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SECTION I
CONCLUSIONS

The general methodology for the economic evaluation of backfitting

power plants with closed-cycle cooling systems has been presented.

The following major conclusions can be drawn from the study.

1.

The computer programs developed here can be used to assess the
total differential cost of backfitting power plants with any of
the following closed-cycle systems:

Mechanical-draft crossflow wet cooling towers,

Natural-draft crossflow wet ceooling towers,

Cooling ponds, and

Spray canals.
The programs accept as input data turbine size and characteristics,
size of cooling system, fluctuations in power demand, variations
in site meteorological conditions, and economic parameters. The
thermodynamic and performance models used to evaluate the operating
consequences such és capacity and energy losses, excess fuel
consumption and water requirements are representative of those in
current use. The overall accuracy of the economic predictions
therefore depends largely on accurate projection of the capital
cost of the cooling system and on the unit costs associated
with capacity replacement, make-=up energy and fuel. While an
effort has been made to incorporate the most recent estimates for
capital costs of cooling systems, it is also recognized that these

costs vary over a wide margin, particularly in the cases of cool-

‘'ing ponds and spray canals, due to unforeseen problems associated



with construction at particular sites.

The overall complexity of the backfit analysis is such that it
does not allow the use of simplified models and construction of
simple nomographs for general use. Nevertheless, it has been
possible to obtain a comprehensive set of results from selected
model applications which will enable a rapid evaluation of the
total cost of backfitting when some of the basic characteristics
of the power plant, the cooling system, and the site are known.

A considerable amount of generality has been achieved by (a)
assuming that the power demand remains constant at the full-
throttle value of the turbine; (b) presenting in a graphical

form only the basic quantities such as capacity loss, energy loss,
excess fuel consumption and water evaporation as functions of
cooling-system size ina convenient format, so that these quantities
can be evaluated for any given nameplate capacity of the turbine
and size of the cooling system; (c) estimating the capital cost
of the cooling system in terms of its physical size and not in
terms of thermodynamic properties of the system; and (d) perform-
ing the calculations for three different types of turbines and
for four climatically different sites. The presentation of the
results in this form is particularly useful since the influence
of using different values of the economic parameters, such as
capital cost of cooling system, unit costs of replacement capacity
and energy, etc., can be investigated with ease. The use of
these results has been illustrated by means of a hypothetical

example for each of the four closed-cycle cooling systems.

The actual performance of the affected power plant or unit in
open-cycle operation can be investigated by modifying the basic
procedures to include the variations in the water-body temperature.
Such an alteration was not, however, considered in the present
study since it would have resulted in a loss of generality which

was considered essential for the presentation of the results in



simple graphical form.

The present study indicates that the total cost of backfitting, in
mills/kW-hr of energy delivered, depends mainly on the capital

cost of the cooling system, the capital cost associated with the
replacement of lost capacity, the operating costs of peaking
plants built to replace the energy losses, and the excess fuel
consumption of the affected units due to higher back-pressure
operation resulting from the backfit. Under the assumption of
full-throttle power demand, however, the excess fuel consumption
is much smaller than.would actually result from a variable power
demand, but there is a corresponding increase in the energy losses.
Comparison between the detailed calculations using the computer
programs with realistic power demand variations and those performed
using the graphical results with full-throttle power suggest

that the total costs calculated by the two methods may differ only
by a few percent. This small difference gives added confidence

in the use of the results presented graphically.

The sensitivity of the total cost of backfitting to the
factors listed above suggests that great care must be taken in
estimating the following for each application:

Capital cost of the cooling system,

Unit cost of replacement capacity,

Unit cost of replacement energy,

Unit cost of fuel, and

Fixed charge rate.

As indicated earlier, the first of these quantities can be

found readily from the data presented in this report, but an on-
going check must be maintained in order to ascertain the impact
of inflation within the industry. Needless to say, the most
reliable and up-to-date information can best be obtained

directly from the manufacturers and construction engineers.



A considerable amount of variation in these costs can be
expected from site to site, but for cooling towers the estimates
presented here appear to be reliable within about 15 percent for
applications up to 1980. The remaining factors listed above
depend upon the particular utility situation. However, if
capacity and energy losses are to be made up by means of gas-—
turbine peaking units, the unit costs will be of the order of
$100/kW for capacity replacement and 10 mills/kW-hr for energy

replacement based upon 1975 estimates.

In the hypothetical examples analyzed in detail in the text,
where the power plant characteristics as well as the site meteor—
logical conditions were approximately the same for all four
closed-cycle cooling systems, theltotal excess unit costs of
backfitting (in mills/kW-hr) were found to be
Mechanical-draft crossflow wet cooling towers: 0.582
Natural-draft crossflow wet ¢ooling towers :  0.916
Cooling ponds : 0.666
Spray canals : 0.694

These costs can not, of course, be compared on an absolute scale

since the size of each cooling system was chosen arbitrarily, and

no attempt was made to verify an "optimum" size. Nevertheless,

since each size is realistic and since the same values of the unit
costs of replacement capacityv, replacement energy, fuel, water, and
fixed charge rate have been used, the total costs listed above

give a good general indication for each type of cooling system.

The computer preograms as well as the graphical results of the
present study can be used to make an independent assessment of
the cost of backfitting a given power plant or unit at a known
site with a range of sizes of the four different types of closed-

cycle cooling systems.



Finally, the assessment of backfitting costs can best be made for
any particular situation by using the computer models given in the
appendices. No interpolation error will be involved, and inclusion
of the actual design power loading for the specific situation may
be made (instead of the assumed "full-throttle" design loading
implicit in the figures of this report). The programs are de-
signed to accomodate a design loading composed of two power levels

(one of which is the maximum) and can be easily extended to more.



SECTION II

RECOMMENDATIONS

Four major recommendations are made on the basis of the present study:

1.

As far as possible, the computer programs presented in this report
should be used to indépendently assess the economic consequences
of backfitting power plants with closed-eycle cooling systems

and to compare the estimated total costs with those evaluated by
other methods. Rapid estimates of backfitting costs can also

be made by using the representative set of graphical results,

which will, however, involve a certain amount of approximation.

The utiiization of the computer programs allows the economic
analysis of backfitting to be based upon the actual design power
loading instead of the full-throttle loading assumed in the
graphical results. Design power loadings with more than two,
defined levels of power output can be analyzed with slight mod-
ifications of the program. The actual performance of the affected
unit during open=-cycle operation can also be modeled by incorpor-

ating expected variations in the water-body temperature in the

program.

The validity of any economic analysis of cooling systems will

depend upon the proper selection of individual cost factors and
constraints. Among the more important site-specific considera-
tions is the requirement for land and its availability. While

the example problems for cooling towers in thisvreport have land



requirements based on noise attenuation, other criteria such as

construction area and plume recirculation may be more applicable.

4. An on-going survey should be maintained to determine the prevailing
and expected costs of cooling systems, unit costs of replacement
capacity, replacement energy, fuel, and water, as well as the
fixed charge rate, so that the general methodology developed for
this study can be updated periodically.



SECTION IIIX
INTRODUCTION
f

Followiﬂg the recent enactment-of "environmental® legislation (The
Federal Water Pollution Control Act Amendments of 1972), the Environ-
mental Protection Agency has been charged with the task of developing
guidelines and standards of performance for steam electric power
plants. Originally, the EPA's proposed §304 guidelines and §306
standards [1,2,3,4] suggested that, except for the power plants re-
ceiving exemption under §316(a), all plants operating with open-cycle
cooling systems should be backfitted with closed-cycle systems by the
year 1983. However, these guidelines soon met with much opposition,
and in ensuing adversary hearings, a set of revised guidelines were
constructed [5]. 1In accordance with these new EPA guidelings, the
thermal discharges are to be limited according to the following
schedule [6:§423.13 £(1)-(6),m]:

A. There shall be no discharge of heat from the main condensers

except

(1) "Heat may be discharged in blowdown from recirculated
cooling water systems provided the temperature at which the
blowdown is discharged does not exceed at any time the low-
est temperature of recirculating cooling water prior to the
addition of the make-up water.

(2) "Heat may be discharged in blowdown from recirculated
cooling water systems which have been designed to discharge
blowdown water at a temperature above the lowest temperature
of recirculated cooling water prior to the addition of make-
up water providing such recirculating cooling systéms have
been placed in operation or are under construction prior to
the effective date of this regulation (July 1, 1981).

(3) "Heat may be discharged where the owner or operator of

a unit otherwise subject to this limitation can demonstrate



that a cooling pond or cooling lake is used or is under
construction as of the effective date of this regulation
to cool recirculated cooling water before it is recircu-
lated. to the main condensers.

(4) "Heat may be discharged where the owner or operator

of a unit otherwise subject to this limitation can dem-
onstrate that sufficient land for the construction and
operation of mechanical draft evaporative cooling towers
is not available (after consideration of alternate land
use assignments) on the premises or on adjoining property
under the ownership or control of the owner or operator as
of March 4, 1974, and that no alternate recirculating
cooling system is practicable. ~

(5) "Heat may be discharged where the owner or operator of
a unit otherwise subject to this limitation can demonstrate
that the total dissolved solids concentration in blowdown
exceeds 30,000 mg/l and land not owned or controlled by the
owner or operator as of March 4, 1974, is located within
150 meters (500 feet) in the prevailing downwind direction
of every practicable location for mechanical draft cooling
towers and that no alternate recirculating cooling system
is practicable.

(6) "Heat may be discharged where the owner or operator of
a unit otherwise subject to this limitation can demonstrate
to the regional administrator or State, if the State has
NPDES permit issuing authority, that the plume which must
necessarily emit from a cooling tower- would cause a sub-
stantial hazard to commercial aviation and that no alter-
nate recirculated cooling water system is practicable. 1In
making such demonstration to the regional administrator or
State the owner or operator of such unit must include a
finding by the Federal Aviation Administration that the
visible plume emitted from a well-operated cooling tower
would in fact cause a substantial hazard to commercial
aviation in the vicinity of a major commercial airport.

(m) "The limitation of paragraph (1) of this section shall
become effective on July 1, 1981.

B. These new guidelines shall have both the exclusions implicit
in the above paragraphs and the additional exclusions outlined here:

units on line before January 1, 1970, are excluded;

units of 500MW or less on line before January 1, 1974,
are excluded;

units of less than 25MW are excluded; and

units in a system of 150MW or less are excluded.

The above guidelines are to be effective July 1, 1981, as indicated in
paragraph (m) above; however, there are provisions of deferral of

compliance until July 1, 1983, if system reliability would be seriously



affected.

The present study is concerned with the development of a detailed
methodology for the evaluation of the cost of backfitting a plant or
unit currently operating on open-cycle with a closed-cycle cooling
system. Four different closed-cycle systems are considered:

Mechanical-Draft Crossflow Wet Cooling Towers,
Natural-Draft Crossflow Wet Cooling Towers,
Cooling Ponds, and

Spray Canals.

It is recognized that a large number of conflicting factors enter into
the estimation of the cost of backfitting. Since many of these are
highly site-dependent, it is not possible to arrive at general con-
clusions applicable to all utility situations. However, the purpose
here has been to develop a method which is flexible enough to take
these factors into consideration so that when they are prescribed or

determined the cost can be estimated.

The evaluation of the additional costs against the power generated is
important to the utility since it provides a basis for determining the
necessary rate increases. Of major concern in the backfitting op-
eration is the fact that the capacity of the unitwill be reduced by
the amount of power consumed within the closed-cycle system and by
penalties that may be incurred by requiring adjustments in the oper-
ating characteristics of the unit, the main factor being the increase
in the turbine exhaust pressure. This lost capacity must be replaced
either by adding new capacity at the same site or elsewhere, or by

operating other units at higher levels.

The major factors to be considered in the economic assessment of back-
fitting an existing unit are:

1. The cost of installing the closed-cycle system, including
materials, labor, site acquisition and preparation;

2. The plant downtime for hook-up and testing;

3. The provision of additional generating capacity to replace
the lost capacity:

10



4. Operation and maintenance costs of the cooling system;

5. Operation and maintenance costs of replacement capacity;
and

6. Additional cost of power generation due to decrease in
plant efficiency or limitations occasioned by the use of the
closed-cycle system.

It will be clear that the first three of these are capital costs in-
curred at the time of backfitting while the last three are costs re-
curring over the remaining period of plant life. When these factors
have been determined and the cost of borrowing the required capital
expenditure are known, it is a simple matter to find the total cost,

in mills per kilowatt-hour, to be charged against the actual power
delivered after the backfit operation. The work described herein is
concerned primarily with the evaluation of the various factors listed
above. It is of course possible to design a closed-cycle cooling system
regardless of whether it is a cooling tower, pond, or spray canal, which
is sufficiently large to reproduce, very nearly, the performance of the
once-through system being used at present. Such a system will obviously
be expensive, at least from a first-cost point of view, and the various
factors enumerated above will undoubtedly intervene and dictate a some-
what smaller closed-cycle system, requiring less operating and mainten-
ance expenses. If the cost of backfitting is to be assessed in a
realistic manner, it is then obvious that a range of sizes must be

considered.

11



SECTION IV
GENERAL CONSIDERATIONS AND ASSUMPTIONS

Perhaps the most important question that needs to be considered
immediately is: What aré the characteristics of the power plant or
unit which should be known before a backfitting study can be under-
taken? Most of these are obvious: the nameplate capacity of the
affected unit, in megawatts; the type of unié i.e., fossil or huélear;
the thermodynamic characteristics of the existing turbine and condenser
system; the variations in the stream or water-body températures in
open-cycle operation; the power demandéhistory; and thg general economic
situation of the particular utility operating the unit. Since the in-
tent here is to develoé a general approach, it is necessary to make
certain simplifications and assumptions'concerning some of these vari-
ables and, at the same t{me,‘incorporate some flexibility whicﬁ allows
adjustments to be made in oxder to éonsider particular units. The
following restrictions are therefore made throughout this work:

(1) It is assumed tﬁaé tke power plant or unit operates at full
throttle, when possible, throughout the year, to satisfy a
constant demandifor nameplate capacity, except during
scheduled or unscheduled outages. (Although this loading
pattern is rarely reaiized in practice, it is used heréin in
lieu of consideration of all possible loading patterns,
which is impractical. Consequences of this assumed loading
pattern are examined in qualitative terms throughout this
report).

(2) With the existing open-cycle cooling system, the plant or

unit is considered to operate with an "equivalent" constant,

12



relatively low, turbine back pressure and that the corres-
ronding heat rejection rate is known.

(3) The existing condensers may be retained without modification
or new condensers (compatible with the new cooling system)
may be installed, but their performance is similar to
currently available equipment.

(4) The detailed thermodynamic characteristics of the affected

'~ turbine-generator units are known.

(5) The net power available for sale must be the nameplate capac-

ity both before and after backfitting; any losses will have

to made-up in some manner.

The first assumption implies that a base-loaded unit is beingconsidered
The actual fluctuations in the power demand, which vary widely from
utility t6 utility, are therefore neglected in the first instance. It
would be difficult to correct results, obtained under the full-throttle
assumption, to represent output demand loadings of less than nameplate
capacity. However, it is expected that relative comparison of cooling
systems (both open-cycle and the various closed-cycle systems), when
made for the same loading pattern, are generally relevant. Therefore,
the general results presented herein apply only for the full-throttle
loading pattern for constant demand of nameplate capacity. Any other
loading pattern may be evaluated directly with the computer models and

an example of a variable loading pattern is presented in Section V. J.

The second assumption enables the establishment of a reference base in
the cost estimation of closed-cycle cooling systems and their perfor-
mance in comparison with the existing open-cycle system. In reality,
the power plant will operate under a variety of conditions depending
upon the daily as well as seasonal variations in the temperature of

the stream or water body, but here it is assumed that the'original
open-cycle system is designed such that the turbine back pressure can
be maintained at the relatively low levels where the turbine heat rates

are nearly independent of back pressure. This particular assumption is

"

13



not unduly restrictive. Again, both the variability of actual closed-
cycle system performance and the intent to give some generally applica-
ble results require that this assumption be made. To consider the
effects of actual open-cycle cooling system performance, it would be
necessary to incorporate actual data for the particular unit under
consideration into the analysis. The differential costs presented here

would have to be modified accordingly to allow this inclusion.

The third assumption reflects the practicality of the backfit situation
since it may not be possible to consider major modifications in the
condenser system. Herein lies a difficulty since closed-cycle cooling
systems are usually designed and optimized in conjunction with the con-
denser design. Thus, some allowances must be made if the existing
condensers are to be retained. In order to ensure compatibility bé-
tween the new closed-cycle cooling system and the old condensers, it
may therefore be necessary to impose certain restrictions on the design
of the new equipment. These restrictions may take the form of con-
straints on the allowable temperature rise (cooling range) across the
condenser and the allowable water flow rates through the systém. The
alternative of designing new condensers and salvaging the old ones may

also be considered, without the aforementioned constraints.

The fourth assumption listed above is, of course, essential if the
thermodynamic and economic consequences of backfitting an existing unit
are to be evaluated realistica;ly. The fifth assumption is made to
conform with the first-and with most practical situations. It may
simply not be possible to deliver any capacity loss power, thus incurr-
ing a "loss cost." The economic loss incurred could then come from
loss of revenue, cost of contract renegotiation and consequent penal-
ties, etc. These losses are difficult to determine from a general
point of view. However, the cost of making up lost power from other
sources or of building auxiliary capacity can be estimated. Further-
more, making up capacity losses are expected to be the course of action

most utilities will be required to follow. The capacity losses are
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assumed to be made up from other sources or from building the required
capacity as just mentioned. They could also be made up by increasing
the capacity of the baseload additions for the system. In this case,
the additional revenue from operation at off peak periods would also
have to be taken into account. Such possibilities are not explicitly
considered in the present study although the economics could be easily

adjusted to account for thém.

Some of the essential elements of the basic methodology adopted
throughout this work are described in the remainder of this section.
Included here are all aspects of backfitting which are common to all
types of closed-cycle cooling systems. The subsequent sections deal
with the four different closed-cycle systems which constitute some of

the available alternétives for backfitting.

A. TURBINE CHARACTERISTICS

Turbine performance is usually described in the form of a plot of the
*

relative fractional change A [= ATHR/THR], which is the change

(ATHR, increase or decrease) in the turbine heat rate over some fixed

reference heat rate T;R' versus the back pressure, p. A typical set
of turbine characteristics is shown }n Figure 1 for a low back pressure
loaded turbine. This figure and some basic concepts will be used to
define a number of quantities which assume great importance, particu-

larly in backfit considerations.

First of all, the point labelled R corresponds to the. fixed reference
heat rate T;R and the reference back pressure p*(ATHR = 0) at full-
throttle, or valve-wide-open (VW0O) operation. At this point (for VWO)
power output is equal to the NAMEPLATE CAPACITY P* of the turbine. The
corresponding heat rejection rate {from the turbine) Q* may then be
obtained from the definition:

Turbine _ Heat Input (to the turbine) (1)
Heat Rate Power Output
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i.e.,

* P* *
o] +
THR = —**-;—2—', (VWO)
P
or
P* * * *
cP +Q = THR P, (VWO) (2)
*
where P = nameplate capacity, kW,
*
THR = reference turbine heat rate, Btu/kW-hr or kJ/kW-hr,
c = a conversion factor = 3.413 x 103 Btu/kW-hr = 3.601 x lO3
kJ/kW-hr,
*
Q = reference heat rejection rate, Btu/hr or kJ/hr.

Secondly, each line in Figure 1 represents a constant steam throttle
setting Ts(%VWO) expressed as a fraction of the full-throttle condition,
and therefore each line corresponds to a constant rate of heat input
to the turbine. Since the rate of turbine heat input is the sum of the

power output and the heat rejection rate, we have in general:

* *
cP + Q = constant = (¢cP + Q )TS (3)
where P = power output, kW,
QO = heat rejection rate, Btu/hr or kJ/hr,
TS = throttle setting (Ts = 1 corresponding to VWO).

Thus, from equations (1), (2), and (3) we have:

* *

* *
Tyg P=CP +Q= (P + Q)T =T P T (4)

Now THR can be calculated from the turbine characteristics in Figure 1

as:

*
THR = THR(l + A)

Using this definition, equation (4) gives

P TS
P=1+A (5)
and *
* * * cP Ts
Q=T P Tg-cP =Ty PT, " T3]
cp” A
=9 Ts 1 * 1 + A (6)
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These equations, together with Figure 1, show that as the back pressure
rises above the reference value p* the power output decreases and the
heat rejection rate increases. Since there is usually a range of back
pressures over which the excess heat rate is negligible or small, for
simplicity it will be assumed that in open-cycle cooling the stream or
water-body temperatures are such that the turbine back pressure is main-
tained in this range. 1In order to quantify the performance of the
plant or unit to be backfitted and establish a reference point for the
subsequent analyses of closed-cycle cooling systems, it will be assumed
that the value of Q*, hereafter referred to as the REFERENCE HEAT
REJECTION RATE, and P*, hereafter referred to as the NAMEPLATE POWER.
OUTPUT, are known. The knowledge of Q* and P* and the heat rate
correction curves of the form shown in Figure 1 then enable the deter-
mination of the power output P and the heat rejection rate Q at any
steam throttle setting (rate of heat input to the turbine) and the
back pressure via equations (5) and (6). In particular, equation (6)
can be used to construct the detailed heat rejection characteristics
in the form shown in Figure 2. Since the heat rejection rate is an
important parameter in the detailed analysis of the performance of
closed-cycle cooling systems, the construction of such characteristics
is an essential preliminary to the evaluation of the consequence of

backfitting.

It will be noticed that the lines of constant throttle setting in
Figures 1 and 2 terminate abruptly at some high value of the back
pressure. For turbines of conventional design this upper limit is
usually less than 5 inches (12.7 cm) Hg absolute. This value, denoted
by pmax' is assumed to be the maximum allowable back pressure which, if
exceeded, will result in some damage to the turbine or a catastrophic
loss in performance. The upper horizontal line EDC in Figure 2 there-
fore constitutes one of the boundaries of possible operation of the
turbine. The other boundary corresponds to the full-throttle line
A'ABC, although most turbines will tolerate a certain amount of over-

load.
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The reference heat rejection rate Q* defined above can, of course, be
found from equation (2) when the nameplate capacity and the reference
turbine heat rate are known. Alternatively, it can be estimated from
the overall plant heat rate in the following manner: The rate of heat
input to the boiler (i.e., the heat equivalent of the fuel consumption)

QT is given by
Qn=CcP + Q. +0Q (7

and the thermal efficiency np of the plant (or plant efficiency) is

defined by
cP o]
n, =5 = (8)
P QT PHR
where PHR = QT/P = c/np = plant heat rate, Btu/kW-hr or kJ/kW-hr.
QIP = in-plant and stack losses.

The in-plant losses are usually accounted for by an in-plant or steam

supply efficiency s defined by

0p = (1 - npo, (9)

u is usually 0.85 (0.15 QT in-plant and stack losses) for fossil units
and 0.95 (0.05 QT in-plant losses) for nuclear units. From equations
(7), (8), and (9), we have:

s

Q = cP E—-— 1 = P(nIPHR - c) (10)

p
which shows that the rate at which heat must be rejected in the cooling
system depends upon the type (fossil or nuclear) of unit, the power
level and the plant heat rate. The plant heat rate, of course, depends
upon a number of factors, including the age, size and the detaijiled de-
sign features of the various components as well as the turbine back
pressure. Figure 3 shows the variation of np = c/PHR) with back press-
ure for a large (800 MW) turbine of contemporary design modified to
operate up to high back pressures. Such a curve cannot, however, be
used in the backfit situation since the affected units will vary widely
in age and size, and will have generally higher heat rates. The basic

*
parameter recommended earlier, namely the heat rejection rate Q , can

*
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nevertheless be defined as

* * [ N1 * *
— cP — - = - (ll)
Q s 1 P (n P -©)
P

* .. *
where n = plant efficiency at back pressure p ,

* *

P = plant heat rate at back pressure p .

Q can therefore be found if the relevant quantities are known. The
use of Q* as a basic parameter characterizing the "size" of the cooling
problem, however, avoids the need to distinguish between different ages
sizes and types of units to be considered in the detailed analysis of
the performance of closed-cycle cooling systems. These factors can
readily be taken into account in the determination of Q* using either

equation (2) or (11).

Returning to the turbine characteristics shown in Figure 2, a number of
quantities of prime importance in the backfit situation can now be
defined. It has already been mentioned that this particular turbine
cannot be operated to generate more than the full-throttle power corre-
sponding to the line ABC and that the back pressure cannot exceed the
maximum value pmax corresponding to the line EDC. Thus, regardless of
the cooling system used, the turbine must operate within the area
bounded by OA'CE. Full-throttle operation with the open-cycle cooling
system corresponds to the point A and to small deviations from it along
' ABC associated with the variations in the stream or water-body tempera-
ture. The corresponding heat rejection rates are neariy constant and
equal tO»Q*.

If this unit is to be backfitted with a closed-cycle cooling system, it
is necessary to recognize that the performance of all such systems
(mechanical or natural-draft cooling towers, cooling ponds, or spray
canals) depends upon the physical size as well as the prevailing
meteorological conditions., The first observation that can be made,
however, is that it is posgible to design a closed-cycle system that is

large enough to operate at point A under a specified set of fixed
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meteorological conditions. In this case, the turbine back pressure
remains the same as in open-cycle operation and consequently the tur-
bine delivers nameplate power with the same heat rejection rate Q*.
The plant heat rate also remains the same. Such a size of the closed-
cycle system represents a useful reference and is discussed in greater
detail later. Now, if either the size of the cooling system is smaller,
or if the meteorological conditions become more adverse than the
specified set, the full-throttle operation point will shift upward
along the line ABC, to a point B, say. Smaller sizes and/or more severe
meteorological conditions will lead to the operating point C which
corresponds to the maximum back pressure that can be tolerated. If the
size of the cooling system is still smaller and full-throttle operation
is to be maintained, the operating point C' will fall along the extra-
polated portion of the full-throttle line ABC. However, since this
implies a back pressure greater than P ax’ the turbine must be throttled
back to operate at a point such as D where the back pressure is pmax'
It is clear that the exact location of the operating point will depend,
among other things, on (a) the size and type of the closed-cycle
cooling system considered, (b) the detailed cooling properties of the
system, and (c) the meteorological parameters which affect the cooling
system performance. The above considerations, however, enable us to
identify a number of factors that have an important bearing on the
economics of backfitting.
(1) The net power available for sale is equal to the gross

power generated P, minus any power PCS that is consumed

internally in order to operate the closed-cycle cooling

system, e.g., the pump and fan power requirements in the

case of mechanical-draft cooling towers. The power output at

any operating point (&, B,.C, or D) is, of course, given

by eguation (5) and depends upon the turbine back pressure

and the throttle setting Ts. In comparison with open-cycle

operation where the power output is the nameplate capacity,

there is now a CAPACITY LOSS, CL:
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*
C, =P -P+P (12)
L cs

The evaluation of the maximum capacity loss is therefore
important.
(2) Since the capacity loss occurs continuously, its magnitude

depending upon the meteorological conditions, there is an

associated ENERGY LOSS, EL:
*
E=E(P—P+P)At (13)
L cs

where At is the duration of any set of meteoroclogical con-
ditions and the summation is taken over all such sets of
conditions occurring during the given period of time, e.g.,
one year. Again, it is useful to remember that this defini-
tion and succeeding definitions are made in the context of
an assumed full-throttle loading and a constant demand for
the nameplate capacity. For the general case of demanded
power, PD' capacity loss and energy loss would be defined

respectively in texrms of the gross turbine output, P as :

=P -P +P
CL D lo]

=) (P_-P +

s

where P = the maximum possible grass turbine output at full

throttle or at the back pressure limitation if P_ + P >
' cs

D
this max, and P = P_ + P i i i
’ b cs if PD + Pcs < this max. Since

the assumptions of constant demand for nameplate capacity

* .
(PD = P ) and the implied consequence of full-throttle load-

ing (if possible) (P = max) are made, then capacity loss and
energy loss are defined as in equations (12) and (13).

(3) The fuel consumption for full-throttle operation with the
open-cycle cooling system can be deduced from the reference

*

plant heat rate, PHR' If the closed-cycle system and the

prevailing meteorological conditions are such that the turbine
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always oéerates at full-throttle (i.e., along line ABC),
then the fuel consumption with the closed-cycle system will
be the same as that with the open-cycle system (since QT is
constant). However, if the operation is required at less
than full-throttle (i.e., at points such as D) due to the
back pressure limitation, the fuel consumption will be
smaller than with the open-cycle system. Following the
_usual terminology, the difference between the fuel consump-
tions with closed- and open-cycle systems will be called the
EXCESS FUEL CONSUMPTION, F_, although, as indicated above,

E
it will be either zero or negative. This peculiarity is

easily seen to be the consequence of our basic assumption
that the plant or unit to be backfitted is operated contin-
uously at full throttle.

F
E

o, for T =1
s

1 * *
. [ecP+Q=-cPp -9 Jat, for T <1 (14)
I -

Positive excess fuel consumption (i.e., a fuel penalty) ﬁay result
from backfitting if this assumption is relaxed and a specified power
demand curve is used. Consider, for example, the case where the power
demand is constant and lower than the nameplate capacity for part of
the year. Then during that part of the year the demand can be met
even with a closed-cycle system by suitable adjustment of the throttle
setting, but the increased back pressure (compared to open-cycle cool-
ing) would imply higher turbine and plant heat rates than those assoc-
iated with open-cycle cooling, and therefore higher rates of fuel
consumption. However, during this period the capacity loss and the
energy loss will not be equal to those given by equations (12) and (13).
These losses can indeed be taken to be zero since the power level can

be adjusted to equal the demand plus that consumed internally by the

cooling system (PCS).

From the foregoing discussion it will be evident that the capacity

. loss, the energy loss, and the excess fuel consumption, which are all
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of great importance in the economics of backfitting, depend upon the
size and type of the closed-cycle cooling system as well as the pre-
vailing meteorological conditions. In particular, to evaluate the
maximum capacity loss if is necessary to specify the "most severe"
meteorological conditions a priori. The determination of the various
factors mentioned above is considered in greater detail for each of

the four types of closed-cycle cooling systems in later sections. The
general discussion presented here, however, emphasizes the importance
of the turbine characteristics in the overall economic analysis of

backfitting.

Any survey of power plants now operating with open-cycle cooling will
indicate that a wide variety of turbines will be encountered in
practice. Some of these are considerably older than others, and the
nameplate capacities vary over a wide range. In a study such as this,
it is obviously impossible to consider each particular situation in
detail and some generalizations and simplifications must be made. An
effort must, however, be made to make the results as widely applicable
‘as possible and retain a certain amount of flexibility in the mgthpd—
ology so that some of the peculiarities of particular units can be
incorporated. To this end, three basic types of turbines which are
representative of those currently in use are considered in the example
calculations. The characteristics of these turbines and their name-
plate capacities have been taken from a recent report prepared by
Sargent and Lundy {Ref. 7 , vol. 1] and are shown in Figures 4, 5
and 6. Turbine A shown in Figure 4 is a high back-end loaded unit of
contemporary design; turbine B shown in Figure 5 is a low back-end
loaded unit representing some of the older plants, while turbine C
shown in Figure 6 is a low back-end loaded unit whose performance is
only marginally poorer than that of a contemporary unit. It is ex-
pected that most existing turbines can be classified in one of these

three categories.

As indicated earlier, for the detailed evaluation of the capacity and

26



HEAT RATE CORRECTION, A (per cent)

BACK PRESSURE,p(cm Hg, abs)

2oo 2 4 6 8 10
1 1 I I I

i ¢
16} -
12 |- .

— . -

Ts=0.65 VWO
al T¢=090 VWO
Tg=1.00 VWO
T¢=1.05 VWO

BACK PRESSURE, p (in. Hg, abs)

Figure 4. Heat rate characteristics of turbine A

27



HEAT RATE CORRECTION, A (per cent)

BACK PRESSURE,p (cm Hg, abs)

0 2 4 6 8 0]
20 T | | 1 o !
e/ <
Y -
o/ £
© v
16 P o 22 -
2 j?
&
|2 o O -
YN
i ~ }
©
.8 "~ -
4 -
0
x -
P
-4 | l/ 1 ] 1 | |
0 | 2 3 4
BACK PRESSURE,p (in. Hg, abs)
Figure 5. Heat rate characteristics of turbine B

28



HEAT RATE CORRECTION, A (per cent)

20

16

12

BACK PRESSURE,p (cm Hg, abs)

2

4 6 8 10

i | I 1

AN

Figure 6.

| 2 3 4
BACK PRESSURE, p (in. Hg, abs)

Heat rate characteristics of turbine C

29



energy losses and excess fuel consumption resulting from backfitting,
it is necessary to obtain the turbine characteristics in the form

shown in Figure 2. This requires a knowledge of the reference heat
rejection rate Q* defined earlier, which, in turn, depends upon the
nameplate capacity, the overall thermal efficiency and on whether the
unit is fossil or nuclear. For the purposes of the subsequent example
calculations, however, it is assumed that the characteristic curves
shown in Figures 4 through 6 can be applied to fossil as well as
nuclear units, and that the plant efficiency n; in open-cycle operation
is 0.302 (30.2%), representative of older fossil fueled units and

newer nuclear units. Then equation (11) leads to the reference heat
rejection rates given in Table 1. At first sight, it would appear

that the detailed calculations must be performed for both fossil és
well as nuclear units (using differing values of U or n;) and repeated
for a range of values of the nameplate capacity. The foregoing assump-
tions imply; however, that this may not be necessary since the
influence of changing the type (fossil or nuclear) of the unit is

*
simply to change n_ and np. However, the calculation of capacity loss,

energy loss, and eicess fuel consumption depends only upon knowing the
turbine characteristics, the nameplate capacity, and Q* (and not on
ng or n ) for the assumed full~loading pattern. Thus, it is possible
to use the results obtained from a particular value of Q (associated
with a particular value of the nameplate capacity and type of unit)
to predict the performance of nuclear or fossil units (different n*,
but with turbine heat rejection = Q*) with different nameplate capsc—
ities. This is best achieved by presenting the results in a suitable

nondimensional form.

From equation (8) it will be noted that the thermal efficiency assumed
here (0.302) leads to a reference (open-cycle) plant heat rate P;R of
about 11300 Btu/kW-hr (11920 kJ/kW-hr) for both fossil and nuclear
units. While it is recognized that the historical data collected by
the Federal Power Commission and analyzed in the EPA Development

Document [2, see Figures IV-10 to IV-12 on pp. 76-78] indicate a wide
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Table 1. REFERENCE CONDITIONS FOR TURBINES A, BAND C

FOR EXAMPLE CALCULATIONS

U NE NAMEPLATE REFERENCE BACK REFERENCE HEAT REJECTION
RBL CAPACITY PRESSURE RATES @ n; = 0.302
P*, MW | p*, inch Hg abs o*, 108 Btu/hr
(cm Hg abs) (L0” kJ/hr)
0l1ld Fossil New Nuclear
A 411 1.00 2.545 3.010
(2.54) (2.686) (3.176
B 275 1.00 1.703 2.014
(2.54) (1.797) (2.125)
C 535 1.00 : 3.313 3.918
(2.54) I (3.496) (4.134)
!

’

variation of plant heat rates with the age and size of the units (and
thus a wide variation in n;), the above values are representative,

as already mentioned, of open-cycle operation of the older fossil units
and the relatively new nuclear units. The detailed example results
will need correction when they are used to study the consequences of
backfitting units whose reference heat rates deviate substantially
from those used here. In any case, as will be emphasized repeatedly
in this sfudy, the general methodology adopted here, and particularly
the various computer programs which have been developed, can be used
in conjunction with any set of specified inputs i.e., type and size
of turbine, reference heat rejection rate and therefore the plant

heat rate.

Reference has already been made to the possibility of extending the
validity of the results from a relatively small number of specific

calculations to treat a much wider variety of cases by the use of
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suitable dimensionless plots. Therefore, it is useful to define the
REFERENCE SIZE OF A CLOSED-CYCLE COOLING SYSTEM: L* =reference length
of mechanical-draft cooling tower, S*==reference shell height of nat-
ural-draft cooling tower, A* = reference area of cooling pond, and N* =
reference number of module groups along a spray canal. Formally, the
reference size is defined as the size required to reject Q%*, at some
specified meteorological conditions while maintaining the turbine back
pressure at some selected value, p'. It should be noted that because
of physical limitations, p' is not necessarily equal to p*, nor is it
necessary to use the same value of p' for all systems since the final
economic evaluations are independent of the reference sizes. Thus, for
example, the capacity loss for a given turbine system using the mechan-
ical-draft cooling tower can be plotted nondimensionally as (CL/P*'
kW/kW) vs. (L/L*), where L denotes the size (length of tower) of the
closed-cycle system. It will be seen later that such plots enable the
presentation of the results in a compact manner.

.

B. GEOGRAPHICAL LOCATION AND METEOROLOGICAL CONDITIONS

The various factors that influence the economics of backfitting deéend
to a large extent on the size and the performance of the closed-cycle
cooling system being considered. The day-to-day performance of a
system of given size, in turn, depends upon the expected variations in
the meteorological conditions at the site. Thus, for example, the
frequencies of occurrence of various wet- and dry-bulb temperatures
must be considered in the analysis of mechanical-draft evaporative
cooling towers, while the performance of cooling ponds is influenced
by the variations in wet- and dry-bulb temperatures as well as wind
velocities and cloud-cover. It is, of course, not possible to make

a detailed evaluation of each site in a study such as the present one.
A few specific sites have therefore been chosen as being representa-
tive of the areas in which there is a large concentration of open-
cycle operations. In partichlar, the performance of the three basic
types of turbines mentioned earlier will be investigated in detail in

conjunction with the meteorological data from four different sites,
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namely Chicago, Los Angeles, Miami and St. Louis. These four stations
also fall in the major climatological regions of continental U.S. [see,
for example, Ref. 7, Vol. II. Appendix to Section IV.A] and are there-
fore expected to give a reasonable representation of other sites in
their fespective regions.

The types of meteorological data usually compiled by the U.S. Weather
Bureau [8] are shown in Table 2. Most of the required information can
be obtained from such records. Thus, for example, it is possible to
obtain the frequency of occurrence of given values of a particular
parameter or combinations of parameters by simple analysis. The fre-

quencies of occurrence f(Td wa) of various values of the dry- and

’
wet~bulb temperaturesvat Miimi are shown in Table 3. Note that the sum
of all the frequencies for all the combinations is equal to unity.
Similar frequency distributions can be generated for other combinations
of meteorological parameters. It is also possible to calculate the
dry- and wet-bulb temperatures which are not exceeded more than a given
number of hours in a year. The dry- and wet-bulb temperatures not

exceeded more than 10 hours per year at the four sites listed above are

given in Table 4.

In the design of closed-cycle cooling systems it is customary to quote
what are known as "design meteorological conditions." Thus, for
example, in the case of mechanical-draft wet cooling towers, a "design
wet-bulb temperature” is generally specified and defined as the value
which is not exceeded by more than a certain percentage (usually
between 2% and 5%) of time during the warmest consecutive four months.
In the United States that period is taken to be June through September.
Cooling tower manufacturers have available a list of the design con-
ditions appropriate for various sites in the United States. Table 5
shows the relevant values for the four sites to be considered here.
While the design parameters give a good indication of the relative
sizes of cooling systems required for identical duty at different

locations, it will be evident from the considerations of the previous
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Table 2.

ANNUAL SUMMARY OF WEATHER DATA AT MIAMI
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747 70 4| 28| 551130 [213 | 4 | 59| 261] 211| 297|267 |1 26| 71 {30 | 306{ |1 | 1|+| 1|1 708
69/ 65 hf28)u1]75/06) 3| 36] 138 84] 109|124|2|10f{27| 8] 7|7 +| +| +|+ | 810
64/ 60 |+|2 | 11| 26| 50] 50} 2|19 65| 56 83| 56(1] 9} 11| 4| 5] 3| |+ ++ | 277
59/ 55 1) 6111)30f16| 2|12 47] 45 52| 2911 5| 11| 4| M1 + | 147
54/ 50 41 7112] 5| 1| 7] 31| 28] 28] 7|+| 2| 7| 4] 22 +| 71
49/ 45 2] 3 1+ 31 150 17f 171 31+| 1f 2| 2] 1} + 26
44, 4o 11 1 11+ 1] 6] 6 W 2f+ 1f 1] +H1 4
39/ 35 + +] 1 + 1 1 H o+ + + +

ToTAL |1 |25 [168 [327 765 J664 119 2891906 Lu39ook| 731 | 6 [107 621 230 109[41f |2]10f 4f4|3 [BT6T

Gccurrences are for the average year (10-year total divided by 10).
Values are rounded to the nearest whole, but not adjusted to make their sums exactly
equal to column or row totals. 4! indicates more than 0 but less than 0.5.




Table 2 (continued). ANNUAL SUMMARY OF WEATHER DATA AT MIAMI
PERCENTAGE FREQUENCIES OF WIND DIRECTION AND SPEED

Sg

HOURLY OBSERVATIONS OF WIND SPEED
DirecH (IN MILES PER HOUR) AV
tion 47t SPEED
0-3| 4-718-12 113-18 | 19-24| 25-31| 32-38 | 39-46 | OovER | TOTAL

N 1 y 3 1 + + 9 7.8
NNE 1] 31 2 1 + + 6| 7.3
NE 1 2 2 1 + + 6 8.7
ENE 1 2 3 3 + + + 91 10.4
E 1 2 b 2 + + 9 9.6
ESE 1 3 5 3 + + 11 9.8
SE 1 3 4 2 + + + 10 9.7
SSE + 2 3 2 + + + 7 ] 10.8
S + 1 2 1l + + + 5 1} 10.0
SSW + 1 1 1 + + + | 3 9.4
SW 1 2 1 + + + 4 7.9
WSW + 1 1 1 + + + 3 9.0
W + 1 1 + + + 2 8.4
WNW + 1 1 + + + + 2 8.2
NW 1 1 1 + + + 3 7.8
NNW 1 2 2 1 + + 6 8.3
CALM 4 4

TOTAL | 14] 30} 34 20 2 + + + + 100 8.8




Table 2 (continued). ANNUAL SUMMARY OF WEATHER DATA AT MIAMI
PERCENTAGE FREQUENCIES OF SKY COVER, WIND, AND RELATIVE HUMIDITY

HOUR|SCALE 0-10 | (H.po.) | RECATIVE HUNIDITY (3)

OF | 0- JO-]8- |0-] O-] 13- 25- | 0-] 30-] 50-] 70-] 80-] 90-
pAY| 3 |4 |10 3 |22| 24| & |29] 9| 69| 79| 89| 100
OVER
00 | 55ft23]|23|20({70[10 | + + 110 |25 | 43| 22
o1 | 55 (23123 24|67 9 | + +| 8 |20 | 43| 28
02 | 58 (20|22 27|64 8 | + +1 7118 |b42] 33
03 57 |21 22 |28| 63| 8 + + 6 {16 | 40 | 38
o4 | 56 22|22 |30)62] 81 + +1 6 |15 | 37| 42
05 | 53 {2423 (28|65 8 | + +] 611337 45
06 | 43]25f31|28|65] 7 | + + 1 6 |14 | 37| 44
o7 39 {26135 |23} 67| 9 + + 7 120 | 42 32
08 37 |29 | 34 [14] 67| 18 + 1120 |35} 311 13
09 32 133135 7| 64129 + | +| 3| 44 | 33]15 5
10 | 2513737 3160{37 | + | +| 7|60 22| 8| 3
11 | 23 |40{37] 3|55 | 1 j1f{11]|66|14] 5] 3
12 | 22 |40{38| 2|52{u5 | 1 |1|l15|64 |12 5] 2
13 | 22 |38|40 | 1|50f{49 | 1 |1|16|62 12| 5| 3
1 | 23 ({3740 | Lfs0{48 | 1 |1la7r |61 13| 5] 3
15 25 135) 40| 1j51j4 | 1} 1)15]59 {15 61 3
16 | 26 (31|43 1{56)42 | 1 |1}12|58 |18 8| 4
17 | 29429 42| 2|65(33 | + [ 1| 8|54 |24 10| 4
18 | 32 {271 | s5|75120 | + | +| 5|43 {32|15| 6
19 | 36{26(38) 9178112} + | +| 3131 |39]2] 8
20 | 43f25( 32|14} 7610 | + 1{221{39]|281|10
21 | 49 fasior (17173120 | + 117 {36 ]33] 12
22 52 123125 }19) 72| 9 + 1|14 13313814 15
23 | s4j23}23f20| 70|10 | + + 12 |29 | 41| 18
AVG | 39 |28 32 |14|64)22 | + [+] 5|31 {23 |25] 16
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Table 3. FREQUENCY OF OCCURRENCE OF T AT MIAMI

wb’ Tdb

Wet Bulb Temp, T 3 °F (°C)

20 - 30
30 - 40
([-1.1]1 -4.4)
40 - 50
(4.4 -10.0)
50 - 60
(10.0 - 15.6)
60 - 70
(15.6 - 21.1)
70 - 80
(21.1-26.7)
80 - 90
(26.7 - 32.2)

o | ([-6.7]-[-1.1)

Z0-30
([-6.7]-[-1.1])

o

30-40

([-1.1]1-4.4) 0.0003

LE

40-50

50-60

(10.0-15.6) 0.0200 0.0283

(1562:22 ) 0.0033 | 0.0570 | 0.0838

-8
(2172_22 = 0.0146 0.1945 0.2667

Dry Bulb Temp, T, °F (°C)

(2683:32 2) 0.0002 | 0.0333 | 0.2632 | 0.0092

(3292:§903) 0.0001 | 0.0064 | 0.0078

90 - 100

(32.2 -37.8)

100-110
(37.8-43.3)




Table 4. TEMPERATURES EQUALLED OR EXCEEDED LESS THAN 10 Hrs/Yr

N - [o] [o] - (o] OC
Site wa F (°c) Tdb F (°C)
Chicago 82 (27.8) 26 (35.6)
Los Angeles 73 (22.8) 93 (33.9)
Miami 83 (28.3) 97 (36.1)
St. Louis 83 (28.3) 103 (39.4)

Table 5. "DESIGN" TEMPERATURES FOR COOLING TOWERS

WET-BULB TEMPERATURE, °F (°c){ DRY-BULB TEMPERATURE, °F (°C)

SITE ‘
1% 2.5% 5% 10% 1% 2.5% 5% 10%

ohi 78 76 75 73 | o4 92 89 85
icago (25.6) (24.4) (23.9) (22.8) |(34.4) (33.3) (31.7) (29.4)

71 69 68 67 84 81 78 75

Los Angeles| (») 7) (20.6) (20.0) (19.4)|(28.9) (27.2) (25.6) (23.9)

Miami 79 79 78 78 ~9l 90 89 88
(26.1) (26.1) (25.6) (25.6)}(32.8) (32.2) (31.7) (31.1)
St. Louis 79 78 77 75 98 95 93 89

(26.1) (25.6) (25.0) (23.9)[(36.7) (35.0) (33.9) (31.7)

section that a realistic evaluation of the performance of the power
plant or unit must consider the detailed variations in the meteor-
ological conditions from their design values as well as load variations
(if considered). This is particularly so in a backfit situation: where
quantities such as capacity and energy losses and excess fuel consump-

tion are of prime importance and must be predicted accurately.
In the example calculations described here, the MAXIMUM CAPACITY LOSS,’

against which the capital cost of replacement is assessed, is evalu-

ated at the meteorological conditions which are not exceeded more than
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10 hours during the year.

It is important to realize that other definitions have been and are
being used for determining the maximum capacity loss for use in sizing
the additional required capacity. Most definitions involve a specif-
ication of the sort made here; i.e., maximum capacity loss is the
capacity loss at meteorological conditions which are not exceeded more
than some number of hours during the year. Any other definition can
be easily incorporated into the computer models, but the example
calculations are based on the 10 hours per year figures of Table 4.

The total energy loss and the excess fuel consumption are calculated
by summation, with respect to time, of the capacity loss and the excess
rates of fuel consumption, respectively, over all possible combinations

of meteorological conditions.

C. ECONOMIC CONSIDERATIONS

For the purposes of this section, the method outlined earlier is used
to determine the maximum capacity loss (CL in kW), the annual energy
loss (EL in kW-hr), and the excess fuel consumption (FE in kW-hr) for
the situation in which a particular power plant or unit (of known name-
plate capacity at a specific site) is to be backfitted with a closed-
cycle cooling system of known type and size. The problem to be con-
sidered is then the determination of the total extra cost, in mills per

kilowatt-hour, of backfitting.

The TOTAL DIFFERENTIAL CAPITAL COST, CC in dollars, to be charged

against the project will involve the following:

(a) The differential capital cost of the closed-cycle cooling system
minus salvage values, CCS. This cost, depends upon the type and
size of the system, and it includes the cost of site acquisition
and preparation, the purchase and installation of the cooling

! equipment and associated auxiliaries, as well as the start-up and
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(b)

testing costs. For most closed-cycle systems the capital costs
can be estimated by recourse to the experience of the industry
concerned, and although a number of site-dependent factors need
to be considered,\reasonable estimates can be made using standard
procedures. The methods used here for the different types of
cooling systems will be described in detail in subsequent sections.
The differential capital costs of the closed-cycle cooling system
can be estimated as follows. The salvage worth of the old con-
denser (which equals the estimated sale price if sold or the re-
placement cost if salvaged for new construction) is subtracted
from the capital cost of the new condenser, if a new condenser is
indicated, to calculate the differential condenser cost. The
differential capital cost of the pumps and piping system is cal-
culated either by subtracting the estimated sale price of the old
system from that of the new, or by estimating capital cost of an
additional system to make-up additional pumping capacity. The
differential cost of the cooling system (excluding pumps, piping
and condenser) is estimated by subtracting the salvage worth of
all old cooling system components, excluding pumps, piping and
condenser, (which again equals estimated sale price if sold or
replacement cost if salvaged for new construction), from the cap-
ital cost of the new system. Land requirements are limited to
consideration of only the additional land required for the new
system. Any hook-up and testing costs (exclusive of lost revenue)
which would be incurred in the backfit are also differential
capital costs to be considered. Adding all of these differential
capital costs results in the determination of the differential

capital cost of the closed-cycle cooling system, CCS.

The differential cost associated with the plant or unit shut down
at the time of the changeover from the open-cycle to the closed-
cycle cooling system, CCDT. It is obvious that this will depend
upon the affected capacity and the duration of the outage. The

time required for the changeover will depend on the layout and
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{c)

accessibility of the existing system. The EPA Development
Document [Ref. 2, p.598 ]| estimates that the time required for
this purpose will vary from 2 to 5 months, depending upon the

site conditions, with an average time of 3 months. This time
generally depends upon the cooling system being used, the unit
being backfitted, and many site~specific factors. However, this
estimate appears reasonable, and since more definitive estimates
could not be obtained during the course of this study, it was
decided to make downtime a variable parameter whose influence on
the overall economics of backfitting could be examined. It is
obviously beneficial to schedule the backfit operation such that
the changeover coincides with periods of low power demand and with
the annual maintenance period (of the order of one month) during
which the plant is down in any case. Perhaps the most logical way
in which the downtime cost can be evaluated is to equate it to

the cost of energy lost during the outage, i.e., the product of
the downtime, the affected capacity, the overall capacity factor
during the outage and the unit differential cost of energy loss,
eé (the purchase price minus the usual generating cost). This is
basically the procedure adopted here. It should, however, be
mentioned that the recent Sargent and Lundy study [Ref. 7, Vol. I,
p. II.28] incorporated an outage capital cost of $4.00 per kilo-
watt for fossil capacity and $7.00 per kilowatt for nuclear
capacity (1970 dollars) for the installation of cooling towers on
a retrofit basis, although it was suggested that outage costs can
easily range from $1-$21 per kilowatt and cannot be assigned on

an a priori basis. The procedure suggested here would therefore

appear to be more satisfactory.

The capital cost of installing additional generation capacity to
replace the lost capacity, CCR. Once the maximum capacity loss
CL has been determined, the assessment of the capital cost depends
largely on the choice of an appropriate unit cost in dollars per

kilowatt. It has generally been assumed that the lost capacity
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and the energy loss resulting from backfitting will be replaced
by installing gas-turbine peaking units. In this connection,
two additional factors need to be recognized. First, the antic-
ipated demand of gas turbines may exceed the available production
capacity, resulting in an escalation of prices over present
estimates. Secondly, it is likely that many of the larger
utilities might consider building additional fogssil-fuel or nuclear:
power plants to replace their cummulative capacity losses occa-
sioned by backfitting. 1In this case, the increased revenue from
operation at noncritical periods would also have to be taken into
account. Thus, it is possible that the capital as well as oé-
erating costs of the replacement capacity will vary over a wide
range. Table 6, taken from Ref. 7 (Vol. I, p. II-33), shows the
cost estimates for various types of replacement methods in 1980
dollars. In the present study, the unit costs associated with
the replacement capacity are treated as basic variables since they
' can exert a significant infl&ence on the economics of backfitting,
and it is suggested that their inclusion in the final economic
" analysis be based on the particular circumstances of the affected
utility. Since the amount of capacity loss, in megawatts, can
be calculated by the procedure described earlier, it is a simple
matter to study the influence of varying the unit costs of re-
placement capacity. As previously mentioned, if capacity losses
are to be made up using increases of the base load additions
for the system then the economic procedure outlined in this report
does not strictly apply because of the necessity of including the
increased revenue that would accrue at off-peak conditions.
Therefore, for this situation, it is advised that the cost of the
new cooling system be calculated including these increased
revenues and the differential costs be evaluated in a more

appropriate way.

The TOTAL DIFFERENTIAL CAPITAL COST can therefore be written in the

following form:
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Table 6. CAPITAL COST OF REPLACEMENT CAPACITY AND FUEL (1980 estimates)
[Ref. 7, Vol. I, p. II-33]

TYPE OF UNIT CAPITAL COST OF UNIT COST OF FUEL
REPLACEMENT POWER REPLACEMENT POWER 6
: $ per kW : $ per 10  Btu
A* B*
Coal 376 0.73 1.04
0il 292 1.56 1.91
Nuclear 457 0.30 0.30
Gas or Combustion

Turbines 154 ©2.90 2.06

*The two sets of values correspond to different assumptions concerning
the price of o0il (depending on the market conditions) and the price
of coal (reflecting possible effect on environmental regulations).
These may therefore be regarded as the upper and lower limits.

= + 1 .
cC CCS + CCDT CCR' in $ (15)

The DIFFERENTIAL OPERATING COSTS, OC in dollars per year, to be

assessed against backfitting, consist 6f the following:

(a) The operating and maintenance costs of the replacement capacity,
OCR. As explained earlier, it is assumed that a peaking unit
needs to be installed such that its peak power is equal to the
maximum capacity loss (CL), and the energy supplied by it is
equal to the energy loss (EL), sustained by the basic unit as a
result of backfitting. (Again the definitions of capacity loss
and energy loss are relevant only for the assumptions of constant
power demand for nameplate capacity and the implied consequence
of full-throttle loading). More generally, installed replacement
capacity would be required to have its peak power equal to the

maximum (10 hour exceedance, say) value of .
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(b)

= - P + P
CL PD cs

and supply energy equal to

= - +
E_ Z(PD P+ P_)At

Both of these expressions are zero (i.e., P = PD + PCS) if PD +
Pcs is*smaller than the possible full-throttle output, P. Since
PD = P and P = the maximum possible gross turbine output at full
throttle or at the back pressure limitation, equations (12) and

(13) are used.

It is important to note. that the capacity and energy losses can

be made up in other manners, besides supplying a peak unit, as
mentioned earlier. In the case of increasing the base load
additions to the system, the operating and maintenance cost of the
"increased system capacity" will be included in the operation

and maintenance cost of the new system and must be considered.

Such evaluations are not attempted in the present study.

While the annual operation and maintenance of such a peaking plaﬁt
will depend upon a number of complex factors, it is certain that
the cost of energy produced by it will be substantially greater
than that produced by the basic, base-loaded unit. It is usually
assumed that these costs can be taken into account by assigning

a single unit cost of replacement energy produced. For the case
of gas-turbine peaking units, a value of 10 mills per kilowatt-
hour appears to be a reasonable figure. In the present study,
however, this unit cost is again left as a variable parameter
since it has a significant influence on the final economic
assessment of backfitting.

The cost of excess fuel consumption, OC It has already been

.
mentioned that the rate of fuel consumption with a closed-cycle
cooling system will be different from that with the open-cycle

system. The annual cost associated with the difference is
easily found by multiplying the excess fuel consumption, FE (in
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kW-hr thermal or Btu) by the unit cost of fuel (in $ per kW-hr
or $ per Btu). Table 6, taken from Ref. 7 (Vol. I, p. I1I-33),
includes the unit costs expected to prevail in 1980 for various
types of fuel. These cost estimates are included here simply
as a qguide. Better estimates can, of course, be obtained from

the affected utility for any particular unit.

(c) The differential cost of operation and maintenance of the new
closed~cycle cooling system over the existing open-cycle cooling
system, OCS. This will obviously depend on the type of closed-
cycle system that is considered. Taking the specific example of
mechanical-draft wet cooling towers, the operating costs will
include the cost of make-up water (evaporation, drift and blow-
down), the cost of blowdown treatment, and the maintenance of the
tower structures and related equipment such as fans, pumps and
controls. The differential operating and maintenance costs will
then be these costs minus those associated with the present
system. It will be clear, however, that the cost of the power
consumed by the fans and pumps need not be considered since that
has already been taken into account in the evaluation of the
costs of capacity and energy replacement. The assessment of the
operating and maintenance costs of the different closed-cycle
cooling systems will be considered in greater detail in later

sections.

From the foregoing, the TOTAL DIFFERENTIAL OPERATING COST to be

assessed against backfitting can be written as follows:
oC = OCR + OCEF + OCS, $ per year (16)

Once the differential capital cost CC (in dollars) and the differential
operating cost OC (in dollars per year) have been determined for a

specific power plant or unit, the problem reduces to that of assessing
the total differential cost, in mills per kilowatt-hour, to be charged

against the NET energy delivered. The manner in which the capital and
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operating costs are combined to obtain the total cost depends pri-
marily upon the general economic situation of the utility and the age
of the affected unit. Adopting the levelized annual cost method of
accounting, the total differential cost, in dollars per year, ¢an be

written
TC = OC + CC X FCR, $ per year (17)

where FCR is the "fixed charge rate" which reflects the annual cost of
raising the required capital and includes such factors as interest on
debt, required return on the stockholders' equity, depreciation of the
equipment, and salvage value (useful life of the plant or unit), prop-
erty taxes, property and income tax rates, etc. Although these factors
vary from utility to utility, the value of the fixed charge rate to be
used in the backfit analysis is determined mainly by the remaining
life of the plant or unit to be backfitted. The rates recommended

and utilized in the EPA Development Documenf [Ref. 2, p. 597] and in
the Sargent and Lundy study [Ref. 7, Vol. I, p. II-32] are compared

in Figure 7. The two separable projections made in Ref. 7 reflect the
influence of making different assumptions concerning the rates of
return on the capital investiment. For the purposes of the present
work, it is recognized from equation (17) that the precise value that
is chosen for the fixed charge rate will greatly influence the total
cost assessed against backfitting, and consequently it is retained as
a basic variable that needs to be ascertained with some care by a
detailed examination of the financial structure of the utility con-

cerned.

The total cost, in dollars per year, obtained from equation (17) can
now be prorated over the rated net energy output of the affected unit
or over the actual net energy output of the affected unit. The rated

net energy output for one year is simply

ER = 876OZ[PD X £(T_, By, P)] (18)

Likewise, the actual net energy generated by the affected unit for one
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FIXED CHARGED RATE, FCR

0.40 : : ' l ' ]
o3sfF \ ——0—— REF. 2
— - — REF. 7
—~—-0-—— REF. 7
030}
0.25 |
0.20}
0.15 |-
0.0 |-
0.05 |
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REMAINING LIFE, (years)

Figure 7. Variation of the fixed charge rate with remaining
life of plant or unit [2,7]
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year is given by
EA = 87GOZ[PD x £(T, To, B - B

= 8760y [(P-P_) X £(T_, Ty, P-B )] (19)

where the frequency, £, depends upon both meteorological conditions
and power, accounting for fluctuations in output (or demand, as the
case may be) as well as scheduled or unscheduled outages for repairs

and maintenance.

There is some question as to what basis to use in prorating the total
cost: actual or rated net energy output. The answer depends upon

the purpose for which prorated costs are calculated. For purposes of
comparing total costs of a cooling system for different nameplate
capacity power plants, the rated net energy basis would prove more
useful, allowing cost comparisons which do not penalize twice for
energy losses. For purposes of estimating costs of power %o consumers,
the actual net energy output basis wouid be‘more useful, allowing

a more realistic expression of real costs.

It will be recalled from the introduction to this section that in order
to maintain a certain amount of generality the analysis has been
restricted to the idealized situation in which the power plant or unit
delivers maximum power possible throughout the year, for which PD = Pp*
and 2: f(wa, Tdb’ P*) equals unity. The rated net energy output for
one year then becomes ER = 8760 P* and the actual net energy output
for one year, EA = 8760 P* - EL' The prorations are arbitrarily made
in terms of the rated net energy output in the various examples which
follow. Conversion to the basis of actual net energy output can be

easily accomplished using the above two equations. The UNIT EXCESS
COST OF ENERGY PRODUCTION resulting from backfitting, tc, is then
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- OC + CC X FCR
8760 2:[PD X f(wa, T

5T (for any loading pattern)
an’ "p

(20)
or

to = OC + CC x FCR . )
8760 D* (for idealized full-throttle

loading pattern)

The various relations proposed in this section on economic analysis
are summarized in Appendix I. A discussion of the treatment of var-
iable loading conditions follows in part D of this section, and a

numerical example is presented in Section V.J.

D. TREATMENT OF A VARIABLE LOADING PATTERN

Although it has been assumed in the present study that the power plant
or unit operates at full throttle throughout the year and satisfies

a constant demand for nameplate capacity, a discussion of variable
loading patterns is included for completeness. It should also be
mentioned that the computer programs used in the analysis of the
closed-cycle cooling systems are written in general terms and can
accept any variation in power demand and meteorological conditions;
i.e., input data for the programs include the relative frequency of
occurrence of various meteorological conditions and corresponding
power demands. It is, therefore, quite straightforward to analyze

variable loading patterns by the programs given in the present study.

For the case of a variable loading pattern, the rated net energy
generated in a year is given by equation (18), and the unit excess
cost of energy production resulting from backfitting may be calculated
by the first of equations (20). For use in that equation, the differ-
ential operating cost, OC, is calculated in the computer program with
the proper accounting for the variable operating schedule. However,
if the graphical results are used, it must be remembered that the
value of OC will correspond to the idealized full-~throttle case and

will be over-estimated for the variable loading application.
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Another term commonly employed in the power industry called capacity
factor, CF, should now be mentioned. Use of the capacity factor
offers a simplified empirical method to account for fluctuations in
power demand as well as scheduled or unscheduled power outages.
However, in the present study, it is not necessary to apply CF in the
computation of annual energy output because of the use of the general

expression in equations (18), (19), and (20).

