysis pro-

vide the primary basis for the engineering design of cooling
ponds (29).

The most simplified models are the completely mixed flow
model and the slug flow model. These two flow models, combined
with empirical correlations for surface heat exchange coef-
ficient and equilibrium temperature, give a rough estimate of
the pond size required to reject a given heat load.

l) Completely Mixed Pond

Since_the completely mixed pond has a nearly uniform tem-
perature, it follows that the drop in temperature from the plant
dlscharge to the pond temperature must take place over a small
portion of the pond. For such a condition to exist, the size

58



of the pond must be large and the mixing effective.
The energy balance for the condenser and pond require that:

,OCWW(Th - TC) = KA(Tc - Te) (4.16)
where:

£ = density of circulating water.

N
il

specific heat of water.

W = volumetric flow rate of circulating water.
Th = hot water temperature leaving the condenser.
Te = cold water temperature out of thg pond

(= pond surface temperature, T in
Equation (4.15}). S

K = surface heat exchange coefficient.

A = pond area.

To = equilibrium temperature of the pond.

From Equation (4.16) the required surface area for a completely
mixed pond is:

PCN (T - T.)

(4.17)
K (T, - Tg)

2) S8lug Flow Pond

Most man-made ponds are more closely.repyegented by a slug
flow model. The energy balance for the simplified slug flow
model is:

/DCWW-dTw = =K (Tyy - Te)-dA (4.18)

Integration of Equation (4.18) gives the classical exponential
decay equation for constant Te,fp, C,r and W:

T, ~-T
c € = exp (— _/-O_C—VK;—%_) (4.19)
Th Te
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Solving for the area of the pond gives:

o CH Tp - T (4.20)
A = (___T{_—--) Iin (—-———-———Tc — Te

i i j tion with cor-
Equations (4.17) and (4.20) must be u§eq in conjunc Wil .
rglations for the heat exchange coefficilent, K, and equ1%1br1um
temperature, Tg, such as those proposed by Brady et al.(23).
Brady's correlations are:

= EE_i_Ei (4.21)
2
B= 0.255 - 0.0085T + 0.00204T? (4.22)
£(u) = 70 + 0.7 u? (4.23)
K = 15.7 + (B8 + 0.26) - £(u) (4.24)
Te = Tg * is (4.25)
where:

T = average temperature, OF.
T4 = dewpoint, Or.
T . = water surface temperature, O,

B = slope of the saturated vapor pressure
curve, mm Hg/COF.

th
~~
o
e
I

wind speed function; Btu/ftz—day—mm Hg.
u = wind speed, mph.
Qg = gross solar radiation, Btu/ftz—day.

K = surface heat exchange coefficient,
Btu/ft%-day-C°F.

To facilitate computation of K, a design chart has been prepared
by Brady et al. and is given in Figure 4.14. This figure al-
lows direct determination of K for the given wind speed and the
average temperature, T. The dew point, gross solar radiation,
and wind speed for different regions of the United States can
be found in the "Climatic Atlas of the United States" (30).
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4.3 SPRAY CANALS

4.3.1 General Description

The power spray ponds oOr canals are extensions of cooling
ponds and cooling tower technologies. Cooling is obtained pri-
marily by spraying water from a pond or canal into the ambient
air, whereby water is evaporated to effect cooling of the water.
The purpose of spraying the water is to increase the water-to-
air contact area. The result is a significantly increased heat
transfer rate per unit area of pond surface. Thus, the land re-
quirements for spray systems are reduced considerably as com-
pared to those of simple pond systems.

The spray system can be designed as a fixed-pipe pond con-
figuration called a spray pond or as a floating-module canal
system called a spray canal. Spray ponds are generally used for
small heat rejection requirements, such as the ultimate heat
sink for nuclear power stations, whereas spray canals are gen-
erally used for power plant waste heat rejection. An example of
a spray pond system is the ultimate heat sink for the Rancho
Seco Nuclear Power Plant(31l). The discussion which follows is
primarily concerned with spray canals.

The floating spray system can use any one of a number of
different, commercially available modules. The spray modules
are anchored in the discharge canal or pond. Each module is
complete with a float-mounted pump and spray heads. One such
module is shown in Figure 4.15. The module consists of four
spray nozzles mounted on a 120-foot length of pipe. The entire
assembly floats in the water with the spray nozzles above the
water surface. The module is equipped with a 75-horsepower motor
and a 10,000-gpm capacity pump. Modules are placed in a canal
with the axis of each module parallel to the stream flow, also
shown in Fiqure 4.15.

Spray canal cooling is a relatively new cooling concept
which is currently in use at a small number of power plants. The
performance and cost of the spray systems are competitive with
wet cooling towers. The possibility of using them, however,
will depend on the availability of land and the cost at the site,
since the construction of the canal is one of the major cost
components.

4.3.2 Heat Transfer - Performance of Spray Module

Heat transfer from a spray canal is primarily accomplished
through evaporation and convection. Radiation modes of heat
transfer, such as those affecting a cooling pond, are negligible
because of the small canal surface.
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Since the operation of a spray canal is thermodynamically
similar to an evaporative cooling tower, the module performgnce
can be described by an equation identical to Merkel's equation.
This performance equation, as applied to spray modules, 1s
called the Ntu-equation:

T
h
NEu = Cud Ty (4.26)
H(T,,) - H(T,)
Tc
where:
Ntu = number of heat transfer units,
dimensionless.

C,, = specific heat of water.

To = sprayed water temperature
(temperature of the sprayed and
cooled water before it re-enters
the canal water body).

Th = canal water temperature at spray
nozzle intake.

H(T ) = enthalpy of saturated air at water
temperature, Tw'
H(wa) = enthalpy of saturated air at local

wet bulb temperature in the spray
field, Ty

?he derivation of Equation (4.26) is given in Reference 32; it
is similar to that given in Section 4 for evaporative towers.

In the derivation of Merkel's equation for towers, the
energy balance on the air and water for a spray yields:

AH L
= Cy —— 4,27
ATW W G ( )

where:

AH = change of air enthalpy per unit mass

of dry air as the air passes through
the spray field.
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AT

i

cooling range of spray.

Qe £

liquid (water) to gas (air) ratio, dimensionless.

In the case of an open spray, however, L/G is not well defined
because there is no control over the air flow. As a result, an
average local wet bulb temperature inside the spray field must
be used in the evaluation of the Ntu.

The number of transfer units can be determined in principle
from the average dynamic and thermodynamic behavior of droplets.
In practice, Ntu is obtained either from experiments on a single
module or by calculations from system performance using the
approximate Ntu equation given below(33,34):

Nta = Cy (Th - Tg) (4.28)
[H(Th) + H(T.) _
2 , H(wa)
where:

T b = local wet bulb temperature of

w air inside the spray field.
H(Ty) = saturation enthalpy of air at Ty.
H(T.) = saturation enthalpy of air at Tg.

4.3.3 Design and Performance Parameters

The design parameters to be considered in sizing spray
canal systems for a specific heat load using standard modules
are: 1) cooling range and water flow rate, 2) approach to the
wet bulb temperature, 3) ambient conditions (dry and wet bulb
temperatures, wind speed and wind direction), and 4) number of
modules per pass.

The wet bulb temperature, cooling range, and apgroach
affect the canal performance in a similar manner as 1in wet cool-
ing towers. The extent to which ambient wind condit10n§ affect
a spray system's performance depends on the volume o? air pass-
ing through the spray region. High wind speeds permit more
efficient heat transfer to the atmosphere, whereas low w%nd
speeds hinder effective interaction of the spray and ambient
air as illustrated in Figure 4.16. These daFa were obtained
experimentally by Hoffman and are presented 1n Reference 34. 5
Wilson(36), using the same experimental data as Hoffman, fgupn
a maximum in the performance curve of Ntu versus wind speed 1
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the 9 to 12 mph range. Wilson suggests that the reduct%on in
performance at higher wind speed is due to the deformatlop of
the spray umbrella. The commonly used design wind speed 1s 5 mph.

For optimum thermal performance, a spray system capal sbould
be placed perpendicular to the prevailing summer or.des1gn'w1nd
direction. A long, narrow canal that minimizes recirculation
will perform better than a wide canal with many spray module
units in the pass. Figure 4.17 shows three possible canal ar-
rangements for spray cooling systems(37).

4.3.4 Spray Canal Design

There are two commonly used design approaches for sizing
a spray canal system and calculating its off-design performance.
A review of the different methods is given by Ryan(35), and
Ryan and Myers(34). Each method is based on a performance model
which consists of:

1. A model for the thermal efficiency of a single
module as a function of water temperature, wet
bulb temperature, and wind speed

2. A model which relates the individual module
performance to the canal performance

4,3.4.1 Canal Design Using System Model--

The system model assumes the water flows in parallel pat-
terns without transverse mixing between each row of modules;
that is, each row of modules is treated as a separate channel.
A fraction of the flow in the channel is pumped through the
nozzles of each module. The water is cooled and remixed with

the remaining flow in the channel. The mixed flow then proceeds
to the next module.

The analysis begins with the condenser discharge end of
the canal where the water temperature, wind speed, and local
wet bulb temperature of the first module in the first row are
known. The air flow is assumed to be perpendicular to water
flow (Figure 4.17). This condition can be accomplished in de-
sign by laying out the canal such that the direction of water
flow is perpendicular to the prevailing wind at the site. The
temperature of the sprayed water is obtained from a module per-
formance model, and the temperature of the water leaving a pass
is obtained from the ratio of pumped flow to channel flow. As
the air flows across the modules, the local wet bulb temperature
increases from the ambient wet bulb temperature as a result of
heat and mass transfer from the upwind modules. An empirical
correction factor, i.e., an increase in wet bulb temperature of
1°F to 29F, is used to account for this effect.
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Referring to Figure 4.18, the steady state canal enerqgy
balance for the ith pass requires that:

L [Tiﬂ’n - Ti'n] = NS [(Tc)i,n - Ti'n] (4.29)
where:

L = amount of water flow in the canal, 1bm/hr.

Ti+l,n = m%xed water temperatgre entering the
(i + 1)th pass (leaving the ith
pass), OF.

T. = mixed water temperature entering in
the ith pass, ©F.

N = number of modules (rows) per pass.

S = amount of water sprayed by each
module, 1lby,/hr-module.

i = ith pass number.

n = module row number counting from the
upwind side.

(Te)j p = temperature of sprayed and cooled water
! from the module in the ith pass and nth
row, OF.

Solving for Ti+]1,n from Equation (4.29):
S S .
Ti+l,n = [l - N(T)] Ti,n + N(T) (Tc)l,n (4.30)

The temperature (Tc)i,n can be obtained frgm module perform§nce
correlations provided by manufacturers. With that, the variables
in the righthand side of Equation (4.30) are known for each mod-
ule of the first pass, and the canal water temperature 1eav1ng1_
each module of the first pass, T; , (p=l, 2,...... N) can be cih
culated. The average mixed canal water temperature entering the
second pass is calculated as follows:

_ 1 (4.31)
(Tayd2 = —— Z *2,n

n=1

The procedure is repeated until the mixed canal water temper:?:fe
leaving the last pass is equal to the design cold water tempber
ture, To- The design calculations are completed and the num

of passes required is determined.
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The above design procedure requires proprietary information
concerning module performance curves and wet bulb tempera?uye
correction factors. To circumvent the difficulty of obtaining
proprietary design information, canal system performance curves
supplied by a manufacturer can be useq to.construct 51mp}1f1gd
design curves, such as the one shown in Figure 4:19. This fig-
ure was developed by the Tennessee Valley Authority and present-
ed in Reference 34.

The use of the design curves in Figure 4.19 for determining
the number of modules required to dissipate a given heat'load
is illustrated as follows. Consider a plant with a coollng
water flow of .5 x 106 gpm, a hot water temperature oﬁ %OO F, and
a condenser cooling range of 15°F. Other design conditions are:
cold water temperature is 85°F, wind speed is 5 mph, and wet
bulb temperature is 60°F.

Referring to Figure 4.19, the number of sprays per million
gpm for water temperatures of 100°F and 85°F are 245 and 453,
respectively. Since the design water flow rate is 0.5 x 10
gpm, the total number of modules is equal to: (453 - 245) x
0.5 = 104 modules, for a canal using 4 rows per pass.

4.3.4.2 Canal Design Using Ntu Model--

The same procedure described in the previous section can be
used in the design of a spray canal incorporating the Ntu module
performance model and associated wet bulb temperature correc-
tions. In numerical form, the Ntu model is as follows:

Nta = CW (Ti,n B Ti+l,n) (4.32)

H(Tji,n) + H(Tj )
[ i,n y i+l,n ]_ H (Tyb)

Several investigators have obtained empirical correlations of
Ntu versus wind speed. An example is the Hoffman model given
in Figure 4.16. A wet bulb temperature correction of 1°F
(0.56C) increase is suggested to account for air-vapor inter-
ference in each of the downwind rows. )

For the same design conditions as the example given in the
previous section, the number of modules determined by Ryan and
Myers (34) using Hoffman's Ntu model is 112. The result is wvery
close to that obtained by the empirical design curves (Figure
4.19). It was demonstrated that designs for the same case using
other models, however, have shown a variation in the number of
modules by a factor of two. The large variation is caused by
thg dependence of performance models on empirical factors ob-
tained from relatively small systems (1 to 100 modules). Thus,
the design of large systems with 400 modules or more using these
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models should be done with caution.

4.3.5 Mechanical Design of Spray Modules(38)

A floating spray module consists of a pump and motor, mani-
fold, floating platform, and nozzles. Continuous exposure to
highly humid conditions requires special design precautions.

The motor is one of the key components in the operation of the
system, and normal fan-cooled motors have been the source of a
major operating problem for spray modules. Even with special
seals and covering shrouds, water entering the motor has
caused difficulties.

Use of a completely sealed water-cooled motor appears to
have solved the problems associated with this highly humid con-
dition. The motor must have a continuous spray of water to as-
sure long life, and the spray pattern from the nozzles should be
designed to provide cooling of the motor. Corrosion resistant
coatings should be used to protect the casing from corrosion
which could lead to leakage into the motor windings or bearings.

Axial flow propeller pumps are used for spray nozzle cool-
ers. These are suitable for spray cooling applications, because
of their relatively high efficiency at low head and high flow
operating conditions. This high efficiency requires that close
tolerances be used throughout the pump design. Also, straight-
ening vanes are used to ensure uniform flow conditions into the
propeller. A typical motor-pump assembly(39) is shown in Figure
4.20.

The manifold system must be designed to distribute the
water to the nozzles effectively while maintaining a low head
loss. As with the pump, the manifold system should be well pro-
tected against corrosion. Fabrication with stainless steel_or
other corrosion-resistant materials is recommended in certain
applications; otherwise, effective protective coatings should
be used. A typical manifold system is shown in Figure 4.15.

In addition to supporting the primary structure, the floats
should be sized so that they provide a stable working platform
for maintenance and repair. The float should be completely fill-
ed with a closed-cell polyurethane foam to provide a secondary
flotation system in the event of shell failure. If the floqt
is made of fiberglass, an internal steel structure must be in-
corporated into the float design to ensure that the fiberglass
is not required to carry the structural loads. Figure 4,20
shows a flotation system attached to the pump-motor system.
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4.4 DRY COOLING TOWER SYSTEMS

4.4.1 General Description of Dry Tower Cooling Systems

Dry cooling towers generally employ finned-tube heat ex-
changers to reject heat by circulating water inside the tubes
and by passing the atmospheric air over the outside tubes and
fin surfaces. Typical kinds of finned-tube construction are
shown in Figure 4.21(40). 1In contrast to the wet cooling sys-
tems previously described, the heat transfer mechanism is con-
vective heat transfer rather than heat and mass transfer between
the water being cooled and the cooling air. The absence of
evaporative heat exchange eliminates the make-up water require-
ment and the formation of vapor plumes which constitute the
major disadvantages of wet cooling systems.

Dry towers can be of the mechanical draft or natural draft
type. In a mechanical draft tower, ambient air is induced or
forced by fans to pass over the heat transfer surface. 1In mechan-
ical draft towers, air flow is controlled by use of either vari-
able fan speeds or variable pitch blades. The natural draft tow-
er depends on the air density difference in the atmosphere and in
the tower to produce the buoyancy force for inducing the air flow.
The air flow rate can be controlled by the use of louvers or
dampers.

.Various studies(41-44) have indicated that dry tower
coollng systems have both high capital cost and severe operating
pena;tles: The high capital cost results from the need for ex-
tensive finned-tube heat exchanger surface while the operating
penalties result from the high condensing temperatures experi-
enced during pgak ambient conditions. Because of the high capi-
Fal and operating costs, dry tower systems are not widely used
in the power industry at the present time. Only a relatively
smal; number of existing or new power plants are currently em-
ploylng dry cooling systems as listed in Table 4.1(45,46). How-
ever, it is anticipated that dry cooling, especially in .combina-
tion with wet cooling, will become more prevalent in the near
fgture fo; power plant application as available water for evapora-
tive cooling systems becomes limited and/or costly(21,41,42,44).

4.4.2 Types of Dry Cooling Systems

There are two alternative dry coolin i
: g systems which emplo
g;y cooling towgrs for power plant applications. These arepthz
irect dry cooling system and the indirect cooling system.

4.4.2.1 Direct Dry Cooling System--

The direct dry cooling system, alt i
_ : ' ’ ernatively called th
direct condensing dry cooling system, is shown thematicall? in

68



Figure 4.22. 1In this system, the extended surface air-cooled
heat exchangers of the dry tower serve to transfer waste heat
to a heat sink and as a condenser in which the turbine exhaust
steam is condensed directly on the inside tube surface. Large
ducts are used to transport the exhaust steam to the heat ex-
changer coils.

After the steam condenses in the dry tower, the condensate
is pumped back to the boiler feed circuit. The cooling system
components are under vacuum, and provision is made for extrac-
tion of non-condensable gases. To save space and to minimize
the length of exhaust steam ducting, and, consequently, the
pressure drop in the ducts, the air-cooled condenser (dry tower)
for small power plants can be installed on the roof of the tur-
bine building. The present direct dry cooling systems utilize
mechanical draft exclusively to produce the required air flow.

The finned tubes in the dry tower are generally laid out
in chevron (AA -shape) patterns in a parallel-flow, a counter-
flow arrangement or a combination of the two as shown in Figure
4.23(45).

In the parallel-flow arrangement, the steam flows downward
from the headers at the top. The pressure drop along the inside
of finned condenser tubes is accompanied by a temperature re-
duction in the saturated steam. As the steam condenses in the
tube, continued cooling of the condensate in the lower part of
the tube tends to result in sub-cooling of the condensate. This
increases oxygen absorption with attendant corrosion problems,
and at ambient temperatures below 320F (0°C), it can lead to
freezing of the condensate.

In the counterflow arrangement, the exhaust steam enters
at the bottom and flows upward against the downward flowing
condensate. This arrangement eliminates the condensate subcool-
ing problem, but provides reduced heat performance. To combine
tbe advantages of both arrangements, current designs use a com-
bination of the two, wherein the condensation of the final
fraction of steam takes place in a counterflow section.

The world's largest direct dry cooling system for power
Plant application is the one constructed for the 330-MWe mine-
mouth power plant of the Pacific Power & Light Company and the
Black Hills Power & Light Company at Wyodak, Wyoming. The air
cooled condenser arrangement for this station is shown in Figure
4.24(47). This system began operation in 1978.

4.4.2.2 1Indirect Dry Cooling System--

There are two variations for the indirect dry cooling sys-
tem. One of the indirect systems utilizes a spray or contact
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condenser. This system is often referred to as the Heller Sys-
tem(44,45,48) because it was first proposed by Dr. Lazlo Heller
at the World Power Conference in Vienna in 1956. The other ar-
rangement uses a surface condenser.

The Heller System is shown in Figure 4.25. Here the steam
leaving the turbine is condensed by mixing with cooling water in
a direct contact condenser. A typical direct contact condenser
is shown in Figure 4.26(49). A portion of the condensate/cool-
ing water mixture, equivalent in mass flow rate to the turbine
exhaust steam, is returned to the boiler feed circuit, while the
balance is circulated through the dry tower heat exchanger. The
cold water returning from the dry tower is then sprayed again
into the condenser for the condensation process. The circulat-
ing water flows in a closed circuit so that no water is lost due
to drift and evaporation.

The indirect dry cooling system with a surface condenser
is shown in Figure 4.27. In this system, the cooling water
circuit and the steam/feedwater circuit are completely separated.
Turbine exhaust steam condenses on the outside of the condenser
tubes, and the condensate is pumped back to the boiler feed cir-
cuit without any contact with the cooling water. The cooling
water flows in a closed circuit through the condenser and the
dry tower heat exchanger.

4.4.2.3 Comparison of Direct and Indirect Dry Coocling Systems--

The direct system has a thermodynamic and operating advan-
tage over the indirect system in that it does not require the
use of a condenser and an intermediate loop.

The major disadvantages of the direct system include: 1)
the large-bore exhaust steam pipes which transport the steam to
the heat exchangers are often difficult to accommondate, 2) the
extensive vacuum system is susceptible to air leakages, 3) a
large volume of air must be evacuated during startup, and 4)
the heat exchangers must be located close to the turbine build-
1pg_in order to limit the pressure drop in the exhaust steam
piping.

Traditionally, it has been stated that direct systems would
be best suited to units not exceeding 200 MWe; however, the
present operation of the 330-MWe Wyodak unit indicates'that
units over 200 MWe are possible using direct dry cooling.

4.4.2.4 Comparison of Spray Condenser and Surface Condenser--

A spray condenser offers the following orj i
princi 5
as compared to a surface condenser: 7 pal advantage
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1. Since the terminal difference is nearly zero,
it is possible to achieve a better vacuum with
the same warm water outlet temperature.

2. The improved heat transfer performance results
in a smaller size and, consequently, lower
cost of the condenser and less required head-
room under the turbine.

3. The omission of condenser tubes reduces first
cost, operational problems (fouling, corrosion),
and eliminates the possibility of raw water
leaking into the feedwater circuit.

The major disadvantage is the fact that feedwater and the
cooling water are mixed in the spray condenser which imposes
the need to use feedwater-quality water in the cooling system.
Since the cooling water flow may be 30 times as great as the
feedwater flow, a large amount of feedwater-quality water is
required.

In nuclear application, however, the use of the surface
condenser is the best and potentially the only choice because
of possible radioactive contamination of the turbine exhaust
steam. The use of the surface condenser also permits greater
flexibility in the heat rejection circuit, e.g., the wet/dry
cooling systems described in Section 5 and the ammonia dry
cooling system described in Section 6.

4.4.3 Heat Transfer in Dry Tower

The heat transfer mechanisms which take place over the
exterior of the finned-tube heat exhanger of a dry tower involve
mainly convection. The overall thermal resistance to heat
transfer from water or condensing 'steam flowing inside the_tubes
to the air flowing over the outside tube-and-fin surfaces 1s
composed of the following series components:

. . f
1. The tube-side (water or steam) film resistance, Iy

2. The tube-side fouling resistance to the gon@uction
of heat through fouling deposits on the inside tube

wall, rg

m
3. The conduction resistance of the tube wall, r

4. The bond resistance between fin base, and tube,

rd
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5. The air-side fouling resistance to the conduqtion
of heat throggh fouling deposits on the outside
tube wall, rg

. . . . . £
6. The air-side convective film resistance, rg

Thus, the overall thermal resistance R is equal to:
£ d m d f
R=rp +rf+r"+rd+rg+rg (4.33)
Of the six individual thermal resistances, the_air—side
film resistance is the dominant component. _The reciprocal of R
is called the overall heat transfer coefficient or overall ther-
mal conductance.

Correlations of friction factor and heat transfer coeffi-
cients are available in open literature for calculating the
corresponding air-side and tube-side film resistances and the
air-side and tube-side pressure drops.

On the water-side, the friction factor can be predicted by
the classical Blasius equation(50) for flow in circular tubes.
The water-side heat transfer coefficient can be calculated by
the Dittus-Boelter correlation for turbulent flow(50). The air-
side performance parameters are not as well established as their
water-side counterparts. A number of correlations are, how-
ever, available. The commonly used ones are those developed by
Robinson and Briggs(51) and Briggs and Young (52) for air-side
pressure drop and heat transfer, respectively.

The metal resistance of the tube wall can be easily calcu-
lated. However, the fouling resistances and the bond resistance

are not generally available and should be obtained from heat ex-
changer manufacturers.

Using the overall heat transfer coefficient, there are two
standard methods used to calculate the heat transfer from the

gr{ heat exchangers. These two methods are briefly described
elow:

1) LMTD Method

The total heat transfer to the air is expressed by the
following formula:

Q = U (LMTD)-A'Fg (4.34)

where:

Q = total heat transfer of the exchanger, Btu/hr.

72



U = overall coefficient of heat transfer,
Btu/hr-ft2-°F,

LMTD

logarithmic (natural) mean temperature
difference, °F.

Fg = dimensionless correction factor for flow
arrangement (crossflow usually exists in
a dry tower and Fg = 0.95 to 1.0) (see
Reference 53).

A = surface area on which U is based, ftz.

The logarithmic mean temperature difference LMTD is the
temperature driving force for the transfer of heat between the
fluid inside the tubes and the air flowing across the tubes.
The LMTD is expressed by the following formula:

GTTD - LTTD
GTTD
1n [LTTD]

Figure 4.28 illustrates the basic temperature diggrgm and
the definitions of GTTD and LTTD as it applies to an indirect
dry cooling tower system with surface condenser.

LMTD = (4.35)

In evaluating the overall heat transfer coefficient, U,
using the correlations discussed in Section 4.4.3, the fip ef-
ficiency must be taken into consideration as illustrated in
Reference 53. The fin efficiency is defined as the ratio of the
heat transferred across the fin surface to the heat whigh would
be transferred if the entire fin surface to the heat which would
of the fin base.

Equation (4.34) can be combined with the air energy balance
and water energy balance equations to determine the performance
or the required size of the heat exchanger for a particular
plant heat load requirement. Examples using this procedure to
size dry towers are illustrated in Reference 54.

2) The E-~-Ntu Method

Calculation of heat transfer in dry heat exchangers cazhod
also be determined using the so called effectiveness-Ntu me od.
The method is defined in the following terms: 1) the heat o¥7
changer effectiveness (E), 2) the number of heat transfirlg?l
(Ntu), and 3) the ratio of heat capacity rates of the she
and tube-side fluids (R).
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For a given flow arrangement, e.g., crossflow arrangement
which is generally used in a dry cooling tower, the effective-
ness E is a function of Ntu and R(55,56). Tables in terms of
the above mentioned three factors can be found in Reference 56,
These terms are further described below:

1) The Heat Exchanger Effectiveness (E)

This is defined as the ratio of the actual rate of heat
transfer Q to the maximum rate of heat transfer permitted by
the Second Law of Thermodynamics. The equation for the effec-
tiveness of air-water heat exchangers in dry towers under normal

operating conditions, where Macpa < chpw’ is:

o chgw (§¥,in ‘_Tg,out; _ rej (4.36)
a-pa w,in a,in Omax
where:

M,;, M, = mass flow rate of water and air
respectively.

CPW' Cpa

specific heat of water and air
respectively.
T . T = temperature of water in and out
w,out .

Vein, ! of the heat exchanger respectively.
T ., T = temperature of air in and out of
a,in :

! a,out the heat exchanger respectively.

2) The Number of Heat Transfer Units (Ntu)

This tgrm is a measure of the size of the heat exchanger
from the point of view of heat transfer and is defined as:

Ntu = MUS (4.37)
a-pa
where:
U = overall heat transfer coefficient of the
heat exchanger.
A=

the heat transfer area on which the over-
all heat transfer coefficient is based.
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3) Heat Capacity Ratio (R)

R is defined as:

MaCpa
MCouw (4.38)

where it is assumed that, under normal operating conditions,
Macpa < chpw'

Both the LMTD and the effectiveness Ntu methods can be used
in the design and performance calculation for dry cooling towers.
The LMTD method is more convenient to use for the design of heat
exchangers to given temperature specifications, i.e., when the
inlet and exit temperatures of both fluids are known. The ef-
fectiveness Ntu method, on the hand, is preferrable for sizing
dry towers using standard heat exchanger modules, i.e., the sur-

face area is known, but the fluid exit temperatures must be de-
termined. ,

4.4.4 Design of Dry Cooling Towers

The design of the dry tower includes the sizing of fin-tube
heat exchanger modules for the plant heat load and air moving
equipment to provide the necessary air flow.

In mechanical draft towers, the air moving equipment con-
sists of large diameter axial-flow fans. The finned tubes are
assembled into modules with common inlet and outlet headers to
form cells. Each cell is served by one or more fans. A suffi-
cient number of cells is sized to satisfy the heat transfer re-
quirement of the power plant. The cells are arranged "in-line"
or "back-to-back" to form towers.

In natural draft towers, the tower stack structure above
the fin-tube modules induces the air flow across the modules.
The tube modules are located at the base of the tower 1in alter-
native arrangements. Two arrangements are shown in Figure 4.29.

1. Vertically around the bottom of the tower

2. A-frame bundles with tubes in the horizontal
position and placed inside the tower

The mechanical draft tower can also be designed in a

cylindrical arrangement with fans on top of the tower. This de-
sign is called the circular or round mechanical tower.

75



4.4.4.1 Sizing of Mechanical Draft Dry Towers-- oo

To size a mechanical draft dry tower used in an'lndlrect
dry cooling system using water with commercially available cells
to perform a required heat duty, the number of cells needed is
determined by the water velocity through the cell tubes, the
number of tubes per cell, the number of tube passes and the tube
size.

The total tube-side cross-sectional area, Ay, for water

flow in a cell is given by:

A =212 . _k (4.39)

D;j = inside diameter of tube.
Ny = number of tubes in a cell.
Np = number of tube passes for water flow.
The water flow rate per cell, Wor is given by:
We = PA, V, (4.40)
where:

L

density of water.
V,; = water velocity.

The number of cells required is given by:

1)
N= 9 (4.41)
W%

where:

W = total mass flow rate of water for the dry
tower.

. To determine'the proper W, and then the number of cells re-
quired, the velocity V_ is varied such that both the water-side

and air-side energy balances are matched with the heat transfer

equation given by the LMTD method or the Ntu method as dis-
cussed in Section 4.4.3.
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4.4.4.2 Sizing of Natural Draft Dry Towers--

In sizing a natural draft tower, the heat trans :
for the tower (Section 4.4.3) must be solved in conjﬁiztigﬁagigﬁ
the draft equation for the air flow. The draft balance in a
natural draft tower has been treated in Section 4.1.5. A simpli-
fied equation developed for the natural draft dry tower by Rozen-
man and Pundyk(57) is given below:

2132

-Y =M. - .
(c)"Yorg air " (@) (T, = T) (T, ¥ 75

(4.42)

where:

¢ = a constant combining fin-tube module
geometry and air physical properties.

Yeff = effective height of the tower.
M_. = mass flow rate of air through the
air
tower.

a = g constant related to fin-tube module
friction characteristics (1.7 to 1.95).

Ty, Ty = entering and exit air temperature.

4,4,4.3 Design Parameters-—-

, In designing dry cooling towers with commercially available
fin-tube modules, the major design parameters are the cooling
range, RA, and the approach temperature, APP, or the initial ter-
minal temperature difference, ITD. This can be seen from the
heat transfer equation given by the Ntu method for sizing dry
towers with fixed design modules and from the definition of ITD,
wherein,

(N)

QTower mod
ITD APP + RA

(ITD) (MCp)yog (E) (4.43)

where:

number of modules.

(N)mod

IT™ = initial temperature difference.

= heat capacity of the air flow per
module.

(Mcp)mod
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E = heat exchanger effectiveness.

APP = temperature difference between the
cold water temperature and the dry
bulb temperature of ambient air.

RA = cooling range of the tower.

For fixed module design, the air mass flow rate and the terms
(MC,) pog and (E) are constant. Thus, the ITD determines the
number of modules required for a given heat duty, i.e., the
number of modules is inversely proportional to the ITD value
selected. The variation of ITD can be achieved by varying the

range or approach or both.

4.4.5 High Back Pressure Turbines

The low heat transfer coefficients of the finned surface
require large dry cooling surfaces to effect the required
heat transfer during high ambient temperatures. One method
which can be used to reduce the size of the dry cooling surface
(and, consequently, its capital cost) is the use of a steam-
turbine capable of operating at turbine back pressures up to 15
in. HgA to increase the temperature potential for heat transfer.
The turbine can be either a modification of a conventional tur-

bine or a special design solely intended for dry cooling appli-
cations.

Turbine-generator manufacturers have studied the design
problems associated with the development of high back pressure
turbines specifically for dry cooling. In the United States,
bgth General Electric (GE) and Allis-Chalmers have completed de-
signs of.high back pressure turbines for both fossil and nuclear
appl}catlons. However, only GE is offering a 3600-rpm unit com-
mercially, which is capable of operating at 15 in. HgA in sizes
up to 750 MWe for fossil reheat application. As indicated in
Reference 48, Allis-Chalmers has postponed the model testing of
the last stage of its high back pressure turbine. The Allis-
Chal@ers designs are shown in Figure 4.30 along with a con-
ventional turbine of approximately the same rating. The dif-
ference in size is considerable.

4.4.6 Operating Experience of Dry Cooling Towers

Although dry cooling has been used for industrial cooling
for many years, 1t was only recently that the applications were
made to the rejection of heat from steam-electric power plants.
Most of the opgrating experience, however, was obtained in
Europe or Russia. As indicated in Table 4.1, the first power
plant installation with a dry cooling system'having a rated out-
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put in excess of 100 MWe was the Rugeley station in E
which began operation in 1961. geley ngland,

The Battelle Pacific Northwest Laboratories(58) conducted a
survey of the European dry cooling tower operating experience
under the sponsorship of the U. S. Energy Research and Develop-
ment Administration. The purpose of the study was to provide a
basis of confidence that dry cooling is a reliable technology
applicable to U. S. operating requirements. The study concluded
that dry cooling system represents a mature and reliable tech-
nology and can be readily applied in the United States.

In the United States in 1977, the only operational dry
cooling systems for power plant applications are the two in-
direct dry cooling systems serving two small units of 3 and 20
MWe operated by the Black Hill Power and Light Company and one
direct dry cooling system at Braintree, Massachusetts (25 Mwe)
1977 (45). However, one large dry cooling system has been pur-
chased in the United States. This dry cooling system will serve
the 330-MWe station built at Wyodak, Wyoming for the Black Hills
Power and Pacific Power and Light Companies and began operation
in 1978.

4.5 DESIGN AND COST OF CONVENTIONAL COOLING SYSTEMS

4.5.1 General Description

As indicated in Section 3 in order to compare alternate
cooling systems on a common economic basis, several penalty
costs must be included besides the capital cost. In general as
the size of a cooling system alternative becomes larger, 1ts
performance improves and the capital cost of the cooling system
increases, but the penalty cost decreases. At some point, a
minimum exists for the combined cost of capital and penalty, and
this minimum represents the best economic trade-off between the
two costs. The minimum combined cost system is called an O?tl—
mum or optimized system. Economic and environmgn?a} comparisons
of cooling system alternatives are then made utilizing the costs
of these optimum systems (see Sections 3 and 11).

One document, Reference 59, contains design, performancg,
and cost information obtained through an optimization analysis
using the fixed source and fixed demand method as discussed in
Section 3. These data enable adjustments to be made which re-
flect different economic conditions from those used in theh
original design analysis. 1In the following subsectlons!tF e
costs are adjusted to 1978 economic conditions. In ad%l lo:ﬁis
pertinent design, cost and performance data gxtracted romth :
reference are also provided to facilitate adjustments to othe
economic conditions.
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In all the tables presented in this subsection! the names
of the cooling system alternatives have been abbreviated as
follows:

Abbreviated Name Cooling System Name

Mech. Wet Mechanical draft wet tower cooling
system

Fan Wet Fan-assisted natural draft wet tower

copling system - '

Nat. Wet ' Natural draft wet tower cooling system
Pond Constructed pond cooling system
Spray Canal Power spray module canal cooling system
Mech. Dry Mechanical draft dry tower cooling

' system
Nat. Dry ' Natural Draft dry tower cooling system

4.5.2 Typical Designs and Costs of Conventional Cooling Systems

The capital, penalty, and total evaluated costs in 1978
dollars of cooling systems for fossil and nuclear power plants
are given in Tables 4.2 and 4.3, respectively. The economic

factors for the capital and penalty cost adjustments are given
in Table 4.4.

The capital cost includes the direct and indirect cost
of the major equipment. The direct cost is the cost for the
purchase of the equipment and its installation. The indirect
cost represents the charges for engineering, construction manage-
ment, and contingency; this was taken to be 25 percent of the.
total direct cost. The major equipment included: . 1) the cool-
ing device (wet or dry cooling towers, ponds or spray canals),
2) the circulating water system (pipelines, valves, motors,
pumps, and structures), and 3) steam condensers.

The penalty cost includes five components which are common
to all the systems. These five components include the costs
assessed to account for the generating capability and energy
losses associated with the ambient effect on cooling system
operation, the generating capability and energy required for
operating the fans and pumps, and the maintenance requirements
for the cooling system. The penalty costs for making up the
generating capability represent costs for generating equipment
elsewhere in the utility system. For the costs listed in Tables
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4.2 and 4.3 this generation equipment is assumed to be similar
base load units, either fossil or nuclear units, as the re-
ference plant. The penalty costs for making up the energy loss-
es represent the capitalized costs which will accrue over the
lifetime of the reference plant. The cooling system maintenance
cost represents charges to a cooling system for services which
include periodic maintenance and replacement of parts, calculat-
ed as percentages of direct capital costs of the major equipment.

Although prepared specifically for nominal 1000-MWe power
plants, these costs on a dollar per kilowatt basis are approxi-
mately correct for stations varying in size from 400 to 1200 MWe.
The design conditions and size of the cooling system for 1000-
MWe plants are given in Tables 4.5 and 4.6. A brief description
of the major equipment is given in Table 4.7.

4.5.3 Adjustment of Capital and Penalty Costs

The costs given in the previous section have been adjusted
to 1978 dollars and a particular set of economic factors from
the data given in References 41 and 42. These costs, given in
dollars per kilowatt and mils per kilowatt-hour, can be used
to give quick and rough estimates of the costs of different
cooling systems for specific power plants. To obtain more
accurate estimates, the capital and penalty cost components
should be adjusted from the base values given in Reference 59
to the specific economic and operational factors applicable to
that particular plant and should include additional capital or
operating cost componenté, such as the make-up water supply,
purchase and treatment costs, blowdown disposal costs, etc. (41,
60). The capital cost elements taken directly from Reference 59
are provided in Tables 4.8, 4.9, and performance data derived
from this reference are given in Tables 4.10 and 4.1l.

81



TABLE 4.1. POWER PLANTS OVER 100 MWe USING DRY COOLING
SYSTEM(46,48)
Dry Cool- Heat Re- Commis-
ing Sys- Power Rating jection sion
tem Type Station MWe 106 Btu/hr Maker Date
INDIRECT [Gyongyos 1 100 425 Hoterv 1969
(Hungary) 100 425 Hoterv 1970
Rugeley 120 575 EE/Heller 1962
{(England)
Ibbenburen 150 645 GEA/Trans- 1967
(West elektro
Germany)
Gyongyos 2 220 905 Hoterv 1971
(Hungary) 220 905 Hoterv 1972
Razdan 220 956 Transelektro 1970
(USSR) 220 956 Transelektro 1971
220 956 Transelektro 1972
220 956 Transelektro 1974
220 956 Transelektro 1975
220 956 Transelektro 1976
Grootvlei V 200 1139 M.A.N./GKN 1971
(South
Africa)
Schmehausen 360 1500 GEA/BO 1976
(West
Germany)
DIRECT USTA Utrillas 160 667 GEA 1970
(Spain)
Wyodak 330 1694 GEA 1978
(USA)
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TABLE 4.2. COSTS OF TYPICAL CONVENTIONAL COOLING
SYSTEMS FOR FOSSIL POWER PIANTS (1978

DOLLARS) *
. Capital { Penalty TOtalC§Ziluated
Cooling System| Cost, Cost,
P/kw R/kH $/kW  |Mills/kWH
Once-through 15.16 6.36 21.52 0.60
Mech. Wet 21.57 27.72 49.29 1.35
Nat. Wet 26.96 21.02 47.98 1.31
Fan Wet 27.77 22.73 50.50 1.38
Pond 38.50 32,74 71.24 1.95
Spray Canal 23.99 25.63 49,62 1.36
Mech. Dry 34.29 125.04 159.33 4,37
Nat. Dry 37.87 115.98 153.85 4,22

*See page 78 for full name of cooling system which
is abbreviated in this table.
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TABLE 4.3. COSTS OF TYPICAL CONVENTIONAL COOLING
SYSTEMS FOR NUCLEAR POWER PLANTS (1978
DOLLARS) *
Capltal Penalty Total Evaluated
Cooling System| Cost, Cost, Cost
S$/kW $/kW
S/kW Mills/kWH
Once-through 21.03 5.90 26.93 0.74
Mech. Wet 27.53 29.18 56.71 1.55
Nat., Wet 29.83 29.25 59.08 1.62
Fan Wet 32.36 25.50 57.86 1.58
Pond 50.72 32.10 -82.82 2.27
Spray Canal 25.45 35.10 60.55 1.66
Mech. Dry 46.89 164.64 211.53 5.80
Nat. Dry 57.34 141.84 199.18 5.46

*See page 78 for full name of cooling system which
is abbreviated in this table.
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TABLE 4.4.

Cost Year

Plant Capacity Factor

Annual Fixed Charge Rate

Plant Life

Capacity Penalty Charge
Rate* (For capacity loss
at the peak ambient tem-
perature and auxiliary
power)

Energy Cost*

Escalation rate for mater-

ial and labor costs

Cooling System Maintenance
Charge

ECONOMIC FACTORS

1978
75%
18%

40 years

$563/kW (nuclear)

$450/kW (fossil)

10 mills/kWh (nuclear)
15 mills/kWh (fossil)

7% per year

0.5% of direct capital cost

*These values were adjusted for 1978 from information given in

References (40,41).
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TABLE 4.5. DESIGN CONDITION AND SIZE OF TYPICAL CONVENTIONAL COOLING SYSTEMS FOR A

1000-MWe FOSSIL POWER PLANT(L6G)

Base Plant Condition: Gross Output = 1043 MWe, Heat Rate

sure = 1.5 in.Hg?

7265 Btu/kWh, Exhaust Pres-

Design Ambient Condition: Dry Bulb Temperature = 93°F, Wet Bulb Temperature = 74°F,

Wind Speed = 5 mph

v Once~ Mech, Fan Nat, Spray Mech. Nat.
ariable Name Through Wet Wet Wet Pond Canal Dry Dry
General

Design Cold Water 57.0 90.0 84,0 90.0 103.0 94.0 131.0 131.0
Temperature, °F
Design Approach, OF - 16.0 10.0 16,0 29,0 20,0 38.0 38.0
Design Range, °F 15,0 21,0 24,0 24,0 16.0 17.0 25.0 28.0
Plant Capacity at Cooling 1043 1020 1026 1014 1000 1020 938 932
System Design Point, MWe
Design Turbine Back 1.50 - 3.17 2.91 3.45 3.95 3.16 10.12 10.86
Pressure, In.HgA
Maximum Turbine Back 2.14 3.22 2.98 3.66 4.00 3.17 11.89 12.80
Pressure, In.HgA
Design Heat Load, 10% 412 4.20 4.18 4.22 4.27 4.20 | 4.8 4.50
Btu/hr

Condenser
Surface Area, 10° sq ft 396 627 595 590 715 688 608 576
Number of Tubes, 103 37.0 53.8 46.9 47.3 71.8 66.5 48.2 43.3
Tube Length, ft 41.0 44.5 48.4 47.7 38.1 39.5 48.1 50.9

(continued)
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TABLE 4,5 (continued)

Once- Mech, Fan Nat., Spray Mech, Nat.
variable Name Through Wet Wet Wet Pond Canal Dry Dry
Cooiing Water Pump
Circulating Water Flow 549 400 348 352 533 494 358 321
Rate, 103 gpn
Number of Pumps 4 3 2 2 3 3 2 2
Pumping Head, ft. of Water 23.7 78.1 79.2 91.6 33.3 33.2 44,2 63.8
Pumping Power Requirement, 924 2952 3915 4570 1679 1555 2245 2908
bph/pump
Rated Pump Motor Size, 1250 3500 4500 5000 2000 2000 2500 3500
hp/pump motor
Terminal Heat Sink
Total Power Requirement, - 4,28 5.24 - - 8.55 17.77 -
10° bhp
Terminal Heat Sink Size: - - - - - - - -
Number of Cells - . 23 - - - - 94 -
Tower: Number of Towers - - 2 1 = - 1
Base Diameter, ft - - 226 385 - - - 443
Tower Height, ft - - 250 500 - - - 446
Fan: Number of Fans/Tower - - 20 - - - - -
Fan Diameter, ft - 28 28 - - 28 -
Canal: Number of Modules - - 114 - -
Canal width, ft - - - 256 - -
Canal Length, ft -~ - - - - 3340 - -
Pond Area, Acres - - - - 432 - - -
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TABLE 4.6.
1000-MWe LWR

Base Plant Condition:

Gross Output = 1096 Mwe,

POWER PLANT (59)

Pressure = 1.5 in.HgA

Design Ambient Condition:

Dry Bulb Temperature =
Wind Speed = 5 mph

Heat Rate

DESIGN CONDITION AND SIZE OF TYPICAL CONVENTIONAL COOLING SYSTEMS FOR A

9760 Btu/kWh, Exhaust

93°F, Wet Bulb Temperature = 74°F,

Once- Mech, Fan Nat, Spray Mech. Nat.
Variable Name Through Wet Wet Wet Pond Canal Dry Dry
General
Design Cold Water 57.0 91.0 87.0 92.0 108.0 100.0 135.0 129.0
Temperature, °F
Design Approach - 17.0 13.0 18.0 34,0 26.0 42,0 36.0
Design Range, °F 15.0 27.0 29.0 29.0 17.0 26,0 29.0 32.0
Plant Capacity at Cooling 1096 1075 1078 1069 1059 1056 933 940
System Design Point, MWe
Design Turbine Back 1.50 3.85 3.64 4,17 4.65 4,77 12,20 11.38
Pressure, In.HgA
Maximum Turbine Back 2.13 3.90 3.71 4,39 4,69 4,78 14,29 13.32
Pressure, In.HgA
Design Heat Load, 109 6.96 7.03 7.02 7.05 7.09 7.10 7.52 7.49
Btu/hr
Condenser
Surface Area, 103sq ft 670 925 898 892 1157 944 944 893
Number of Tubes, 103 62.4 70.1 65.2 65.5 112.0 73.5 69.8 63.0
Tube Length, ft 41,0 50.4 52.6 52.0 39.4 49,1 51,7 54.1

(continued)
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TABLE 4.6 (continued)

Once- Mech. Fan Nat. Spray Mech, Nat.
»Varia?le Name Through Wet Wet Wet Pond Caqgl Dry Dry
Cooling Water Pump
Circulaging Water Flow 928 521 484 486 834 546 518 468
Rate, 10° gpm
Number of Pumps 7 3 3 3 5 4 3 3
Pumping Head, ft of Water 22,2 79.0 75.6 90.3 33.7 36.7 42,4 51.0
Pumping Power Requirement, 835 3892 3462 4153 1594 1422 2077 2259
bph /pump
Rated Pump Motor Size, 1000 4500 4000 4500 2000 1750 2500 3000
hp/pump Motor
Terminal Heat Sink
Togal Power Requirement, - 6.07 6.66 - - 8.55 26.40 -
10 bhp
Terminal Heat Sink Size: - - - - - - - -
Number of Cells - 33 - - - - 141 -
Tower: Number of Towers - - 2 1 - - - 2
Base Diameter, ft - - 257 407 - - - 397
Tower Height, ft - - 250 527 - - - 416
Fan: Number of Fans/Tower - - 24 - - - - -
Fan Diameter, ft - 28 28 - - - 28
Canal: Number of Modules - - - - = 114 -
Canal Width, ft - - - 256 - -
Canal Length, ft - - - - - 3340 -
Pond Area, Acres - - - - 565 - - -




TABLE 4.7. LIST OF MAJOR EQUIPMENT (59)
Item Description
Condensers Each cooling system has three field-

tubed main surface condensers with
fabricated steel water boxes and
steel shell. Each condenser has 1-
inch o.d., 20 BWG gauge, 304 stain-
less steel tubes and a design water
velocity of 7.0 ft/sec. The condenser
has one tube pass for the once-through
cooling system and two tube passes
for the closed cooling systems.

Circulating Water
Pumps and Motors

The circulating water pumps are each
of the vertical, wet pit, motor-
driven type with 4160 volts, 3-phase,
60-hertz motors. The pumps have
carbon steel casings with chrome steel
shaft and bronze impeller.

Terminal Heat Sink

The following are the description of
alternative cooling devices.

&

A) Mechanical Draft
Rectangular Wet
Cooling Tower

The mechanical draft wet tower cells
or modules are the induced draft,
c;oss—flow type of concrete construc-
tion with 41 feet fill height. Each
cell has a fan; the fan has a diame-
ter of 28 feet and is driven by a
200-horsepower motor. The cell di-
mensions are 71 feet wide, 36 feet

(continued)
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TABLE 4.7 (continued)

Item Description

Terminal Heat Sink

(Cont'd)
long, and 54 feet high.

B) Natural Draft The natural draft wet towers are the
Wet Cooling counterflow type with a maximum base
Tower diameter of 500 feet. The hyperbolic

shell is made of reinforced concrete
with a minimum thickness of six inch-
es.

C) Fan-assisted The fan-assisted natural draft tow-
Natural Draft ers are the counterflow type with a
Wet Tower minimum height of 250 feet. The

hyperbolic shell is made of rein-
forced concrete with a minimum thick-
ness of six inches. The maximum num-
ber of fans is 24, with a fan dia-
meter of 28 feet. The fans are
driven by 150-horsepower motors.

D) ©Power Spray Each spray module has four nozzles
Modules mounted on a 120-foot length, 10-

inch diameter carbon steel pipe.
Fach is complete with floats and
a pump at the center of the pilpe.

(continued)
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TABLE 4.7 (continued)

Item

Description

Terminal Heat Sink
(Cont'd)

The pump can deliver 10,000 gpm and
is driven by a 75-horsepower motor.