The major factors that influence the economics of backfitting a power
plant with a closed-cycle cooling system have been identified in this
section. It should be emphasized that the general method of approach
described here is common to all types of closed-cycle systems. 1In
order to evaluate the total cost of backfitting any particular type
and size of cooling system to a plant or unit with given characteris-
tics, however, it is obvious that it is necessary to perform the
detailed calculations described in parts A and B in conjunction with a
knowledge of the thermodynamic characteristics of the cooling system.
These computations form the subject matter of the next four sections.
In each case, the application of the general methodology is illustrated

v

by a hypothetical example.

An important aspect of the work described here is the development of
major computer programs which are flexible enough to allow the analysis
of the economics of backfitting given any set of site and utility
dependent inputs. It goes without saying that the proper identifica-
tion of these inputs is a significant part of the problem and the re-
sults are no better or worse than the inputs themselves. Although
results have been obtained using the best available information, and
presented in graphical form wherever possible, it is important to note
that for any particular situation it is preferable to use the computer
programs. The example results nevertheless give a quick estimate of

the cost of backfitting.
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SECTION V
MECHANICAL-DRAFT WET COOLING TOWERS

It is well known that the amount of cooling performed by a wet (or
evaporative) cooling tower depends primarily upon the ambient wet-bulb
temperature, the temperature of the hot water entering the tower, and
the size and thermodynamic characteristics of the "wet pile" inside
the tower. Although the basic theory of evaporative cooling has been
presented in considerable detail in the literature, the actual perfor-
mance of towers designed and built by various manufacturers will differ
due to the differences in the internal ¢onstruction of the wet piles
and in the air and water loadings recommended. Much of the empirical
information on the heat transfer properties of particular designs and
the criteria uéed to determine the air and water loadings, which are
required to coﬁplete the theoretical models, are, however, regarded as
proprietary by the manufacturers for onious reasons. In what follows,
an attempt has been made to develop a methodology that is capable of
accepting any set of design parameters so that the performance of
towers of different designs can be analyzed. Detailed example results
are then presented for a particular set of input parameters which were
obtained through the cooperation of a leading manufacturer of cross-
flow cooling towers. These results therefore apply to CROSSFLOW,
MECHANICAL-DRAFT WET TOWERS. It is hoped, however, that the different
designs of such equipment are not so radically different so as to

limit the applicability of the results to the product of a single

manufacturer.
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For the purposes of backfitting a power plant or unit with crossflow
mechanical-draft cooling towers, it is first necessary to ask the
question: how large a tower is being built? Although the answer to
this is not simple, it is obvious that owing to the peculiarities of
the backfit situation, the actual size will be different from that
which will be recommended for a new plant or unit of identical design.
Throughout this section, therefore, the physical size of the tower is
regarded as a primary variable so that the various quantities of inter-
est, such as the capital costs, maintenance costs, capacity and energy
losses, and excess fuel consumption, can be calculated for a range of
sizes. These quantities can then be used, in conjunction with the
economic considerations outlined in the previous section, to identify

the project costs.

A typical mechanical-draft, crossflow, evaporative cooling tower is
shown in Figures 8 and 9. ‘From Figure 8 it will be seen that the
overall tower sgructure consists of a number of distinct "cells", each
with its own fan. The physical size of a tower is specified if the
number of cells and the dimensions of the £ill in each cell are known.
Alternatively, the size can be specified by the height H, the width W
and the total length L of the f£ill, the length of each cell being I/N,
where N is the number of cells. The quantities H, W and L will be
used as the primary indicators of the size of the cooling tower. It
will be clear that H is the length of the water path and is also a
measure of the pumping height required. W is a measure of the length
of the air path and therefore will influence the size and the horse-
power of the fans required to maintain the desired air f£low rates.
Finally, L determines the number of fans, the length of the piping
required, the total water flow rate and therefore the total pumping
power needed to circulate the cooling water. wWhen the dimensions of
the £fill, the air and water flow rates, the empirical heat-exchange
characteristics of the fill, and the temperature of the hot water at
the tower inlet are specified, the basic theory of Merkel [9,10,11,12,

13,14,15] can be used to calculate the temperature of the cold water
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Figure 8. Overall view of typical mechanical-draft tower
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Figure 9. Mechanical-draft crossflow tower
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at the tower outlet, the temperature and humidity of the exit air,
and the rate of heat rejection from the water to the air. The manner
in which such calculations are used to determine the overall perform-
ance of a power plant or unit fitted with cooling towers will be
discussed in the subsequent sections. For the present, however, it
may be noted that the basic calculation scheme is described in detail
by Croley, Patel and Cheng [15], and that reference will be made to

that work from time to time.

A. CAPITAL COST OF TOWERS (C_,) AND AUXILIARY EQUIPMENT

From the preliminary considerations outlined above it would appear that
the capital cost of a mechanical-draft cooling tower will be deter-
mined primarily by its size since the fill dimensions H, W and L fix
not only the cost of the tower structure itself but also the cost of
site acquisition and preparatidn, water basin, and auxiliary equipment
such as fans, motors, pumps, controls and pipes. While this is so,
manufacturers of such cooling towers recommend sizing and pricing
procedures which bear no direct relation to the physical size of the
tower. Instead, the cost of the tower is linked to the "design"
meteorological conditions (here, the design wet-bulb temperature) and
parameters describing the overall performance of the tower at these

" design conditions, notably the RANGE and APPROACH. The rating-factor
tower-unit method [16] and the K-factor method [17] are examples of
such procedures. In the former method, which is the most well pub-
licized, the manufacturers present charts, such as those shown in
Figure 10, from which a rating factor can be found for any given range,
approach and wet-bulb temperature. The rating factor may be inter-
preted as the relative degree of difficulty of heat rejection. The
product of the rating factor and the water flow rate (GPM, gallons

per minute) then gives the "required tower units," i.e.,
TU = RF X GPM (21)

The capital cost of the tower, Ccs' can be found simply by multiplying
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the tower units by a unit cost c, in $/TU, i.e.,

Ccs =TU X c, (22)
From an analysis of previous experience, Dickey and Cates [16] have
found that the installed cost per tower unit is of the order of §$7.50
with a scatter of * 12 percent for 1976 erection. This figure includes
the structure, fans and motors, concrete basin with sump, the construc-
tion costs, and the necessary electrical components and controls. It
is assumed that this cost also includes the cost of hook-up and testing
The scatter of 12 percent in the unit cost was observed for the best

85 percent of data obtained from 22 generating units and represents

the influence of site-~dependent conditions. It will be noticed that
this procedure for the estimation of the capital cost of cooling '
towers is very simple, and since the unit cost is based on past exper-
ience of the industry, it yields realistic results. The rating factor
charts can also be used to predict the performance at specific off-
design conditions but their use is restricted to the particular class
of towers for which they were constructed. This procedure gives no
indication of the physical size of the tower structure nor ‘does it
indicate the performance of towers which are radically different in

internal design.

In oxder to proceed further and. establish a capability for handling
towers of different designs it is necessary to return to a more basic
approach in which the Merkel theory is used to predict the amount of
cooling delivered by a tower fill of given type and dimensions. Such
a procedure is described in detail in Ref. 15 and will not, therefore,
be repeated here. There it is shown that when the dimensions (L, W, H)
and the heat transfer coefficients of the fill are specified it is .
possible to calculate the cold-water temperature, and therefore the
heat rejection rate, range and approach, for any given set of values
of the hot-water temperature, air- and water-flow rates and ambient

wet-bulb temperature. When the calculations are performed for the
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design wet-bulb temperature over a range of values of the design heat
rejection rates and tower dimensions, and use is made of the rating-
factor tower-unit method, it is possible to express the tower units
as a function of the tower dimensions as shown in Figure 11. These
results were obtained using a known set of heat transfer
coefficients, air- and water-loadings on the pile, pile resistance
and fan characteristics. A fixed one-side fill width, W = 18 ft

(5.49 m), had to be used since the available pile resistance and fan
performance data werg restricted to that particular value. It

should be emphasized that Figure 11 results from a large number of
calculations performed using a range of values of heat rejection

rate, £ill height and f£fill width, and a number of values of the design
wet-bulb temperature. For each set of conditions (@, L, H, wa ). the
thermodynamic model of the evaporative pile, described in detai? in
[15], was used to calculate the corresponding range and approach.
This, in turn, was used to find the corresponding rating factor from
the charts shown in Figure 10. The total water flow rate, computed
from the water loading and the plan area of the fill, was then used

in equation (21) to find the tower units corresponding to the specified.
set of input conditions. For each design wet-bulb temperature and pile
height, the number of tower units was found to be a linear function
of the pile length, irrespective of the heat rejection rate. A small
scatter was observed between the results obtained with different
design wet-bulb temperatures which is shown by the shaded area in
Figure ll. While the scatter is somewhat consistent, insofar as
smaller tower units correspond to lower design wet-bulb temperatures,
its origin lies mainly in the fact that a highly complex phenomenon
is being represented in a relatively simple form. In any case, the
scatter is small and well within the accuracy expected from the various
assumptions made in the thermodynamic model of evaporative cooling.
The most remarkable feature of Figure 1l is that the number of tower
units, and therefore the cost of the tower, is primarily a function of

of the dimensions of the fill, as was conjectured earlier.
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Thus, for the estimation of the capital cost of mechanical-draft cool-
ing towers, either Figure 10 or Figure 1l can be used, depend ing

upon the information that is known. The range and approach which were
calculated as an intermediate step in the development of Figure 11

are shown in Figure 12 for three different design wet-bulb temperatures.

The capital cost of pump and pipe system, Cpp, depends primarily upon
the total water flow rate (GPM), although some variations will result
due to different pumping heights, structure length, distance between
the power plant and the towers, and other site-related factors.
Figure 13 which is based on the estimates made in Ref. 16, shows the
dependence upon the water flow rate. If the water loading on the
£fill, in gpm or m3/min per unit plan area, is known, then of course
the total water flow rate can be related to the length and width of
the tower. Figure 13 also shows the cost of pump and pipe system
plotted against the tower length for a water loading of 12.5 gpm/ft2
(0.509 m3/min/m2) and a fill width of 18 ft (5.49 m) per side.

When cooling towers are designed for a new power plant, the design is
usually optimized in conjunction with the condenser design. The new
condenser area Q:required for compatibility with cooling towers is
shown in Figure 14 as a function of the tower size and the reference
heat rejection rate (for a heat transfer coefficient, Uc = 630 Btu/hr/

ft2/°F). The capital cost Cc of new condensers can then be found from
C =A ¢ (23)

where c_ is a unit cost. 1In an example, Dickey and Cates [16] use an
installed value of $4.00/ft2 ($43.00/m2) for cc for 1976 construction,
and that figure is utilized in the present study even though it
appears low compared to other sources. The information presented in
Figure 14 can be used if new condensers are considered in the retro-
fit situation. In that case, the differential cost to be charged

againsgt the project will be the difference between Cc and any salvage
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’ value Cé of the existing equipment. If the 6ld condensers are to be
retained, however, the tower sizes which can be employed in any partic-
ular application will be constrained by the temperature rise and water

flow rate that can be tolerated by the old condensers.

The additional land area required for backfitting with a mechanical-
draft cooling tower depends upon the plan area of the tower and upon
considerations of interference with adjacent towers and neighboring
structures, plume recirculation, and fan noise. The problem of recir-
culation is primarily dependent upon meteorological conditions and
tower length [2, p. 630]. Minimizing recirculation, therefore, depends
more upon tower orientation with respect to wind direction and tower
design than upon the land area. One exception is the case when a long
tower is split into multiple smaller units. In that case sufficient
land should be available for adequate spacing of the towers to avoid

interference.

The EPA Development Document [2, p. 628] suggests that from 100 to 200
ft (30.5 to 61 m) of clearance is required around a single mechanical-
draft cooling tower to avoid interference. If two or more towers are
needed, tower separation should range from 400 to 600 ft (122-183 m).

Based on this criterion, the required land area, A for a single

LI
mechanical-draft wet éooling tower of length, L, and breadth, B, may

be expressed as

2
‘ A = BL + 2D(B+L) + 4D (24)
J
where D is the width of the clear area around the tower. Other land
requirement critera are given in Ref. 2 (p. 631) based upon power
plant size. In a Federal Power Commission survey, a land requirement
of 1000 to 1200 sg. ft (93 to 112 sq. m) per megawatt, including area

for spacing, is mentioned.

Additional land area determined from the standpoint of acceptable noise

levels may be necessary, particularly in populated regions. A detailed
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study of this criterion may be found in Ref. 7 (Vol. I, Appendix G).

In the hypothetical test case presented in part H of this Section,
additional land area is computed on the basis of a noise level limit of
60 dBA; the specific land area thus required is 0.1 acre/MW (0.04
hectare/MW). It is readily seen that léhd area requirement based on
this noise level is approximately four times larger than that based on
equation (24) with D = 200 £t (61 m) and that problems of interference
and recirculation can be handled adequately. The estimates based on
noise apply only to situations where the availability of land is not a
major problem. In many backfit cases, however, limitations of avail-

able space may dictate the use of noise suppression devices.

Since criteria for the determination of additional land area needed for
backfitting differ so much, the specific land area requirement, in
acres/MW or hectares/MW, is left as a variable parameter in the

present study.

The total differential capital cost of the closed-cycle cooling system,

CCS, can now be expressed in the form

=C=-C'+C__~C' + -C'+Aa, +
CCS Cc Cc PP Cpp ccs Co AL L CHT (25)
whexe CCg = differential capital cost of cooling towers
Cc = capital cost of new condensers (see equation (23) and
Figure 14)

Cé = salvage value of old condensers (Cc - Cé = 0 if old

condensers are retained)

Cpp = capital cost of pumps and piping (see Figure 13)

Cép = salvage value of pumps and piping used in open-cycle
cooling

Ccs = capital cost of towers, including tower structure, fans,

motors, controls, basin; installed cost (see Figure 10
or Figure 11)
Cé = salvage worth of old system components, excluding

condensers, pumps and piping
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b
[}

L land area required for towers [see equation (24) or Ref. 7
(Vol. I, Appendix G)]

]
]

3 unit land cost

(9]
It

wp = cost of hook-up and testing of towers

All cost figures used in this study are based on 1974 values unless
otherwise specifically stated. If estimates of inflation, labor costs,
construction costs, material costs, etc. can be made, standard methods

of proration may be used to prdject costs to a future date.

As explained in the previous section, the total capital cost to be
assessed against backfitting consists of the cost of the cooling system
considered above, the cost of downtime CCDT which has already been
discussed, and the capital cost of replacement capacity CCR‘ The
evaluation of the last quantity is considered in later sections.

~

B. REFERENCE LENGTH OF COOLING TOWERS, L*

A number of quantities which characterize the operation of an existing
power plant or unit using open-cycle cooling were defined in the
previous section. For a specific turbine (A, B, or C; Table 1), P*

is the rated or nameplate capacity which is obtained at the reference
back pressure p* where the excess turbine heat rate A is zero, and the
corresponding heat rejection rate is Q*. Here, it is useful to define
a reference size of the cooling towers. For any given pile height H
and pile width W, the reference length of tower L* can be defined as
the length required to remove Q* at some reference ambient wet-bulb
temperature while maintaining the back pressure at p' which can be
selected arbitrarily without loss of generality. For the example
calculations, L* is determined holding the pile width, W, constant at
18 ft (5.49 m) for reasons discussed earlier; the reference wet-bulb
temperature is set equal to 60°F (15.6°C), and p' is taken as 2 in. Hg

abs (5.08 cm Hg abs).

N *
It is clear that L* can be found for any given set of values of Q
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and H using the theory of Merkel in conjunction with ﬁhe known heat
transfer properties of the condenser and the evaporative pile, and

the air- and water-loadings recommended by tower manufacturers. A
computation construction which has proved useful in calculating the
reference length L* is as follows. In the thermodynamic model, the
turbine characteristics curves (as in Figure 2) are replaced with a
vertical line (corresponding to the heat rejection rate Q*)‘?s in
Figure 15. The operation of the cooling system (with condenser) then
corresponds strictly to rejection of Q* (regardless of what turbine it
is rejected from or what power level or throttle opening is being used).
Rejection of Q* from any specified cooling system occurs at a unique
set of values of hot-~water temperature and cold-water témperature

(and thus corresponding steam temperature and pressure) for a specified
design wet-bulb temperature. By repeating the calculations for a

given value of Q* and several different cooling system sizes, at a
specified wet-bulb temperature, the system size that corresponds to

the specified back pressure, p', for the given heat rejection rate,

Q*, can be determined. This cooling system éizéjis the reference
system size (L* for mechanical-draft crossflow wet cooling towers)

used to nondimensionalize succeeding example operation results. With
an air-loading of 1800 lb/hr/ftz—face area (8790 kg/hr/mz—face area),
water-loading of 12.5 gpm/ftz-plan area (0.509 m3/min/m2—plan area),
and typical (proprietary) information concerning the heat transfer
properties, the dependence of L* on Q* and H is shown in Figure 16. It
will be seen that the reference length is a nearly linear function of
Q* which decreases with increasing H for a constant Q*.‘ In what
follows, the reference length L* will be used to normalize the tower
size so that the example results can be used to assess the performance
of power plants or units with different nameplate capacities and heat
rejection rates. It is perhaps useful to emphasize that the foregoing
considerations apply regardless of the type of turbine that is employed
51nce the definition and evaluatlon of L is independent of the source
of Q . The definition of L thus depends on the values of wet-bulb

temperature and p' used in the definition. It makes no difference
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wgich reference temperature or back pressure is used in defining

L as long as all such references are consistent. As mentioned, the
reference length is defined for a 60°F (15.6°C) reference wet-bulb
temperature and p'=2 in. Hg abs (5.08 cm Hg abs). All calculations of
L* consistently use these same references. Thus, an L* from Figure 16
is suitable for "dimensionalizing" results obtained from succeeding

nondimensional plots.

C. OPERATION OF A TOWER OF GIVEN SIZE (L, H)

When the width of the pile W is fixed, the physical size of the
cooling tower is characterized by only two parameters, namely the
length L and the height H. 1In turn, the length determines the number
of fans required, while the plan area (2WL) and the face area (2HL)
determine the total water and air flow rates when the appropriate
water and air loads per unit area are prescribed. For the example
calculations presented herein, the air- and water-loadings mentioned
in the previous paragraph and proprietary heat transfer properties of
the pile are used. For different loadings the results can be expected
to change; however, these data are characteristic of currently manu-
factured cooling towers and are expected to be representative of

available units.

In this part, consideration is given to the operation of a cooling
tower of a given size (L and H) in conjunction with a turbine whose
performance characteristics are known. Thus, it is assumed that the
following quantities are prescribed:
1. Nameplate capacity, P* (kW), (see Sections IV.D and V.J for
variations in loading pattern)
2. Reference heat rejection rate, Q* (Btu/hr or kJ/hr),
3. Turbine heat fate correction curves, A vs. p (as in Figure 1),
4. Frequency of occurrence of dry- and wet-bulb temperatures
(as in Table 3),

5. The size of the cooling tower, L and H (ft or m).



Then, items 2 and 3 can be combined to obtain the heat rejection rate
characteristics of the turbine in the form shown in Figure 2 using

the procedure described in the previous section. The information in
item 4 can be used to find the various design temperatures and also

the extreme temperatures which are not exceeded or equalled more than
10 hours per year. The basic theory of Merkel can then be used to

find the turbine back pressure p which will occur at each set of values
of the dry- and wet-bulb temperatures. These calculations again
involve a certain amount of iteration since the rate of heat rejection
from the turbine must be balanced by the .cooling capacity of the
towers. It is also necessary to assume the performance characteristics
of the condensers so that the temperature of the hot water entering

the tower can be related to the steam condensing temperature correspond-
ing to the back pressure p. The detailed procedures adopted and the
computer programs developed to accomplish such calculations are de-
scribed in Ref. 15 (see Sections III.B, E, and F) and will not be
presented here. It should be noted, however, that these steps are
included in the major program listed and described later for the

analysis of the backfit situation.

For each set of dry- and wet-bulb temperatures, these calculations
identify a corresponding operation point on the turbine characteristics
curves shown in Figure 2. Consequently, it is possible to determine
all quantities of interest including the back pressure p, heat re-
jection rate Q, power output P, the rate of evaporation of water from
the tower, the hot-water temperature, the cold-water temperature, the
range and approach, and the powersrequired by the fans and pumps. When
such calculations are performed for all possible combinations of the
dry- and wet-bulb temperatures occurring at the site, it becomes
possible to evaluate the following (these definitionsnépply for the
assumed "full-throttle" power loading; for congideration of variations

in power loading related to meteorological conditions, see Section V.J):

(a) The maximum capacity loss, C_ is given by

L
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(b)

(c)

(@)

C, =P -Pp + P . kW (26)

where Pmin is the gross output from the turbine at the

extreme temperatures T
P ab’ Tub

equalled more than 10 hours per year, and Pcs is the power

which are not exceeded or
required to operate the pumps and fans.

If the time duration (in hours) of each set 6f meteorological

conditions (Tdb' wa) is At, then the annual loss of energy,

EL is given by

E _ *
L= Z(P -P+P_)At , kW-hr (27)

where the summation is carried out over all sets of Tdb' wa.
Note that At = f(Tdb’ wa) x 8760 hrs, where £ is the fre-

quency of joint occurrence of the temperatures T

ap’ T

wbh’
Similarly, the difference between the annual fuel consumption
using cooling towers and that with open-cycle cooling FE is

given by

i

* *
N FE =Z (cP +Q -cP - Q )At , kW-hr (28)

As explained in section IV, the contribution to this quantity
will be zero during periods of full-throttle operation,

Ts = 1, and negative when the turbine is throttled back,

Ts < 1.

The annual water loss due to evaporation from the towers is

given by
W, = E c,.(w - w.,)G At , m3/year (29)
L 1l o i

where LA and w, are, respectively, the absolute humidities

of the air entering and leaving the tower (in kg water/kg dry
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air), G is the total air flow rate through the tower

(in kg/hr) and cl is a numerical conversion factor

(= 0.001 m3 water/kg water). The theoretical development
of equation (29) and the method used to calculate LA and v,

are described in Ref. 15 (Section ITII.G).

D. PARAMETRIC STUDIES

Detailed calculations of the type described above can of course be
performed for a range of values of the tower length and height.
Figures 17 through 20 show the variations, with tower size, in the
maximum capacity loss CL' the annual enexrgy loss EL' the annual fuel
penalty FE, and the annual water loss*due to evapoiation WL' for the
particular case of turbine A (whose P = 411 MW, p = 1.00 in. Hg abs
= 2.54 cm Hg abs, and Q* = 2,545 X 109 Btu/hr = 2.686 x 109 kJ/hr for
fossil~fuel operation, see Table 1) with the meteorological condi-
tions at Los Angeles (Tables 4 and 5) for the assumed "full-throttle"
loading. Also shown in these figures are the results obtained for a
hypothetical turbine whose nameplate capacity and reference heat re-

* *
jection rate are twice those of turbine A (i.e., P = 822 MW, Q9 =

9 .
5.090 x 10" Btu/hr = 5.372 x 109 kJ/hr) but whose basic heat rate
characteristics are the same as those of turbine A (Figure 4). For
consideration of variations in power loading, see Section V.J. The

following important observations can be made from these results:

(a) The range of values of tower heights and lengths considered
here were dictated by the guidelines on practicable con-
figurations suggested by the manufacturers of conventional

equipment.

(b) From Figure 17 it will be seen that the maximum capacity
loss cL varies martedly with tower size and Q*. For a given
tower height and Q , CL decreases rapidly with increasing
length, reaches a minimum and then increases slowly. The
high values of CL at the smaller lengths arise primarily due

to the maximum back pressure limitation, requiring the
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(c)

(a)

(e)

(£)

turbine to operate at less than full-throttle to maintain

p = pmax during periods of severe meteorological conditions.
The increase in CL at larger values of tower length, on the
other hand, results primarily from the increase in the pump

and fan power required to operate the larger towers.

Figure 18 shows that the behavior of the annual energy loss,
Eﬁ is similar to that of the maximum capacity loss. The

reason for this is obvious from equations (26) and (27).

Figure 19 indicates that, for given P* and Q*, there is a
range of tower sizes over which the turbine operates at full
throttle at all sets of meteorological conditions so that
the annual fuel consumption is the same as that in open-
cycle operation. For smaller towers, however, the reduced
throttle operation during periods of severe temperatures
implies that the fuel consumption will be smaller than with

the open-cycle cooling system.

* *
Figure 20 shows that, for fixed P and Q , the annual water
evaporation increases with tower size. This is mainly due
to the larger water flow rates and smaller cooling ranges

associated with the larger towers.

Comparison between the results obtained with the two values
of the nameplate capacities, and corresponding reference heat
rejection rates indicates that the precise values of the
capacity and energy losses, excess fuel consumption, and
water loss due to evaporation are dependent upon the SIZE
AND TYPE of the power plant or unit that is considered, even
though the distribution of the meteorological conditions and
the turbine heat rate characteristics may be identical. 1In
other words, calculations of the type shown in Figures 17
through 20 need to be repeated for any specified values of
P* and Q*. These calculations can of course be accomplished

by means of the computer program which was developed and used
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to obtain the example results. Fortunately, however, it
turns out that the usefulness of these results can be greatly
enhanced if they are rendered "nondimensional" by employing
suitable "scaling parameters." Thus, if the tower length is
normalized with respect to the reference length L* (which,

as shown in Figure 16 is a fﬁnction of the pile height and
Q*), the capacity loss is normalized with respect to the
nameplate capacity, and the energy loss and excess fuel
consumption are normalized using the maximum energy (PE*)
that can be produced in a year, i.e. (8760 hr/year) -x P*(kW),
then the two sets of results shown in Figures 17 through 20
can be plotted as shown in Figures 21 through 24. The prob-
lem of the water evaporation is somewhat difficult since
there is no suitable reference value that can be used.
Various alternatives, such as evaporation per unit flow rate,
or evaporation per unit nameplate capacity, were attempted,
but it was found that best results were obtained by defining
a "specific rate of water evaporation" by WL/Q*, i.e. evap-
oration per unit reference heat rejection rate. This quanti-~
ty is of course not dimensionless. However, Figure 24 shows
a plot of WL/Q* vs. L/L* for the two sets of results given in
Figure 20. It wiil be seen from Figures 21 through 24 that
there is a remarkable coincidence between the results ob-
tained with the two different sets of values of P* and Q*.
The major implication of this is that for a given set of
turbine heat rate characteristics and meteorological data
there is no economy of scale in the detailed operation of a
particular type of turbine. A similar collapse of the re-
sults was also observed when the calculations were repeated
with the same value of P* (411 MW) but a different, higher
value of Q*’(3.010 X 109 Btu/hr = 3,176 X lO9 kJ/hr) corres-

ponding to a nuclear unit.

It will be recalled that the foregoing discussion applies to the re-
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sults obtained with the heat rate characteristics of turbine A
(Figure 4) and the meteorological data corresponding to Los Angeles.
It is obvious, however, that even the normalized quantities shown in
Figures 21 through 24 will change if either the heat rate character-
istics or the meteorological conditions are different. In order to
build up a representative library of the operating characteristics of
cooling towers, therefore, a parametric study was conducted using the
following:

* Heat rate characteristics of turbines A, B, C.
(Figures 4, 5, 6)

* Meteorological data at Chicago, Los Angeles,
Miami, and St. Louis.

As indicated in Section IV, these studies of full-throttle loadings,

are expected to represent a majority of the situations which will be

encountered in the considerations of backfitting in this country; for
discussion of variations in loading, see Section V.J. The final

results are presented in Figures 25 through 28.

E. OPERATING COSTS WITH COOLING TOWERS

As discussed in Section IV.C, in the consideration of the costs of
backfitting a power plant or unit with cooling towers, the maximum
capacity loss (Figure 25) contributes to the capital cost of the
project, while the energy loss, the excess fuel consumption, and the
loss of water due to evaporation all contribute to the operating costs
after backfitting. From Section IV.C, it will be recalled that the
total operating cost resulting directly from backfitting can be

written as

= 16
oc ocR + ocEF + ocs (16)

where OCR is the cost of replacing the energy loss EL' OCEF is the
cost resulting from the excess fuel consumption FE and OCS is the
differential operating cost of the cooling towers. The first two of
these can be found from Figures 26 and 27, respectively, when the

tower size, nameplate capacity, reference heat rejection rate, and
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unit costs of replacement energy and fuel are known. Before des-
cribing the general procedure for the detailed economic assessment of
backfitting, however, it is necessary to examine the operating costs

of the cooling towers, OCS, in some detail.

First of all, it will be noted that the power required to run the fans
and pumps has already been accounted for in the evaluation of the
energy loss (and also in the calculation of the capacity loss). The
tower operating costs can therefore be further due only to the addi-
tional quantities:

The cost of makeup water (evaporation + blowdown;
drift is neglected),

° The cost of blowdown treatment,

Maintenance of the towers and associated equipment. ;
The water loss due to evaporation wL can be found directly from
Figure 28. The makeup water required, Wm, is then the s&m of the'

evaporation WL and the blowdown Wb:

W= WL + W (30)

The amount of blowdown will depend upon the concentration k (in ppm)
of undesirable constituents in the makeup water and the maximum concen-

tration km permitted in the cooling tower. Then.

Wm k= Wb k.m (31)

From equations (30) and (31), the blowdown and makeup are given by

1
W = ——W (32)
*
Pty B A
*.
and W= —X .y (33)
T %
m K -1 L
*
where k = km/k

102



Now, the annual cost of makeup water can be found simply by multiply-
ing wm by the unit cost of water cW ($ per 1000 gal. or $ per m3).

The cost of water varies widely from region to region in this country.
In the backfit situation, however, it is likely that the water body
used in the open-cycle operation can be relied upon as a readily
available source. 1In any case, cw is left as a basic variable, like
all other costs, so that its influence on the overall economics can be
evaluated at will. The cost of treating the blowdown prior to dis-
charge into the enviromment can be found in a similar manner by

multiplying Wb by a unit treatment cost cb ($ per 1000 gal. or $ per
3 ,
m).

The maintenance cost of mechanical-draft cooling towers includes the
annual overhaul labor and parts, and associated overhead. Both the
fans and pumps are, howevpr; low maintenance items and tower manu-
facturers usually suggest a unit cost, in dollars per year per tower
cell, to account for all tower related maintenance costs. The main-
tenance cosﬁ can be found by using a unit cost of the order of $200
per cell per year [Ref. 2, p. 568]. In the overall economics of
backfitting, the tower maintenance cost is rather inéignificant com-.
pared with the other pena1£ies, and therefore small variations in this

unit cost are unlikely to affect the total cost picture.

The differential operating and maintenance cost of cooling towers can

now be written as

k 1 . .
oC =<—*—) W c =M +(—;—-——) WL cb - B' + Cm - Cm
S Xk 1 L w K

- -1
* W
=Q*'E—f-‘;’—:f—13 2 _ M -B' +C -C. (34)
k -1 0 .
where OC. = differential operation and maintenance cost of cooling

S
towers, $/year,
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Q = reference heat rejection rate,

k = ratio of maximum permissible concentration of undesirable
constituents in the circulating water to the concentration

in the makeup water,

wL = annual water evaporation, m3/y§ar

cy = unit cost of supply water, $/m ,

cy = unit cost of blowdown treatment, $/m3,

M' = makeup water cost with open-cycle system, $/year,

é' = blowdown treatment cost with open-cycle system, $/year,

Cm = annual maintenance cost of cooling towers, $/year,

CA = annual maintenance cost of open-cycle system, $/year.

F. PROCEDURE FOR THE ECONOMIC EVALUATION OF BACKFITTING

The various items which must be considered in the evaluation of the
cost of backfitting an existing power plant or unit with mechanical-
draft. wet cooling towers have been described individually in, the pre-
ceding paragraph. The manner in which these items are to be combined
in order to calculate the total cost of backfitting will be considered
next, followed by a general description of the computer program that
has been developed for this purpose. Subsequently, in part H of this
section, a hypothetical test case is considered in order to illustrate
the general methodology presented below. In Section V.J, a variation
in the loading pattern gfrom "full-throttle") with meteorological

conditions will be considered.

As indicated earlier, it is necessary to have available a certain
amount of information concerning (a) the characteristics of the power
plant and site, (b) the size of cooling towers which are to be used,
and (c) the various unit costs and economic parameters which apply
to the particular plant or utility situation, before a detailed
economic analysis can be undertaken. In particular, the methodology

suggested here requires that the following quantities be known a priori:

(a) Power plant and site data:
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1. Nameplate capacity, P* (kW) ;

2. Reference heat rejection rate, Q* (kd/hr); this can be found
from the reference turbine heat rate, T;R, or from the refer-
ence plant heat rate, P;R, and plant efficiencies nI, np (see
Section IV.A);

3. Turbine heat rate correction curves A[p,TS], as in Figure 1;

4. Remaining useful life of the plant or unit (years) ;

5. Characteristics of the existing condensers if they are to be
retained (limitations of temperature rise and water flow
rate), or their salvage value Cé if new condensers are to be
fitted;

6. Salvage value Cﬁp of pumps and piping associated with the
open-cycle systam, and the salvage value Cé of system com-
ponents other than pumps, piping and condensers;

7. Annual makeup water cost, M', blowdown cost, B', and mainten-
ance cost Cé associated with open-cycle cooling;

8. Meteorological data for the site (as in Table 2). These can

be used to determine the design temperatures, T ' , the
wb dbd

~ ~ d
wa, Tdb’ and the
as explained in Section

extreme l0-hour exceedance temperatures,

frequencies of occurrence of T

wb’ T

db
IV.B.
(b) Cooling Towers:
1. The SIZE of cooling towers, EITHER explicitly in terms of the
length L and the height H of the evaporative pile,* OR impli-
citly in terms of the design range, approach and water flow

rate corresponding to a specified design wet-bulb temperature;

*It will be recalled that I and H are sufficient to describe the
physical size of the towers since the width of the pile (W) has been
fixed, and since all detailed calculations are based upon a represent-
ative set of empirical data concerning the heat transfer properties,
and air- and water-loadings in the pile.
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(c)

2. Unit cost of towers, ct(s/TU);
3. Unit maintenance cost,cm($/tower cell or $/fan, per year);
*

4. Concentration ratio, k , and unit cost of blowdown treatment,

oy ($/m);

5. Capital cost, C__,and downtime, DT, required for hook-up and

HT
testing of towers.

Economic parameters:
1. FPixed charge rate, FCR (see Section IV.C and Figure 7);
2. Unit capital cost of replacement capacity, cy ($/kW) ;

3. Unit cost of replacement energy, ei ($/kW-hr) during outage

due to hook-up and testing;

4. Unit cost of replacement energy, e, ($/kW-hr) after backfit-

2
ting, and
5. Unit cost of fuel, fc(S/kW~hr of consumed fuel), water, cw

($/m>) and lang, a, ($/m°).

Once this information has been gathered, the calculation of the total

differential cost of backfitting can be carried out either by using

the computer program or by referring to the results presented graphic-

ally in the preceding sections. Since the latter have been obtained

for a representative number of turbine types and meteorological con-

ditions, and presented in a normalized format, they can be used to

analyze a wide variety of power plants or units. The general procedure

to be followed is described below:

(a)

Preliminary considerations: The heat rate correction curves of
the affected turbine should be examined to determine which one of
the three model turbines {A, B or C) will best represent the
affected unit. Similarly, the site meteorological data should

be studied to establish which one of the four model sites (Chicago,
Los Angeles, Miami or St. Louis) will best describe the affected

site.
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(b)

(c)

Cooling tower data: The procedure for the economic evaluation of
backfitting becomes particularly simple when the physical size of
the tower is prescribed in the form of the pile length L and the
pile height H, the pile width W being fixed at the standard value
of 18 ft (5.49 m), since the various quantities of interest can
then be determined directly from the example results. As remarked
upon earlier, however, cooling tower manufacturers do not usually
specify the physical size of the towers. 1Instead, the size is
implied by specifying the range and approach occurring with a
specified water flow rate at a design wet-bulb temperature. In
order to make use of the example results it is then necessary to
determine the corresponding physical dimensions of the towers of
the type used in the example calculations. This can be accom-
plished either by requesting the relevant information from the
manufacturers or by inferring the physical dimensions from

FPigure 12 (which assumes a fixed width, water loading, air load-
ing, and thermal performance characteristics). 1In the latter case,
the length, height and the total water flow rate can be determined
when the range, approach, reference heat rejection rate and design

wet-bulb are given.

Capital costs and performance data: The example results can now
be used to find capital cost of the cooling towers and associated
equipment, and also the capacity loss, energy loss, excess fuel

consumption and water evaporation as follows:

Given L and H, read Figure 11 to find the number of tower
units, TU. Alternatively, given the range, approach, Q* and
wa, read Figure 12 to find L and H, and then read Figure 11
to find TU. (Note that, in this case, the rating factor

can be found from the manufacturer's charts, such as those
shown in Figure 10, and TU determined from equation (21)
using the specified water flow rate in gpm. Figure 12 should

nevertheless be used to find L and H since this information
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is required for the subsequent analysis.)

. Determine the capital cost of the towers, Ccs from equation
(22) using the appropriate unit cost ct.
. Given L, determine the total water flow rate from Figure 12.

Hence, read Figure 13 to find the pump and pipe system cost,

C
pp
. If new condensers are to be used, determine the required sur-

face area A from Figure 14 and the cost C, from equation

(23) using the appropriate unit cost cc.

. Determine additional land area requirement based on desired
criterion. If noise level is important, see Ref. 7 (Vol. I,
Appendix G). (Alternatively, use equation (24) or other

site-dependent criterion),.,

. Given Q and H, read Flgure 16 to determine the reference

length L of towers. Calculate the normalized length L/L .

*
. With L/L and H known, determine the normalized capacity loss
* *
(CL/P ) from Figure 25, the normalized energy loss (EL/PE ) .
from Figure 26, the normalized excess fuel consUmption
(F /PE ) from Figure 27 and the normalized water evaporatlon
W from F r . £ .
( /Q ) igure 28 Hence find GL' EL, FE and WL
(d) Final economic evaluation: The above information, along with the
quantities specified initially, can now be used in the equation
given in Appendix I to evaluate the total cost of backfitting the

power plant with a cooling tower of dimensions L and H.

The procedure outlined here is further demonstrated by taking a hypo-

thetical test case in Section V.H.

G. THE COMPUTER PROGRAM

The computer program which accepts any set of numerical values for the
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various parameters and performs the calculations outlined in the pre-
vious sections is listed in Appendix III. The thermodynamic models
used to simulate the performance of cooling towers are basically the
same as those developed by Croley, Patel and Cheng [15] for the wet
portion of dry-wet combination towers, but there are a number of impor-
tant differences in other respects. In particular, the economic coh-
siderations are formulated specifically for the analysis of backfitting
an existing power plant or unit with mechanical-draft wet cooling
towers and cannot be used, without modification, to study the design

of towers for new plant or units.

The computer program consists of the MAIN program and seven subroutines,
namely OPECOS, MODELW, NTUCAL, RATFAT, FAN, FOGSEN, and POWERS. The
MAIN program reads all inputs, calculates the overall capital and total
costs, and controls the printout of these quantities. The inputs,
along with the symbols and units used, are listed in Appendix II, and

a typical output is shown at the end of the program listing in Appendix

III. The primary functions of the various subroutines are as follows:

OPECOS: This subroutine evaluates the annual operating costs by
summing the various costs associated with each set of
meteorological conditions (see equations (27) through

(29).

MODELW: This subroutine determines the turbine operating point
(p,Q) on the heat rejection rate characteristics by
matching the heat rejected from the turbine with the
cooling capacity of the towers. These calculations are

performed for each set of meteorological conditions.

NTUCAL: This subroutine contains the basic thermodynamic model of
evaporative cooling. Given the ambient meteorological
conditions, the heat transfer coefficients for the pile,
the air- and water-loading used, the hot-water temper-
ature, the output is the cold-water temperature and con-

sequently the rate at which heat is rejected from the
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RATFAT:

FAN:

FOGSEN:

POWERS :

towers. This calculation is nested in an iterative cycle,
controlled by MODELW, in which the cooling tower perform-

ance is matched with the turbine performance.

Here the rating factor charts (Figure 10) are used to

find the rating factor corresponding to a given set of
range, approach and design wet-bulb temperature. This
subroutine is used only once, in the evaluation of the

capital cost via the tower-unit method.

Here, the specified fan characteristics are used to find
the fan horsepower corresponding to the given air flow
rate (determined by the air-loading and the face area of

the towers) and a prescribed pressure drop.

This subroutine can be used to calculate the "amount of
fogging® that may result at each set of meteorological
conditions. Three different fog-sensitivity parameters
are calculated. This particular feature of the program
has not been used in the present study but has been re-
tained in the listing for future reference. Further
details are given in the report of Croley, Patel and

Cheng [15].

This subroutine calculates the turbine throttle setting
TS corresponding to the operation point (p,Q) on the
turbine heat rejection rate characteristics. Equation
{(3) is then used in the MAIN program to calculate the
power P from the heat rejection rate Q and the

throttle setting TS.

From the program outline given above, it will be clear that the MAIN
program and the subroutines OPECOS, MODELW and POWERS do not contain

any information concerning the type of cooling system that is consid-

They relate primarily to the economic analysis and the operating

characteristics of the turbine. The fact that mechanical-draft cooling
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towers are being analyzed is reflected only in the thermodynamic model
used in subroutine NTUCAL and by the presence of subroutines RATFAT,
FAN and FOGSEN. (In fact, subroutines NTUCAL and FOGSEN refer only to
a particular crossflow evaporative pile and tower exhaust, respectively,
whether used in mechanical- or natural-draft towers. Thus, these two
subroutines are used essentially unchanged for natural-draft calcula-
tions also.) This particular arrangement was developed since it
greatly facilitates the adaptation of the program to study other closed-
cycle cooling systems considered later. 1In subsequent sections, there-
fore, only the changes in the basic program will be documented.

i

H. A HYPOTHETICAL TEST CASE
/
1. Consider a power plant with the following characteristics:

*

Nameplate capacity, P = 312.5 MW
*
Reference heat rejection rate, Q = 1,912 x loggBtu/hr
(2.017 x 10~ kJ/hr)
Turbine type = A
Remaining life of plant = 20 years
Existing condensers are to be retained
so that salvage value of old conden-
sers (Cé) and cost of new condensers
(cc) are both = O
Salvage value of pumps and pipes
associated with open-cycle system
(assumed to be 20% of new pumps
and pi ! = 0.20 C
nd pipes), Cpp op
Salvage value of other open-cycle
system components, Cé =0
Annual cost of makeup water
with open-cycle, M' = 0
Annual cost of blowdown treatment
with open-cycle, B' =0
Site meteorological data similar to = MIAMI o
Design dry-bulb temperature, T, = 89°F (31.7°C)
Design wet-bulb temperature, T . = 78°F (25.6°C)
d
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A

Extreme wet-bulb temperature, T = 83°F (28.3°C)

Frequency of occurrence of Tdb' wa = As in Table 3
2. Assume that this plant is to be backfitted with cooling towers

whose characteristics are:

Tpile length, L = 400 £t (121.9 m)
+Pile height, H = 45 £t (13.7 m)

A two-sided pile with
one-side pile width, W = 18 ft (5.49m)

Water loading, per unit plan 5
area of pile = 12.5 gpm/ft 2
(0.509 m3/min/m)

Air loading, per unit face. , \ 5
area of pile = 1800 lb/hr/ft
(8790 Kg/hr/m”)
.1.

Total water flow rate,
GPM (=12,5 x 2 x L XW) = 180,000 gpm

(681.3 m~/min)

Fan diameter = 28 £t (8.53 m)

Distance between fan centers, approx. = 32 £t (9.75 m)

Number of cells or fans,

N(= INTEGER [400/32]) = 12

Unit cost of towers, Cy = $7.50/TU

Unit maintenance cost, <, = $200/cell/year

Concentration ratio
(supply water: 100 ppm;

*
maximum permissible: 330 ppm), k = 3.3
Unit blowdown treatment cost, cy = $0.05/10003gal
($0.0132/m™)
Cost of hook-up and testing, CHT = Assumed to be included
in cost of towers
Downtime, DT = 720 hrs (30 days)

+ .
Alternatively, Range 21.4°F (11.9°C) | Then, read Figure 12 to

Approach = 11.4°F ( 6.3°C)) obtain L, H and water flow

T
wbd

78°F (25.6°C) | rate given above
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(a)

(b)

(c)

(a)

(e)

It is assumed that the following economic parameters apply to the

affected utility:

Fixed charge rate (20 years remaining

life), FCR (from Figure 7)

Unit cost of replacement capacity
(gas turbines), c,

Unit cost of replacement energy during

downtime (difference between pur-
chase price and usual production

costs), eé

Unit cost of replacement energy after

backfit (gas turbine; capital,

operation, maintenance, etc.), ez

Unit cost of fuel (fossil), fc

Unit cost of water, cw

Unit cost of land, ak

Use of example results:

Use Figure 1l to find the number of
tower units (alternatively, given
range, approach and design wet
bulb, use Figure 10 to obtain
the rating factor, multiply by
GPM to find TU), TU

Refer to Ref. 7 to find the specific
land area corresponding to a de-
sired noise level (60 4B, say)

Thus, land area required,

= 0.1 x 312.5
AL 0 1

*

Read Figure 16 to find L
*
Determine normalized length, L/L

Read Figure 25 (turbine A, Miami)
to f%nd normalized capacity loss,
CL/P

Thus, capacity loss
CL = 0.0212 x 312.5 x 1000

Read Figure 26 (turbine A, Miami)
to figd normalized energy loss,
EL/PE
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0.179

$90/kW

$0.007/kW-hr

$0.01/kW~hr
$0.000751/kW-hr~th

$0.10/1000,gal
(50.0264/m"™)

$3000/acre
($7412.9/hectare)

0.1770 x 106

0.1 acres/MW
31.25 acres
(12.65 hectares)

485 ft (147.8 m)
0.825

0.0212

6625 kW

0.0168



(£)

(9)

Thus, energy loss,
EL = 0.0168 x 312.5 x 1000 x 8760

Read Figure 27 (turbine A, Miami)
to find normalized excess fuel

consumption, N FE/PE

Thus, excess fuel,

Fp = 0 x 312.5 x 1000 x 8760/0.85

Read Figure 28 (turbine A, Miami)
to find normalized water
evaporation, WL/Q*

Thus, evaporation,

WL = 8.33 x 1.912 x 109/3.413 X 106

Also, blowdown, wb = WL B —
And, makeup,
W =W ———=W_ +W
m *
Ly -1
Cost determination:

Capital costs

Cooling towers,
C =70 xc, =0.1770 x 10° x 7.50
cs t

Pump and pipe system
(Figure 13 with known GPM), CPP

Pump and pipe system salvage,

C! =0.2¢C
Pp bp

New condensers, Cc
Salvage value of old condensers, Cé

Salvage value of other open-cycle
components, Cé

Hook-up and testing cost, CHT
Additional land;, A_a_ = 31.25 x 3000

L L
Replacement capacity,
CCR = Cqu = 6625 x 90
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6
46.00 x 10 kW-hr/year

0 kW--hr/year

8.33 acre-Ztéyr/MW—th
(L.03 x 10 m”/yr/MW-th)

4667 acre-ft/year
(5.757 x 10° m3/year)

2030 acre-fg/ygar
(2.504 x 10 m” /year

6697 ac;e—ft/year
(8.261 X 106 m3/year)

$1,327,500
$1,656,000

($ 331,200)
$ 0
(s o0 )

(s 0 )
included in tower cost
$ 93,750

$ 596,250



Downtime,

*
= x L
CCDT DT P x ez

= 720 x 312.5 x 1000
X 0.007

TOTAL CAPITAL COST, CC .

Operating costs/year

Excess fuel cost,
OCEF = FEfc
= 0 x 0.000751
Replacement energy cost,
Cr = By

= 46.00 x 10° x 0.01

Supply water cost, 5
Wec = 6697 x(3.259 x 107)
mw
3
X 0.1/10
Cost of blowdown treatment,

5
Wbcb

= 2030 x (3.259 x 107)

X 0.05/103
Maintenance of towers,
C =Ne =12 x 200

m m

Makeup water cost with open-cycle
system, M'

Blowdown treatment cost with
open-cycle system, B'

Maintenance cost of open-cycle
system, Cé

TOTAL ANNUAL OPERATING COST, OC

Total costs

$1,575,000

$4,917,300

$ 460,000

$ 218,255

$ 33,079

$ 2,400

($ O

(s O

(s O

$ 713,734

From equation (20), the total excess unit cost due to

backfittiﬁg, tc, is given by
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OC + CC x FCR )
8760 x P*

713,734 + (4,917,300 X 0.179)
8760 x 312.5 x 1000

tc =

tc = 0.5822 mills/kW-hr

The costs in the above equation are seen to be close to the results
given by the computer calculations included in Appendix III

(OC = $714,691/yr, CC = $4,916,361.; te = Q.5825 mills/kW-hr).

J. EXAMPLE OF A VARIABLE LOADING PATTERN

A general discussion of the treatment of a variable loading pattern is
presented in Section IV.D. A hypothetical example for the purpose of
illustrating differences with the idealized full-throttle loading
pattern is now given. The mechanical-draft wet cooling tower problem
of the preceding section was rerun, employing the computer model in
Appendix III, with a variable loading pattern, To summarize the
features of this pattern, the full-throttle was maintained for about
55% of the meteorological conditions (when possible) and a 0.7 throttle
opening was maintained for the rest of the meteorological conditions
(when possible). The actual loading pattern considered is given in
Table 7. It is not implied that the variable loading pattern is

practical or realistic, and it is considered merely for illustration.

The summary results of these calculations appear in Appendix 111,
following those corresponding to the example calculations for the
full-loading pattern. Several interesting differences in the results
are worthy of comment here and are summarized in Table 8. The values

presented in the table are from the computer calculations.
The excess fuel consumption is nearly zerc for the full-throttle case

while definitely nonzero for the reduced loading pattern. This differ-

ence is due to the change in the open-cycle fuel consumption with the
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LTT

Dry Bulb Temp, Tgy, °F (°C)

Table 7.

COOLING TOWER EXAMPLE

fraction of full loading

VARIABLE LOADING PATTERN FOR MECHANICAL-D?AFT WET

Wet Bulb Temp, T, °F (°C) (frequency of occurrence)
':: ;'\ ~~ —— —— —— o~
~ < S 9 - ~ R *
oL o i o . o in o o9 o« o~
™ 1 < — n o O ~ ~ N o N o m o ™
| — i — = 1] ) 1) 11 —~ 1
o~ o . o o o o © o~ o~ I o
N e - & < r O - ~ o o .
0 ) ) o n - O O«
2 = A ) ol a a e
20-30
([-6.71-[-1.1]y | ©©
30-40 0.7
([-1.1]-4.4) (0.0003)
40-50 0.7 0.7
(4.4-10.0) (0.0027) | (0.0084)
50~-60 0.7 0.7
(10.0-15.6) (0.0200) (0.0283)
60-70 0.7 0.7 0.7
(15.6-21.1) (0.0033) (0.0570) {0.0838)
70-80 0.7 0.7 1.0
(21.1-26.7) (0.0146) (0.1945) (0.2667)
80-90 0.7 0.7 1.0 1.0
(26.7-32.2) (0.0002) (0.0333) (0.2632) (0.0092)
90~100 0.7 1.0 1.0
(32.2-37.8) (0.0001) (0.0064) (0.0078)
-11
100 0 0.0

(37.8-43.3)




Table 8.

COMPARISON OF SELECTED RESULTS FROM THE MECHANICAL-DRAFT

WET COOLING TOWER EXAMPLES FOR DIFFERENT LOADING PATTERNS

Full-throttle loading

variable loading (Table 7)

excess fuel
consumption

6.829 MW

energy loss

46086 MW-hr

27388 MW-hr

water
evaporation

4668 acre-ft /yr
(5.758 x 106 m3/yr)

4230 acre-ft /yr
(5.218 x 106 m3/yr)

blowdown

2030 acre-ft /yr
(2.504 x 10® m3/yr)

1839 acre-ft /yr
(2.268 x 10© m3/yr)

total capital
cost

$ 4,916,361

$ 4,443,861

total differential
annual
operating cost

$ 714,691 /yr

$ 549,083 /yr

total
differential
unit cost

0.5825 mills/kW-hr

0.5671 mills/kW-hr

reduced loading, resulting in an increase in the excess fuel consump-

tion.

The energy loss, water evaporation, blowdown, and total differ-

ential annual operating costs are all greater for the full-throttle

operation than for the reduced loading, as expected.

More power is

produced under full loading, which is expected to generally increase

all of these absolute quantities (as compared to the relative gquantity

of excess fuel consumption).

The decrease in the total capital cost

for the variable loading pattern reflects the difference in the energy

loss during downtime because of operation at a lower power level. It

is interesting to note that in this comparative example, the variable

loading pattern exhibits a 23% decrease in differential operating
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costs and a 9.6% decrease in capital costs consequent with lower tur-
bine output. However, the decrease in the total differential unit

cost is only 2.6% because it is prorated with respect to a larger

annual energy output.

Even though it is not used in the present study, the capacity factor
may be computed from the variable loading pattern given in Table 7.
The capacity factor, CF, which is the ratio of the annual design
power output (power demand) to the maximum possible annual power
production, is computed as the sum of the products of the fraction

of full loading multiplied by the corresponding frequency of occurence
over all meteorological conditions. For the variable loading pattern

under consideration, CF = 0.834.
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SECTION V1

NATURAL~-DRAFT WET COOLING TOWERS

As is true for the mechanical-draft wet cooling tower, already dis-
cussed in Section V, the amount of cooling obtained with an evapora-
tive, natural-draft cooling tower depends primarily upon the ambient
wet-bulb temperature, the temperature of hot water entering the tower,
and the size and thermodynamic characteristics of the "wet pile" inside
the tower. Furthermore, since the air flow is generated by the differ-
ence in air densities inside and outside the tower shell, and not by a
fan, the air-flow rate and hence, the tower performance is also depend-
ent on the ambient dry-bulb temperature of the air. As is true for
mechanical-draft towers, much of the empirical information on the
design and heat transfer properties of natural-draft towers is re-
garded as proprietary by the manufacturers for obvious reasons. An
attempt is made in the present study to develop a methodology that is
capable of accepting any set of design parameters so that the perform-
ance of towers of different designs cénvbe analyzed. Detailed example
results are then presented for a particular set of input parameters
which were obtained through the cooperation of a leading manufacturer
of crossflow cooling towers. These example results therefore apply

to CROSSFLOW, NATURAL~DRAFT WET TOWERS. It is believed, however, that
equipment designs are not so radically different that the applicabil-
ity of the example cost information is limited to the product of a

single manufacturer.

A significant number of comments which are applicable to cooling

towers or to closed-cycle cooling systems in general have already
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been listed in Section V. Therefore, this and the two succeeding
sections will follow the format of Section V closely with reference
to relevant comments made therein. As is true for the other closed-
cycle cooling systems, the physical size of Ehe natural-draft tower
will be different in a backfit situation than for a new plant due to
the economic peculiarities of the backfit situation. Throughout this
section (as with other closed-cycle cooling systems), the physical size
of the tower is regarded as a primary variable so that the various
quantities of interest (as outlined in Section V) can be calculated
for a range of sizes. These quantities are then to be used in con-
junction with the economic considerations outlined in Section‘IV, to

identify the project costs.

A tygical natural-draft, crossflow, evaporative cooling tower is

shown in Figure 29 where it is seen that the overall tower structure
consists of an annular evaporative pile about the bottom circumference
of a tower shell. For structural reasons, the shape of the tower shell
is prescribed by the equation of a hyperboloid. Thus, the physical
size of a tower is specified by the width, W, and height, H, of the
evaporative pile; by the shell height, S; the height of the "throat"
section of the shell, T, and by the diameters of the shell at the

; and throat, D,. These six parameters can be used as

1 2
primary indicators of the physical size of the cooling tower. However,

bottom, D

so many variables make example calculations intractible. Therefore, a
"standard shell shape" is assumed (Figure 29) which is used by one
major cooling tower manufacturer and is believed to be representative
of most shell shapes employed in the United States. The ratios of
the shell dimensions portrayed in Figure 29 (rl = T/8, r, = D2/Dl and

r, = S/Dl) as actually used in tower construction are proprietary

izformation. However, if these ratios are known, the physical size
of a tower can be specified by three variables W, H, and S together
with the equation of the hyperboloid. These quantities are used as
the primary variables in the example calculations which follow. It

will be clear that H is the length of the water path and is a measure
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Figure 29. Hyperbolic natural-draft crossflow,
wet cooling tower
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of the pumping height required. Also, W is a measure of the length
of the air path and therefore will influence the air-flow resistance.
Furthermore, the shell height, S, determines the overall shell di-
mensions and will influence air flow both by determining reference air
density at the top and by its "pipe flow" resistance. It is important
to remember that the air flow rate is a complex functian of shell

geometry and the thermodynamic properties of the evaporative pile.

For a given air-flow rate, water-flow rate, dimensions of the fill,
empirical heat-exchange coefficients of the f£ill, and hot-water temp-
erature, the basic theory of Merkel [9,10,11,12,13,14,15] can be used
to calculate the temperature of the cold water, the temperature and
humidity of the exit air, and the heat rejection rate from the cooling
water through the pile. 1In fact, these calculations exactly parallel
those for the evaporative pile of the mechanical-draft crossflow tower
as already described by Croley, Patel and Cheng [15] for a given air-
flow rate. Of course, the dimensions and heat exchange coefficients
of the pile are different, but the calculations are the same. However,
an additional complication arises due to the wide fluctuation in the
air-flow rate with air temperatures, water temperatures, and heat
rejection rate for a given tower design. In actuality, the air-flow
rate determines the heat rejection rate, cold-water temperature, and
pile and shell flow resistance. 1In turn, air-flow rate is determined
by the inside air temperature and humidity, outside air temperature
and humidity, and pile and shell friction losses. Therefore, the
joint determination of air-flow rate and heat rejection rate are nec-
essary to determine 6peration characteristics of a given tower design
at specified values of the air dry- and wet-bulb temperatures and
hot~water temperature. This joint determination is described shortly.
First, several basic models are described which are necessary for the
joint determination. Then, the basic calculation of heat rejection
rate, cold-water temperature, and air-flow rate for a given tower

design and specified meteorological conditions are described.
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A. OPERATION MODELS FOR NATURAL-DRAFT, CROSSFLOW, WET COOLING TOWERS

The operation of the natural-draft cooling tower depends heavily, as
already mentioned, on the air-flow rate, which in turn depends upon
ambient dry- and wet-bulb air temperatures, the hot-water temperature
and the heat rejection rate for a given tower design. As the air
passes through the tower, it experiences frictional head losses in
flowing through the pile and through the shell. Plots of the pressure
drop of the air flow through the pile as a function of the air-flow
rate loading are made by manufacturers; see e.g., Figure 30. Such
proprietary information establishes the flow resistance through the
‘pile. The hyperbolic shell can be considered approximately as a large
circular cylinder of the same height with some mean diameter. This
diameter is calculated as that which yields the same cylindrical
volume as contained in the hyperbolic shell. Such expressions have
been used elsewhere [18] for simplification of geometries. Air flow
through this equivalent cylindrical shell can be approximated as in-
compressible pipe flow. Therefore, the Darcy-Weisbach friction factor
can be found from standard hydraulic charts as a function of the
Reynolds number and the relative roughness of the pipe (assumed to be
zero, representing a smooth pipe since the diameters are large).
Both of these frictional head losses can then be combined to give an
overall head loss coefficient, K as follows:

K= (L + lp) Z%— (35)

v

in which K = overall head loss coefficient, % = frictional head loss
in the shell (ft of air), 2p = frictional head loss in the evaporative
pile (ft of air) and V = average velccity of air in the tower cylinder

(ft/sec).
The model for calculation of the air-flow rate for given values of the

ambient dry- and wet-bulb temperatures, the hot-water temperature, the

tower resistance coefficient, K, and a given design can be described
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Figure 30. Pile characteristics curve and
air flow rate calculations
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as follows:

1. Calculate the air pressure at the top and bottom of the shell
as a function of air temperature, assuming a "standard
atmosphere" [19];

2. Calculate the humidity and density of the incoming
ambient air;

3. Assume that the exit air temperature is equal to the
ambient dry-bulb temperature as a first approximation;
assume eir—flow rate is zero as a first approximation;

4. Calculate the exit air density at the exit air temperature
assuming saturation;

5. Calculate the air-flow rate through the tower using the
Bernoulli equation for incompressible flow with no energy
inputs [20] and K;

6. If the air-flow rate of step 5 is sufficiently close to the
previous value, stop, otherwise proceed;

7. Calculate the cold-water temperature and heat rejection
rate from the pile using this air-flow rate and standard
thermodynamic models [15];

8. Assume that the exit air temperature is equal to the average
of -the hot- and cold-water temperatures [21,22]; and

9. Go to step 4. '

Although the use of the Bernoulli equation in step 5 and the assumption
of step 8 are simplifications, they were made in the interest of
brevity and have been used elsewhere in design applications [20,21,22].

More complete thermodynamic balances are presently under research.

The procedure just identified above ig referred to as subroutine
AIRFLR in the computer model listings in Appendix IV. The use of this
model can be made for any value of K for a given set of meteorological
conditions, hot-water temperature and a given tower design. However,
the values of K for different tower designs are not readily available

information. Thus, a second model for determination of the tower
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resistance parameter, K, for given values of dry- and wet-bulb temper-

atures and hot-water temperature can be described as follows:

1. Specify dry- and wet-bulb temperatures and hot-water
temperature;

2. Arbitrarily pick a "K" value;

3. Solve for air-flow rate using subroutine AIRFLR:

4. Calculate corresponding pile losses, % , using K, % and
the air-flow rate (see equation 35); ?

5. Plot zp on pile characteristics chart as in Figure 30 and

6. Repeat steps 3 through 5 for selected values of "K" until
a point is found (in Figure 30) corresponding to the flow

characteristics of the pile (point A).

In general, it is found from this procedure that points corresponding
to these calculations have associated K values which are small for
high air-flow rates and large for low air-flow rates. Thus, the lines
cross the pile characteristics curve somewhere, and the associated K
value indicates the equivalent tower resistance parameter for this
pile and shell. This calculation can be repeated for other values of
hot-water temperature and air dry- and wet-bulb temperatures; see
Figure 30. However, in the preliminary studies conducted under this
research, it has been observed that the selected value of K does

not change greatly. Thus, the pile characteristics curve in Figure 30
represents a nearly constant K value, as is expected. Furthermore, K
values of the order of 20 to 30 are observed. The resulting air-

flow rate, pressure drop, and tower cooling rate fluctuate very narrow-
ly for variations of the K values in this range. Thus, it is deemed
sufficient to perform the calculations (in the procedure just pre-
sented) for a few air and water temperatures, selected to cover the
range of the pile characteristics curve in Figure 30, and then take
the average selected K value as the best estimate of the overall tower
resistance parameter for use at any conditions. This entire procedure
is represented as subroutine BESTK in the computer model listings in

Appendix IV.
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In the operation models for this tower configuration, the subroutine
BESTK is used to initially find the best "K" value for use in all
subsequent calculations, for a given tower désign. Then for any
specific set of meteorologic conditions and hot-water temperature,
subroutine AIRFLR is used to jointly determine the resulting air-flow
rate, cold-water temperature and heat rejection rate, using the best
"K" value. Other thermodynamic models and calculations are similar to
those already described [15]. The economics models are also presented

in Sections IV and V.