E) Mechanical Draft
Dry Tower

The mechanical draft dry tower cells
are the induced flow type. The cells
are arranged back-to-back to form
towers. Each cell has 776 tubes ar-
ranged in two passes and is equipped
with a 150-horsepower motor and 28-
foot diameter fan. The cell dimen-
sions are 41 feet wide, 61 feet long
and 65 feet high. The tubes are of
l-inch outside diameter admiralty
tubes with aluminum fins.

F) Natural Draft
Dry Tower

The natural draft tower has a hyper-
bolic concrete shell with a maximum
base diameter of 500 feet and a min-
imum thickness of six inches. The
finned-tube heat exchanger modules
are arranged vertically around the
tower base. Each module has 176
tubes in two passes. The tubes are
of l-inch outside diameter admiralty
tubes with aluminum fins.
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TABLE 4.8.

1000~-MWe FOSSIL PLANT ($106, 1973 DOLLARS) (59)

CAPITAL COST ELEMENTS OF TYPICAL CONVENTIONAI COOLING SYSTEMS FOR A

Equipment * Once- Mech, Fan Nat, Spray Mech. Nat.

Item Through Wet Wet Wet Pond Canal Dry Dry
Cireculating M 0.582 0.424 0.411 | 0.409 0.414 | 0.445 0.330 0.320
Water Structure (L 1,964 0.286 0.283 | 0,281 0.272 | 0.301 0,220 0.210
(T 2,546 0.710 0.694 | 0.690 0.686 { 0.746 0.550 0.530

Circulating Water (E 0.920 0.957 0.793 | 0.829 0.895 | 0.914 0.623 0.692
Pumps & Motors M 0.010 0.010 0.009 | 0.009 0.010 | 0.010 0.007 0.008
(L 0.080 0,063 0.042 | 0,042 0,061 | 0.062 0.040 0.040

(T 1,010 1.030 0.844 | 0.880 0.966 | 0,986 0.670 0.740

Concrete Pipe ™ 0.640 0.540 0.540 | 0.539 0.824 | 0.829 0.800 0.480
(L 0,699 0.560 0.622 | 0.621 0.864 | 0.869 1,120 0.560

(T 1.339 1,100 1.162 | 1,160 1.688 | 1,698 1.920 1,040

Terminal Heat Sink ™ - 0.470 0.280 | 0.270 - - 0.180 0. 280
Basins and (L - 0.710 1.120 1.060 - - 0,370 0.900
Foundations (T - 1.180 1.400 | 1.330 - - 0.550 1.180
Terminal Heat Sink (E - 1,891 4,128 5.346 - 2,257 9,821 8,278
M 0.019 0.042 0.054 0.650 0.023 0.049 0.042

(L 1,030 2,780 1,350 12,950 1.880 1.010 5.750

(T - 2,940 6.950 6,750 13,600 4,160 10,880 14,070

(continued)
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TABLE 4.8 (continued)

Equipment Once~ Mech. Fan Nat, Spray Mech, Nat.
Item Through Wet Wet Wet Pond Canal Dry Dry
Condensers, Installed (E 2,358 3;333 3,143 3.134 3.840 3.681 3.203 3.043
M 0.012 0.017 0.016 | 0.016 0.020 | 0.019 0.017 0.017
(L 1,340 1,600 1,550 | 1.540 1.740 | 1,700 1,560 1.520
(T 3.710 4,950 4,709 | 4,690 5.600 | 5.400 4,780 4.580
Electrical Work (E 0.124 0.283 0.233 | 0.157 0.135 | 0.392 0,322 0.146
™ 0.067 0.213 0.175 | 0.130 0.073 | 0.295 0.242 0.079
(L 0.139 0.429 0.352 | 0,253 0.152 | 0,593 0.486 0.165
(T 0.330 0.925 0,760 | 0.540 0.360 | 1.280 1.050 0.390
Sub-Total for the (E 3.402 6.464 8.297 | 9.466 4,870 | 7.244 1} 13,969 12,159
Complete Cooling M 1.311 1.693 1.473 | 1,427 1,991 | 1.621 1.625 1.226
System (L 4,222 4,678 6.749 | 5,147 16.039 | 5,405 4,806 9,145
(T 8.935 |12.835 16,519 (16,040 22,900 14,270 | 20.400 22.530
Indirect Charges
i 2,334 3.209 4,130 | 4,010 5,725 3,568 5.100 5.633
Total Capital
Investment 11.269 |16.044 20.649 |20,050 28,625 17,838 | 25,500 28,163
*
L Labor
E Equipment (pump, cooling tower, etc.)
M Material (pipe, cable, etc.)
T Total (L+M+E)
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TABLE 4.9.

CAPITAL COST ELEMENTS OF TYPICAL CONVENTIONAL COOLING SYSTEMS FOR A
1000-MWe LWR POWER PLANT ($10°, 1973 DOLLARS) (59)

Equipment * Once-~ Mech, Fan Nat, Spray Mech, Nat.

Item Through Wet Wet Wet Pond Canal Dry Dry
Circulating Water M 0.833 0.504 0.514 0.514 0.509 0.496 0. 380 0. 360
Structure (L 2,811 0.344 0.344 0.334 0.339 0.340 0,250 0.240
(T 3.644 0.848 0.848 0.848 0.848 0.836 0.630 0.600
Circulating Water (E 1.553 1,201 1.150 1,201 1.490 1.040 0.930 0,979
Pumps & Motors M 0.017 0.014 0.014 0.014 0.016 0.012 0.010 0.011
(L 0.140 0.063 0.064 0.063 0.102 0.084 0.060 0.060
(T 1.710 1.278 1,228 1.278 1.608 1.136 1.000 1.050
Concrete Pipes W 1.040 0.798 0.658 0.338 1.246 0.924 1.190 0,640
(L 0.999 0.716 0.596 0,316 1.508 0.924 1,270 0.580
(I 2,039 1.514 1.254 0.654 2,754 1.848 2,460 1.220
Terminal Heat Sink M - 0.670 0.320 0.280 - - 0.270 0.380
Basins and (L - 1.010 1,280 1.130 - - 0.560 1,230
Foundations (T - 1.680 1.600 1.410 - - 0.830 1.610
Terminal Heat Sink (E - 2,713 4,782 5.930 - 2.257 14,726 14.557
M - 0.027 0.048 0.060 0.850 0.023 0.074 0.073

(L - 1.470 3.220 1.500 16.950 1.880 1,520 10,030

(T - 4,210 8.050 7.490 {7.800hw 4,160 4 16.320 24,660

{continued)
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TABLE 4,9 (continued)

Equipment Once- Mech. Fan Nat. Spray Mech, Nat.
Item Through Wet Wet Wet Pond Canal }Pil. Dry
Condensers, Installed (B 3.572 4,517 4,368 4,348 5.803 4,617 4,577 4,328
™M 0.018 0.023 0.022 0.022 0.027 0.023 0.023 0.022
(L 1,670 1.910 1.870 1,860 2,270 1.940 1,920 1.850
(T 5.260 6.450 6.260 6.230 8.100 6.580 6.520 6.200
Electrical Work (E 0.184 0.375 0.303 0.214 0.225 0.413 0.476 0.191
™ 0.099 0.282 0.228 0.176 0.122 0. 311 0.358 0,104
(L 0.207 0.568 0,459 0. 345 0.253 0.626 0.721 0.215
(T 0.490 1.225 0.990 0.735 0.600 1.350 1,555 c.510
Sub-Total for the (E 5.309 8.806 }10,603 [11,693 7.518 8.327 |20.709 20,055
Complete Cooling ™ 2,007 2,318 |- 1,804 1,404 2,770 1,789 2.305 1.590
System (L 5.827 6,081 7.823 5,548 | 21,422 5.794 6,301 14,205
(T | 13,143 |17.205 |20.230 |[18.645 |31.710 |15.910 |29.315 35.850
Indirect Charges
3,285 4,301 5,058 4,661 7.928 3.978 7.329 8.963
Total Capital
Investment 16.425 21,506 {25,288 23,306 [39.638 | 19,888 |36.644 44,813
*
L Labor
E Equipment (pump, cooling tower, etc.)
M Material (pipe, cable, etc,)
T Total (L+M+E)




TABLE 4.10. PLANT PERFORMANCE DATA OF A 1000-MWe FOSSIIL PLANT
USING CONVENTIONAL COOLING SYSTEMS (59)

SITE: MIDDLETOWN, U.S.A. (BOSTON, MA. METEOROLOGY)

Capacity Annual Cavaci Annual_Energy
_ Loss at Energy Reauiigg é;w) (x 1077 xwH)
Cooling  ithe High- Loss - Required by
System  lest Ambi- x 1077
ent Temp., kWH Pumps Fans | Pumps | Fans
kW
Once-
through 5,440 0.19 3,063 0 2.68 0
Mech. Wet 23,500 5.79 7,341 3,485 6.43 3.05
Nat. Wet 34,050 4.42 7,576 0 6.64 0
Fan Wet 18,560 2.68 6,490 3,909 5.69 3.42
Pond 44,240 9.67 4,174 0 3.66 0
Spray
Canal 22,380 4.64 3,867 6,378 3.39 5.59
Mech. Dry | 118,560 66.64 3,722 | 13,256 | 3.26 | 11.32
0
Nat. Dry | 125,750 67.18 4,821 0| 4.22
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TABLE 4.11. PLANT PERFORMANCE DATA OF A 1000-MWe NUCLEAR PLANT
USING CONVENTIONAL COOLING SYSTEMS(59)
SITE: MIDDLETOWN, U.S.A. (BOSTON, MA. METEOROLOGY)
Capacity Capacity (kW) Annual_Energy
Loss at %ﬁgg;; Required by (x 10" kWH)
Cooling the High- | [ Required by
System est Ambi- < 10°7 D
ent Temp., WH Pumps Fans umps { Fans
kW
Once-
through 1,590 - 0.047 4,844 0| 4.24 0
Mech. Wet 22,460 6.02 9,677 4,921] 8.48 4.31
Nat. Wet 31,290 5.18 10,327 0l 9.05 0
Fan Wet 19,300 3.69 8,608 4,968| 7.54 4.35
Pond 38,370 9.74 6,606 0 5.79 0
Spray
Canal 40,830 5.79 4,714 6,378| 4.13 5.59
Mech. Dry 180,210 93.53 5,164} 19,694 4.52 16.88
Nat. Dry 172,300 92.09 5,618 0] 4.92 0
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Figure 4.1. Typical mechanical draft wet cooling towers (1),
Reprinted from Cooling Tower Fundamentals and
Application Principles, 1969, with permission
of The Marley Companyv.
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Figure 4.2. Typical natural draft wet cooling towers(l).
Reprinted from Cooling Tower Fundamentals

and Application Principles, 1969, with per-
mission of The Marley Company.
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Figure 4.3. Typical fan-assisted natural draft wet cooling tow-
ers(4).

100



—————————————————————————————— Ay

WATER
OPERATING

H (AIR OUT)

—— i —— e St Gt — ——— i — —— — — — — —— —— — . —

Hg (AT COLD WATER TEMP.)

Hg (AT HOT WATER TEMP.) /

el
A pZ el OPERATINGI
H -~ P
2 - - I LINE I
s - s | |
B ~ s
: - e | :
H (AIR IN) -~ -
——— e 8t L/G | !
- | _ | 1
I SATURATION | |
: CURVE | | |
I | | [
| I l
L APPROACH I | RANGE [
) s ] ]
By | &
|5 I's D o |
mlH | & mlo |
l—'ll B H B
Bl I B o~ < |
m' . a4 al . Bl .
[ alm | ey B
A= 515 1k N
= | B O |= =) B m B
TEMPERATURE

Legend: T, ;) = wet bulb temperature, ©c.

Tow = cold water temperature, ©C.
T4y = hot water temperature, c. _

i = enthalpy of moist air, J/Kg of dry air.
Hy = enthalpy of saturated air, J/Kg of dry air.
L/G = liquid/gas mass flow rate ratio,

dimensionless.

Figure 4.4. Representation of the wet bulb temperature,
range, approach, operating line, and driving
force on an enthalpy-temperature diagram for
a fresh water tower(8).
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Figure 4.5. Cooling Tower Nomenclature.
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Figures 4.6a and 4.6b are reprinted from 1969, with

Fundamentals and Application Principles,
permission of The Marley Company .
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Figure 4.7. Typical performance curves of a wet cooling tower(9).
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Figure 4.8. Trend in tower size for natural draft
wet cooling towers.
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Figure 4.9. Fan power requirements for fan-

assisted natural draft cooling
tower (2) .
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Figure 4.10.
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Typical packing configur
wet cooling towers (16) .
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Figure 4.11. Typical drift eliminators for wet
cooling towers(16).
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Qg = Shortwave solar radiation
Q, = Longwave atmospheric radiation

Qpy = Longwave back radiation

A Qa Evaporative heat loss
A

Qc = Conduction-convection heat loss
A or gain

er = Reflected solar radiation
= Reflected atmospheric

Q
‘ar radiation

Water surface
b a

Figure 4.12. Mechanisms of heat transfer across a
water surface(22).
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Figure 4.13. Cholla site development plan(29).
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NEtQ determined from tests on a single_spray
module (34). Reprinted from American Power

Conference, 1976, by P. J. Ryan apd D. M.
Myers with permission of the American Power
Conference.
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Possible spray cooling
system configuration(37).
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Control volume for sizing spray canal systems.
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Figure 4.19. Design Curves for Sizing Spray Canal
Systems (34). Reprinted from American
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and D. M. Myers with permission of the
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Figure 4.20. Typical pump-motor-float assembly for
spray modules (39).
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SECTION 5

NEAR HORIZON COOLING SYSTEMS

5.1 INTRODUCTION

Through the years, many different types of systems have
been developed and used for dissipating waste heat from steam-
electric power plants. The systems in current use are classified
in this manual as conventional closed-cycle cooling systems and
have been described in Section 4. 1In practice, it has been
advantageous to combine some of these systems to lessen or elimi-
nate the environmental impacts of the component systems while
maintaining the performance and cost of the new system at an
acceptable level.

The integration of wet towers and dry towers to form a com-
bined system is especially attractive. These combinations,
called wet/dry cooling towers, can be used either for plume
abatement or for water conservation(1-7). Although there are no
major operating power plants using these wet/dry systems, one
wet/dry tower system for plume abatement has been purchased
by the Baltimore Gas & Electric Company for the Brandon Shore
Station(8), and two wet/dry tower systems for water conservation
have been purchased by the Public Service Company of New Mexico
for its San Juan Units No. 3 and 4(9).

In a wet/dry tower for plume abatement, the wet section is
the basic heat rejection device. The dry section is needed to
reduce the relative humidity of the air leaving the wet tower,
thereby reducing the probability of fogging when ambient tempera-
tures are low and humidity conditions :are high. The current de-
sign of wet/dry towers for plume abatement has a small dry sec-
tion positioned above the wet section within a single_structure.
These wet/dry towers have been designated in the cooling tower
industry as "hybrid" wet/dry towers.

In a wet/dry tower for water conservation, the dry section
is the basic heat rejection device. The wet section 1s needed
to augment the heat rejection capability of the dry tower at high
ambient conditions, thereby reducing the turbine back pressures
to levels where existing steam turbines can be used.

The current design of wet/dry towers for water cogseryatlon
has wet and dry towers joined by a circulating water circuit.
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The component wet and dry towers can be structurally and function-
ally separated, such as the wet/dry towers evaluated in Reference
10 and 11. They also can be structurally integrated but func-
tionlly separated, such as the wet/dry towers designed by the
Marley Company for the San Juan Units No. 3 and 4(9). Since the
wet and dry towers are functionally separated, the wet tower can
be removed from service when the ambient temperature falls, and
the dry tower can reject all the plant waste heat.

Two studies performed for the Federal Government have
evaluated these two concepts in significant detail(10,11). The
information provided in the next two sections is based on these
two studies.

5.2 WET/DRY TOWERS FOR PLUME ABATEMENT

5.2.1 General Description

The wet/dry mechanical draft cooling tower for plume abate-
ment is schematically depicted in Figure 5.1. These towers have
been designated hybrid wet/dry towers. The cooling tower con-
sists of a conventional wet fill section with finned dry heat
exchangers positioned above the fill. The dry heat exchangers
can be either the film type in which water flows inside of the
tube walls in a thin film(2) or the full flow type in which
water fills the tube(l). The air flows through the wet and dry
sections in parallel, whereas the water flows through the two
sections in series. The hot water from the condenser passes
through the dry section first, and then falls through the
evaporative fill. 1In most cases, only a portion of the total
circulating water travels through the dry section, while at all
times during tower operation, the entire flow of water is in the
wet section. The air flow through both the dry and wet sections
is varied by means of dampers in both sections.

The purpose of using the hybrid parallel path (air flow)
wet/dry tower is to decrease the tower-induced fog. Fog is a
condition when the water vapor in the tower plume or atmospheric
air condenses and reduces the visibility to about a quarter mile
(11) or less. The dry section functions to decrease the rela-
tive humidity of the air leaving the tower by adding warm, un-
saturated air to the saturated or near saturated exhaust air
from the wet section. The principles of operation of wet/dry

towers for plume abatement are described psychrometrically in
the next section.

5.2.2 Priz?é§les of Wet/Dry Tower Operation for Plume Abate-
men

A wet mechanical tower is schematically depicted in Figure
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5.2; its operation is depicted on the psychrometric chart Fig-
ure 5.3. The ambient air absorbs heat and moisture via eéapora—
tive heat transfer as it contacts the water in the fill section
of the tower. The air leaves the fill section and exits from

the fan discharge stack at state 2. The air leaving the tower
mixes with the ambient air along the linear process line 1-2
shown on the psychrometric chart. Depending on the condition

of the ambient air, the process line from state 2 to state 1 can
pass through the supersaturation region as shown in Figure 5.3.
When this occurs and mist or water droplets are formed, the plume
leaving the cooling tower is visible and will not be dissipated
until the plume entrains sufficient ambient air to make the plume
unsaturated and invisible.

When a mechanical draft wet tower is located in an area in
which the ambient air is frequently not able to readily absorb
the additional moisture added by the cooling tower, potential
fogging problems occur.. This ambient condition, coupled with
the fact that the air leaves a mechanical draft wet tower at
heights of only 40 to 60 feet (12.2 to 18.3 meters) above the
ground, increases the risk of fogging at ground level.

A hybrid mechanical draft wet/dry cooling tower with film-
type dry section is shown schematically in Figure 5.4; its
operation is shown on the psychrometric chart, Figure 5.5.

The hybrid wet/dry towers have finned-tube heat exchanger
modules in the dry section mounted atop the conventional wet
-'section. The air flow through the wet and dry sections is in
parallel, while the water flow is in series. Hot water is de-
livered to the manifold atop the tower, which in turn distri-
butes the water to the tubes. The water flows through the dry
section and then into the wet section. The air flow thrgugh
both sections is varied by means of dampers in each section.

As shown in Figures 5.4 and 5.5, ambient air at state 1 1s
taken into the tower through both the wet and dry sect@ons .
(assuming dampers in both sections are open). The amb}ent air
entering the wet section absorbs heat and moisture as in a con-
ventional wet tower. The air leaves the wet section at state 2.
The ambient air entering the dry section, state 1, absorbs heat
(no moisture) as a result of sensible heat transfer and leaves
the dry section at state 3. The air streams leaving both sec-
tions mix in the plenum chamber to achieve state 4 before leaving
the fan discharge stack. The air leaving the tower at state 4
mixes with the ambient air along a process line between state 4
and state 1. The condition of the air at state 4 depends on the
. mass flow rates of air flowing through the wet and dr% sictéins
and the temperatures at states 2 and 3. If more gf the to )
mass flow rate of air is put .through the dry section, state
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will be closer to state 3 than to state 2 and conversely.
During ambient conditions conducive to fogging{ gnough alr must
be put through the dry section such that the mixing line between
state 4 and state 1 falls to the right of the supersaturation
region on the psychrometric chart. Under these circumstgnces,
the fogging potential for the plume is decreased or eliminated.

In general, the wet/dry operating mode of the tower will be
limited to only those occasions when the ambient conditions are
conducive to fogging, since operation in the wet/dry mode is
less efficient than operation in the wet mode. The controlled
operation can be accomplished through the use of meteorological
monitoring and control systems which are connected to the plant's
computer system. A monitoring and control system designed for
this purpose is described in Reference 8.

5.2.3 Plume Temperature and Moisture Content of the Wet/Dry
Tower Plume

As discussed in Section 5.2.2, the purpose of the wet/dry
tower is to exhaust a mixture of air and water vapor to the
atmosphere at a temperature and relative humidity which are low
enough, so that upon cooling, the vapor which condenses will not
cause any fog-related problems in the near vicinity of the tow-
er. For control of fog-related problems, the maximum allowable
moisture content of the exhaust air will change as the ambient
condition changes. A criterion on the time limit of fogging
must be established in order to determine the relative sizes
of the wet and dry sections of the cooling tower.

The condition of the exit air can be given by the air tem-
peratures across the wet and dry sections and the air flow
rates through each section. The air and vapor mixture coming
through each section mixes in the plenum chamber underneath the
fan and as it passes through the fan. A mass balance on the
vapor and the dry air and an energy balance on the mixing air
streams are rgquired before determining the relative humidity
of the exit air stream. For steady state flows, the mass balance

for dry air is:
% (pala* O (pady =9 (05, (5.1)
where:
Qg = volumetric flow rate of the air-

vapor mixture entering the plenum
chamber from the dry section, m3/s.

Qw = volumetric flow rate of the air-

vapor mixture entering the plengm
chamber from the wet section, m’/s
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Qp = volumetric flow rate of the air-
vapor mixture leaving the plenum

chamber and passing through the
fan, m3/s.

(/oa)W density of dry aig leaving the

wet section, Kg/m”.

(/oa)d = density of dry aig leaving the
dry section, Kg/m”.

(pa), = density of dry air 1§aving the
P plenum chamber, Kg/m”.

Assuming the air leaving the wet section is saturated, a mass
balance on the water vapor entering and leaving the plenum
chamber under steady state operation gives:

O (Padg W+ Oy (L) W, = 0 (Pa)p Wy (5.2)
where:

W = specific humidity of the ambient
air, Kg of water vapor/Kg of dry air.

Wy, = specific humidity of the air leaving
the wet section, Kg of water vapor/
Kg dry air.

W_. = specific humidity of the mixed streams,
P Kg of water vapor/Kg dry air.

Assuming that the mixing process which takes place in the plenum
chamber is adiabatic, an energy balance gives:

Qd(deHd+Qw(prHw=Qp(ﬁQpHp (5.3)

where:

Hy, H,, and H_ are the enthalpies (KJ/Kg of dry air)
og the air—vaBor streams leaving the dry section,
the wet section, and the plenum area, respectively.

The kinetic and potential energies of the air-vapor streams are
neglected since the velocities and elevation changes remaln reé-
latively small.

The enthalpy of the air-vapor mixture entering the plenum

chamber will depend on the relative performance of ?he wet and
dry sections. Knowing the performance of each section, the
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specific humidity and the enthalpy of the mixture are found from
Equations (5.1) through (5.3). Once the specifig humid%ty leav-
ing the plenum chamber and the enthalpy of the mixture in the
plenum chamber are known, the wet and dry bulb temperatures can
be found on a psychrometric chart.

5.2.4 Design of Wet/Dry Towers for Plume Abatement

As previously indicated, the hybrid wet/dry tower is oper-
ated in a wet/dry mode only at ambient conditions conducive to
fogging or icing by the tower plume. The ambient conditions
which fall in this category are low dry bulb temperature, high
relative humidity, and low wind speed. As a result, the hybrid
wet/dry tower modules are generally designed with regular wet
tower modules as the base. On top of each wet section, a dry
heat exchanger is added to form a hybrid wet/dry tower module.

A detailed design and cost study of the hybrid wet/dry tow-
er gives the following design procedure for sizing wet/dry tower
systems (11). 1In the first step, different wet tower systems are
designed to handle the plant heat load by varying the wet tower
approach and the cooling range. The tower systems are then
evaluated for thermal performance, capital and penalty costs, as
well as fogging potential. Using these wet tower systems, all
of the systems with the same fogging potential are identified,
and the minimum cost system is selected as the optimum system
for each specified fogging potential. An optimized wet tower
system selected solely on the basis of economics is referred to
as the reference system. The fogging potential is defined as
the number of hours the cooling tower plume may interact with
the ambient air and cause ground level fog which limits visibi-
lity to less than 0.25 miles. (An ambient condition with visibi-
lity less than 0.25 miles is considered to be heavy fog). The

fogging potential can be determined by various plume analysis
models (11).

In the second step, the cooling systems using hybrid wet/
d;y towers with varying dry section sizes are evaluated in a
similar manner, with the exception that the plume abatement
analyses should be performed for the wet/dry operating mode.

The minimgm cost hybrid wet/dry system is then identified for
each specified fogging potential.

_ In.the third and final step, the minimum cost systems ob-
tained in the above two steps for wet and wet/dry systems for
each specified fogging potential are compared, and the minimum

cqst systgm is identified as the optimized system for the speci-
fied fogging potential.
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5.2.5 Typical Size, Performance and Cost of Wet/Dry Tower
Systems for Plume Abatement

Typical size, performance and cost of the hybrid wet/dry
tower systems designed for plume abatement are shown in Table
5.1 and in Figure 5.6. The size, performance, and costs are
given in terms of number of modules and dry section height,
number of ground fogging hours, and the capital, penalty and
total evaluated costs, respectively. (Full flow dry heat ex-
change modules were used). These data were taken from Reference
11. The conclusions drawn from these data are:

1. Although the hybrid tower system does provide an ef-
fective means for reducing ground fogging from low pro-
file mechanical towers, ground fogging can also be re-
duced by simply increasing the wet tower size.

2. In most circumstances, a hybrid tower system is more
costly than a comparable wet tower system with equal
fogging potential (Figure 5.6). As such, the use of a
hybrid wet/dry tower system is not recommended in these
cases. However, special site consideration, e.g., ex-
isting sites which are to be backfitted to closed-cycle
cooling, may require the use of hybrid wet/dry towers
because of space constraints.

5.3 WET/DRY TOWERS FOR WATER CONSERVATION

5.3.1 General Description

A number of possible arrangements exist for combining
separate wet and dry towers into wet/dry towers which can con-
serve make-up water while rejecting the power plant waste.heat.
Many of these wet/dry towers have been described in the litera-
ture (3-5). Two designs which have been proposed by manufac-
turers are:

1) Mechanical Series Wet/Dry Tower

This system combines separate mechanical draf? wet and d;y
towers into an operational unit by means of a coqllng Water cir-
cuit which flows through the dry and wet towers 1n seriles (Fig-
ure 5.7).

2) Mechanical pParallel Wet/Dry Tower

This system combines separate mechanical draft wet and d;y_
towers into an operational unit by means of a 00911ng water cir
cuit which flows through the wet and dry towers 1n parallel
(Figure 5.8).
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Analyses (10,11) have indicated that mechanical series and
mechanical parallel wet/dry cooling for water conservation hgve
approximately the same total evaluated cost and are simil;r in
operation. For this reason and because the first commercial
purchase has a series flow tower, only the series flow wet/dry
system is discussed in this section.

5.3.2 Design and Operation of Series Flow Wet/Dry Towers for
Water Conservation

The series wet/dry towers are usually designed such that
water flows first to the dry tower and then to the wet cooling
tower as shown in Figure 5.7.

The dry tower is designed to reject the entire heat load
at a low ambient temperature while maintaining the turbine back
pressure within specified limits. The performance of the dry
tower is then evaluated at the peak ambient temperature condi-
tion to determine the maximum heat rejection capacity of the dry
tower without exceeding the specified limiting back pressure.
This information is then used to size the wet helper tower need-
ed to reject the remaining heat load at this ambient temperature.

For this cooling system, the dry cooling is the basic heat
rejection mechanism, and the wet cooling is used to provide
supplementary heat rejection when necessary. The dry tower is
designed to operate continuously during the year and provisions
are included to shut down wet cells, if they are not needed at
low ambient temperatures, depending on the wet/dry operating
mode under which the system is designed to operate. Two dif-
ferent modes of operation analyzed in References 10 and 11 are
described below:

1) Mode S1

_ The first mode is termed the S1 mode (S for series). The
maln_objective of this mode is to operate the wet helper tower
as little as practically possible. This mode of operation is
1llustrated schematically by means of a turbine back pressure
characteristic of a wet/dry system operated in this mode (Figure
5.9). At the peak summer ambient temperature, both the wet and
dry towers are operating at full capacity as indicated by point
1. As the ambient temperature falls, the wet cells are turned
Ooff in succession to maintain the turbine back pressure essential-
ly constant at the wet tower design value. When point 2 is reach-
ed, all of the wet cells have been shut down, and the dry tower
hapdles the entire heat load. The back pressure curve between
points 1 and 2 is of a saw-tooth shape because a discrete number
of wet cel}s are taken out of service as the ambient temperature
falls. This operational mode requires continuous feedback con-
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trols for the operation of the wet towers. Most new stations

are being designed with sufficient computer capacity to :
for this additional measure of station control? y provide

2) Mode S2

The second mode of operation represents a system operating
with much less control of the wet tower. The turbine back pres-
sure characteristic resulting from the operation of a wet/dry
system in this mode is illustrated in Figure 5.10. In this mode,
all the wet cells are operated continuously until the dry tower
design temperature is reached (point 2). As the ambient tempera-
ture decreases, the turbine back pressure is allowed to fall.
When the ambient temperature drops to the point where the dry
tower is sized to reject the entire heat load, the wet tower is
turned off completely (point 2). As the ambient temperature
passes through the dry tower design point, an apparent instantan-
eous jump in back pressure occurs (typically 0.5 to 2 in.Hg (13~
50 mm Hg)). However, in reality, this transition would occur
over a long enough time span so as not to create any damaging
thermal shock to the turbine and associated equipment. Turbine
manufacturers have indicated that changes in back pressures of

this magnitude occur daily during the operating life of the tur-
bine.

Wet/dry cooling systems operating in the S1 mode are more
water conservative at the expense of greater energy consumption
than the same system operating in the S2 mode. Conversely,
systems operating in the S2 mode are more energy conservative
at the expense of higher water consumption.

5.3.3 Design, Economics and Plant Performance of Wet/Dry
Tower Systems for Water Conservation

5.3.3.1 Design and Cost--

The designs and costs of wet/dry tower systems for watgr
conservation have been reported in Reference 10 to 19. Typical
designs and costs of wet/dry tower systems sized for various
water make-up requirements and the reference wet and dry tower
Systems for nominal 1000-MWe coal-fired plants are shown in
Tables 5.2 and 5.3(11). The make-up requirement 1s expressed
as a percentage of the annual make-up required by-a'comparable
wet tower system in terms of heat rejection capability.

Table 5.2 shows a summary of these major design data for
the wet/dry cooling systems. Included in this taple are the _
tower size and operating mode, the maximum operating back pris
sure, the gross generator output, the condenser or tower hga
load at the maximum back pressure, the heat load distribution 4
between the wet and dry towers at the maximum back pressure, an
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the annual water make-up for the tower systems. All of the sys-
tems operate in Mode S1.

These data indicate that dry cooling tower systems of
manageable size can be designed for utility application by peak
shaving the heat load with evaporative helper towers. The num-
ber of cells needed for the wet/dry option are comparable to
or less than that required for the dry cooling system using the
high back pressure turbine. The data also show that the capaci-
ty deficit incurred with the use of the high back pressure tur-
bine (119 MWe) can be reduced more than 69 MWe, even with the
wet/dry system requiring two percent make-up.

Table 5.3 shows that the costs of wet/dry systems range
between the dry and the wet systems; the costs of the wet/dry
systems decrease monotonically as the make-up requirement in-
creases. The total evaluated costs for all of the wet/dry
systems are significantly higher than that for the wet system,
but significantly lower than the dry system.

The results of a comparable economic evaluation for typical
wet/dry systems designed for a nominal 1000-MWe nuclear power
station are shown in Tables 5.4 and 5.5(14). These data show

characteristics similar to those presented in Tables 5.2 and 5.3
for a fossil plant.

5.3.3.2 Plant Performance--

An example of the plant performance of a wet/dry system for
a nominal 1000-MWe nuclear power plant is shown in Figure 5.11
for a 10 percent make-up wet/dry tower system operating in the
S1 mode(10,19). The performance shown includes the gross and
net plant output (gross output-cooling auxiliary power require-

ment), turbine back pressure, and make-up flow rate over an
annual cycle.

When the wet and dry towers are operating together, the
turbine back pressure is maintained near its design value of
4.5 in. HgA (114.3 mm HgA), and the gross plant output (MWe) is
at its lowest value. The wet tower modules are gradually taken
out of service as the ambient temperature decreases. The dry
tower takes over completely when it is able to carry the plant
heat load while maintaining the turbine back pressure at or be-
low the design value of 4.5 in. HgA. At this point, all the wet
towers are out of service, and no water is required as shown
by the make-up curve. When the dry tower operates alone and in
response to the falling dry bulb temperature, the capacity of
the dry tower system increases, resulting in lower back pressure
and greater gross and net plant outputs. The gross plant out-

put in Figure 5.11 reflects the back pressure variation as de-
scribed above.
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The comparisons of the gross and ne
wet/dry and reference tower systems are
and 5.13, respectively. The corresponding ambient temperature

at which the cooling system and plant performance were deter-
mined is shown superimposed on the figures.

t plan? outputs for the
shown in Figures 5.12

The difference in gross plant output (Figure 5.12) between
the 1 percent and 10 percent or between the 10 percent and 40
percent make-up wet/dry tower systems at the peak ambient tem-
perature reflects a back pressure difference of 0.5 in. HgA
(12.7 mm HgA) and approXimately 11 MWe difference in gross plant
output. Although the lower fraction make-up systems suffer
larger capacity reductions, operations of the larger dry systems
result in shorter durations of combined wet and dry tower opera-
tion where the maximum capacity deficit occurs.

Integration of the capacity deficit over the annual cycle
determines the amount of replacement energy required for the
wet/dry and the reference systems. The amount of replacement
energy is represented in Figure 5.12 by the area bound between
the constant base generator output line and the gross output
curve for each cooling system. Thus, the figure also represents
the relative magnitude of the replacement energy needed by the
wet, wet/dry, and dry systems. It further shows that the higher
percentage make-up wet/dry systems require more replacement
energy than the lower percentage make-up systems. This is
obvious between the 1 and 10 percent systems and also between
the 20 and 40 percent systems.

Figure 5.13 shows the influence of pump and fan capacity
requirements on the capacity deficits relative to the base plant
output.

5.3.3.3 Water Usage and Costs--

One of the criteria used in the design of an optimum wet/dry
tower is the annual make-up requirement. The annual make-up 1s
the summation of the water usage during each increment of an
ambient temperature cycle. Since most streams generally have a
low stream flow in summer or fall when the cooling tower make-up
requirements are the highest, it is important to determine the
water usage requirements on a monthly or a daily basis during the
annual cycle.

Figure 5.14 shows the total amount of make-up required fgr—
each month during a typical annual cycle for cooling systems de
signed to serve a nuclear power plant at San_Juan, N. M. Figure
5.15 shows the maximum make-up flow rate during each moth. low
Although the annual percentage make-up 18 small, the maxtmggke_
rate can be large. For example, even for‘the one perceréhird o
up system, the maximum make-up flow rate 1S almost one- hird
that required by the wet system, because the system requ
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about a third of the wet cells needed for the wet tower. The
total monthly requirement, however, is less th§n lo_pergent of
the wet system requirement. The information given in Figures
5.14 and 5.15 can be used to determine whether stream flow con-
ditions match the make-up requirements, or to size the reservoir
or impoundment necessary for station operation. Figures 5:16 and
5.17 show make-up requirements for a comparably sized fossil
power plant at the same location.

The water penalty is of special significance when making
cost comparisons of wet and wet/dry cooling system alternatives.
The water penalty costs are listed as separate items in Tables
5.3 and 5.5, (San Juan fossil and Sundesert nuclear, respective-
ly). Excluding these costs from the total evaluated cost of the
cooling system would significantly increase the cost differential
between the wet and the wet/dry cooling systems. The water penal-
ty cost includes: 1) the water purchase cost, 2) the capital
cost of water treatment facilities, such as clarifiers and water
treatment chemicals, 3) the capital and operating cost of water
supply which includes make-up (intake structure) pumps, pipelines
and associated structures, and 4) the cost of blowdown disposal.
The capital cost components of the water supply penalty for these
plants includes a 25 percent indirect cost component. The Sun-
desert water penalty includes the cost of a solar evaporation
pond for blowdown, whereas at San Juan blowdown disposal costs
were assumed to be negligible.

5.3.4 Economic Feasibility of Wet/Dry Tower Systems for
Water Conservation

Studies sponsored by ERDA(10), EPA(ll) and the California
State Energy Commission(14), from which the data on wet/dry sys-
tems for water conservation have been cited, have concluded:

1. Wet/dry cooling systems can be designed to provide a
significant economic advantage over dry cooling yet
closely match the dry tower's ability to conserve
water. A wet/dry system which saves as much as 99 per-
cent of the make-up required by a wet tower can main-
tain that economic advantage. Therefore, for power
plant sites where water is in short supply, wet/dry
cooling is the economic choice over dry cooling. Even

where water supply is remote from the plant site, this
advantage holds.

2. Where water is available, wet cooling will continue to
be the economic choice in most circumstances. Only if
resource limitation or environmental ¢riteria make
water costs excessive can wet/dry cooling become
economically on par with wet cooling.
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The economic advantage of wet/dry cooling over dry
cooling reduces the need for further development of

high back pressure turbines for nuclear power plant
applications.

The dry surface areas needed for wet/dry options are,
in general, less than that required for the dry cooling
systems using the high back pressure turbines, but
remain large in size. Therefore, the development of

improved dry surfaces should be continued for use in
wet/dry cooling.
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TABLE 5.1. TYPICAL SIZE, PERFORMANCE AND COSTS OF HYBRID WET/DRY TOWER SYSTEMS
FOR PLUME ABATEMENT*(11)

Ground fogging (hr) 5 10 20 30 60
Dry Section
Height (ft) 0 5 f£ |10 £t (15 ft 0 0 0 0
Number of Wet/Dry
Tower Modules 43 35 31 29 41 37 33 26
Total Capital Cost
$10° 56.41 |54.74 54,08(53.92 55.59 51.84 50.25 44.82
Totgl Penalty Cost
s10 23.77 124.15 24,30)25,.35 23.06 24,40 22.85 25.70
Total Evaluated Cost
$lO6 80.18 [79.89 78.38179.27 78.65 76.24 73.10 70.52

*Power Plant:
Site:

Cost Year: 1985

1000-MWe Fossil
Seattle, Washington
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TABLE 5.2.

DESIGN DATA OF TYPICAL WET/DRY COOLING TOWER SYSTEMS FOR A FOSSIL PLANT (11)

SI1TE: ng JUAN, NEW MEX1(Q BASL OUTPUL: 1039 Mwe WET/DKY TYPE: MECHANICAL SERIES (S1)
Percentage Make-up Requirement
Mech. Mech, Mechanical Series Wet/Dry Mech.
1 4

Item Dry (H)* | Dry (L) 2 10 20 30 40 Wet
Number of Tower Cells, 0/112 0/274 7/161 11/117 13/98 15/84 17/70 21/6
Wet Tower/Dry Tower
Maximum Operating Back 12,60 5.03 5.0 4.5 4.0 3.5 3.5 3.12
Pressure P, in.HgA (320.0) | (127.8) | (127.0) | (114.3) | (101.6) | (88.9) | (88.9) .| (79.2)
(om HgA)
Gross Plant OQutput at 920.4 989.0 989.5 999.1 1009.5 1019.1 1019.1 1025.6
Pax» MWe
Heat Load at Pp,.» 109 4.86 4,62 4.62 4.59 4,55 4,52 4.52 4.50
Bru/hr (1012 J7hT) (5.13) | (4.87) | (4.87) | (4.848) | (4.80) | (4.77) | (4.77) | (4.75)
Heat Load Distribution 0.0/100.0]0.0/100.0 {38.7/61.3}60.9/39.1|73.2/26.8|82.2/17.8185.0/15.0/100.0/0.0
at Pp,,, (Wet Tower/Dry
Tower) , %
Annual Make-up Water 0.0 0.0 0.625 2.90 5.97 8.85 11,90 29.53
forﬁweg Towers, 10° gal (0.0) (0.0) (0.237) (1.10) (2.26) (3.35) (4.50) (11.18)
(10° m?) )

* H-High Back Pressure Turbine
¥ L-Conventional Low Back Pressure Turbine



TABLE 5.3. COST COMPONENTS ($105) OF TYPICAL WET/DRY COOLING SYSTEMS FOR A FOSSIL PLANT(11)

SITE: SAN JUBN, NEW MEXICO YEAR: 1985 WET/DRY TYPE: MBCHANICAL SERIES (S1)
Percentage Make-up Requirement$ ]
Mech. Mech. Mechanical Series Wet/Dry Mech,,
Dry (H)* |Dry (L) 2% 10% 20% 30% 40% Wet
Capital Cost:
Cooling Tower 39.07 | 95.58 60.20 | 47.27| 41.84| 38.11 1] 34.43| 12.3%
Condenser 11.26 | 14.46 12,07 | 10.81| 10.12| 10.14 9.66 | 10.13
Circulating Water System 7.86| 12.51 11.70 | 10.26 9.16 9.40 8.82| 6.50
Electric Bquipment 5.36 | 12.45 9.81 ! 7.60 6.62 6.01 5.29| 1.52
Indirect Cost 15.88 | 33.75 23.45; 18.98| 16.92} 15.91] 14.55| 7.63
Total Capital Cost of ' " 94.92| 84.66] 79.57| 72.75[ 38.
Base Cooling Sy o 79.43 | 168.75 | 117.23 : %4, i 17
Penalty Cost: i
Capacity loss 57.54| 24.27 24.01 ' 19.37| 14.30 9.64 9.64| 6.48
Power for Tower &
Circulating Water Pumps 1.16]. 23.37 15.18] 12.17] 11.22| 10.99 9.82| 5.12
Replacement Energy 29.62 0.49 4.48: 8.04 8.54 7;00 7.98( 2.23
Fan Energy & Circulating
Water Pumping Energy 9.23| 17.45 12.19 9.52 8.62 8.51 7.82] 4.23
Cooling System Maintenance 3.91 8.15 5.64 4,71 4.19 4.04 3.75| 1.81
Total Penalty Cost of
Base Cooling Sy by 111.46| 73.73 61.50| 53.81 _46.88 _40.18 39.01| 19.&7
Make-up Water Penalty Cost:
Make-up Water Purchase &
Treatment Cost 0.00 0.00 0.10 0.48 1.00 1.47 1.98( 4.9
Capital Cost of Make-up
Water Supply Facilities 0.00 0.00 5.50 7.00 7.76 8.32 8.59| 9.46
Power and Energy Cost for
Pumping Make-up Water 0.00 0.00 0.18 0.30 0.38 0.45 0.50| 0.74
Total Mak Penal —
Cost eup Water Y 0.00 0.00 5.78 7.78 9.14| 10.24| 11.07| 15.12
" Total Evaluated Cost of the -
Camplete Cooling System 190.89| 242.48 | 184.51| 156.51] 140.68| 130.00| 122.83 73£

* H - High Back Pressure Turbine

+ L - Low Back Pressure Turbine

** Base Cooling System - Cooling

system without

amd

water treatment facilities

# Percentage of annual make-up required by optimized wet tower

1

48



TABLE 5.4.

II;)EISGIET DZ)%TA OF TYPICAL WET/DRY TOWER SYSTEMS FOR A NUCLEAR POWER
LANT (14

SITE: Blythe, Calif. MAKE-UP INTAKE SITE: OTO BASE OUTPUT: 1023.10 MWe at 2.5 HgA

A

Tower System Wet/Dry Wet
Annual Make-up Quantity 5% 10% 20% 30% 407% 1007%
Humber of Tower Cells, 13/221 17/203 21/178 25/145 28/115 43
Wet Tower/Dry Tower

Surface Area of Tower, 9.90 9.43 8.63 7.50 6.44 2,60
Acres

Maximum Operating Back 5.00 4.50 4.00 4.00 4,00 3.17
Pressure Ppax, incHRA

Gross Plant Qutput at 962.8 975.3 988,2 988.2 988.2 1009.2
Prax, Mbe

Heat Load at Pyay, 107 6.65 6.60. 6.56. 6.56 6.56 6.49
Btu/hr*

lleat Load Distribution 51.3/48.7 63.3/36.7 75.4/24.6 79.4/20.6 82.8/17.2 100.0/0.0
at Pyax, (Wet Tower/Dry

Tower), %

Annual Make-up Water for 0.76 1.55. 2,77 4.19 5.78 14,18
Vet Towers, 103 acre-feet

* A constant auxiliary heat

load of 2.16 x

108 Btu/hr must

be added to each indicated value,




TABLE 5.5. COST COMPONENTS ($106) OF TYPICAL WET/DRY COOLING

SYSTEMS FOR A 1000-MWe NUCLEAR PLANT (14)

SITE: Blythe, Calif. MAKE-UP INTAKE SITE: OTO YEAR: 1985
Tower System Wet/Dry Vet
Annual Make-up Quantity 5% 107 207, 30% 407 1007
Capital Cost:
Oooling Tower 84,611 80.295 73.458 63.820 54,732 21,688
Condenser 20.135 19.094 19,094 17.021 16.227 19.088
Circulating Water System® 23,374 22.070 22.969 15,712 14.437 14,975
Electric Equipment 13.854 13.142 12,160 9.980 8.498 3,004
Indirect Cost 35.493 33,651 31.920 26.633 23.474 14,689
Total Capital Cost of Heat
Rejection System 177.467 168,252 159, 601 133.166 117.368 73,444
Penalty Cost:
Capacity Loss 60.290 47.790 34,890 34.890 34,890 13,906
Power for Tower Fans and 43,657 42,403 41,864 35.217 31,199 19.126
Circulating Water Pumps
Replacement Energy 21,849 21,741 18.738 25,097 25.754 -3.018
Fan Energy & Circulating 30.225 28.559 27.859 24.081 21.836 13,616
Water Purping Energy
Cooling Systenm Maintenance 12,564 12,240 12.287 10,237 " 9,479 6.488
Total Penalty Cost of Heat .
Rejection System 168.585 152.733 - 135.638 129,522 123.158 50,118
Water Pcnralcy: .
Make-up Water Purchase Cost 0.323 0.655 1.172 1.773 2,447 6.000
Make-up Vater Treatment Cost 10.202 13.449 17.986 22,565 27.662 53.873
(Capictal & Operation)
Make-up Water Supply Cost 8,061 B.622 9.481 9.675 11,367 12,588
(Facility, Pumping Power &
Encrgy)
Blowdown Cost 0.926 1.858 . 340 16.487
{Solar Evaporation Pond) 3.34 4.991 8.526
e
Total Vater Penalty Cost 19,512 24.584 31,979 39.004 50.002 88. 948
e
Total Evaluated Cost of the
Complcte Cooling System 365,564 345,569 327.219 301.692 290.528 212.510
s
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INTAKE
LOUVERS

Schematic of hybrid wet/
dry tower for plume abate-
ment with film-type dry
section(2).

FPigure 5.1.
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Figure 5.6. Total evaluated cost as a function of ground fogging for

various wet and wet/dry tower systems (Seattle site, 1985
dollars) (11).
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Figure 5.7.

Series water flow wet/dry tower system
for water conservation(10).
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Figure 5.8. Parallel water flow wet/dry tower
system for water conservation(10).
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Figure 5.9. Wet/dry tower-mode 1 operation(10,11).
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Figure 5.10. Wet/dry tower-mode 2 operation(10,19).
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Performance curves for a 10% wet/dry

cooling system at Middletown site(10,19).
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SECTION 6

ADVANCED COOLING SYSTEMS

6.1 INTRODUCTION

Although the present state of knowledge indicates that dry
cooling systems have the smallest environmental impact of all the
conventional cooling systems, the high cost of electricity from
dry cooled generating plants has deterred the wide acceptance
of dry cooling by power utilities. Considerable effort has
been directed towards reducing these costs. The near-term ap-
proach through the use of wet/dry cooling has been described in
Section 5. Approaches using advanced concepts which are re-
ceiving the most attention are briefly described in the follow-
ing subsections. The advanced cooling systems are defined as
those systems which utilize either evolutionary or revolutionary
design approaches, but have not yet been applied to power plants
for commercial use. These include the following systems, all of
which are evolutionary: 1) ammonia dry cooling systems, 2)
Curtiss-Wright integral-fin dry cooling systems, 3) fluidized
bed dry cooling systems, 4) rotary (periodic) heat exchanger dry
cooling systems, 5) deluge wet/dry cooling systems, and 6) MIT
wet/dry cooling systems. The first four are all-dry systems;
the last two are advanced wet/dry systems.

6.2 AMMONIA DRY COOLING SYSTEM

6.2.1 System Description and Principle of Operation

The ammonia dry tower system is a dry cooling system which
utilizes ammonia as an intermediate cooling fluid which undergoes
a phase change during the cooling process(1-5). This dry cool-
ing system is physically an indirect system. It is, however,
functionally similar in many respects to the direct system where
exhaust steam is ducted directly to an air-cooled condenser.

Figure 6.1 is the process flow diagram. Exhaust steam from
the last stage of the turbine is condensed in the condenser/
reboiler located directly below the turbine. Instegd of wa?er
girculating through the tubes, liquid ammonia is boiled as 1?
1s pumped through the tubes under pressure set py the opgratlng
temperature in the condenser. The ammonia quality emerging
from the tube varies from 50 percent to 90 percent. This two-
phase mixture is passed through a vapor-liquid separator from
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which the vapor is sent to the air-cooled heat exchangers and
condensed while the liquid is combined with the ammonia con-
densate from dry heat exchangers and recycled back through
the condenser/reboiler.

The ammonia vapor from the vapor-liquid separator flows to
the dry tower under the driving force of the vapor pressure
difference between the condenser/reboiler and the dry towers.

In the dry tower, the ammonia vapor is condensed. The condensed
ammonia is pumped back to the condenser/reboiler. Isolation
valves at the inlet and outlet manifolds of a tower section pro-
vide a means of removing sections of the tower from service as
may be required for maintenance or reduced cooling capability.