B. CAPITAL COST OF TOWERS AND AUXILIARY EQUIPMENT

As with the case of mechanical-draft crossflow cooling towers, the
capital cost of a natural-draft crossflow cooling tower will be deter-
mined primarily as a function of its size as represented by the para-
meters H, W, and S. BAgain, however, manufacturers of such cooling
towers recommend sizing and pricing procedures which bear no direct
relation to the physical size of the tower. Instead, the cost of a
tower is linked to the "design" meteorological conditions (here the
relative humidity is determined from the design values of dry- and
wet-bulb temperature) and parameters describing the overall performance
of the tower at these design conditions, notably the RANGE and APPROACH
As mentioned earlier the rating-factor tower-unit method [16] and the
K-factor method [17] are examples of such procedures for the mechan-
ical-draft tower. Also contained in Ref. 16 is a similar procedure
for natural-draft crossflow towers. The manufacturer presents charts,
such as those in Figure 31, from which a unit cost (presumably in ‘
1970 dollars per thousand Btu/hr) can be found for any given range,
approach and relative humidity. The total capital cost can then be
determined by multipiying the unit cost times the heat rejection rate
of the turbine (in thousand of Btu/hr). From an analysis of previous
experience, Dickey and Cates [16] have found that the scatter associ-
ated with use of the curves may be #9%. Recent correspondence with the

manufacturer places this scatter at about *15%.
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As discussed by the manufacturer [16], these curves were intended
only for preliminary budget estimates. Economic factors related to
each geographical location must be considered, including escalations
for lead time, allowance for wind loading requirements, and special
site preparations. The curves are suggested for relative evaluations,

but also serve as initial estimates when updated appropriately.

In order to proceed further and establish a capability for handfing
towers of different designs, it is necessary to return to a more basic
approach in which the Merkel theory is used to predict the amount of
cooling delivered by a tower fill of given type and dimensions. Such
a procedure is similar to that described in detail in Ref. 15 and will
not be repeated. There it is shown that when the dimensions (W, H,
and length, L = ﬂ(Dl + W)) and heat transfer coefficients of the f£ill
are specified, it is possible to calculate the cold-water temperature,
and therefore the heat rejection rate, range, and approach, for any
given set of values of the hot-water temperature,\air— and water-flow
rates and ambient wet-bulb temperature. When the calculations are
performed, using the models for air-flow rate described in the pre-
ceding section, for the design dry- and wet-bulb temperatures over a
range of values of the design heat réjeétion rates and tower dimensions,
and use is made of the unit cost procedures already described, it is
possible to calculate capital costs as a function of the tower dimen-

sions as shown in Figure 32.

These results were obtained using a known (proprietary) set of heat
transfer coefficients, air- and water-loadings on the pile, and pile
resistance. A fixed fill width, W= 21 ft = 6.40 m, had to be used
since the available pile resistance data were restricted to that par-
ticular value. It should be emphasized that Figure 32 results from a
large number of calculations performed using a range of values of heat
rejection rate, fill height and fill length, and a number of values of

the design dry- and wet-bulb temperatures.

130



SHELL HEIGHT, S (m)

175

150

125

100

75

50

25

i 1
400 500

SHELL HEIGHT, S (ft)

1
300

1
100

1
200

120}

1.0+

100}

9.0+

8o

~ © <

(501 X §) LS00 VLIdVD H¥IMOL

] H
Q o Q o
[7e]

3.0

2.0

O

0.0

Capital cost estimates for the natural-
draft crossflow, wet cooling tower

Figure 32.

131



For each set of conditions (Q, L, H, Tdb p wa ) » the thermodynamic
model of the evaporative pile, describeddin degail in Ref. 15, was
used to calculate the corresponding range and approach. These values,
in turn, were used to find the corresponding unit costs from the charts
shown in Figure 31. The total heat rejection rate was then used to
’find the cost correspending to the specified set of input conditions.
For each set of design dry- and wet-bulb temperatures and pile height,
the cost was found to be a function of the pile length (and hence the
shell height using the shape of Figure 29), irrespective of the heat
rejection rate. A small scatter was observed between the results ob-
tained with different design dry- and wet-bulb temperatures, and this
is shown by the shaded area in Figure 32. While the scatter is some-
what consistent, insofar as smaller costs correspond to lower design
temperatures, its origin lies mainly in the fact that a highly complex
phenomenon is being represented in a relatively simple form. 1In any
case, the scatter is small and well within the accuracy expected from
the various assumptions made in the thermodynamic model of evaporative
cooling. The most remarkable feature of Figure 32 is that the cost

of the tower is primarily a function of the dimensions of the fill,
and hence the shell height, as was conjectured earlier. Thus, for the
estimation of the capital cost of natural-draft cooling towers, either
Figure 31 or Figure 32 can be used, depending upon the information that

is known.

Estimates of the capital cost of the pump and piping system are made as
a function of the water-flow rate, and Figure 13 is also used for that
calculation. Comments on the condenser design are similar to the
mechanical-draft discussion, and equation (23) also applies for natural-

draft towers.

The additional land area required for backfitting with a natural-
draft evaporative cooling tower depends mainly upon the plan area of
the tower and possibly upon the consideration of an acceptable noise

level and other site-dependent conditions. Unlike the criteria for
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mechanical-draft towers, however, there are no problems of interference

and plume recirculation due to the height of the natural-draft towers.

The EPA Development Document [2, p. 631] suggests the allowance of a
clear area 100 ft (30.5 m) wide around the natural-draft tower. The
required land area, AL, for a natural-draft wet cooling tower of bottom

diameter D1 is therefore

= T 2
AL =12 (Dl + 2D) (36)

where D, the width of the clear area around the tower, may be 100 ft
(30.5 m) according to the above criterion or some other value. Othex
land requirement standards for natural-draft towers given in Ref. 2

(p. 631) include the specification of 350 to 400 sg. ft (32 to 37 sq. m)

per megawatt.

As for the mechanical-draft towers, land requirements for natural-
draft towers based on acceptable noise levels have also been studied

in Ref. 7 (Vol. I, Appendix G). In the hypeothetical test case pre-
sented in part H of this Section, the land area requirement is computed
on the basis of a noise level limit of 60 dBA; the width of the clear
area around the tower is thus found to be D = 200 ft (61 m). The
additional land area requirement for this example may easily be

found from equation (36).

‘ *
C. REFERENCE SIZE OF COOLING TOWERS, S

A number of quantities which characterize the operation of an existing
power plant or unit using open-cycle cooling was defined in Section IV
and part B of Section V. As in Section V.B, it is convenient to
define a reference size of the natural-draft cooling towers for the
purpose of nondimensionalization. For any given pile height, H,
and p11e width, W, the reference size of a tower, S*, can be defined
as the shell height required to reject Q while maintaining the back
*

pressure at p and delivering P at some reference ambient dry- and

wet-bulb temperatures. The reference dry- and wet-bulb temperatures
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and p' can be selected arbitrarily without loss of generality. 1In the
example calculations, the pile width, W, is held constant at 21 ft
(6.40 m), p'=1l in. Hg abs (2.54 cm Hg abs) and the reference dry-~ and
wet-bulb temperatures are set equal to 78°F and 68°F (25.6°C, 20.0°C)
respectively. It should be noted that these reference conditions are
not necessarily the same as those adopted in defining the reference
sizes of the other closed-cycle cooling systems; see e.g., Section V.B.
The reference size of each cooling system (L*, S*, A*, or N*) is used
only for nondimensionalizing the cooling system size, and, therefore,
as long as the reference size is known (Figures 16, 33, 54, and 63),
the proper economic assessment of the prototype cooling system can be
made. The reason for employing different sets of referencé meteorolog-
ical conditions is related to the peculiarities of each cooling system.
For example, practical experience with the operating characteristics of
natural-draft cooling towers suggests the use of more extreme reference

meteorological conditions.

It is clear that S* can be found for any given set of values of Q*

and H using the theory of Merkel in conjunction with the known heat
transfer properties of the condenser and the evaporative pile, and

the water-loadings recommended by the tower manufacturers. The com-
putation construction outlined in Section V.B was also used with the
natural-draft models to calculate the reference shell height, S*. '
With a water loading of 18 gpm/ft2~plan area (0.733 m3/min/m2—plan
area), and appropriate information concerning the heat transfer proper-
ties of the fill, the dependence of S* on Q*'and H is shown in Figure
33. It will be seen that the referance shell height is a nonlinear
function of Q* and decreases with increasing H for a constant Q*.

As in mechanical-draft towers, an attempt was made to use the refer-
ence shell height, S*, to normalize the tower size so that the example
results could be employed to assess the performance of power plants
or units with different nameplate capacities and heat rejection

rates. It is again important to emphasize that the foregoing consid-

erations apply regardless of the type of turbine that is employed
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*
since the definition and evaluation of S is independent of the

*
source of Q .

D. OPERATION OF A TOWER OF GIVEN SIZE (S,H)

When the width of the pile, W, is fixed, the physical size of the
cooling tower is characterized by only two parameters, namely the shell
height, S, and the pile height, H. 1In turn, all other dimensions

may be determined from these two, using the simplifications presented
at the beginning of this section. For the example calculations
illustrating natural-draft towers, representative values recommended
by leading manufacturers will be used for the various quantities.
Following the procedure outlined in Section V.C and described in Ref.
15 (see Sections III.B, E, and F), the detailed operation of a turbine-
condenser cooling system may be found for any and all meteorological
conditions. As with the mechanical-draft cooling tower, these models
were used with the natural-draft cooling tower to evaluate maximum
capacity loss, C_, annual energy loss, EL' annual fuel "penalty", FE'

L

and annual evaporative water loss, WL’ as described in Section V.C.

E. PARAMETRIC STUDIES

Detailed calculations of the type mentioned above were performed for

a range of values of the tower shell height and pile height. The
results were nondimensionalized by again employing suitable scaling
parameters. The tower shell height, S, was normalized with respect to
the reference shell height, S*; the capacity loss was normalized with
respect to the nameplate cap;city; the energy loss and excess fuel
consumption were normalized using the maximum energy that can be
produced in a year, PE*, and the water evaporation was normalized with
respect to the reference heat rejection rate, Q*. Figures 34 through
37 show the variations of the normalized maximum capacity loss, the
normalized annual energy loss, the normalized annual fuel penalty, and

the normalized annual evaporative water loss with normalized tower

size for the particular case of turbine A (i.e., P* = 411 MW,
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p* = 1.00 in. Hg abs = 2.54 cm Hg abs, and Q* = 2,545 x 109 Btu/hr =
2.686 X 109 kJ/hr for fossil-fuel operation, see Table 1) for the
meteorological conditions at Los Angeles (Tables 4 and 5). Also shown
in these figures are the same results for a hypothetical turbine whose
nameplate capacity and reference heat rejection rate are twice those
of turbine A (i.e., P = 822 MW, O =5.090 x 10° Btu/hr = 5.372x 10°
kJ/hr) but whose basic heat rate characteristics are the same as those
of turbine A (Figure 4). The observations presented in Section V.D

as comments (a) through (e) can also be made for Figures 34 through 37
regarding natural-draft evaporative cooling towers. Furthermore, the

following two comments are also in order.

{(a) The annual energy loss, EL, increases at a slightly higher rate
than the maximum capacity loss, CL' as compared to the mechanical-
draft results (Figures 21 and 22). This difference is mainly due
to the wide fluctuation of the air-flow rate in the natural-draft
tower as compared to the constant air-flow rate of the mechanical-
draft tower. At extreme meteorological conditions, energy losses

.might be realized with the large natural-draft towers which may

not occur with the large mechanical-draft towers.

{(b) The nondimensionalizing process did not result in a complete
collapse of all results into single curves (for both the 411 MW
and 822 MW outputs) as they did for the mechanical-draft calcula-
tions. Furthermore, the problem cannot be resolved by redéfining
the reference size, S*, used in nondimensionalizing the shell
height, S. All that can be accomplished with a redefinition of
the reference size is to stretch and/or move the sets of curves in
the horizontal sense only. There would still be similar differ-
ences between the two sets of curves in the vertical direction.
The major implication of this difference is that for natural-

draft cooling towers, there is an "economy of scale" operating.

It is clear that the costs of capacity loss, energy loss, excess
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fuel consumption, and water loss are directly related to these
quantities, and, therefore, the vertical axes of Figures 34
through 37 may be interpreted as costs. It is seen from the
figures that the unit costs decrease as the turbine size increases
Since the unit costs are dependent upon the reference heat reject-
ion rate, one would not observe a collapse in the results for
calculations repeated with the same value of P* but different Q*
reflecting type of unit (fossil or nuclear) as with the mechanical-
draft towersv(see Section V.D). Thus, the operating characteris-
tic curves for natural-draft crossflow evaporative towers are

dependent upon the turbine efficiency at reference conditions

%* * *
(P ,Q,p).

In view of the discrepancies encountered in the calculations for nat-
ural-draft towers, as compared to mechanical-draft towers,. the follow-
ing two departures from procedures established with the mechanical-
draft example presentations are made. The first procedural deviation
is that all operating characteristics plots are based upon a dimen-
sional tower size. There is no advantage to be gained in nondimen-
sionalizing tower size as just discussed. The second deviation is

that all calculations are repeated for a second base turbine efficiency,
N = 28% (in addition to the assumed 36%). The example results can then
be used by applying two corrections, described in detail in Sections
VI.F and VI.H. Briefly, the corrections involve making coarse adjust-
ments by means of interpolation or extrapolation to graphical presenta-
tions of capacity loss, energy loss, fuel penalty, and water loss, with
regard to observed deviations due to differences in nameplate capacity
and turbine efficiency. Because of the shape 6f these curves, a log~-

arithmic-linear interpolation/extrapolation procedure is employed.
In order to build up a representative library of the operating char-

acteristics of natural-draft cooling towers, a parametric study was

conducted using the following information:
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Heat rate characteristics of turbines A, B, C

(Figures 4, 5, 6);

. Meteorological data at Chicago, Los Angeles, Miami, and
St. Louis;

. Base turbine e‘fficiences,nT = 36% and 28%;

. Power levels of 822 MW and 411 MW for turbine A at Los Angeles

As indicated in Sections IV and V, and above, these conditions are
expected to represent a majority of the situations which will be en-
countered in the consideration of backfitting across this country.

The final results are presented in Figures 38 through 53.

Comments on the operating costé associated with the natural-draft
cooling towers are the same as in Section V.E with the exclusion of
items pertaining to the fans and fan requirements. Alsoc, the unit
maintenance costs for natural-draft towers are of the order of §$1,000
to $3,000 per tower per year. This figure was estimated by the
writers from considerations of mechanical-draft maintenance costs.
The actual figure will depend upon the particular tower design and
its size. Maintenance costs found in the literature [23] appear to
be too large and probably include other items such as pump operating

costs.

F. PROCEDURE FOR THE ECONOMIC EVALUATION OF BACKFITTING

The various items which must be considered in the evaluation of the
cost of backfitting an existing power plant or unit with natural-draft
wet cooling towers have been described individually in the preceding
sections. The manner in which these items are to be combined in order
to calculate the total cost of backfitting is presented in this part
followed by a brief description of the computer program that has been
developed for this purpose. A hypotheticaltest case is presented

in part H to illustrate the general méthodology and use of the graph-
ical results. Reference will be made to related portions of the

preceding Sections where indicated.
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NORMALIZED ENERGY LOSS, EL/PE*
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NORMALIZED CAPACITY LOSS, CL/P*
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NORMALIZED EXCESS FUEL CONSUMPTION x "Il  Fg X WI/PE*
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NORMALIZED ENERGY LOSS,E, /PE"
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NORMALIZED ENERGY LOSS,E, /PE"
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NORMALIZED ENERGY LOSS,E, /PE"
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The economic evaluation of backfitting with natural-draft evaporative
towers is very similar to the procedure already identified in Section
V.F for mechanical-draft towers. In particular, the quantities which
must be identified prior to the evaluation are the same as those listed
in that section, except for items b-1,2. Instead the following quant-

ities must be identified for natural-draft towers:

(b) Cooling Tower

1. The size of the cooling tower in terms of the shell height,

. *
S, and the height, H, of the evaporative pile ; .

2. The capital cost of the natural-draft tower, Ccs' from

Figure 32.

Once this information has been gathered, the calculation of the total
differential cost of backfitting can be carried out either by using
the computer program or by referring to the results presented graphic-
ally, if applicable. The general procedure to be followed is similar
to that already identified with mechanical-draft towers in Section V.F,
and it is further illustrated with the example presented in Section

VI.H.

G. THE COMPUTER PROGRAM

The computer program which accepts any set of numerical values for the
various parameters and performs the calculations outlined in the pre-
vious sections is listed in Appendix IV. The thermodynamic models used
to simulate the performance of cooling towers are basically the same
as those developed by Croley, Patel and Cheng [15] for the wet portion

of dry-wet combination towers, but there are a number of important

*

It will be recalled that S and H are sufficient to describe the physi-
cal size of the towers since the width of the pile (W) and the shape of
the hyperbolic shell have been fixed, and since all detailed calcula-~
tions are based upon a representative set of empirical data concerning
the heat transfer properties, and water-loading in the pile.
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differences in other respects. 1In particular, the economic consider-
ations are formulated specifically for the analysis of backfitting an
existing power plant or unit with natural-draft wet cooling towers and

cannot be used, without modification, to study the design of towers

for new plants or units.

The computer program consists of the MAIN program and eight subroutines,
namely OPECOS, MODELW, NTUCAL, AIRFLR, BESTK, CAPCO, FOGSEN, and
POWERS. The MAIN program reads all inputs, calculates the overall
capital and total costs, and controls the printout of these quantities
The inputs, along with the symbols and units used, are listed in
Appendix II. The primary functions of the various subroutines not

previously identified are as follows:

AIRFLR: This subroutine is described in Section VI.A. It
calculates, through iteration, the proper air flow rate
and evaporative cooling. This subroutine calculates the
buoyant air flow rise and outlet water temperature,
given ambient dry- and wet-bulb temperatures, height of
tower, tower friction factor, water temperature, and

flow rate.

BESTK: This subroutine is also described in Section VI.A. It
calculates, through iteration, the value of the tower
friction factor which is appropriate for air flow rate

calculations for a given tower specification.

CAPCO: Computation of the capital cost of the natural-draft
cooling tower is made in this subroutine. Capital
cost is determined as a function of the wet-bulb temp-
erature, relative humidity, cooling range, approach, and

heat rejection rate [16].

The overall program logic is similar to that already described for the

mechanical-draft economic calculations. Minor changes have been made
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in the other subroutines and the main program to accommodate the dif-
ferent cooling model. These changes are included in the program

listing in Appendix 1IV.

H. A HYPOTHETICAL TEST CASE

1. Consider a power plant with the characteristics identified in
Section V.H.l, which also implies that the extreme dry-bulb

~

temperature, T, = 97.0°F (36.1°C) for Miami.

2. Assume that this plant is to be backfitted with a natural-draft

cooling tower whose characteristics are:

Shell Height, S = 400 ft (121.9 m)
Base Diameter, Dl = 305 ft (93.1 m)
Pile Height, H = 49 ft (14.9 m)
Pile Width, W = 21 £t ( 6.4 m)
Water Loading, per unit plan = 18 gpm/ft2
area of pile (0.733 m3/min/m2)
Total water flow rate, = 387,132 gpm
GPM (= 18 x 1T(Dl + W)x W) (1465.3 m”/min)
Concentration ratio, k = 3.3
Unit blowdown treatment cost, cy = $0.05/1000 gal.
($0.0132/m3)
Cost of hook-up and testing, CHT = included in cost
of towers
Maintenance cost, Cm = $2,000/yr
Downtime, DT = 720 hrs (30 days)

3. Assume that the various economic parameters are as identified in

Section V.H.3.

4. Use of example results:
(a) Use Figure 32 to find the capital

cost of the natural-draft evapo-
rative cooling tower = $5,160,000
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(b)

(c)

(@)

(e)

(£)

(9)

Refer to Ref. 7 to find the clearance
width around tower corresponding
to a desired noise level (e.g. 604B)

Thus, land area required, A_ from
equation 36 is L

Calculate the base efficiency of
the turbine

* 6
cP ‘ 3.413x10 x 312.5

200 ft (61.0 m)

= 390,000 sqg ft

9 acres
(3.6 hectares)

N

cP +¢Q 3.413x10° x312.5%1.912 %

Read Figure 38 to find the normal-
ized maximum capacity loss (for
Los Angeles) for 411 MW, 36% effi-
ciency (A), and 822 MW, 363 (B). A
Read Figure 42 to find the norm- B
alized maximum capacity loss for C
411 Mw, 28% (C), and 822 MW, 28% (D) D

Interpolate (log) “economy of scale"
correction factor for 312.5 MW
unit for normalized maximum
capacity loss, i.e.

{n_—-0.36)
E = 1lnA + (0.28 = 0.36) (InC - 1nA)
{(n_-0.36)
F = 1nB+ <558 0.36 (0P nB)
ion factor = ———E _
correction ractor = 822 - 411

Read Figure 46{(c) and 50(c)
(Turbine A, Miami) to find the
Normalized maximum capacity loss,
c./P* for efficiencies cf 36% (G), G
a%d 28% (H), respectively H

Calculate the normalized maximum
capacity loss corresponding to
the given efficiency (I)

(n_-0.36)

= H - 1nG
InI = InG +<5755"6.36) (1n nG)
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0.36
0

= 0.020
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0.040
0.026
0.336

-3.29120

-3.2189

1.6865x 107>

0.021
0.032
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(h) Correct the normalized maximum
capacity loss for economy of scale:

exp[1nI + correction factor x (P* -411)] = 0.01779

Thus, the maximum capacity loss,
CL = 0.01779x312.5 % 1000 = 5560 kW

(i) Repeat steps (d) through (h) using
Figures 39, 43, 47 (c), and 51 (c)
respectively, to determine the
corrected value of the normalized.
energy loss, EL/PE*

A = 0.015
B = 0.011
C = 0.017
D = 0.029

(0.36 -~ 0.36)
-0.08

E=1n(0.015) + [1n(0.017 - 1n(0.015) ] = -4.1997

{0.36 - 0.36)
-0.08

F=1n(0.01l1) + [1n(0.029) - 1n(0.011) ] = -4.5099

correction factor

_ =4.5099 +4.1997

= -7.5463x10 2

822 - 411
G = 0.018
H = 0.022
1nI =1n(0.018) + (0'35’0' 8é36) [1n(0.022 ) - 1n(0.018)] =-4.0174

*
exp[ InI + correction factor x (P -411)] = 0.01939

Thus, the energy loss,
EL =0.01939 x 312.5 x 1000 x 8760

53.l><106 kW-hr/yr

(j) Repeat steps (d) through (h) using
Figures 40, 44, 48(c), and 52(c)
respectively, to determine the
corrected value of the normalized
excess fuel consumption, n_ F /PE*
(use absolute values for lgg—Einear

interpolations)
A =0
B =0
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C =0
D = -0.01
but interpolation does not really

apply since A, B, C, D, E, and
F <0; therefore set correction

factor =0
G = 0
H = 0

and using simple linear interpolation:

_ . (0.36 -0.36) -
I=0+ o =0

*
I + correction factor x (P -411) =0

Thus, the excess fuel consumption

FE =0Xx312.5x1000x%8760/0.85 = 0 kW-hr/yr

(k) Repeat steps (d) through (h) using
Figures 41, 45, 49(c), and 53 (¢)
respectively, to determine the
corrected value of the normalized
water evaporation, WL/Q*

A = 7.83

B = 7.79

c = 7.83

D = 7.04

E=1n(7.83) +{2:3828-38) (15(7.83) - 1n(7.83)] =2.0580

F=1n(7.79) +<2:3820:38) [15(7.04) - 1n(7.79)] =2.0528
2.0528 - 2.0580 -5

i = L = -1.2652 x 10

correction factor 825 — 211 1.2 _

c = 8.40

H = 8.35

1nI=1n(8.40 + {2:2820:38) [15,(g.35) - 1n(8.40)] =2.1282

exp[1nI + correction factor x (P* -411)] = 8.4102
Thus, the water evaporation,

W, =8.4102x 1.912x 10%/3.413 x 10°

4711 acre~-ft/yr
(5.811x10 m°/yr)
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Also, blowdown, Wb = WL —

and makeup, Wm = W

Cost Determination

Capital Costs

i r
Cooling tower, Ccs

Pump and pipe system (Figure 13
with total water flow rate

= 387,132 gpm (1465.3 m>/min), Cop

Pump and pipe system salvage,
c' =0.2¢C
pp pp

New condensers, Cc

Salvage value of o0ld condensers, Cé

Salvage value of other open-cycle
components, Cé
Hook-up and testing cost, CHT

Additional land, ALal = 9 x 3000

Replacement capacity,

CCR = CLCQ = 5560 x 90

Downtime,

- = xp* x g!
CCDT DT e

= 720 x312.5x 1000 x 0.007

TOTAL CAPITAL COST, CC

Operating Costs/year

Excess fuel cost,

OCEF = FEfc = 0 x 0.000751
Replacement energy cost,6

OCR = ELe2 = 53.1 X 10" x 0.01
Supply water cost,

Wmcw = 6759 x (3.259 X 105) X 0-1/103

190

2048 acre-ft/y
(2.526 x 10 m /yr)

6759 acre—fg/yg)

(8.337 x 10 m /yr)

$5,160,000

$2,950,000

($590,000)

included in tower cost

$ 27,000

$ 500,400

$1,575, 000

$9,622,400
0

$ 531,000

$ 220,276



Cost of blowdown treatment,

W c = 2048 X (3.259 x 10°) x 0.05/10° = s 33,372
Maintenance of towers, Cm = § 2,000
Makeup water cost with

open-cycle system, M' = o )
Blowdown treatment cost with

open-cycle system, B! = ( 0 )
Maintenance cost of open-cycle

system, Cé = 0 )

TOTAL ANNUAL OPERATING COST, OC $ 786,648

Total costs

From equation (20), the toal excess unit cost due to

backfitting, tc, is given by

¢ = OC_* CC x FCR
€ = 78760 x p*
786,648 + (9,622,400 x 0.179)
312.5 x 1000 X 8760

te =0.9165 mills/kW-hr

The effectiveness of the logarithmic~linear interpolatiom/extrapolation
scheme to correct the graphical results for economy of scale can be
noted by comparing this solution with the results of the computer cal-
culations. The total capital cost; annual operating cost, and excess
unit cost given by the computer program are respectively: CC =

$ 9,974,271, OC = $ 892,084, and tc = 0.9781 mills/kW-hr. The differ-
ence between the graphical result and the computer result for the total
excess unit cost is seen to be approximately 6.4%. This small differ-
ence indicates. that the graphical method with logarithmic-linear

interpolation/extrapolation yields a good approximation for the given

problem.
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SECTION VII

COOLING PONDS

Man-made cooling ponds are a possible heat rejection

method for backfitting needs. The economics of a cooling pond are
dependent on topography, available land, and the ease of construction
at a given site. The physical factors which determine the cooling
capacity of these ponds have long been of fundaméntal interest in the
fields of oceanography, limnology, hydrology, and meteorology. Various
compendiums of information [24,25,26] have presented thermodynamic and
economic methods and data for cooling ponds. Heat is rejected from
cooling ponds by natural effects of conduction, evaporation, convection,
and long-wave radiation. Ponds also absorb heat through solar and

atmospheric radiation, plus waste heat from the power plant.

In most areas, the required size of a cooling pond is about 1 or 2
acres/MW (0.4 or 0.8 hectares/MW) [25], but some very efficient ponds
require as little as 0.75 acres/MW (0.3 hectares/MW). At 4 acres/MW
(1.6 hectare/MW) it is often possible.to obtain cooling water temper-
atures within 5 degrees F (2.8 degrees C) of the equilibrium temper-
atures of open cycle cooling [24]. Generally, the overall water
consumption is about 1 to 3% of the flow rate, comparable to cooling

tower operations.

The economics of cooling ponds are strongly site dependent since they
require large land areas and basins of low permeability. Like other
evaporative systems, there may be problems of evaporative water loss,

fogging, icing, and blowdown. Advantages of cooling ponds are
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simplicity of operation, low maintenance costs, low power requirements,
aid in settlement of suspended solids, high thermal inertia, and they

may also serve recreational purposes.

The thermodynamics of cooling ponds is also strongly site dependent
due to meteorological and topographical variables. Analytical models
have been developed to include transient effects, vertical temperature
gradients, complex boundaries, and lateral and longitudinal temperature
gradients [24,25,27,28,29]. Evaluation of these models and of various
components of the heat balance equation are current topics of study

[30,31,32,33]. The completely mixed, steady state, shallow cooling

pond model is used in this report in an effort to make general economic
evaluations of backfitting with a minimum of input parameters. The
thermodynamics of this model are well known and restated in the follow-

ing paragraphs.

A. OPERATION MODEL FOR THE FULLY-MIXED POND

To mesh with models describing condenser and power plant behavior, the
cooling pond‘model was formulated to accept input parameters of two
categories. One set of input data consists of parameters assumed to
be fixed for a specified geographical location. For example, these
parameters include atmospheric pressure, wind velocity, month of the
year, fluid and thermal properties of water, cloudiness ratio, clear
sky solar radiation values, and reflection percentages. The second
set of input data consists of variables needed in the operation of the
MODELW subroutine which performs the economic analyses. These
variables are the temperature cf the hot water entering the pond, the
water flow rate, the area of the cooling pond, the dry-bulb air temp-
erature, and the wet-bulb air temperature. The outputs of the model
are: 1. the cold-water temperature (for a fully-mixed pond. model,

this temperature is the surface temperature of the pond), and 2. water

loss due to evaporation from the pond.
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In this section, the symbols for the input variables of the cooling

pond model are:

T = temperature of hot water entering the cooling
H system
GPM = water flow rate

= area of cooling pond

Tdb = dry-bulb temperature of air

wa
The symbols for the output variables of the model are:

wet-bulb temperature of air

cold water temperature, surface temperature of pond

TC,TS

water loss due to evaporation from the cooling pond

it

"L

The outputs of the model are a result of solving the heat balance
equation which is described next. The technique used is an iterative
procedure which seeks out the surface pond temperature that satisfies

the heat balance equation.

Significant terms in the heat balance equation are now reviewed.
Complete discussions [24,25,33] are available in the literature. The

general heat balance equation can be written:
QP + QR = QW + QE + QC (37)

where QP = heat supplied to pond from power plant

QR = heat supplied to pond due to solar radiation and
atmospheric radiation

The terms on the right-hand side of equation (37) are heat loss terms

defined as

OW = long-wave radiation from pond
QE = evaporative heat loss
QC = conductive heat loss

The dimensions of these terms are heat/unit area/unit time. All of

the terms in equation (37) except QR, depend on the surface water
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temperature of the pond. The purpose of the model is to calculate

the surface temperature TS, by a simple iterative procedure.

The residual of equation (37), RES, is defined as the difference between

the heat input and the heat loss terms, i.e.,
RES = QP + QR ~ (QW + QE + QC) (38)

where RES is calculated for different estimates of the surface temp-
erature. When RES = 0, the heat balance, equation (37) is satisfied.
The iterative method is initiated by arbitrarily choosing two temper-
atures which span TS, and it advances by sequentially bisecting the
temperature interval and correcting the limits of the temperature
span as RES*0. When RES becomes sufficiently small, equation (37) is
assumed to be satisfied.

-
'In order to calculate the residual defined in equation (38) each of the
heat transfer terms must be computed independently. The complete
description of these heat transfer terms is found in the work by
Ryan and Stolzenbach [34]. In the following equations, all of the
heat transfer terms are daily averages given in Btu/ftz/day. QR is

the total radiative heat transfer expressed as
QR = QA - OAR + QS - QSR (39)

where QA = atmospheric radiation to water surface
QAR = reflected atmospheric radiation from surface
Qs = solar radiation to surface

OSR = reflected solar radiation from surface
An approximation [34, p. 1-23] to the atmospheric radiation term is

QA - QAR = 800 + 28T, (40)

This linear equation is applicable for 40 < Tdb < 90°F. The solar

radiation is approximated [34] by

0S = 0SC(1.0 - 0.65 R(Z:) (41)

195



where QSC = the clear sky solar radiation, and Rc is the cloudiness
ratio. The OSC depends on time of year and the latitude [24, p. 12,
Fig. 4]. The worst condition (i.e., when solar radiation to a pond

will be greatest) can be approximated as:
QsSC = 2800 Btu/ftz/day 42)

This value is used in the present calculations, and an average value

of Rc = 0.5 is also used.

The long-wave radiation from the water surface is usually the largest
item in the heat balance equation, and it is expressed as [34, p. 1-23]

8

QW = 4.10 x 10 = (TS + 460)* - (43)

The evaporative heat loss term is still subject to considerable
research. For evaporation from a heated surface the MIT formula,

based on field data, [34, p. 1-34, Eq. 44] is used.

gr = [22.4 (80)*> + 14.0v, ] (eg - e,) (44)
where V2 = wind speed (mph) at a height of 2m
ey = air saturation vapor pressure at water surface
temperature (mm Hg)
e, = air vapor pressure at Tdb (mm Hg)
Aev = virtual temperature difference
= TSV--TAV

where TSV = TS/(l.O-0.378eS/pA)

TAV = Tdb/(l.o-0.378eA/pA)
P, = atmospheric pressure = 760 mm Hg

Some further comment is necessary for the evaporative heat loss term.
If the wind speed is given at some height other than 2 m, then the
logarithmic velocity profile can be used to approximate V
In(2.0
( /zo)

Vy, = Vs 1n(z/zo)" (45)

2"
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]

where Z 0.005 m

I

z arbitrary height

Vz = wind speed at height z.

For all the calculations, aﬁ average wind speed is chosen particular
to the geographic location of the cooling pond. As noted in Ref. 34
(p. 1-44), equation(44)is only valid when esi>eA, or when the evapor-
ative heat loss is out of water. In each iteration, the evaporative
heat loss, QE, is calculated by equation(44) with Aev replaced by lAGv],

if TS deb' and if TS<Tdb’ QE is set equal to zero,

The conductive heat loss term is discussed in Ref. 34 (p. 1-42). The

relationship given there is written as

TS - T .
- db 1/3
oC = c,le -e,) e, [22.4(A6V) + 14.ov2] (46)

where c, = 0.255 mm Hg/°F

It should be noted that QC can be negative. The water loss term
which is closely related to the evaporative heat loss is discussed

next.

The water loss by evaporation can be calculated after the evaporative
heat loss is known. The latent heat of vaporization is given by

[35, p. 60]

HV = 1087 - 0.54(TS) (Btu/lb)

The evaporative water loss per unit area is then

w, = QE/YH_ (££3/£62/day) (47)

where Yy = 62.4 1pb/ft3

B. CAPITAL COSTS OF COOLING PONDS

The capital costs given below should be accepted as rough estimates
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based on the source information which is stated. In particular, the
date bases for the costs are approximated from the vague source
material which is available. Because of the 1§rge land area require-
ments, land cost is the most important economic factor for cooling
ponds. The additional land necessary for backfitting with a cooling
pond, AL, is split into two categories, viz., A, the land required

for the cooling pond itself and, Aa' additional land needed for access
roads, placement of service facilities, landscaping, and other mis-
cellaneous uses. (AL = A + Aa) Land costs are highly variable and
typical values given in the literature range from $500 to $5,000 per
acre ($1235 to 312,355 per hectare). In the hypothetical example
presented in Section VII.G, unit cost for the pond itself, cp' includ~
ing land, pond preparation and construction is taken as $5,000/acre
($12,355/hectare), and the cost of the access land, ca, is taken as
$3000/acre ($7,413/hectare). The amount of land needed for access
roads, etc. is estimated as ten percent of the pond area; i.e.,

Aa = 0.1 x A, and the total capital cost of the cooling pond and

access land is given by the sum, cPA +c A .
aa

The capital cost for pumps and pipe systems is taken from the report
by Jedlicka [26]. In the nomographs of Ref. 26 (p. N-43), the pump
and pipe system costs are shown (assumed to be in 1970 dollars) as
functions of water flow rate (gpm) and total head (ft). 1In the
example which follows, a water flow rate of 0.54><lO6 gpm (2.04><103
m3/min) and an assumed head of 40 £t (12.2 m) results in a total
.cost of $0.80X106. This is approximétely $1.50/gpm ($396/m3/min)
which is considerably higher than the figure of $0.50/gpm ($l32/m3/min)
stated in an earlier work [24, p. 8l1]. Of course, total head is
strongly site dependent and contributes significantly when the pond
is located a large distance from the plant. Usually, an advantage
of cooling pon?s, is that maintenance costs for the pond itself are
low. For the present example, $2.00/acre/year ($4.94/hectare/year)

[24, p. 84] (1970 dollars, assumed) is used for maintenace costs.
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C. REFERENCE AREA OF COOLING POND, A*

As discussed in Section V.B., P* is the rated or nameplate capacity
obtained at the reference back pressure, p*, which occurs when the
excess turbine heat rate, A, is zero. The corresponding heat rejection
rate is Q*. Then, for any given water loading, the reference area

of the pond, A*, can be defined as the area required for the reference
heat rejection rate, Q*, while maintaining the turbine back pressure
at a specified wvalue, p', at the reference meteorological conditions.
As explained in Sections V and VI, all of the reference values chosen
for computing A* may be selected arbitrarily. For this study, the
reference dry-bulb temperature is set at 70°F (21.1°C), and the refer-
ence wet-bulb temperature at 60°F (15.6°C). The reference wind speed
is set at 8 mph (3.57 m/sec) and the clear sky solar radiation to the

pond is taken as 2800 Btu/ftz/day (3.’18><1O4 kJ/m2/day).

The reference area A*, can be found by considering the heat transfer
characteristics of the condenser and the performance of the cooling
pond at the reference meteorological conditions. The reference area
then depends on the values of Q*, water loading, the specified turbine
back pressure, and the fixed meteorological conditions. The details
for calculating A* are the same as for calculating the reference
length of the mechanical-draft cooling tower, Section V.B. The
results are shown in Figure 54 for a specified turbine back pressure
of 2.0 in. Hg (5.08 cm Hg). The reference area, A*, is a nearly
linear function of the reference heat rejection rate, Q%*, and A*
increases with increasing values of water loading. The reference

area found from Figure 54 is used to nondimensionalize the pond area.

D. PARAMETRIC STUDIES

Detailed calculations can be made using the cooling pond as the closed-
cycle cooling system to be backfitted to an existing power plant or
unit. The calculations are made for a range of values of pond surface

area and water loading. The pond area is normalized with respect to
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the reference area, A*; the maximum capacity loss, annual energy loss,
annual excess fuel consumption, and annual evaporative water loss are
all normalized as in Sections V and VI. Meteorological conditions are
chosen as representative of four geographical locations: Chicago,

Los Angeles, Miami, and St. Louis, as discussed in part B of Section
III. 1In addition to the meteorological parameters of the ambient dry-
and wet-bulb temperatures, the wind speed, clear sky solar radiation,
and cloud cover must be considered in the study of cooling ponds.
Values of the last three are chosen as fixed for all geographical
locations in this parametric study. Because of the thermal inertia of
cooling ponds, the use of average values for these parameters is
probably more realistic than for the other cooling systems considered
in this report. (
As for the;other cooling systems, it is necessary to carry out studies
of the 411 MW and the 822 MW power plants, under identical meteorolog-
ical conditions, in order to check for scale effects on the computed
results. Variations of the normalized quantities (maximum capacity
loss, annual energy loss, annual excess fuel consumption, and annual
water loss due to. evaporation) with the normalized pond area for the

411 MW plant (turbine A, Q* = 2.545x 10° Btu/hr = 2.686 x 10° kJ/hr)

and the 822 MW plant (turbine A, Q* = 5.O9O><109 Btu/hr = 5.372><lo9
kJ/hr) for meteorological conditions at Los Angeles (Table 4 and 5)
and one water loading (0.025 gpm/ft2 = .l..02><lo_3 m3/min/m2) are shown
in Figures 55 through 58. Since the curves shown in these figures do
not completely collapse, it is seen that an economy of scale exists

for the fully-mixed cooling pond (similar to the natural-draft cooling

tower, as discussed in Section VI.E.).

Parametric studies of variations of the normalized quantities mentioned
above with normalized pond area for the four geographical locations
are shown in Figures 59 through 62. ' since the study on scale effects,

Figures 55 through 58, indicates differences in the normalized
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quantities with power plant size, the final results for the cooling
pond, Figures 59 through 62 are valid for a 411 MW plant only. There-
fore, if the graphical results are to be used for other size plants
or units, the interpolation technique described for the natural-draft
towers (Sections VI.E and VI.H) should be employed. However, the
differences in the results for the 411 MW and the 822 MW plants
(Figures 55 through 58) are seen to be ,quite small.

In the sample calculations presented in Section VII.G for a 312.5 MW
plant, the curves are read directly, assuming that any errors which
are introduced are small. This assumption is checked by comparing the
results from the graphical computation with results obtained using the
computer program. The comparison is quite acceptable as seen at the
close of Section VII.G. It must be emphasized that if the size of

the power plant being studied varies greatly from 411 MW, the computer

program must be used to obtain accurate results.

E. PROCEDURE FOR THE ECONOMIC EVALUATION OF BACKFITTING

Particular items which must be considered in the economic evaluation
of backfitting with a cooling pond have been previously described.

Any specific differences in the technique for computing the total

cost of backfitting with a cooling pond are presented next, followed
by a brief description of the computer program that has been developed.
A hypothetical test case is presented in part G to illustrate the use

of the graphical results.

The procedure for the economic evaluation of backfitting with a cooling
pond is very similar to that already presented for the mechanical-
draft cooling tower (Section V.F) and the naturél—draft cooling tower
(Section VI.F) with the following exceptions. In items (b) and (c) of
those Sections, the following quantities must be identified for cooling

ponds:
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(b) Cooling pond
1. The size of the cooling pond in terms of its
area, A;
2. Unit cost of the cooling pond including land, pond

preparation and construction, cp($/acre or $/hectare);

(c) Economic parameters:

6. Unit cost of pump and pipe system [26], c
pp

Once this information has been gathered, the total differential cost
of backfitting with a cooling pond can be calculated by the computer
program or estimated by the graphical results presented in Section
VII.D. Use of the graphical results is subject to the limitation
discussed at the end of Section VII.D. Illustration of the use of the

graphical results is presented in Section VII.G.

F. THE COMPUTER PROGRAM

The computer program which accepts any set of numerical values for the
various parameters and performs the calculations previously described

is listed in Appendix V.

The computer program consists of the MAIN program and five subroutines,
namely OPECOS, MODELW, COOL, MIX, and POWERS. The main program reads
all inputs, calculates the overall capital and total costs, and
controls the printout of these quantities. The inputs along with the
symbols and units used are listed in Appendix II. The primary func-

tions of the various subroutines not previously defined are as follows:

COOL: This subroutine contains the iterative method for computing
the cold-water (surface) temperature of the cooling pond
from the heat balance, equation (37). The subroutine is
independent of the particular mathematical model which is
employed to predict the cooling performance of the pond,

and it accepts information which is transferred from sub-

routine, FIX.
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FIX: The thermodynamic (mathematical) model of the cooling pond
is found in this subroutine. In the present study, the
completely mixed, steady state, shallow cooling pond model

is used, as described in Section VII.A.

The overall program logic is similar to that already explained for the
cooling tower economic calculations. Minor changes have been made in
the main program and subroutines to accomodate the cooling pond model.

These changes are shown in the program listing included in Appendix V.

G. A HYPOTHETICAL TEST CASE

1. Consider a power plant with the characteristics identified in
Section V.H.l, which also implies that the extreme dry-bulb tempera-
ture, T, = 97.0°F (36.1°C) for Miami.

2. Assume that this plant is to be backfitted with a cooling pond

whose characteristics are:

Pond area, A = 250 Acres

(101.2 hectares)

Water loading, per pond area = 0.05 gpm/ft2
(0.002 m3/min/m2)
Wind speed, V2 = 8.0 mph

(3.57 m/sec)
Solar Radiation, QSC = 2800 Btu/ftz/day
(3.8><lO4 kJ/mz/day)
Total water flow rate,
GPM (=0.05 x 250 % 43560) = 544,500 gpm
(2061 m3/min)
Unit cost of cooling pond

(including land cost), cp = $5000/acre

($12,355/hectare)
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3.

affected utility.

Unit maintenance cost, c
m

Concentration ratio, k*

Unit blowdown treatment cost, c

b

Cost of hook-up and testing, C

HT

Downtime, DT

Unit cost of pump and pipe system,

c
pp

$2.00/acre/vyear
($4.94/hectare/year)
= 3.3

$0.00

= included in cost of pond

720 hrs (30 days)

$1.50/gpm
($396./m>/min)

It is assumed that the following economic parameters apply to the

V.H.3.

Unit cost of water, cw

Unit cost of access land, c,

Use of example results:

(a)

(b)

(c)

()

Read Figure 54 to find A*
Determine normalized area
A/A* = 250/260

Read Figure 59(c) (turbine A,
Miami) to find normalized
capacity loss, CL/P*

Thus, capacity loss
CL =0.0402 x 312.5 x 1000

Read Figure 60(c) (turbine A,
Miami) to find normalized
energy loss, EL/PE*

Thus, energy loss,

EL =0.0360%312.5 x 1000 x 8760

Read Figure 6l(c) (turbine A,
Miami) to find normalized
excess fuel consumption,

PE*
b FE/
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All other characteristics are the same as in Section

= $0.00
= $3000/acre
($7413/hectare)

= 260 acres (105.2 hectares)

= 0.961

= 0.0402

= 12562 kW

= 0.0360

= 98.55 X 106 kW-hr/year



Thus, excess fuel
FE =0 x312.5x 1000 x 8760/0.85
(e) Read Figure 62(c) (tqrbine A,
Miami) to find normalized
water evaporation, WL/Q*

Thus, evaporation,

W =11.55x1.912 x 10%/3.413 x 10°

_ 1
Also, blowdown, Wb-WL I{—;—:i-

and makeup, R

Wwo=w = _w o+w
=W kxor T W T ML

Cost determination

Capital costs

Pond cost, C =AXc =250 x 5000
cs P
Access land cost = Aa X ca =25 x 3000

Pump & pipe system cost,
cPp X GPM=1.50 x 544,500

Pump & pipe system salvage,
c' =0.2¢C
pp pp

New condensers, Cc
Salvage value of old condensers, C(':

Salvage value of other open-cycle
components, C‘;

Hook-up and testing cost, CHT

Replacement capacity,
CCR = CLCQ = 12562 x 90
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It

0 kW-hr/year

11.55 acre-ft/yr/MWw-th
(1.42 % 104 m3/yr/MW—th)

6470 acre-ft/year
3
(7.98 x lO6 m /year)

2813 acre-ft/year
3.
(3.47 x lO6 m /year)

9283 acre-ft/year
3
(11.45 x 10° m°/year)

$1,250,000
$75,000
$816,750
($163,350)
$ 0
(s 0 )
(s o )

included in pond cost

$1,130,580



Downtime, CC__ =DT X P* X ei

=720 x312.5 x 1000 x 0,007

TOTAL CAPITAL COST, CC

Operating costs/year

Excess fuel co =
st, OCEF FE fc

Replacement energy cosg,
OCR=ELe2=98.55><10 X 0.0l

Supply water cost, 5
Wmcw=9283 x3.259x107 x0

Cost of blowdown treatment,
W c_=2813 x3.259 x 105 %0

Maintenance of ponds,.
C =c XA=2.0x250
m m

Makeup water cost with open-cycle
system, M!'

Blowdown treatment cost with open-
cycle system, B'

Maintenance cost of open-cycle
system, Cx;n

TOTAL ANNUAL OPERATING COST, OC

Total costs

From equation (20), the total excess unit

tec, is given by

OC + CC X FCR

te = 73760 x p*
986,000 + (4,683,980 X 0.179)
B 312.5 x 1000 x 8760

tc = 0.6665mills/kW-hr
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$1,575,000

$4,683,980

$985, 500

$500
($ o )
(- 0 )

(¢ 0o )

$986, 000

cost due to backfitting,



To check the assumption made at the end of Section VII.D, i.e., that
the errors introduced by reading Figures 59 through 62 directly for the
312.5 MW plant are small, this example was also analyzed using the
computer program. The computer results are CC = $4,583,027 ; oCc =
$927,333/yr; tc = 0.6384 mills/kW-hr. The difference between the
graphical result and the computer result for the total excess unit

cost is seen to be approximately 4.4%, indicating that the graphical

method does indeed yield a good approximation for the given problem.
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SECTION VIII

SPRAY CANALS AND PONDS

For applications where cooling towers are not desired and where land
is not available for cooling ponds, another alternative which could be
considered for a closed-cycle cooling system is the use of spray cool-~
ing. Such a system, simply described, consists of an array of nozzles
or other devices which spray the cooling water directly into the air
where both evaporative and sensible heat transfer take place. The
cooled water is then collected for recirculation through the power

plant condensing system.

The use of spray cooling may increase the heat transfer per unit sur-
face area by twenty times that of a cooling pond resulting in a sig-
nificant decrease in the land requirement [39]. The low profile of

a spray cooling system generally presents little or no aesthetic

disadvantages.

Spray cooling systems are usually arranged in one of several different
ways. One method which has been employed for several years is referred
to as "conventional” sprayfcooling [12, 23, 26, 32, 40, 41]. Such a
system consists of a fixed array of pipes and spray nozzles located '
in a small pond which serves mainly‘as a collecting basin. The hot
water is taken directly from the condenser, sprayed once, and the
cooler pond water is returned to the condenser. Conventional spray
ponds have been employed for relatively small scale applications, and
they are usually designed for a 10°-15°F (5.6°~8.3°C) cooling range
and for about 10°F (5.6°C) approach to the wet bulb temperature [12].
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A second technique, employing what may be referred to as a "parallel
pass" concept, is also in current use [32, 42, 43]. In this type of
cooling system, the water is sprayed from a hot-water delivery canal

to a cold-water receiving canal. Such a system may also be designed
for multiple parallel passes by including one or more intermediate
canals between the hot-water and the cold-water canals [39]. For

this type of cooling system, devices other than spray nozzles are often
used to propel the water. One manufacturer supplies a spray cooling
system which utilizes a series of rotating discs mounted on a common

shaft to spray the water [43].

A third possibility for spray cooling is the use of the "series
concept" in which spray devices are arranged along a canal [39, 42, 44,
45, 46]. The condenser discharges hot water into the canal, and the
canal water is sprayed into the air many times as it moves through the
canal. The amount of heat which is dissipated to the atmosphere
depends upon the number of times the water is sprayed, and the length
of the canal. This technique has the capability of yielding a closer
approach to the ambient wet-bulb temperature than the other methods
[42].

Spray canals utilizing the series concept appear to be the most popular
method of spray cooling in new installations and particularly for
large power plants [39, 42]. A recent innovation in spray cooling is
the floating (powered) spray module [46, 47, 48]. Spray modules
usually consist of from one to twelve nogzles arranged as a floating,
self-contained system with a pump. Dependent upon the particular
design, the pump power may range from 20 hp (14.9 kW) to 100 hp

(74.6 kW), and the pump discharge may vary from 2600 gpm (9.84 m3/min)
to 12000 gpm (45.4 m3/min) [42, 47, 48, 49]. Each module is serviced
by its own pump and is independently deployed along the canal, being
moored and electrically connected to shore.

A}
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The floating spray modules take in water from just below the float
level to a depth of approximately 3 ft (0.91 m), and the spray pattern
produced may vary from 20 to 50 ft (6.1 to 15.2 m) in diameter and
from 10 to 20 ft (3.05 to 6.1 m) high. These ranges are, again,
dependent upon the particular design of the module [47, 48, 49].

One set of module characteristics is chosen for the present analysis.
This set of characteristics reflects units commonly in use and con-
ditions most likely to be faced in backfitting applications. The
three major manufacturers of powered spray modules can each supply

units matching the size which is considered in this study {47, 48, 49].

A. OPERATION MODELS OF SPRAY COOLING

The thermodynamic analysis of a spray canal for a particular applica-
tion includes many site-dependent variables. It is not possible to
include all of these variables in the present study, and certain fea-
tures of the spray cooling system are held fixed with the resultant
limitations on the analysis. The particular spray modules chosen for
the current investigation utilize a 75 hp (55.9 kW) pump and have a
discharge rate of 10000 gpm (37.8 m3/min). In all cases, the spray
canal is assumed to be straight and oriented perpendicularly to the
direction of the prevailing summer wind. The canal cross-section is
trapezoidal with side slopes of 3-horizontal to l-vertical, and the
depth is 10 £t (3.05 m). The canal top-width depends upon the number
of rows of spray modules mounted across the canal, i.e., the number
of modules per group. Likewise, the length of the canal depends upon
the number of module groups deployed along it. The depth of water
flowing in the canal is held constant at 8 ft (2.44 m).

The spacing between adjacent modules in both the streamwise and trans-
verse directions is held constant according to the following plan. The
modules are considered to be arranged along the canal on lines which

are parallel to the canal gides. The centerline of the first module
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is located at a distance of 100 ft (30.5 m) from the upstream end of
the canal. Adjacent modules along the canal are separated by a dis-
tance of 100 ft (30.5 m), center-to-center, and the downstream end of
the canal is also 100 £t (30.5 m) from the center of the last module.
For modules arranged in multiple rows across the canal, the center-to-
center distance between rows is 75 ft (22.9 m), and the canal shoreline
on either side of the modules is located at a distance of 50 ft (15.2m)
from the center of the outboard rows. The rows of modules are along

lines which are perpendicular to the canal.

As mentioned, the canal geometry and the module layout are fixed for
the present analysis. However, there is enough built-in flexibility
for this set-up to handle many different module arrangements. See,
for example [47, 48]. It should be mentioned that the canal geometry
and module spacing as- described determine, mainly, land requirements
and canal construction costs which are considered in detail in Section

VIII.B.

With the spray module characteristics and the canal geometry chosen,
the thermodynamic analysis of spray canal cooling depends upon the
mathematical simulation which is employed. There are three basic types
of models for predicting the thermal performance of spray cooling
systems. These models are listed by Ryan [39] as the manufacturer's

model, the NTU model, and the cellular model.

The manufacturer's models are usually based on the measured performance
of a single nozzle. Various performance curves and correction factors,
all proprietary information, have been developed and are used by the
manufacturers to size and fit given cooling applications. The infor-
mation on system performance which is available to the public may be

useful for simplified performance checks [47, 48].

The cellular model, which assumes that the spray field is made up of

232



a number of identical droplets each surrounded by a cell of air, was
originally developed for the analysis of conventional spray cooling
[50]. This model may not be useful for modular spray cooling due to

large droplet size in the sprays, but certain variations of the basic

model are being considered [39].

The NTU (number of transfer units) model is similar to the theory based
on the Merkel equation which is commonly used to describe the heat
transfer occurring in evaporative cooling towers [44, 46]. The basis
of this model is carefully explained by Chen [51] and summarized by
porter [52] and Porter and Chen [53]. The NTU method is used in the

current investigation following their presentation.

The Merkel equation may be written as

TH dT e
ngc m—a' = (K, Ad/md)td (48)
in which £ is the specific heat of liquid water at constant pressure;
Tc and TH are the temperatures of the cold and hot water, respectively;
h(T) and ha are the total heats (sigma functions) of the water at
temperature T, and of the air-vapor mixture, respectively; Kc is the
effective droplet convective heat transfer coefficient; Ad is the
droplet surface area; mq is the mass of the droplet, and td is the
time of flight of the water droplets. The overbar indicates average
values over the time of flight of the spray which integrates the
complex dynamical effect into a single parameter called the number of

transfer units (NTU) [52].

If it is assumed that h_ may be approximated by its average value
(constant) at the local wet-bulb temperature, T, , and that dh/dT=b
is constant over the integration, NTU may be replaced by an average

value, NTU, which may be approximated by
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— TH—T bl
NTU @ (£/b,) ln[irtE?L—] (49)
C “wbi

Herein, b_ is the constant, b, evaluated at the film temperature, Tf,

f
which is estimated as the average of the hot-water temperature and
the local wet-bulb temperature [52]; i.e.,

T_ = (TH + T )/2 (50)

£ wbi

Equation (49) may be inverted to yield a relationship for the cooling

range of a single module,

T -T = (T -T
( H

aTe ) (1-exp[-NTU (b./E) 1 (51)

wbl
For a known hot-water temperature entering a modple, the temperature of
the cold water being returned to the canal can be computed from this
equation if the local wet-bulb temperature, wal’ the constant, bf,

and the average number of transfer units, NTU, are known. The deter-

mination of these quantities is discussed in the following paragraphs.

For the proper assessment of spray cooling, it is quite important to
consider the effects of the sprays upon the local psychrometric con-
ditions. The presence of hot-water sprays'will increase the air temp-
erature and humidity in their wvicinity. Therefore, if spray modules
are placed close together, these interference effects upon the down-
wind units which cause a decrease in cooling performance must be
considered. Since the wet-bulb temperature of the air is driven toward
the local canal temperature, Porter [52] and Porter and Chen [53]

suggest a correction in the local wet-bulb temperature of the form

= 7 -F P
wal wb w(TH wa) (52)

where wa is the ambient wet-bulb temperature and Fw is the wet-bulb
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correction factor. The correction factor, which varies from zero to
one, is an experimentally determined function of distance downwind
from the center of individual spray modules. A set of average values
of Fw is given by Porter [52] for different numbers of rows of modules
across the canal and for various row separation distances. These
values were determined from field measurements of two types of
modules operating at different flow rates and module configurations.
It is noted by Porter [52] that these correction factors should be
regarded as tentative due to the limited amount of verification. The
maximum row separation distance reported in Porter's table is 60 ft
(18.3 m), and those values of ;he wet-bulb correction factor are used
in the present study for a row separation distance of 75 ft (22.9 m)
resulting in a slightly conservative correction. The local wet-bulb
temperature needed in equation (51) is then computed from equation (52)

using the wet-bulb correction factor from Porter's table [52].

The constant, bf, which is used in equation (51) is the rate of change
of the total heat of the air-vapor mixture with respect to wet-bulb
temperature evaluated at the film temperature, Tf. The dependence of
the total heat (sigma function) of air-water vapor mixtures upon wet-

bulb temperature is given by Berry [54] as

= -T +32 53
ha 0.240 Tdb+ws(hv Wb’ 32) (53)

where wS is the specific humidity, and hv' the enthalpy of the vapor

is expressed in terms of the dry-bulb temperature as

n_ =1 . . 54
hy 1061.8+0 44Tdb (54)

Equations (53) and (54) may be combined yielding

= + .8 -
ha (0'240+0’44W5)Tdb ws(1093 8 wa) (55)
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The specific humidity, ws, is given in terms of the atmosphereic

pressure, p,. and the vapor pressure of the air, e, by [54]

A

. - 56
w_ eA/l 608(pA eA) (56)
and the vapor pressure is expressed in terms of its saturation value,
e, by [15]

e, = es-0.000367 pA[Tdb-wa][1-+(wa-sz)/1571] (57)

The saturation value of the vapor pressure is taken from the saturation

curve as discussed in [15].

The total heat of the air-vapor mixture at different values of wet-
bulb temperature can be computed from equation (55), and bf can be

found from a finite-difference approximation of its definition; i.e.,

dha Aha
b, ={=—2).4 (=2 (58)
£ ar | £ AT ) f

in which the ratio is evaluated at the film temperature.

The averadge number of transfer units, ﬁfﬁ} is also needed in equation
(51) to compute the cooling range of a single module. It is generally
accepted that ﬁEﬁldepends primarily upon wind speed [46, 47, 52, 53]
although this concept is subject to some controversy [39]. Porter
[52] and Porter and Chen [53] have presented an approximate correla-
tion of module NTU with winé speed. The values of NTU were determined
from tests of entire canals by matching their observed performance to
the theory [53]. However, Porter [55] has reported that this curve
results in values of NTU which are too high. In his discussion of
the relationship between wind speed and NTU, Ryan [39] compares the
curve of Porter and Chen (as it first appeared in a technical report

prior to the publication of [53]) with one constructed from some
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unpublished data of Hoffman. Hoffman's curve is somewhat lower than
that of Porter and Chen. Another curve of EEE.YE: wind speed presented
by a spray module manufacturer [47] is also lower than Porter and
Chen's curve. Therefore, for the present study, a relationship between
ﬁaa-and wind speed was constructed by considering the average of the

two curves presented by Ryan [39]. The equation of this straight line

is
NTU = 0.036 V, +0.156 (59)

where V2 is the wind speed in mph. This curve is useful for approx-
imating values of NTU to be used in equation (51); however, a better
estimate of NTU would be necessary for a more accurate assessment of

a given situation.

Equation (51) and the material just presented allow the thermodyhamic
analysis of a single module. This information for a typical module
must be included with the flow properties of the canal water in order
to investigate the cooling performance of the entire spray canal
system. Assuming complete mixing of the canal water with the spray
water between passes of modules along the canal, Porter [52] gives
the equation to determine the canal cooling performance which is used

in the present study, viz.,

(To=T )/ (Ty=T ) = exp{-N__, 1 (1-F ) (1-exp[-NTU b /E])}  (60)
In this equation, Ntot is the total number of modules in the canal, and

r 4is the ratio of the flow rate per module to the total canal flow
rate. It should be noted that Ntot = N X m where N is the number of
module groups deployed along the canal, and m is the number of modules
per group. As mentioned earlier, each module may contain from one to
twelve nozzles. The number of nozzles is not important in the present

study, and it should not be confused with N or m.
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The amount of spray water evaporated must also be calculated to deter-
mine make-up water requirements for the spray cooling system. The
fraction of canal flow evaporated is directly proportional to the

cooling range and is approximated by Porter [52] as

= X - 4 l
r = &(r -1 /[H, Q1 Bo)] (61)
where H is the latent heat of vaporization of water (at constant
pressuré) and Bo is the so-called Bowen ratio, which is the ratio of
the sensible to the evaporative heat transfer. In the present study,

the latent heat of vaporization is computed by [35]
Hv = 1087—0.54TH (Btu/1b) (62)

and the Bowen ratio is assumed to be zero, resulting in a conservative
estimate of the water evaporated. The total evaporative water loss,

‘W, is given by the product of rE X GPM.

L’
The thermodynamic model described in the preceding paragraphs of this
Section is employed to estimate the cooling effectiveness and water
evaporation rate of different size spray canal systems. The opera-
tional aspects of this model as it is applied to the backfit situation

are described next.