6.2.2 Advantages and Disadvantages of the Ammonia Dry Cooling
System (1-5)

The significant advantages of the ammonia system include
the following:

1. TIsothermal condensation occurs in the dry tower;
consequently, a larger temperature differential
for heat transfer occurs in an ammonia system
than that in an indirect air-water system, so
that less dry heat exchanger surface area is
required.

2. The much lower volumetric flow rate and specific
volume of the ammonia vapor results in smaller
transfer lines between the plant and the tower
than would be' required for steam in a direct
dry system.

3. No problems with freezing occur in the dry tower
and, consequently, there is no requirement for
louvers, drain valves or other low temperature
safety systems.

4. No pumping is required to move ammonia vapor to
the dry tower, and very little pumping is re-
quired to pump the liquid ammonia back to the
condenser/reboiler.

The major disadvantages are as follows:

1. The higher operating pressure of the ammonia

system requires the use of heavier and more
costly piping.

le68



2. Since the condensation of steam and boiling
of ammonia in the condenser/reboiler are
both isothermal processes, the fixed tempera-
ture difference provides a temperature po-
tential (i.e., the log mean temperature dif-
ference) that is lower than that which is
available in the condenser of a conventional
dry system. Thus, for the same overall heat
transfer coefficient, more surface is required
for the condenser/reboiler.

3. Ammonia vapor is toxic and somewhat flamable.¥
4. There is considerable uncertainty in the
operational characteristics and licensing

requirements of the large ammonia systems
needed for power plant use.

6.2.3 Current Development Status of the Ammonia Concept

The ammonia dry cooling system is currently being developed
at Battelle-Pacific Northwest Laboratories under the sponsorship
of the Department of Energy (DOE) and the Electric Power Research
Institute (EPRI). Also actively engaged in the development of
this system is the Linde Division of the Union Carbide Corpora-
tion under the sponsorship of EPRI. Cost studies performed by
Union Carbide for EPRI indicate a substantial reduction in total
cooling system cost for the ammonia concept as compared with an
optimized dry cooling system of conventional design(5). These
results are confirmed, by and large, by an independent study per-
formed by Battelle-Pacific Northwest for ERDA (DOE). The use of
improved heat transfer surfaces, such as that developed by
Curtiss-Wright and presently under study by Union Carbide, can
be used to further optimize the system.

It appears that the final system design proposed for test-
ing in an experimental facility may use both deluge wet cooling
and advanced heat transfer surfaces. Work is presently beiqg
performed by both Battelle-Pacific Northwest and-Uniqn Carbide
toward the development of the design of a demonstration dry cool-
ing system of this type.

6.3 CURTISS-WRIGHT DRY COOLING SYSTEM

The advanced aspect of the dry tower developed by the Cur-
tiss-Wright Corporation lies in the high performance and low
cost heat transfer surface of this unique fin-tube geometry (6,7) .
The Curtiss-Wright dry tower otherwise would operate exactly
as the conventional fin-tube dry tower.

*Author comment-explosive in 16 to 25 percent air mixture.
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6.3.1 Description of Curtiss-Wright Integral-Fin Tubes

The Curtiss-Wright fin-tubes are called integral-fin tubes.
These fin-tubes are fabricated by a special manufacturing pro-
cess; namely by machining the fins from the surface of a pre-
formed extrusion. This patented process is accomplished on a
modified, high-speed punch press by essentially lifting a chip
from the tube surface to form the fin without creating any scrap
material. This process is applicable for forming integral fins
on round tubes, single-port, and multi-port flat tubes. Figure
6.2 shows a typical multi-port integral-fin flat tube.

Test results(6) have demonstrated superior performance com-
pared to conventional round, fin-tube geometries. The contri-
buting factors include the following:

1. The integral-fin concept eliminates bonding
resistance to heat transfer.

2. The fin interruptions inhibit fin boundary
layer buildup and increase localized air
turbulence, resulting in improved heat
transfer performance compared to continu-
ous fins.

3. The fin and tube geometry can be varied over
a wide range to optimize performance for
specific requirements.

Since the integral-fin tubes are fabricated from a preformed ex-
trusion, the fin and tube geometries can have wide variation and
are limited in size only by the capacity of extrusion. Current
development is centered in the multi-port flat tubes (Figure
6.2) using aluminum.

6.3.2 Development Status of the Curtiss-Wright Dry Tower System

The Curtiss-Wright integral-fin heat exchangers have been
successfully used in large industrial applications. For power
plan? applications, it has been under active development by the
Curtiss-Wright Corporation with partial sponsorship from the
U. S. Department of Energy (DOE). These studies have shown a
substantial savings in capital and operating cost relative to
the conventional round finned-tube dry tower systems(6).

6.4 FLUIDIZED BED DRY COOLING SYSTEMS

6.4.1 General Description

The fluidized bed heat exchanger consists of a shallow bed
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of small particles which are caused to float or fluidize by
forced air passing through the bed(8). A fluid bed system
patented by Seth(9) is shown in Figure 6.3. Uniformly spaced
tubes containing heated water from the plant are placed hori-
zontally in the fluidized bed. Heat is transferred from the hot
fluid through the tube walls into the fluidized bed where the
air is sensibly heated before being exhausted to the atmosphere.
The fluidized bed permits higher transfer of heat than that of
a standard design where air is passed over finned tubes. Heat
transfer augmentation is realized mainly by the destruction or
reduction of the boundary layer around the tubes through the

presence of particles; thus the rate of heat conduction is
increased (8,9).

The most significant attraction of the fluidized bed heat
exchanger is its high overall heat transfer coefficient, due to
the presence of the fluidized bed. If this enhanced coefficient
sufficiently reduces the cost of heat rejection without creating
significant technical problems, the fluidized bed concept should
be seriously considered as an alternative to standard dry cool-
ing techniques and conventional wet cooling methods.

Several variations on the fluidized bed heat exchanger are
being considered for application to dry cooling heat rejection.
Both finned and smooth tubes can be used in the bed. Also, the
fluidized bed can be operated partially wet to dissipate heat
both by sensible heating of the air and evaporation of water(8).

Current results indicate that two factors are important to
the success of the fluidized bed heat exchanger. The first is
the design of a system which yields a high overall heat transfer
coefficient. The second is the reduction of fan power require-
ments for the air. Optimization of these two factors may pro-
vide a promising heat rejection system which is technically
feasible and economically competitive to conventional dry cool-
ing systems.

6.4.2 Development Status

Although bench testing of this concept has been perfo;med
at the Massachusetts Institute of Technology (MIT), there 1s
no industrial development of this concept at the present time.
6.5 ROTARY (PERIODIC) HEAT EXCHANGER DRY COOLING SYSTEM

6.5.1 S8ystem Description and Principle of Operation (10)

Conceptually, the periodic cooling tower represents a com-
promise between the dry cooling tower and the wet cooling tower.
Figure 6.4 shows the proposed design for the periodic exchanger.
A tower consists of a number of rotary heat exchangers as shown
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in Figure 6.5. The heat transfer surface is made of a number
of coaxial parallel discs which rotate from the hot water to the
cooling air flowing parallel to the disc surfaces.

As the heat exchanger rotates, the surfaces of the discs are
heated by the hot water and then cooled by the air stream, thus
continually transferring heat from the hot to the cold stream.

A thin layer of oil is kept on the water surface so that the
discs are coated by the oil as they leave the water. Thus,
there is little direct air-water interface and little evapora-
tion. Tests on a scale model have shown that an oil film can
suppress evaporation to less than 0.4 percent. Under either
condition, the oil can be removed and the discs operated as an
evaporative tower.

6.5.2 Advantages and Disadvantages of Periodic Cooling Tower
Concept

The potential advantages of the periodic cooling tower in-
clude the low cost of the discs and the ability of the tower
to operate wet or dry. A periodic tower could be significantly
less expensive than a conventional dry tower, and with the
ability to operate wet, the high capacity losses incurred by
conventional towers during periods of high ambient temperatures
could be minimized.

The potential disadvantages include operational problems
for a large number of rotating heat exchanger elements, high
power consumption, large number of fans, and potential fouling
by and emulsification of the oil f£ilm.

6.5.3 Development Status

Although bench-~scale testing of this concept has been per-
formed, there has been no industrial development of the periodic
cooling tower.

6.6 PLASTIC TUBE DRY COOLING SYSTEM

6.6.1 General Description

_ The plastic tube heat exchanger has been developed in Italy
in conjunction with the development of a low profile natural
Qraft tower. The low profile natural draft arrangement results
in low air flow and, consequently, low heat transfer coefficients
whlch,-in turn, result in the requirement of very large but in-
expensive surfaces. From these considerations emerged a design
using fin-less plastic tube heat exchangers(ll).

The specific advantage claimed for this new design is the
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reduced cost of material and labor for construction.
rently envisioned, the heat exchanger would be field-a
by connecting 50-meter-long sections of plastic tube to metallic
tubeplate headers with specially developed plastic spacers and
leakproof neoprene rings. The finished product would be an
air-cooled heat exchanger module in the shape of a dihedron.
Several of these dihedrons would be assembled side-by-side,
along with feeding and connecting pipes, and suspended on steel
legs inside a rectangular, low profile, natural-draft tower.

A proposed design is shown in Figure 6.6.

As cur-
ssembled

The hydraulic design of the coils promotes low air-side and
water-side pressure drops. The low air-side pressure drop al-
lows the heat exchanger to be used inside a low profile natural-
draft cooling tower. The rectangular tower proposed for use with
the heat exchanger assembly would be 40 meters high and would be
constructed using a modular steel structure supporting an alumi-
num, galvanized steel or fiberglass skirt.

The dry tower of the plastic heat exchanger design is said
to be competitive with the dry tower using conventional heat ex-
changers, and the dry system is suitable for use with conven-
tional turbines operating at a maximum back pressure of five
inches of mercury. The plastic tubes are designed to have a 30-
year service life under the most extreme combinations of operat-
ing temperature and pressure.

6.6.2 Development Status

A full-scale demonstration dihedron module has been con-
structed and operated in Italy. After two years of testing, the
thermal and hydraulic advantages of the proposed design have been
verified, and the durability of the plastic materials has been
demonstrated. After operation at maximum temperature, pressure,
and exposure to the elements for two years, the external sur-
faces of the tubes were untarnished and no problems of deterio-
ration or leaks were encountered(l2). In this country the
plastic fin-less tube dry cooling concept is presently being
investigated on a conceptual design basis by the Battelle-Paci-
fic Northwest Laboratories(13).

6.7 DELUGE WET/DRY COOLING SYSTEM

6.7.1 General Description

Deluge cooling is a method of augmenting tim?capgbllltles
of a dry cooling tower by flushing the dry surfaces with water )
and utilizing the heat rejection driving force of water evipori 4
tion to aid a dry cooling system to handle heat loads at elevate
temperatures.
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In one method, the delugeate (water) is "sprayed" on a
plate-fin dry heat exchanger as shown in Figure 6.7 such that
water runs in a thin film down each side of the vertical fin
plates oriented transversely to the air flow. The thin deluge-
ate film allows sufficient passages for this air flow to pass
between the wetted fins and carries away the evaporated water
plus any sensible heat that it picks up by being in close con-
tact with the delugeate warmed by the tubes and fins. The sur-
face is designed so that the film is unbroken; thus, there is
no dry surface on which scale or corrosion can build. Figure
6.8 shows the general layout of a proposed system(14).

Another proposed method of deluging applies to finned-tubes
which are vertical (or near vertical) (14). The air flow is
directed across the tubes which may have extended surfaces (fins,
spines, wire, etc.). The fluid is distributed by a header sys-
tem, individual or manifolded, to the top of each tube where
it is ejected or spilled on top of or axially down the perimeter
of the heat exchange surface. The fluid flows down the tube
surfaces (if smooth), spirals between spiral fins or the extend-
ed surfaces, essentially covering the entire surface. The fluid,
upon reaching the bottom of the tube, is collected by means of
funnels, troughs, tanks, headers, or basins and pumped back to
the top of the same exchanger surface or directed to another
exchanger.

6.7.2 Development Status

Deluge cooling has been successfully tested in plate-fin
towers in the Soviet Union. Tests that were made at the Bat-
telle-Pacific Northwest Laboratories (PNL) showed that water
will flow smoothly and neatly down a finned tube, presenting

a water surface to the air and completely covering all the fin
surface with water.

A‘program sponsored by the Department of Energy and the
Electric Power Research Institute is currently underway at PNL
to deluge an ammonia dry system with Heller-Forgo plate-fin

tube surfaces. Under this program, a six-MWe demonstration sys-
tem will be constructed and tested(15).

6.8 MIT WET/DRY TOWER SYSTEM

6.8.1 General Description

The advanced wet/dry cooling tower desian or e
Massachusetts Institute of Technglogy and begchptzgizgdigyiﬁﬁ
tended for water conservation(l6). The tower utilizes a new dry
heat t;ansfer surface of sheet metal which is similar in design
to a film type wet tower packing. The metal plate has concave
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channels running down the plate in which hot water flows and the
rest of the plate is kept dry as shown in Figure 6.9. As the
hot water flows down the channels, it heats the plate which then
dissipates heat to the air flowing over both sides of the plate
by convection in the dry portion of the surface, while evapora-
tion takes place only at the exposed air-water interface.

The tower packing of the proposed wet/dry tower design is
composed of a number of these plates spaced parallel to one an-
other; each plate is separated from the adjacent plates to pro-
vide a passage for the air flow. The plates are held at a small
angle to the vertical, and water flows down the troughs by
gravity after being distributed to the troughs (Figure 6.10). A

fan induces air flow between the plates where heat transfer takes
place.

The MIT wet/dry towers can be designed to save varying
amounts of water relative to a wet tower designed for the same
heat load. A design and cost study(17) of this tower concept
has indicated a potential cost savings (as compared to the separ-
ate wet/dry tower systems discussed in Section 5.3) for the MIT
wet/dry tower systems designed to save about 50 percent of water
use of a wet tower system. At very high water savings, e.g.,

70 percent or higher, the MIT wet/dry tower systems are not com-
petitive with the separate wet/dry tower systems.

6.8.2 Development Status

Although bench demonstration of this concept was performed
at MIT under the sponsorship of the U. S. Energy Reserach and
Development Administration, there has been no industrial develop-
ment of this advanced wet/dry tower.
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Figure 6.4. Periodic dry cooling tower schematic (10).
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(air flow baffle)
Basin partition
Cooler water sec-
tion of base
Lower protective
rlates (air flow
baffle)

Figure 6.8. Plate-fin deluge tower arrangement(14).

182



HOT HOT
WATER WATER

LARGE
DRY PLATE
AREA

SMALL
AIR-WATER
INTERFACIAL
AREA

SN S

"DRY AMBIENT AIR”

CHANNELLED
WATER FLOW

DRY FIN-LIKE
SURFACE FOR
CONVECTIVE
HEAT TRANSFER

Figure 6.9. Conceptual design of the new wet/dry surface
(16).

183



TURBINE E(lHAUSTS TEAM

|
1

PUMP
—O- co~05~s&¢1
i
COND.TOBOILER+ HOT WATER

0.0 0 0

AN /1N AN AN

A N\ b
AN

_-1 FIAS'IN; ;;

Figure 6.10. Schematic diagram of the

MIT advanced wet/dry tow-
er packing arrangement (16).

184



REFERENCES

Allemann, R. T., B. M. Johnson, and G. C. Smith. Ammonia
as an Intermediate Heat Exchange Fluid for Dry Cooled
Towers. Battelle Pacific Northwest Laboratories. Richland,
Washington, BNWL-SA-5997, 1976. ‘ ‘

Fryer, B. C., D. W. Falletti, Daniel J. Braun, David J.
Braun, and L. E. Wiles. An Engineering and Cost Comparison
of Three Different All-Dry Cooling Systems. Battelle
Pacific Northwest Laboratories. Richland, Washington,
BNWL-2121, 1976.

Johnson, B. M., R. T. Allemann, D. W. Falletti, B. C. Fryer,
and F. R. Zaloudek. Dry Cooling of Power Generating Sta-
tions: A Summary of the Economic Evaluation of Several
Advanced Concepts Via a Design Optimization Study and a
Conceptual Design and Cost Estimate. Battelle Pacific
Northwest Laboratories. Richland, Washington, BNWL-2120,
1976. ‘

Ard, P. A., C. H. Henager, D. R. Pratt, and L. W. Wiles.
Costs and Cost Algorithms for Dry Cooling Tower Systems.
Battelle Pacific Northwest Laboratories. Richland, Wash-
ington, BNWL-2123, 1976.

Pratt, D. R. Compatibility of Ammonia with Candidate Dry
Cooling System Materials. Battelle Pacific Northwest
Laboratories. Richland, Washington, BNWL-1992, 1976.

Haberski, R. J. and J. C. Bentz. Conceptual Design and
Cost Evaluation of a High Performance Dry Cooling System.
Curtiss-Wright Corporation, Wood-Ridge, New Jersey, ERDA
Report No. CO00-4218-1, 1978.

Haberski, R. J. and R. J. Raco. Engineering Analysis

and Development of an Advanced Technology pow Cogt Dry
Cooling Tower Heat Transfer Surface. Curtiss-wright Cor-
poration, Wood-Ridge, New Jersey, ERDA Report No. CO0-2774-
1, 1976.

Dickey, B. R., E. S. Grimmett, and D. C. Kilian. Waste

Heat Disposal Via Fluidized Bed. Chemical Engineering
Progress, 70(1), 1974.

185



10.

11.

12.

13.

14.

15.

16.

17.

Seth, R. G. U.S. Patent for a Fixed-Fluidized Bed Dry
Cooling Tower. Patent Number 3814176, June, 1974.

Robertson, M. W. and L. R. Glicksman. Periodic Cooling
Towers for Electric Power Plants. In: Dry and Wet/Dry
Cooling Towers for Power Plants, Edited by R. L. Webb and
R. E. Barry, The American Society of Mechanical Engineers,
New York, 1973. :

Roma, C. An Advanced Dry Cooling System for Water from
Large Power Station Condensers. Proceedings of the 35th
American Power Conference, 1973.

DeSteese, J. G. and K. Simhan. European Dry Cooling Tower
Experience. Battelle Pacific Northwest Laboratories,
Richland, Washington, BNWL-1955, 1976.

Fryer, B. C., D. J. Braun, D. J. Braun, L. E. Wiles, and

D. W. Falletti. An Engineering and Cost Comparison of Three
Different All-Dry Cooling Systems. Battelle Pacific North-
west Laboratories, Richland, Washington, 1976.

Allemann, R. T., W. A. Walter, and H. L. Parry. Position
Paper on Deluge Augmentation of Dry Cooling Towers. Bat-
tell3 Pacific Northwest Laboratories, Richland, Washington,
Unpublished Report, 1976.

Battelle-Pacific Northwest Laboratories. Conceptual De-
sign Report--A Facility for the Study and Demonstration of
a Wet/Dry Cooling Tower Concept with Ammonia Phase-Change
Heat Transport System. Richland, Washington, 1977.

Curcio, J., M. Giebler, L. R. Glicksman, and W. M. Rohsenow.
Advanced Dry Cooling Tower Concept. Massachusetts Insti-

;gsg of Technology, Cambridge, Massachusetts, MIT-EL75-023,

United Engineers & Constructors Inc. Design and Economic
Evgluatlon'of the MIT Advanced Dry Cooling Concept.
Philadelphia, PA, C00-2477-014, 1977.

186



SECTION 7

AN OVERVIEW OF CLOSED-CYCLE COOLING WATER TREATMENT

7.1 INTRODUCTION

In light of the national goal of zero discharge and the re-
gulatory limitations on once-through cooling systems, many utili-
ties have turned to closed-cycle cooling for the heat rejection
from nuclear- and fossil-fueled power plants(l). Figure 7.1 de-
picts the basic elements of a typical recirculating cooling tow-
er system. Also shown in this figure are the locations where
water treatment may be required for the tower system.

Water is lost from the cooling system through evaporation,
drift, and blowdown. Drift is defined as the mechanical entrain-
ment of water droplets in the rising air exhausted from the top
of the tower. The term windage has also been used to designate
the drift losses. 1In order to restore the water lost through
evaporation and drift, a continuous quantity of make-up water
mist be added to the recirculating water system.

As water evaporates from a closed-cycle cooling system, d@s—
solved and suspended substances gradually build-up and remain in
the recirculating cooling water. 1In order to control this bull@—
up to reasonable levels, a quantity of the recirculat%ng water is
purposely discharged on a continuous basis. The cool}ng water
discharged is called blowdown, and it must be replendished py
make-up water to maintain the water balance. Thus, neg}ectlng
ninor losses, the rate of make-up for a cooling system in the
form of evaporation, drift, and blowdown rates can be expressed
as:

Make-up = Evaporation + Drift + Blowdown (7.1)

The ratio of the concentration of a constituent.in Fhe re-
circulating cooling water to its original concentration ;n the—
make-up water is defined in cooling water treatment as the ?ug
ber of cycles of concentration, C. Operation with high cyc i
of concentration will reduce both the make-up a?d bi?:iiznoi >
rates. However, high cycles of concentration also
aggravate the péoblgms Zssociated with the coollng wgterfsystims,
because the increased concentration of dissolved solids forces -
extensive water treatment to enable the system to operate satis
factorily.
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In this and the ensuing three sections (gections 7 through
10), descriptions and/or discussions are_prov1ded for the fol-
lowing areas concerning water treatment 1n.the closed—cyqle
cooling systems: 1) problems associated with the operation of
cooling water systems, 2) restrictions on blowdown, 3) the cur-
rent, near-horizon and future technologies for water treatment,
and 4) the typical costs of water treatment.

7.2 RELATIONSHIPS BETWEEN CYCLES OF CONCENTRATION AND THE
FLOW RATES OF MAKE-UP AND BLOWDOWN

The relationship between cycles of concentration and the
flow rates of make-up and blowdown of a wet cooling tower can be
derived from the mass balances of water and the dissolved solid
constituents in the water entering and leaving the tower (Figure
7.2): ' ~
Water Balance:

M=E+ B+ D (7.2)
Mass Balance of Dissolved Solid Constituents:
MCy = BCp + DCy (7.3)
where:
M = make-up flow rate.
E = evaporation rate.

B = blowdown flow rate.

D = drift rate.

Cyq = concentration of dissolved solids in the
make~up stream.

Cp = concentration of dissolved solids in the
circulating water.

Solving Equations (7.2) and (7.3),

1
c-1

B
E - (7.4)

Mo

and

(7.5)

EI=
e[ w)

£ _
c-1
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where:

C = C¥/CM, 1s the number of cycles of concentration
of total dissolved solids in the circulating
water as defined in Section 7.1.

Equations (7.4) and (7.5) are plotted in Figure 7.3. The
figure shows that when the evaporation rate is constant the flow
rates of both the make-up and blowdown from the cooling tower
decrease as the number of cycles of concentration increases.

Thus, in some existing cases or to meet future requirements,
it may be desirable to operate recirculating systems at a high
number of cycles of concentration if the ultimate objective is
to operate at as low a make-up water requirement and/or at as
low a blowdown rate as possible. The reduction of the make-up
requirement is an objective where water is scarce; the reduc-
tion of blowdown is an objective where there may be strict limits
on the discharge allowed or where no discharge is allowed to a
receiving stream. In the latter case, a reduction of blowdown
is important in reducing the size and cost of blowdown treatment.

7.3 PROBLEMS ASSOCIATED WITH COOLING WATER SYSTEMS

Generally, the major objectives of water quality control in
cooling tower systems are to ensure that the water: 1) does not
degrade the thermal efficiency and 2) does not reduce the life
expectancy of major pieces of equipment, such as towers, pumps,
condenser tubes, etc. It is usually more economical to maintain
water quality within certain limits than to face frequent equip-
ment maintenance and replacement.

The three major types of problems associated with cooligg
tower systems are scaling, fouling, and degradation of_matgrlals
in contact with the recirculating cooling water. Sc§llng is the
result of chemical precipitation and deposition of dissolved
salts. Fouling can result from the deposition of suspendeq and
entrained solid materials and biological growth. Degradation
problems are largely confined to corrosion of the metal surfaces
and deterioration and decomposition of the internal components
used in cooling towers. A brief discussion of each of these ma-
jor areas of concern follows.

7.3.1 Scaling

Scaling results when dissolved salts are allowed ?o_cozcen—
trate beyond their solubility limits and begin to PreClpﬁta ©
and form deposits on the walls of pipelines and heat exc a?%gc_
Surfaces. Scaling can result in a loss 1n heat transfer ebl
tiveness and eventual clogging of the condenser tubes. Table
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7.1 presents a typical analysis of scales from a power plant con-
denser (3).

The most common type of scaling results from the precipita-
tion of calcium carbonate. Calcium carbonate is formed by the
conversion of bicarbonate to carbonate at the elevated tempera-
tures reached in the condenser. High concentrations of calcium
bicarbonate are found in many freshwater sources in the United
States and are the prime sources of calcium carbonate resulting
in scale formation. Table 7.2 depicts the maximum and minimum
concentrations of selected chemical constituents observed from
samples of 98 rivers in the United States(4).

In general, most scale deposits are formed by the combina-
tion of the "hardness" cations of calcium and magnesium with the
bicarbonate, sulfate, and silicate anions. In some instances,.
the iron and manganese cations can also participate in scale
formation. Several of the scale deposits, such as calcium car-
bonate and sulfate, exhibit decreasing solubility with increasing
temperature. Figure 7.4 depicts the relationship between solu-
bility and temperature for several types of scale deposits(5).
The silicates are more frequently encountered in the western
portions of the United States and, when associated with magnesium,
can form dense scales.

7.3.2 Fouling

The term fouling is normally used to describe the accumula-
tive formation of types of deposits other than scales within
the recirculating water system. As in the case of scaling, foul-
ing can reduce heat transfer effectiveness and can eventually
clog condenser tubes. Fouling is usually the result of physical
or biological processes rather than chemical reactions. Some

of the more frequent sources of materials which contribute to
fouling include (5,6):

l. silt, sand, clay, metal oxides, detritus, micro-

organisms, and debris introduced with the make-
up water

2. Atmospheric contaminants, such as dust, soot,

pollens, spores, and insects introduced through
the cooling system

3. Biomags sloughed off the cooling surfaces and
entrained in the cooling water

4. 0il from leaks and present in make-up water
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5. Corrosion products, precipitates, and loosened
scale from the cooling system itself

6. Biological growth of algae, fungi, bacteria,
and slimes within the cooling system.

In cooling water systems using sea water, additional higher order
organisms (such as barnacles, bryozoans, sponges, and tunicates)
can produce fouling problems, particularly at the intake struc-
tures. Table 7.3 lists some of the more common organisms respon-
sible for biological fouling(5).

Biological fouling can be caused by microorganisms generally
classified as algae, bacteria, fungi, and molds(7). The algae
require light to survive, so they are usually confined to the ex-
posed areas of cooling towers and ponds. Bacteria, however, can
survive and flourish within the recirculating water piping and
condenser tubes under either aercbic or anaerobic conditions.
Both algae and bacteria can produce slimes, which can serve as
points of attachment for the inorganic forms of fouling. One
family of anaerobic bacteria is capable of reducing sulfates to
hydrogen sulfide. The hydrogen sulfide in turn can react with
the steel to produce a deeply pitted form of corrosion. These
anaerobic conditions can exist at the bottom of cooling ponds or
beneath fouling deposits.

Some of the principal factors which influence the rate of
microbial growth include the dissolved oxygen concentration, the
dissolved organic content of the water, water velocity, tempera-
ture, and sunlight.

7.3.3 Corrosion

Corrosion is an electro-chemical reaction which results when
electrical cells, which consist of anode and cathode surfgces,
are formed on the metal surfaces in contact with the cooling
water. The cooling water and the metal itself act as the path-
ways for completing the circuit for a galvanic electrical cell.
Although corrosion can also result from the dlssglutlon gf metal
by free mineral acidity, this is an exception which requires
special consideration. Here, only galvanic cell types of cor-
rosion are considered.

Figure 7.5 schematically depicts the first stage of a corgo-
sion reaction involving iron and dissolved oxygen. At the anode,
iron is dissolved to produce a ferrous ion and two electrons.

The ferrous ion goes into solution. The two electrons mlgratg )
to the cathode through the metal conductor and.comp;ete the cir on
cuit at the cathode. The electrons interact with dlssolved'iiyg
and water to form hydroxyl ions. The hydroxyl ions react wi
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the excess ferrous ions dissolved from the anode to form and de-
posit ferrous hydroxide at the cathode. In actuality, the anode
and cathode are often at the same physical location. The cor-
rosion reaction proceeds in several stages, corresponding to the
various oxidation states of the metal. These stages can be ob-
served by differences in color of the corrosion products.

Of the various possible corrosion reactions which can occur
at the anode, the reactions having the highest half cell poten-
tial will prevail. Similarly, at the cathode, the cathode re-
actions having the lowest potential will occur. The combined
potential for a given reaction can be computed by subtracting
the half cell potential for the cathode from that of the ancode.

The corrosion cell illustrated in Figure 7.5 is greatly
simplified. 1In reality several competing reactions occur during
corrosion. The corrosiveness of water is dependent upon the
metal ions present, the other molecules and ions present which
can enter into the oxidation-reduction reaction, and the films
covering the metal surface. Certain metals and alloys, such as
aluminum, form a protective layer during corrosion, which tends
to deter further corrosion. Iron, on the other hand, when cor-
roding may experience significant surface degradation before a
protective layer is formed. For other materials, no protective
layer may be formed, and the reaction may continue until the me-
tal is wasted. Such materials are frequently used as a sacrifi-
cial material in corrosion protection systems.

Most corrosion originates because of irregularities in the
metal surface due to impurities in the metal, joints, metal
alloying, deposition of scale or fouling deposits, and tempera-
ture and dissolved oxygen gradients. Some of the major waste
characteristics which influence the rate of corrosion include
pH, dissolved scolids, alkalinity, temperature, velocity, dis-
solved oxygen concentration, and the presence of other oxidants.

Dissolved oxygen plays a dual role in metallic corrosion(8).
In several of the half cell reactions which occur during corro-
sion, hydrogen ions are reduced to elemental hydrogen at the
cathode. TIf left undisturbed, this elemental hydrogen would form
a protective coating at the cathode which would limit the rate
of corrosion. The presence of dissolved oxygen prevents this
accumulation, since hydrogen reacts with the elemental oxygen to
form water. On the other hand, high concentrations of dissolved
oxygen can lower the probability of corrosion by forming anodic
films at the anode. In most instances, cathodic reactions con-
trol the early stages of corrosion. Thus, the presence of dis-
solved oxygen or some other oxidizing agent is required in order
to initiate the early state of corrosion.
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In closed7cycle.cooling systems, dissolved
present, especially in a cooling tower system.
rosion protection is an important consideration

oXygen is usually
gonsequently, cor-
in these systems.

7.3.4 Deterioration of Wood and Asbestos Cement Components

The internal components of a coolin
cated from a variety of materials, such as asbestos-cement, plas-
tics, ceramics, and wood. The internal components of most of the
wet towers presently in use are made of wood or asbestos-cement.
In the past, wood has been used as a structural element in many
small mechanical draft cooling towers. Wood deterioration in

wet cooling towers can occur by a combination of chemical, biolog-
ical, and physical mechanisms (7).

g tower have been fabri-

Chemical action can cause delignification of the wood. The
extent of delignification is primarily influenced by the alkalin-
ity of the recirculating cooling water. Wooden material usually

exhibits a white fibrous appearance as a result of this form of
deterioration(9).

Fungus attack can cause a reduction in the cellulose con-
tent of the wood and produce a crumbly surface in the areas af-
fected. Physical factors, such as high temperatures, high dis-
solved solids content, and alternating freezing and thawing,
can cause wood splitting and general deterioration. Consequently,
the material most commonly used in large natural draft cooling
towers is asbestos-cement or asbestos paper. This material is
highly resistant to breakdown due to freeze-thaw cycles, biolog-
ical attack, and chemical deterioration. However, breakdowns do
occur, particularly‘if a highly corrosive water is used for cool-
ing. Salt water can also cause deterioration of the asbestos-
cement fill if this fill is wetted on one side only; casings
and louvers are particularly susceptible. Microorganisms can

also cause damage when attached to the asbestos-cement compo-
nents.

7.3.5 BScaling and Corrosion Indices

Since calcium bicarbonate is the major source of scale for
most cooling tower applications, two indices based on the bicar-
bonate equilibrium equations are commonly used. The Langelier
Index, defined as the difference between the actual pH.of the
water and its saturation pH, is a measure of the relative scaling
‘and corrosion potential of a given water. Thus,

Langelier Index = pH - pHg (7.6)

vhere pH_ is defined as the saturation pH at which the water
would be"in equilibrium with the calcium carbonate.
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Thus, if the pH is greater than the saturation value, (i.e.,
a positive Langelier Index), there will be a tendency to deposit
calcium carbonate, while at negative values of the Langelier
Index there will be a tendency to dissolve existing carbonate
deposits.

The saturation pH is a function of the calcium ion concen-
tration, the total alkalinity, the temperature, and the disasso-
ciation constants for the carbonate-bicarbonate equilibrium. 1In
its complete form(7),

K %
pHg = log g - log(ca’t) - log & + 6.301 + S  (7.7)

where:

Kg = solubility constant of calcium carbonate and

(catt) (co3™)

Ks = Caco,
K, = disassociation constant of calcium bicarbonate
and
+ -
K, = (HT) ‘C83 )
(HCO3™)
‘A = total alkalinity.
_ s _ 2N
S salinity term = T+ 1
N = ionic strength = 2.5 x 107°¢c,_.

s
Cy = salinity concentration.

++ = - s e
and Ca ', CO H+, and HCO5 are ionic concentrations of the

(4
various cons%ituents.

. The Ryznar Stability Index is similar to the Langelier Index
in that it is also derived from the actual pH and the saturation
pPH. '

Ryznar Index = 2(pH;) - pH (7.8)

Tpe Ryznar Index was empirically derived from a study of
operating data for waters of various saturation indices. Values
of the Ryznar Index below 6.0 indicate increasing corrosion po-
tential. Figure 7.6 presents a typical nomograph for determina-
tion of the Langelier and Ryznar Indices(10). Both the Langelier
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and Ryznar Stability Indices do not
design and operation, but constitute
achieve treatment objectives.

proyide absolute criteria for
guidelines to develop and

Many recirculating cooling water systems operate at a slight-
ly scaling condition(ll). The objective of this type of operation
is to develop a calcium carbonate film on the metal surfaces to
prevent or retard corrosion. This film breaks the circuit of
galvanic corrosion cells by electrically insulating the water
from the metal(12). However, care must be exercised so that the
film does not become so thick that it reduces heat transfer sig-
nificantly or clogs condenser tubes. While calcium carbonate
deposition for corrosion control is widely practiced, the develop-
ment of corrosion resistant alloys and chemical inhibitors now

makes it possible to operate at slightly corrosive conditions in
some systems (11).

7.4 CIRCULATING WATER QUALITY LIMITATIONS

In order to minimize the amount of blowdown and make-up
water required and their associated treatment costs, it is de-
sirable to operate the system at the highest cycles of concen-
tration possible. This will become increasingly important for
the "zero discharge" goal to become a reality. As the number
of cycles of concentration increases, the concentration of the
chemical constituents in the recirculating water increases by the
same factor. In order to maintain these constituents within ac-
ceptable limits to minimize scaling and corrosion, certain quide-
lines have been proposed by Crits and Glover (13). Table 7.4
summarizes these guidelines.

The "conventional low pH" values in Table 7.4 are based on
traditional operating concepts. The higher values noted under
the "high pH, high cycles of concentration" column are those
attainable through the use of organic additives or dispersants.
It should be noted that a lower guideline of 500,000 for the sol-
ubility product of calcium and sulfate has been cited by others
(14). "As the demand for operation at higher cycles of concen=
tration becomes necessary, pilot plant operation early in tbe de-
sign stage may become useful to establish design and operating
parameters.

In order to compute the maximum number of cyc}es of concen-
tration allowable without exceeding any of the limits noted 1in
Table 7.4, the initial quality of the make—up.musF be known.d
For example, if the initial silica concentration in the béowfzwn
water is 20 mg/1l, the 150 mg/l limitation would be reached after
150/20 or 7.5 cycles of concentration.

Various types of treatment can be applied to reduce the con-
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centration of the limiting constituent in order to achieve high-
er cycles of concentration. However, the cost of providing the
treatment must be compared to the benefits of reduced make-up or
blowdown. The environmental impact of the additional chemicals
and the disposal of the resulting residue must also be factored
into this comparison. The various treatment processes available
for cooling water treatment are described in Section 9.

7.5 RESTRICTION ON BLOWDOWN

Current Federal Regulations place restrictions on blowdown
temperature and combined chlorine residual as part of the 1977
"Best Practical Technology Currently Available" (BPTCA) limita-
tions(15). The "Best Available Technology Economically Achiev-
able" (BATEA) limitations for 1983 place limitations on free and
combined chlorine residuals, zinc, phosphorus, and chromium, '
and provide for a case by case evaluation of other corrosion in-
hibiting materials. The 1974 Guidelines, which delineated BPTCA
and BATEA limitations, are under court remand. Revised Federal
Guidelines are in preparation and are expected to be promulgated
in 1979. Regulations for the discharge of other contaminants
or residues resulting from treatment of the recirculating cool-
ing water are primarily controlled by state and local regulations
concerning sludge disposal and the water quality criteria for
specific water bodies.

In the past, blowdown gquantities were largely determined by
the circulating water quality limitations discussed in the pre-
vious section. If the cost to treat make-up water was low, the
system was operated at low cycles of concentration to minimize
the build-up of suspended and dissolved solids. If the cost
to treat make-up water and adding treatment chemicals to the
circulating water was high, the system was operated at as high
a cycles of concentration as possible in order to minimize treat-
ment cost while maintaining the quality of the recirculating
water within the limits presented in Table 7.4. In the future,
water quality limitations and treatment of blowdown waste must
be included in this determination.

For example, consider a make-up having a high initial phos-
phorous level. This phosphorous could concentrate beyond the
5 mg/1l level allowed for cooling tower blowdown (1983 BATEA),
if the cycles of concentration is set at a high level based on
the circulating water guality limitations. This would require
blowdown treatment to remove some of the phosphorous or operation
of the system at a reduced value for the cycles of concentration.
Future bans on the discharge of some of the chemicals used for
corrosion, scaling, and wood deterioration control may also im-
pact the number of cycles of concentration at which circulating
cooling systems can be operated. Trends toward zero discharge
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will encourage the use of very high cycles of concentration to
reduce blowdown quantities.

In some power plants it may become practical to reuse cool-
ing tower blowdown for other purposes, such as ash sluicing water.
In such cases, the water quality limitations of the ash handling
sluicing water may also influence the cycles of concentration and
optimum blowdown quantities. As the emphasis on improving the
environment places more stringent controls on blowdown disposal,
the increasing cost of ‘blowdown treatment and residue disposal

will have a major impact on the specification of blowdown quan-
tities.

197



TABLE 7.1. TYPICAL ANALYSIS OF SCALES FROM
POWER PLANT CONDENSER SYSTEMS (3)

Percent of

Source Total Product
Calcium as CaO 49.79
Magnesium as MgO 2.42
Iron as Fezo3 0.61
Aluminum as A1203 0.21
Carbonate as CO2 39.00
Sulfate as S04 1.29
Silica as SiOp 0.15
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.
TABLE 7.2. MAXIMUM AND MINIMUM VALUES OF SELECTED WATER
QUALITY PARAMETERS FOR 98 RIVERS (4)

Minimum Maximum
Concentration Concentration

Parameter (mg/1) (mg/l)
Hardness as CaCO3 15 589
Calcium as CaCOj 11 408
Magnesium as CaCO, 3 181
Sodium and Potassium as CaCO3 4 774
Bicarbonate as CaCO3 14 256
Chlorides as CaCO3 1 702
Sulfates as CaCO3 4 473
Nitrates as CaCO4 0.1 10
Iron as Fe 0.02 3
Silicate as 8i0, 8 48
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TABLE 7.3.

TYPES OF BIOLOGICAL GROWTH AFFECTING OPERATION OF

RECIRCULATING COOLING WATER SYSTEMS (5)

Growth Type

Green algae

Blue/green algae

Diatom algae

Mold-type
filamentous
fungi

Yeastlike
fungi

Higher fungi
(Basidiomycetes)

Aerobic
capsulated
bacteria

Aerobic
spore-forming
bacteria

Sulfur
bacteria
(aerobic)

Sulfate
reducing
bacteria

(anaerobic)

Examples

Chlorella
Ulothrix
Spirogyra

Anacystis
Phormidium
Oscillatoria

Flagiaria
Cyclotella
Diatoma

Aspergillus
Pencillium
Mucor
Fusarium
Alternaria

Torula
Saccharomyces

Poria
Lenzites

Aerobacter
Flavobacterium
Proteus
Pseudomonas
Serratia

Bacillus

Thiobacillus

Desulfovibrio

(continued)
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Problems Caused

Heavy growths in spray
ponds and cooling towers
can interfere with water
distribution, plug
screens, and restrict
flow in pipelines and
pumps. Algae can accel-
erate pitting-type cor-
rosion when they adhere
to metal. Massive
growths handicap micro-
biological control by ab-
sorbing biocides.

Promote surface rot of
cooling tower wood; pro-
duce bacteria-like slimes

Discolor cooling water
and wood

Cause severe internal rot
in cooling tower wood

Promote the growth of
several bacterial slimes

Produce bacterial slimes;
spores difficult to kill

Produce sulfuric acid
from oxidized sulfur or
sulfides

Grow under aerobic slime,
causing corrosion; form
hydrogen sulfide



TABLE 7.3 (continued)

Growth Type Examples Problems Caused
Iron Crenothrix Produce bulky slime de-
bacteria Leptothrix posits; precipitate fer-
Gallionella ric hydroxide
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TABLE 7.4. CONTROL LIMITS FOR COOLING TOWER CIRCULATING WATER

COMPOSITION(14)
Suggested at High
pH with High Cycles
Conventional of Concentration
at Low pH with Dispersants
PH 6.5 to 7.5 7.5 to 8.5
+0.5 0.3
Suspended solids (mg/l) 200-400 300-400
Carbonates, Co3 (mg/1) 5 5
Bicarbonates, HCO5 (mg/1) 50-150 300-400
Silica, SiO2 (mg/1) 150 150-200
Mg x 510, (®) (mg/1) 35,000 60,000 (P)
ca x 50, (@) (a1l as caco;) 1,500,000 to 2,500,000 to
4 (mg/1) 2,500,000 8,000,000
ca x €05'®) (a1l as caco,) 1,200 6,000 (P)
(mg/1)
Ca x Mg x (CO3)2 (mg/1) - 2,000,000 to
4,000,000
Chlorides, C1 No limit (€) No limit (¢
COD, BOD, NHj Limit depends on type of biocide
used.

(a) Solubility product, e.g., (Mg, m/g) x (SiO,, mg/1)

(b) More data are needed to confirm this wvalue.

(c) For stainless steel in the cooling system, chlorides must

be below 3,000 mg/l.

202



£0¢

EVAPORATION

CONDEN~-
SATE

DRIFT
| BLOWDOWN
BLOWDOWN
TREATMENT
MAKEUP MAKEUP
TREATMENT

COOLING

SIDE STREAM TOWER

TREATMENT

A
STEAM I L
CONDENSER
RECIRCULATING WATER

CHEMICAL
ADDITIVES

Figure 7.1l. Locations for potential water treatment in a wet tower system.



E

EVAPORATION
D
DRIFT
[ /
M
1y TOWER 4 & B
MAKE-UP BLOWDOWN

Figure 7.2. Mass balance for an evaporative
cooling tower.

204



e - RATIO OF MAKE-UP RATE TO
EVAPORATION RATE (M/E)

Xe X - RATIO OF BLOWDOWN RATE TO
EVAPORATION RATE (B/E)

TION RATE
w
x
.

BLOWDOWN RATE
EVAPORA

OR
N
K e

M/E

MAKE-UP RATE
EVAPORATION RATE

[
X

1 3 5 7 9 11 13 15
CYCLES OF CONCENTRATION

Figure 7.3. Ratio of make-up or blowdown rate to evaporation rate
versus cycles of concentration.
205



100,000 |-

SOLUBILITY (mg/l)

10,000

\

CALCIUM BICARBONATE [Ca(Hco3)é]

HEMIHYDRITE (CaSO4'l/2H20)

~

\\

1,000 GYPSUM (CaSOy-2H50) ANHYDRITE (CaSO4)

500

100

50 [C
= CALCIUM CARBONATE (CaCO3)
10
32 50 68 104 140 176 212
TEMPERATURE (°F)
Figure 7.4.

Solubilities of selected scale deposits(5)-

206



L0¢Z

++
Fe
N
e

208 + Fe' b *

20H~

Fe(OH)2
2e + H20 + 0 =% 20H" m Fe ¥ 2e + Fe't

77 77 777 o7

2e

Cathode Anode

Figure 7.5. Corrosion reaction schematic.



ssg 8 8 88
' .
3 2 , as
3 A - 0.8
' 3 4 19 a7
2 = 4 a8
= o% 4 ’ -8 »
-
1] V. @
’ Y] 2
e B -5 % 2
5 — 16 3-.
6 — ol [ -4
7 $ ( 15 8 3
8 — A A » .
e = 4 g “ - s
b 41 4 o
S 4 o<t ) 3 5 8
€ _-':J | < / ] ‘-.?
a 2 1 '; ok mEurs (3) 12 -~ 0 o
» i et YON 2 E
o - L i o Q
30 — 0% o 1" > a
.>—. _] v l é’ ‘B »
£ o i £ %
- —— ™
£ o1 - 18~ » ¢
y 80— s« |1 4) 9 -, 2
. 70— Ka x - 0 £
x 20— h-] —0 13
< ’ 4. |8 - — 0w 3
1007 r ] 2z 7 - Q 50 =
2% = [~ oo .
\'(\' y. g g B _".E g 80 :'
3 y, = zle & - 8| L
= - 8 - -
2004 LA P 4 .g _S % . @ .g %0
= o a ale g - a 100
= » [\] —+2
300 N & -
. b ! -
wo— AT 3¢ = I
500 N 3 € 200
600 d /] 2 8 200
173 - s
800 —F &+ Y-
— / - & 400
1 000—1 ” 4 1 — :
= 8¢ e o
o 0 l— 600
r\ = +5 :gg
’ - fon
< N
7" i - 1,000
A L
]
(1)
Re2 2 8§ 88
TOS = tota! diss. solids, ppm.

Figure 7.6.

Nomograph for determination of Langelier or
Ryznar Index(3). Reprinted from Chemical
Engineering, 1975, by F. Caplan with per-
mission of McGraw Hill Publication Comvany.
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Figure 7.6 (continued)

Example Illustrating the Use of the Nomograph

Find Langelier Index and Ryznar Index for water with

a) pH = 6.9

b) Total dissolved solids = 72 ppm

c) Calcium hardness = 34 ppm as CaCo,

d) Alkalinity = 47 ppm as CaCO4

e) Temperature = 70°F
Procedure:

1) Find intersection of total dissolved solids at bottom
of left curve with temperature

2) Carry this point horizontally to the right to pivot
line (2) and connect with calcium hardness on scale
at extreme right

3) Note intersection of this line with pivot line (3)

4) Connect this point with alkalinity scale on left via
a horizontal line to the left and note intersection
with pivot line (4)

5) Connect this intersection to pH and read Langelier
Index at intersection with Langelier scale and
Ryznar at the intersection with the Ryznar scale.

Solution:
For conditions given in a through e, the Langelier Index,

L=-1.8; the Ryznar Index, R=10.4. These values mean that the
Water has a corrosive tendency.
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SECTION 8

COOLING WATER TREATMENT PROCESSES

8.1 INTRODUCTION

In the past, many utilities have operated closed-cycle
cooling water systems with a minimum amount of water treatment.
This was possible because of the low cycles of concentration
at which the systems were operated and the absence of cooling
water blowdown regulations. In the future, water treatment will
become common practice for make-up and blowdown quantities. Side-
stream treatment of the recirculating water itself may also be
necessary to operate at high cycles of concentration. ~ This
section describes conventional water treatment processes which
can be readily applied for blowdown, make-up, and sidestream
treatment of closed-cycle cooling water systems. Only current
technology (processes which have been used in the power industry)
and near horizon technology (processes which have been exten-
sively applied in related industries) have been included in this
section. The majority of the unit processes discussed in this
section are near horizon and have not been widely applied for
circulating cooling water systems in the power industry. The
distinction between current and near horizon processes is dis-
cussed further in Section 9. Future technology, which includes
processes still in the development stage that lack proven field
experience, will be discussed in Section 10. The processes have
been conveniently grouped according to their primary function.

8.2 REMOVAL OF SUSPENDED SOLIDS

Suspended solids are defined as the filterable undissolyed
solids contained in water. They include particle sizes ranging
from logs and debris to the finely divided colloidal particles
which contribute to the turbidity or cloudiness of water. Their
removal is of importance to control fouling and abr§51on in a
circulating cooling water system. Because of the wide range 1n
particle size associated with suspended solids, several treat-
ment processes have evolved to treat different ranges of particle
size.

8.2.1 Screening

Screening is defined as the mechanical removal of large
particles of suspended matter and debris from water by passing
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it through screens. The size of the particles which can be re-
moved by the screen is determined by the size of the screen
openings.

The most common types of screens employed in water treat-
ment are bar screens and rotating mesh screens. The bar screens
consist of parallel-spaced bars. Many bar screens can be auto-
matically cleaned by passing a mechanical rake through the bars
at regular intervals. Rotating screens consist of wire mesh or
metal cages mounted on a rotating drum. Rotating screens can
be continuously cleaned hydraulically with water jets. A detail-
ed description and a discussion of the environmental impact of
these devices is covered in Section 11.

8.2.2 Sedimentation

Sedimentation is defined as the physical separation of
suspended solids from water by gravitational forces resulting
from differences in specific gravity between the solids and
water. Under semi-quiescent conditions, particles which are
heavier than water will settle at a velocity which is a function
of the particle size, shape, and specific gravity. The relative
removal efficiency of an idealized sedimentation process can be
directly related to the surface overflow rate of the sedimenta-
tion tank and the settling velocity of the particles. Detention
time only affects the process.to the extent that it affects
overflow velocity and provides time for particles to flocculate,
thereby, increasing net particle settling velocities.