The input variables for the spray canal model include the meteorolog-
ical conditions, spray module layout, and hot-water flow conditions.
The meteorological conditions include the dry-bulb temperature, Tdb'
wet~-bulb temperature, wa, atmospheric pressure, PA' and wind speed,
V2. The spray module layout is described in terms of the number of
module groups (or passes) along the canal, N, the number of modules
per group (or the number of rows of modules) across the canal, m, and
the spacing between adjacent modules. The input variables related

to the hot water at the canal inlet are the hot-water temperature, TH’
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and the total canal flow rate, GPM. It should be noted that the

canal flow rate is specified by the reference heat rejection rate,

Q*, if a particular design cooling range is predetermined; i.e.,
GPM = c3Q*/£RC (63)

where GPM is the canal flow rate in gpm; Q* is the reference heat
rejection rate in Btu/hr, £ is the specific heat at constant pressure
in Btu/1b-°F, and RC is the cooling range in degree F. The constant

cy = 7.481/(60%62) is the numerical factor converting lb/hr to gal/min.

The wet-bulb correction factor is chosen, based on the geometric
information, and it is used together with the hot-water and ambient
wet-bulb temperatures to compute the local wet-bulb temperature by
equation (52). Next, the wind speed is used in equation (59) to
estimate ﬁiﬁ: The psychrometric variables are then combined according
FP equation (55) through equation (58) to obtain the value of bf,
and the cold-water temperature can be computed from equation (60) for
the known ratio of module flow rate to canal flow rate for any number
of modules. With the cold-water temperature thus computed, the

fraction of water lost due to evaporation is found from equation (61),

and the total evaporative water loss can be calculated.

The outputs from the spray cooling model are the temperature of the
cold water being returned to the condenser and the total water loss
due to evaporation. This information is utilized together with the

condenser and other power plant parameters in performing the economic

analysis.

B. CAPITAL COSTS OF SPRAY CANALS

The most significant components of the capital costs for a spray canal
are the costs of the modules, the cost of the canal construction

(excavation and canal lining), and the cost of the pump and piping
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system related to transporting the hot water from the condenser to

the canal and returning the cold water to the condenser.

Capital costs of spray modules are, of course, dependent upon the
particular model design and manufacturer which supplies the units.
Unit prices may be quoted in terms of $/hp or directly in $/unit. On
the basis of private communication with two manufacturers [56, 57]

and a published cost estimate [49], a unit cost figure which lies
between the highest and lowest cost estimates has been chosen. It is,
however, not entirely clear what these costs include regarding auxil-
iary equipment; therefore, for the present study, a unit capital cost,
cS = $22,500 per module (1974 estimate) including mooring and

electrical equipment is used.

The cost of canal construction is another major component of the capi-
tal costs. The major items contributing to the cost of canal construct
ion are the excavation and lining costs as well as the cost of the

land itself. The length and top-width of the canal are based upon the
number, layout, and spacing of the modules as described in the previous
Section. The required land area is taken as 2.5 times the plan area

of the canal. The additional land area is necessary for access roads,

electrical service facilities, and mooring facilities.

The cost of land varies over a wide range, as mentioned earlier, and

for this study, it is taken as a_ = $3000 / acre ($7413/hectare). The

cost of canal excavation is deteimined from the volume of earth

removed in building the canal. In the present study a unit excavation
cost, cp = $2.50/yd3 ($3.27/m3) is used. The cross-sectional shape of
the canal is held fixed as described in Section VIII.A, and the canal

volume is easily computed when the length and top-width are known.

Canal lining costs depend upon the type of lining being used and vary

over a wide range. Minimum lining costs are obviously incurred for an
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unlined canal, and the most expensive canal lining in common use is
concrete [47]. There are several other possibilities for canal linings
which offer a choice between higher capital cost and a decreased
durability. The canal lining for the present study is taken as
concrete, 6 in. (0.15 m) thick. The lining cost is based upon a unit
concrete cost of $50/yd3 ($65.40/m3) which includes the canal construc-
tion costs. For a canal lining of constant thickness, unit costs are
usually expressed in terms of the lining area. Expressing the concrete
lining cost for the given cross-sectional shape in terms of the lining
area results in a unit lining cost, cL = $0.93/ft2 ($10/m2). These
1974 estimates for excavation and concrete were obtained from local
contractors, and it is assumed that the total estimate of canal

construction costs is representative of actual charges.

The capital cost of the pump and piping system which circulates the
condenser cooling water is based upon the canal flow rate and the total
pumping head. This cost may be determined from the chart or formula
given by Jedlicka. [26, p. N-43 or Eq. (30), p. 64}. Assuming a pumping
head of 40 ft (12.2 m), the unit cost of the pump and piping system,

c , (including installation) is seen to be approximately $1.50/gpm
($396/m3/min) based on 1970 estimates. Annual maintenance cost for the

spray canal system is taken as 1% of the pump and module operating cost

C. REFERENCE SIZE OF SPRAY CANALS, N¥*

The reference size for a spray canal, N*, is defined as the number of
groups of modules along the canal, N, required to reject Q* while
maintaining the turbine back pressure at p' and delivering P* at the
reference meteorological conditions which may be arbitrarily selected.
In the present study, spray canals are investigated with either one

or four modules per group; therefore, for each value of Q*, two refer-
ence sizes are needed. The reference meteorological conditions for

the spray canal study are: wet-bulb temperature, 68°F (20.0°C);
dry-bulb temperature, 78°F (25.6°C), and wind speed, 8 mph (3.57 m/sec).
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The reference spray canal size corresponding to a particular heat
rejection rate (Figure 63) is found by first computing and plotting
the turbine back pressure, p, versus N, for a range of heat rejection
rates, Q, at the reference meteorological conditions. These computa-
tions are carried out for various values of m, the number of modules
per group. The canal flow rate is determined from equation (63)

(for each value of Q), and the thermodynamic model for spray cooling
is combined with the turbine heat rejection rate characteristics to

obtain the desired information, p vs. N.

Data for Figure 63 (Q vs. N) are read from these curves at the value
of turbine back pressure selected for defining the reference size of
the cooling system, viz., p' = 2.0 in. Hg (5.08 cm Hg). One curve
is drawn for each of the two cases m = 1 and m = 4. It is seen that
the curves are linear over the entire range which is considered.
Figure 63 defines the reference spray canal size, N*, corresponding
to the heat rejection rate, Q*, which is used to nondimensionalize

the size of the spray canal.

D. PARAMETRIC STUDIES

A series of detailed parametric studies are made for the spray cooling
system in a manner paralleling the studies of the other cooling systems
presented in this report. The calculations are carried out for a wide
range of canal sizes, defined by N, for the two cases, m = 1 and m = 4
module rows across the canal. The size of the spray cooling system
depends only on N and m because the spray module size and capacity

is held fixed as described in the introduction to this Section.

Results of detailed calculations of maximum capacity loss, CL, annual

energy loss, E_, annual excess fuel consumption, FE, and annual water

L
loss by evaporation, WL, are presented for a large range of canal
sizes. The canal size is normalized by N* as described in Section

VIII.C, and the other variables are normalized with the same reference
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quantities as the three cooling systems described previously. Four
sets of meteorological conditions are chosen as representative of

four geographical locations in this country, viz., Chicago, Los Angeles,
Miami, and St. Louis. All the studies of spray cooling are carried out
for a wind speed of 8 mph (3.57 m/sec), and the other meteorological

conditions at each location are described in Section IV.B.

Figures 64 through 67 are plots of normalized capacity loss, normalized
energy loss, normalized excess fuel consumption, and normalized water
loss by evaporation vs. normalized canal size for the particular

case of turbine A (411 MW), at Los Angeles withm = 1 and m = 4. Also
shown in these figures are the results for a hypothetical turbine
which has a nameplate capacity and reference heat rejection rate

twice those of turbine A, but whose basic heat rate characteristics
are the same as those of turbine A. (See Section V.D or VI.E for
details.) As for the natural-draft cooling tower and the cooling pond,
the normalized results for the two turbine sizes did not collapse

indicating a certain scale effect as discussed in Section VI.E.

Detailed studies of the debendence of the quantities listed above
upon spray canal size for turbines A, B, and C (see Figures 4, 5, and
6 and Table 1 ) at each of the four geographical locations are
presented in Figures 68 through 71. The turbine designs represent a
wide range of practical'applications for which the plotted results
may be applied. But, because of the scale effects, the final results
are valid for a 411 MW unit only. If the graphical results are to be
used for other sizes of turbines, the interpolation technique described
for the natural-draft towers (Sections VI.E and VI.H) should be
employed. However, over most of the range of practical application,
the differences in the results for the 411 MW and the 822 MW units

(Figure 64 through 67) are seen to be small.

In the sample calculations presented in Section VIII.G for a 312.5 MW

unit, the curves are read directly, assuming that any errors which are
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introduced are small. This assumption is checked by comparing the
results from the graphical computation with results obtained using

the computer program. The comparison is quite acceptable as seen

at the close of Section VIIT.G. It must be emphasized that if the

size of the unit being studied varies greatly from 411 MW, the computer

program must be used to obtain accurate results.

E. PROCEDURE FOR THE ECONOMIC EVALUATION OF BACKFITTING

The various items which must be considered in the evaluation of the
cost of backfitting an existing power plant or unit with a spray
canal cooling system have been previously described. The manner in
which these items are to be combined in order to calculate the total
cost of backfitting is considered in this section which is followed
by a brief description of the computer program that has been developed

for this purpose.

The technique for the economic evaluation of backfitting with a spray
canal cooling system is very similar to the procedure already dis-
cussed for the other cooling systems (Sections V.F, VI.F, and VII.E)
with the following exceptions. In items (b) and (¢) of those Sections,
the following quantities must be substituted for the study of spray

canals:

(b) Spray canals
1. The size of the spray cooling system in terms of the number
of module groups along the canal, N, and the number of modules

per group (rows) across the canal, m;

2. Unit cost of spray modules, cg ($ /module), unit canal con-

struction costs (excavation, c_, and lining, cL), and physical

E
dimensions of the canal (length, Lc’ top-width, Wc’ depth,

D , water &epth, Dcw' and cross-sectional shape).
c
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(c) Economic parameters:

6. Unit cost of pump and pipe system [26], Cop
Once this information has been gathered, the total differential cost
of backfitting with a spray canal can be calculated by the computer
program or estimated by the graphical results presented in Section
VIII.D. Use of the graphical results is subject to the limitation
discussed at the end of that Section. Illustration of the application

of the graphical results is presented in Section VIII.G,

F. THE COMPUTER PROGRAM

The computer program which accepts any set of numerical wvalues for the
various parameters (except those which have been held fixed for the
present study) and performs the calculations outlined in the previous
sections is listed in Appendix VI. The thermodynamic model used to
simulate the performance of spray canals is basically the same as that
developed by Porter [52] and Porter and Chen [53], but there are a
number of important differences in other respects. In particular,

the economic considerations are formulated specifically for the
analysis of backfitting in existing power plant or unit with a spray

canal cooling system and cannot be used, without modification, to

study the design of spray canals for new plants or units.

The computer program consists of the MAIN program and four sub-
routines, namely OPECOS, MODELW, SPRCOL, and POWERS. The MAIN program
reads all inputs, calculates the overall capital and total costs, and
controls the printout of these quantities. The inputs, along with

the symbols and units used, are listed in Appendix II. The primary
functions of the various subroutines not previously identified are

as follows.

SPRCOL: This subroutine which computes the cold-water temperature
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and the water loss due to evaporation contains the thermo-

dynamic model described in Section VIII.A.

The overall program légic is similar to that already described for the
other cooling system calculations. Minor changes have been made in
the main program and subroutines to accomodate the spray canal cooling
model. These changes are included in the program listing in Appendix

VI.

G. A HYPOTHETICAL TEST CASE

l. Consider a power plant with the characteristics identified in
Section V.H.1l, which also implies that the extreme dry-bulb

temperature, T. = 97.0°F (36.1°C) for Miami.

db
2. Assume that this plant is to be backfitted with a spray canal

system whose ‘characteristics are:

Number of module groups, N = 80
Number of modules/group, m =1
Module size, = 75 hp pump (55.9 kW)
3, .

Module pump flow rate = 10,000 gpm (37.8 m /min)
Canal cross-~section : = Trapezoidal (3-horizontal

’ to l-vertical side slope)
Canal length, Lc = 8100 £t (2470 m)
Canal depth, Dc = 10 ft (3.05 m)
Water depth, Dcw =8 ft (2.44 m)
Canal top-width, Wc = 100 ft (30.5 m)
Wind speed, V2 = 8 mph

(3.57 m/sec)

Total water flow rate,

9
1.912x107* _7.481 _ 254 gpm
GPM (= 50 X e0x62" 192,254 gp

(727.7 m3/min)
equation 63)
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Unit module cost, cs

Unit cost of pump and pipe

system, c
" “pp

Unit canal excavation cost, L

Unit canal lining cost, <

(Concrete, 6 in. (0.15 m) thick

Concentration ratio, k*
Unit blowdown treatment cost, cb

Cost of hook-up and testing, CHT

Maintenance cost, Cm

Downtime, DT

$22,500/module

$1.50/gpm
($396 /m3/min)
$2.50/yd">
(3.27/m)

$0.93/£t>

($10/m°)

3.3

$0.05/1000 gal

($0.0132/m>)

included in unit module cost

% of pump and module
operating cost

720 hrs (30 days)

Assume that the various economic parameters are as identified in

Section V.H.3.

Use of example results:
(a) Land Area required

A =

2.5xL xXW
L c ¢

(b) Excavation required,
excavation volume =
= 8100(10) (100~30)/27
(c) Lining required

lining area = Lc(W-6DC+2/I6-DC)
= 8100 x (100-60+20v10)
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L D (W -3D)
cc c ¢

46.5 acres

(18.8 hectares)

210,000 yd>
(160,566 m>)

836,290 £t

(77,691 m°)



(4)

(e)

(£)

(9)

(h)

Read Figure 63 to find N*
Determine normalized canal

size, N/N*

Read Figure 68(c) (turbine A,
Miami) to find normalized

capacity loss, CL/P*

Thus, capacity loss
CL = 0.024 x 312.5x 1000
Read Figure 69(c) (turbine A,
Miami) to find normalized

energy loss, EL/PE*

Thus, energy loss,

E = 0.02 x 312.5 x 1000 x 8760

Read Figure 70(c) (turbine A,
Miami) to f£ind normalized
excess fuel consumption,

*

Thus, excess fuel,

FE =0x312.5x1000x8760/0.85

Read Figure 71(c) (turbine A,
Miami) to find normalized

water evaporation, WL/Q*

Thus, evaporation
WL =10.7%1.912% 109/3.413

x lO6
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'1.18

0.024

7500 kW

54,75 % lO6kW-hr/year

0 kW-hr/year

10.7 acre-ft/yr-MwW(th)
(1.32 x 104 m3/yr—MW(th)

5994 acre~-ft/year
(7.39x 106 m3/year)



(1)

1

Also, blowdown, Wb = WL *F1
And, makeup,
k*
W SV g T W YW

Read Figure 69(c) (turbine A,
‘Miami) to find normalized
pump and module energy loss,

EP*:
L/E

Thus, pump and module energy
loss,
E (pump) = 0.019 X 312.5 x 1000
x 8760

Cost determination:

Capital costs

Spray module cost,
N(m)cs=80 x1x22,500

Excavation cost,
{(excavation volume)XcE

= 210,000x 2.50

Lining cost,
(lining area) XCL
= 836,290 X 0.93
Pump and pipe system cost,

¢ _XGPM = 1.50x 192,254
PP

Pump and pipe system salvage,
c' =0.2¢C
PP pp

New Condensers, Cc
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2606 acre-ft/year
(3.21 x 108 n’/year)

8600 acre-ft/year
(1.06 x 107 m3/year)

0.019

6
52.01 x 10 kW-hr/year

$1,800,000

$ 525,000

$ 777,750

$ 288,380

($ 57,680)
0



Salvage value of old condensers,

C!
c
Salvage value of other open-

cycle components, Cé

Hook-up and testing cost, CHT

Additional Land,
ALaSL = 46.5 x 3000
Replacement capacity,
CCR=CLCZ=7500X 90
Downtime,
- X * X !
CCDT DT x P el

= 720 x312.5 % 1000 x 0,007

TOTAL CAPITAL COST, CC

Operating costs/year

Excess fuel cost,

OCEF = FEfc

N

0 x 0.000751

Replacement energy cost,
OCR = ELe,Q

- 54.75x 10% x 0.01

Supply water cost,
5
W e =8600x (3.259%107)
mw 3
x 0.1/10

cost of blowdown treatment
5
Wbcb = 2606 x (3.259%x10")
X 0.05/103
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included in module cost

$139,500

$675,000

$1,575,000

$5,722,950

$547,500

$280,274

$42,465



Maintenance cost,

c_=0.01x (52.01 x 10%)

x 0.01 = $5,201

Makeup water cost with open-

cycle system, M' = ( 0 )
Blowdown treatment cost with

open-cycle system, B' = 0 )
Maintenance cost of open-

cycle system, C& ={ 0 )
TOTAL ANNUAL OPERATING COST, OC = $875,440

Total costs

From equation (20), the total excess unit cost due to

backfitting, tc, is given by

OC + CC x FCR

t¢ = T5760 x p*

_ 875,440 + (5,722,950 x .179)
312.5 x 1000 x 8760

tc = 0.6940 mills/kW-hr

To check the assumption made at the end of Section VIII.D, i.e., that
the errors introduced by reading Figures 68 through 71 directly for
the 312.5 MW unit are small, this example was also analyzed using the
computer program. The computer results are CC = $5,703,772; OC =
$907,214/yr; tc = 0.7044 mills/kW-hr. The difference between the
graphical result and the computer result for the total excess unit
cost is seen to be approximately 1.5%, indicating that the graphical

method does indeed yield a good approximation for the giveﬁ problem.
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SECTION X

GLOSSARY OF SYMBOLS

cooling pond area

reference cooling pond area

cooling pond access land area
condenser surface area

water droplet surface area

required land area

unit land cost

tower breadth

blowdown cost with open-cycle system
Bowen ratio

dh/daT evaluated at Tf
capital cost of new condenser

salvage value of old condenser

capital cost of closed-cycle cooling system
cost of hook-up and testing

maximum capacity loss

annual maintenance cost of closed-cycle system
annual maintenance cost of open-cycle system

salvage value of o0ld system components other than pumps,
piping and condensers

capital cost of new pump and pipe system
salvage value of o0ld pumps and piping
total differential capital cost

differential cost of unit downtime during changeover to
closed-cycle cooling
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CCR capital cost of replacement capacity

CCS differential capital cost of closed-cycle cooling system

CF rlant capacity factor

c,cl,cz,c3 numerical conversion factors

c, unit cost of cooling pond access land

cb unit cost of water treatment

c, unit cost of new condenser

cE unit excavation cost for spray canal

< unit canal lining cost

) unit capital cost of replacement capacity

cn unit maintenance cost

cp unit cost of cooling pond

cpp unit cost of pump and pipe system

cs unit cost of spray modules

o, unit cost of cooling towers

c, unit cost of water

D width of clearance around cooling tower

b,y bottom diameter of hyperbolic shell

D2 throat diameter of hyperbolic shell

D3 top diameter of hyperbolic shell

Dc spray canal depth

Dcw water depth in spray canal

DT downtime during hook-up

EL annual energy loss

EA actual net energy output for one year

ER rated net energy output for one year

e vapor pressure of air at Tdb

e, unit cost of replacement energy

e'z unit differential cost of replacement energy during downtime
saturation vapor pressure of air at Tdb
annual excess fuel consumption

F wet-bulb correction factor

FZR fixed charge rate
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N
tot
NTU

NTU
oc

EF
OCR

frequency function

unit cost of fuel

total air flow rate through cooling tower

water flow rate

fill (pile) height

latent heat of vaporization

total heat of water at temperature T

total heat of air-vapor mixture

enthalpy of water vapor

overall head loss coefficient

effective droplet convective heat transfer coefficient
concentration of contaminants

concentration ratio

maximum allowable concentration of contaminants
£ill (pile) length

reference length of mechanical-draft cooling tower
spray canal length

frictional head loss in hyperbolic shell
frictional head loss in evaporative pile

makeup water cost with open-cycle system

number of spray modules per group

water droplet mass

number of module groups (passes) along spray canal
reference size of spray canal

NXm, total number of spray modules in canal

number of transfer ﬁnitsn

average number of transfer units

differential operating cost

cost of excess fuel consumption

operating and maintenance cost of replacement capacity

differential operating and maintenace cost of closed-cycle
cooling system

power output
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p*

cs

p

HR

P .

min
PE*

max

Q*

O

Ip

oA
QAR
QC
OF
oP
QR
0s
QscC
QSR
oW

nameplate power output

power to operate closed-cycle cooling system
power demand

rlant heat rate

gross power output at extreme temperature
nameplate energy

turbine back pressure

reference turbine back pressure

turbine back pressure for calculation of reference cooling
system size

atmospheric pressure

maximum allowable turbine back pressure

heat rejection rate

reference heat rejection rate

in-plant and stack heat losses

rate of heat input (heat equivalent of fuel consumption)
atmospheric radiation to water surface

reflected atmospheric radiation from water surface
conductive heat loss

evaporative heat loss

heat input to cooling system from plant

heat input by solar and atmospheric radiation
solar radiation to water surface

clear sky solar radiation

reflected solar radiation from water surface

heat loss by long-wave radiation

nominal natural-draft tower radius

cloudiness ratio

cooling range

residual in iterative solution

ratios of hyperbolic shell dimensions

fraction of total spray canal flow rate lost by evaporation

ratio of flow rate per module to total canal flow rate
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S shell height of natural-draft cooling tower
S* reference shell height

T throat height of hyperbolic shell

; extreme temperature, equalled or exceeded by 10 hours/year
TC cold-water temperature

Td design temperature

Tdb dry-bulb temperature

Tf film temperature

TH hot-water temperature

THR turbine heat rate

TﬁR reference turbine heat rate

TS throttle setting

wa wet-bulb temperature

TWbd design wet-bulb temperature

wal local wet-bulb temperature

TC total differential cost

TS cooling pond water surface temperature
TU tower units

td time of flight of water droplets

tc unit excess cost of energy production
Uc heat.transfer coefficient

V2 wind speed at height of 2m

v average velocity

W fill (pile) width

Wb blowdown water volume

Wc spray canal top-width

W annual water loss due to evaporation
Wm makeup water volume .
w absolute humidity of air

W, evaporative water loss per unit area
wS specific humidity

z height above cooling pond

z reference height above cooling pond
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specific weight of water

heat rate correction

time duration

virtual temperature difference
in-plant efficiency

plant efficiency

turbine base efficiency

specific heat of liquid water at constant pressure

283



Appendix

I.

II.

III.

VI.

VII.

SECTION XTI

APPENDICES

Ssummary of Economic Analysis

List of Inputs to Computer Programs
FORTRAN Listing

Mechanical-draft wet cooling tower

Example results
Mechanical-draft wet cooling tower
Full loading pattern

Example results
Mechanical-draft wet cooling tower
Variable loading pattern

FORTRAN Listing
Natural-draft wet cooling tower

FORTRAN Listing
Cooling pond

FORTRAN Listing
Spray canal

Range of Values of Various Economic
and Other Parameters

284

Page
285

289

295

314

317

320

339

354

368



APPENDIX I

SUMMARY OF ECONOMIC ANALYSIS
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Differential

Capital Costs

cc

where cC
CcC

CCDT

CCR

C
pp
pp

cCS

cc (15)

+
gt CCDT cey $

+ A _a

= + C_ )

- Q' + -C' +cC -C'
Yp(cc Cc Cpp Cpp cs o HT

* X 1
+ Yp(DT x P ez)

CL
+ Y — X P* X ¢
P L

P*

total differential capital cost, $

differential capital cost of closed-cycle system, $
cost due to outage at hook-up, $

capital cost of replacement capacity, $

price escalation factor for materials and labor
capital cost of new condenser (= Accc), $
surface area of new condenser

unit cost of new condenser, $/surface area
salvage value of old condenser, $

capital cost of new pumps and piping, $

salvage value of old pumps and piping, $

capital cost of closed-cycle cooling system (less
condenser, pumps and piping), $

salvage value of old cooling system components,
excluding condensers, pumps and piping, $
additional land requirement

unit cost of additional land , $/unit area
hook-up and testing costs for new system, $
downtime during hook-up, hours

nameplate capacity, kW

unit cost of replacement energy during hook-up at
$/kW-hr (difference between purchase price and usual

production cost with the affected unit)
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il

maximum capacity loss (10-hr exceedance) , kW

unit capital cost of replacement capacity, $/kw

Differential Operating Costs

oC = OC

where

g ¥ OCg +oc,. $/year (16)
*
*k WLW-M'+*1 Woc -B'+C -
k -1 k-1 m
E e, + FE fc
k* +
——C%——'—cﬁ ii‘——M'-B'+c —C'+PE*‘EL*e +F—Ef
k -1 )0 moon IPE Y opgt
OC = total differential operating and maintenance cost
corresponding to maximum power output, $/year
OCS = differential operating and maintenance cost of new
closed-cycle system, $/year
OCR = operating and maintenance cost of replacement energy,
$/year
OCEF = cost of excess fuel consumption, $/year
Q* = reference heat rejection rate, kJ/hr
k* = ratio of maximum permissible concentration of contam-
inants in the circulating water or blowdown to the
concentration in the make-up water
WL = total annual evaporation from the new system, m3/year
c = unit cost of supply water, $/m3
cb = unit cost of blowdown treatment, $/m3 (alternatively,
unit cost of damage to the environment due to blowdown
release)
M' = make-up water cost of open-cycle system, $/year
B' = blowdown cost or damage for open-cycle system, $/year
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C = annual maintenance cost of closed-cycle system, $/year
C' = annual maintenance cost of open-cycle system, $/year

PE* = nameplate energy = P* (kW) x 8760 (hrs/year), kW-hr/year

EL = annual energy loss due to backfit, kW-hr/year
e, = unit cost of replacement energy, $/kW-hr
FE = annual excess fuel consumption, kW-hr-th/year

= unit cost of fuel, $/kW-hr-th

Differential Total Costs

TC = OC + CC x FCR, $/year (17)
te = = (20)
PE
where TC = levelized annual differential cost of backfitting,
$/year
FCR = fixed charge rate
tc = unit excess cost of energy production resulting from

backfit, $/kW-hr or mills/kW-hr
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APPENDIX II

LIST OF INPUTS TO COMPUTER PROGRAMS
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POWER PLANT CHARACTERISTICS

(1) Turbine Characteristics

(a) HR, Heat rejection rate matrix (109 Btu/hr) ~

(b) IHR and IPMAX, Number of rows of heat rejection rate matrix

(c) NPL, Number of columns of heat rejection rate matrix

(d) TBP, Design turbine back pressure (in. Hg abs)

(e) TPMAX, Maximum turbine back pressure (in. Hg abs)

(f) TLOW, Lowest turbine temperature in heat rejection rate
matrix (°F)

(g) FINC, Increment of temperature in heat rejection rate
matrix, (°F)

(h) EF, Base turbine efficiency for HR matrix

(i) EN, Alternative base turbine efficiency

(2) Plant Capacity
(a) PIMAX, Maximum plant capacity (MW)
(b) DPL, Power interval (=1/10 maximum plant capacity (MW)
(c) PLMIN, Minimum plant capacity (MW)
(d) LP, Power level
(e) TTDD, Design terminal temperature difference (°F)
(£) IPLI, Initial power level index
(9) IPLF, Final power level index
(h) MM, Interval of power level index
(i) CF, Fraction of full load
(3) EFI, in-plant efficiency

(k) NYEAR, Remaining life of plant (years)

SITE CHARACTERISTICS

(1) TDBD, Design Dry-Bulb Temperature (°F)

(2) TWBD, Design Wet-Bulb Temperature (°F)

(3) TDB10O, Extreme Dry-Bulb Temperature (°F)
(4) TWBl0O, Extreme Wet-Bulb Temperature (°F)
(5) PERCEN, Temperature Distribution (Fraction)
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(6) ITWBI, Initial Wet-Bulb Temperature (°F)

(7)  ITWBF, Final Wet-Bulb Temperature (°F)

(8) ITDBF, Final Dry-Bulb Temperature (°F)

(9) ITBD, Temperature Interval (°F)

(10) TWBREF, Reference Wet-Bulb Temperature (°F)

"(11) FOGL, Upper Limit of Medium Fogging (°F-1b H,0/1b air)
(12) FOGM, Upper Limit of Medium Fogging (°F-1b H20/1b air)

ECONOMIC PARAMETERS

(1) Unit Costs
(a) UNCOND, Condenser ($/ft2)
(b) FC, Fuel ($/kW-hr)
(c) WC, Water ($/1000 gal)
(d) WW, Waste water treatment ($/1000 gal)
(e) UCAPAB, Capability (capacity) loss ($/MW)
(f) UENER, Replacement energy loss ($/MW~hr)
(g) ULAND, Land ($/acre)
(h) UDOWN, Downtime cost ($/kW-hr)

(2) PAPCOS, Pump and Pipe System Cost ($)

(3) DAYS, Downtime (days)

(4) FCR, Fixed Charge Rate Array

(5) cCco, salvage Value of 0ld Condenser ($)

(6) COO, salvage Value of Other Open-Cycle System Components ($)
(7) CHT, Hook-up and Testing Cost (%)

(8) CWATEO, Makeup Water Cost with Open-Cycle System ($)

(é) CBLOWO, -Blowdown Treatment Cost with Open-Cycle System ($)
(10) CMAINO, Maintenance Cost of Open-Cycle System (§)

BASIC THERMODYNAMIC AND OTHER INPUTS

(1) Psychrometric Data

(a) PSA, Saturated Vapor Pressure (psia)
. 3
(b) DAIR, Density of Dry Air (lbm/ft )

(c) QHSUM, Cumulative area under saturation curve
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(@)
(e)
(£)
(9)

2. Other
(a)
(b)
(c)
(d)
(e)
(£)

(9)

(h)

(1)

(°F-1b H20/1b air)

REFSV, Specific volume of air (ft3/1b)
PATM, Atmosphere pressure (psia)

CA, Specific heat of air (Btu/lbm/°F)
CW, Specific heat of water (Btu/lbm/°F)

Information and Program Control Parameters

CCNO, Concentration of solids in makeup water (ppm)

CCN1, Maximum allowable limit of concentration of solids (ppm)
LOCATI, LOCATF, Geographical location parameters

IWRITE, Parameter controlling printout of information

IPUNCH, Parameter controlling output on cards

ITPMAX, Flag for maximum turbine back pressure limitation
(=0, no; = 1, yes)

IEXTRA, Flag for cooling system cost of backfit or new plant
(=0, new; = 1, backfit)

INUCAL, Parameter controlling base turbine efficiency

(=0, base turbine eff. = EF; = 1, base turbine eff. = EN)
NEWCON, Flag for use of new condenser

(=0, no; = 1, ves)

COOLING SYSTEM DATA

(1) Mechanical-Draft Cooling Tower

(a)
(b)
(c)
(d)

(e)
(£)

NNOTSI, NNOTS, Parameter for different tower heights
NOWTSI, NOWTS, Parameter for different tower lengths
RFT, Rating factor matrix
DTWB, Wet-bulb temperature interval in rating factor matrix
(°F)
NOITT, Number of iterations in NTU calculations
Tower size
(i) ELENG, Total tower length (ft)

(ii) FT, Tower height (ft)

(iii) WIDTHW, Tower width (ft)

(iv) DIAM, Fan diameter (ft)
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(9)

(h)
(1)
(3)

(k)
(1)
(m)
(n)
(o)

(p)
(q)
(r)

(v) DMIN, Distance between adjacent fans (ft)
Tower parameters

(1) AW, Proprietary pile coefficient

(ii) BW, Proprietary pile coefficient

EFFICW, Water pump efficiency
HEIGHT, Pumping height (ft)
HW, Tower operation parameter (ft)
(=0, tower not operating; = HEIGHT, tower operating)
AFRL, Air flow rate loading (1b/hr/ft2—face area)
WEFRL, Water flow rate loading (gpm/ftz-plan area)
SLANDA, Specific land area {(acres/MWw)
FANPOW, Fan power (hp)
WPDRO, Static pressure drop across pile (proprietary),
(in. H20 abs)
U0, Overall heat transfer coefficient (Btu/hr/ft2/°F)
WTCOS, Unit cost of wet tower ($/tower unit)

AMANT, Tower maintenance cost ($/tower cell)

(2) Natural-Draft Cooling Tower

(a)
(b)
(c)
(d)
(e)
(£)
(9)

(h)
(1)

NNOTSI, NNOTS, Parameters for different shell heights
NOWTSI, NOWTS, Parameter for different pile heights
UC, Unit cost matrix ($/1000 Btu)
DRH, Relative humidity in unit cost matrix
NOITT, Number of iterations in NTU calculations
FRIFAC, Smooth pipe curve from Moody chart
Tower size
(i) WIDTHW, Pile width (ft)

(ii) BASEDI, Base diameter (ft)

(iii) HTND, Total tower height (f£t)

(iv) FILLHT, Pile height (ft)
ELEV, Elevation of site from sea level (ft)
Tower parameters

(i) AW, Proprietary pile coefficient

(ii) BW, Proprietary pile coefficient
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(j) EFFICW, Water pump efficiency

(k) HEIGHT, Pumping height (ft)

(1) AFRL, Air flow rate loading (lb/hr/ftz-face area)

(m) WFRL, Water flow rate loading (gpm/ft2~plan area)

{(n) SLANDA, Specific land area (acres/MW)

(o) UO, Overall heat transfer coefficient (Btu/hr/ft2/°F)

(3) Cooling Ponds
(a) NNOTSI, NNOTS, Parameter for different water loadings
(b) NOWTSI, NOWTS, Parameter for different pond areas
(c) RHO, Specific weight of water (lb/ft3)
(d) cC, Specific heat of water (Btu/lbﬁ(°F)
(e) MONTH, Index for month of vear
(f) W2, Wind speed at 2 meters above ground (miles/hr)-:
{(g) ©SC, Clear sky solar radiation (Btu/ftz/day)
(h) AMR, Average monthly reflection (fraction)
(i) UPOND, Unit cost of pond ($/acre)
(j) UPUMP, Unit cost of pump and pipe system ($/gpm)
(k) UMAINT, Maintenance cost ($/acre/year)
(1) CLD, Cloud cover ratio
(m) AREAL, Specific pond area (acre/MW)
(n) GPMLOD, Water flow rate loading (gpm/ftz)

(4) Spray Canals
(a) UTCOST, Unit cost of modules ($/module)
(b) F, Interference matrix for modules

(c) RP, Design cooling range for water flow rate calculations (°F)
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APPENDIX III
FORTRAN LISTING

MECHANICAL-DRAFT WET COOLING TOWER
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L

[aNaXeXalel
LK X 3
»

*

* 5 %8 -
ECHANICAL ORAFT WET COGLING TOWER
* % *

L2 4

*

DIMENSION HR(50,14),1HR(14),ARWT(10},PSA(250)

19 PAPCOS{24) s FTL10) 4 WTCOSTLLIC) yAW(10} 4BW{1 ) FCRR(S)

109
110
101

102
501
512

106
103
104

107

503
555
504

502

506

507
108

DIMENSION ELENG(10),wIOTHW (L0} NYEAR(S)FCR(11D
COMMON/DENSTT/ DAIRE250)

COMMON/INPU/ PERCENI(12+1592),HWIL0)EFL

COMMON/ INPUTS/ WPORO(13}4FILLHT(10)4PDROP,WICTH,FANPOW(204131
COMMON/CMWCT2/ RFT(10,2C,6),DTW3(9}

COMMON/TURBIN/ HR,IHR, TLOW,FINC

COMMON/TOWERS/ ARWT AW, BWsGPM,CONST4NOITT, AFR

1y ATJKyBIJK o RLGy ENTULNyFNTULEGPM, GPMW

COMMON/AIRF/ AFR1,FANW2,PUMCPI]

COMMON/NOT/ NUMTOW, ELENGT s AMANT

COMMON/CONSTA/ CONST1,0CNST

COMMON/TURB/ POWER, TTCOLTET,TTD,TTDKD.YTEO

COMMON/NCALA/ PSAZTPS TSy TWBALUHL CH24HA

COMMON/TOWERC/ NOGTS(1C),WTCGST

COMMON/TEMP/ ITWBI,ITWBF,ITBD,.ITDBF

COMMON/ECOND/ NYEAR yFCoyWC oW 9yDRyCCNO,CCNL , ANPOWE s HEIGHT »EFFICHW

COMMON/POWERC/ IPLILIPLF,MM,PL,LP

COMMON/ATMOS/ PATM

COMMON/FPLL1/ FPLMAX

COMMON/LDSS/ S)CWATEQ,CBLOWO,CMAINO R
COMMON/CELL/ CELLTH,FAWET

COMMON/WSS7 QHSUM(210),FOGL +FOGM

COMMON/WITREF/ IWRITE»IPUNCHREFSV.FAWETT,PAWETT, AFRL » TWBREF
COMMON/PLEVEL/ PLMAX,UCAPAB,CAPCAPJUENER,ENERLS,TEL,TOTOP
COMMON/TBPR/ ITPMAX,TETMAX, ICAP

COMMON/TBPRE/ IPMAX NPL,DPL,PLMIN

COMMON/QSTAR/ TQSTAR,CF

READ{S¢109) IPMAX,NPLyDPL+PLMIN
FORMATI2110,2F10.0)

READ(S9110) ((HR(I43)yJalgNPL)sI=1,IPMAX)
FORMAT(10F8.5)

READ(S5,101) (PSA(1),41=1,250)

FORMAT{10FB8.5)

READ(5,101}) (DAIR(1),1I=1,250)

READ(5,101) (QHSUM(I),I=1,210)

READI(5,102) {IHR(I},1=1,NPL)

FORMAT(1413)

READI5,501) (((RFT(IsJsK)yK=146),0=1,420041=1,410)
FORMAT(12F6.3)

READ(5,512) (DTWB(I)y 1=1,9)

FORMAT(9FB8.3)

READ(5,106) (FCR(I),I=1,411)

READ(5,106) (PAPCOS(I),121524)
FORMAT(10F8.0)

READ(54103) ((FANPOW{I¢J)yJ=1,13),1=1,20Q)
FORMAT{13F6.1)

READ{5,104) (WPDRO(I),1=21,13)
FORMAT(13F6.4)

READ(54106) (FT{I),sI=1,10)

READ(54106) (WIDTHW(I),I=1,10}

READ{5,106) AFRL

READ{5,106) GPMW

READ(S5+106) (AW(I)yI=1,10)

READ(S54106) (BWII),I=k,10)

READ(5,107) TLOWsFINC

FORMAT(2F10.0)

READ(5,504) NOITY

READ(5+503) (ELENG(I),I=1,1C)
FORMAT(10F8.0)

READ(54555) DIAM.DMIN

FORMAT(2F10.2) .
READ{ 54504} NNOTSI,NNOTS,NOWTSI NOWTS,LOCATI 4LOCATF
FORMAT(614)

READ{5+106) WTCOS,CHTySLANDA,CMAING
READ(59502) CCNOyCCN1

FORMAT(2F10.0} .

READ(59506) (NYEAR(I)sI2145)4FCoyWCoWHW
FORMAT(S14,4F10.3)

READ(Sy106) HEIGHT,EFFICW,UNCOND,UQ,AMANT
READ(59106) (HW(I)y1=1,10)

READISy507) ITHWBI,ITWBF,1TBO,ITOBF
FORMAT(614)

READ(S5,108) LP,TTDD,REFSV,TWBREF,PLMAX,UCAPAB
FORMAT{110y>5F10.0)

READ(5+106) UENER,ULAND,UBOWN,DAYSCF4CCO,COC,CHATED, CBLONC
READ(54507) IPLILIPLF MM
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NTW=(ITWBF-ITWB1) /7170D+1
NTO=(ITORF~ITWBI) /11D«
NKN={ IPLF=TIPLI+0.01)/MMe)
READ(54509) PATM, TPMAX

509 FORMAT(3F10.0)
READ{5¢513) FOGL,FOGM

513 FORMAT(2F10.0)
READ(5,505) CA,CH1

505 FORMAT(2F10.2)
READ{5,509) TP
READ(54509) EF,EN,EFI
READ(5,507) lHRITE'IPUNCH.lTPMAX.IEXTRA'INUCAL.NEHCON

CONST=7.481/60./62.%10.%%9
DONST=CONST
CONST1=0.124683/62.

C

g CALCULATE CORRESPONDING FIXED CHARGE RATE

DO100K=1,5
Y=NYEAR(K) /4,41,
. 1y=Y
100 FCRRUK)=FCRUIY)+(FCRUIY+1)=FCR(IY)}I%(Y=1Y}

IF(INUCAL.EQ.0)GOTO300
PARAME={1.~EN)*EF/{1.~EF)/EN
004001=1, IPMAX
D0400J=1,NPL

400 HR(I,4J1=HRUI,J)*PARAME

FIND FUEL CONSUMPTION WITH OPEN-CYCLE COOLING SYSTEM

OO

300 TBP1aTBP%62.4%13.6/1728.
NP=(CF=0.49)%10.
IT=TLOW
IF(TBP1.GT.PSA(IT)IGOTOT1O
TASTAR=HR (1, LP)
TQST1=HR(1,NP)
TQST2=HR (1, NP+1)
6OT0716
710 IT=IT+5
IF(TBP1.GT.PSA{IT))IGOTOTLO
714 IT=iT-1
IF(TBP1.LT.PSA(IT)IGOTOT14 ,
TYEMP=IT+(TBP1-PSA(IT))/(PSA(IT+1)~PSA(IT))
TTEMP=(TTEMP=TLOR) /2.+1
[T=TTEMP
TQSTAR=HR( IT,LP )+ {HRUIT+1,LPI=HR{IT,LPI IR (TTEMP-IT)
TQSTI=HR(IT,NP)+ (HR(IT+1,NP)-HRILIT,NP) ) *(TTEFP=IT)
TQST2=HR (1T NP+ 1)+ (HR(IT+1,NP+L1=HR(IT NP+ 1) )% (TTEMP=1T)
716 DQHR=(TQSTL/CF-TQSTAR)/(PLMAX¥3.6/1055,04~TuST1/CF+TQSTAR)
FPL1=PLMAX®CF/(1.+DQHR)
DQHR=(TQST2/(CF+0.1)-TQSTAR) /{PLMAX*3.6/1G55.04=TQST2/(CF+0.1)
1+TQSTAR) _
FPL2=PLMAX*(CF+0.11/(1.+DQHR)
TQST=TQST1+(TQST2-TQSTL)*{PLMAX*CF-FPL1)/{FPL2=FPL1)

DETERMINE MAXIMUM ALLOWABLE TURBINE TEMPERATURE

(s XX

TETMAX=1000.
IFLITPMAX.EQ.0)GOTOT717
TBP2=TPMAX*62.4%13.6/1728.

718 IT=1T+5
IF(TBP2.GT.PSA(IT))IGOTOT18

719 1TalT-1
IF(TBP2.LT.PSA{IT)IGOTC719
TETMAX=IT+{TBP2-PSA(IT))/{PSALIT+1}=-PSA(IT))

717 DO600OLOCATE=LOCATI LOCATF
READ(5,509) TWBD,TOBD,TwB10
READ(5,508) ((({PERCEN(I+JsK)oJ2LyNTD) oI=x1oNTHW) oK=L oNKN)

508 FORMAT(10F8.6)

$S1=0.

$=0.

DO201LLP=IPLL, IPLF,MM
LPL={LP=IPLI)/MM+L
PL=sPLMAX

IF{LP.NE.IPLT) PL=PLMAXSCF
D0201214K=1TWBI, ITHRF,1T8D

K=1TwBI)/1TBU+L
::é;;::PSA(lJK)/lO-GCO367‘PATM*Il-*(lJK—32.)IlS7l.))0!JK

IF(ITOBMA.GT.ITOBF) [ TDB8MA=]1 TDBF
D0201211K=1JK, ITDOBHA,1TBD
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ID1=¢ IIK-1TWBL)/1TBO+1,
2012 SS1sSSI+PERCEN(IWL,(D1,LP1)
§35¢5S1%PL
$582=551
2011 SS1=0.
IFCIPLILEQL.IPLF) SS2=0Q,
$a528760.
TEIzPLMAX*(1.~SS2)+PLMAXSCF*SS2+(TQSTARY(1,-552)4TQST#552)%293.067

TE1«TELI/EFI

WRITE(69610) TWBD,TDBD, TWBL1O,PLMAXyCA,CW1,TTOD,PATM

610 FORMATULHL/ /710Xy 'DcSIGN wET-BULB TEMPERATURE CF AIR =7 4F5,1,4' F?
1/10X, 'DESIGN DRY~-BULB TEMPERATURE OF AIR =¢,FS.1,' F¢/1CXs
2'EXTREME WET BULB TZMPERATURE ='»F8.3,' DEG. F'/10X,
3'POWER LEVEL =*9yF6.09" MW*/10X, )
4*SPECIFIC HEAT OF AIR AT CONSTANT PRESSURE =%,F6.2y* BTU/IB./F'/
510X, *SPECIFIC HEAT OF WATER =*,F6.2,' BTU/LB./F*/
610Xy *DESIGN TERMINAL TEMP. DIFFERENCE =*4F5.1,' F*/10X,
TYATMOSPHERIC PRESSURE ='4FT7.2,' PSIA*)

WRITE(64620) FCyWCoWWgAMANT,CCNO,CCNL
620 FORMAT(LH 99Xy *UNIT FUEL COST ='3FG.6," $/KW-HR*/10X,
1°UNIT SUPPLY WATER COST =',F7.4,' $/1000 GAL*/10X,
2°UNIT WASTE WATER COST =%3FT.4¢' $/1000 GAL®*/1UX,
I'ANNUAL MAINTENANCE COST =*,F7,1,* $/CELL/YEAR'/10X,
4'MAX. TOLERABLE CONCEMNTRATION OF PROCESS WATER =%,F5.0,' PPM'/10X,
5'SUPPLY WATER CONCENTRATION =*4F5,04° PPMt)

WRITE(6,630) DIAM,DMIN,wTCOS,PLMAX,UCAPAB
630 FORMAT(1H 49X, *DIAMETER OF wET TOWER FAN =%,F6.,2,° FT*/10X,
L*SPACE BETWCEN TWO WET TOWER FANS =',F5.24' FT'/10X,
2°UNIT WET TOWER COST =2¢,F6.2+" S/TOWER UNIT*/10Xy
I'MAXIMUM POWER OUTPUT =',F8,2,' MW'/10X,
4'UNIT CAPACITY LOSS COST =%,F10.2,"' $/MuW®)

WRITE(64631) UENER,ULAND»SLANDA,UDOWN,DAYS
631 FORMATU1H +9X,*UNIT ENERGY COST =*,FT7.3,¢ $/KW-HR'/10X,
L*UNIT LAND COST =°',FB.1," $/ACRE'/10X,
2*SPECIFIC LAND AREA =',F5.2,' ACRES/MW*'/10X,
3TREPLACEMENT ENERGY COST DURING DOWNTIME =*,F7.4,' $/KW-HR'/10X,
4*DOWNTIME FOR CONSTRUCTION =',Féels* DAYS*)

WRITE(64640) HEIGHT 4EFFICW,UNCOND,UD

640 FORMATIL1H 49X, *PUMPING HEIGHT OF WATER THROUGH TOWER =% ,F8.1,
1* FEET*/10X, 'PUMPING EFFICIENCY FOR WATER PUMP =*,F7.3/10X,
2'UNIT CONDENSER COST =',F6.2,' $/5Q. FT,.*/10X,
3*OVERALL CONDENSER COEFFICIENTy U =',F6.1y' BTU/HR/FT2/F*)

WRITE{(6,662) ITWBI,ITWBF,1TBD,1TDRF

662 FORMAT(1H 49X, *INITIAL WET BULB TEMPERATURE =9,14," DEG. F'/10X,
1*FINAL WET BULB TEMPERATURE =',15,° DEG. F'/10X,
2 INCREMENT OF DRY ANDO WET BULB TEMPERATURE =',[4,* DEG. F'/10X,
3*FINAL DRY BULB TEMPERATURE =a2',[5,' DEG. F?!)

WRITE(6y650) TLOWsFINC,NOITY,REFSV,FOGL s FOGM

650 FORMAT(1H 49Xy *LOWEST TEMP, IN TURBINE CHARAC. CHART =*,FS,1,
1* DEG. F'/10X,'TEMP. INCREMENT IN TURBINE CHARAC. MATRIX =',F&4.1,
2' DEG. F'/13X,*NUMBER OF ITERATIONS IN NTU CALCULATICN =',15
3/710X, "REFERENCE SPECIFIC VOLUME OF AIR =%,F7.3,'FT3/LB*/10X,
4*LOWER BOUND OF LIGHT FCGGING =',F7.3,' LB H20/LB AIR%F?*
$/10Xs *LOWER BOUND OF HMELCIUM FOGGING ="9F7.3,° LB H20/L8 AIR*F*)

IT=TW8D
TSS=PSALIT)I+(PSA{IT+1)}=-PSA(IT))*(TWBD-IT) .
HAA=Q s 24 % TWBD+0.622*TSS/(PATM-TSS)*{1061.8+0.44*TWBL)
00100011 =NNOTSI,NNQTS
DOL100III=1,10
1100 FILLHT{ILIL)=FTLII)

DO1J00IW=NOWTSI 4NOWTS
TS=TSS
HASHAA

c

C DETERMINE WATER FLOW RATE FOR EACH WET TOMER

C DOETERMINE AIR~FLOWS FOR WET TOWERSsy DETERMINE N.T.U. FOR WET TOMWER

NOTSUIW)I=IFIX{(ELENGEIW)-DIAM+0,1) /{DIAMIDMIN) )+
ELENGT=ELENG{IW) '
WIODTH=WIDTHW(IW)

NUMTOW=NOTS{ IW)

CELLTH=ELENGT/NUMTON

FANET=FILLHT(IW)*CELLTH®2,

FAWETT=FAWETANUMTONW

PAWETT=ELENGT*#WIDTH

GPMaGPMW*CELLTH*WIDTH
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o000

c
c
C

O OO0 [aXa X3}

[}

660

OE

679

678
677

DE

DE

DE

681

ﬁGPM-GPM'NUHTUN
FR1=AFRL*FAWET /60 *REFS
. v
AAFR=AFRL/60.#REFSV/S
TAFR=AAFR ot

PDROP=WPDROL 1AFR ) + {WPDRO(TAFR+1)=WPDRO(TAFR) )% (AAFR=TAFR)

:RITE(6-660I TEI,TBP,S552

100::At:%3;'lg§E;Fg§t COTSggPT!ON WITHOUT COOLING SYSTEM =¢,F9,3,
. o 2'yFS5.2,*% INJHGYIY/10X

2V¥%%0 ,FB.5,¢ OF THE TIME I§ NOT OPERATED AT'FULL LOADING 3921}

AFR=AFR1#*560, /REFSV
RLG=GPM/CONST*10,%%9/AFR

FNTU= AW IW) $GPMW**BW( [ W )XF] LLHT
N=IFIX{FNTU/0.5) (a
ENTU=FNTU/N

TERMINE CAPITAL COST OF THE TOWER

111l=-5
TT0=TYDD

CALL MODELW (TOBD s TWBD y IWsNPLyTET, TQyTWL oI 1T 1,KoTT4IM)

IF(TET.LT.0}GOTD999
TYSTAR=).
IF(ICAP.EQ.7)GDT0679

CALL POWERS (TET,TQ,TTSTAR)

DQHR={TQ/TTSTAR-TQSTAR) /{PLMAX*3,6/1055.04=TC/TTSTAR+TQSTAR)
TQQ={PLMAX*TTSTAR/{1.+DQHR) +TQ*1055.04/3.6)/EFI

RP=TQ*CONST/EGPM

APaTET~TTD=~RP~TWBD

ITEV=TEY
PDESI=(PSA(ITET)+(PSA(ITET+1)~PSA{ITET))*(TET-ITET))*1728./848.,64

CALL RATFAT (RP,AP,TWBD,RF)

IF(RF.GT.0.31)G0T0677
IFLAP.GT.15.0)G0T0678
RF=1.7

GOTO677

RFxJ.4
WTCOST(IW)=WTCOS*RF*GPM
CAPCO1=WTCOST(IW)#NUMTONW

TERMINE CONDENSER COST, AND PUMP AND PIPE SYSTEM COST

THW=TET-TTD
TCW=THW-TQ*CONST/EGPM

RANGE=THW-TCHW
TTDKO=TTD/RANGE*CONST/EGPM

RLL=ALOG{ (RANGE+TTD)/TTC)
CONCOS=UNCOND*EGPM/CONS T/UD*RLL*10,%%9
TF(NEWCONLEQ.O) CONCOS=CCO

IP=EGPM/10.%%5
PPCOST=PAPCOS(IP+1)+(PAPCOS(IP+2)~PAPCOS{IP+1))*{EGPM/10.%25~1P)

PPCOS0=0.20%PPCOST
TERMINE DOWNTINE, AND ADDITIONAL LAND COST

DOWNCO=UDOWN*PL*24,.¥DAYS*1000.
ALANDC=PLMAX*SLANDA*ULAND

TERMINE REPLACEMENT CAPABILITY LOSS

CALL FAN (AFR1,POROP,FANW2)

PUHOPI:EGPH*HElGHT‘62.4/7.681/60./550.IEFFlCh‘0.7457
FANWL1=FANW2*NUMTOW#0, 7457
1111=0

CALL MODELW (TWBLOy TWBLC s IWsNPLyTET o TQoTHL s TETT9KoTTHIM)

IF(TET.LT.0.)GQY0999
TTSTAR=1.
IF({ICAP.EQ.01GOTO68L

CALL POWERS (TET,TQ,TTSTAR)

DQHR:(TQITTSTAR-TQSTAR)I(PLNAX'3.6IIOS5.04-TO/TTSTAROTQSTAR)
FPL=PLMAXSTTSTAR/ (1. +DQHR)
FPL1=PLMAX-FPL
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661

FPLL=FPL1+{FANWL1+PUMOP11/10C0.
FPLMAX=FPL 1
CAPCAP=FPLL*UCAPAB

WRITE(6,661) EGPMyAFR,GPM,GPMW,; AFRL,POROP,FNTU
FORMAT{1HO, 10X,

3*TOTAL WATER FLOW RATE =*,Fil1.0,¢ GPM' /11X,

4%AJR FLOW RATE THROUGH FACH WEY TOWER =%,F11.0,* LB./HR*/11X,

665

664

663
666

SYWATER FLOW RATE THROUGH EACH WET TOWER =',Fll.0s' GPM'/L1IX,
E*WATER LOADING =',F11.2," GPM/SQU. Fl. PLAN AREA'/11X,

T*AIR LOADING =*,F13.2,* LB./HR/SQ., FT. FACE AREA®/11X,
BYPRESSURE DKOP DUE TO FAN OPERATING =",FB8a4,' INe H20°/11X,
9YTOTAL NUMBER OF TRANSFER UNIT =2%4F9,4/1

WRITE{64665) ELENGT

FORMAT(L1HO,8X, *%%% TOWER SIZE *#%x9/11X,
1°LENGTH OF WET TOWERS =',F13.1,' FT*)

WRITE(6)664) FILLHT(IW) yWIDTH,NUMTOW

FORMAT(L1H 510X, *FILL HEIGHT FOR WET SECTION =*',F6.1y* FT*/11X,
2'FILL WIDTH FOR WET SECTION =%yFT.1,* FT*/11X,
3*NUMBER OF WET TOWER FANS =',19)

WRITE(6,663)

FORMATU(L1HOy BX, **** DESIGN CONDITIONS #*%x¢)

WRITE(6y666) THWyTCHWRP APRF,PDESILTAC

FORMAT(1H 410X, 'OESIGN HOT WATER TEMPERATURE =',f8.3,* DEG. F*
1/11X,*DESIGN COLD WATER TEMPERATURE =',F8.3,¢ DEG. F'/11X,
2'DESIGN COOLING RANGE =*,F8.3,' DEG. F*/11X,
3*DESIGN APPROACH ="4FB.3¢' DEGe F'/11Xs
4°RATING FACTOR =*yFB.4/11X,
SYDESIGN TURBINE BACK PRESSURE =',FB8.4,* IN. HG*/11X,
6°FUEL CONSUMPTION AT DESIGN CONDITION =¢4F3.2,*% MW')
IFLICAP.EQel) WRITEL6,566T) :

667 FORMAT(LIH ,12Xy*NOTE ... CAPACITY LOSS AT DESIGN CONDITICN'}

c

C COMPUTE OPERATION COST AND TOVAL COST
[

CALL OPECOS (IW,TOTOPE)

IF{TOTOPE.GT.10.**111G0T01001
CAPCOS=CAPCO1+PPCOST-PPCOSO+CONCOS-CCO-COC+CHT+ALANDC+CAPCAP
1+DOWNCO

WRITE(64604)

604 FORMAT(1IMO,7Xy'*%%x CAPITAL COSTS x#xs)

WRITE(6y602) CAPCDI'PPCCST.PPCOSO.CONCOS,CCO,CGOyCHT,ALANDC'
1CAPCAP, DOWNCO,CAPCOS

602 FORMAT(1H ,9Xy*CAPITAL COST OF TOWERS = $',F20.0/10X,

1°PUMP AND PIPE SYSTEM COST = $',F17.0/10X,

2'PUMP AND PIPE SYSTEM SALVAGE = ( $',F12.0,°)'/10X,

3*NEW CONDENSER COST = $°,F24,0/10X,

4°SALVAGE VALUE OF OLD CCNDENSER. = ( $',F10.0,%)%/10X,
S*OTHER OPEN-CYCLE COMPONENTS SALVAGE = ( $',F5,04°1%/10X,
6'HOOKUP AND TESTING COST = $°,F19.0/10X,

TADDITIONAL LAND COST = $*,F22.0/10X,

8*REPLACEMENT CAPABILITY COST = $*,F15.0/10X,

I*DOWNTIME COST = $',F29,.0/45X%,? - *710X,
1*TOTAL CAPITAL COST = $',F24.0)

IF{IEXTRAL.EQ.1) TOTOPE=TOTOP
IF{IEXTRALEQ.L) WRITEl69614)

614 FORMAT(1HO/12X, *NOTE OPERATING COSTS ARE BASED ON EXTRA OPERAT

1ING COST*)

WRITE(64612)

612 FORMAT(1HO,7X,***x TOTAL COST ~== ANNUAL BASIS --- FIXED CHARGE

5000
611

999
603

1000

1001
6000

IRATE #**%°//10X,*NO. OF YRS*,5X,*CAPITAL COST*,5X,*ANNUAL OPERATING
2 COST 95X, "TOTAL COST*y5X,'FIXED CHARGE RATE®/26X,
IMILLS/KAW=HR " 4 10Xy "MILLS/KW=HR? 49Xy *MILLS/KW=HR")

DOSQ0OKK=1,5

CAPCOL=CAPCOS*FCRRI(KK)}/S

TOTOP2=TOTOPE

TOTCOS=CAPCOL+TATOP2

WRITE(64611) NYEAR(KK),CAPCCL4TOTOP2,TOTCOSy FCRR(KK)

FORMAT(IH ¢1154F20479F21.74F20.74F19.6}

60701000

WRITE(6+603) EGPM,NUMTOW, TET
FORMATUIHO/ /10Xy ' R6¥esstassnkt 710X, *TOTAL WATER FLOW RATE THROUGH
ITHESE COOLING TOWERS =%,Fl1l.0st GPM*/12X,*NUMBER OF TOWERS =*,
215/12%X4*TURBINE TEMPERATURE ='3F10.4/12X,
A'TOWER SIZE [S TOO LARGE')

TOTCOS=10,%%12

CONTINUE

G0T06000

TOTCOS=10.%%12

CONTINUE
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aoo

.ee

sTOP
END

SUBRDUTINE OPECOS (IW,TCTOPE)

¥R R KL LT KR KRS S EEYEE R EE S ENR

*

PROGRAM TO DETERMINE TOTAL ANNUAL OPERATING CCST

»

X F KRk E R T kR kRS A XK S S EES SRS SR

OIMENSIDON HR(50414)yIHR(14) ,ARWT(10),PSA(250)4AW(10),BW{10)
LeWTCOSTEL0),S1(15)9852015)4S3(15) 4NYEAR(S)

COMMON/DENSIT/ DAIR(250)

COMMON/ZINPU/ PERCENT{L2¢1542) yHW(10},EFL

COMMON/INPUT4/ WPDRO(13),FILLHT(10),PDROP,WICTH,FANPOW{20,13)
COMMON/TURBIN/ HRyIHR,TLOW,FINC

COMMON/NCALA/ PSAyTFES,TS, TWBAL 2QHL»iiH2,,HA

COMMON/TOWERS/ ARWT JAW,BW,GPM,CONST,NOITT,AFR

1o ATIK Y BIIKyRLGyENTU Ny FNTUZFGPM,GPMu

COMMON/AIRF/ AFR1,FANWZ ,PUMGPL

COMMON/NOT/ NUMTOW, ELENGT 4 AMANT

COMMON/TURB/ POWER, TBP,TET,TTD,TTDKO,YTOO

COMMON/TOWERC/ NOTS{10),WTCCST

COMMON/CONSTA/ CONSTL,OCNST

COMMON/TEMP/ ITWBI, iTWBF,1TBD,ITOBF .

COMMON/ECOND/ NYEARyFCyhConysDRyCCNOyCCNLy ANPOWE sHEIGHT yEFFICH
COMMON/POWERC/ IPLIIPLFyM,PL,LP

COMMON/ATMOS/ PATM

COMMON/LDSS/ S.CWATED,CBLOWG,CMAING

COMMON/CELL/ CELLTH,FARET

COMMON/WSS/ QHSUM{210)4FOGL »FOGM

COMMON/WITREF/ IWRITE,IPUNCH,REFSV,FAWETT, PAWCETT, AFRL ¢ TWBREF
COMMON/PLEVEL/ PLMAX,UCAPAB,CAPCAP UENER,ENERLS,TEL,TOTOP
COMMON/FPL11/ FPLMAX

COMMON/TBPR/ 1TPMAX, TETVAX,ICAP

COMMON/TBPRE/ IPMAX NPL,OPL,PLMIN

COMMON/QSTAR/ TQSTARCF

OPERATION DUE TO WET COOLING TOWER

IF(FANW2.LT.0.1)HNW( [W}=0.0
IF(HW({IW).LT.0.01 )GOTOLCO02

IFUEWRITELEQ. 1) WRITE(6,4839)

IM=0
TOTOPE=0.
TOTBLD=0.
TOTWL=0.
TOTEI=0.
TOTFUE=0.
TOTWAT=0.
TOTWAW=0.
TOTMAN=0.
TOTLOS=0.
TOTPRO=0.
SENL=0.
SEN2=0.
SEN3=0.
FO0G35=0.
FOGLS=0.
FOGMS=0.
FOGHS=0.
CAPLOS=0
CAPRRO=0.
ENERL S=0.
FAPLS=0.