The principle of gravitational sedimentation applies to
grit chambers, sedimentation ponds, and clarifiers. Grit cham-
bers are designed so that the surface overflow velocity is such
that only relatively heavy particles with high specific gravity
are removed. The function of the grit chamber is to trap sand,
grit, silt, and stones to protect mechanical equipment, such as
pipes and pumps, from abrasion and to reduce the solids accumu-
lation in subsequent sedimentation devices.

Settling ponds have been used in the past by the power
ipdustry for treatment of both blowdown and make-up water for
circulating cooling water systems. Settling ponds are usually
rectangular or irregularly shaped due either to ease of con-
struction or space availability. Water enters the pond at one
end, and particles settle out as the flow traverses the pond.
Set?ling ponds are often not equipped with equipment for auto-
mat}c sludge removal and must be periodically shutdown and
drglned to remove sludge accumulation. Detention times are
falr}y'lqng to provide storage space for deposited solids and
to minimize time between shutdowns for sludge removal.
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Clar%fiers are a more elaborate type of sedimentation
device which provides continuous mechanical removal o

deposits. Because of the continuous removal feature, detention
times can be reduced from days to hours. Clarifiers can be

constructed in circular, rectangular or square configurations.

f sludge

Automa?ic sludge removal can be accomplished in a variety of
ways. In clrcular tanks, rotating rakes often revolve around
the center of the tank pushing sludge to an outlet at the bottom
of the tank. Rectangular tanks often utilize chain and flight
collectors, which scrape the sludge to a sump from which it is
pumped from the clarifier. Traveling bridges which scrape the
sludge in either direction or pick up the sludge directly through

a hydraulic "vacuum cleaner" are also coming into common use in
some clarifier designs.

Many clarifier designs also incorporate chemical feed
systems, coagulation zones, thickening zones, collecting launder-
ers, and other accessory equipment.

8.2.3 Filtration

Filtration is a process which removes suspended solids
from water by passing the water through a bed of porous media.
Solids are retained within the porous media through a combina-
tion of physical screening of particles larger than the pores
of the filter, through gravitational settling, and through ad-
hesion to the filter media by particles entering the filter pores.
Filters can employ any combination of filter media ranging from
gravel, fine sand, and anthracite to diatomaceous earth. Some
filters utilize a pre-coating agent to form a fine mat on the
filter surface to improve the capture of fine particles.

Filters can be of either the gravity or pressure type.
Gravity filters are more often used where a large volume of
water is being filtered. Pressure filters, which usually employ
deep beds of graded media, have been used widely for ipdustrial
installations. Pressure Eilters normally ogerate at hlgher _
loading rates 5-10 gpm/ft (3.4-628 1/sec/m“), than gravity fil-
ters 2-4 gpm/ft2 (1.4-2.8 1/sec/m“), and require less space (1) .

As suspended solids are removed by the filter media, the
pressure loss across the filter bed is increased and accompanied
by a reduction in the flow rate through the filters, unless cor-
rective action is taken. As the filter media becomes filled
with the entrapped suspended solids, it becomes necessary to
Cclean the filter to reduce pressure loss and prevent breakthrough
of the suspended solids in the filter effluent. Backwashing
(reversal of flow to clean the filter) is normally activated
when the pressure loss across the filter exceeds a specified
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value. The frequency of backwashing is related to the suspended
solids concentration in the feedwater. Filter backwas% cycles
typically opgrate at backwash rates of 10 to 20 gpm/ft“ (6.8-
13.6 1/sec/m*) of surface area for a backwash time of about 10
minutes (2). The quantities of waste water produced during a
backwash cycle can represent a sizable quantity of water being
released over a very short time(l). This backwash flow will typ-
ically exceed two percent of the filter throughput. If environ-
mental regulations prohibit the direct discharge of filter back-
wash, this waste water may have to be treated. Often this dis-~
charge goes to the chemical waste treatment facility and is mixed
with other discharges for further treatment prior to discharge.

8.2.4 Coagulation

Coagulation is the process by which the double layer of
electrical charges surrounding colloidal particles is neutral-
lized. Through the reduction in the magnitude of charge of this
double layer, the colloids are destabilized, allowing the Van der
Waal attractive forces and Brownian Motion to bring about col-
lision and agglomeration of the colloidal particles(3). The
chemicals which bring about this coagulation phenomenon are
called coagulants. The most common types of inorganic coagu-
lants used for water treatment include inorganic salts, such as
alum, ferric sulfate, ferrous sulfate, sodium aluminate, and
chlorinated coppers, which react with the water to form insoluble
hydroxides. These hydroxides precipitate with the coalesced
colloids as agglomerated flocs. Certain polyelectrolytes are

also capable of destabilizing the colloids and forming a dense
floc.

The term "flocculating aid" has often been applied to other
materials which when used in conjunction with the primary coagu-
lants often increase the density and settling velocity of the
ggglomerated floc. The most common materials used as flocculat-
ing aids include clays, activated silica, and polyelectrolytes.

_The principal advantage of coagulation is that the de-
stab}lization of the colloids facilitates their removal by con-
ventional sedimentation or filtration processes. In sedimen-
tation, the coagulated particles agglomerate into floc particles,
thereby, improving removal efficiency. 1In filtration, the
destabilization of the colloids increases the particle sizes
gnd the particle interactions with the filter and results in an
improvement in the solids capture efficiency.

8.3 REMOVAL OF HARDNESS

As noted in Section 7, hardness is normally defined as the
concentration of calcium and magnesium ions in the water. These
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elements are of concern in circulating cooling water systems be-
cause they are the major source of scale. The removal of these
ions is usua}ly accomplished through chemical reaction and sub-
sequent pr§c1p1tation and sedimentation of insoluble calcium

and magneslum compounds or by ion exchange. The term "softening"

has been universally applied to the processes for hardness re-
moval.

8.3.1 Cold Lime-Soda Process

The cold lime-soda process is one of the most widely used
processes for water softening. In this process, lime (Ca(OH)5)
and soda ash (NapCO3) are added to water in sufficient quantiZ=
ties at ambient temperatures to convert all the calcium to cal-
cium carbonate and all the magnesium to magnesium hydroxide.
Both carbonate hardness (soluble calcium and magnesium bicar-
bonates) and non-carbonate hardness (calcium and magnesium sul-
fates) are removed by the cold lime process reactions. The
resulting calcium carbonate and magnesium hydroxide precipitates
are removed by conventional sedimentation processes, such as
circular clarifiers. The process can reduce the calcium hard-
ness to approximately 35 mg/l (expressed as CaCO3) and magnesium
hardness to approximately 33 mg/l (expressed as CaCO,) due to
the solubility of these compounds at ambient tempera%ures and
the incomplete reaction within the limited contact time(2).

Thus, the total hardness from a cold lime-soda softening process
may not be expected to run much bélow 68 mg/l (expressed as
CaCO3) (2). The pH after cold lime-soda softening typically will
range from 9 to 10.5. Any excess lime remaining in solution
after the lime-soda treatment may tend to precipitate later in
the system. As a safeguard, water softened by the cold lime-
soda process is often treated with carbon dioxide or acids to
neutralize the excess lime to soluble calcium bicarbonate.

8.3.2 Hot Lime-Soda Process

The hot lime-soda process is similar to the cold lime-soda
process except the reactions occur at elevated temperatures.
The effects of the elevated temperatures are to reduce the solu-
bility of precipitates, CaCO; and Mg (OH) 5, increase thg ;eactlon
rates, and improve the settling properties of the precipitates.
The chemical requirements are also reduced since free garbon
dioxide is driven off by the heating process, alleviating the
need for converting carbon dioxide to calcium carbonate via
lime addition. In hot lime-soda softening, steam is usually
mixed with the raw water to raise the temperature ;o apout 2127F.
Packaged softening reactors, in which the steamllnjectlon and
settling tanks are combined into an integral unit, are commonly
used. Filters are also used downstream of the settling tanks
to improve capture of the calcium and magnesium precipitates.
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Total residual hardness values of less than 25 mg/l are typical
with the hot lime-soda process.

8.3.3 Warm Lime-~Soda Process

Since elevations in temperature can improve the softening
process, the effectiveness of the warm lime-soda softening pro-
cess can be considered to fall between that of the cold and hot
lime-soda process. While warm processes are not common, they
may find particular application in recirculating water systems
where the recirculating water temperature leaving the condenser
is in the range of 80 to 1209F (27 to 490C) (4).

8.3.4 Ion Exchange

Water can also be softened by passing the water through
cation ion exchange resins where the calcium and magnesium ions
are replaced with sodium ions. The sodium ions form soluble
products with the anions present in the cooling water, thereby,
eliminating scale formation. The resins must be regenerated
with a solution of sodium chloride to replace the calcium and
magnesium ions with sodium ions. While ion exchange softening
has been used extensively by the power industry for softening
boiler feedwater, it has rarely been applied to circulating
cooling water. Since the purpose of this section is to discuss
only current or near horizon technologies, further discussion of
ion exchange resins is deferred to Section 10.

8.4 USE OF CHEMICAIL ADDITIVES

The use of chemical additives for water treatment in
closed-cycle cooling water systems has been widely practiced in
the power industry. This has primarily resulted from the sim-
plicity of operation, flexibility, and low capital expendi-
tures associated with this form of water treatment. Chemical
additives have been employed for diverse water-related problems
igcluding pPH control, scaling control, corrosion inhibition,
biological fouling control, and protection against wood deterio-
ration. Table 8.1 provides a comprehensive list of chemicals
used in nuclear power plants(5).

8.4.1 pH Control

The control of the pH of the circulating water was proba-
ply one of the earliest applications of chemicals in the power
1ndus§ry. As noted in the previous section, the pH of the cir-
culatlng water can be used to control its corrosive or scaling
tepdengles, using the Langelier or Ryznar Stability Indices as
guldelines. If the pH of the cooling water is too high, sul-
furic §c1d 1s usually used to lower the pH to acceptable levels.
Sulfuric acid is usually the acid of choice because of its rela-
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tively low cost. In some instances hydrochloric acid may be
substituted for sulfuric acid, if the sulfate concentration is
high and additional increases may limit the cycles of concentra-

tion. If the pH is too low, lime or caustic soda can be used to
raise the pH.

8.4.2 Corrosion Inhibitors

Corrosion inhibiting chemicals usually protect the metal
surfaces from corrosion by forming protective films on the metal
surface. The operation of circulating cooling water systems at
slightly scaling conditions to form protective films of calcium
carbonate has already been explained in Section 7. Most chemi-
cal inhibitors can be classified as either anodic or cathodic,
depending on whether their films are formed at the anode or cath-
ode of the galvanic corrosion cell. The calcium carbonate method
of corrosion protection discussed in Section 7 can be considered
a cathodic type of corrosion inhibitor. Other types of cathodic
inhibitors include polyphosphates, silicates, zinc, nickel, lead,
and copper. The metals react with the anions in the circulating
water to form insoluble deposits of hydroxides, carbonates or
oxides at the cathodic areas of the corrosion cells. The poly-
phosphates and silicates act by providing anions to combine with
the metal cations to form insoluble deposits at the cathodic
area.

The anodic inhibitors consist of negatively charged radi-
cals which cause metallic oxides to form at the anodic areas.
The most common type of anodic inhibitors include the chromates,
nitrates, ferrocyanides, orthophosphates, and organics.

Many chemical additive systems for corrosion control em-
ploy a combination of anodic and cathodic inhibitors to reduce
the total chemical requirements. For example, when using chro-
mates alone, concentration of up to 100 mg/l may be reguired (6).
By combining the chromates with another anodic inhipitor, such
as orthophosphate, the required chromate concentratlon may be
reduced to 50 mg/l. The addition of a cathodic inhibitor, such
as zinc, can further reduce the required chromate concentration
to less than 10 mg/l. This particular combination of anodic and
cathodic inhibitors is commonly called the Zinc Dianodic Method

(7).

The organic inhibitors consist of a variety of organic
compounds which include starch derivatives, lignosulfqnates,
tannins, gluconates, glyceride derivatives, gnd a variety of
Proprietary formulations. Many of the organic formulations have
been developed to eliminate the need for the more toxic inorgan-

ic chromate methods. Organic-based corrosion %nhibitors func-
tion by promoting the development of a protective metal oxide
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film or by creating a surface active barrier (8). Many orgaqig
inhibitors have been specifically developed to prgtgct sp§c1f?c
metals. In general, many of the organic-based ligpln deFlYaFlves
and organic sulfur inhibitors are not compatible with oxidizing
biocides, such as chlorine.

8.4.3 Scaling Inhibitors

Scaling inhibitors consist of chemicals Wh%ch_tgnd to
prevent the formation of hard scale by interfering w1?h the
precipitation process. Most scaling inhibitors fall into the
general classifications of chelating agents, antinucleating
agents, flocculants, and dispersants. The concentrations of
these chemicals can vary from a few to several hundred parts per
million depending on the quality of the recirculating water and
the types of inhibitors used.

Chelating agents react with the metal ions to form a
soluble, heat~stable complex. These complexes can be extremely
resistant to precipitation and can persist at high concentra-
tions(8). Some of the more common types of chelating agents
include EDTA (ethylenediamine tetracetic acid), NTR (trisodium
nitrilotriacetic acid), citric acid, and gluconic acids.

Antinucleating agents prevent crystal growth by disturbing
the symmetry of the crystal structure and allow chemical com-
pounds to remain in solution in a supersaturated state(9). Dis-
persants keep scale particulates in suspension and prevent
agglomeration. Flocculants work in the opposite way by encourag-
ing agglomeration, but in a controlled manner, producing a loose
fluffy precipitate which does not adhere readily to metal sur-
faces. Polyphosphates, tannins, lignins, starches, polyacrylates,
seaweed derivatives, and other organic formulations are antinu-
cleating, flocculating, and dispersing agents.

Table 8.2 lists a compilation of some of the more common
chemicals used for both scale and corrosion control(l).

8.4.4 Biological Fouling Control

Biological fouling control can be accomplished by either
the use of biocidal chemicals to kill or inhibit biological
growth or by the mechanical cleaning of the metal’ surfaces.
Sincg the condenser tubes are the most susceptible part of the
cooling system, automatic mechanical condenser cleaning methods
have been developed and are discussed in Section 8.5. This

section is limited to discussing the use of chemical additives
for biofouling control.

In the United States chlorine has been the most widely used
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biocide in circulating cooling water systems. Chlorine is a
strong oxidant whlch.forms hypochlorous acid and hydrochloric
acid when dissolved in water according to the following reaction:

Cl, + HyOS==HC1l + HOC1

The hypochlorous acid under most conditions will further disas-
sociate into a hydrogen and hypochlorite ion.

HOCl==x=H" + ocCl~

In sufficient concentration, both the hypochlorite ion and
hypochlorous acid are strong biocides. They diffuse through the

cell walls and oxidize protein groups, resulting in the loss of
enzyme activity(10).

When chlorine is added to a water containing ammonia com-
pounds, it reacts with the ammonia and organic nitrogen present
to form mono-, dichloro-, and trichloramines. The chloramines
are not as effective a biocide as chlorine and predominate at low
pH values. If a sufficient quantity of chlorine is added, the
chloramine can be completely oxidized to nitrogen gas, allowing
the free hypochlorous acid to exist in the disassociated hypo-
chlorite form. This quanity of chlorine which exists in the
hypochlorous acid or disassociated hypochlorite form is defined
as the free chlorine residual. The chlorinated ammonia forms,
such as mono-, dichloro-, and trichloramines, make up the com-
bined residuals. Together the free and'combined residuals make
up the total chlorine residual present in the cooling water.

The term break-point chlorination has been used to describe oper-
ations in the range where the ammonia has been oxidized to nitro-
gen gas and a free chlorine residual exists.

The popularity of chlorination for control of biofouling
in the power industry is primarily a result of its low cost,
simplicity of implementation, availability, effectiveness, and
extensive operating experience. Chlorination is usually accom-
plished by the direct injection of gaseous chlorine into the
circulating water. Chlorination can be practiced as either
a continuous, intermittent or shock treatment procedure. In
continuous treatment, combined chlorine residuals are usuglly
kept at around 0.3 to 0.5 mg/l(5). Continuous residuals in
excess of 0.5 should be avoided to prevent deterioration of the
construction materials in the cooling system(7). In many plants
semi-continuous chlorination is practiced several times a day.
In this form of chlorination, the combined residual in the water
returning to the cooling tower after treatment 1s usually ralsei
to about 0.5 mg/l after each treatment(5). For infrequent shoc
treatment, free residuals of several parts per million may be
employed (10). The frequency of shock treatments may vary from
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3 to 7 days(9).

As noted in Section 7, EPA effluent limitations place .
restrictions on the free available chlorine resi@ual allowed in
cooling tower blowdown. These limitations restrict free and
combined residual chlorine values to no more than 0.2 mg/l. In
instances where it is necessary to chlorinate beyond these leyels
to control biological fouling, it may be necessary to dechloyl-
nate the effluent with a reducing agent, such as sulfur dioxide,
prior to discharge in the blowdown.

While chlorine has been the most widely used biocide for
the control of biological fouling in closed-cycle cooling sys-
tems, many other commercial biocidal chemicals are available.
Table 8.3 provides a partial listing of some proprietary chemi-
cal formulations used for biological fouling control and some
of their active ingredients(5). Most of these chemical biocides
can be classified as either oxidizing or non-oxidizing biocides.
The oxidizing biocides act in a way similar to chlorine by
oxidizing cell protein. Some of the most common oxidizing bio-
cides include chlorine dioxide, potassium permanganate, bromine,
ozone, bromine chloride, and brominated propionamides. While
the mechanisms of the oxidizing biocides are similar, they dif-
fer in regard to relative toxicity and cost. In the past, none
of the other oxidizing biocides have been able to compete with
chlorine with regard to cost. The brominated propionamides
represent a rather recent addition to the family of oxidizing
biocides and are of particular interest since they can be readily
de?ig$osed and detoxified by simply raising the temperature and
pH . ’

The non-oxidizing biocides act by a variety of mechanisms
which include affecting cell permeability, destruction of pro-
tein groups, precipitation of protein, etc. Some of the more
common non-oxXidizing biocides include the chlorinated phenolics,
o?gano—tin compounds, organo-sulfur compounds, quaternary ammo-
nium salts, methylene bio-thiocyanate, copper salts, thiocyanates,
organic amipes, arsenates and arsenites, acrolein, and cationic
surface active agents. A detailed discussion of the mechanisms,
dosages, economics, advantages, and disadvantages of each of
these compounds is beyond the scope of this study. It is suffi-
clent to say that as a family, the non-oxidizing biocides gen-
erally do not degrade rapidly by reaction with the chemical con-
spltuents in the water and, therefore, are concentrated in the
qlrcu}ating water systems. They can be used alone or in con-
Junction with an oxidizing biocide, such as chlorine, to afford
broader control of biological growths. Although their toxici-
ties vary, their resistance to decomposition may pose potential
tox101ty problems in direct discharge of cooling tower blowdown
to receiving waters. EPA is developing effluent standards for
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toxic chemicals, and some of the non-oxidizin

: ; biocides may f
under these toxic chemical regulations. g y fall

8.4.5 Protection Against Deterioration of Cooling Tower
Components

The application of chemical additives for the prevention of
cooling tower deterioration is primarily limited to the wooden
components which are subject to biological attack. Both the
flooded sections of the tower and the non-flooded sections, which
experience alternating wet and dry conditions, can provide suita-
ble conditions for microbial growth. Generally, control of bio-
logical deterioration of wood in cooling towers is accomplished
through pre-treatment of the wood before construction and the
addition of chemical biocides to the circulating water.

Many of the chemical biocides discussed in the previous
section for bio-fouling control are also effective in control-
ling wood deterioration in the flooded sections of the tower.
However, since the non-flooded sections are not continuously in
contact with the circulating cooling water, the pre-treatment
of the wood prior to construction is the primary method of con-
trol for these areas. ' *

Some of the most common types of wood preservatives used
in cooling tower installations are listed in Table 8.4(7). It
is of interest to note that almost all the chemicals used for the
pre~-treatment of wood used in cooling tower construction are on
EPA's list of potential toxic substances. .To the extent that
these substances leach into the cooling water and enter the blow-
down discharge, they may also result in the imposition of addi-
tional blowdown discharge limitations.

In some instances sulfuric acid is added to the coolipg
tower circulating water to prevent alkalinity buildup. This
buildup would result in delignification of the wooden components
of a cooling tower which in turn could lead to premature com-
ponent failure.

8.5 MECHANICAL METHODS FOR FOULING CONTROL

As an alternative to the use of chemicals'for control of
biological fouling, automatic mechanical clganlng'methods have
been developed to remove scale and slime buildup 1n_condenser
tubes. Two commercially available automatic mechanical systems
are the Amertap System and the American M.A.N. System(5) .

In the Amertap System sponge rubber balls are recirculated

with the cooling water through the condenser tubes. The balls
are sized somewhat larger than the inside diameter of the con-
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denser tubes to provide a cleaning action when forced through
the condenser tube by the pressure differential. Sponge rubber
balls with abrasive bands are also available to provide addi-
tional scouring action for more tenacious scale or fouling de-
posits. A separate ball collection strainer is provided in the
outlet pipes so that the balls can be recaptured and continuous-~
ly recycled and injected into the condenser inlet. The balls
have a specific gravity close to the cooling water to ensure
equal distribution throughout the condenser tube bundle. The
Amertap System can be operated in either a continuous or inter-
mittent mode. About 20 percent of the tubes have these balls
passing through them at a given time.

The American M.A.N. System, which was developed in Germany
and only recently introduced in the United States, uses a system
of brushes and baskets to provide automatic condenser tube clean-
ing. Each condenser tube must be fitted with its own internal
plastic brush and plastic cages located at each end of each con-
denser tube. Through a system of valving, cleaning is initiated
by reversing the direction of flow in the condenser tubes. Each
time the flow is reversed, the brush is driven from one end of
the condenser tube to the other. A complete cycle, which nor-
mally takes less than 80 seconds, consists of two flow reversals
and two passes of the brush for restoring the flow to its origi-
nal direction.

While mechanical cleaning may reduce the need for biocide
addition in many applications, chlorination is still often
practiced to control bioclogical fouling and wood deterioration
in the cooling tower. In addition, problems in clogging of the
strainers, ball clogging in the condenser, and general mainte-
nance have plagued some mechanical cleaning installations.

8.6 SLUDGE PROCESSING

Since environmental regulations and pressures may restrict
the discharge of concentrated sludge and residues resulting from
water treatment processes, such as sedimentation, softening,
etc., some of the unit processes available for sludge processing
are prleﬁly described. In general, the objective of sludge pro-
cessing is to concentrate the solids further and convert them
from a liquid to a solid form to facilitate handling and ulti-
mate disposal. The unit processes of interest for sludge treat-
ment can be loosely classified as thickening and dewatering.

8.6.1 Thickening

Thickgning is defined as the increase in the concentration
of the solids in a sludge by the removal of a portion .of the lig-
uid in which the solids are suspended. The purpose of thickening
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is to reduce the total volume of slud
of subsequent treatment processes.
where f;om 3 to 19 percent is typical of that attained from a

thickening operation. Sludge thickening is normally accomplished
by one of three methods. The most common methods used for sludge

thickgning are gravity thickening, air flotation thickening, and
centrifuge thickening.

ge to improve the efficiency
A solids concentration of any-

In gravity thickening the sludge is gently agitated to
enhance the compaction of the solids and to cause the release
of trapped water from the concentrated solids. Gravity thick-
ening is essentially an extension of the basic sedimentation
process to the hindered settling zone, where particle settling
velocities are affected by particle interactions and solids con-
centration. ravity thickening is normally performed in circu-
lar tanks, similar in many ways to circular clarifiers. However,
the tanks are equipped with picket type rakes, which move at
reduced velocities to provide the necessary slow agitation.

In dissolved air flotation thickening, air is dissolved in
the sludge by contacting the sludge with air at elevated pres-
sures. The sludge is then placed in open tanks where fine air
bubbles are formed as the air comes out of solution. These bub-
bles adhere to the sludge particles, thereby increasing their
buoyancy, and cause the solids to float to the surface. At the
surface the floating sludge is collected through a skimming
system. Chemicals are often employed in air flotation to aid in
particle agglomeration.

Centrifuges have also been used for thickening of some
sludges. However, these applications have been limited primarily
because of the high maintenance and power cost associated with
centrifuge thickening as compared to gravity and air flotation
thickening. Centrifuges are, therefore, more frequently used
for sludge dewatering to solids concentrations in excess of those
normally associated with thickening.

8.6.2 Dewatering

Dewatering, as used in this section, is used to define
those processes which remove a sufficient quanti?y of water_from
the sludge to change it from a free flowing liquid to a semi-
solid form. Dewatering processes, therefore, normally produce
an end product of at least 10 percent solids and upwards to 95
percent solids in the case of evaporative drylpg beds. Many of
the dewatering processes incorporate the addition of chemicals,
such as lime, ferric chloride, alum or polyelectrolytes, to im-—
Prove the sludge dewaterability. The most common types of de-
watering processes include evaporation ponds or drying beds,
vacuum filters, centrifuges, horizontal belt filters, and filter
Presses.
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Evaporation ponds or drying beds have been widely used by
the power industry in the Western United States for disposal
of cooling tower blowdown and other waste streams. In evapora-
tion ponds, the sludges are placed in open ponds. As the water
evaporates, the solids continue to concentrate until they reach
a dried state. Many evaporation ponds have been lined with im-
permeable liners to prevent leaching of dissolved contaminants
into the ground water. Since drying beds can only be effective
in areas where the evaporation exceeds the net precipitation,
their use is usually limited to the more arid parts of the United
States.