AFR=AFR1%60. /REFSYV
RLG=GPM/CONST*10.**9/AFR ‘
FNTU!AN(IH)*GPMH*'BH(lNl*FILLHT(IN)
N=IFIX{FNTU/J.5)

ENTU=FNTU/N

DOL00OLP=1PLI, IPLFeM
LP1={LP-IPLI) /Ml

TTTSAV=0.
KKSAVE=D
JJJJy=0

DD901!!J=ITNBI.XTHBF.ITBD
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9666.

96681

c
96683

96684

96680
96682
96685

Twd=11J

TSaPsatliy)

IWl=(ITU-1ITWBI)/ITBD+]

KK=aKKSAVE

TTIT=YTTSAYV

12=)

142114

T08=THWB
ITOBMA=PSA(IT1J)/{0.CO03ETHPATMR(1,¢(11J=32,1/15T10)¢100
IF(ITOBMA.GT.ITDAF) [TORMA=ITDBF
ID1=(1J-1ITWBI)/1ITBD+1
AH=TS-0.000367#PATM*{TDB~TWB) * (1. +{TWB=32,)/1571.)
WL1=0.622%AH/ (PATM=AH)

QHl=WL1
FANWL1=FANW2*DAIR(TJ)I* (1 +UWLLI*REFSVENUMTOWR0,T457
PLC=PLMAX*CF+(FANN1+PUMGCP1)/1000.

FAP={ FANW1+PUMOP1}/100U.

NP=NPL

IF({LPNELIPLLI) NP={CF=-0.,49)#10.

CALL MODELW (TODByTWBy IW NPy TET,TQsTWL o JJIJSKKyTTTHIM)

[2=12+1
IF(TET.LT.0)GOTO0200
TTISTAR=1.

IF(LP «NE.IPLI) TTSTAR=CF
IFLICAP.EQ.C)IGOTO9666

CALL POWERS (TET,TQ, TTSTAR)

CAPPRO=CAPPRO+PERCEN(IW1,ID1,LP1) _
DQHR= (TQ/TTSTAR-TQSTAR) 7 (PLVAX%3.6/1055..04=TC/TTSTARSTASTAR)
FPL=PLMAX®*TTSTAR/{1.+DQHR)

PL=FPL

IF(LP.EQ.IPLIIGOTO96680

IF(ICAP.EQ.J)6ATO96681

FPL1=CFPLMAX-FPL

PL=FPL

FAPa{ FANW1+PUMOP1)/1000,

60T096682

TETST=TET

TQST=TQ

FPLSTaFPL

THLST=TWL

NP=NP+1

KKST=KK

TTTIST=TTT

CALL MODELW (TDByTWBsIWyNPoTETLsTQLle TWLL 9JJJJ+KKSToTTTST, M)

TTSTAR=CF+0.1
IFCICAP.EQ.D)GOTO96683

CALL POWERS (TET1,TQl,TTSTAR)}

DQHR=(TQ1/TTSTAR-TQSTAR)/(PLMAX#*3.6/1055.04-TQL/TTSTAR+TQSTAR)
FPLaPLMAX*TTSTAR/(1.+DQHR)

TET=TETSTH(YETI-TETST)/(FPL-FPLSTI*{PLC-FPLST}
IF(TET.LT.(TETMAX+0.05))1G0T096684 '
FPLLI=CF*PLMAX-FPL

TQ=TQ1

TET=TETMAX

THL=THWLL

PL=FPL

FAP={ FANWL1+PUMOP1)/1000.

G0T096682

TQ=TQST+(TQ1-TQST) /(FPL-FPLST)*{PLC~FPLST)
TWLTWLST+{TWLLI-THLST)/ (FPL~FPLST)*(PLC-FPLST)
FPL1=0.

FAP=0.

PL=PLMAX*CF+ (FANW14PUMGP1)/1000.

GOTD96685

FPLI=PLMAX~FPL

FPLYI=FPLL1+(FANW1+PUMOPL1)710QCO.
ENERLS=ENERLS+FPLLI*PERCEN(IW1,[D1,LPLI*8760.
FAPLSsFAPLS+FAPSPERCEN(IWI, DL, LP1)*8T60.
EI=(PL+TQ*1.05504/3.6%1C00.)%1000./EFI
FUECOS=FC#E1%8760.
BLOOWN=TWL#CCNL/(CCNO-CCN1}

WATCOS=(TWL +BLDUWN) *WC%*525,6
WAWACO=BLDOWN®HWN®525,.6

ANUCAP=ENERL S*UENER*100C

HOTWTT=TET-TTD
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COLOWT=HOTWTT=TQ*CONST/FGPM

ITET=TET

PolPSALITET )+ (PSACITET+1)~PSACITET)) $(TET-1TET}}/0.491111
YOTBLDSTOTBLD*BLDONN'PERCEN(1H1,lDl'LPl)*60.*24.*365.1326046
TOTWLRTOTHL+ TWLAPERCENI Th1,ID1,LP1)*60,.%24.%365,/326046
EIl=EL/1000.

TOTEI=TOTEI+ETL*PERCEN(EWl,ID1,LP1)
TOTPRO=TOTPRO+PERCEN(IWL,ID1,LP1)
TOTFUE=TOTFUE+FUECOS*PERCEN(IWL, IDLyLP1)
TOTWAT=TOTWAT+WATCOS*PERCEN{IWL,ID1,LP1)
TOTWAW=TOTHAWSWAWACO*PERCEN(IWl, ID1,LP1)

AMANT L=AMANT*NUMTOW*PERCEN(IW1,ID1,LP1)
TOTMAN=TOTMAN+AMANT L

FUECI S=FUECOS*PERCEN(IW1,1D1,LPL)
WATCOS=WATCOS*PERCENC(IW1,ID1,LP1}
WAWACO=WAWACO#PERCENC IWL, 101,LP1)
OPCOS=(FUECTS+WATCOS+WARACO+AMANTL)
L4FPLL*PERCEN(IWLvID1oLP1)*8760.*UENER*1000.
TOTOPE=TOTOPE+OPCOS
IF(PERCEN(IW1,1D1,LF1),.LT.0.000C01)G0T0312

CALL FOGSEN (TDB»TWBs THBAL,QH2ySENSIL1,SENSI2,SENSI3)

SEN1=SEN1+SENSI1*PERCEN{IW14ID1,LP1)
SEN2=SEN2+SENSI2%PERCEN (1w, 101,LP1)
SEN3=SEN3+SENSI3%PERCEN(IH1,41D1,LP1)
IF(SENSI3.LT,0.00005)60T0317
IF{SENSI3,LT.FOGL)GOTO315
IF(SENSI3.LT.FOGMIGUTO316
FOGHS=FOGHS+PERCEN(IWL,ID1,LP1)
GOTO311
315 FOGLS=FOGLS+PERCEN(IWL,I01,LP1)
6070311
316 FOGMS=FOGMS+PERCEN(IWL4I01,LP1)
60TO311
312 SENSI1=0.
SENS12=0.
SENS13:0. | .
317 FOGOS=FOGOS+PERCEN(LIWL,I01,LP1)
311 S1(ID1)=SENSIIL
$2({1D1)=SENSI2
S3{1D1)=SENSI3
IF(IPUNCH.EQ.1) WRITE(T,7C1) FUECOSsANUCAP,TWL,OPCOS¢BLOOWN, FPLL,
LSENSI1,SENSI2,SENSI34El,IM
701 FORMAT(2F10.0yF600sFL10sC1F5.09F9e43FTo5,F6.4+FB.5¢FB0411)
200 TF{IM.LT.2)50TD475
IF(I2.NE.1)60 TO 902
TTTSAV=TTT
KKSAVE=KK
60 TO 902
475 D092331JK=11J,1TDBMA,ITBD
IF(IWRITELEQ. L}WRITE(64666)
666 FORMAT(SXy'WET COOLING TOWER IS YOO LARGE TG OPERATE®)
ID1=( IJK~ITWBI) /1TBO+1
TOTLOS=TOTLOS+PLMAX*876C000, #UENER#PERCEN{IW1,101,LP1)
TOTOPE=TOTOPE+PLMAX#876C000, *UENER*PERCENCIW1,ID1,LP1)
FOGIS=FOGOS+PERCEN( w1, IDL,LP1)
IM=0
IF(IPUNCH.EQ. LIWRITE(7,702) IM
702 FORMAT(180)
9233 CONTINUE
~ 60 TO 901
902 IF(IWRITE.LT.1160T090222
WRITE{6,6011 PL,TWB
601 FORMAT(LHO,5X, 'POWER =7,F5,0,% MW!,10X,*TWB =*¢F8.3,' DEG. F')
WRITE{64333) TET,HOTWTT,COLDRT P, TQ
333 FORMAT(/6Xs *TURB.TEMP. = ',F10.4,1Xs*DEG.F. 'y
15X, *HOT WATER TEMP. = *,Fi0.4,1X,"DEG.Fo"y
25%,°COLD WATER TEMP. = 'yFL3u4y1Xy*DEGuF.ts
37/46Xy "PRESSURE = *yF8.5y1Xs " INJHG. Yy
45X, "HEAT REJECTION = %,F8.5,1X, 'BTURLO%*9%,/)
WRITE(6,602)
602 FORMAT(LHU. 1X*TDB? 43Xy 'WATER EVA.*s3X,'BLOWCOWN® 43X
*PROBABILITY s 3X, *FUEL COST® 43X,
;:unrea COST*,3X, *WASTE WATER COST?,3X,*SUBS ENERGY LOSS'¢3X,
3'0PERATING COST'/3Xs%F°,
47x,‘GPH',9x.'GPM"ZZX,'S/YEAR'é6:: L2x e SIYERRTID
VS/YEARY ,10%, '$/YEAR® 4 13X, ' $/YEAR 412X, £
5uaxrs«s.207nxJ o TWL » BUDCWN , PERCEN(INL o IDL¢LPL) o FUEC IS (WATCOS WAWAC
10, ANUCAP ,OPCOS,FPLL
90222 1J=114+1T7BD
IF(1J.GT.ITDBMAIGO TO 911
009231JK=1J, [TDBMA,1T8D
TDB=*1JK
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IDIs( 1JK-ITWBI)/I7BD+]
AHaTS=0.00036T*PATMa{ TOB~THWB)®(1,+ (THB=32.1/15T71,}
WLA(0.622#TPS/({PATM=TPS)~Q,622%AH/ {PATM=AHS ) SAFRECONST/10. %49
1#NUMTOW

BLDOWN=WL*CCN1/(CCNO=CCNL )

WATCOS= (WL+BLDOWN) *WC2525.6

WAWACO=BLDOWN®WWE525. 6
TOTBLD=TOTBLO+BLNOWN*PERCEN [WL, ID1,LP11%60.%26,%365,/326046
TOTHL=TOTWLAWLAPERCENCIWL 101 4LP1)%60.%24.%365./326046
€11=E1/1000.

TOTE[=TOVEI+E11#PERCENCIWL, IDI,LP1)

ENERLS=ENERL S+FPL1*PERCEN(1WL,ID1,LP1)*8760,
FAPLS=FAPLS+FAP*PERCEN( IWl,101,LPLI*8760.
IF{1CAP.EQ.1) CAPPRO=CAPPRO+PERCEN{I1Wl,1DL1sLPL)

ANUCAP sENERL S*UENER*1CCC.
TOTPROaTOTPRO+PERCENIIWL, 101 ,LPL}
TOTFUE=TOTFUE+FUECOS#PERCEN(IWL,ID1,LP1)
TOTWAT=TOTWAT+WATCUS*PERCEN( IWl,I01,LP1)
TOTWAR=TOTHAWSWAWACO*PERCEN(IWL,101,LP1)

AMANY 1 =AMANT#NUMTOW#PERCEN{ IWLl,IDL,LP1}
TOTMAN=TOTMAN+AMANT 1

FUECIS=FUECOS*PERCENT Inl,IDL,LPL)
WATCOS=WATCOS*PERCEN(IWL, 101 LP1)
WAWACO=WAWACO*PERCEN( IWl,IDL,4LP1)
OPCOS=(FUECIS+WATCOS+WAKACO+AMANTI)

14FPLY*PERCEN{IW], ID1,LP1)*BT60. *UENER®10GC .
TOTOPE=TOTOPE+OPCOS .
TF(PERCEN(IWL, IDL,LPL).LT.0.0000011G070322

CALL FOGSEN (TDB,TWB, TWBAL yCH2SENSI1ySENSI2,SENSI3)

SEN1=SENL1+SENST1*PERCEN(IWL,IDL,LP1}
SENZ=SENZ+SENST2#PERCEN(IWl, [D1,LPL)
SEN3=SEN3+SENSI3#PERCEN(Inl,101,LP1)
IF(SENSI3.L7.0.00005)60T0327
IF(SENSI3.LT.FOGL)GOTO32S
IF(SENSI3.LT.FOGM)GOTO326
FOGHS =FOGHS+PERCEN{1W1,I01,LP1)
6070321
325 FOGLS=FOGLS+PERCEN{IWL,I0D1,LP1)
6070321
326 FOGMS=FOGMS+PERCEN(IWl,ID15LPL}
6070321
322 SENSI1=0.
SENS12=0.
SENSI3=0.
327 FOGOS=FOGOS+PERCEN{IW1,ID1,LP1)
321 SLUID1)=SENST1
S2(1D1)=SENSI2
S3{1D1)=SENSI3 ,
IFUIPUNCH.EQo1) WRITE(7,7C1) FUECOS,ANUCAP,WL,OPCOS,BLOOWN,FPLL,
1SENSIL1,SENSI24SENSI34El,IM
IF(IWRITE.LT.11G0TO923
WRITE(6y607) 1K, WL, BLDORNPERCENCIWY 4 1D1¢LP1) oFUECIS,WATCOS, WAWACD
19 ANUCAP ,0PCOS,FPLL
607 FORMAT(LH ¢13,F15.53F11040F13464F13.0¢F12414Fl641,F20.3¢F18.1y
1F10.3)
923 CONTINUE
911 IF(IWRITE.LT.1)G0OTO901
WRITE(6,69699)
69699 FORMAT{1HO// 75X, *e%%%¥% FOGGING PARAMETERS ###x%¢//3X,
1'TDB* 43X, *TUB(EXIT) 3%, SPE. HUMID.® 46X,
29SENSTIBILITY*33X, *FOGGING ANGLE',3X,%FOGGING MAG.*/4X,
BVFI,8Xy*F*y Xy = H20/= AIR®y5X, *WESTINGHOUSE * 93X, "RAD. (MARLEY) ')
D03101JK=11J,ITDBMA,ITBD
ID1=(1JK~ITWBI) /I TBD+1
310 WRITE(6469698) [JKsTWBAL,QH2,S1(ID1),S2(ID1),53(101)
69698 FORMAT(LIH 4154F11.3,F13.6,F17.7+F14s5,F17.5)
WRITE(6,899) .
899 FORMAT(///1X,130('%%)/7//)
901 CONTINUE
1000 CONTINUE
FUELEX=TOTEI-TEY
TOTFU1=FUELEX*FC*10u0.*8760.
TOTOPE=TOTOPE~CWATEG~CBLOWG-CMAING
TOTOPaTOTOPE-TE[*FC%1000.48760.
WRITE (6466667
66667 FORMAT{1HO,8X, t%%% FOGGING PARAMETERS #set)
WRITE16,66666) SENL,SENZ,SEN3,FOGOS,FOGLS,FOGMS ,FOGHS
66666 FORMAT(IH ,/10X,'AVERAGE SENSISILITY OF FOGGING, BASED ON WESTINGH
10USE CALCULATION =v,F8.5 710Xy ' AVERAGE FCGGING ANGLE, BASED ON
2MARLEY CALCULATION =°,F9.4,¢ RAD.'/10X,
IVAVERAGE FOGGING MAGNITUDE =7,F10.5,* DEG. F*LB. H20/LB. ATR'/10X,
4*PROBABILITY OF NO FOGGING =y FB.545X, *LIGHT FOGGING =*4F8.5/15X,
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OO0 O0N

[aEaE el

SEMEDTUN FUG LIS 20,5 440 ,5X, ST SOING =t,F8,¢
TATELL=TUTt 17 101K B AVY FGE I AR
TOTWLL=TOTR ZETOSTAC#105% .04/ 300)

PUZLE =FUCLE X/PLMAK
FRLUAL=EPLMAX/PLMAX
ENERLE=ENERLS/{PLMAN IR 200.)
FATLSL=FAPLL/ZIPLBAXE 3T10,)

WAUTEL69405) TOTALOL TOTWE,, TOTWLL, TOTEL, TOTSTY FutLe
. < ELEX FUCLEL
IFPLWAX.FPL“AI,LNLKLu,EVE&Ll'FAPLS.FAPL;l ' ' '

605 FORMATULH o /10Ky *TRIAL AINUAL BLOWOGHN =5 ,F15.0,° ACRE-FT/YEAR® /

L1OKy *TUTAL WHUAL WaTLR EVAP. =9 ,F12.0e" ACRE-FI/YEAR?
2aOXet Uy F10.3y* )Y/10X,

BVTOVAL ENFRUY QWATEL fn =9, FL2.3,¢ %W /10X,

4TAV RAGE =1RGY RAT. 14 DURING ACTUAL POW-R PRODUCTION =¢
SeFl.o3¢t MWU//PX Vv CAPARILITY 1NSSES #820/10x,

AYEXCESS FUEL CONSUMITION =0, Fa 3,0 gt 6%, 0 (4 k. 6,0 1'710%,
TYMACTMUM CAPABILITY LU'SS 29,89, o0 Mut o%, 1 (? 9.6, }4/10X,
BEYENLRGY LUSH =0 F15.5, ¢ HA-iRY 4aXs (' 4F9.6," U/1.X,

DEFAY & PUMY ENIPLY 1 0S5 =9, F1lab, ! “W=HR Y, 54, (', P, 0,¢ }1)
WRITELG6H06) TUTFUE, TOTFUL, AJUCAP e TIOTWAT, TITWAW, TOTMAN, CHATFD
Ly CBLOWO s CMAL NG, TOTOwveE , TOTOR

606 FURVATEIHO/#(,

Lrees TOTAL A3MUAL C STS &%0/10X,

2'TOTAL A'UAL FUEL LOST =9,624.0,° $/YEAR?,SK, 10R* /10X,
BPEXCESS FUSL COST =7,F30.0,' $/YEAR'/10X,

40TUTAL ACINUSL REPLALEMENT SwERGY LOSS =7,F10.0, " $/YEARP/ICX,
SETOEAL A'INUSL WATCR CPST =4,F23.0,' B/YEART/10X,

6'TOTAL ANNUAL WASTE WATER CHST =%, FL7.0, 7 5/YSA /10X,
TETOYAL A4NUAL MAINTAINAYCE COST =',F16.0,* $/YEAR?/10X,
BYMAREUP WATER COST wlTH OP{4=CYLLE =1,F13.0,% $/YCAR'/10X,
JUBLUWNOA | THeATMENT COST WITH QuEM=CYCLE =',07.0,' 5/YEART/LOX,
LYMAINTENANCE COST WiTh OPEV-CYCLE =',F14.0,' 5/VEART/40X,
e 17104,

3UTOTAL ANVUSL DPERATIG COST =',F19.09' $/YLAR'/L0X,

4YEXTRA AMNUAL OPERATION CUST =*,F19.0,' $/YEAR')

TOTFUE=TOTFE/S

TOTAAT=THTWAT/S

TOT#AW=TITWANR/S

TOTHAN=TDOTMAN/S

ANUCAP=ANUCAT/S

TOUTAP=TOTOUP/S

TOTHPE=TUOTOPE/S -
WRITE{(64521) TOTEUE,TOTHAT,, TOTWAW, TOTMAN,,ANUCAP,TNTOPE, TOTOP

621 FORMAT(LHO, VX, *%%E AVERAGE OPERATING COSTS —-~ IN MILLS/KW=HR %%’

1/10Xy AVERAGE FUSL (IST =79F22.6e " 4ILLS/KW-HR!'/L1CX,
2YAVZRAGE WATZR COST =209F21.6,* “4ILLS/KW-HR* /10X,

3YAVFRAGE WASTE WATEi COST =t,Flo.6,* MILLS/RW-HR'/10X,

47 AVFRAGE MAINTAINANCEZ CUST =',Fl4.6,* MILLS/KW=HR*/10X,

SV AVERAGE CARPACITY LSS =",F18.6,* MILLS/KW/IR* /10X,
6YAVERAGE TOIAL OPSRATING COST =t,Fll.6y* MILLS/KW-HR'/10X,
TYAVERAGE EXTRA UPCRATING COST =0,F1l.64" MILLS/KW~HR?]
RETURN

1002 WRITE(6,623) B ]
623 FORMAT{LHO/ 10X, "WET COOLING TOWCR IS NOT SUFFICIENT TO OPERATE!)

LR 2R KR O )

TOTOPE=1N.*+12
RETURN
END

SUBPOUTINE MGUELW (TOBy TWReIWeL ¢ TET,TQsTWL,IIT1I,K,TT,1M)

B o% & & & % B F & & % X & % & & F € K & X & &£ & * &£ X & X & & & %
THIS SUBRNUTIYE CALCHLATES THE #MuDELING RELATIUNSHIPS FOR POWER
FLAMT AND COCLING TOWER . GIViN W-T AND DRY DULHR
TEM-FRATURT Sy AND wW=T TOWCR SIZU THE ReSULTS ARE TURBIMNE
EXHAUST TUMPERATHRE, AND HEAT REJECTION.

R F & 86 % & £ & % & K & & & & ¥ &k E X X X X E X & X E S F IS

* B8 o8N

DIMLNSTON HIRJINIG014) ¢ IENHTR{LE) 9 AW(10),3w(10) +ARWTI10),PS5A(250)
COMMON/TURBTN/HTRIT (g TENHTR, TLON FINC

CUMVMO S TOWEN S/ AT g AWy B Gy CONST, NI TT L ARR
l.Al)K.BIJK.”LG,hHYU.H.FHTU.rGﬂM.GPMN

COMMO I/NGCALAS PSASTESy TSeTwidby HlewH2,rA

CUMOM/NIT, NUATURy ELEUGT y AMANT

COM INZTURE/Z BLILBLZodL 3y TTH, 1T KD, TTHO

COMMNN/TRPR/ TTPMAX, TFTMAX, (CAY

1F Tnh 1S HIGH ENOUGH, THEN CODLING CANNOT TARE PLACE AT AFL UNTIL
TURGT £ COWDY .5bR TEM e ATURE IS HIGHT RS THUS, WILL SKkIP T
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aNeluNeNaNalaRalal

[aNalal

2N eXal

C
c
c

C

[aXeXgl

HIGHI S TURBIN  TEMPIRATURI .

IF Tw 1S 10 pMaudt,  COOLINS WATER TRFEZES, WHICH
FS HevtUR DESTRI DL THUS Wiv Jevii CODLING WATF i wULD HAVE
COOLEH BELNA FRIFZTNG ANYWHORE IN THS CYCLE, H1 COOLING
PrREOURMED (IMULYING ALTLR JATE SYSTEM USED 1N PRACTICE).

ASSTON MODEL PARAMETERS FOK TUWER SECTION

391

ICaAT=0.

TM=2

TF%:0

1FRE=~]
TECTIITLOTLN.5160701000
WL=C.

TH5=0.

TWRial=0.

UH2=0.
IFATITI L.~ 5)G0TNI I
TTOD=HTRIINI L, LPYETTOKO
GOT.132

TT0°=TTD

ASSIGN INITIAL TRIAL TURBINE TEMPERATURE

992
99
201

404

K=0

IFRe=1FRE+]

K=K+l

TEF(K LT TENHTRILP))LOTOI99
TY=iLUW+(K-1)*FINC
TFUITITLRQa=S)COT o404
TFO=HTCIIN{K,LP)2TTRD
T¥L=TT-TTD

CUOL THROUGH COULING SYSTEM IF POSSIBLE

203

IF(TWB.LT.TT1IG0TI403

5010201

WLZ2=ni

TES2=TPS

TWBALZ=TWAL

OH22=0H2
TF(TTGT . (TETMAX+1.92))G0TU3II9

CALL NTUCAL (TT1.TD8sTWByRLGIENTU,TT24NDITTAFR yWL4N)

IF{TT2.6T.37.1)60T0503
60711973

TO GET T7Q1

1)

NETERMINE DIRFLCTION OF APPROACH TO "INTERSECTION OF CURVES

503

TQL=(TT1-TT2>)*FGPM/CONST
IFETQI.LT.HIRJINIK,LPI)COTOL00

REACH INTERQSECTION BY ULECREZASING TURRINE TEMPERATURE

[F(IFRELCT.T.)G0TO206
IF{TWB.0T{TLOW-FINC-TTNRU))IGCOTO104

COeLIn. CURVE TNDS MORY THANM 1 DEC<EMEMT BELUW TLOW

206

TT=1T7T-FIMC
TT1=T7-TTDY
IF(TT1.LT.37.)607T0703
[F(TWa.561.T11}060T0304

COCLIME THROUGH COCLING SYSTEM IF POSSIBLE TO GFT TQ2

50%

WL2=WL
TPS2=1PS

TebiL2=T aBAL

CH2P=0H2
[FCIT.CTo (T TMAXY 1450601997

ALt HYJCAL (TTL1yTO o TWORLGLWENTUyTT2yNDET 1 gAFR yWL 9 N)

TRETT2.5T.3.0.0007)5065

1FK=1

TU2=(TT1=-TT ) *FGLIN/700%ST

TEOTL 2L T ondTRIINTLLLPY) LUTSL0S
IF{IFc.TCoyvarnynd

TQr-TQ2

GOT200
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€ INTERPOLATE FOP TQyTET, THL
C .
1O0Y TU=nHIRJIN{L, LI}
HYULF =01 g-10,2)0/4TOI-102)
TET=TY4HIODIF L of INC
TFEITTT L FQ.=-5)00T0405
TTE =TT TOKD
405 TAL={WLAHTOTIFE*(WL2~WL ) }¥UMTOW
TRS=TPSHRTDTHIC(TPSI2=-1pPS)
TABAL =TWBRAL4BTOIF L= ( TWRAL2- TWBAL)
QHZ=QU2 4 HTDIFL&(QAHR2 2 ~CiHt2)
TRCIFR. Q. 000UTO21C

(PR?V!UUS TOWEi CODLING INDICATES THAT THE NPEPATING CHARACTERISTICS

ggRVh FOR THE COULING SYSTEM E'IDS IN THE SAME ToMPERATURE INTERVAL
TET)

COOL THROUGH CIOLING SYSTEM USING TET, TQ FOR CHECK

[z XaleNaReXal

211 YTL=TET~TTD
IFLVT 0T (TT TMAX41.951)C0TU999

(2]

CALL HTUCAL (TT1,T0R, THBRLGyENTUSTT2ZoNOITT,AFR WLy H)

IFITT2.6T. 22.)607T02)12
GUTNT03
210 CONTIHUE
I11i=1
RETURN
304 TT=TY+F1C

COOLING CURVES LND JUST BELOW TT AJID DECREMENTING TURBINE TEMPERATURE
WILL NOT INTERSECT IT

DETERMINT PROPER VALUE OF HTRJTMN(1,LP)
poustLe IMTERPOLATE FOR T2, T1ET,TWL

YOO OO0

106 IF{K.GT.1IGOTIN1I06
HQ=HTRJIN(1,LP)
6370107
106 HQ=HTRITHK-14LP}
107 FFUIIIT.5T.-5)G60T040T
HQ=HQ+ (TWBTITO-TT+F [NCI/FINCE(HTRIIN(K,,LP)-HG)
GaT0608
407 HOU=(HOGH{TAB=TT+FINCI/FINCHIRTRIINIKSLP)=HEY 1/ {1e=-TTDKO/FINC
1#{HTRIINIK L PI=HCY)
408 IF(1T11.EQ.-5)50TC406
TTO=HQ*TTDKD
406 TO=TQI*HI/{TCL+HO-HTIRJINIK,LP)}]}
TET=TWB+TTOH(TT-TWR~TTS)*TQ/TA1
TFLITTITLEQ.-51L0T0409
TTD=TA%T1 DKD
609 TWL=WL/TQLETCHNUMTO,
TPS=TPS/TYL*TUY
TWBAL=TWIAL/TULXTC
QH2=CH2/TQL*TC
T1=TT-FINC
IF(KeGTaLIK=K=~1
Gatuzil

REACH INTERSECTIGN BY INCREMENTING TURKINE TEMFERATURE

N eRal

100 IFUKLEQ, [ENHTRILPIYLOTOS99

108 TT=1T4FIN
K=Kt 1
1FUIILTLE9.-3)160T0410
TTD=HTRIINCK yLPIETITUKO

410 TI1=TT-TTD

COOL TriROUGH SYSTEM TD G:IT 7Q2 .

[a NeXal

WL2=WL

TPS2=1PS

TWRAL2=TADAL

Un22=QH2
TF(ITGT(TITNAXSLL.95)00L0T0999

CALL NTUCAL (TELyTDH, TWASRLGsENTUy TT2,NDITT,AFR WL 4N}

Tw2-(IT1-TT2 y&FGPM/LDNST
TF(TG2.5T JHTRITNIR, LTI IGUTOL0L
IF(rottga el RILPI)GOTD D)
Tul=TJ2

G108
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C  INTERFOLATE PO Ty TER, Twil

C
101 HTDIFLsHIRS (K LP ) -HIRJIUK=T,LP)
HTLLF22192-T4l
TR {NTRITNES JLPISHTEIF2~TQ2¢HTDIFL Y Z(HIDIF2-TDIFL)
TET=T1~(Tu2-TWI/HTOIF29FINC
TF(IITLLEQa=-500UTNG11Y
TTu=Tw*iTHr X
G111 TaL - (nl2¢(a =WL2)/HIDEE22(Tu=-TCL) I ESUMIONW
TPS=TPS24(TrS=IPS2V/HTDIF 25 10~-1Q1)
TWBAL=TWBALZ ¢ (TWRAL=TWBAL 2} Z7HTUIE?e(TQ=-TQL)
QH2=UH22 4 (QH12=-GH22)/HIUTF2%(TU-TQL)
TT=TY-FINC
K=K-1
1Hi1=1
RETURYN
c
C RETURN WITH MESSAGE
C
703 Tu=-50
TeT=-50.
Trl==50.
1111=0
IM=-59
RETURN
C ) .
C FIND IITERSECTION WHEN WET~BULH TERPERATURE [NCREASES
C
C P©EACH INTERSECTION BY INCRSMENTING TURBINE TEMPIRATURE
C
1000 TTD:HTRYIN(K,LPI*TTLKO
TT1=17-T7D
IF(TT.GT.(TSTMAX+1.35))50TD999
(d
CALL NTUCAL (TTLoTOh, TWB,RLGCIENTU, TT12,NOITTAFR,WL,N}
C
TQI=(TV1-TT2 ) *FGFM/LONST
1004 TT=1T+FIMC
IF(TT LT {TLCW+0.001}1GRTOL1001
IFIK.ECLTENARTRILP I} 0T0997
K=i+1
HQ=HTRIIH(K.LP)
HTDIF1=HC-HTRJINIK-14LP)
GOTH2070
1001 HQ=HTRJIN(1,LP)
HTDIF1=0.
2070 TTU=HQETTOKD
TI1=TT-TTD
WL2=WL
TPS2=TFPS
TWBAL2=TWBAL
QH22=0QH2
TFLTT.OT (T -TMAX+1.95))6LT0I99
C
CALL NTJUCAL (TTlyTOueTHB,LGoENTUs TT2,NOITT ¢AFR WLy N}
[
TQ2=(TTI-TT2)#FGPM/LONST
FFETQ2.5T.HIG0TULULD
TQl=T02
GaT71004
[+
C INTERPOLATE FO2 TGy TET, Twl
C

1010 IF(K.OLT 11670412
TTOTHTRIINGL, LPISTTLKD
GNreell

412 TTO=HTRJIM(r=1,LP}&1T0HD

413 TF(TWBaLT ATT=FINC-TTD)IGOTILOLL
Tul=TQ2
GUTHLIO4S

1011 HINDIF2=T2-TCL
TR (HYPERTDIF2-TQ2¢HIDIFL) /L BTDIF2-HTDIF1)
TET=T1T-(Y2-~-TAY/HTOIF2%F1C
TTO=TRsTTOKS
TWEL=WL2 4 (WL =WL2)/DIDIF2&(T1Q-TQL) )+ UMTOW
TP3=TPS24(THS~=TPS2)/HTLIF2%({TO-1Q1)
TWBAL=TWRAL 27+ (THWBAL~TURAL2}/HTDIF2*%(TO-TQ1)
OH2=DH224 (NH2-UH22 ) 7ATDLIF2e(TU=-101)
IF(r.GT,. 1) “=K~]
TT=1T~FINC
RETURM

999 IF{TT 1. LT.32.0.002, TT2.L7.32,16010703
1CAP=1
TT1=TETMAX-T1TD
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CALL “ITUCAL (YVloYUBvYH“.RLh-FNlU.TIZ'NDITT'AOR'vaV)

TQ=ATTI=-YT2 48 GPMICUNST
Tii:=TEITMAX

O - TTDsT A TTORD
THL=WL $NUMT .

RETURM

£ND

SUBRUUTINE ~TUCAL (TWl,TOB, IWB LG DONTU, TWO ,NOTTT,AFR, WL N}

ERR KR E K E KR R KRk K KRR B R E K S KK E B KRS &
*  CRUSSFLOA CALCULAIIG OF COLD WATER JEMPERATUR: FOX TOWER *
A T

DIMENSTON HW(30),TWI30),PSA1250)
COMMOMZNCALAZ PSAZTES TSy TADBAL, UHT, M2, HA
COMUONZTONSTAZ COMSTL,LONST
COMNON/ZATMOS/PATY

IT=1wi

PS=PSALIT I L SALITHL)=-POACIT) IR(TWI-ET)

?=u.24#7w[*%.6?2*?5/(PA[M-PS)#(I061.8+0.44¢Tw1l
T=IwY

TS=PSACITI+(PSACUITHL)=PSALITI)I*(TWB-IT)

HA=0 24 ¥ THB+ 0. 622575/ {PATM=TSI#(1261.8+40,444TWB)
AH=TS =3+ 000 36T«PATME(TLB-TWRI* (1. ¢{TWB=32.)/15T1.)
WL=D622%AH/ (PATM=-AY])

DO 100 I=1,4N

TH{I)=TWl
13T HA(1)=H

TviBAL=0.

DD 104 J=1l.N

H= ks

OO 101 I=1eM

KC=0

DHLzHW LT ) =H
DH=DHI/L.2%:8TU
132 KC=rC+1
TWw2:=TW 1 )=DH/RLG
IT=1W2
PS=CSACTITI+({FSACITHL)~PSACITIIR(TW2-IT)
HW220.26%TH24+0.622%1S/7(PATM=PSI%*(1061.840.44%TH2)
DHH< { DHL+HW2-H=DI1}/2 . #DNTU
Detii= { NDHITE0HY /2,
IF(KC.GELNOITT)Y GO TOU 106
DH=DHH
GO 10 102
106 TW(I)=TALI)=-DHH/RLG
iT=Twil)
PS=FSALIT)I+{(PSALIT+1)=PSACITII&(TW(I)-IT)
HW(1)=0.264%TW{1)40.522%PS/{PATM=-PS)*(1061.,8+40,44%THW (1))
101 H=ri¢DidH
THi P =TW8
20 ITwir2=TWRZ
PS=: SALITWOBZ )+ (PSA{LTWB2¢L)=PSALTITUWI2)})&(THB2-1TWR2)
HAZ2:0e26%THW"240.6225%PS/(PATH=PSI®(1061.840.44%TWB2)
1F (HAZ2.0E.F) SO TO 10
THH?=TwB2+5.
HA22=HA2
G 10 22

10 TWi’2=TwB2~-4.

40 1TWh2=Tup?
PS=PSA(ITNH?)*(PSA(lTH32+l)—PSA(XYWHZ))‘(TNBZ—I!WBZ)
HAZLD.Pthwt?*O.b?ZapsllHAYV-PS)*(1061.800.44tTwB2)
IF{itA? <50 HY G TO 50
TWh?=TWR2+41.

HA2?=HA2
i TO @0
39 TALA=TWB2=(VA2=11/(HA2=HA22)
104 TWRAL=TABALY [VR2
TwaAL=TWRAL/ N
TWO- 0.0
NOLG3T=1,N
103 TWi-TwoeTwlild
TwisTw/ 0
IT=1wbiL
IPL:PSA(I!)otvshllf‘l)-PSA(‘Tllt(TweAL-IT)
QUP =0 E2281 S/ (PLIM-TPS)
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[aReRal

WL=i12=WL

WL 2WLEAFRECOHST/Y ) 06D
RETURW

END

SUBXKOUTINE VATFAT (RANGE,APPROy TWB4RAFA)

&5 & B % F ot R % X B T B &R kKK E KR KK E A KKK KE
CEVLMMINE RATING FACINR RY GIVIMG TWe, APPROALH, AND RANGE

- APOLY MARLEY COMPAMY 'S METHQUL -

€ 2 6 % % & K &£ & K K K X ¥ B X & & KN &K E KR XXX E K

o« % s

REAL LRFALyl KFA24LRI
COMMOY/CMACI 2/ RFTL10,20,6),DTWE(T)

TF(TWReLT.30.0 JNFe THWBLGTL.B0.0)G0THI99
TF(APPRILLTLE.0 NR. APPROLLTL4N0.0).,0T093)
IF(NANGE«LT410.0 «0Ohe RANGE.GT.35.01GNTO979

DETeRAINE THE LOWER A D UPPER BOUNDS JF WET~BULK TEMPERATURE

11=35

DO 100 I=1,19
[2=11+4DTwa(1)

IF{TWB LE. [2) GO 1D 10

100 I1=12

C
c
c

[aKeaKal

[aNuXal

[pEeXel

(e NaNa]

OO0 AoNOn0

DETERMINE THE LOWER AMD UPPER BDUMDS OF APPROACH

10 AP={APPRO-6.)/2.
J=A"

DEIERM!NE THE LOWER A~ND UPPER BOU'IDS OF RANGE

RA={RANGE=5.1/5.
K=RA

INTER+OLATION BETWEEN RANGE FOR BOTH TABLES

TFCFTiTodyR) oLTe Vel 4ORe RFT(I4JyK+1) LLT. 0.1

1eORe RFT(I9pJ+1,4K) oLTe Gel JOR. RFT(I4J¥1,K41) LT. 0.l
2.0Re RFTUI+15J9K) oLTe Oul +ORe RFT(I+14dyKel) LT, 0.1
3.0Re RFT{I41,J+41,K} LT, Oul 0% RET(I#1,041,K41) LT. G.L)
4 GO 10 399 :

RAT=RA-K

LRFAL=RFTUI 2 JyKI+(RFT(I g K+L)=RFT{I9J,KII%ERAT
LAF22=RFT(T,J+14K)+(RFT(TyJ41 4K+ 1) =nFT{I,J¢14K)}IXRAT
URFALZRFT(I+ Ly JeR)I4IRFTAUI+L4J4K41)=RPFT(1+L,d,K))*¥RA1
URFA2=RFTII+13J4 1, KI+(RFT(I+1,J+ 1, K+1)~-RFT(I+1yJs14K))%RAT

ENTERTOLATIONS BETWEEW APPRUACH FDR BOTH TABLES

LRF=LRFAL+(LRFA2-LRFAL)*(AP=J)
URF=URFAL+{JRFA2=-URFAL)*{AP=])

INTER*OLATION QETWEEN WET-BULB TcMPERATURE

RAFA=LRF+{UF-LRF)I/{12-11)%(TWB=-11)
RETURN
999 RAFA=0.
RETURN
END

SUBROUTINE + AN (AFR4P,FAN1}

* & & 8 ¥ X 5 ¥ k& %k 3 &k k F K ¥k &£ % % ¥ & &£ £ ¥ & £ & K & ® & &
FIND FAN HOR%. POWCR CORRESPONDLSNG T THE SIVEN AIR FLOW RATE
AN STATIC PRESSURE .
& ¥ 2 2 ¥ ¥ 5 % & ¥ & x ¥ £ & Kk & F * & X % & & ¥ $ * ¥ & Xk &£ & &

LR 2R 2R 4

COMMUNZINPUT S/ WPORUCLI3)yFILLHT(10) +HDROPGWIDTH FANPOW(20,13)
DETERMINE THE LUWCR BOUNDS OF STATIC PRESSURE AND AIR FLOW RATE

1P=>220.+1
AsAFR/Z1D0300 ¢,
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IA=a

IPI=1P+}

TAL=1A4)

IFLIP.CT. 13)G0TRSS9
IFLIALGY 2036070996
IFLIP.EQ.13)CCTNS99
IFLTALEQ.22)L0T0997

INTERPOLATION SETWEEN 'YPRESSURE®

Ao

AL=FANPUW(IA,IP)+ (FANPOW(EA, IPL)-FAN ]
= ! SEANPOW(TA, IV ) )% (P*22 4] ,.-1P)
AZ-FANPOW(lAl.XP)#(rANPChIIAl.lPl)—FANin(;Al.IP))*(P*?O.ol.-lv’

INTERPOLATION BETWEEN $AIR FLCW RATES

[a N el

FAN1=A14 (A2«A))%(A-1A)
RETURN
997 :2?;;5ANPON(20.lP)*(FANPOh(ZO.IPl)—FANPOH(ZO.IP))*(P°20.+I.—!P)
998 :2¢L;ZANPON(IA'13)4(FANPGh(lAl,IB)—FANPON(IA'IB))‘(A-!A)
999 FAN1=0.0
RETURN
996 AL=FANPOW(20,1P}+30,#(AFR-1SCCCOC.)/1CCR0A,
A2=FANPOW(20,IP1)+3C.#(4F~19CCC0O0.)/1C0CE0.
FANI=AL+(A2-A1)%(P%20.41.~1P)
RETURN
ENC

c SUBROUTINE FCGSEN (TCByThRyTCA,SH2,SENSTIL,SEMST2,SENSI3)
C¥ % % & % & & & % & & % % % = % % & # % & % & & % ¥ ¢ & ¥ = ¥ ¥ F *k ¥ & ¥ & & 2
C CALCULATES FOCCING PARAMETERS FOR A KNOWM DRY & WET PLLB TEAMPEZRATURE 4
Ck & & % % % % % 2 % % % % % % % % & % % % & % % ¥ & ¥ % % & % & & ¥ & £ X F & 2
C

DIMENSION PSA(25C)

COMFON/NCALA/Z PSA,TPS, TS, TintALyQHL yuH2 pHA

CCMFON/ATAOS/ PATM

COMMON/WSS/ GHSUM(2101,FNCL,FOG™

C1=2.0
AH=1.-0.00036T¢PATM/TSH(TCB-TWB)* (1,4 (TWB~32.)/1571,)
SH1=0,622%AHETS/(PATY=AF*TS)

ITI=TDR

PS1=PSA(ITL)+(PSA(ITI41)-PSA(ITL))*={TDB-1T1)
SHS1=0.622%PS1/(PATM=PS])

QHSUML=0HSUN{TTL)+( ,HSUM(IT1+1)-QUSUMTITLI)=(TDB-1T1)

IT=TDA

PS2=PSA{ITI+{PSA(IT+1)I=-PSALITII*(TOA-IT)
SHS2=0,622%PS2/(PATM=-PS2)
OHSUM2=0HSUM(TT)4+{3HSUNM(IT+1)=CHSUMEIT)IS{TCA-IT)
DSH=(SH2=SH1) /(TCA-TCE}*CT

SENSI =0,

SENSI3=0.

SHG=SHL=(TDB=~IT1)*DS+/CT
IF(SHSL.LE.SH1+0.C0L1)GCT01LC
IF(SHS2.LE.SP2+40.CCO1IGETC2C

FIAD PLUME EVAPCRATION ANC CCNCENSATION PUINTS (IF PCSSIBLE)

o000

1T2=1T1
40 IT=1T240DT
IF(1T.GT.TDA)IGCTCSO
SHS=0.622#PSA(ITI/(FATM-PSALIT))
SHG=5AG+LSH
1F(SHG.GT.SHSIGLTO30
172=11
DH=SHS~-SHG
GOTC40
30 T4=1T2401/(DR+SHC=SFSI*LT
1T4=T4
PSGsPSALIT4)+ (PSALTIT&*1)=-PSALIT4II*IT4=1T4)

GH4=0.622%P G4/ (14,7-P54)
QHSUM%=OHSUV(IT4)+4L*SLP(IT441)-QHSUM(lTkl)‘(T4—ITA)

DH=SHG=SHS
Iv2-17

7O I1=1T2+407
SHSZ0.622*PSALITIZ ATP=-PSALIT))
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[
c

[aXaNe N aXa!

SHG=SHG+CSH

TF{SHG.LTLSHSIGOTOG.

t12=171
DH=SHG=S4S
GGTICT0

60 T3=1T2+00/01LHeSHS-S1-C YT

173=73

PSA=PSATTITIN#{PSA(TITII«1)=PSA(ITI))I®(TI~IT]I)

QHI=0,622%PL3/{PATY-PS]]

CHSUM3=QHSUMCTTI3) 4 (LESULM(TT241)-QHSUMITT3)I®(13-113)

SENSTII=(¥3-T4)/(TGA-TLH)

SENST3=0.500 Lbasn3 )T 3=T4)~(CriSUMI-0HSUMS)

co1Cs50

FIND PLUMEZ SVAPCRATION PCINT ONLY

20 112=1T71
90 IT=172+07

IFCITLGT.TDAIGCTNSO
SHS=04622%PSALIT)/(VATM-PSA(IT})

SHG=SHG+4DSH

IF{SHG.GT.SHS)IGOTGRC

1IT2=17
DH=SHS~SHG
GOTC90

B0 T4=1T2+DH/(CH+SHG~SHS)#CT

1T4=T4

PS4=PSA(TIT4) +{PSA(IT4+1)=PSA(IT4))I*(T4=1T4)

QH4=0.622%P54/(14.7-PS4)

QHSUM4=QHSUNITHI4 (L rSLVM(TT4a+1}-CHSUM{ITA))%(T4-1T74)

SENSIl={(TCA-T4)/(TL-~-TC2)

SENSI3=0.5%(Ch44SHSZ2I#(TOA-T4)-(QHSUMZ2-QHSUNMS)

GOTC50

AMBIENT AIR IS SATURATEC

10 IF(SHS2.LE.SH2+40.0CCL)CCTALCO

FIND PLUME CONDENSATION PCINT CNLY (IF POSSIBLE)

I12=171
IT=1T2+DT

SHS=0.622%PSALIT)/{PATM=-PSALIT))

SHG=SHG+NSH

EF(SHS.GT.SHG)IGOTOS50

I72=1T7
DH=SHG~SHS
120 1T=1724D7

SHS=0.,622*PSA(IT)/(PAT¥=PSA(IT))

SHG=SFG+CSH

IF(SHG.LT.S1S)G0T0L1Z

17T2=1T7
DH=SHG-5HS
GOTC120

110 T3=1T2+DH/{LF+SHS-SHGI*LCT

173=73

PS3=PSA{IT3)+(PSA(IT3+1)~PSA(IT3))%(T3-1T73)

CH3=0.627%PS3/{PATM-PS3)

CHSUM3=QHSUY {IT3 1+ ((HSULM{IT2+1}-CHSUM(IT3))&(T3-1T3)

SENSIL=(T3-1CE)/(TDA-TLCF)

SENSI3=0.5%(SHS1+QR3)I#(T3=TLA )= (QGHSUM3=QHSUML)

GOTC50
100 SEANSII=1.0

SENST3=0.5%(SHS1+SHS2)*(TCA-TDB) - (CHSUMZ2 = HISUML)

CALCULATE PLUME ABATEMENT ANGLE

50 SENSI2=ATAN(LSH/LT}

RETURN
ENC

SUBROUTINE PGWERS (TEMyCpTTSTARY

(IF POSSIBLE)

(MARLEY*S MANNER)

* 3 X 2 & 2 3 & % 3 & ¥ B F $ 2 F % X d & x & & ¥ & Kk ¥ % & ¥ & & &£ &

® CETERMINFE THRUTTLE LEVEL CF TURBINE FOR A CIVEN CONBTTICH

*

* 2 & 5 X 0 % 8 8 & & % ¥ F K E R K &N E K E S B F R KD

CIMLUSION HR{S0,14),1H2(14)
COVMON/TURBIN/ HE [H3,T1LCwy FINC

CLMVMON/TOAPREY

IPFMAX G NPLOLPL,PLMIN
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20

10

30

50

40

CCVMMUNZPLEVELLY PLMAX,UCAPAB,CAPCAP yUENEHR 4 # NERY S, TFT, TOTCP

TF{TEMLLTLTLUWIGETC . C
Tr=(YEM=TLOW+F INC) /2 INC
[T=11

QUISHRETI T B4 (HREIT oL, L) =kRETT, 1 IR(TT=1T)
QL2=HRUTITy2) 4 (HRUIT4 1, 2)=+REITH2) A TT=1T)

IF(C.LT.CLLIGUTOAD
TF(G.LT.Q12)0L0T0S0
Cl1=C12

1P=2

Q2=HRIIT L IP A1) (RROIT4L, TP+ )=HRUTIT, [P+ 1)) (TT-1IT)

IF(L2.61.Q1LCTQLO0

Ql=¢2

IP=1P+1

GOTR20

PL=IP=-(Q2=C)1/(Q2~01)+1
TYSTAR=({PL~-1.)%CPL+PLMIN)/FLMAX
RETURY

TYSTAR={ (NPL-1.1¢+DPL+PLFMIN)/PLMAX
RETURN '

1P=1

Q2=ql2

Q1=C11

Gercio

DC=(011-C)/(C12-G11)
TTISTAR=({PLMIN=-DR*LPL)/PLYAX
RETURN

ENC
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Example Results
Mechanical-draft wet cooling tower

Full loading pattern
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DESIGN WET-BULB TEMPERATURE QF AIR = 78.
DESIGN DRY-BULB TEMPERATURE OF AlR = B9.

0F
CF

EXTREME WET BULB TEMPERATURE =  B3.430 CEG. F

POWER LEVEL = 313, Mw

SPECIFIC HEAT OF AIR AT CONSTANT PRESSURE =
SPECIFLIC HEAY OF WATER = 1.00 BTU/LB./F

DESIGN TERMINAL TEMP. DIFFERENCE = 5.0
ATMOSPHERIC PRESSURE = 14.70 PSia
UNIT FUEL COST = C.000751 $/Kw-MR

F

UNIT SUPPLY WATER COST = 0.10C0 $/1000 GAL
UNIT WASTE WATER COST = 0.0500 $/1000 GAL
ANNUAL MAINTENANCE COSY = 200.C $/CELL /YEAR
MAX. TOLERABLE CCNCENTRATICN CF PROCESS WATER = 330. PPM

SUPPLY WATER CONCENTRATIUN = 10Q. PPM
DIAMETER OF WET TOWER FAN = 28.00 FT
SPACE BETWEEN TWC WET TOWER FANS = 4,00

UNIT WET TUWER COST = 7.50 $/TCWER UNIT

MAXIMLM FOWER OQUTPUT =  312.50 Mi

UNIT CAPACITY LCSS COST = SCCGCC.00 $/Mh

UNIT ENERGY CUST = 0.010 $/KwW-hR
UNIT LANC COST = 30CC0.0 $/ACRE
SPECIFIC LAND AREA = (0.10 ACRES/MW

FT

REPLACEMENT ENERGY CGST DURING COWNTIME = 0.0070 $/KW-HR

DOWNTIME FOR CONSTRUCTIGN = 20,.C DAYS
PUMPING FEIGHT CF WATER ThFCUGH TOWER =

75.0 FEET

PUMPING EFFICIENCY FOR WATER PUNP = 0.782

UNIT CONDENSER COST = 4.C0 $/SC. FT.

OVERALL CONOENSER CCEFFICIENT, U = 630.0 BTU/HR/FT2/F

INITIAL WET BULB TEMPEPATURE = 5 DEG. F
FINAL WET BULB TEMPERATURE = 1CO DEG. F
INCREFENT CF DRY AND WET BULS TENPERATURE = 10 DEG.

FINAL DRY BULB TEMPERATURE = 110 DEG. F

LOWEST TEMP. IN TUREINE CHARAC. CFART =

60.0 DEG. F

TEMP. INCREMENT IN TURBINE CHARAC. MATRIX = 2.0 DEG.

NUMBER CF ITERATICNS IN NTU CALCLLATION

= 2

REFERENCE SPECIFIC VGLUME OF AlR = 13.323FT3/LB

LOWER BCUND OF LIGHT FOGGING = (0,400 LB H20/LB AIR*F

F

F

LOWER BCUND GF MECIUM FOGGING = 1.350 LB H20/L B AIR*F

FUEL CCNSUMPTION WITHOUT CCOLING SYSTEM = 1026947 MW
AT FULL LGADING **»

%% 0.0 OF THE TIME IS NOY GPERATED

TOTAL WATER FLCW RATE = 180000. GPM
AIR FLCW RATE THRUUGH EACH WET TOWER =

0.24 BTU/IB./F

(TUR. BACK PRE. = 1.00 INJHG)

5369994+ LBJ/HR

WATER FLCW RATE THROUGH EACH WET TCWER = 15000.
WATER LCADING = 12.50 GPM/SC. FT. PLAN AREA
AIR LCADING = 18C0.C0 LEB./HR/SQ. FT. FACE AREA

PRESSURE DROP CUE TO FAN OPERATING =

02625 IN. H20

TOTAL NUMBER OF TRANSFER UNIT = 204238

s%% TOWER SIZE **%

LENGTH OF WET TOWERS = 400.0 FTY
FILL HEIGHT FOR WET SECTICN = 45,0 FT
FILL WIDTH FOR WET SECTICN = 36.0 FT
NUMBEF OF WET TOWER FANS = 12

ss% DESIGN CONOITIONS #%* )
DESIGN HOT WATER TEMPERATURE = 110.824

DEG. F

DESIGN COLD WATER TEMPERATURE = 89.396 DEG. F

DESIGN COGL ING RANGE = 21.428 DEG. F
DESIGN APPROACH = 11.396 DEG. F
RATING FACTOR = 0.9834

DESIGN TURBINE BACK PRESSURE = 3.0663
FUEL CCNSUMPTICN AT CESIGN CONDITION =

IN. HG
1026495 MW

315
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*%% FOGGING PARAMETERS ##»

AVERAGE SENSIBILITY OF FOGGING
AVERAGE FOGGING ANGLE, BASED C
AVERAGE FCGGING MAGNITUOE =

» BASED ON WESTINGHCUSE CALCULATION = 0.40328
N MARLEY CALCULATIUN = 0.0014 RAD.
0.01281 DEG. F*LB. H20/LB. AIR

PROBABILITY GF NO FOGGING = 0.58048
MEDIUM FOGGING = 0.0
TOTAL ANNUAL BLCWDCWN = 2030
TOTAL ANNUAL WATER EVAP. = 4668
TOVAL ENERGY RATE IN = 102€.945 MW
AVERAGE ENERGY RATE IN DURING ACTUAL

*x%x CAPABILITY LOSSES #*%2»
EXCESS FUEL CCNSUMPTION = ~0.003 MW
‘MAXIMUM CAPABIL ITY LCSS = 6.614 MW
ENERGY LCSS = 46085.56484 Mw-HR
FAN & PUNMP ENERGY LOSS = 3696€.3047 M

ssx TOTAL AMNUAL COSTS #%x
TOTAL ANNUAL FUEL COST =
EXCESS FUEL COST =
TOTAL ANNUAL REPLACEMENT ENERGY LCSS
TOTAL ANNUAL WATER COST =
TOTAL AMNNUAL WASTE WATER CCST =
TOTAL ANNUAL MAINTAINANCE (CST =
MAKEUP WATER COST wITH UPEN-CYCLE =
BLUWODOWN TREATMENT COST WITH CPEN-CYC
MAINTENANCE COST WITH UPEN-CYCLE =

LIGHT FOGGING = (Q.41652

HEAVY FCGGING = 0.0

« ACRE-FT/YEAR
« ACRE-FT/YEAR { 8432642 )

POWER PRODUCTIUN = 1026.945 MW

(-0.000009 )
( 0.021166 )
{ 0.016835 )
W=HR [ 0.013504 )

6756026. $/YEAR OR
~18., $/YEAR
= 460859. $/YEAR
218364. $/YEAR
33086. $/YEMR
2400. $/YEAR

TOT AL ANNUAL OPERATING COST =
EXTRA ANNUAL OPERATION CUST =

0. $/YEAR

LE = De $/YEAR
0. $/YEAR

T470727-. $/YEMR

7146%1. $/YEAR

®%¥ AVEPAGE CPERATING COSTS —-—= IN MILLS/KW-HR **¥
AVERAGE FUEL COST = 20467957 MILLS/Kh~HR
AVERAGE wATER CCST = 0.079768 MILLS/Kw=HR
AVERAGE WASTE WATER COST = 0.012086 MILLS/Kw-HR
AVERAGE MAINTAINANCE COST = C. 000877 MILLS/Kw=HR
AVERAGE CAPACETY LCSS = 0+168351 MILLS/Kw/HR
AVERAGE TCTAL OPERATING COST = 24729035 MILLS/KW-HR
AVERAGE EXTRA OPERATING COST = 0.261075 MILLS/KW-HR
%% CAPITAL COSTS **x

CAPITAL COST OF TOMWERS = § 1227532.

PUMP ANC PIPE SYSTEM CCST = § 1£55958.

PUMP AND PIPE SYSTEM SALVAGE = ( s 331200.)

NEW CCNCENSER CUST = 8 O.
SALVAGE VALUE OF CLD CONDENSER = ( $ 0.)

OTHER CGPEN-CYCLE COMPGNENTS SALVAGE = ( § 0.)
HOOKUP AND TESTING COST = s 0.
ADDITIONAL LAND COST = § $3750.
REPLACEMENT CAPABILITY COST = ¢ 595283,
DOWNTIME COST = § 1574958,

TOTAL CAPITAL CUST = ¢ 4916361.

NOTE ¢ OPERATING COSTS ARE BASED CN

**% TOTAL COST ~~ ANNUAL BASIS --—- F

NO. OF YRS CAPITAL COSVT ANNUA
MILLS/ KW-HR
6 0.5459633
10 0.4552688
15 0.3780437
20 0.3214715
30 0.2653899

"EXTRA™ OPERATING CCST

IXED CHARGE RATE *%%

L CPERATING COST TCTAL COST
MILL S/KW-HR MILLS/KW-HR
0.2610746 0.8070379
0.2610746 0.7163434%
0.2610746 0.6391183
0.2610746 0.5825465
0.2610746 045304645
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FIXED CHARGE RATE

0.304000
0.253500
0.210500
0179000
0.150000



Example Results
Mechanical-draft wet cooling tower

Variable loading pattern
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DESIGN WET-DULB TEMPERATURE OF AIR = 78.0 P

DESIGN DRY-BULB TEMPERATURE OF AIR = 89.0 F

EXTRENME WET BULB TEMPERATURE = 83.430 DEG. F

PORER LEVEL = 313. 4%

SPECIFIC HEAT OF ALR AT CONSTANT PRESSURE = 0,24 BTU/IB./F
SPECIFIC HEAT OF WATER = 1.00 BTU/LB./F

DESIGN TERMINAL TEMP, DIFFERENCE = 5.0 F

ATHOSPHERIC PRESSURE = 14,70 PSIA

ONIT PUEL COST = 0.000751 $/KW-HR

UNIT SUPPLY WATER COST = 0.1000 $,1000 GAL

ONIT WASTE WATER COST = 0.0500 $/1000 GAL

ANNUAL MAINTENANCE COST = 200.0 $/CELL/YEAR

MAX. TOLERABLE CONCENTRATION OF PROCESS WATER = 330. PPN
SUPPLY WATER CONCENTRATION = 100. PPM

DIAMETER OF WET TOWER FAN = 28.00 FT

SPACE BETWEEN TWO WET TOWER FANS = 4,00 FT

ONIT WET TOWER COST = 7.50 $/TOWER UNIT

NAXIMUM POWER OUTPUT = 312.50 MW

UNIT CAPACITY LOSS COST = 90000.00 $/MW

UNIT ENERGY COST = 0,010 $/KW-HR

UNIT LAND COST = 3000.0 $/ACRE

SPECIFIC LAND AREA = 0.10 ACRES/MW

REPLACEMENT ENERGY COST DURING DOWNTIME = 0,0070 $/KW-HR
DOWNTIME FOR CONSTRUCTION = 30,0 DAYS

PUNPING HEIGHT OF WATER THROUGH TOWER = 75.0 PEET
PUMPING EFFICIENCY POR WATER PUNP = 0,782

UNIT CONDENSER COST = 4,00 $/SQ. FT.

OVEBALL CONDENSER COEFFICIENT, U = 630.0 BTU/HR/FT2/F

INITIAL WET BULB TEMPERATURE = 5 DEG. F
FINAL WET BULB TEMPERATURE = 100 DEG. F
INCREMENT OF DRY AND WET BULB TEMPERATURE = 10 DEG. P
FINAL DRY BULB TEMPERATURE = 110 DEG. F

LOWEST TEMP, IN TURBINE CHARAC. CHART = 60,0 DEG. F
TEMP. INCREMENT IN TURSINE CHARAC. MATRIX = 2,0 DEG. P
NUMBER OF ITERATIONS IN NTU CALCULATION = 2
REPERENCE SPECIFIC VOLUME OF AIR = 13.333FT3/LB

LOWER BOUND OFP LIGHT FOGGING =  0.400 LB H20/LB AIR*F

LOWER BOUND OF MEDIUM FOGGING = 1,350 LB H20/LB AIR*F

PUEL CONSUMPTION WITHOUT COOLING SYSTEM = 889,354 MW (TUR. BACKX PRE. = 1.00 IN.HG)
*%¢ O 44662 OF THE TIME IS NOT OPERATED AT FULL LOADING %¥x*-

TOTAL WATER FLOW RATE = 180000. GPM

AIR PLOW RATE THROUGH EACH WET TOWER = 5399994, LB./HR

¥ATER FLOW RATE THROUGH EACH WET TOWER = 15000. GPHM

WATER LOADING = 12.50 GPM/SQ. FT. PLAN AREA

AIR LOADING = 1800.00 LB./HR/SQ. PT. FACE AREA

PRESSURE DROP DUE TO FAN OPERATING = 0.2625 IN. H20

TOTAL NUMBER OF TRANSPER UNIT = 2.4238

*** TOWER SIZE **=*

LENGTH OF WET TOWERS = 400.0 PT
PILL HEIGHT FOR WET SECTION = 45.0 PT
FILL WIDTH FOR WET SECTION = 36.0 FT
MUNBER OF WET TOWER FANS = 12

*%% DESIGN CONDITIONS #*%x
DESIGN HOT WATER TEMPERATURE = 110.824% DEG, P
DESIGN COLD WATER TEMPERATURE = 89.396 DEG. F
DESIGN COOLING RANGE = 21,428 DEG. P
DESIGN APPROACH = 11,396 DEG. F
RATING PACTOR = 0.9834
DESIGN TURDINE BACK PRESSURE = 3,0663 IN., HG
PORL CONSUMPTION AT DESIGN CONDITION = 1026.95 MW
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$%¢ POGGING PARAMETERS *#=

AVERAGE SENSIBILITY OF FOGGING, BASED ON WESTINGHOUSE =
AVERAGE FOGGING ANGLE, BASED CN MARLEY CALCULATION = Cgfggigrigg 0.39725
AVERAGE FOGGING MAGNITUDE =  0,01054 DEG. P*LB. H20/LB. AIR :
PROBABILITY OF NO FOGGING = 0.60052 LIGHT POGGING = 0.,39948
MEDIUM FOGGING = 0,0 HEAVY FOGGING = 0.0
TOTAL ANNUAL BLOWDOWN = 1839, ACRE-FT/YEAR
TOTAL ANNUAL WATER EVAP. = 4230, ACRE-PT/YEAR (  7.54851)
TOTAL ENERGY RATE IN = 896,183 MW
AVERAGE ENERGY RATE IN DURING ACTUAL POWER PRODUCTION = 896,184 MW
##% CAPABILITY LOSSES ##%
EICESS FUEL CONSUMPTION = 6.829 nW ( 0.021854 )
MAXIMUM CAPABILITY LOSS = 6.614 MW ( 0.021166 )
ERERGY LOSS = 27387.57422 MW~-HR ( 0.010005 )
PAN & PUMP ENERGY LOSS = 20414,7188 MW-HR ( 0.007457 )
#%% TOTAL ANNUAL COSTS #*»%
TOTAL ANNUAL FUEL COST = 5895782. $/YEAR OR
EXCESS FUEL COST = 44929, $/YEAR
TOTAL ANNUAL REPLACEMENT ENERGY LOSS =  273875. $/YEAR
TOTAL ANNUAL WATER COST = 197892. S/YEAR
TOTAL ANNUAL WASTE WATER COST = 29984, $/YEAR
TOTAL ANNUAL MAINTAINANCE COST = 2u00. $/YEAR
MAKEUP WATER COST WITH OPEN-CYCLE = 0. $/YEAR
BLOWDOWN TREATMENT COST WITH OPEN-CYCLE = 0. $/YEAR
MAINTENANCE COST WITH OPEN-CYCLE = 0. $/YEAR
TOTAL ANNUAL OPERATING COST = 6399926. $/TEAR
EXTRA ANNUAL OPERATION COST = S49083. $/YEAR
#%% AVERAGE OPERATING COSTS -=-- IN NILLS/KW-~HR **#
AVERAGE FUEL COST = 2.486929 MILLS/KW-HR
AVERAGE WATER COST = 0.0834874 MILLS/KW-HR
AVERAGE WASTE WATER COST = 0.012648 MILLS/KW-HBR
AVERAGE MAINTAINANCE COST = 0.001012 MILLS/KW-HR
AVERAGE CAPACITY LOSS = 0.115525 MILLS/KW/HR
AVERAGE TOTAL OPERATING COST =  2.699585 MILLS/KW~HR
AVERAGE EXTRA OPERATING COST = 0.231611 MILLS/KW-HER
**¢ CAPITAL COSTS *¢=
CAPITAL COST OF TOWERS = $ 1327532,
PUMP AND PIPE SYSTEM COST = $ 1655998,
PUMP AND PIPE SYSTEM SALVAGE = ( § 331200.)
NEW CONDENSER COST = $ 0.
SALVAGE VALUE OF OLD CONDENSER = ( $ 0.)
OTHER OPEN~-CYCLE COMPONENTS SALVAGE = ( §  0.)
HOOKUP AND TESTING COST = § 0.
ADDITIONAL LAND COST = $ 93750.
REPLACEMENT CAPABILITY COST = § 595283,
DOWNTIME COST = $ 1102499,
TOTAL CAPITAL COST = § 4443861,
NOTE : OPERATING COSTS ARE BASED ON "EXTRA™ OPERATING COST
#4¢ TOTAL COST  --- ANNUAL BASIS --- FIXED CHARGE RATE #%*
¥0. OF YRS CAPITAL COST ANNUAL OPERATING COST TOTAL cgst FIXED CHARGE RATE
AILLS/KW-HR MILLS/KW-HE MILLS/KW-HR
6 0,5698439 0.2316115 0.8014554 0.304000
10 0.4751823 0.2316115 0.7067938 0.253500
15 0.3945795 0.2316115 0.6261910 0.210500
20 0. 3355332 0.2316115 0.5671447 0.179000
30 0.2811731 0.2316115 0.5127845 0. 150000

319



APPENDIX IV
FORTRAN LISTING

NATURAL-DRAFT WET COOLING TOWER,
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® kSRS E LS e

LR B BN BRI N R A

: .FERFURMANCE OF NATURAL DRAFT WET COOLING TOWER .
R A I

OOHOO

DIMENSION HR(S50414) 4 IHR{14),A
x.vapcosxzo).peaceox15.2).An3u:}215?‘10"ARHT‘lO"PSA(st,
g{:i:g:g: g;ggg}:ig;-Au(lO)'Bw(lO).CH(IO).FCRR(S)
DIMENSY ' WIDTHWIL10) 4NYEARIS) 4FCRILL)
EOMMON/DENSIT/ DAIR(250)

OMMON/ INPUT4/ WPDRU(L13),FILLHT

COMMON/TURBIN/ HR.lHRpTLON.FINC(lO).PDROP'chtH
COMMON/TOWERS/ A-B.ARNT.AH,BH.CH.GPM,CONST.NUIIT.AFR
LiATIKsBIUKyRLGyENTU N, FNTUyEGPM, GPMW

COMMON/NDT/ NUMTOW

COMMON/UTCOST/UC{4,3,11,5) 40RH(2)
COHMONINATDR/H.HT.KM.DI.DZ.ELEV.R,PDuAF(lS!
COMMON/CONSTA/ CONST1,DCNST

COMMON/TURB/ POWER, TTDD,TET,TTD, TTDKO,TTDO

COMMODN/NCALA/ PSAyTES, TSy TWBAL yQHI yQH2 4HA

COMMON/TOWERC/ NOTS{10),WTCOST

COMMON/INPU/ PERCEN(12,15,2) 4HIND(.10)},PERCED
COMMON/TEMP/ ITWBL,I1TWBF,ITRBO,lTDRF .
COMMON/ECONG/ NYEARFCyWCyhiwyDR,CCNO,CCNL, ANPCHE ¢ HE IGHT yEFFICW
COMMON/POWERC/ IPLI,IPLF, MM PL,LP
COMMON/L.OSS/SyCWATEQCBLORD»CMAIND

COMMDN/ATMOS/ PATM

COMMON/MAINTA/ AMANT,CF,EF1

COMMON/WSS/ QHSUM(21C),FOGL,FOGM

COMMON/WITREF/ IWRITE,ZIPUNCHyREFSV,FAWETT,PARETTAFRL s TWBREF
COMMON/PLEVEL/ PLMAX,UCAPAB,CAPCAP,UENER,ENERLS,TEI,TOTQP
COMMON/TBPR/ ITPMAX,TETMAX,ICAP

COMMON/TBPRZ/ IPMAX NPL,DPL,PLMIN
COMMON/AREAS/PIPLARPIFAAR,y Wy DBAR

COMMON/TEMPE /TWBD 4 YDBD

COMMON/FRIC/FRIFACILS)

COMMON/RENEW/TQSTAR

COMMON/FPL11/FPLMAX

C
C DORY-BULB AND WET~-BULB TEMPERATURE INTERVAL, ITBC, MUST BE GREATER THAN 1

c
READ‘SvI, l(l(UC(I.J.K,L),L=l,5hK=l,113.J=l,3).Isl,lo)
1 FORMAT(5F10.4)
READ(552) (DRH{I)yI=1,42)
2 FORMAT(2F10.4)
READ(5+109) IPMAXyNPL,DPLyPLMIN
109 FORMAT(2110,2F10.01}
READ(S5¢110) ((HR{1+0),J=14NPL)yI=1IPMAX)
110 FORMAT(10F8.5)}
READ{(S5,101) (PSA(I),[=1,250}
101 FORMAT(10FB.5)
READ(S5,101) (DAIR(I}+I=1,250)
READ{5,101) (QHSUM(I),1=1,210)
READ(S,102) (IHR{I),I=1,NPL}
102 FORMAT(1413)
READ(5,106) {(FCR(I),I=1,11)
READ(5,106) (PAPCOS(I)yI=1+20)
106 FORMAT(192F8.0)
READ(5,106) AFRL
READ{5y106) GPMW
READ(5,y106) (AWlI),1=1,10)
READ(5,106) (BW{l1,121,10)
READ(5,107) TLOW,FINC
107 FORMAT(2F10.0)
READ(54504) NOITT
READ(5,504) NNOTSI NNOTSyNOWYSL,NOWTS
FORMAT(4]4)
S04 READ(5¢106) WTCOS ,CHT,SLANDA,CMAINO
READ(54502) CCNO,CCN1
ORMAT(2F10.0)
s02 :EAD(S'SObl (NYEAR(I),1=1+5)oFCoHCoWW

506 FORMAT(514,4F10.0)
READ(5,507) I[TWBI,ITWBF,IT8D.ITDBF

MAT(614)
207 ;g§015'108) TWBD,TOBD LP, TTDD,REFSV, TWBREF o PLMAX,UCAPAB
MAT(2F10.0,11045F10.0)
108 :2:0(5'106) UéNERyULAND.UDOhN'DAYS'CF' CCO,C00,CRATED,CRLONWO
READ(54507) IPLI,IPLF,MM
NTW=(ITWBF-1TWB1)/1TBD+1
NTD=({ITDBF=-1TWBI)/1T8D+1

=(IPLF=-IPLI)/MM+]
2220259508, (l(PERCEN(I'J'K’QJ‘lvNTD) 2131 g NTH) o X=l o NKK)
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508 FORMAT(10FB8.6)
READ{5,509) PATM,TPMAX
509 FORMAT(3F10.0}
READ(54510) ((AMANT{I,0)41m1,3)9Jdwl,s2)
510 FORMAT(6FI0.0])
READ(5,513) FOGL,FOGM
513 FORMAT(2F10.0)
READ(54505) CA,CWl
505 FORMAT({4F10.2)
READI5,509) TBP,TWB10,TCB1O
READ(59509) EFLENLEFI
READ(59507) IWRITE, IPUNCHyITPMAX,IEXTRA, INUCALyNEWCON
READ{Sy111) (FRIFAC{I)41=1,18)
381 FORMAT(10F7.5)
READ(S,112) {(POWAF(1),1=1,15)
112 FORMAT(15F5.3)
READ(54106) EFFICH,UNCOND,UOyHETIGHT
READ(S5,106) [(WIDTHW(I[),121,10}
READU5,595)ELEY
595 FORMAT(3F5.0)
READ{(5+596) (BASEDI(1),1=1,10)
596 FORMAT(10F5.0)
READ{5,105) (HTND(I),1=1,10)
105 FORMAT(10F8.2) .
READ(5,106) (FILLHT(I),I=1,10)

NUMTOW=1

R=53,35
CONST=7,481/60,/62,%10,.%*%9
DONST=CONST
CONST1=0.124683/62,

CALCULATE CORRESPONDING FIXED CHARGE RATE

Ao

DD100K=1,5
NEAR=NYEAR(K)
YasNYEAR(K)}/4.41.
1¥Y=Y

100 FCRR{K)=FCROIY)+(FCRIIY+1)-FCRIIY))I*(Y-1Y)
IFCINUCAL.EQ.0)GOTO300
PARAME=(1.~ENI*EF/{1.~EF}/EN
D0400I=1,4IPMAX
D0400J=14NPL

400 HR(I,J)=HR{I4J)*PARAME

300 S$51=0.
$=0.
DO2011LP=IPLI,IPLF,MM
LPY=(LP=IPLI)/MM+]
PL=PLMAX
IF(LP.NELIPLI) PL=PLMAX*CF
DD20121J)K=1TwWBI, ITWBF,ITBD
IWl=(IJK-ITWBI)/1TBD+1
ITOBMA=PSA(IJK) /{0, 003€67#PATM* (1. +{1JK=32.)/15TL.))+1JK
IFCITDBMA,GT.ITDOBF) 1TDBMA=ITDBF
0020121IK=1JK, ITDBMA, [TBD
IDI=(TIK=-ITWB1)/1TBO+1.

2012 SS1=SSL+PERCEN(IW1l,I01,LP1)
$=5+5S51*PL
§52=5851

2011 $S1=0.
IFUIPLILEQ.IPLF) S52=0.
S=5%8760.

[
C FIND FUEL CONSUMPTION WITH OPEN~CYCLE COOLING SYSTEM
c

TEP1=TBP*62.4+13.6/1728.
LP=NPL
NP=(CF-0.49)%10.
IT=TLONW
IF(TBP1.GT.PSALIT))GOTOTIO
TQSTAR=HR(1,LP)
TQSTL=HR(1,NP}
TQST2=HR(1,NP+1)
6070716

710 1T=1T+5
IF(TBP1.GT.PSA(IT))GOTOT10

714 [T=1T-1
IF(TBP1.LT.PSACIT)IGOTOT14
TTEMP=1T+(TBP1-PSA(1T)I/(PSA{IT+1}-PSALITI)
TTEMP=(TTEMP-TLOW) /2,41
IT=TTEMP
TQSTARSHRUITLP)4(HR(IT41,LPI=HR(IT,LP) ) #(TTEMP=IT)
TQSTI=HR(IT,NP)+{HR(IT+1,NP)~HRIIT,NP) ) *(TTEMP~IT)
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TQSTZlHR(!TnNPOID*(HR(lY*l NP+
P=HR(I T, NP1} ) (TTEMP-IT]
716 DUHR=(TQST1/CF-TQSTAR )/ (PLMA : ’
xe3,  04=T0
SSLI-PLMAX*CF/(l.touHR) 2+ 6/1053: 04=TGSTL/CRe TASTAR)
HR® (TQST2/(CFe0.1)=T -

O0HR= L Tg QSTARI/(PLMAX3,6/1055.C4~TQST2/(CF+0.1)

FPL2=PLMAX* (CF+0.1) /4 1.4DQHR)

TQST=TOST1+(TQST2-TUST1 )% (PLMAX®CF-FPLL] /L FPL2=FPLL)

TEI=PLHAX*(l.-SSZloPLMAxtCFvs . -
TEI=TEI/EF] S24 (TQSTAKR®(L . ~S$52)+¢TQST*5521#293,067

C
g DETERMINE MAXIMUM ALLOWABLE TURBINE TEMPERATURE

TETMAX=1000.
IF(ITPMAX.EQ.0)GOTOTLT
TBP2=TPMAX*62,4%13,6/1728.,

T18 IT=IT+S
IF(TBP2.GT.PSA(IT))G0TOTLS

719 1T=17-1
IFITBP2.LT.PSA(IT)IGOTOTLY

c TETMAX=IT+(TBP2=PSACIT) }/(PSALIT+1)-PSACIT))

T17 WRITE(6,610) TWBD, TOBD s TWB 10 yPLMAX,CA»CW1, TTCD,PATM

610 FORMAT(LHL///10X,*DESIGN WET-BULB TEMPERATURE OF AIR =',F5.1,' F°*
1/10Xy *DESIGN DRY-BULB TEMPERATURE OF AIR =*,F5.1,' Ft/10X,
2'EXTREME WET BULB TEMPERATURE =',F8.3," DEG.F'/l0X,
2'POWER LEVEL =',F6.Gs " MW'/10X,
S*SPECIFIC HEZAT OF AIR AT CONSTANT PRESSURE =7,F6.2,% BTU/1B./F'/
610Xy *SPECIFIC HEAT UF WATER =',F6.2,* BTU/LB./F*'/
T10X, *DESIGN TERMINAL TEMP. DIFFERENCE =',FS¢ly* F*/10X,
8YATMOSPHERIC PRESSURE =',F7.2,' PSIAY)

WRITE{64620) FCyWCsWWoCCNO,CCNL
620 FORMAT(1H ,9X,
4'UNIT FUEL COST =%,F9.6,% $/KW~HR'/10X,
S'UNIT SUPPLY WATER COST =*,F7.,4,' $/1000 GAL*/10X,
6'UNIT WASTE WATER COST =",F7.49" $/1°20 GAL'/10X,
T*MAX. TOLERABLE CONCENTRATICN QF PRCCESS WATER ="9F5.0,* PPM*'/10X,
BYSUPPLY WATER CONCENTRATION =*,F5.,0,* PPM?)

WRITE(6,630) PLMAX,UCAPAB

630 FORMAT(1H ,3X,
T'MAXIMUM POWER OQUTPUT =',F8.2+% MW*/10X,
BYUNIT CAPACITY LOSS COST =',F10.2,* $/MW*)

WRITE(6,631) UENER,ULANC, SLANDA,UDOWN,DAYS
631 FORMAT{1H 493X, 'UNIT ENERGY COST =',F8.,4,"' $/KW~HR®/10X,
LT'UNIT LAND COST =*,FB8.1," $/ACRE'/10X,
L1'SPECIFIC LAND AREA =*,F7.4,4' ACRES/MW®/10X,
2'REPLACED ENERGY COST DURING DOWN TIME =9,F7.4+* $/KW~HR'/10X,
J*DOWNTIME FOR CONSTRUCTION ="4F6.14* DAYS?)

WRITE(6,640) HEIGHT+EFFICHW,UNCOND,UG

640 FORMAT(1H ,9Xy *PUMPING HEIGHT OF WATER THROUGH TOWER =°,FB,.1,
2% FEET'/10X, 'PUMPING EFFICIENCY FOR WATER PUMP =1',F7.3/10X,
3*UNIT CONDENSER COST ='4F6.24* $/5Q. FT.'/10X,
4YOVERALL CONDENSER CODEFFICIENT, U =27',F6.1,* BTU/HR/FT2/F*)

WRITE(6,662) ITWBI,ITWBF,1TBD,ITDRF
662 FORMAT(1H ,9X,'INITIAL WET BULB TEMPERATURE ='+14,' DEG. F*/10X,
1'FINAL WET BULB TEMPERATURE ="4I5,' DEG. F*/1(X,
2 INCREMENT OF DRY A-iD WET BULB TEMPZRATURE =%yI14,* DEG. F'/10X,
3*FINAL DRY BULB TEMPERATURE =%y15,"' DEG. F'})
¢ WRITE(&,650) TLOW,FINC,NOITT,REFSV,FOGL,FOGM
650 FORMAT(IH ,9X,'LOWEST TEMP. IN TURBINE CHARAC. CHART =",F5.1,
1* DEG. F'/1CX,*TEMP. INCREMENT IN TURBINE CHARAC. MATRIX =°',F4.1,
2% DEG. F'/710X,*NUMBZR OF ITTERATION IN NTU CALCULATION =*,15
3/10Xs *REFERENCE SPECIFIC VOLUME OF AIR U FT7.3,*FT3/LB" /10X,
4'LOWER BOUND OF LIGHT FCGGING =',F7.3,* LB H20/L8 AIR*F!
6/10X, *LOWER BOUND OF MEDIUM FOGGING =%,F7.3,% LB H20/LB AIRSF')

=TWBD
;;SSPSA(IT)*(PSA(!T*I’-PSA(IT)l‘(THBD-lT)
HAA=0.ZQ‘THBDOO.bzz*YSS/(PAIH-TSS)*(1061.800.44‘THBD)
DO1000TIaNNOTSI4NNOTS
DO1J0OIW=NOWTSI +NOWTS
IFLIN.GT.3) [WRITE=O
D1=BASEDICII)
WaWIDTHW(IW)
WIDTH=W
HsFILLHT(IW)
HTsHTND(I1}+H

CALL GEOMET{D1,D24HT+H,DBAR)
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T5a7SS
HA®HAA
C
C DETERMINE WATER FLOW RATE FOR EACH WET TOWER
C DOETERMINE A[R-FLOWS FUR WET TOWERS, OETERMINE N.T.Us FCR WET TOWER
c
PIPLAR2=-3,1415926535%01%%2/4,43.1415726535%(D142%4W)*%2/4,
PIFAAR=3.1415926535%D 1%
GPMzGPMW*PIPLAR
EGPM=GPM
FAWET2H*D1%3,1415926535
FNTU=AW( [W ) SGPMW**BW( IW)*H
N=IFIX{FNTU/0.5)
ENTU=FNTU/N
C
c

C*r * % % & &K % & % & % % & & % & & % % & % % & & & & & & £ & & ¥ & &k & ¥ & & ¥ %

C CALCULATION OF BEST *'K*? FOR AIR FLOW RATE CALCULATIONS
CeE & % % 2 & & & % % & % % % % % % % % % %k % ¥k k % % & % % X ® & & & ¥ & XS F X

C
c
CALL BESTK(ENTUJNOLITTyNyGPM,AFRsRLGTCH oKL yKN}

C
1111=-5
TT0=TTDD
[
CALL MODELW (TDBDsTwBOy INoNPLoTET,TQaTHLIIII KyTT,IM)
c
IF(TET.LT.0)}GOTO999
TTSTAR=1.
IFLICAP.EQ. . )GOTO6T9
c
CALL POWERS (TET,TQs»TTSTAR)
C

6719 DQHR=(TQ/TTSTAR-TQSTAR} /(PLMAX®3.6/1055.C4~TC/TTSTAR+TQSTAR}
TQQA={PLMAX*TTSTAR/(1.+DCHR) +TQ*1055.04/3.6)/EF1
RP=TQ*CONST/EGPM

c
C DETERMINE CONDENSER COST, AND PUMP AND PIPE SYSTEM COST
c

THW=TET-TTD

TCH=THW-TQ#CONST/EGPM

RANGE=THW-TCW

TTOKO=TTD/RANGE*CONST/EGPM

RLL=ALOG{ {RANGE+TTD)/TTC)

CONCOS=UNCOND#EGPM/CONST/UO*RLL*10.%%9

IFINEWCON.EQ.1) CONCOS=CCO

IP=EGPM/10.%%5 .

PPCOST=PAPCOS(IP+1)+(PAPCOS (IP+2)-PAPCOS(IP+1) ) %(EGPM/10,#35~1P)

PPCOSO=0,20%PPCOST

[

C DETERMINE CAPITAL COST OF THE TOWER

C
AP=TET-TTD-RP-THWBD
APPRO=AP
ITET=TET
PDESI=(PSALITET)+(PSA{ITET+1)~-PSA(ITETY))*{TET-ITET})1%]1728,./848.64
AH3TS=0.000367%14.7*({ TDBD~TWBD)* (1. +{TWBD-32.)/1571.)
WL1=0.622%AH/{14.7~AH)
RHE=1.608%PATM/TS*WL1/(1+1.608%QH1)*100.

CALL CAPCO (TYWBD,RANGEyAPPRO,RH1,TQ,COST}
WTCOST(IW)=COST

CAPCO1=COST
DETERMINE DOWNTIME, AND AOCCITIONAL LAND COST

OO0

DOWNCO=UDDWH *PL *24,%DAYS*1000.
ALANDC=ULAND*PLMAX*SLANDA

OETERMINE REPLACEMENT CAPABILITY COST

(X 2% )

PUMOP L=EGPMSHEIGHT*62.4/7.481/60./550.7EFFICW*0,.T457
1111=0

CALL MODELW(TWBLO,TWBL1O I Wy NPLSTETTQeTWLyIIII4KoTToIM)

IF(TET.LT.0} GO TO 999
TTSTAR=],
IF(ICAP.EQ.01GOTO681
WRITE(6,55555)TWBLO,TET,TQ
55555 FORMAT(2XyF17.5)
c
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CALL POWERS (TET,TQ,TTSTAR)

c
681  DQHR=(TQ/TTSTAR-TQSTAR) /(PLNAX%3, -
FPL=PLMAXSTTSTARS 11 AR /(P 3.6/1055,04-TQ/TTSTAR+TQSTAR)
FPLL=PLMAX-FPL
FPLI=FPLL+PUMOPL/1000.
FPLMAX=FPLL
¢ CAPCAP=FPL1%UCAPAB
WRITE(6,607) $S2
6071F0RMAT(lHO.lOX,'*tc'.FB.S.
' OF THE TIME IS NOT OPERATED AT FULL COND e
WRITE(69661) EGPM,AFR,GPM,GPMW CONDITION s4s%)
661 FORMAT(1HO,10X,
3'TOTAL WATER FLOW RATE 29,Fl1s04* GPM'/11X,
4*AIR FLOW RATE THROUGH EACH WET TOWER =94F11.04% LB./HRV/11X,
SYWATER FLOW RATE THOUGH EACH WET TUWER =°,F11.0,% GPM*'/11X,
6'WATER LOADING ='4F1l1.2,4% GPM/SQ. FT. PLAN AREA')
WRITE(6,4665) RT
665 FORMAT{LHO,8X, '*** TOWER SIZE ®e%¢/10X,
1' HEIGHT OF WET TOWER =%4F6,2,' FT!}
WRITE(64664) FILLHT(IW),WIDTH,NUMTCW,D1,02
664 FORMATULH 410Xy *FILL HEIGHT FOR WET SECTION =1,F6.1," FT*/11X,
2'FILL WIDTH FOR WET SECTION =',F7.1,' FT'/11X,
I'NUMBER OF WET TOWERS =1,13/11X,
4YBASE DIAMETER OF THE TOWER =1,F6.2,¢ FT¢/11X,
SYEXIT DIAMETER OF THE TOWER ="¢F6.2+* FT')
WRITE(6,663)
663 FORMAT(LHO,8X,**%*% DESIGN CONDITIONS *#&¢)
WRITE(6y666) THW,TCWoRP yAP,PDESI,TU,RHL »TQC
666 FORMAT(1H ,1UXy'DESIGN HOT WATER TEMPERATURE =%,F8.3,' DEG. F°
1/13Xy 'OESIGN COLD WATER TEMPERATURE =% ,FB.3,% DEGe FS/11X,
2°DESIGN COOLING RANGE =*,F8.3,' DEG. F'/llXy
3'DESIGN APPROACH =1,F8.3,¢ DEG. F'/11X,
S'DESIGN TURBINE BACK PRESSURE ='yFB.4s* IN. HG1/11X,
SY'DESIGN HEAT REJECTION =¢,F8.4,'*10%%9 BTU*/11X,
SYDESIGN RELATIVE HUMIDITY =',F8.3/11X,
S*FUEL CONSUMPTION AT DESIGN CONDITION =*,F9.2,* MW*}
IF{ICAP.EQe1) WRITE(6,667)
667 FORMAT(1H 412X, *NOTE ... CAPACITY LOSS AT DESIGN CONDITION®)
C
€C COMPUTE OPERATION COST AND TOTAL CGST
c
CALL OPECOS (IW,YOTOPE)
C
IF(TOTOPE.GT.10.%%11)6G0701001
CAPCDS=CAPCOL+PPCOST+CAPCAP+ALANDC+DOWNCD ~CCO-COO+CHT-PPCOSO
C
WRITE(6,604)
606 FORMAT(1HO,7Xs %%k CAPITAL COSTS *#xv)
WRITE(6,602) CAPCOL,PPCOST,PPCOSO,CONCOS,CCO,CCCsCHT 4 ALANDC,
1ICAPCAP, DOWNCO,CAPCOS
602 FORMAT(LH 49Xy *CAPITAL COST OF TOWERS = $*,F20.0/10X,
1'PUMP AND PIPE SYSTEM COST = $*,F17.0/10X%,
29PUMP AND PIPE SYSTEM SALVAGE = { $',F12.0,°)°/1CX,
39'NEW CONDENSER COST = $°,F24,0/10X,
4*SALVAGE VALUE OF OLD CCNDENSER = ( $%,F10.0,')%/10X,
S*OTHER DPEN-CYCLE COMPONENTS SALVAGE = ( $%9F5.04%)710X%,
6YHOOKUP AND TESTING COST = $9,F19.0/15X,
79ADDITIONAL LAND COST = $',F22.0/10X,
8YREPLACEMENT CAPABILITY COST = $',F15.0/10X,
GYDOWNTIME COST = $¢,F29.0/40Xy"* -9710X,
1'TOTAL CAPITAL COST = $',F24.0)
¢ IF(IEXTRA.EQ.1) TOTOPE=TOTOP
IF(IEXTRALEU.1) WRITE(6,614)
614 FORMAT(1HO/12X,*NOTE  CPERATING COSTS ARE BASED ON EXTRA OPERAT
1ING COST')
c
64 612)
612 :SA;E;(;HO.BXo'*** TOTAL COST 1 === ANNUAL BASIS === FIXED CHARGE

5000 WRITE(6,611) NYEAR(KK),

IRATE ®%%¢//12X, *NO. OF YRS*,5X,*CAPITAL COST',5X.*ANNUAL OPERATING
2 COST*,4X, " ANNUAL COST®,5X,*FIXED CHARGE RATE'/28X,
3'MILL$/KW—HR'110XQ'M!LLS/KH*HR"9X.'MILL5/KN°HRl)

DOS5500KK=1,5

CAPCO1=CAPCOS*FCRR(KK)I/S

TOTOP2=TOTOPE

01+47070P2
TOTCOS=CAPC CAPCO1,TOTOP2,TOTCOS, FCRR(KK Y

611 FORMAT(1H o 1174F21.99,F22.94F20.94F17.6)

60701000

999 WRITE(64603) EGPM NUMTOw, TET

603 FORMAT(1HO//10X,

TeeasneARRRd /12X, ' TOTAL WATER FLOW RATE THROUGH

1THESE COOLING TOWERS =4 ,Fl1.04" GPM'/12X,*NUMBER OF TOWERS =¢,
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215/712Xo*TURBINE TEMPERATURE =1,F10.4)
TOTCOS=10,%#12
1000 CONTINUE
sTQP
1001 TOTCOS=10.*¢12
sTOP
END

SUBROUTENE OPECOS (1w, TOTOPE)

* k& % Kk & & %k % & & & & F K X % ¥ ¥ & & £ % % & % ¥ & & X X % % B

PROGRAM TO DETERMINE TOTAL ANNUAL OPERATING COST *
% % % K K X K K E X KK Kk KK EE KX T K KT K LB EE R

s NaNa¥zXa¥al
LR N

DIMENSION HR(50414),THR(14),A(10)+B(10) ARWT(10),PSA(250)
OIMENSION AW(10)+BW(10Q) CHWILO),PERCED(15,2),AMANT(3,2)
1eWTCOST(10),51{15),452(15),S3(15},NYEARLS)

COMMON/DENSIT/ DAIR(250)

COMMON/INPU/ PERCEN(12,415,2),HIND(1C) »PERCED

COMMON/ INPUT4/ WPDRO(13),FILLHT(10),PDROP,WIDTH
COMMON/TURBIN/ HR,IHR, TLOW,FINC

COMMON/NCALA/ PSA,TPS+TSyTWBAL,QHL ,QH2 yHA .
COMMON/TOWERS/ AyByARWT AW ¢BWsCWyGPMyCONST ZNOITT, AFR

1o ATUK s BT UKy RLGYENTU Ny FNTULFGPM,GPMW

COMMON/NQT/ NUMTOW

COMMON/TURB/ POWER,TBP,TEY,TTD,TTDKO,TTDC

COMMON/TOWERC/ NOTS{10) 4WTCOST

COMMON/CONSTA/ CONSTI,DCNST

COMMON/TEMP/ [TWBI,1TWBF,1TBD,ITDBF

COMMON/ECONO/ NYEARFCynC oy WwWysDRyCCNG,CCNL, ANPOHE ¢HEIGHT ,EFFICH
COMMON/POWERC/ TIPLIZIPLFyMyPL,LP

COMMON/ATMOS/ PATM )

COMMON/MAINTA/ AMANTCF,EFI
COMMON/LOSS/S,CWATEQ,CBLOWO,CMAING

COMMON/WSS/ QHSUM(2101,FOGL ,FOGM

COMMON/WITREF/ IWRITE,IPUNCH,REFSV,FAWETT,PARETT,AFRL, TWBREF
COMMON/PLEVEL/ PLMAX,UCAPAB,CAPCAP,UENER,ENERLS,TEI,TOTOP
COMMON/TBPR/ ITPMAX,TETMAX,ICAP

COMMON/TABPRE/ IPMAX NPL DPL,PLMIN

COMMON/RENEW/TQSTAR

COMMON/FPLLL1/FPLMAX

OPERATION DUE TO WET COOLING TOWER
DRY-BULB AND WET-BULB TEMPERATURE INTERVAL, 178D, MUSYT BE GREATER THAN 1

[aReXa¥ X

IF(HTND( IW).LT.0.01 )}GOT01002
PUMOPLl=FGPM*HEIGHT*62./7.481/60./550. 7/EFFICW*0.T457

LFOIWRITELEQ.LIWRITE(64899)

NUMTOW=1
120
TOTOPE=0D.
. TOTBLD=0.
TOTWL=0.
TOTEI=0.
‘TOTFUE=0.
TOTWAT=0.
TOTWAW=0,
TOTMAN=D,
TOTLOS=0.
TOTPRO=0.
SEN1=0.
SEN220.
SEN3=0.
FOGOS=0.
FOGLS=0.
FOGMS=0.
FOGHS=0.
CAPLOS=0
CAPPRO=0.
FPLMAX=0.
ENERLS=0.
FAPLS=0.

RLG=GPM/CONST#*10.%*9/AFR

FNTUSAW( IWI*GPMW*#BW({ IW)*FILLHT(IW)
NelFIX{FNTU/0.5)
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9666

96681

C
96683

96684

96680

ENTU-FNTUIN

LCaPLMAX*CF +PUMDP L/ 1000.
DOLO0OLP *1PL 14 IPLF, M
LPLalLP-IPLI)/Me]

YTTSAV=0D,
KKSAVEs0O
JJdy=0

D090 11J=1TWBL,ITWBF,ITRD

Twe=11J

TS=PSA(L1J)

IN1a(110~1TuB1) /1 TBD+1

KK=KKSAVE

TTT=TTTSAY

12=0

ITOBMA=PSA(I1J) /(0. LCO3ETHPATMR (1. ¢ -32. +
IF{ITDBMA.GT.ITDBF) I TDBNA=] TOBF ferttamzansm. et
IF{I1J.GT.ITDBMAIGO TO 901

D0S231JK=114,1TDBMA, FTBD

T0B=1J4K

IDL=( 14K-TTWBI)/1TRD+]
AH=TS=0,00036T*PATM* (TOB-TWB ) {1 .+ (TWB-32.1/1571.})
WL1=(0.622%TPS/(PATM=TPS)~0.622%AH/(PATM=AH) ) #AFR*CONST/10.9%9
1*NUMTOW

QHl=Wi1l

FAP=PUMOP1/1000,

NP=NPL

IF(LP .NELIPLI) NPa(CF~0.49)%10.

CALL MODELW (TDB+TWBeIWsNPoTET,TQeTHWL s JIIJoKKsTTT4IM)

12=12+1
IFLTET.LT.0)G0T0200
TTSTAR=1.

IFLLP NELIPLI) TYSTAR=CF
IFLICAP.EQ. 2 )GOTO9666

CALL POWERS (TET,TQ,TTSTAR)

CAPPRO=CAPPRO+PERCEN(IWL,ID1,LP1)
DQHR=(TQ/TTSTAR-TQSTAR) /(PLMAX%*3.6/1055.04~TC/TTSTAR+TQSTAR)
FPL=PLMAX*TTSTAR/{1.+DQHR)
PL=FPL

IF(LP.EQ.IPLI)GOTO9668C
IFUICAP.EQ.U)GOTO96681
FPL1=CF*PLMAX=-FPL

PL=FPL

FAP=PUMOP1/1000.

GOTD96682

TETST=TET

TQST=TQ

FPLST=FPL

THLST=THWL

NP=NP+1

KKST=KK

TITST=TTY

CALL MODELW (TDByTWBe IWyNP-TETL,TALy TWLL s JJIJsKKST,TTTST, IM)

TTSTAR=CF+0.1
IF{ICAP.EQ.~1G0TD96683

CALL POWERS (TET1,Tal,TTSTAR)

DQHR'(TQIITTSTAR—TOSTAR)/(PLMAX#3.6/1055.04-791/TTSTAR#TQSTAR)
FPL=PLMAX*TTSTAR/(1.+DQHR)

TET=TEISTH(TETL-TETST)/(FPL-FPLST)*(PLC~FPLST}
IF(TET.LT.(TETMAX+0.05))GOT0O96684
FPL1=CF*PLMAX-FPL

TQ=7Q1

TET=TETMAX

THLsTHWL]

PL=FPL

FAP2PUMOP1/1000.

GOT096682
TO!TQST*(TQI'TQST)I(FPL-FPLSTD‘(PLC-FPLST)

THLsfHLSTf(THLl-THLSf)I(FPL-FPLST)'(PLCOFPLSTl

FPL1=0.

FAP=0.

PLePLC
GOT096685
FPLL1=PLMAX-FPL
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96682 IF(FPLI.LT.. ) FPLI=C,
FPLIaFPLL14#{PUMOP1})/1000.
IF(FPLL.GT.TPLMAX ANDPERCEN(IWI,IDE+LP1).GT.0.000001)FPLMAX=FPLI

96685 ENERLS=ENCRLS+FPLI*PERCEN(IW,IDL,LP1)*8T6N,
FAPLS>FAPLS+HAP#PERCEN(IW1,IDL,LP1)*8760,
EI=(PL+1Q*1.05504/3.6%10C0.)*1000./EFI
FUECOS=FC*EI1*8760.
BLOOWN=TWL*CCNL1/(CCNO-CCNL )
WATCOS=(TWL +BLDOOWN) «WC*E25.6
WARACO=BLDOWN*WW*525.06
ANUCAP=ENERL S*UENER*1C0G.
HOTWT T=TET~-TTD
COLOWT=HOTWTY-TQ*CONST/FGPM
ITET=TET
Pe(PSA(ITET )+ (PSA(ITET+L)-PSAUITET)}*(TET-ITET))/0.491111
TOTDLD=TOTRLD+BLDOWN®PERCEN{IWL, ID1,LPL)*560.%24.%365./326046
TOTWL2TOTWL+TWL*PERCEN{ WL, ID1 4L PL1)#60,%24,%365./326046
EIl1=E1/1000.
TOTEI=TOTET+EIL*PERCEN{IW1,1D1,LP1}
TOTPRO=TOTPRO+PERCEN(IWL,ID1,LP1)
TOTFUE=TOTFUE+FUECOS*PERCEN(IWE,ID1,LP1}
TOTWAT=TOTWAT+WATCOS*PERCEN(IWL,IDL,LP1)
TOTRAW=TOTWAW+WAWACO*PERCEN(IW1,ID1,LP1)
TOTMAN=TOTMAN+AMANT (24t PL)*PERCEN(1nl,»IDL,LPLI)*NUMTONK
FUECTS=FUECQS*PERCEN(IW]1,1D1,LP1)
WATCOS=WATCOS#PERCEN{IW1,IDL,LP1)
WAWACO=WAWACO*PERCEN(IW1, ID1,LP1L) )
AMANT 1=AMANT(2,LP1)*PERCENTIW]1,I1DL,LP1)*NUMTCH
OPCOS=(FUEC I S+WATCOS+WARACO+AMANTL)
L+FPLLI*PERCEN{IWL,IDL,LP1)*8760,%UENER*1000,.
TOTOPE=TOTOPE+OPCODS
IF(PERCEN(IwW1l,ID1,LP1)eLT.0.,00C5010G0TO312

CALL FOGSEN (TDByTWB, TWBALyQHZ2ySENSIL,SENSI2,SENSI3)

SENI=SENI+SENSII*PERCEN(IWL,ID1,LPL)
SEN2=SEN2+SENSTI2*PERCEN(IW1,ID1,LPL)
SEN3=SEN3¢SENSI3*PERCEN(IWY4IDL,LPL)
IF(SENSI3.LT.0.000051G0T0317
IF(SENSI3.LT.FOGL)IGOTO31S
IF{SENSI3.LT.FOGM)}GUTO316
FOGHS=FOGHS+PERCEN(IWL,ID1,LPL)
GOTO311
315 FOGLS=FOGLS+PERCEN(IW1,ID1,tP1)
GOT0311l
316 FOGMS=FOGMS+PERCEN(IWL,IDl,LP1)
GOTO311
312 SENSI1=0.
SENSI2=0.
SENSI3=0.
317 FOGOS=FOGOS+FERCEN{IWl,ID14LPY)
311 SLUID1)=SENSIL
S2(1D1)=SENSI2
$S3{ID1)=SENSI3
IFUIPUNCH.EQ.L) WRITE(T,701l) FUECDS,ANUCAP,TWL,0PCOS,BLDOWN,FPL1,
ISENSI 1y SENSI2,)SENSI3,El,IM
TO0L1 FORMAT(2F10.( sF6409FLlO0cCeFS5409FFe44FT.5,F6.4sF8.5,F8.0,11)
200 IF(IM.LT.2100T0475
IF(I2.NE.1)GO TO 902
TTTSAV=TTTY
KKSAVE=KK
GO YO 902
475 D092331JL=11J,1TDBMA,ITBD
IFCIWRITELEQ.IIWRITE(GL, E66)
666 FORMAT(5X,* WET COOLING TOWER IS TOO LARGE TC OPERATE')
ID1=(IJL=-ITWBI)/1TBO+1
TOTLOS=TATLOS +PLMAX*B760000 *UENER*PERCEN( T WLy ID1,LP1)
TOTOPE=YOIPE4+PLMAXRBTO0 V00 *UIFNER*PEPCENT IWl, I01,LP1)
FCGOS=FOGOT+PERCEN(IWL TD1yLPL)
IM=0
IF{IPUNCHWEQe1IWRITE(T,702) 1IN
702 FORMATIIB0)
9233 CONTINUE
GO Y3 901
902 IF(IWPITELLT,1)1G0TO923
WRITE(69601) PL,THWE .
601 FORMAT(1HU,SXy'POHFR =29 9F5e09" MW' 310Xy "THB =',F8,3,° DEGe F')
WRITE(Oy 333 1T g FITUTT 4 CNLOWT 4 P4TQ
333 FORMAT(/6Xy " TURBTEMP, = ' 3F104491Xp'DEG.Fa *y
15Xy 'HCY WATER TEMPe = "9F104491X9'DEGeFe 'y
25Xy CCLD WATER TEMP, = *3Fl0aéylXy *NEGeFo?y
3//796Xe"PRESSURE = *oFBeS91Xg*INeHGe' ¢
45X g 'HFAT REJECTICN = 3 FBe5¢1Xe 'BTUSLO%%G?, /)
WRITE(64602)
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602 thnfT(l@ﬁ.lx."ne'.ax.'wATER EVA,
b R T T S o
4 8 W, F ]
390PERATING CRSTH/ yxy opey | | C0OT 3KeTSURS ENERGY LOTSty3xs
@:x,ospn:,qx,.cnu.,zzx,-,,vghn..bx'
SYVINEART ) 10Xy P8/YEARY 12Xy 4 8/YEAR? 412X, " $/YEAR /)
6071;;‘31‘;“ HorE34F15050F11a4yF13069F13000F1241,F 160 1¢F 2003 F18a 1L,
WRITE(6y 69656)
69697 FURMAT(IHO// /5Ky #xmux FOGCTNG PARAMETERS *awkat//2x,
LrY08" ¢3X) "TORLEXITI? 93Xy 'S PEy HUMI Do 46X,
2CSENSINTLITY 'y 3Xe 'FIGCTIG ANGLE 92Xy *FOSGING MAGe® 74X,
3'F'1§X.'F'.7x.'u H20/4 ATR®3SXy *WESTINGHOUSE Yy 3Xg *RADs (MAKL EY) ¢ )
HFITE {69 69698) TIKy ThAAL yQH29S1LINRL1),S2(T0DL1453(1D1}
69693 FURMAT(LIH 4 T59F11e34F1346pF1T07yFl4e59F17e5)
WRIF(6y399]
899 FORMAY(///1Xe1301*%3/7//)
923 CONYINUE
991 CONTINUF
1000 CONTTNUE
FUELE X=TOTE1 -T=1
YOTFUL=FUFI FX*FL %1000, %8760,
TOTOP=TNYCPE ~TETKFC* 1000 ,%8760,
WRITE 6y 66667)
66667 FORMET(1H)gAXy ' ¥ ¥k FOGGING PARAMET ERS %kt )
WP {TE (69 66666) SEN1,REM2 S EN3 4 FUGDO Sy FOGLSy FOGMS FOGHS
66665 FORMEZTILH 5 /10Xy *aVEFAGE SENSIRILITY OF TOWSR PLUME, R4SED CN WEST
LINGHOUSE CAL CULATICN =°4F8,5/10X, 'AVERAGE FOGGING ZNGLE, BASED ON
2MARLEY CALCULLVICN ='3F 9,44 RADG? /10X,
3YAVFPAGE FNGGTIG MAGNTTUDE =9,F10.5¢"' DEGe F*LB, H2D/1.B. ATRY/10X,
4CPROBLBILITY NF MO FOGHING ='4FBa5y5Xy '"LIGH™ FOGGING ='yFBe5y5Xy
5¢'MEDIUM FAGGING =*yFBa595Xe "HEAVY FOGGING ='4FBa5)
TOTEI1=YOTEY/TOTPRO
TCTWLI=TOTWL /U TOSTAR¥1N55,04/3,6)
FUEL EX=FUEL EX/PLMAX
FPLMALI=F PLMAX/PLMAX
ENERL 1=CNERL S/ {PLMAX*87604 }
FAPLS1=FAPLS / (PLMAX*8760,)
WRITE(6,12121)
12121 FORMAT(/ /10Xy *VALUES IN PAGANTHESTS ARE,THE VALUES DIVIDED BY POWE
1R CUTPUT EXCEPT THF LAST TWD WHICH AFE'/10Xy 'THE VALUES DIVIDED BY
2 THE PLWER DUTOUT PER YEAR'//) )
WPITEL64605) TOVBLOy TOTWL, TOTWL14TOTEYFUEL EXyFUELEL
LFPLMAXFPLMAL ¢ ENEQL SyENERL]HFAPLS, FAPLS]
1¢TOTFUE TOTFUL, TOTWAT, TOTWAW s TOTMA N, ANUCAP, TCTOPE, TOTOP
605 FORMAT(LH /10X, *TOTAL ANNUAL BLOWDOWN =1,F15,0e' 2CRE-FT/YEAR'/
110X, *TOTAL 4NNUAL WAYER EVAPe ='3F12409' ACRE-FT/YEAR!
195Xe * Uty FlidaSet 1 1/1UXy
20TCFAL ENERGY RATE IN =',FiZ243, % MW'//8X,
2¢%%k CAPABILTTY LNSSES %%%x1/10X,
3VEXCESS FUS! CONSUMPTION =7"9F9a3p ! MWIySXe? [y FGaby? )'/10Xy
FIMAXTMUM CAPABILTITY LDSS =f,F9.3p¢ MW' 45Xyt ('yF9abe' |1°/10Xy
IVENERGY LDSS ='gF1545¢" MW-HR'y5Xy ' {'9FTaby® ) /10X,
3¢PUMP ENERGY LOSS ='yFllaty’ Mi=HR®" 5Xe ' {'yFebg" )'//8Xy
Fexak TITAL BANNUAL COSTS *%%¢ /17X,
2e-ATAL ANMIAL FUEL COST =7, F2Ce0y ' $/YSAR'/10X,
4YEXCESS FUL! COST ='yF2640,' $/YEAR' /10X,
4'TITAL AMNUAL WATER COST =*¢F15.0y' $/YEARY /10X,
SeTCTAL ANNUSL WASTE WATER COST ='4F13400 % 5/YEAR'/10X,
61YNTAL ANNUAL MAYTNTATNANCE COST =%,Fl2.Us' S$/YEAR'/1UXy
5ETOTAL ANNUAL CAPACITY LOSS =7y Flb6aQy’ $/YFAR' /10X,
TITATAL ANNUAL OPERATING COST ='F15409" $/YEAR'/I0X,
BYEXTRA ANNURL OPFRATION COST ='9F15.0¢" $/YEARY)
TCTFUF=TOTFUE/S
TOTWAT=TOTWAT/S
TOTHAW="NTWE W/S
TOTMANEYOTHAN/S
ANUCAP=ANUCALP/S
TOTOP=TATOP/S
YCINPE=TOTUPE/S .
WETTE (6g 621) 10TFUE,YOTHAT ) TOTWAW ¢ TOTHAN, ANUCAPVUTOPE
T
1;r2m2$(1uo,7x,'«*« AVERAGE OPERATING COSTS --- IN MILLS/KW=-HR #xx!
1710X, "AVERAGE FUFL COST =%¢F22.69' MILLS/KW-HR' /10Xy
LYAVERAGE WATFI ST =7y F2lyby ' MILLS/KW=-HR!/10X,
PIAVERAGE WASTE WiTER COSY ='yF15.64" MILLS/KW=HR' /19X,
SYAVFPACE MATNTAINANCE COST =7pFlhaty® MILLS/KW-HR! /10X,
YAV AGE CRPACITY LOSS =ty F18.0e" MTLLS/KH/HRY /10X,
HYAVESGE YOTAL CPECATING (NST =9y Fllabe? MILLS/KW-HR® /10X,
TVAVER/GE EXTRA OPERAVING COST &% Flleby® MILLI/KW-HR')
RETURN
1002 WRITE(64623)

93Xy 'BLOWCOWN ¢ 31X
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623 FORMATIVHU/10X,'wET COOLING TOWER IS. NOT SUFFICIENT YO OPERATE')

YOTHPE=2L0,%*12
PFTURN
END

SUBROUTINE MODILW (TOBy TWReIWsLPyTET g TQeTWLy ITIT4KyTToIM)

w o & % % % » ¥ x ¥ A F X K ¥ % ¥ % k & % ¥ % &k & ¥ & & ¥ % ¥ » &«

THIS SURROUTINE CALCULAYES YHE MNDEL ING RELATICNSHIPS FOR

*

£ 3

*  PLANT £MD (NOLING TOWER ,  GIVEN WETY
*  YEMPERATURTS, QPERATION LEVELS NOF WEY
*®
L
*

TURBINTG QYTOYT, YHE RESULTS ARE TURBTINE EXHAUST TEMPERATURE AND

HEAT REJECTION.

* % ok ok B Kk & % ¥ * ok %k &k ¥ % &k %k k ok * % ¥ % & ¥ ¥ Kk * ¥ ¥k ¥ ¥ X

DIMENSION HTRJINUI50,14)y 1ENHTR(14) 4481
LoAWE10) 4 8W(1 U, CHILDNyPEAL25D)
COMMOMN/TUR BIN/HYRJINy TENHTRe TLOW, FINC

AND DRY BULB
TOWER Sy POWER LEVEL

10)4BL10)yARWY(10)

COMMCN/TOQWERS/ P gBoARWT g AWy BWCWoGPMy CONST 9 NOIYTyAFR

Lo ATUKGBEUKyREG)ENTUy Ny FNTUyFGPM P MW

COMMON/NCALA/ PSA,TPSyTSeTWBAL yQH1 9 QH2e HA

COMMCN/NOT/ NUMTOMW

COMMCN/TURD/ PL1,4BL2,RL2,TTDyTTOKO,TTDD

COMMON/TBPR/ ITPMAX,TETMAXy ICAP
COVMON/TEST/IFLAG

TF TWB 15 HIGH ENCUGH, THEN COOLING CANNOT TAKE PL'ACE AY ALL UNTIL

TUREINE CONDENSETY TEMPERATURE IS HIGHERe THUS, WILL SKIP 7O

HIGHER TURBINE TEMPERATUKRE,.

1F TwB IS LOW ENOUGHy COOLING WATCR FREEZESe WHICH
{S NEVER DESIREDs, THIS WHEMEVER COJLING WATER WOULD HAVE BZEN

CIOL ED BELOW FREEZING ANYWHERE 1IN THE C
PERFIRMED (IMPLYING ALTERNATE SYSTEM US

YCLEy NO COOLING 1§
ED IN PRACTICE).

ASSIGN MOPEL PARAMEYERS FOR TOWER SECTION

1CAP=C.
IM=2
IFR=0
IFRE=~-1
IFIIIITeGToNa51GOTOYOND
WL=0,
TPS=°.
THBAL=0,
QH2=0.
JF(11114EQe-5)1G0T099}
TTDC=HTRJIN(14LP ) =TT DKD
GNT09S2

991 YTCN=TTD

AS5SIGN INITIAL TPIAL YURBINE TEMPERATURE

992 K=0
973 IFRE=JFRE+]
201 K=K+l
TY=TLOW+ (K-1)=FINC

TF(Ke CT.IENHTR(LP) o ANDse TTe GTo (TETMAX 41,953 3GC TO 999

IF(II1]aERQe~-5)GNTO4OS
TTD=HTRJIIN(KoLPIZTTDKO
494 TT1=TY-TTO

COM THROUGH COOLING SYSTEM IF PCSSIBLE

JFITWRLLTLTTL11GOTN403
GTN201
403 WL2=WlL
TR<2=TPS
TWBAL 2=TWBAL
QH22=CH2
IFITTaGT {TETMAX41495))GNTO999

TWi=TT1

TO0 GET 7TQl

POWER

~F

CALL  AIRFLR (TWI ¢TDByTWRSENTUSNNITT g NyGPMyAFRyRLGyTT 24 WL

IF(TT2:GTe32e4NDIFLAGaNES 1)GUTN50 7
GGTN8S

DITES YINE DIRICYION OF APPROACH TO INTERSECTION OF CURVES
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503 TOLl={TT1~TI2)*FOPM/CONST
lF(TO\.LT.HTRJIN(K.LPP)GOTCIDO

REACH INTEFSECTION BY DECREAS ING TURBINE TEMPERATURE

IF{IFRECGY oD I5NT0206
IFlTNB.GT.ITLON-FINC-TTDG)!GOTDIOQ

COOLING CURVE ENCS MDRE THAN 1 DECREMENT BELOW TLOW

206 TT=TY~-FINC
TT1=TY-TTnON
IF(TT1.1T432,)60TN703
IFITWRGGYTT1I60T0204

CIILING THROUGH CNNLING SYSTEM IF POSSISBLE TGO GET TQ2

WL 2=WL

TPS2=YPS

TWBAL2=TWRAL

OH 22=QH2

TF(TT oGT o (TETMAX+1.95))G0TC999

TWI=TT
CALL ATRFLRAITWIpTDRyTWB ) ENYUSNOITTyNyGPMgAFRgRLG, TT 2, WL )

iF(TTZ.GToBZ.AND.!FLAG.NE.l)GGTOSOS
FR=1
505 TOQ2={(YTY-TT2)%FGPM/CONST
IF(TQ2.LYoHTRIIN(ILLP))IGOTOL105
IF(IFR.EQa1)GOTOT703
TQ1=Tq2
GOT0206

INTEP POLATE FOR TQe TET, TWL

105 TQ=HTRJIN(L,LP)
HTDIF1=(TQ-TQ2}/(TC1-7TQ2)
TEY=TT+HTOIFL1=FINC
IFIIII14EQo~5)G0T0405
YTD=TQ*T1TOKO

405 TWL={WL+HTOIFL={nl2-WL} ) xNUMTOW
TPS=TPS+HIDIF1=(TPS2-TPS)
TWBAL=TWBAL+HTDIF1*(TWBAL2-TWBAL])
QH2=QH2+HTDIF1*{CH22-QH2])
IF{iFR,EQ.0IGETO210

(PREVIOUS TOWER COCLING INDICATES THAT THE OPERATING CHARACTERISTICS
CURVE FOR THE CCILING SYSTEM ENDS IN THE SAME TEMPERATURE IMTERVAL

AS JET) .
CI0L THROUGH COOLING SYSTEM USING TET, TQ FCR CHECK

21! YT1=TEY-TTD
IF(TT4GT e (TFTMAX416,95)1G0TO99S

TRI=TT1
CALL 2IRFLR (TWITCByTHWByENTUWNIITT ¢ NyGPMyAFRyRLGyTT 24 WL )

IF(YT24GTe22eNDe IFLAGaNEL1)GCT 210
6070702
210 CONTYINUE
1111=1
RETURN
304 TT=TY+FINC

cONLING CUPVES EMD JUST BELOW YT AND OECPEMENTING TUPBINE TEMPERATURE

WTLL MOT INTERSECT (T

DETES MINE PROPER VALUE OF HTRUIN(14LP)
DIUBLE INTERPOLATE FAR Ty TETTAL

103 IFIK.CT411G"TNL06
HO=HTRJTM{L,LP)
GOTO1nT
1056 HQ=HTEJIN(K=1,LP)
117 1F(TT114GTe=5150T0407
HO=HQALTWBSTTO-TT +FINC)/FINC®{HTRIINIKyLP)-HQ)
GUTN408
407 HQ:(HC*(TwB-TT&FINC)/FINC*(HTRJ!N(K,LPD-HQDl/(l.—TTDKO/FINC
1*(HTRJIN(K,LP)=HC))
403 IF(ITIY.FE0a=-5)00TN46
TYD=HQ*TTOKD
406 TO=TQI&HI/{TQi +HE-HTRJIINIK,LP)}
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TETaTHB+TTOH{TT~-TWA-TIND)I*TC/TQL
IFLITTT14ECe =5)n0TI409
TYID=YC*YTNKO

THL=WE /TUIATOQENUMT O
YPS=TPS/TQITQ
TWOBALeTWRAL/TQI*TQ

QH2=QH2/TQI¥TQ
TY«TY=FINC
IFIKeCTal IK=K~1
G0OTa211
REACH INTERSECTION BY INCREMENTING TURBINE TEMPERATURE
100 IF{K.EQe TENHTRII P)IGNTNGGS
103 TT=TY+FINC
K=Ke]
1F({111.EQe-5)60T0410
TTO=HTRIIN(K 4L PIXTTDKD
410 TT1=TT-TTD
COBL THRCUGH SYSTEM 10O GET TQ2
WL 2=Wih
TPS2=TPS
TWRBAL2=THWRAL
QH22=QH?
IF(TToGTL {TETMAX+1495))60T0999
THI=TTY
CALL AYRFLRATWI o TDBoTWRyENTUSNOITT yNyGPMeAFRyRLGy TT 2y WL )
TQ2={TTL~TT2)*FGPM/CONST
IF(TQ24GTHTRIINIKGWLPIIGATOL0L
1F (Ko FQa YENHTRILP) }IGNTNO9G
YQ1=TQ2
GoTn108
INTERPILATE FOR TG, TET, TWL
10 HTDIF1=HTRJIINIKyLP}-HTRIIN(K=~14LP])
HIDIF2=T¢2~TQ1
TQ={HTRIINIKGLPI*HTDIF2=-TQ2%HYDIFL1 }/(HIDIF2~-HTDIF1)
TET=TT-{T02=-TO) /HTDIF2*FINC
IF(1I1Y.EQe~51G0TC4YY N
YYD=TC*TTOKO ‘
411 TWL={WL2+(Wl=WL2)}/HTDIF2*(7 Q-TAL1)) «NUMTOW
TPS=TPS24(TFS=TPSZI/HTDIFZ¥({TQ-TQL )
TWBAL =TWBALZ2+(TWRAL=TWBAL2 ) /HYDIF2%(TQ-TQ1)
QH2=QH224{0H2-QH22 )/HTDIF2*(TQ-TQ1)
TY=YT-FINC
K=K~1
ITItI=1
RETURN
RZTURN WITH MESSAGE
703 TQ=~5¢0
TET==50.
TWix==~50,
I111=0
fM=-50
RETURM
FIND INTERSECTION WHEN WET-BULB YERPERATURE INCREASES
PEACH IMTERSECTION BY INCREMENTING TURBINE TEMPERATURE
100 TTD=HTRJIINIK,L P} *TT1DKO
TT1=TT=-YTD
TE(TT oGT @ ({TETMAX4195) )1GNAYQ99
TWwI=TT} .
CAt), AIRFLRUTWI TOByTWBeENTUSNOITT gNeGPMeAFRyRLGy TT 2440 )
TQla{TT1=YT2)*FGPM/CONST
1004 TT=TT+FINC
JE{YT L T (TLIW+0 0D} }GOTOIODY
TFIKLENG IENHTRILP)IIGOTNSSI
KaK+]
HQ=HYRJYN(K,LP)
HYTNDLFLl=2HG~TRIIN(K-14LP)
GOTr2070
10VY] HI=NTRJIIN(,1LP)

HIDIFLl=0.
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1010

412
413

101t

999

TTDaHQ«TTDKO

TT1sTT-TTD

WL25KL

TPS2aTPS

TWBAL2-TWBAL

QH22=QH2
IF(TTGT I TETMAX+1.95) 1IGOTD999

Twi=TT1
CALL A!RFLR(TNI'TDBgTWB.ENTU.NOITT,N,GPM,AFR'RLG,TTZ'HL,

TQ2=(TITI-TT2 )%FGPM/CONST
IF(TQ2.GT.HQ)GOTO1a10
TQ1=7Q2

GOTO1004

f

INTERPOLATE FOR TQ, TET, TwWl

IF{KeGTL1)60T0412

TYD=HTRJIIN(L yLP)*TTDKO

GOT0413

TTID=HTRJIN(K=1,LP)&TTDKO

IF(TWBoL Yo (TT-FINC-TTD) )GOTOL01Y

TQl=7Q2

GLT0104

HTDIFZ=TQ2-TO1l

TQ=(HC=HYDIF 2-TQ2*HTLIF1)/ (HTDIF2-HTDIF1)
TET=YT-(YQ2-TQ) /HTCIF2*FING

TTD=TQ*TTDKD

THL=(WL 24 (WL =WL2)/HTYDIF2 ¥ (TQ-TQL ) ) ¥*NUMTOW
TPS=TPS2+4(TPS=TPS2) /RTDIF2%{TQ-TAL)

TWBAL =TWRAL2 ¢ {TWBAL -TWBAL2)/HTDIF2*(TQ-TQ1)
QH2=QHZ2+(QH2-QH22 1 /HTDTI F2%(TA-TQL)
IF(KaGTal) K=K-1

TT=TT-FINC

RETURN

IFITT2,LT422006070703

1CAP=1

TT1=TETMAX-TTD

TRI=TTY .
CALL AIRFLR(TWI ¢TOByTWB ENTUNOITT ¢NoGPVyAFRyRLGy TTZy WL}

TO=(TY1L=-TT2)*FGPM/CONST
TETaTETMAX
IF{IT11eNEL~S)TTD=TQ*TTDKO
TRLsWU*MUMTO W

RETURN

END

SUBROUT INE GENMET(D1,02¢ H ¢ Hy DRER)
HTT=HT-H
ASOR=(1Ne5958) %22, *xN]1**2. /4a

BEQR=£SOR®(NoT409 ) »¥ 2o *HTT %42,/ (D1%%20/44*(1-(0459581%%2,))

Y=0,2591 *HTT

YY=( o T4VG*HTT

XSGR=(ASQR*BSQR+ASCR®Y }/BSUR

X=SQRY{XSOx)

D2=X*%2s
VOL1=2,1415926535%3SQR/BSQR/ 3% YR {34 *BSQR4YEX2,)
VOL222.1415926535%ASQR/BSQR/ 3 *YY¥ (3o ¥ASQREYY*¥2,)
VCLT=vOL1+VCOL?2

ARAR=VILT/HTT

ARGUM=4, ¥ADAR/ 241415526535

DBAR=SATT(ARGUM)

FETURN

END

SUBROUTTINE RESTKIONTUyNCITY ¢NeGPMy AFReRLGI TCHoWLoREALK)
DIMENSION FRIFAC(1B)PSA(250)

REAL LHS KKy KM

COMMON/TEST/IFAG

COMNONSHCAL A /PSA¢TPS TSy Tagul 92y HA
CUMMOM/VEL V49V 1 4RHO14RHO2

COMMON/FRIC/FRIFAC
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44

66
67

55

65556

65555
§5555
55555

57
56

AOIMNAOIHTIAONO

COMMON/A TMOS JPATM

COVMUN/CORSTA/Z CONSTLI,CONS)
COMMON/TEMPE /TWB,THB
COMMON/MATOR ZH o HT g KU g D1y D24 ELEVy Ry POWAF (15)
COMMCA/AREAS/PIPLARyPIFAARy Wy DARAR
SUMK=0.