Vacuum filters reduce the moisture content of sludge by
applying suction to the underside of filter media attached to
a rotating drum. The drum is partially immersed in the liquid
sludge, so that as it rotates, a solid cake is formed on the
filter. The vacuum is released at a point in the drum's rotation,
and the cake is scraped off before the filter is re~immersed in
the liquid sludge.

Horizontal belt filters are similar to vacuum filters ex-
cept that roller pressure is used instead of a vacuum to force
the water from the sludge. The most common type of belt filters
employ two parallel belts which sandwich the liquid sludge be-
tween them. A system of rollers is used to apply pressure to
the sludge layer squeezed between the belts, thereby dewatering
the sludge as the water is forced through the belts.

Centrifuges rely on centrifugal force to achieve a high
rate of separation between solid and liquid fractions. Continu-
ously rotating solid bowl centrifuges are the most common type
employed for sludge dewatering. Sludge is introduced at one end
of the rotating bowl. As the centrifuge spins, the solids are
thrown to the periphery of the bowl where they are continuously
conveyed to the outlet via a screw mechanism.

Vacuum filters, horizontal belt filters, and centrifuges
are usually capable of producing solids concentrations varying
from 15 to 30 percent solids. If a drier sludge is desired, fil-
ter presses which operate on a similar principle to belt filters,
excep@ at higher pressures, are employed. In order to achieve
the high pressure, filter presses must be operated in a batch
process. The filter press itself usually consists of several
vertical plates attached to a rigid frame. Liquid sludge is
initlally loaded in the spaces between the filter plates and
compressed'at high pressures to produce the desired solids
concentration. The liquid passes through the filter surface and
exits through drainage ports. When the cycle is complete, the
plates are separated allowing the dry cake to drop from the
frame. Solids concentrations as high as 50 to 60 percent solids
can be obtained in some filter press operations.
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TABLE 8.1. LIST OF CHEMICALS ASSOCIATED WITH NUCLEAR POWER
PLANTS (5)

A. CORROSION & SCALE INHIBITORS

Chromates Cyanates.

Sodium chromate Sodium ferrocyanate
Sodium dichromate '

7zinc chromate ‘ Fluorides

7inc dichromate —

Potassium chromate Sodium fluoride

Potassium dichromate
Amines (also used as biocides)

Phosphates and Polyphosphates

Octadecylamine
Calcium metaphosphate Ethylenediamine
Sodium phosphate Cyclohexylamine
Sodium metaphosphate ' Benzylamine
Sodium hexametaphosphate
Sodium tripolyphosphate Chelating Agents
Sodium pyrophosphate .
Zinc phosphate Ethylenediamine Tetradetic acid
Sodium orthophosphate (EDTA)
Calcium phosphate Nitrilotriacetic acid (NTA)
Organic polyphosphates LTSR - "low temperature scale
remover"
Glassy Silicates (a proprietary compound pro-

duced by Dow Chemical)
Sodium silicate

Nitrites and Nitrates

Sodium nitrite
Sodium nitrate
Potassium nitrate

B. CLEANING & NEUTRALIZING COMPOUNDS

Alkaline Cleaning Stage Acid Cleaning Stage

Sodium hydroxide Citric acid

Calcium hydroxide Sulfuric acid

Sodium phosphate o , , )
Sodium sulfate Neutralizing (Passivating Stage
Sodium triphosphate

Ammonium hydroxide Sodium carbonate

Sodium sulfate
Sodium phosphate

(continued)
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TABLE 8.1 (continued)

B. CLEANING & NEUTRALIZING COMPOUNDS (continued)

Neutralizing (Passivating) Oxygen Reducers

Stage (continued)

Hydrazine

Sodium diphosphate Morpholine
Sulfuric acid Sodium sulfite
Lithium hydroxide Cobalt sulfate
Morpholine
Sodium lignosulfonate Reactivity Control
Cyclohexylamine
Ammonium sulfate Boric acid
Ammonium hydroxide
Ammonia

C. BIOCIDES (Cooling Tower Use)

Oxidizing Biocides

Chlorine

Bromine

Sodium hypochlorite

Calcium hypochlorite

Potassium permanganate

Chlorinated cyanurates and
inocyanurates

Persulfate Compounds

Potassium hydrogen persulfate

Non-oxidizing Biocides

1. Chlorinated and/or phenylated

phenols:
Chloro-0-phenylphenol
2-Tert-Butyl-4-chloro-5-methylphenol
O-Benzyl-p-chlorophenol
4,6-Dichlorophenol
2,4-Dinitrochlorobenzene
2,6-Dinitrochlorobenzene
2,4,5-Trichlorophenol
1,3-Dichloro-5,5-Dimethylhydranotin
Trichloromethyl sulfone (Bis)

Sodium salts (ates) of:
O-Phenylphenol

2,4,5-Trichlorophenol (sodium 2,4,5-Trichlorophenate)

(continued)
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TABLE 8.1 (continued)

C. BIOCIDES (continued)

Chloro-2,phenylphenocl
2-Chloro-4-phenylphenol
2-Bromo-4-phenylphenol
2,3,4,6-Tetrachlorophenol
Pentachlorophenol
Potassium salts (ates) of:
2,4,5-Trichlorophenocl

Quaternary Amines (quaternary ammonium compounds)
Dilauryl dimethyl ammonium chloride
Dilauryl dimethyl ammonium oleate
Dodecyl trlmethyl ammonium chlorlde
Trimethyl ammonium chloride
Octadecyl trimethyl ammonium chloride
N-Alkyl benzyl-N,N,N-trimethyl ammonium chloride
Alkyl-9-methyl benzyl ammonium chloride
Lactory mercuriphenyl ammonium lactate
Alkyl dimethyl benzyl ammonium chloride
3,4-Dichloro benzyl ammonium chloride
Phenylmercuric trihydroxythyl ammonium lactate
Phenylmercuric triethanol ammonium lactate
Alkyl (C1p to Cjg) dimethvl benzyl ammonium chlorides
1-alkyl (Cg to clS) amino-3 amlnopropane monacetate

Organo-metallic Compounds

Organotins
Bis (tributyl tin) oxide

Organosulfurs

Disulfides

Organothiocyanates

Methylene bisthiocyanate

Cationic Surface Active Agents
Sulfonium
Phosphonium
Arsonium
Iodonium

Dithiocarbamic Acid Salts
Sodium dimethyl diethyl dithiocarbamate
Disodium ethylene bisdithiocarbamate

Organic Amines (often used with Pentachlorophenol)
Primary Rosin Amines
Sodium carboxethyl rosin amine

Rosin amine acetate
(continued)
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TABLE 8.1 (continued)
C. BIOCIDES (continued)

Non-oxidizing Biocides (continued)

6. Organic Amines (continued)

Other Amine (primary beta-amines and beta-diamines)
Chloramine
Benzylamine
Cyclohexylamine
Ethylenediamine
Polyethyleneamine

Zinc and Copper Salts
Zinc sulfate
Copper sulfate
Copper citrate

Acrolein

Arsenates

Arsenic Acid

Sodium arsenite

Copper ions

Zinc ions

Inorganic Scale and Precipitates

Calcium carbonate
Calcium phosphate
Calcium sulfate
Calcium hydroxide
Magnesium carbonate
Magnesium hydroxide
Magnesium phosphate
Iron oxides
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TABLE 8.2. COMMON CHEMICAL ADDITIVES FOR CORROSION AND SCALING
CONTROL IN RECIRCULATING COOLING WATER SYSTEMS (10)

Acrylamide polymers and copolymers
Alkylphenoxpolyethoxyethanol

Benzotriazole ‘
Diethylenetriaminepantakis (methylenephosphonic acid)
Dioctyl sodium sulfosuccinate

Disodium phosphate

Ethylenediaminetetraacetate
Ethylenediaminetetrakis (methylenephosphonic acid)
Hexamethylenediaminetetrakis (methylenephosphonic acid)
1-Hydroxyethylidene~1, l-diphosphonic acid
Monobutyl esters of polyethylene and polypropylene glycols
Nitrilotri (methylenephosphonic acid)

Poly (amineepichlorohydrin) condensates
Poly(amineethylene dichloride) condensate
Polydimethyidiallylammonium chlorides
Polyethylenimine

Polylphosphate esters (low mol. wt.)
Polyoxpropyleneglycol

Sodium carboxymethylcellulose

Sodium citrate

Sodium dichromate

Sodium hexametaphosphate

Sodium lignosulfunates

Sodium mercaptobenzothiazole

Sodium molybdate

Sodium nitrate

Sodium nitrilotriacetate

Sodium nitrite

Sodium polyacrylate

Sodium polymethacrylate

Sodium polystyrenesulfonic acid and copolymer
Sodium silicates

Sodium tetraborate

Sodium tripolyphosphate

Sodium zinc polyphosphate

Styrene maleic anhydride copolymers

Sulfanic acid

Tannins

Tolytriazole

Zinc sulfate
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TABLE 8.3. PARTIAL LISTING OF COMMERCIALLY AVAILABLE
FORMULATIONS FOR MICROORGANISM CONTROL(5)

Composition

Chemical (%)
NALCO 21-S
Sodium pentachlorophenate 21.3
Sodium 2,4,5-trichlorophenate 11.9
Sodium salts of other
chlorophenols 3.0
Inert ingredients 63.8
NALCO 25-L or NALCO 425-L
1-Alkyl (C6 to C 8)—amino—3-
aminopropane propionate-—
copper acetate complex 15.0
Isopropyl alcochol 30.0
Copper expressed as metallic 0.55
Inert ingredients 55.0
NALCO 201
Potassium pentachlorophenate 15.7
Potassium 2,4,5-trichlorophenate 9.0
Potassium salts of other
chlorophenols 1.8
Inert ingredients 70.3
NALCO 202 _
Methyl-1, 2-dibromopropionate 29.7
Inert ingredients 70.3
NALCO 207
Methylene bisthiocyanate 10.0
Inert ingredients 90.0
NALCO 209
1,3-Dichlor-5,5-dimethylhy-~
dantoin 25.0
Inert ingredients 75.5
NALCO 321
1- Alle (CG to C amino-3-
aminopropane m%goacetate 20.0
Isopropyl alcohol 30.0
Inert ingredients 50.0
NALCO 322
1-Alkyl (C_ to C amino-3-
amlnoprogane mo%oacetate 19.8
(continued)
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Usage

Periodically, as
needed,25-400 ppm
or continuously

Weekly,20-300 ppm

Periodically, as
needed 300-400 ppm
or 12-60 ppm
continuously

5-200 ppm periodi~
cally or continu-
ously

Weekly, 25-50 ppm

As needed,
50~100 ppm

Weekly, 5-200 ppm

As needed,
10-200 ppm



TABLE 8.3 (continued)

Composition
Chemical (%)
2,4,5-Trichlorophenol 9.5
Isopropyl alcohol 27.0
Inert ingredients 43.7
NALCO 405 ,
3,4-Dinitrochlorobenzene 22.2
2,6-Dinitrochlorobenzene 2.8
Inert ingredients 75.0
Betz A-9
Sodium pentachlorophenate 24.7
Sodium 2,4,5-trichlorophenate 9.1
Sodium salts of other
chlorophenates 2.9
Sodium dimethyl dithiocarbamate 4.0

N-Alkyl (Cl% - 4%,Cl4 - 50%,Cl6
h

10%) dimethylbenzylammonium .
chloride 5.0
Inert ingredients (including
solubilizing and dispersin
agents) ' 54.3
Betz C-5
1,3-Dichloro-5,5-dimethylhydrate 50
Inert ingredients (including
solubilizing and dispersing
agents) 50
Betz C-30
Bis (trichloromethyl) sulfone 20.0
Methylene bisthiocyanate 5.0
Inert ingredients (including
solubilizing and dispersing
agents) 75.0
Betz C-34
Sodium dimethyl dithiocarbamate 15.0
Nabum (disodium ethylene
bisdithiocarbamate) 15.3
Inert ingredients (including
solubilizing and dispersing
agents) 69.7
(continued)

Usage

As needed,
100-200 ppm



TABLE 8.3 (continued)

Composition
Chemical (%) Usage

Betz J-12

N-Alkyl (Cy, - 5%,C,, - 60%,C 16
30%,C, o =°5%) Diméthylbenzyl -
18
ammonium chloride 24
Bis(tributyl tin) oxide 5.
Inert ingredients (including
solubilizing and dispersing
agents) 71.0

Betz F-14
Sodium pentachlorophenate 20.0
Sodium 2,4,5-trichlorophenate 7.5
Sodium salts of chlorophenate 2.5
Dehydrobutyl ammonium phenoxide 2.0
Inert ingredients, including dis-
persants 68.0
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TABLE 8.4. WOOD PRESERVATIVES USED FOR PRETREATMENT
OF WOOD IN COOLING TOWER INSTALLATIONS (7)

Celcure (Acid Copper Chromate)
Chemonite (Ammoniacal Copper Arsenite)
Chlorinated Paraffin

Copper Naphthenate

Creosote

Erdalith (Chromonated Copper Arsenate)
Flouride Chromate Arsenate Phenol

Pentachlorophenol
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SECTION 9
METHODS OF CLOSED-CYCLE COOLING WATER TREATMENT
9.1 CURRENT TREATMENT TECHNOLOGY

9.1.1 Survey of Current Practice

In 1974, a power plant survey was conducted to determine
the current industry practices in the treatment of recirculating
cooling water in the power industry and to collect information
for determining the cycles of concentration at which the systems
are operated(l). There were 74 responses with respect to closed
systems from the 160 questionnaires that were sent. The break-

down of responses according to the type of recirculating cooling
system was as follows: :

Mechanical draft cooling towers 46
Natural draft cooling towers 4
Cooling ponds, cooling lakes, and spray ponds 24
Total recirculating systems 74

Of the plants reporting, 47 reported using water from sur-
face sources only, 24 from wells (3 from both), and 3 from sewage
plant effluent. Of the 47 using water from surface sources only,
37 provided some form of treatment. Every plant not using sur-
face water reported some form of treatment. Table 9.1 summarizes
the types of water treatment reported.

The most common form of treatment used in the power indus-
try includes on-stream treatment of recirculating water and con-
sists of acid or base addition for pH control and chlorination
for control of biological fouling. Treatment oﬁ make-up water
is usually limited to screening, which is sometimes fo%lgwed by
sedimentation. Blowdown is normally treated only to limit the
chlorine residual to that currently permitted under EPA dis-
charge limitations. Table 9.2 summarizes frequency and method
of blowdown treatment as reported in the 1974 Survey. EconomlcCs
dictate that these minimal treatment steps be applied where
Water supply is plentiful.

Across the country, plant chemists and engineers havg in-
dicated operations are generally trouble free. Some gtatioig
have experienced biological fouling problems 1n the.c1rgu alégg
Water system during the summer months. Usual practice 1nvo
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chlorination once per day during the summer months and once every
other day during the winter months. The frequency of chlorina-
tion varies with change in the chlorine demand of the raw water
and other factors relating to local environmental conditions.

9.1.2 Current Treatment Objectives

Based on the nationwide survey, the cycles of concentration
presently average about 3.7 cycles for recirculating cooling
water systems(l). '

As noted in Section 7, future recirculating systems may
operate at as high a cycles of concentration as possible in order
to minimize the make-up water regquirement and blowdown rate. The
use of high cycles of concentration in circulating water to re-
duce make-up requirements is important where water is scarce;
reduction of blowdown is important where it is necessary to
treat the blowdown prior to discharge to a receiving water body.

Despite the desirability of operating at high cycles of
concentration under such conditions, there are upper limits at
which it is possible or practical to operate. These limits have
been described in detail in Section 7 and are necessary to con-
trol excessive amounts of corrosion, scaling, and fouling due to
high concentrations of certain contaminants in the recirculating
water. While the levels at which it is practical to operate can
be raised by using make-up treatment, corrosion resistant ma-
terials, and scaling, corrosion and fouling inhibitors, there are
still upper bounds to the permissible cycles of concentration.

9.1.3 Definition of Current Technology

Because of the wide range in water treatment practices used
for closed-cycle cooling systems, it is necessary to arbitrarily
make a distinction between current and near horizon technology.
As defined in Section 8, current technology includes those water
treatment methods in common practice in the power industry to-
day. Based on the 1974 survey, current technology will be de-
fined to include the following:

l. No treatment or only screening of make-up water
2. No treatment of blowdown
3. Addition of chemicals for pH, corrosion and

scal%ng control and chlorination for control
of biological fouling in recirculating water.
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9.2 NEAR HORIZON TREATMENT TECHNOLOGY

Due to the large volume of water circulated in
cooling systems, current practice for the most
cluded pretreatment of make-up water for economic reasons. As
water becomes scarce and environmental controls for discharge
more stringent, near horizon technology (NHT) will be adopted
as the next treatment stage by the steam-electric generating in-
dustry. The purpose of NHT is to obtain the maximum cycles of
concentration in the circulating water, consistent with the con-
trol limits provided in Section 7 and, thereby, to reduce both
water make-up and blowdown requirements. For this document,

NHT will include proven unit processes which are in current use
for large volumes of water and can be readily applied for treat-
ment of make-up, blowdown, and recirculating water.

closed-cycle
part has pre-

9.2.1 Make-up Treatment

Filtration and cold lime-soda softening have been chosen for
near horizon treatment of make-up water. Although these proces-
ses have not yet been extensively applied to the treatment of
cooling water by the utilities, they are proven techniques which
have been used in industrial and municipal applications for many

years. Descriptions of these processes can be found in Section
8.

Two hypothetical freshwater sources (Ohio River and Lake
Erie) with different chemical constituency, Tables 9.3 and 9.4,
are used to illustrate how filtration and cold lime-soda soften-
ing of make-up water can increase the cycles of concentration.
The control limits presented in Table 7.4 were used to determine
the maximum allowable cycles of concentration.

For these illustrations, a recirculating flow of 500,000
gpm was assumed to calculate make-up and blowdown. Evaporation
and drift losses were assumed to be 2 percent and .003 percent
of the recirculating flow, respectively. Blowdown and make-up
quantities were calculated from the cycles of concentration,
evaporation, and drift using the equations presented in Section
7. For both current and near horizon technology, addition of
sulfuric acid to keep bicarbonate alkalinity at 50 mg/1l in the
recirculating water was assumed. The results of make-up water
treatment are shown in Tables 9.5 and 9.6 for the Ohio River
and Lake Erie waters, respectively.

Current technology was assumed to be coarse screenling qf_the
make-up. Three cycles of concentration were assumed to be 1ne_
dicative of typical operating practice, based on the survey re
sults shown in Table 9.2. In both the Ohio River and Lake Erie
cases, suspended solids became the limiting factor at three
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cycles of concentration. NHT was represented by filFratiop and
the cold lime-soda processes. It was assumed that filtration
reduced the suspended solids concentration in the filtrate to

5 mg/l without altering the rest of the water chemistry.

The quality of the filtered water and the effect of fil-
tration on make-up flow requirements and on the allowable cycles
of concentration are shown in Tables 9.5 and 9.6. As in the case
of current technology, sulfuric acid addition was assumed for
maintaining the bicarbonate alkalinity at 50 mg/l. For the case
of the Ohio River water, the cycles of concentration were in-
creased to 9 as a result of filtration. The limiting criterion
for the Ohio River water at 9 cycles of concentration became the
product of the calcium and sulfate congentrations, which reached
1.49 x 109 as compared to the 1.5 x 10° limitation. For the
Lake Erie water, filtration of the make-up water permitted an in-
crease to 13 cycles of concentration because of the lower ini-
tial sulfate concentration. For this case, the product of the
magnesium and silicate concentrations approached the 35,000
limiting criterion.

The cold lime-soda softening process is capable of removing
calcium and magnesium from the make-up water by reaction with
lime and soda ash. Some silica is also removed with the result-
ing magnesium precipitate. A detailed description of the process
is in Section 8. The chemical composition of lime-soda softened
water and the net effect upon the allowable cycles of concentra-
tion are shown in Tables 9.5 and 2.6. Note that the sodium con-
centration is increased as a result of the soda ash addition.

In the case of the Ohio River water, the cold lime-soda
softening increased the cycles of concentration to 12. At this

level, the product of the magnesium and silicate concentrations
became controlling.

For the Lake Erie water example, the maximum permissible
cycles of concentration achievable with the cold lime-soda soft-
ening was 14. This is only a marginal improvement over the 13
cycles of concentration attained using filtration. For the
Lake Erie water, the product of the magnesium and silicate con-
centrations was controlling for both filtration and cold lime-
soda softening treatment of the make-up water.

The resulting reduction in blowdown and make-up quantities
are alsq shown in Tables 9.5 and 9.6. For the Ohio River water,
filtration reduces make-up and blowdown flows by approximately

25 percent and 75 percent, respectively, as compared to current
technology. Cold lime-soda softening resulted in a reduction of

27 percent and 82 percent, respectively, for the make-up and
blowdown flows.
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For the Lake Erie water, filtration red
down rates by 28 percent and 84 percent,
lime softening resulted in respective red
and 85 percent.

uced make-up and blow-
respectively, while cold
uctions of 28 percent

9.2.2 Circulating Water Treatment

The processes of sidestream filtration and warm lime-soda
softening have been selected as examples of the application of
near horizon technology for the sidestream treatment of the cir-
culating water. Sidestream treatment consists of treating a
portion of the circulating water and returning it to the cooling
system. Byproduct streams, such as sludge or filter backwash,
are not returned to the cooling system and must be replaced ‘with
additional make-up quantities. Sidestream treatment can be en-
visioned as the equivalent of a blowdown recovery process which
recycles treated water to the circulating water system.

9.2.2.1 Warm Lime-Soda Process--

As discussed in Section 8, the warm lime-soda process relies
on the increased water temperature at the exit of the condenser
to accelerate the cold lime-~soda process reactions. Typically,
temperatures of 80 to 120°F (27 to 49°C) are attained in cir-
culating cooling water systems, and experience has shown that
these temperatures are almost as effective as the 200°F (93°C)
temperature employed in the hot lime-soda process(2). 1In ad-
dition the silica removed per part of magnesium removed in-
creases at high silica concentration. These factors make warm
lime-soda treatment a very attractive near horizon treatment
process for removing calcium and magnesium hardness and silica.

As an illustration of the potential of the warm lime-soda
process, consider the Ohio River example discussed in Section
9.2.1 and the control limits given in Table 7.4 for high cycles
of concentration. Assume that filtration is used for treatment
of the make-up water. The warm lime-soda process will be used to
control the concentration of silica below 150 mg/l1 and the solu-
bility product of magnesium and silica will be held to less than
60,000. It was assumed that the warm lime-soda process 1s caqule
of reducing the silica concentration to 20 mg/1l and the magnesium
concentration to 80 mg/l as CaCO3(3,4).

The amount of sidestream treatment will be adjusFed to
achieve operation at the desired cycles of concgntratlzn. ?he
quantity of blowdown can be computed from Equation (7.4) as:

E
c -1
For assumed operation at 30 cycles of concentration, an evapora

B = - D
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tion rate of 10,000 gpm and drift losses of 15 gpm,

B=-1—O—é—g-9-9—15=330gpm

The flow rate of the sidestream treatment required can be
estimated on the basis of maintaining the silica level and the
solubility product of magnesium and silica within prescribed
limits. It will be assumed that the solubility product of mag-
nesium and silica will be the controlling criterion. The re-
quired sidestream treatment flow and silica and magnesium con-
centrations in the recirculating water are computed from material
balances, Equations (9.1) to (9.3), described below. 1In these
equations the variables are defined as follows:

x = concentration of magnesium in circulating
water (mg/l CaCOj3).

y = concentration of silica in circulating
water (mg/l SiO3).

z = sidestream treatment (gpm).

Solubility Product Limitation:

xy < 60,000 (9.1)

"Mg" Material Balance:

Blowdown = Make-up - Sidestream Removal
(330) (x) = (10,345) (44) - (z)(x - 80) (9.2)

where:

44 mg/l is the concentration of magnesium in
the make-up water, and 80 mg/1 is the concen-
tration of magnesium to be maintained in the
sidestream.

"Si" Material Balance:

Blowdown = Make-up - Sidestream Removal
(330) (y) = (10,345)(8.4) - (z)(y = 20) (9.3)

where:

8.4 mg/l is the concentration of silica in
tpe make-gp_water: 20 mg/1 is the concentra-
tion of silica to be maintained in the sidestream.
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solving Equations (9.1), (9.2), and (9.3) simultaneously,

x = 550 mg/1l (Mg concentration as CaCO3)

vy 110 mg/1 (Si02 concentration)

]

z 575 gpm (sidestream treatment flow)

It can be seen that the silica concentration and the magne-
sium-silica solubility product remain within limits. In order to
maintain the calcium sulfate solubility product within limits,
however, it may be necessary to use hydrochloric acid instead of

sulfuric acid for alkalinity control to reduce sulfate accumula-
tion.

In the example presented, warm lime-soda sidestream treatment
of less than 0.5 percent of the make-up water flow can increase
the cycles of concentration from 9 to 30. In both cases, fil-
tration of the make-up water was assumed.

9.2.2.2 Sidestream Filtration--

In some cooling water systems, dust entrainment in the cool-
ing tower can be a major source of suspended solids. It has been
estimated that a normal indus