00 555%6 [131009 120410

Twi=11

NC 55555 J=143044

Kk=J

KM=KK

CALL AIRFLRUTWI s TRy TWgDNTUSNOTTT gNpGPMgAFReRLGy YCW WL}

FNZ(VL*D2v a2 (/DB ARY# 2, ) *DBAR*RHID /44 2% 10 %% 7"
RIC{ALCGIRM)-3,0)/0,2¢1,

I=11

IF(lalEe0) 6T TO 44

TF{leGTalT) GO TN 06
FE=FRIFACII}#(FPIFAC({I#1)~FRIFAC{T)})*(RI~-T1)
G YN 5%

FF=644/RN

GO TN 5%

FF=0,008

LHA=14/SQRT(FF}

AT GIM=EN®SORTIFF) .

RHS=0,86%M DGIARGIM)I-D.8
IF{(LHS/RHS ) 4G w0499} GQ TO 55

FF=FF-0,0001

GO TO 67

AHF=FFX(HT ~H)}/DRARX(V4*D2*% 2, JOBAR %2, ) %% 2, /644348
HLPILE=kK=FHDIxVI®¥%2,/24/ 3201 T4-AHF*RHI2
CFM=V 1%61),

HLPLT W=H!PILE/b62.4%12,

1J=CFV/50,

IF(1J46YaY4) GO YO 65555

HLPILA=PDWAF (TJ) ¢+ {PDWAF(IJ+1)=POWAF(IJ))*(CFM/50e=1J)
TF(HUPTLALGE 4. PLIW) GO TO 65556
PEALL=CFMSAV-CFM

X1 =HLSAVL~HE 3AVE

X2=HL PLI W—HLPILA

X=X1*RZALLZ(X1+X2)

CFMACT=CFMSA V=X .
REBKK=(CFMEAV-CFMACT I/ {CFMSAV-CFM) %44 +(KK=4,4}
SUMK=SUMK+RE AKK

GC TN 55556

HL SAVE=HLPLIW

HL SAV1=HLPIL A

CFM3SaAV=TFM

CONTINUS

CCONTINUE

CONTTNUYE

RFALK=SUMK/3,

KM=REALK

WETTE(69457 )

FORMAT('1')

WRITE (69 56)KM

FOPMAT(5Xe"' K = 14F542)

RETURN

END

SUBROUTIME AIPFLR{TWI)TOB o TWBeONTUSNCTTT oNoGPMyAFRyRLGy TCH WL )

THIS PROGRAM CAl CULATES THF ATR FI OW PATE THRU THE
‘e e MAaTIIPAL DRAFY wFT COPLING TOHER 444

DIVMENSTICN PRAL250)

OrAL KM .
COMMOM/NATRR JHoHY g KMy D19 D24 ELEVy Ry PDWAF (15
COMMINZVEY JVhgV] KM 4P HOD

COGMACN/CONET A/ COUTTLCONST

CO RN/ ATHOL AT N
CUMMONINCALA/PSA QTP T g T4 gndl ¢ W2 HA
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COMMON/YFRT/ IFLAG
1FLAG=0
BAAR® 3414159 265354D1 %42 /4,
PIFZAR®2,14]1 592653540 %
BF 4eD2%2 2 /4, 2,1 4159265135
TORSL=TORCI 0VIS66%E)EVI459,67
TDHS=]CSSL‘00003566‘(EKFVOHT)-?SQ.67
zz-giigoZZQ*((TDBOQSQ.b7l/TQBSL)*‘5.256
= 224 % 5 a
Teron 0224 % {ITDB54453,6T)/TNRBSLI*%5,256
PS1=PSALI)+(PSA(I«1}=PSA(I))I*(TWB-1)
PS1=PS1%144,
PS1=PS1-0s00036T4P 12 (TDB-TWR) *(1,+ (" -
ﬁHOl*DI/P/(TDBGQSQ.67)*(1.’0.378;P;i§2132.)11571.,
W1l=00622%PS1/(P1~PS1)
T4=T08B
INOEX=0
44 I=7T4
PL4sPSA(T I (PSA(T L) ~PSA(T I I%(T4-1)
PL4=PS4*144,
RHO2=P4/R/Z(T4+459,6T1%(1 4~ 3TR%PS 4/P4)
IF{RHO2,GE,RHOL) GO TO 124
1555UT=(2*320l74*FT*lFHOl'RHOZ]/PHDZ)/(1.+KM*RHCZ/RHOI*(AR4/P!FAARl
Ze
V4 =SQRT { ARGUM)
V1=(RHO2/RHOY }¥V4*ARG/PIFALR
AFR=AR4=VAX (RHT1/ (1 ¢W1) 122600,
TFLINCEXoN" 1) GO TO 123
AFR=] o/2 0¥ (AFR+AFRDY
TF{ABSIAFRD-LFR)/AFRLELDLO05 ) GO TN S5
123 RLG=GPM/CUNST*>10,%29/AFR
CALL NTUCAL(TWI pTDBeTARyRLGyONTUyTCHyNCITTy &FRyHLN)
INCEX=1
AFRO=AFR
Th={TCW+TWTI) /2,
GO TO 44
124 1FLAG=1
55 RETURN
END

SUBRNUTINE CAPCO{TWBsRANGE yAPPROyRHy QyCOST)
C
C**#*****#***t*t**********##*#***t*##tt*
C*
Cx DETERMINE THE NATURAL DRAFT WATER COGLING TOAER®S COST

c* - USE MiRLEY COMPANY'S CHARTS -
C*
C# % % % % & & % & % % F ¥ £ % K K K A X F A kK % K K K K ¥ X X & X ¥ ¥ ¥ *
C
c
C
C
COMMON/UTCOST/ UC(493s11451¢NRHI2)
C
TF(RANGEoLTol500 oCRe TANGESGTa45e0 eORe RHelL7Te2540
leONo TWRLI.Ta60.0 ¢TRe TWBGTo80.0 «ORe A4PPROGLTe10,0
2e0Fo APPRO.GTe3040) GO TO 999
C
C DETERMINE THE LOWER BAUND JF RANGE
[
RA={RANGE~54 1 /10
1=RA
14=1+1
c
€ DOSTEFMINE YHE L OWER BIUND OF RELATIVE HUMIDITY
c
J1=25.0
DO 100 J=1,2
J2=J1 ¢DRHLJ)
1F (RiH.LYeJ2) GO TO 10
100 J1=J2
o JAsJeld
-
£ DITERMIME THE LCWER BOUND OF APPRNACH
¢ -
AP=(AFPRC-86 1/
K=AP
KA =Kol
g NTTERMINE THF LOWER RCUND OF WET /UL B TEMPERATURE
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TH={THE=55,N1/5%0
L=TwW
LA=lel

IF(TeE2ab) 1ART
IF(Ja50.3) JA=]
JFIKeFQall) KA=K
TF(Lafeb) LA=L

TFQUCET Ty JaKel 101 Ta0a]l o0Re UNTTpJpKel &) ol TeOul

1e0Re UCIT gy K2l )alTaDol «BRe UC{TedpKAgpt A)alT o001

260Re HLUT 0% gKe! JalTai¥ol o (CRe ”"-(!.JA'K'iA’OLT.OOl

3,0Re ULIT IR KAy L) ol ToDal o0Rs UCL{T4JA KAYLA)LTa01) GO TN 999

TFIUCITA L ) Ket JalTaDlal o0Rs UCII2, 05Ky A}alTadel
1eORa U (YA JpKAGL )L TNl oORa HC(TAPJIKAJLAlGLTa0L 1
2ol Re UTLIAPIBy Kyl ol Yaal o0Fe UC(TA)JAgKi A)olTottol

1,08, UCHTA JApKApL JalTalel o0F, UCITA3JA KA LA)LLTo01) GO TO 699

e Xal

RAT=Tw~l

AUCLEI=UCKY pJy KoL I¢lUCTT 9 JaKpLA)=UC(T9Js KoL) )®RAT
CAUCLI2=CE Lo JoKAQL )4 (NIC (T o Jp KRGLAI=UC (T o J oK gL ) I¥RAT
BUCIN=UC (T ;g Ky LI#IUC (T g JA s KyLAY-UL(IgdApKyL ) )2FPAT
BUR1I2=UC{ T o JA KAy L I+ LUCTT g JAWKALLAY UG T 9 JAs KAL) *RAT
FUCZIFUC(IA g Jo KoL)t IUCITA  JeKoLAY-UCITApJy Ky} IERAT
AUC22=UC (TAy Je KAS LI+ (UC (T A JaKALLA)-UICT 1Ay Je K, g L)) FRAT
BUC21=UC{IAgJA; KeL )¢ UNCTTAGI2 Kyl £)-UCITAyJAgKgL I I%RAY
BUCZZ=UC (TR g JA KA LI+ (UCITAp A KAZLAI-UC(TAyJA KAL) I5RAT

TRTERFCLATYON BETWEEN " APPRDACH n

[a¥alel

RAT=AP~K _
AUCL=AUC11+{AURT2-8UCLY ) %R AT
BUC1I=8UC 114{BUC12-RUCLT %P 4T
AUC2=2UC2]1 #{ £UC22-41C21 ) %R AT
BUC2=BUC21+(BUC22-BUC21 ) *RaT

TNTERPOLA: TON BETWEEN " WFT RULB TEMPERATURE *

C  TMNTERPOLATION BETWEEN " REIAYIVE HUMIDITY *

UC1=AULCL +BUCL-AUCT I *(RH-JL1}/ (J2-41)
UC2=AUC2+(BUC2-AUC2) *(RH~-J1)/(J2-U1)

*

c
C INTERPOLATION BETWEEN " RANGE n
¢
UCOST=UC 1+ (UC2-UCL )% (RA=T)
¢
€ CALCULATE TGWER CASY
c
CO3T=UCOSTI*Q*10o%%6
RE TURM
999  C05T=0,0
RETURN
END
SUBRCUTINE NTUCAL (TWI,TCByTWRSRLGyONTU»TAD ¢NITTTo2FR, WL oN)
¢
c
C® % % % = % # % % ¥ % % 4 ¥ % % Kk % k k ¥ ok k K ¥ ¥k % k Kk k Kk & ® & ¥
€ * ZROSSFLOW CALCUSATICN OF CGOL WATER VEMPERATURE FOP TOWER
(_'*‘!*ﬁ#t#lﬁtt#‘**“******tt##*t**{x***tt
c
c
c
c

DINENSTON HW{3D)aTWI3D) o PSA(250)

COMMOM/NCrLE/ PS24TPSy TSy Y WBAL g QHL yQH2,y HA

CONMMCN/CONST A/ FONSTL,CCNST
COMMIN/ATMOS JPATM
1T=TW]

PS=PSMITIe(PSATITeL)=PSACTIT I IX(TWI-IT)

Hm Qe 24%THI+0e 6225 PS/{PITM=PU) ¥ (10614 B+I e 44*TWT)

IT=TWR

TE=PSALITI+(PSA(IT L) -PUALITI)IAR(TWO-TY)

HE £ 24* TWR + 0822« TS/(PATHM-TSIx[(1N6]148+0,44%TWB)
AHEY S0, 00036 THPATME(TDE-TWB) * [ 1o+ (TWB~3241/15714)

WL =06 622 AH/ {PATM=LH)
DL 100 T=1gN
Twll)=TWI

109 HW(Tl}=H
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THBAL =0,

00 104 JalyN
HzHA

DO 101 xi,N
INDE=Q

KC =0

DHY zHW{l )} ~-H
DH=DH1/1 ¢ 2%NNTUY
GC 19 102

566 K( =0

DHzDH»5, /6,
INDE=IMDE ]
IF(INDEGENL5) G0 TO 8§55
102 KC=KC+)
TR2=T W) -DH/RLG
IF{TW2eLTo140) GO TO 5566
ITT=TW2
PS=PSI|!T)*(PSA(ITGI)-PS&(IT)lm(vwz-]f)
HW 221,24 T2 #0,622%PS/ (PATM=PS ) %( 10618 +0e 24%TW2)
DHH={ FHY $HW2 ~H=DH} /2 ¢ «DNTU
DHE=(CHH4DH) /2,
TE(KC WGELNNITYY GO TO 106
DH=DHH
GO TO 102
106 TWI)}=TW{])-DHH/RLG
IY=TW(T)
PS=PSALIT)I4{PRACTT +1 }-PSA(ITII*(TW(I)-TIT}
HWLT ) =0u 247 [ WlL ) 40,622%PS/ (PATM-PS )% (1061 e840444%THI(T))
101 H=H+4DHH
TWR2=TWB
20 TTWB2=TwB2
PS=PSALITWB2 ) +(PSA(ITWB2+11-PSAIITWB2)) *(TWR2=-TTUWB2)
HA2=0o24%TWB 240, 622%PS/ (PATM=PS )% {1061.840.44*7WB2)
IF (HA2.GF.H)Y 50 TO 10
THB2=TWE2+5,
HA22=HAZ
GG TO 29
17 TWR2=TWB2~4,
40 TTWBZ2-THR2
PE=PSA(TTWH2 )+ (PSA{TTWR2+1)-PSA(ITUR2II*(THWR2-1TWB2)
HE 2200 24%TUR 2404 622%PS/ {PATM=PS IR { 1061840 ,44%TWB2)
IF{HA2,GE+K) GO YO 30
TWB2=TWB 241,
HA22=HA2
GO TN 40
30 TWB2=TWR2-(HA2~-H)/(HA2-HA22)
104 YWIAL=TWRBAL&TWR2
TWRAL=TWRAL/N
TwC=0.0
DOIN31=1,N.
103 TwC=TWC+TWIT)
TWAC=TWO/N
IT=TwWBAL
TPS=PSACITI+(PSACIT#1I~PSA(ITII*(TWBAL-IT)
QH2=04622%TP5/(PATY-TPS)
WL =QH2-WL
WL =WL*pFR¥CONST /10e%%9
RETURN

WFTITE(6y 556}
ggz FGRMAT{;X.' TOWER WILL NOT OPERATE FOR YTHIS COMBINATION CF TEMPERA

[aXaEsEalal

1YUYRES ")
RETURN
END

SUSRRUTINE POWERS (TEMg Qe TTSTAR)

* &k R x % %k 3 &K ® ¥ W % &% % %k % % % % & & &k ¥k k w ¥ & % k & k ¥ ¥ & X

2 EVEL CF YURBINE FOR A GIVEN CONDITION *
: BElszniNs IHiO:TtE*I. P R I T I I B I B

DIMENSION HR(50414)yTHO(14)

CCMMON/TURBIN/ HR.EHR.TLCﬁEF;?gtN

- (OMMGN/TBPRES TPMAXgNPL ¢ CPLyPL

ginmau;pLgv[l/ PLMAXoUCAPABy CAPCAP JUCNER(ENERLS TET, TOTOP

TF(TENNTSTLOWIGETDDO
TT=(YEM-T!UNOF{N(1/FINC

é:TTLF(IT ‘)&(HR(YT*lyi)-HQ(TTslll*(TT-IT!
Q12=HP(1T42) ¢ (R (IT¢1p2) =B (1T 20 ) *(TT-17)
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2)

40

IF(0.1.Ta11)GOTC4O
1F(QelToQ12)G2TN50
01=C12

IP=2

Q2=HR (TV 4 TP 1) ¢ (HR(IT#+1y IP#1)=HRIITy TP+ 1)} % (TT-17)

TF{Q24GTeQ)507TOLO

Q1=02

IP=IP+1

GOTO2¢

PL=1P-(Q2~Q) /(Q2-Q1)+1
YTSTAFR=((PL-1o)*DPL+PLMIN} /PLMAX
RETURN

TYSTAR= (LANPL =10 ) *DPL4PLMIN) /PLMAX
RF TURN

Ir=1

02=C12

Qr=Q1]

607010

DO=(Q11-C}/7(C12-C11)
TYSTAR={PLMIN-DQ*DPL) /PLMAX
RETURM

END

SUBROUTINE FOGSEN (TDByTWBTDAeSH29SENST1ySENST2¢ SENST3)

See Appendix III for listing.
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APPENDIX V

FORTRAN LISTING

COOLING POND
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[aXaX e o VoY

S U T N S T N T R B B I I N R N R N B BE NN N B B B

*
* DEVERMINE THE PERFCRMANCE OF COOLING PONODS
s

P E E R E T E R o I A

DIMENSION HR{S50414)4 ITHR{14)yPSAL250) ¢FCRR(S)AREAL(10)
DIMENSION NYEAR{S)4FCR{1114AMR{12),GPMLOD(10)}
COMMON/INPU/ PERCEN(12,1592)yHWI(10)

COMMON/TURBIN/ HRy IHRy TLOWeFINC

COMMON /WFR/ GPMLGEGPVMy PUMOPL

COMMON/CONSTA/ CONSY1oDONSToCONST

COMMCN/TURB/ POWERoTTDDe TET 4 TTD o TTDKO,TTDO
COMMON/CPIONDL/ ANRGCLDy MCNTHgW24QSC

COMMON/CPNND2/ RHOSC

COMMON/PAFREA/ AREA

COMMON/NCAIL A/ PSAaTPSy TS TwBAL,QHL yQH29HA
COVMON/TEMP/ ITWERIL,1TwBF, ITRAD, ITDBF

COMMON/ECONN/ NYEAR9FCy WC o WWeDRyCCNOy CCN1y ANFOWESHE IGHTy EFFICH
COMMCN/POWERC/ IPL Iy IPLFoMMyPLyLP

COMMON/ATMUSY/ PATM

COMMON/FPLLI1/ FPLMAX

COMMON/CL S/ SeCWATEC)CBLOWO4CMAIND

COMMON/CELL/ CELLTH,FAWET

COMMON/WITREF/ IWRITEy IPUNCHeREFSVyTWBREF
COMMON/PLEVEL/ PLMAX,UCAPABy CAPCAPUENERLENERL Sy TEL, TOTOP
COMMON/TBPR/ TTYPMAXyTETMAXICAP

COMMON/TBPRE/ IPMAX¢NPL,yDPLyPLMIN

COMMON/QSTAR/ TQSTAR .

COMMON/MAINTE/ UMAINT

COMMON/CAPFAC/ CFyEFI

c
C DRY-BULB AND WET-BULB TEMPERATURE INTERVAL,s ITBDy MUST BE GREATER THAN 1
c

[aXaXa

109
110
101
102

106
107

504
502
506

507
108

509
505

801
802
803

READ154109) IPMAXyNPLyDPLyPLMIN
FORMAT (21104 2F10.0)

READI5¢110) ((HR{I9J)ypJ=L1yNPL)yI=1l,IPMAX)
FORMAT(10FB.5)

READ(5,101) (PSA{I),I=14250)

FORMAT(10F8.5)

READ(59102) (IHR(I)eI=14NPL)

FORMAT(1413) )

READ(59106) (FCR(I)gI=1p11)

FORMAT (1 QF8.0)

READ(54106) (GPMLOD(I)¢1=1,410)

READ(59107) TLOW,FINC

FORMAT(2F10.0)

READ(59106) (AREAL{I)sI=1410)

READ(59504) NNOTSIgNNOTSeNOWTSI¢NONTSeLOCATI LOCATF
FORMAT(614)

READ(5¢502) CCNOyCCN1

FORMAT(2F10.0)

READ(54506) (NYEAR(I)gI=1g5)¢FCoWCyNW
FORMAT(51444F10.0)

READ(S59106) FEIGHTy EFFICWeUNCOND,UD
READ(54106) (HW{1)yI=1410)

READ(59507) ITWBIoIThBFy ITBDy [TDBF

FORMAT (614}

READ(5,108) LPy T.TDDsREF SV TWBREFyPLMAXsUCAPAR
FORMAT (11045F10.0}

.READ{59106) UENERyUDOWNyDAYSyCFyCCCy CODy CWAT EQo CBLOWO

READ(59507) IPLIoIPLFeMM
NTW=(ITWRBF-ITWBI )}/ ITBD+1
NTD=(1TOBF~ITWBI )}/ ITBO+1
NKN=({IPLF=~IPL[+0.01)/MM+]

READ(59509) PATMyTPMAX

FORMAT(4F10.0)

READ(54505) CAyCHW1

FORMAT(4F10.2)

READ{5,509) 18P

READ(59509) EF,ENyEFI

READ(59801) PHNyCyClDyMONTH,W2,QSC
FORMAY(3F10.0411042F10.0)

READ(5,802) (AMR(])4)=1e12)

FORMAT{12F5.2)

READ(59803) UFCNOgyUPUMPoUMAINT o CHT CMAINGyULAND
FORMAT(6F10.0)

READ(5¢507) IWRITE IPUNCHg ITPMAXeTEXTRAy INUC AL ¢ NEWCON

CONST=7,481/60.7/62.%10.%%9
DONST=CONST
CONST1=0.124683/62.

CALCULATE CORRESPONDING FIXED CHARGE RATE
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(s N X3l

[a X2 K>}

D0 100K=}1,5
YsNYEAR(K)/4a41],
1Vuy
100 FCRR(KI-FCR(lY)‘(FCR(lY*l)-FCRlIY))*(V-IY)

lFllNUCAL.E0.0)GGTD300
PARAME= {1 .-ENI*EF/(1.-EF)/EN
DO40O0I=1,IPMAX
00400421y NPL

400 HRI{TyJ)sHR (19 J)*PARANME

FIND FUEL CONSUMPTION WITH OPEN-CYCLE COOLING SYSTEM

300 TBP1=TBP*62.4%13.671728.
NP=(CF~0.49)*10.
IT=TLOW
IFITBP1.GT.PSALIT)IGOTOT10
TQSTAR=HR{1,LP)
TQST1=HR(1,NP)
TQST2=HR (14 NP+1)
GOTO716
710 IT=1T+5
IF(TBPL1.GT.PSALIT)IGOTOTIO
714 IT=1T-1
IF(TBPL.LT.PSA(IT)IGOTOT14
TTEMP=1T+(TBPL-PSA{IT)}/(PSACIT+1)-PSA(IT))
TTEMP= (TTEMP=TLOW)}/2.+1
IT=TTEMP
TOASTAR=HR(IToLP )¢ {FRUIT4+1yLP) ~HR{ITYyLP) ) ¥ (T TEMF~IT)
TASTA=HRLIToNP I+ {HRUET+LoNP}~HR (ITyNP) ) % (TTENP-IT]
TOST2=HR (I T yNP+1 )+ (HRUIT+LoNP+L}=HR (1T, NP+1)} }*{TTEMP-[ T}
716 DQHR=(TQSTLI/CF-TQSTAR) /(PLMAX*3.67/1055.04~-TQSTL/CF+TQSTAR)
FPL1=PLMAXXCF/ {1 .+CQHR)
DQHR=(TQST2/(CF+0.1)~TQSTAR)/ (PLMAX*3,6/1055.04=TQST2/ (CF+0.1)
14TQSTAR)
FPL2=PLMAX*(CF+0.1)/{1.+DQHR)
TQST=TQSTI+{TQSTY2~VYQST1)*({ FLMAXXCF=-FPL1)/IFPL2-FPLL)

DETERMINE MAXIMUM ALLCWABLE TURBINE TEMPERATURE

TETMAX=1000.
IF{ITPMAX.EQ.0)GOTO717
TBP2=TPMAX*62.4%13.6/1728.
718 IT=1T+5
IF(YBP2.GT.PSA(IT))GOTO718
719 I1T=1T7-1
IF(TBP2.LYT.PSALIT)IGOTOT719
TETMAX=I T+(TBP2-PSALITI)/{PSALIT+1}-PSA(IT))

717 DOSLOOLOCATE=LOCAT [4LOCATF

READ{54509) TwBDyTDBOyTWB10,TDBI1O

READ(5¢508) (({PERCENU{I¢JeK)9J=1eNTDIeI=1yNTh) 4K2LloNKN}
508 FORMAT{10F8.6)

$S1=0.
$=0.
DO2011LP=IPL Iy IPLFyMM
LP1={LP-IPLI }/MM+1
PL =PLMAX
IF(LP.NELIPLE) PL=PLMAX*CF
D020121JK=(TWB Iy ITWBF41TBD
IMl={ IJK~1TWBI )}/ ITRD+]
ITDBMA=2PSA[I JK)/{0.000367*PATM= (1. ¢+(JJK=-32.0/15T1.))¢10K
IFLITDBMA.GT . ITDBF) ITDBMA=]TDBF
DO2012 1 K= 1JKy ITOBMA, ITBD
[O1=( [ IK~TTWBI)/1T8D+1.
2012 SS1=SS1+PERCEN(Iwl,1D14LPL}
S=S+SSL*PL
$§52=5S1
2011 S§S1=0.
IF(IPLILEQ.IPLF) SS2=0.
S=S*8760.
TE IsPLMAX*(1.-552) +PLMAX#CF#SS2¢{ TASTAR® (1.~ 552} ¢TQST*552) %293, 067

TEI=TEI/EF]

WRITE(69610) THBDyTDBDy TWB104TDB10yPI MAXsCA9CWly TTDD4PATM
610 FORMAT(1HL///10X,* CESIGN WET-BULB TEMPERATURE OF AIR ='yF5.1y* F!
1710X, 'DES IGN DF Y-BULB TEMPERATURE OF AIR ='¢F5.1¢' F*/10Xs
2VEXTREME WET BULB TEMPERATURE ="4FB8.3,' DEG. F'/10X,
IVEXTREME DRY BULB TEMPERATURE ='¢F8.3¢' DEG. F'/10X,

' R LEVEL ='yF6.0y* MW'/LOX,
;'gg:glFlc HEAT OF AIR AT CONSTANT PRESSURE =94 F6.24¢ BTU/IB./Ft/

Xy 'SPECIFIC HEAT OF WATER ="¢F6.2¢" BTU/LB./FY/
::gx:'DESIGN TERMINAL TEMP. DIFFERENCE ='¢F5.1e"' F'/10X,
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B8YATMOSPHERIC PRESSURE 3ty FT7.2' PSIA')

WRITE(64620) FConCowWyCONGyCCNL
620 FORMAT(LIH 49X *UNIT FUEL CNST =¢,FS.be' $/KW-HR'/10X,
L1'UNIT SUPPLY WATER COST ='¢FT7.44"' $/1000 GAL '/ 10X,
2YUNIT WASTE WATER COST =t ,F7.49*' $/1000 GAL /10Xy
3'MAX. TOLERABLE CONCENTRATION DF PROCESS WATER =1yF5.0," PPM' /10X,
4'SUPPLY WATER CONCENTRATION =4y F5.0, ' PPM']

WRITE(69630) TWBREF; PLMAXyUCAPASB
630 FORMAT(1H 49X,
L'CRITICAL WEY B8ULB TEMPERATURE =',F7.2¢' DEG. F'/10Xy
2 MAXITMUM POWER OUTPUT ="y FB8.2¢ " MW /10X,
B*UNIT CAPACITY LCSS COST =*4Fl0.29 " $/MW')

WRITE(69632) UPONDyULANDyUFUMPoUMAINT
632 FORMAT{1H ¢9Xe*UNIT POND COST ='¢FBale' $/ACRE'/10X,
LYUNIT ACCESS LAND COST ='yFB.ly ! $/ACRE'/10X,
2'UNIT PUMP AND PIPE SYSTEM COST =',F7.2," $/GPM'/10X,
3'UNITY MAINTENANCE COST ='3F7.29' $/ACRE-YEAR')

WRITE(69 631) UENERUDCWN,DAYS

631 FORMATI(LH 49Xy '"REPLACEMENT EMERGY COST ='yFB.49" $/KW-HR'/10X,y
L*REPLACEMENT ENERGY COST DURING DOWNTIME =*gFTady? $/KW-HR'Y/10X,
2'DOWNTIME FOR COMSTRUCTION ="¢F6.19’ DAYS')

WRITE(69640) HEIGHTy EFFICW,UNCONDyUQ
640 FORMAT({1H ¢9Xy*PUMPING HEIGHT OF WATER THRNUGH TOWER ='9yF8.1,
2% FEET'/10Xe 'PUMPING EFFICIENCY FOR WATER PUNP =%yFT7.3/10X,
3CUNIT CONDENSER COST ='3F6.2y"' $/5Q., FT.'/10X,y
4*OVERALL CONDENSER COEFFICIENTy U ='yFbely? BTU/HR/FT2/F')}

WRITE(6y662) ITWBIoITWBF oI TBD,ITDBF

662 FORMATUILH 99Xy "*INITIAL WEY BULB TEMPERATURE ='4149' DEG. F'/10X,
L*FINAL WET BULB TEMPERATURE =%, 15, ¢ DEG. F'/10X,
2* INCREMENT OF DRY AND WET BULB TEMPERATURE ='yI4y' DEG. F'/10Xy
3'FINAL DRY BULB TEMPERATURE ="'y 15y ' DEG. F*)

WRITE(69650) TLOWy FINCyREFSV
650 FORMAT {LH »9Xy 'LCWEST TEMP., IN TURBINE CHARAC. CHART ='yF5.1,
1* DEG. F'/10Xy*TEMP, INCREMENT IN TURBINE CHAKAC. MATRIX ='y3F4.ly
2' DEG. F°
3710Xy*REFERENCE SPECIFIC VOLUME OF AIR =%, F7.,34'FT3/L8")

IT=TWBD

TSS=PSA(IT)+(PSACIT+L)=-PSALIT) I*{TWAD-IT)

HAA=204 24*TWBD+0.622%TSS/(PATM-TSS) *( 1061 .8+0.44*TWBD)
DO1000 TI=NNCTS T4 NNOTS

GPML=GPMLOD(IT)

DO 1000 IW=NOWTSI4 NOWTS

AREA=AREAL (1W)*PLMAX

EGPM=GPML*AREA®43560.

TS=TSS

HA=HAA

WRITE{6y660) TElTBPySS2

660 FORMAT(1H1910Xs" FUEL CCNSUMPTION WITHOUT COOLING SYSTEM ='4F9.3,
1' MW (TUR. BACK PRE. ='yF5.24" INHG)I'/10X,
2'®X%* G FB8.5¢' OF VTHE TIME IS NOT OPERATED AT FULL LOADING #%kt)

C
C DETERMINE CAPITAL CCST OF COOLING PONDS

C
I1it=-5
TT0=YT0D
c
CALL MODELW (TDBCyTWBOy IWgNPLyTETy TQoTWL oI T I1gKy TTy IM}
C
IF{TET.LT.0)GDTO999
TTSTAR=1.
IFLICAP.EQ.0)GQTO6TS
C
CALL POWERS (TEToTQyTTSTAR)
[

679 DQHR=(TQ/TTSTAR-TOSTAR}/(PLMAX%*3,6/1055.04~TQ/TTSTAR+TQSTAR)
TOO= (PLMAX*TTSTAR/ (1.+DQHR ) +TQ*1055.04/3.6)/€EF1
RPsTQ*CONST/EGPM
AP=TET~TTD-RP-TWED
ITET=TEY .
PDESI={PSA(ITET)+(PSACITETH+1)-PSACLITET)I*(TET=-ITET))I*1728. /848,64

¢ .

CAPCOL=UPOND*AREA
CAPCO2=0.1*AREA*UL AND

C
C DETERMINE CONDENSER COSTy AND PUMP AND PIPE SYSTEM COST
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(3 Xz X2]

c
C

THH=TET-TTD

TCW=THW-TQ*CONSY/EGPM

RANGE = THW-TC W
TYOKO=TTD/RANGE*CONST/ECPM

RLL=ALOGI (KANGE+TTD) /TTD)
CONCOS=UNCDND*EGPM/CONSY/UO‘RLL'[O."?
IF(NEWCON.EV.0)CONCOS=CCO
PPCOST=UPUMP*AREA*GPML*43560.
PPCOS0=0.20%PPCOST

DETERMINE DOWNTIME COST, AND REPLACEMENT CAPABILITY LOSS

DOWNCO=UDOWN*PL¥24 . %DAYS*1000.

????P;=EGPH*HEIGHT*62.4/7.481/63./550./EFFlCH*0.7457
=

CALL MODELW (TDBIO.THBIO'IN.NPL.TET.TQ.THL.IIll'K'TT.IMI

IF{TET.LT.0.)60TD999
TTSTAR=1,
IFLICAP.EQ.0)GOTD681

CALL POWERS (TET,TQ,TTSTAR)

681 DQHR=(TQ/TTSTAR-TQSTAR) /{PLMAX%3.6/1055, 04~TQ/TTSTAR+TQSTAR)
FPL=PLMAX®TTSTAR/(1.+DQHR)
FPL1=PLMAX~FPL
FPL1=FPL14PUMOP1/10C0O.
FPLMAX=FPL1
CAPCAP=FPL1%UCAPAB

WRITE(64661) GPML,EGPM
661 FORMAT(1HO, 10X,
2'WATER FLOW RATE LOADING =9,F9.5,% GPM/SQ. FY.*/11X,
3'TOTAL WATER FLOW RATE =',F11.0,* GPM*)
WRITE(64665) AREASAREAL(IW)}
665 FORMAT(1HO,8X, '*%% POND SIZE *%¥st/11X,
1*AREA OF COOLING POND =¢yF13.1,' ACRES*/16X,
2' (POND AREA PER MW =*',F7.3,' ACRE/MNW}*)
HRITE(64663)
663 FORMAT(1HO.8X,y***% DESIGN CONDITIONS ##%x°)
WRITE(64666) THW,TCW.RP4AP,PDESI,TQQ
666 FORMAT(1H ,10X,'DESIGN HOT WATER TEMPERATURE =',FB.3,' DEG., F!
1/11X, *DESIGN COLD WATER TEMPERATURE =%,F8.3,' DEG. F*/11X,
2*DESIGN COCLING RANGE ='y,F8.3,' DEG. F*'/11X,
3'DESIGN APPROACH =*,F8.3," DEGs F'/11X,
S5'DESIGN TURBINE BACK PRESSURE =',FB.44* IN. HG*/11X,
SY'FUEL CONSUMPTION AT DESIGN CONDITION =',F9.2,' MHW')
IF{ICAP.EQal) WRITE(6,66T}
667 FORMAT(1H 412X¢*NOTE e«eo CAPACITY LOSS AT DESIGN CONDITION®)

COMPUTE OPERATION COST AND TOTAL COST

CALL OPECOS (IW, TOTOPE)

IFITOTOPE.GT.10.**111607T01001
CAPCOS=CAPCOL14PPCOST-PPCOSO+CONCOS~-CCO~COO+CHT+CAPCAP+DOWNCO

1+CAPCO2

WRITE(6,604)
604 FORMAT{1HO,7Xs % %%k CAPTIAL COSTS **%v)
WRITE(6s602) CAPCOL,CAPCO2,PPCOST,PPCOSO,CONCOSCCO+CODCHT,
ICAPCAP,DOWNCO,CAPCOS
602 FORMAT{1H 59Xs'CAPITAL COST OF PONDS = $%,F21.0/10X,
1°CAPITAL COST OF ACCESS LAND =',F15.0/10X,
L*PUMP AND PIPE SYSTEM COST = $%.F17.0/10X,
29PUMP AND PIPE SYSTEM SALVAGE = ( $°,F12.0,)7/10X,
3'NEW CONDENSER COST = $',F24.0/10X,
4" SALVAGE VALUE OF OLD CONDENSER = | $%4F10.0,°)11/10X,
5¢OTHER OPEN-CYCLE COMPONENTS SALVAGE = { $%,F5.,04%1'/10X,
69HOOKUP AND TESTING COST = $'4F19.0/10X,
7¢REPLACEMENT CAPABILITY COST = $¢,F15.0/10X,
8YDOWNTIME COST = $°,F29.0/40X%,* 710X,
G TOTAL CAPITAL COSYT = $',F24.0)

IF(IEXTRA.EQ.1) TOTOPE=TOTOP

A.EQ.1) WRITE(6,614)
614 ;g;;§¥riuolﬁzx.-nors OPERATING COSTS ARE BASED ON EXYRA CPERAT

1ING COST*)

WRITE(6,612) OTAL COST  --- ANNUAL BASIS -—- FIXED CHARGE

TXy V%% T
612122:2AI::?3;10;"N0- OF YRS',5X,"CAPITAL COST*,5X,*ANNUAL OPERATING

343



2 COST?y5X, *TOTAL COST' 45Xy *FIXED CHAFGE RATE'/26X,
BIMILLS/KW=HR* 10Xy "MILLS/KW~HR" ¢9X 9" MILLS/KW=HR'}
DOS000KK=1,5
CAPCOL1=CAPCOS*FCRR(KK)/S
TOTOP2=TOTCPE
TOTCOS=CAPCCL+TOYCP2
5000 WRITE(6y611) NYEAR({KK)yCAPCOl,4TOTOP2,,TOTCOSy FCRRIKK]}
611 FORMAT(LH o1159F20.79F2La79F20.74F19.6)
GOTO1l000
999 WRITE(69603) EGPMyYET
603 FORMATIL1HO//10Xg ' wamarhnkkddn? /12X, *TOTAL WATER FLOW RATE THROUGH
1YHESE COOLING PONDS ='9F11.09" GPM*
2 /12Xe*TURBINE TEMPERATURE =',F10.4/12X,y
3'PCNDS SIZE IS TCQ LARGE')
1001 TOTCOS=10.%%*12
1000 COANTINUE
6100 CONVINUE
sTopP
END

SUBROUTINE OPECOS {(IWyTOTOPE)

* % % % %k & %k %k k & ® ¥ & k ¥ & k k& k » % k. %k % % ¥ ¥ ¥ ¥ *

* % %
PROGRAM TO DETERMINE TOTAL ANNUAL OPERATING CCST *
* % & %k ok K X K K % ok k ¥ K ¥ ok % %k & k % % % % ¥ ¥ F ¥ ¥ K & % ¥

3

*

(2 XX e Nalal
* %%

DIMENS ION HR {509 140y [HR{ 14)9PSA(250) 3 SL(15)9 $2015)¢S3(15) s NYEAR(5)
COMMON/INPU/ PERCEN(12,159 2)yHW(10) :
COMMON/TURBIN/ MRy [HRg TLOWs FINC

COMMON/NCALA/ PSA,TPS, TS, TWBALe QHLyQH2, HA

COMMON/WFR/ GPMLyEGP Mg PURNFL

COMMGN/TURB/ POWER 4 TBP ¢ TET, TTD, TTDKO, TTOO

COMMON/CONSTA/ CCNST1DONSToCONST

COMMON/TEMP/ ITWEIy[TWBF,ITBDyITDBF

COMMON/ECOND/ NYEAR, FCyWCy Wiy DR 9CCNOy CCN 1y ANPOWE ¢ HEIGHT, EFFICH
COMMCN/POWERC/ IPLEgIPLF oMy FLoLP

COMMON/ATMOS/ PATM

COMMON/CLS/ SoCWATEC,CBLGWCyCMAIND

COMMON/PAREA/ AREA

COMMON/WITREF/ IwRITEy [IPUNCHyREFSY, TWBREF

COMMON/PLEVEL/ PLMAX,UCAPABCAPCAP UENERyENERLSe TELy TOTOP
COMMON/FPL 11/ FPLMAX

COMMON/TBPR/ {TPMAX, TETMAXy [CAP

COMMON/TBPRE/ IPMAX,NPLyDPLyPLMIN

COMMON/QSTAR/ TQSTAP

COMMEN/MAINTE/ UMAINT

COMMON/CAPFAC/ CFyEF1

C OPERATION DUE TO COCLING PONDS
IF(HW(IW).LT.0.01 }GOTOL002

IFCIWRITELEQ L IWRITE(64899)

L B o )

IM=0
TOTOPE=0.
TOTBLD=0.
TOTWL=0.

TOTEI=0.

TOTFUE=O,
TOTWAT=0.
TOTWANW=0.
TOTMAN=0.
TOTLES=0.
TOTPRO=0.
CAPLOS=0

CAPPRD=0.
ENERLS=0.
FAPLS=0.

PLC=PLMAXXCF+PUMDP1/1000.
DOLOOOLP=IPLIZIPLF M
LPls(LP-IPLI }/M+])

TTTSAV=0,
KK SAVE=Q
JJJJ=0

D090111J=1THWBE I TWBF 41 TBD
TWe=11J
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9666

96681

96683

96684

96680
96682
96685

TS=PSAtILY)
IWl=(L1J-TTWBI)/1TBD+1
KKeKKSAVE
TTT=TYISAY
12=0
IYDBMA=PSA(IIJ)/(0-000367tPAIM* -
XF(ITDBMA.GT.ITDBFDIYDBMAIITDBF(l."llJ 22 1/15T1e D0t ty
DOS101J=11J, ITOBMA,1TBD
TDB=1JY
:Dl-(lJ-lTHBI)I!TBD*l
H=TS5~0,000367*PATH=(TDB-T *(l. -
WL1=0.622%AH/(PATM-AH) "OIH(1et (TUE=32.1/1571.)
QHl=wL]}
FAP=PUMOP1/1000.
NP=NPL
IF{LP.NELIPLI) NPe(CF~0.49)%10.

CALL MODELW (TDB'THB'XN.NP.YET.TQ'THL.JJJJ'KK.TTY,IM)

§2=12+1}

IF{TET.LT.0)GOTO 200
TTSTAR=1,

IF(LP.NE.IPLI) TYSTAR=CF
IF(ICAP.EQ.0)GUTO9666

CALL POWERS (TET,TCyTTSTAP)

CAPPRO=CAPPRC+PERCEN (TWlo1D1,LP1)
DQHR=(TQ/TTSTAR-TQSTAR )/ (PLMAX®3.6 /1055 . 04-TC/ TTSTARTQSTAR)
FPL=PLMAX*TTSTAR/ (1. +DQHR )

PL=FPL

IF(LP .EQ.IPLI)GOTNS6680
IF(ICAP,.EQ.0)GOTC96681
FPL1=CF*PLMAX-FPL

PL=FPL

FAP=PUMOPL/1000.

607096682

TETST=TET

TQSY=TQ

FPLST=FPL

TWLST=THL

NP=NP+]

KKST=KK

TITIST=TVT

CALL MODELW (TDByTWBp IWgNPoTETLyTQLle TWL 19JJJJeKKSTy TTTSTIM)

TTSTAR=CF+0.1
IF{ICAP.EQ.0)GLTC96683

CALL POWERS (TET1yTQly TTSTAR})

DQHR=( TQL/TTSTAR=-TCSTAR) / ( FLMAX*3.6/1055.04~TQL1/TTSTAR+TCSTAR)
FPL=PLMAX®TTSTAR/( 1. #DQHR )

TET=TETSTH{TETL-TETST)I/(FPUL-FPLST) *{ FLC~FPLST)
IFITETLLT.(TETMAX+0.05))1G0TC96684
FPLI=CF*PLMAX-FPL

TQ=TQ1

TET=TETMAX

TWl=TwWl]

PL=FPL

FAP=FUMOPL/1000.

GOT096682
TQ=TQST+(TOL~-TQAST)/(FPL-FPLST X (PLC~FPLST)

TWLs TWLS T+ {TWL1-TWLST)/ (FPL-FPLST )% (PLC-FPLST)

FPL1=0.

FAP=0.

PL=PLC

GOT0S6685

FPL1=PLMAX~-FPL

FPL 1=F PL1+PUMOP1/1000.

ENERLS=ENERL S+FPL1*PERCEN(IW1sID1yLP1)*8760.

FAPLS=FAPLS+FAP*PERCEN(IW1,yIDI,LPL)*8760.
Ela(PL+TQ*1.05504/3.6%1000.1%1000./EFI
FUECOS=FC*E1*8760.
BLDOWN=TWL*CCN1/{CCNG-CCN1}

WATCOS=( TWL+BLDOWN)I*WC*525.6
WAWACO=BLDCWNXWH #5256

ANUCAP =ENERL S*UENER*1000.

HOTWTT=aTET-TTD

COLOWT =HUTWTT-TQ#CONST/EGPM

TETY
;:f;;A(ITEY)O(PSﬂ(lTEYOl)-PSA(lTEf)’*(TET-!'ET"/0-491111
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701

TOTBLD=TOTBLO+BLDOWN*PERCEN|IWL, ID),LP1) #60.%224,.%365,/326046
TOTWL=TOTHL ¢ THL*PERCEN(IWL, LDL4LPL)*60.%24.%365.7326046
Ell=E1/1000.

TOTEI®TOTEI+ETI*PERCEN( IWL,ID1,LPL)
TOYPRO=TOTPRO+PERCEN(IWL, ID1,LP1)
YOTFUE=TOTFUE+FUECOS*PERCEN(IWl,ID1,LPL1)
TOTWAT=2TOTWAT4WATCOS*PERCEN(IWL,ID1,LPL)
TOTWAW=TOTWAW+WAWACO*PERCEN( WL, ID1,LPL)

AMANT 1 2UMAINT*AREA*PERCEN{IWL1,IDL,LPL)

TOTMAN=TOTMAN+AMANT]

FUECI S=FUECOS*PERCEN(IWL,ID1,LPY)
WATCOS=WATCOS*PERCEN(IWY,1D1,LPL1)
WAWACO=WAWACO*PERCEN(INWL,IDL,LPL)

OPCOS={ FUECIS+WATCOS+WAWACO+AMANT])
14FPL1*PERCEN(IWL,1ID1,LP1)28760.%UENER*1000,
TOTOPE=TOTOPE4OPCOS

IF(IPUNCH.EQ.1) WRITE(7,701) FUECOS,ANUCAP s TWLyOPCOS,BLDOWN,FPL1,
1E1, IM

FORMAT(2F10.,0yF6.09F10.04F5.09F9.4,F8.04+111

200 IF(IM.LT.2)G0OTO47S

IF(I2.NEL.1)GO TO 902
TTTSAV=TTT
KKSAVE=KK
60 T0 902

475 D092331JK=11J,1TOBMA,1T8BD

IFCIWRITELEQ.LIWRITE(6,+666)

666 FORMAT(SX,*WET COOLING TOWER IS TOO LARGE TO OPERATE')

ID1={ 14K-1TwWB1) /1 TBD+1

CFF=CF

IFILP.EQ.IPLI) CFF=1.0

ENERLS=ENERL S+PLMAX*CFF*8760.,%PERCEN(IWL,1D1,LP1)
TOTLOS=TOTLOS+PLMAX*8760C00. *UENER*PERCEN(IW1,1D1,LP1)*CFF
TOTOPE=TOTOPE4+PLMAX*8760000. *UENER*PERCEN(IWl4IDL,LPL)*CFF
I1M=0

IF{IPUNCH.EQ.1IWRITE(T7,702}) IM

702 FORMAT(180) ~
9233 CONTINUE

GO T0 901

902 IF(IWRITE.LT.1)GOTO910

WRITE(6,601) PL,TWB

601 FORMAT(IHOs//6Xs*POWER =%3F5,00" MH"10X*TWB =",FB8.3,¢ DEG. F'}

333

WRITE(69333) TETyHOTWTT,COLOWT+P,TQ
FORMAT(/6Xe * TURB.TEMP. = "4F1044y1Xy"DEG.F. *y
15X, *HOT WATER TEMP. = *3Fl0.4+1X¢*'DEG.F. "y
25Xy *COLD WATER TEMP. = *3F10e4y1Xy'DEGeFo*,
3/716X 4 *PRESSURE = *4F8.5y1Xy *INLHG. "'y

45Xy *HEAT REJECTION = "4F84541Xs"8TUX10%%9¢,/)
WRITE(6,602) -

602 FORMAT(1HO, 1Xo*TDB*3X, *HATER EVA.*,3X,*BLOWDOWN®,3X

1o *PROBABILITY?,3X,'FUEL COST*,3X,

2*'WATER COST®* 43X, *WASTE WATER COST'y3X,'SUBS ENERGY LOSS®,3X,
3'OPERATING COST*/3X,*F?,

4TXy *GPM? 49X,y *GPM? , 22X, *S/YEAR? 16X,

5¢$/YEAR'y 10Xy '$/YEAR T 13Xy *S/YEAR® 412Xy * $/YEARY /) )
WRITE(69607)11J +TWLBLDCWN,PERCEN(IWL,ID1,LP1),FUECIS,WATCOS,WAWAC
109 ANUCAP,OPCOS,FPL1

607 FORMAT(IH 134F15.5,F11e44F13.64F13.04F12.1¢F16.14F20.34F18.1,

1F10.3)

910 CONTINUE

IFCIWRITE.LT.1)G0TOS01
WRITE(64899)

899 FORMATI(///1X4130(°'%')//)

901

CONTINUE

1000 CONTINUE

605

FUELEX=TOTEI-TEI
TOTFULl=2FUELEX*FC*1000.%8760.
TOTOPE=TOTOPE-CBLOWO~CMAINO
TOTOP=TOTOPE~TEI*FC*100C.*8760,
TOTEI1=TOTEI/TOTPRO
TOTWLI=TOTWL/{TQSTAR*1055.04/34.6)
FUELEL=FUELEX/PLMAX
FPLMA1=FPLMAX/PLMAX

ENERL 1=ENERLS/(PLMAX*8760.)
FAPLS1=FAPLS/(PLMAX%8760.)

WRITE(6,605) TOTBLD,TOTWL,TOTWLL,TOTET,TOTEI1,FUELEX, FUELEL,
1FPLMAX, FPLMALENERLS,ENERL] yFAPLS,FAPLS1

FORMAT(1IH , /710X, 'TOTAL ANNUAL BLOWDUWN =%,F15.0,' ACRE~FT/YEAR'/
110X, TOTAL ANNUAL WATER EVAP. &' ,F12.0,' ACRE~FT/YEAR®
2,5X¢ ' (*4F10.5,° 1'/10X,

3¢TOTAL ENERGY RATE IN 37,F12.34" MW'/10X,

4*AVERAGE ENERGY RATE IN DURING ACTUAL POWER PRODUCTION at
SyF10.3y" MW?//BXyt#*x CAPABILITY LOSSES *%%°¢/]0X,
6'EXCESS FUEL CONSUMPTION 2'.F9.3,% MW' 45X (9,F9.6,¢ 14/10X,
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A0 NO

QOO OO0

z:gaﬁage"lgngB}L;I; ;055 2 FI.3, % MW ,5X, (¢, FO.6,% )¢/10X,
2 =P aF15.5, ' MW=HR® 5%, % (% ,F0.6,% }'/10X
O'WATER PUMP ENERGY LOSS % ,F1).4,0 Mw:Ha-.éx.c(c.rq:a,' 1)

WR1 E(6'606, 0 UE, TOT Ul, AN
UCA
T TOTF T F . P'|0|HA|']OIhAH'!0“AIJ'C“AIEO

606 FORMAY(1HO/4X,

1025+ TOTAL ANNUAL COSTS #¥%¢/)0x,

2°10TAL ANNUAL FUEL COST =%,F24.Cy' $/YEARY,5X,"0R' /10X,

3'EXCESS FUEL COSY =',F3C.0,' $/YEAR'/10X, )

4°TOTAL ANNUAL REPLACEMENT ENERGY LOSS =',F10.Ce? $/YEAR®/10X,

5*TOTAL ANNUAL WATER COST =4,F23.0,1 $/YEAR®/LOX,

6"TOTAL ANNUAL WASTE WATER COST =¢,F17.0,° 5/YEAR'ZLCX,

TCTOTAL ANNUAL MAINTAINANCE COST =,F16.0,% $/YEAR'/10X,

8'MAKEUP WATER COST WITH OPEN=CYCLE =',F13.0,°' $/YEAR'/1CX,

9°BLOWDOWN TREATMENT COST WITH OPEN=CYCLE =94F7.04" $/YEAR*/10X,

;:MAINTENANCE COST WITH GPEN-CYCLE =",F14.0,° $/YEAR®/40X,
———— e 1 /10X

3'TOTAL ANNUAL OPERATING COST =¢yF19.0,° $/YEAR®/L0Xs

4'EXTRA ANNUAL OPERATION COST =*,F19.0,' $/YEAR')

TOTFUE=TOTFUE/S

TOTWAT=TOTWAT/S

TOTHAW=TOTWAW/S

TOTMAN=TOTMAN/S

ANUCAP=ANUCAP/S

TOTOP=TOTOP/S

TOTOPE=TOTOPE/S

WRITE(64621) TOTFUE,TOThAT, TOTKAW, TOTMAN,ANUCAP,TOTCPE, TOTOP

621 FORMAT(1HO,7X,*%*& AVERAGE OPERATING COSTS === IN MILLS/KW~HR #*%8?

1/710Xs *AVERAGE FUEL COST =',F22.6,% MILLS/KW-HR*/10X,
1*AVERAGE WATER COST =*,F21.6,' MILLS/KW=HR'/10X,

2*AVERAGE WASTE WATER COST =v,F15.64' MILLS/KW=HR'/1IX,
4*AVERAGE MAINTAINANCE COST =%*,Fl4.6,' MILLS/KW=HR*/10X,
5YAVERAGE CAPACITY LOSS =*,F18.6,% MILLS/KW/HRY/10X,
6*AVERAGE TOTAL OPERATING COST =',F11.64% MILLS/KW-HR'/10X,
TYAVERAGE EXTRA OPERATING COST =',F1146y* MILLS/KW=HR')
RETURN

1002 WRITE(6,623)

3

LR O X 4

23 FORMAT(1HO/10X,*WET COOLING TOWER IS NOT SUFFICIENT TO OPERATE')
TOTOPE=10.%%]12
RETURN
"END

SUBROUT INE WODELW (TOByTWR s IWsLP o TET»TQy THWL,JIIIKeTTHIM)

ﬁ*#*#t##***ttt*tt‘*****#*###‘*#l{#
THIS SUBROUTINE CALCULATES THE MODELING RELATIONSHIPS FOR POWER
PLANT AND COOLING TOWER . GIVEN WET AND DRY 8ULS
TEMPERATURES, AND WET TCHWER SIZE, THE RESULTS ARE TURBINE

EXHAUST TEMPERATURE, AND HEAT REJECTION.
% % % Kk & & % %k % ¥ & k K x &k % ¥ & & ¥ & & & ¥ ¥ £ X ¥ £ & & ¥ ¥

LR 2R 2K 2R 2 3

DIMENSION HTRJIN(50,14) IENHTR{14),PSA(250)
COMMON/TURBIN/HTRJIN, IENHTR, TLOW,FINC
COMMON/NCALA/ PSA,TPS,TS,TWBAL,QH] P QH2 4 HA

COMMON/PAREA/ AREA
COMMON/TURB/ BL1,BL2,BL3,TTD,TTDKO,TTDO

COMMON/TBPR/ ITPMAX,TETMAX,ICAP
COMMON/WFR/ GPML,FGPM,PLMOPL
COMMON/CONSTA/ CONST1,DCNST¢CONST

IF TWB 1S HIGH ENOUGH, THEN COOLING CANNOT TAKE PLACE AT ALL UNTIL
TURBINE CONDENSER TEMPERATURE IS WIGHER. THUS, WILL SKIP TO
HIGHER TURBINE TEMPERATURE.

LOW ENOUGH COCLING WATER FREEZESy WHICH
;: ;gSE;SDESlRED. TLUS WHENEVER COOLING WATER WOULD HAVE BEEN
COOLED BELOW FREEZING ANYWHERE IN THE CYCLEs NO COOLING IS
PERFORMED (IMPLYING ALTERNATE SYSTEM USED IN PRACTICE}.

ASSIGN MODEL PARAMETERS FOR TOWER SECTION

1CAP=0.

IM=2

IFR=0

1FRE=~1
lF(llll.GT-O.S)GDTOlOOO
WL=0,

TPS=0.

THWBAL=0.
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QH2=0,
1F(IT11.EQ.~5)60T0991
TTDO=HTRJIIN( L,LP)*TTDKD
6070992

991 TT00=TTD

[+
C ASSIGN INITIAL TRIAL TURBINE TEMPERATURE
C
992 X=0
99 IFRE=]FRE+]
201 K=Ke)
TF(KGT, IENHTR(LP)IGOTO999
TT=TLOW+{K=1)*FINC
TF(III1.EQ.~5)G0T0404
TTD=HTRJIIN(K,LP)I*TTDKO
404 TY1=TT=-TTD

C
C COOL THROUGH COOLING SYSTEM IF POSSIBLE YO GET TQl
C

IF(TWB.LT.TT1)GDT0403
6070201
403 WL2=WL
TPS2=TPS
THBAL 2=TWBAL
QH22=QH2
IF(TT.GT.{TETMAX+1.95)1G0T0999

CALL COOL (TYT1,FGPM,AREA,TDB,THB,TT2,HWL)

IF(TT2,6T7.32.)G0T0503
G0T099

C
C DETERMINE DIRECTION OF APPROACH TO INTERSECTION OF CURVES

503 TQl=(TT1-TT2)*FGPM/CONST
IFITQLl.LT.HTRJIINIK,LP))IGOTOL00

REACH INTERSECTION BY DECREASING TURBINE TEMPERATURE

SO0

IF{1FRE.GT.0.)G0OTD20G6
IF(THB.GT.{TLOW=-FINC-TTDO} }GOTOL04

[
C COOLING CURVE ENDS MORE THAN 1 DECREMENT BELOW TLOW

206 TT=TT=-FINC
TF(K.GTo1l) K=K=1
TY1=7TT-TT00
IF(TT1.LT.32.)G0T0703
IF{TWB.GT.TT1)GOTO304

C
C COOLING THROUGH COOLING SVSTEM IF POSSIBLE TO GET TQ2

WL2=WL

TPS2=TPS

TWBAL 2sTWBAL

QH22=QH2
IF(TT.GT.(TETMAX+1.95))G0Y0999

CALL COOL (TT1,FGPMyAREA,TDB,TWBsTT2,WL)

1F(TT2.67.32.)G0TD505
IFR=1 .

505 TQ2=(TT1~TT2)*FGPM/CONST
IF{TQ2.LT.HTRJIN(K,LP))GOTOL0S
IF{IFR.EQ.1)GOTO703
TQ1=TQ2
6070206

INTERPOLATE FOR TQ,TET,TWL

(3 X o X2}

105 TQ=HTRJIN(K,LP)
HTDIF1=(TQ~TQ2)/(TQ1-TQ2)
TET=TT+HTDIF1*F INC
IF(IE11.EQ.~5)G0T0405
TTD=TQ*TTOKQ
405 TWL= WL4HTDIF1®(WL2~WL)
TPS=TPS+HTDIF1*(TPS2-TPS)
TWBAL=TWBAL +HTDIF 1% { TWBAL2-TWRAL)
QH2=QHZ+HTDIF L* (QH22-QH2) ‘
1F({IFR.EQ.01GOT0D210
(PREVIOUS TOWER COOLING INDICATES THAT THE OPERATING CHARACTERISTICS
CURVE FOR THE COOLING SYSTEM ENDS IN THE SAME TEMPERATURE INTERVAL
AS TET)
COOL THROUGH COOLING SYSTEM USING TET, TQ FOR CHECK

(a2 Nalel
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c
21} TY1=TET-TYD
lF(TT.GT.(TETMAX+1.95)10070999

CALL cooL (TTI.FGPM.AREA,TDB,TNB.TTZ.HL)

IF(TT2.6T. 32.)G0Y0210
6OT0703

210 CONTINUE
Iil1=1
RETURN

. 304 TTaTT+FINC

C COOLING CURVES END 4

g WILL NOT INTERSECT ??T BELOW TT AND DECREMENTING TURBINE TEMPERATURE
C DETERMINE PROPER VALUE OF HTRJI

g DOUBLE INTERPOLATE FOR ro.rer.rztl'Lp’

104 IF(K.GT.1)GOTO106
HQ=HTRJIN(1,LP)

. GOTD107

106 HQ=HTRJIN(K-1,LP)

107 IF(III1.6T.~5)G0T0407
HQ=HQ4(THB+TTD-TT+FINC)IFINC*(HTRJ!N(K.LP)-HC)
GOT0408

407 HQ=(HQ+(TWB-TT+FINC) /FINCEX(HTRJINI ~H o
LS CHTRSINGK LR otig 1 KyLPY}=~HQ}) /(1.~TTOKO/FINC

408 IF(1111.EQ0.-5)G0T0406
TTO=HQ*#TTDKO

406 TQ=TQ1#*HQ/(TQI+HQ-HTRJIN(K,LP))
TET=TWB+TTD+(TT-TWa-TTD)*TQ/TQ1
IFCITII.EQ.-5)G0TU409
TTD=TQ*TTDKO

409 THL=WL/TQL1*TQ
TPS=TPS/TQL*TQ
THBAL=TWBAL/TQ1*TQ
QH2=QH2/TQL*TQ
TT=TT-FINC
IF(K.GT.1IK=K-1
6070211

Cc
C REACH INTERSECTION BY INCREMENTING TURBINE TEMPERATURE
c

100 IF{K.EQ.IENHTR(LP))IGDTOS99
108 TT=TT+FINC
K=K+1
IF(ITII.EQ.~5)GOTO410
TTD=HTRJIN{K,LP)*TTOKO
410 YT1=TT-TTD

C
C C€0aL THROUGH SYSTEM TO GET TQ2
c

WL2=WL

TPS2=TPS

TWBAL 2=TWBAL

QH22=QH2
TF(TTGT(TETMAX+1.95))GOTOS99

CALL COOL (TT1,FGPM,AREA,TDB+TWB,TT2,WL}

TQ2=(TT1-TT2)*FGPM/CONSTY
IF{TQ2.GT.HTRJIN(K,LP))GOTO101
IF(K.EQ.IENHTRI{LP))IGOTOS99
TQ1=TQ2

GOT0108

c
€ INTERPOLATE FOR TQs TETy THL

101 HTDIFI=HTRJIN(KsLP)=HTRJIIN(K-1,LP)

HIDIF2=TQ2-TQl
TQ:(MTRJIN(K,LPl*HTDlFZ-TQZ*HTDIFl)/(HTDIFZ-HTDIFI!

TET=TT=(TQ2-TQ)/HTDIF2*FINC
IF(1111.EQ.-5)G0TO411
=TQ#*TTOKO

411 }:E= SLZ*(HL-HLZ)/HTDIFZ*(TQ‘TQI)
TPS=TPSZO(TPS-TPSZ)/HTDIFZ*(TO-TOI)
THBAL=TNBAL20(TNBAL—TNBALZ)/HTDIFZ*(TO—TQI)
QHZ=QH220(QH2-QH22)/HTDIFZ‘(TQ-TQI)
TT=TT-FINC
K=K~-1
11r=1
RETURN
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C RETURN WITH MESSAGE
c
703 TQ=-50
TET==50.
THL==-50,
1111=0
IM=-50
RETURN

C

C  FIND INTERSECTION WHEN WET-BULB TERPERATURE INCREASES
C

C REACH INTERSECTION BY INCREMENTING TURBINE TEMPERATURE

[
1000 TTD=HTRJIN(K,LP)*TTDKO
TT1=TT-T7D
IF(TT.GT.(TETMAX+1.95))G0DT0D999

CALL COOL {TT1,FGPM,AREA, TDB,TWB,TT2,WL)

TQl=(TT-TT2)*FGPM/CONST

1004 TT=TT+FINC
FF(TT.LT.(TLOW+0.001))G0T01001
IF{K.EQ. IENHTRILP) }GOTO999
K=K+}
HQ=HTRJINIK,LP)
HTDIF1=HQ=HTRJIN(K=1,LP)
GO0T02070

1001 HQ=HTRJIN(1,LP)
HYDIF1=0.

2070 TTD=HQ*TTIDKO
TT1=T¥-TTD
wWL2=ul
TPS2=TPS
TWBAL 2=TWBAL
QH22=QH2
IF(TT.GCT.(TETMAX+1.95))G0OTQ999

CALL COOL (TT1,FGPM,AREA,TOB,TWB,TT2,HWL)

TQ2=(TT1-TT2)*FGPM/CONST
IF(TQ2.GT.HQ)GOTOL010
TQ1=TQ2 ’
GOT01004

C
C INTERPOLATE FOR TQs TET, Tht

C

1010 IFIK.GT.11G0T0412
TTO=HTRJINL(1;LP)I*TTDKO
GOT0413

412 TTDO=HTRJIN(K-1,LP)*TTDKO

413 IF{TWB.LT.(TT=-FINC~-TTD))GOTO1011
TQ1=TQ2
GOTO104

1011 HTDIF2=TQ2-TQl
TQ=(HQ*HTDIF2-TQ2*HTDIF1) /{HTDIF2-HTDIF1)
TET=TT-(TQ2-TQ)/HTDIF2%FINC
TTD=TQ*TTDKO
TWL= WL24{WL-WL2) /HTDIF2%(TQ-TQL)
TPS=TPS2+{TPS~TPS2) /HTDIF2*%(TQ~-TQL}
TWBAL=TWBALZ2+(TWBAL-TWBAL2) /HTDIF2%{TQ-TQ1)
QH2=QH22+(QH2-QH22) /HTDIF 2+« (TQ-TQ1)
IF{KeGT.1) K=K-1
TT=TT~FINC
RETURN

999 IFITT1.LT.32.0.0R.TT2.,LT.32,)60T0703
1CAP=]
TT1=TETMAX-TTD

c
CALL COOL {(TT1,FGPM,AREA, TOB,TWB,TT2, THL)
c
TQ=(TT1-TT2)*FGPM/CONST
TET=TETMAX
IF(TEITI.NE.~-5)TTD=TO*TTOKO
RETURN
END
SUBROUTINE COOL(THOT,WyA¢TAyTHB, TCOLD,WLOSS)
c

DIMENSION AMR(12),PSA(250)+X(2),FX(2)
COMMON/CPONDL/ AMR,CLD,MONTH,W2,Q5C
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O O OCOMOOONOODOO0COONOO0

22

21

24

26

23
25

10

OO0 0O

COMMON/CPOND2/
COMMON/ZATMOS/

COMMON/NCALA/ PSATPS, TSKe THRBAL »QHL 4 QH2 , HA

* # % % CDOLING
DEFINITION OF TER
A=POND AREA FT22
RHO=DENITY OF WAT

RHO, C
PATM

POND NO.! * * % =

MS

2 (1ACRE=43560 FT##2)
ER

C=SPECIFIC MEAT OF WATER

DELTC=TEMPERATURE DIFFERENCE ACRO3S CONDENSER

W=WATER FLOW RATE FY**¥3/CAY

HREJ=HEAT REJECTION RATE AT THE COMDENSER BTU/DAY PER ACRE
X=DUMMY SURFACE TEMP.

FX=DUMMY RESISUAL

WATER DATA FROM P
* * *

OF HEAT BALANCE EQ.

439 J.P,HOLMAN
*

BISECTION METHOD

CALCULATE SURFACE TEMPERATURE
COLD WATER TEMPERATURE

CONVERT YACRE!' TO *FT#%2¢

A=A*43560.
CONVERT *'GPM?' YO
W=W%192,4992

X(1)=32.0
X{21=150.

"FT*%3 /DAY

XBAR={X({1)+X{2})/2.0

CALL MIX(X(1l),
FX{1}=RES
CALL MIX{X(2),
FX(2)=RES

TEST TO BE SURE THERE IS XERO

PROD=FX{ 1)*FX(

RESyAy TA, Wy TWB THOT 4 WLOSS)

RESyAsTAyWe TWB, THOTH WLOSS)

2)

IF(PROD) 21,22,22

CONTINUE

FLAG THAY PROD I
60 T0 10
CONTINUE

S POSITIVE

TIN-TOUT

BWTWEEN X(1}E&X{2}

NBI=NO. OF BISECTIONS TO SEARCH FOR SURFACE TEMP.

NBI=i5
DO 23 KK=]1,NBI

XBAR=(X{1)+Xx(2))/2.0

CALL MIX{XBAR,
FBAR=RES .
TEST RESIDUAL AT
IF(FX(1)*FBAR)
CONTINUE
X{2)=XBAR
FX(2)=FBAR
GO TO 23
CONTINUE
X(1)=XBAR
FX(1)=FBAR
CONTINUE
CONTINUE
TS=XBAR
TCOLD=TS
CONTINUE
A=A/43560.
W=W/192.4992
THWBAL=TA+10.
RETURN
END

SUBROUTINE MIX

DIMENSIDN AMR{
COMMON/NCALA/
COMMON/CPOND 1/
COMMON/CPOND2/
COMMON/ATMOS/

RADIATION HEAT T
QR=QA-QAR+QS-USR
Asos < ATMOSPHERIC

SeeeSOLAR

RESyAyTAyhy TWByTHOT,WLOSS)

MIDPOINT
24425426

(TS.RES'A.TA;N.THB:THOY'HLOSS)

12),4PSAL250)
PSA'YPS;BS;THBAL.OHI'UHZ.HA
AMR'CLD'"UNTH'HZyQSC
RHO,C
PATM

RANSFER QR {BTU/DAY-FT*#%2)

RAD. AND REFLEC1ED RAU.
RAD. AND REFLECTED RAUD.
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c QAN=QA~-QAR
C AMR{1)=AVE. MONTHLY RFLECTION
c QSC=CLEAR SKY SOLAR RAD. (FROM 100( CURVE RES P. 1-14)
[ MONTH=INDEX OF MONTH UF YEAR
C LINEAR APPROXIMATION (P.1-21 RES)
C
C CONVERT *PSIA* TO 'MMHG!
PaPATM*51,719
QAN=800.428.%TA
QS=QSC%(1.0~.65%CLD**2)
QSR=AMR{ MONTH)*QS
QR=QAN+QS-QSR
4
C QW=BACK RAD. TERM-LARGEST SINGLE ITEM IN ENERGY BUDGET
c TS=WATER SURFACE TEMPERATULRE DEGREES F
C A GOOD LINEAR APPROXIMATICN (P. 1-24 RES)
QW=1600.+23.%TS
c THE EXACY EXPRESSION
RAN=TS+460.
QW= .4 LE-7*RAN*RAN®R AN*R AN
[
C QEVAP=EVAPORATION HEAT FLOW/UNIY AREA
¢ .
C W2=WIND SPEED (MPH) AT 2 METERS
C P=ATMOSPHERIC PRESSURE (MMHG)
C EA=AIR VAPDOR PRESSURE (MMHG)
C TS=WATER SURFACE TEMPERATURE (DEGREES F)
C ES=SATURATION VAPOR PRESSURE AT TS
C
c .
C CALCULATE THE SAT., VAPOR PRESSURE OF AIR MUST CVER THE POND SURFACE
C I1.E. THE AIR TEMPERATURE IS EQUAL TH THE WATER SURFACE TEMP.
ITS=TS ‘
Ti=ITS
T2=1T7S+1
C CF IS CONVERSION FACTOR (PSI TO MMHG)
CF=51.6144
C USE LINEAR INTERPOLATICGN TO APPROX ES FOR NON-INTERBER VALUES OF TS
ES=PSA{ITS)+(PSA(ITS+1)-PSACITS))*(TS-T1)/(T2-T1)
C CONVERYT (PSI TO MMHG)
ES=ES*CF . )
C NOW CALCULATE EA, THE VAPOR PRESSURE OF AIR AS FCN OF TDB ANDTWB
C EA= v.P, OF AIR
1TS=TWB
T1=ITS
T2=1T7S+1
ESWB=PSA(TITS)+(PSALITS+1)-CITS)II*(TWB=T1)/(T2-T1)
ESWB=ESWB*CGF
€ THE FOLLOWING IS AN EMPERICAL RELATIONSHIP (P.63 GAILY, MACAGND,JFK)
EA=ESHWB=,000367%P*{TA=TWB) *¥{1,0+(TWB-32.0)/1571.0)
C
[
C SUBSCRIPT Vv INDICATES VIRTUAL TEMP.
C SUBSCRIPT R INDICVATES ABSLLUTE TEMPERATURE DEGREES RANKINE

TSR=TS+460.
TAR=TA+460.
TSV=TSR/(1.0-.378%ES/P)
TAV=TAR/(1.0-.3T7T8%ES/P)

C DTHETA=VIRTUAL TEMP DIFFERENCE
DTHETA=ABS(TSV~TAV)

[
DELTE=ES-EA
F222.4%DTHETA** ,33+14,0%W2
QEVAP=F*DELTE
C (Pe.1-44,RES)
C IF QEVAP.LT.ZERDy THEN SET QEVAP TD ZERQO
C QEC=THE EVAP. CODEFFICIENT FOR THE CONDUCTIVE HEAT TRANSF. TERM

QEC=QEVAP
IFIQEVAP) 30,31,31
30 CONTINUE
QEVAP=0.0
1 CONTINUE

CALCULATION OF WATER LOSS PER ACRE

XLHV=LATENT HEAT OF VAPORIZATION (BTU/LB)
XLHV=1087.-.54%TS
EVAP=QEVAP/ (RHO®XLHV)

WLOSS=WATER LOSS/ACRE (CU. FT./DAY)
WLOSS=EVAP*A

CONVERT *FT3/DAY' TO °'GPM!
WLOSS=WL0OSS/192.513

OO w

oot o 0
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O A0 0o

CONDUCTION (SENSIRLE) HEAT LOSS,
USUALLY SMALL COMAARED YO QEvAP

REF.(P.1=42 RLS) BEST METHCD AVAILABLE
R=BOWEN RATID

C IS CONSTANT (.255 MMHG/DEG. F)
Re ,255¢ABSL{TS-TA)/DELTE)
QC=JEC*R
* * * *

* * *
C H=HEAT LOAD 0ON POND FROM PLANT B8TU/DAY
HPA=HEAT LOAD ON POND FROM PLANT B8TU/DAY=-FT*#%2

HxRHO®C* W% { THOT-TS)

HPA=H/A
* * * *

HEAT BALANCE MIXED PONOD
RES=RESIDUAL OF HAEAT BALANCE EQUATION
RES=0 INDICATES THAT THE VALUE OF TS IS CORRECT
RES=HPA+QR-{QW+QEVAP+QC)

RETURN
END

SUBRDUTINE POWERS (TEMyQ, TTSTAR)

See Appendix III for listing.
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APPENDIX VI

FORTRAN LISTING

SPRAY CANAL
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.
SPRAY C
* * %

BEE LR sy A
* * %
OL ING CANAL ' TrrrerEre
*

t‘l'O‘*‘ttt*"t‘..‘*.“““‘

*0O

*

SOOOO
L R

zs:thgiygﬂN'LlNCCS'lENGTH.KM
IN HR{50¢14)9IHR (14 },P
lAMANY(3g2).FCF?(5)oNVEAR(S):Fg::ff?)'PAPCOS(zo)'
COMMON/DENSIT/ DAIR(250)
COMMON/TURBIN/ HRy THRy TLOWy FINC
COMMON/CONSTA/ CONSY1,DONST,CONST
COMMON/TURS/ POWER 9 TTODy TET4 TTO, TTDKO, TTDO
COMMON/NCAL A/ PSAsTPSy TSy TWBAL 4 QHL ¢ QH2 4 HA
COMMON/ INPU/ PERCEN(12415, 2}
gg;MgN;TEMP/ IYWEIITWBF, [TBD, ITDBF
MON/ZECOND/ NYEAR, FCyWCo WiWeDR N N
COMMCN/POWERC/ IPll.lPLF,aﬂ,;LcEgc O CONTo ANFORE HETGHT, EFFICH
COMMCN/LOSS/SeCHATEDyCBLOWC o CMAIND
COMMON/ATMCS/ PATM
COMMCN/HMAINT A/ AMANT yCFy EF I
COMMON/WITREF/ TWPITEyIPUNCHyREFSY9AFRL o TWBREF
COMMON/PLEVEL/ PLMAXoUCAPAB,CAPCAP ¢UENERyENERL Sg TET, TOTOP
COMMON/TBPR/ [TPNMAXy TETMAX, ICAP
COMMON/TBPPE/ [PMAXyNPL¢DPLyPLMINy PGRTIO
COMMCN/TEMPE/TWBE, TDBD
COMMON/RENEW/TQSTAR
COMMON/FPL1L1/FPLMAX
COVMMCN/SPRAY/P 4 MKaNg WINDSPHFF,TFILM
COMMON/SPRDIS/F(£93) yPONDIES
c COMMON/P IL IC/GPM
C DORY-BULB AND WET-BULB TEMPERATURE INTERVALy ITEBD, MUST BE GREATER THAN 1

C
READ(5,5555) ((F(I4J)glnle6)ydnly3)
5555 FORMAT(6F5.2)
READ(59100) I[PMAXNPL,DPLyPLMIN
109 FORMAT{2110,2F10.0)
READ(S9110) ((HR(IyJ)yd=14NPL), I=1yIPMAX)
110 FORMAT{10F8.5)
READ(S 1013 {PSALI)y1=1,250)
101 FORMAT(10F8.5)
READ(5s101) (DAIR(I)4I=1,250)
READ(59102) (IHR(I)yI=1sNPL)
102 FORMAT(1413)
READ(55106) (FCR{1)yI=1y11)
READ (591061 [PAPCOS(I)yI=1y20)
106 FORMAT(1CF8.0)
REAC(59107) TLOWyFINC
107 FOFMAT(2F10.0)
READ{5¢106) UTCOST
READ(59502) CCNOeCCNL
502 FORMAT{2F10.0)
READ(54506) (NYEAR(I)gI=195)¢FCoWC oWHW
506 FORMAT(51444F10.0)
READ(5,507) ITWBEyITWBFs ITBOs ITDBF
507 FORMAT(614)
READ{5,108) THBD,TCBOyLP ¢ TTDDyREFS Vs TWBREF, PLMAXy UCAPAB
108 FORMAT{2F 10404 [1Cy5F10.0}
READ(5,106) UENERgUL ANDy UDOWN9DAYS 9 CFeCCCy COCy CWATED »CBLCWO
READ(SyS0T) 1PLLIPLFeMM
NTW=(ITWBF-TTWB 1)/ [TBD+1
NTD=(ITDBF-ITWEI )}/ ITBO+1
NKK=( IPLF~1PLT /MM 1
READ{5¢508) (({PERCEN(IyJpK)gJ=LeNTDI T =1eNTh) oK=1¢NKK]
508 FORMAT(10F8.6)
READ(5y509) PATMe TPMAX
509 FORMAT{3F10.0)
READ(5y505) CAsChl
505 FORMAT(4F10.2)
READ(5,5C9) TBPy TWHB10,TDB1O

EAD(S55509) EFgENyEFL
:EAD(5:507) IWAITFg IPUNCHy [TPMAXy IEXTRA, INUCAL

RE AD{5¢106) EFFICWoUNCONDy UGy EFFICAg HEIGHT
READ(5, 106 1CKHT, CMAIND
READ{S9¢L212INEHWCCN
1212 FORMAT(F5.0}
READ(59106) RP

C
WINDSP=8.
CONST!T.GB1/60'162.‘10."9
DONST=CONST
CONST1=0.124€83/62,
g CALCULATE CORRE SPONDING FIXED CHARGE RATE
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100

DO100Ke®]1,5

NEAR=NYE AR (K}

YuNYEAR(K)}/G o4l

1Y=y

FCRR(K )= FCRETIY I+ (FCRUTY+1)~FCREIY))I*(Y-1Y])

IFLINUCAL.EQ.O01GOTYO300
PARAME={ ] ~EN}2EF/(1.~EF)/EN
DD4001 =14 IPMAX

D0400J=]14NPL

400 HR{I9JIsHR ([ J)*PARAME

300 sS1=0.

S=0.

DO2011LP=[PLI¢ [PLFyMM
LPI={LP-1IPLI)/FM 4]

PL=PLMAX

IFILP.NELIPLI) PL=PLMAX*CF
D020121JK=1TWBl, [TWEFy [TBD
IWl=(1JK-ITWBI)/1TBD¢]
ITOBMA=PSA{IJK)/Z(0.00036T7*PATM*{1, +{1JK=3243/15T1.0} 410K
IF{ITDEMA.GT..ITDBF) ITOBMA=ITOBF
D0201211K=[JKy ITOBMAITBD

IDL={ 1 IK~-TTWB11/1T8D¢1.

2012 SS1=SSLI+PERCEN(IWLyIDLoLPL)

S=S+S5S1xpPL
§52=551

2011 SS1=0.

IF(IPLILEQ.IPLF) §52=0.
S=5*8760.

C
C FIND FUEL CONSUMPTION WITH OPEN CYCLE COOLING SYSTEM

(o

TBP1laTBP*62.4%13,56/1728.
NP=(CF~0.49)*10,

LP=NPL

IT=TLOW
IF{TBPL.GT.PSALIT)IGOTOTLO
TQSTAR=HR {1,LP)

TQST1=HR (14NP)}
TQST2=HR(1yNP+]}

GOY0716

710 1T=[T+5

IF(TEPl.GT.PSALIT))GOTOT10

714 IT=1T-1

IF(TBPl.LT.PSA(IT}IGOTO714
TTEMP=LT+(TBPL-PSA(IT) I/ (PSA{IT+L)-PSALIT))
TYEMP=(TTEMP-TLOK)/2.+1

IT=TTEMP
TQSTAR=HR(IToLP) ¢ (HR{IIT+14LP)I~HR(IToLP)I¥(TTEMP-IT)
TAST1=HR LIToNP }4(HPLIT+ Lo NP)-HRUITyNP} )X (TTENMP~IT)
TQST2=HRUITGNP+L I+ {HPUIT +1LyNP#1)-HR{ITy NP+ 1)} I*(TTEMP~-IT)

T16 DQHR={ TQSTL/CF~TQSTAR) /{PLMAX*3,6/1055.04~-TQOSTL/CF+TQSTAR)

FPL1=PLMAX®CF/ (1.4COHP)

DQHR={TQST2/(CF+0.1)-TQSTAR)/ {PLMAX*3,6/1055.04-TQST2/ (CF+0.1)
1+4TQSTAR)

FPL2=PLMAX*(CF+0.1}/(1.+DQKR}

TQST=YQSTI4(TQST2-TASTL)*( FLMAX®CF-FPLL) /(FPL2-FPL1)
TEI=PLMAX*{1.-552)+PLMAX*CFXSS2+{TOSTAR*(1.~S52)+TQST*SS2)*293, 067
TEI=TEL/EFI

EGPMeTQSTAR®CONST/RP

GPF=EGPM

c
C DETERMINE MAXIMUM ALLUWABLE TURBINE TEMPERATURE

c

TETMAX=1C00.
IF(ITPMAX.EQ.O)GQATOTLY
TBF2=TPMAX*62,4%13,6/1728.

718 1T=1T+5

IFITBP2.GT.PSA(IT))IGOTOT18

719 IT=1T7-)

c

[F(TBP2.LT.PSA(IT))GOTCT1S
TETMAX=IT#(TBP2-PSALIT))I/ZIPSALLIT+L)-PSALIT))

T17 WRITE(G69610) TWBDy TDBDe TWB 109PLMAXGCA9CH], TTDD,PATM
610 FORMAT(L1HL///710Xe'CESIGN WET-RULB TEMPERATUFE CF AIR =',F5,.,14' F?

1/710Xy *DESIGN DRY-BULLB TEMPEPATURE CF AIR ='9F5.1e" F?'/710X,
2YEXTREME WET BULS TEMPERATURE =',F8,5¢" DEG.F' /710X,y

2'PDWER LEVEL ='4F6.09" MW' /10X,

S'SPECIFIC HEATY JF AIR AT CONSTANT PRESSURE ='yF6.24' BTU/LIB./FY/
610Xy *SPECIFIC HEAT OF WATER #%,F6,.2y* B8TU/LBL/FY/

T10Xe *DESIGN TERMINAL TEMP., DIFFERENCE ='9FS.1s ' F'/10X,
B8YATMOSPHERIC PRESSURE =*'yF7.2y' PSIAY)
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WRITE(64620) FCywCyWhy CCNO
620 FORMAT(1H ,9X, o recnt
4CUNLT FUEL COST ='3F10.64' $/KW—-HR?/10X
ST'UNIT SUPPLY WATER COST =Yy FT7.440 511006 GAL'/10X,
6°UNIT WASTE WATER COST 'y FT.49' $/71000 GAL ' /10X,
T'MAX. TOLERABLE CONCEMTRATION NF PROCESS WATEP =?3F5.09% PPMI/10X,
BYSUPPLY WATER CONCENTRATION 299F5.00 ' PPMY)

WRITE(69630) TWBREF,PLMAX,UCAPAB
630 FORMAT(1H ,9X,
6'CRITICAL WET BULB TEMPERATURE ='¢F7.24*% DEG. F'/10X
T*MAXIMUM POWER QUTPUT =t,FB.2,¢ M;'IIO;. ’
BYUNIT CAPACITY LCSS COST =',F1042y* $/MW')

WRITE(69631) UENER,ULAND,UCCWNy DAY S
631 FORMAT(IH 49X¢'REPLACED ENERGY COST =t,FB.%y? $/KW=-HR* /10Xy
LYUNIT LAND COSY =',F8.34" S$/ACRE'/10Xy
2*REPLACED ENERGY COST DURING DOWNY IME =7 ,FT.4y ' $/KW=HR® /10Xy
3'DOWNTIME FOR CONSTRUCTION =',Fb6.14' DAYS')

WRITE(64640) HEIGHT, EFFICW yUNCOND,y UO
640 FORMAT(1H ¢9Xe*PULMPING HEIGHT NF WATER THROUGH CANAL =',F8.l1,
2" FEEV'/10X, 'PUMPING EFFICIENCY FOR WATER PUMP ='%,FT.3/10X,y
3YUNIT CONDENSER COST =*9F642y' $/5Q. FT.*/10X,
4'OVERALL CONDENSER COEFFICIENTy U =',F6,1s' BTU/HR/FT2/F*)

WRITE(69662) ITWBT,ITWBF, 118Dy ITDBF

662 FORMAT({1H ,9Xy "INITIAl WEYT BULB TEMPERATURE ='yl4y' DEG. F'/10Xy
L*FINAL WET BULB TEMPERATURE =',15, ' DEG. F*/10X,
2 INCREMENT OF DRY AND WET AULB TEMPERATURE ='9l4y*' DEG. F'/10X,
3*'FINAL DRY BULB TEMPERATURE ="'y [5y* DEG. F*)

WRITE(69650) TLOWFINC N
650 FORMAT(1H 49X 'LCWEST TEMP. IN TURBINE CHARAC. CMART ='4F5.1y

1* DEG. F'/10Xy!TEMP, INCREMENT IN TURBINE CHARAC. MATRIX ='gF4.ly

2* DEG. F')

IT=TWBD
TSS=PSA(IT)#(PSATIT+1)-PSA(IT))*(TWBD-1IT)
HAA=0,24*TNBD+0.6ZZ#TSS/(PATM—TSS)*(1061.6*0.44‘THBDi

DO 1000 MK=19p493
IF(MK.EQ.1) NAN=170
IF(MK.EQ.4) NNN=9Q

D0 1000 N=104NMN,10O
IF(MK.EQ.1) ROWDIS=40.
IF(MK.EQ.4) ROWDIS=60.
GPMMOD=10000.
R=GPMMOD /GPM

TS=1SS
HA=HAA

111]=-5
TTC=TT0D

CALL MODELW (TOBOy THID s INg NFLeTETy TQeTWLoIT T4 KyTT, IM)

IF(TET.LT.0)GOTO999
TTSTAR=]1.
IF(ICAP.EQ.0)GOTO679

CALL POWERS (TETyTQy TTSTARY

i ~TQ/TTSTAR«TQSTAR}
DQHR-(TOITTSYAR-TQSTAE)/!PLNAX*3.6/1055-04
o7? TQQ*(PLMAX*TTSTAR/(I.ODOHR)0T0*1055.04/3.6)/EF1
RP=TQ*CONST/EGPM
APsTET-TTD-RP-TwED

T
’ ggggzlePSA(lTET)O(PSA(ITETOl)-PSA(ITET))*(TET—!TET))*1728.1848.66

g DET ERMINE CONDENSER COSTy AND PUMP AND FIPE SYSTEM COST

c

THW=TET-TTD

TCWaTHW-TQ#CONST/EGPM

RANGE=THW-TCH

TTDKD-YTD/RANGE*CCAST/ES?M

= ALOG{(RANGE+TTD}/T

2;;C0$=UNCUND‘EGPH/CCNST/UC*RLL*IO.*‘9

IF (NEWCON.EQ.O) cohCOs=CCo
::ggg;:?;.OE*P“PFD/IOO.*BZ.‘0.0BOl*PPPHDIlO0.00.bS)‘cpn

PPLOSO=0.20%PPCOST

357



DETERMINE CAPITAL COST OF THE CANAL

[N aXal

COST=UTCOST*MKEN
CAPCOL=COST
DETERMINE DOWNTIME, LINING, EXCAVATION, AND AODITIONAL LAND COSYS

o0

WIDTH=(MK~-1)%75,+100.
LENGTH=(N-1)%100.+200.
DOWNCO=UDOWN®PL*24,.¥DAYS*1000.
BASEAR=LENGTH®WIDTH /(4.35%10.,%%4)*2.5
ALANDC=ULAND*BASEAR
LINCOS=0.93%LENGTH* (WIDTH+3,245)
EXCCDS=10,/27.*LENGTH®{WIDTH-30.)%2,.50

[ .
C DETERMINE REPLACEMENT CAPABILITY LOSS

PUMOP 1=EGPM*HEIGHT*62+4/74481/6047550./EFFICHK*0Q,7457
PUMOP 2=MK*N*T5,%0,7457

PUMOP 1=PUMOP1+PUMOP 2

1111=0

CALL MODELW(TDBL1OsTWBLOsIW/NPLGTET,TQe THL ITII,K,TT,IM)

IFITET.LT.0.0) GO TO 999
IFI(N +GE.127) GO TO 56565
GO Y0 65656
56565 CONTINUE
ITET=TET
POESI=(PSA(ITET)+(PSA(ITET+1)~PSA{ITET)I*(TET-ITET))*1728./84B.64
THW=TET-TTD
TCH=THW-TQ*CONST/EGPM
RANGE=THW~TCW
WRITE(6512345)
WRITE(6,98765)THW, TCW,RANGE,PDEST
98765 FORMAT(S5X, *HOT WATER TEMPERATURE =',F8.43,5%X,COLD WATER TEMPERATUR
1E =%, FB.3,y/5Xy"RANGE =" ,F8.3,5Xy *"TURBINE BACK PRESSURE =',F8.3)
65656 CONTINUE
Cc
IF(TET.LT.0) GO TO 999
TTSTAR=1.
IF(ICAP.EQ.0)GOTO681
WRITE(6¢55555)TWB10,TET,TQ
55555 FORMAT(2X4F17.5)
[o

CALL PODWERS (TET,TQsTTSTAR)

681 DQHR=(TQ/TTSTAR-TQSTAR)} /(PLMAX%3,6/1055.04=-TQ/TTSTAR+TQSTAR)
FPL=PLMAX*TTSTAR/(1l.+DQHR}
FPLI=PLMAX-FPL
FPL1=FPL1+PUMOP1/10G0.
FPLMAX=FPL1
CAPCAP=FPL1*UCAPASB
C
WRITE(6,4-12345)
12345 FORMAT(///7100('%*})
HRITEl6466666)N,MK
66666 FORMAT(///10Xy *NUMBER ALONG THE CANAL =%414,/10X,
1*NUMBER ACROSS THE CANAL =%,14///)
WRITE(6y6T6)LENGTHy WIDTH
676 FORMAT(/10X, *LENGTH OF THE CANAL =',F8.2,' FT'/10X,
1'WIDTH OF THE CANAL ="'y F8.2,' FT")
WRITE(6,661) EGPM
661 FORMAT(1HO, 10X,
3'TOTAL WATER FLOW RATE ='4F11l.0," GPM*)
WRITE(6,663)
663 FORMAT(1HO,B8X, **%% DESIGN CONDITIONS #%%x¢)
WRITE{69666) THW,TCWsRP,AP,PDEST,TU,TQQ
666 FORMAT(LH 410X, *DCSIGN HOT WATER TEMPERATURE =',F8.3,' DEG. F°*
/11X, *DESIGN COLD WATER TEMPERATURE =%,FB8.3,' DEG. F*/11X,
2°'DESIGN COOLING RANGE =',F8.3,* DEG. F*/11X,
3*DESIGN APPROACH =',F8.3,' NDEG. F*/L1X,
SYDESIGN TURBINE BACK PRESSURE =',FB.4s' IN. HG'/11X,
S5*DESIGN HEAT REJECTION =',FB.4y'*10%%9 BTU'/11X,
S*FUEL CONSUMPTION AT DESIGN CONDITION =¢,F9.2,' MW*)
"IFUICAP.EQ.1) WRITE(6,667) .
667 FORMAT(1H , 12Xy *NOTE <o« CAPACITY LOSS AT DESIGN CONDITION?)
C
C COMPUTE OPERATION COST AND TOTAL COST

CALL OPECOS (Iw,TOTOPE)
IF{TOTOPE.GT.10.,%*x11)GOY01001
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CAPCOS=CAPCNL+PPCOST+CAPCAP¢AL ANDC - -
LYEXCLOSIL (NCOS DC-PPCOSO+DOWNCO-CCO-COO+CHT

\ WRITELG6G9601) COSY
60 FORMAT(1H ,/10X,'CAPITAL ;
MRITE 60 6007 CCST FOR THE MODULES = $%,F11.0)
604 52?¢AT(1H0.7X.'*‘* CAPITAL COSTS *ww1t}
El(69602) CAPCOL, PPCOST,PPCOSN, CONCOS
6ozl:éﬁCDS.EXCCOS.CAPCAP,DﬂHNCCvCAPCﬂg SrCCCH CO0NCHT, ALANDCy !
MAT(1H 49X, 'CAPITAL COST GF MODULES = ¢ .
L'PUMP AND PIPE SYSTEM COST = s',F17.:g/10x.s 1F18-0710%
2°PUMP AND PIPE SYSTEM SALVAGE = { $'9F12.09 %)% /10X,y
3 NEW CONDENSER COST = $',F24.0/10X,
4'SALVAGE VALUE OF CI D CONDENSER = ( $'9Fl0.04°)'/10X,
5%0THER NPEN-CYCLE CCMPUNENTS SALVAGE = ( $%9F5.09') /10Xy
&6'HODKUP AND TESTING COST = $',F19.0/10X,
TYADDITIONAL LAND COST = $9,F22,0/10X,
TYCANAL LINING COST = $9,F25.0/10X,
TYCANAL EXCAVATIGN COST = $%,F21.0/10X,
BYREPLACEMENT CAPABILITY COST = $',F15.0/10X,
9'DOWNTIME COST = $!3F29.0/40Xy" ~=mmmmmmmmecmaewat /10Xy
L*TOTAL CAPITAL COST = $',F24.0)

IF{IEXTRALEQ.1) TOTOPE=TOTCP
IF(IEXTRALEQ.L) WRITE(6y614)
614 FORMATU1HO/L12Xy'NOTE : OPERATING CNSTS ARE BASED ON “EXTRA® OPERAT
1ING COST*)

WRITE(&y612)
612 FORMAT(1HO¢B8X,'*%x TOTAL COST 1 ~-- ANNUAL BASIS --— FIXED CHARGE
LRATE *%*'//12X,*NO. CF YRS'y5Xy *CAPITAL COST?,5X,* ANNUAL OPERATING
2 COST* 94Xy 'ANNUAL COST* 95Xy *FIXED CHARGE RATE' /28X,
3YMILLS/KW-HR *910Xg "MILLS/KW=HR'y9Xy "MILLS/KW=HR?)
DOS5S000KK=145
CAPCO1=CAPCOS*FCRR(KK)/S
JOTCF2=TOTOPE
TOTCOS=CAPCO1+TOTOF2
5000 WRITE(69611) NYEAR{KK) 3 CAPCC1ly YOTOP2yTOTCO Sy FCRR (KK)
611 FORMAT(1H ¢1174F21.99F22.99F20.94F17.6)
60701000
999 WRITE(69603)EGPM,TET
603 FORMAT(/ /10Xy 2 kb dnrkrkkhRbhn®t /10X, '"TOTAL WATER FLOW RATE THROUGH
1 THE SPRAY CANAL ='Fll.0y' GPM'/12Xy*TURBINE TEMPERATURE =*yFl0.4
1)
WRITE(649623)
623 FORMAT (10X, * SPRAY CCOL ING SYSTEM IS TOO LARGE TO OPERATE')
TOTCOS=10.%*12
1000 CONTINUE
sTOP
1001 TOTCOS=10.%*12
sSTOP
END

SUBROUTINE GPECOS (IWsTOTOPE)

*#t**#*t##i#*l*#*****##t*****#“*t

*
* PROGRAM TO DETERMINE TOTAL ANNUAL OPEPATING CCST *
Y EEEEE R R NI AL A AL L L L L L

(2N s N RaR oyl

REAL NEWCON
DIMENS IGN HR (509141 IHR (143, A010)5 B(10) 9 ARWT{10}4PSAL250)

DIMENSION AW(10)¢4BW(10)9CW(10)y AMANT (342)
x.wICOSt(xo).sz«xs).SZi15).53(15).NVEAR(5)
COMNON/DENSIT/ DAIR(250)
COMMON/INPU/ PERCEN(1241542)
COMMON/TURBIN/ HRy IHRy TLOWFINC
CONMMON/NCALA/ PSAyTPSe TSeTWBAL,CHL,QH2y HA
COMMGN/TURB/ POWERTBPy TET9TTD, TTDKO,TTOO
COMMCN/CCNSTA/ CONST1y DONSToCONST
COMMON/TEMP/ ITWBI 1 TWBF, [TBO,ITDRF .
COMMION/ECONO/ NYEARy FCy WC o WHoDR yCCNO9 CCNLy ANPOWE yHE IGHTy EFFICH
COMMCN/POWERC/ 1PLIoEPLFyMyFPyLP
COMMON/ATMOS/ PA!MNY CEVEFT

MMON/MAINTA/ AMANTCFy
ggNMtNILOSSIS,CwATEO.CbLOwC.CVAINﬁ S
COMMON/W ITREF S IWR ITEs [PUNCHyREFSVyAFRL,y wa.e,s ret. ToTOR
COMMON/PLEVEL/ PLMAX sUCAP ARy CAPCAP yUENERJENEFL Sy TET,
COMMON/TBPR/ 1TPMAXy TETMAXICAP 1o
COMMON/ TBPRE/ IPMA Xy NPL ¢ DPLyPLMIN, PORTI
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COMMON/RENEW/TQSTAR
COMMON/FPL L1/FPLMAX
COMMON/SPRAY /Ry MK Ny HINDCSP o FF ¢ TFILM
COMMON/SPROIS/F(643)yRONDIS
COMMON/PILIC/GPM
FGPMaGPM
EGPM=FCGPM

C

C OPERATION DUE TO SPRAY CANAL

C
C DRY-BULB AND WET-BULB TEMPERATURE INTERVAL, IT8D, MUST BE GREATER THAN 1
C

PUMOP L =FGPM*HEIGHT*62./7.481/60. /550, JEFFICH*0. 7457

PUMOP 2=MK*N*75,%0,7457

PUMOP 1=PUMOP ] +PUMOP 2

IFUIWRITE.EQ.1IWRITE(69899)

IM=0
TOTOPE=0.
TOTBLD=0.
TOTWL=0.
TOTEL=0.
TOTFUE=0.
TOTWAT=0.
TOTHAW=0.
TOTMAN=0.
TOTLOS=0.
TOTPRO=0.
CAPLOS=0
CAPPRO=0,
FPLMAX=0.
ENERL S=0.
FAPLS=0.

PLC=PLMAX®CF+PUMOP1/100C.
DO1COOLP=IPLILIPLF¢M
LP1=(LP-IPL1)/M+1

TTTSAV=0,
KKSAVE=0
J4JJ4=0

DOJOLIIJ=ITHEBI, ITWBF, ITED

TWB=I1J

TS=PSA(IIJ)

IWl={11J-1TWB1)/1ITEBD+1

KK=KKSAVE .

TIT=TTTSAV

12=0
ITOBMA=PSA(I1J)}/(0.00036T*PATMR{1,+(11J=32,)/15T1.))+11J
IF(ITDBMALGT.ITDBF) ITOBFA=] TORF
IF(I1J.6T.1TDBMAYGO TO sOL
D09231uK=114,1TDBMA,ITBD

TOB=1JK

101=( LJK-ITWBI)/ITBD+1
AH=TS~0,000367%PATM*({ TOB~TWB ) *(1.+(THWB=32,1/1571.)

IF(PERCEN(INWL,IDL,4LP1).LT.0.00000001) GO TO 923
FAP=PUMGPL/1000.

NP=NPL

IFILP NEJIPLL) NP={CF~0.49)*10,

CALL MODELW (TDBsTWBeIWWNP s TET o TQeTWLJIJI KK, TTT1IM)

IF(TET.LT.0.0) GD TO 1002
IF(TWB.EQ.5.AND.TDB.EQ.5 ) GO TO 95135
GO TO 84951
95125 ITET=TET
PDESE={PSALITETI+(PSA{ITET+1I-PSALITET) I #(TET-ITET))I*1728,./848.64
THW=TET-TTOD
TCW=THW-TQ*CONST/EGPM
RANGE=THW~TCW
WRITE(6,14725)
14725 FORMAT{S5X, *LEAST CONOITIONS®)
WRITE(6426159) THW, TCW,RANGE  PDESI
26159 FORMAT(5X, *HOT WATER TEMPERATURE =',FB.3,5X,'COLD WATER TEMPERATUR
1E =%3FB8a3y /5%y *RANGE =% ,F8.3,5Xy*TURBINE BACK PRESSURE =1,F8.3}
84951 CONTINUE
IF(TWB.EQ.95 .AND.TUB.EQ.95 )} GO YO 35724
GO TO 25814
35724 ITEV=TET
POESI~(PSACITET)+(PSALITET+L)-PSACITEY) ) *(TET-ITET) )141728./848,64
THW=TET-TTOD
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3579
36925
25814
C
c

9666

56681

96683

96684

56680
96682

96685

TCh= THN=-TQ*CONST /EGPM

RANGE= THW-TCW

WRITE(6435791)

FORMAT (SXy "MAX IMUM CONDITIONSY)

NRITE(6'36925)THh.TCH.FANGEpPDES[

FORMAT(SX, *"HOT WATER TEMPERATURE ='9FB.395X9 *CCLD WATER TEMPERATUR

LE =% ,F8.34/5%,°*
CDNT:NUE ] » *RANGE = 'y FB8.345X, ' TURBINE BACK PRESSURE ='yFB.3)

12=12+1
IF(TET.LT.0)GOTD 200
TISTAR=],

IF(LP.NE.IPLI) TTSTAR=CF
IFCICAP.EQ.0)ICDTO9666

CALL POWERS (TET,TCyTTSTAR)

gg::k?:CAPPROOPERCEN(IHI.[DlpLPl)
R=(TQ/TTSTAR~TQSTAR )/ (PLMAX®3, o« 04~
FPL:PLMAX*TTSTAR/(x.oDOHR)L X%3.671055.04~YC/TTSTAR#TQSTAR)
PL=FPL

IFILP.EQ.IPLI)GOTOS6680
IFLICAP.EQ.D)GOTN96681

FPLYI=CFXFLMAX-FPL

PL=FPL

FAP=PUMOPL/1000.

GOT0S6682

TETIST=TET

TQST=TQ

FPLST=FPL

THLST=THL

NP=NP+¢]

KKST=KK

TTITST=TTT

CALL MODELW (TDByThBelWeNP yTETLyTQLeTWLLeJIJJyKKSTy TTTST,IM)

TTSTAR=CF+0.1
IF{ICAP.EQ.0)GOTO96683

CALL POWERS (TET1,TQle TTSTAR)

DQHR=(TQL/TTSTAR-TQSTAR)/( PLMAX*3,6/1055.04~TO1/TTSTAR4TQSTAR)
FPL=PLMAXXTTSTAR/ {1+ +DQHR)

TET=TETSTHITETL-TETST)/{FPL-FPLST)*(PLLC~FPLST)
IFITET.LT.(TETMAX+0.05)160T096684
FPL1=CF*PLMAX~-FPL

TQ=TQ1

TET=TETMAX

TWL=TwWLL

PL=FPL

FAP=PUMOP1/1000.

607096682

TQ=TQST+(TQL-TQST) /(FPL-FPLST)*{PLC-FPLST)
THLETWLST+ITHWLLI-TWLST)/ (FPL-FPLST ) *(PLC-FPLST)
FPL1=0.

FAP=0.

PL=PLC

GOTDS6685

FPL 1=PLMAX-FPL

IF({FPLL1.LT.0) FPL1=0.

FPLL=FPLL+(PUMOPL) /1000.
[F (FPL1.GT.FPLMAX . AND.PERCEN(IWLy ID14h.P1).GT.0,000001) FPLMAX=FPLL

FAPLS=FAPLS+FAP*PERCEN{IWlyID1yLPLI*8760.
EI={FL4TQ¥1.05504/3.6%1000.)*1000./EF1
FUECQS=FC*EI*8760.
BLOCWN=TWL*CCNL/{CCNA-CCNL)

WATCOS={ TWL+BLDOWN)*WC¥525.6
WAWACO=BLDOWN*WW#525.6

ANUCAP=ENERL S*UJENER*1000.

HOTWTT=TET=-TTD
COLDWT=HOTWTT-TQ*CONST/FGPM

TET=TET
;-(P;ACITETDO(PSA(ITETOI)-PSA(ITET))*(TEY—[TET))IO.49[1}1

TOTBLO=TOTAL C+BLLCWN*PERCEN (W19 101y LP1)#60.224.4365./326046

TOTWL=TOTHL® TWLFPERCEN(IWL ¢ ID19LP1)%60. %24 +*365./326046
=E1/1000.

ségistTOTEIOEIlOPERCEN(lwl.lolgLPl)

FOTPRO=TOTPRC+PERCEN( [WleIOLyLPL)

TOTFUESTOT FUE+FUECCS#PERCEN(IWLyID14)P1)

TOTWAT=TOTKAT+WATCCS*PERCEN(TWoI01oLPL)

A Y
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701
200

475

666

702
9233

902
601
333

602

607

899
923
901
1000

12121

605

TOTWAN=TOTHWANAWAWACO¥PERCENL IWL,IDL,LPL)

AMANT 13PUMDP1*0,01*%8760,*PERCEN(IWI,101,LP1) 4UENER
TOTMAN=TOTMAN4 AMANT L

FUECIS*FUECUS*PERCEN(IWL,ID1,LP1}
WATCOS=WATCUSHPERCENIIW2, 1D LPL)
WAMACO=WAWACO*PERCEN{IWL,1D1,LPL)
OPCOS=(FUECTS+WATCOS+WAWACO+AMANTL)
14FPLLI*PERCEN(IWL,IDL,LP1)*B760.*UENER*1000,
TOTOPE=TOTOPE+OPCOS

IF{IPUNCH.EQ.1) WRITE(7,701) FUECOS,ANUCAP4THL,0PCOS+BLDOWN,FPLL,
1EI, IM

FORMATI2F10.04F6.0¢1F1l04CiF5.0¢F9.4,FT.59F8.0,11)
IF(IMLT.2)60TO4T5

1IF(12.NE.1)GD TO 902

TYTSAV=TTT

KKSAVE=KK

GO TO 902

D0923314L=11J4, 1 TOBMA,1T8BD

IF(IWRITELEQ.LIWRITE(6,666)

FORMAT(5X, *COULING CANAL IS TOO LARGE TO OPEARTE')
IDI=(1JL-1TWBI)/ITBOD+1

CFF=CF

IFILP.EQ.IPLI) CFF=1,0
ENERLS=ENERLS+PLMAX*CFF*8760,.*PERCEN(INW]l,1D1,LP1)
TOTLOS=TOTLOS+PLMAX*876C000.*UENER*PERCEN{IWL4I01,4LPL)*CFF
TOYOPE=TOTOPE+PLMAX*876C000.*UENER*PERCEN(IWY,ID14LPL)%*CFF
IM=3

IF(IPUNCH,EQ.LIWRITE(T7,702) IM .
FORMAT(180)

CONTINUE

GO TO 901 .

IF{IWRITE.LT.1)COT0923

WRITE(6,601) PL,TWB

FORMAT(L1HOy 5Xy *POWER =%,F5.0s* MW?310X,*TWB =¢,F8.3,* DEG. F')
WRITE(6¢333)TETHOTWTT,COLDWT 4P+TQ

FORMAT(/6X, 'TURB.TEMPe = ",F10,.%441X,'DEG.F. ¢,

15Xy *HOT WATER TEMPe = "3F10.s491 X9 DEG.F.'y

25Xy 'COLD WATER TEMP. = 9,F10.491Xy"DEGF.",

3//36X4 *PRESSURE ' = Y2yFBeS,1X,y ' IN.HG,.*,

45X YHEAT REJECTION = *9FB,541Xe*BTU*10%%91,/}

WRITE(64602)

FORMAT(1HOs 1Xs*TDB? y3Xy *WATER EVA.*,3X,*BLOWCOWN® 43X

14 'PROBABILITY 33X, *FUEL COST*,3X,

2'WATER COST*¢3X, '"WASTE WATER COST*,3X,*SUBS ENERGY LOSS*,3X,
390PERATING COST</3Xy'F*,

4TXyYGPMY 4 OX s 1GPMY 422X, *$/YEAR Y 46 )%,

SYS$/YEARY y 10X, 'S/YEAR 113X, *$/YEAR 412Xy * $/YEAR? /)
WRITE(6y60F)Y 114, TWL ,BLDOWNyPERCEN(IWL41ID1,LP1)},FUECIS,WATCOS,WAWAC
10, ANUCAP,0PCOS, FPL1

FORMAT(1H 4I39F1545)F1144,F13.64F13.04FL2.1,F16.1sF20.3,F18.1,
1F10.3)

WRITE(6,899)

FORMAT(///1X,130(%%%}/77/) 5

CONTINUE ’

CONTINUE

CONT INUE

FUELEX=TOTEI-TEI

TOTFULl=FUELEX*FC*10C0,%8760.
TOTOPE=TOTOPE~CWATEO-CBLOWO-CMAINO
TOTOP=TOTOPE-TEI*FC*1000,%8760,

TOTEIL=TOTEI/TOTPRO

TOTHL 1=TOTWL /(TQSTAR*1055.04/3.6)

FUELE1=FUELEX/PLMAX

FPLMAL1=FPLMAX/PLMAX

ENERL 1=ENERLS/(PLMAX*8760.)

FAPLS1=FAPLS/{PLMAX%B8T60,)

WRITE(6s12121)

FORMAT(//10X, 'VALUES IN PARENTHESIS ARE,THE VALUES DIVIDED BY POWE
IR OUTPUT EXCEPT THE LAST TW0O WHICH ARE*/10X,*THE VALUES DIVIDED BY
2 THE POWER OUTPUT PER YEAR'//)

WRITE{6+605) TOTBLD, TOTWL,TOTWLL,TOTEI ,FUELEX,FUELEL,
1FPLMAX, FPLMAL,ENERLSyENERL] ,FAPLS,FAPLSIL

le TOTFUEs TOTFULy TOTWATy TOTWA W TOTMAN,ANUCAP,, TLTOPE,TCTOP
FORMATI(1H /10X, *TOTAL ANNUAL BLOWDOWN =*,F15.0,% ACRE-=FT/YEAR?'/
110X, *TOTAL ANNUAL WATER EVAP. =',F12.0,*' ACRE-FT/YEAR!
1¢5Xy*{*yF10.5," 1'/10X,

2*TOTAL ENERGY RATE IN =",F12,3,% MW'//8X,
2¢%ux CAPABILITY LOSSES ##xt/10X,
3'EXCESS FUEL CONSUMPTION =*,F9,3,9% MW®,S5X,*(*4F9,64* }*/10X,
I¢MAXTMUM CAPABILITY LOSS =93FT9e39" MW' 45Xy [ *4F9.64* )°/10X,
3'ENERGY LOSS =t F15.54' MH-HR* 45Xy *(? ,FO.6,4* )? /710X,

J*PUMP ENERGY LOSS ='93Flle4,* MW~HR*ySXy ' (*9F9ub4e® )'//8Xy
3tx%x TOTAL ANNUAL COSTS *=x#0/10X,

3'TOTAL ANNUAL FUEL COST "qFé0.0" $/YEAR* /10X,
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4'EXCESS FUEL coST 21, F26.0,' $/YEAR!
4°*TOTAL ANNUAL WATER COST --.F19.g,' :}S;Rk'llox.
S*TOTAL ANNUAL WASTE WATER COST 23 F13.0,% $/YEAR' /10X
6°'TOTAL ANNUAL MAINTENANCE COST 2V, F13,0,° $/YEAR'IIOX'
6*TOTAL ANNUAL CAPACITY LOSS ='9F16.,Cy* $/YEAR'/1OX !
T*TOVAL ANNUAL OPERATING COST =',F15.0,°" S/YEAR'Ild;
B8*EXTRA ANNUAL OPERATION COST =2,F15.0,* $/YEAR') )
TOTFUE=TOTFUE/S
TOTWATY=YOTWAT/S
TOTWAW=TOTWAW/S
TOTMAN=TOTMAN/S
ANUCAP=ANUCAP/S
TOTOP=TOYOP/S
TOTOPE=TYOTOPE/S
1“$é1556'621' TOTFUE » TOTWAT, TOTWAW, TOTMAN,ANUCAP, TOTOPE
1
621 FORMAT{LHO,7X,**%% AVERAGE OPERATING COSTS —-- IN MILLS/KN-HR #*%#¢
1/10X, *AVERAGE FUEL COST =',F22.64' MILLS/KW-HR*/10X,
1'AVERAGE WATER COST =*3F21.64" MILLS/KW=HR®/ 10X,
2°AVERAGE WASTE WATER COST =*,F15.6,* MILLS/KW~HR® /710X,
4 AVERAGE MAINTENANCE COST ="4F15.64' MILLS/KW HR'/10X,
SYAVERAGE CAPACITY LOSS =',F18,6,* MILLS/XW/HR*/10X,
6*AVERAGE TOTAL OPERATING COST =',Fll.6,* MILLS/KW-HR®*/10X,
TCAVERAGE EXTRA OPERATING COST 29,F1leb6y! MILLS/KW=HR?)
RETURN
1002 WRITE(6,623)
623 FORMAT(10X, ' SPRAY COOLING SYSTEM 1S TOO LARGE TO QPERATE')
TOTCOS=10.%%x12
RETURN
END

SUBROUTINE MODELW {TDBy TWB s IWsLPsTETsTQ, TWL, ITT1 4K, TTy1IM)

% % ® % X % % % % *k & %k &k % ¥ k *k ¥ ¥ ¥ k K & %k %k &£ ¥ %k € k ¥ & % %
*  THIS SUBROUTINE CALCULATES THE MODELING RELATIONSHIPS FOR POWER
* PLANT AND SPRAY CANAL . GIVEN WET AND DRY BULB

* TEMPERATURES, OPERATION LEVELS OF SPRAY CANAL,POWER LEVEL OF

* TURBINE OUTPUT, THE RESULTS ARE TURBINE EXHAUST TEMPERATURE AND
*
*

HEAT REJECTION.
¥ & ¥ K Kk K K X K X X Kk Kk ok ¥k K Kk k k& kK F KX K E KX & &R

OO OOOHON0
L 3% 2R K 3% 3 IR

DIMENSION HTRJIN(50,414)+IENHTR(14)4PSA(250)
REAL NTU *
COMMON/TURBIN/HTRJIIN, TENHTR s TLOW,FINC
COMMON/NCALA/ PSA+TPSTS,TWBAL,QHL »QH2 4HA
COMMON/TURB/ BL1,+BL2,BL3,TTD,TTDKO,TTDO
COMMON/TBPR/ ITPMAX,TETMAX, ICAP
COMMON/SPRAY /Ry MKyNy WINDSP 4FF 4 TFILM
COMMON/SPRDIS/F{643),ROWDIS
COMMON/PILIC/GPM

COMMON/CONSTA/ CONSTL1,DONST,CONST
FGPM=GPM

IF TWR IS HIGH ENOUGH, THEN COOLING CANNDT TAKE PLACE AT ALL UNTIL
TURBINE CONDENSER TEMPERATURE IS HIGHER. THUS, WILL SKIP To
HIGHER TURBINE TEMPERATURE.

IF TWB 1S LOW ENOUGH, COOLING WATER FREEZESs WHICH

1S NEVER DESIRED. THUS WHENEVER COOLING WATER WOULD HAVE BEEN
COOLED BELOW FREEZING ANYWHERE IN THE CYCLE, NC COOLING IS
PERFORMED (IMPLYING ALTERNATE SYSTEM USED IN PRACTICE).

ASSIGN MODEL PARAMETERS FOR TOWER SECTION

OO0 00

ICAP=0.

1M=2

IFR=0

IFREa~1
1F(I111.6T,0.5160T01000
WL=0.,

TPS=0.

TWBAL=0.

QH2=0.
IF(1111.EQ.-5)6G0T0991

TTDO=HTRJIN{1,LP)¢TTDKO

G0T0992
991 TTpO=TTD

g ASSIGN INITIAL TRIAL TURBINE TEMPERATURE

363



992 K=0
99 IFRE=IFRE+1

201 K=2K+1
TT=aTLOW+IK=-11*FINC
IF{K.GT.IENHTRILP) .AND. TT.GT. (TETMAX+1,.95)1G0 TO 999
IF{1I11.EQ.-51G0TD404
TID=HTRJIIN(K,LP)*TTDKO

404 TT1=7T=-TTD

COOL THROUGH COOLING SYSTEM IF POSSIBLE TO GET 7Ql

[N ul 2]

IF(TWB.LT.TT1)GOTO4U3
6070201
403 WL2=WL
TPS2=TPS
TWBAL 2= TWBAL
QH22=QH2
IF(TT.GT.{TETMAX+1.95))60T0999

THI=TT1
CALL SPRCOL{TWI,TDBTWB NTU,B GPM,AFR RLG,TT2,HL)

IF(TT2.67.32}G0OTO503
GOT099

C
C OETERMINE DIRECTION OF APPROACH TO INTERSECTION OF CURVES

503 TQ1=(TT1~TT2)*FGPM/CONST
IF(TQL.LT.HTRJIN(K,LP))GOTOL00

REACH INTERSECTION 8Y DECREASING TURBINE TEMPERATURE

ant

IF(IFRE.GT.0.)GOT0O206
IF(TWB.GT,.(TLOW-FINC-TT0O))GOTOL04

COOL ING CURVE ENDS MORE THAN 1 DECREMENT BELOW TLOW

[aX X2l

206 TT=TT~-FINC
IFIK.GT.1) K=K=-]
TT1=TT-TTDO
IF(TT1.17.32.)607T0703
IF(TWB.GT.TTL)GOTO3u4

COCL ING THROUGH CCOLING SYSTEM IF POSSIBLE 1D GEY TQ2

[N el ol

WL 2=WL

TPS2=TPS .

TWBAL2=TWBAL

QH22=QH2
IFITT.GT{TETMAX+1,95))1G0OT0999

THI=TT1
CALL SPRCOL(TWIsTDB,»TWByNTUsByGPMyAFRRLGy TT2,HWL)

IF{TT2.67.32)G0TO505
1FR=1

505 TQ2=(TT1-TT2)*FGPM/CONST
IF(TQ2.LT.HTRJIN(K,LP))GOTOL0S
IF(IFR.EQ.1)G0TO703
T01=7TQ2
6010206

INTERPOLATE FOR TQaTET,THWL

(2K a2 X2}

105 TQ=HTRJIN(K,LP}
HTDIF1=(TQ-7Q2)/(TQ1-TQ2)
TET=TT+HTDIF1%FINC
IFCIT1I1.EQ.~5)G0OTD405
TTD=TQ+*TTDKO

405 TWL=(WL+HTDIF1*{WL2-WHL))}
TPS=TPS+HTDIF1+(TPS2-TPS)
TWBAL=THBAL+HTDIF1*(TWBAL2-TWBAL)
QHZ=QH2+HTDIF1*(QH22-QH2)
IF(IFR.EQ.01)GOTO210

C
C (PREVIOUS CANAL COOLING INDICATES THAT THE OPERATING CHARACTERISTICS
C CURVE FOR THE COOLING SYSTEM ENDS IN THE SAME VEMPERATURE INTERVAL
C AS TET)
€ COOL THROUGH COOLING SYSTEM USING TET, TQ FOR CHECK
C

211 TT1=TEVT~-TTD

IF(TT.CT.{TETMAX+1.95))G0T0999

c
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THI=TTL .
CALL SPRCUL(THI.TDB,THB.NTU.B'GPH.AFR.RLG,TTZ'HL)

IF(TT2.GT.32)G60T0210
6¢oTavo3
210 CONTINUE
H11=1
RETURN
304 TT=TT+FINC

C COOLING CURVES END JUST BELOW T
g WILL NOT INTERSECT It T AND DECREMENTING TURBINE TEMPERATURE
C DETERMINE PROPER VALUE OF HTRJINIL,LP)
g DOUBLE INTERPOLATE FOR TQ,TET,TwL
104 IFIK.GT.1)GDTOL06
HQ=HTRJIN{1,LP}
GOT0107
106 HQ=HTRJIIN(K=1,LP)
107 IF(III1.6T.~5)G0T0407
HQ=HQ+{TWB+TTD-TT+FINC) /FINC*{HTRIINIK,LP)=HC}
GOTO408
407 HQ={HQ+{TWB~TT+FINC)/FINC*(HTRJIN(K,LP)=HQ}) /{1.~TTOKO/FING
I*(HTRJIN(K,LP)=HQ))
408 IF(1111.€Q.~-5)G0T04C6
TTD=HQ*TTDKO
406 TO=TQI*HQ/(TQI+HQ-HTRJIIN{K,LP))
TET=TWB+TTO+({TT-TWB-TTD}*TQ/TQ1
IF(ITI1.EQ.~5)G0T04L9
TTD=TQ*TTDKO
409 THL=HWL/TQ1*TQ
TPS=TPS/TQL*TQ
THBAL=TWBAL/TQ1*TQ
QH2=QH2/TQ1*TQ
TT=TT~FINC
IF(KeGTal)K=K~1
6070211

C
C REACH INTERSECTION BY INCREMENTING TURBINE TEMPERATURE
C
100 IF(K.EQ.IENHTR{LP})IGOTOSS9
108 TT=TT+FINC
K=K+1
IF(ITIII.EQ.-5)G0TQ410
TTDO=HTRJIN{K,LP}*TTOKO
410 TT1=TT-TTD

COOL THROUGH SYSTEM TO GET TQ2

(e Xa X2}

WL2=WL
TPS2=TPS
TWBAL2=TWBAL

QH22=QH2
IF(TT.GT.{TETMAX+1.95))G0T0999

TWI=TT1
CALL SPRCOL{TWI,TDB,TWBNTU,BsGPMyAFRIRLG, TT2,WL)

TQ2=(TT1=-TT2)«FGPM/CONST
IFITQ2.6T.HTRJIN(K,LP})IGOTOL01
IF{K.EQ. IENHTR(LP))GOTOSS9
TQ1=TQ2

G070108

INYERPOLATE FOR TQ, TET, Thi

OO

101 HYDIF1=HTRJINIK,LP)-HTRIIN{K=-1,LP)

HTDIF2=7TQ2-TQ1
TO:(HTRJ!N(K,LP)*HTDIFZ—TQZ*HTDIF!)/(HTDIFZ-HTDIFI)

TET=TT-{TQ2-TQ}/HTOIF2*FINC
IF(IT11+€EQe-5160T0O411
=TQ*TTDKO

411 ;:E=(3L20(HL—WLZ)/KTDIFZ*(TQ-TQI))
TPS=TPS20(TPS-TPSZ)IHTDIFZ*(TQ—TQI)
THBAL=THBAL20(TRBAL-THBALZ)IHTDIFZ*(TO-TQI)
QH2=QH22*(OH2—QHZZ)/HTDlFZ*(TO-TQll
TT=TY=FINC
K=K~1
jrri=1
RETURN

C
€ RETURN WITH MESSAGE
c
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703 TQ=-50
TEV=-50.
THL=~50.
111120
1M=~50
RETURN

[

C FIND INTERSECTION WHEN WET-BULB TEMPERATURE INCREASES
¢ : :

C REACH INTERSECTION BY INCREMENTING TURBINE TEMPERATURE

1000 TTD=HTRJIIN{K,LP)*TTDKO
TT1=TT-TTD
IF(YT.GT.(TETMAX+1.95))GOT0999

TWI=TT1
CALL SPRCOL{TWI,TDB, TWByNTU,ByGPMyAFRyRLGy TT2,HWL)

TQl=(TT1-TT2)*FGPM/CONST

1004 TT=TT+FINC
IFITT.LT.(TLOW+0.001))GCTOL00L
IF(K.EQ.IENHTR(LP})GOTOD999
K=K+l
HQ=HTRJIN(K,LP}
HTDIF1=HQ-HTRJIN(K=1,LP)
607102070

1001 HQ=HTRJIN(1,LP)
HTDIF1=0.

2070 TTO=HQ*TTDKO
TT1=7TY-TTD
WL2=WL
TPS2=TPS
TWBAL 2=TWBAL
QH22=QH2 .
IF(TT.GT.(TETMAX+1,.95))G0T0999

THI=TTL
CALL SPRCOL(TWI,TDB,TWByNTUsBoGPM,AFR,RLGy TT2,WL)

TQ2=(TT1~TT2)*FGPM/CLONST
1F{TQ2.6T7.HQ)GOTOLOLO
TQ1=TQ2

GOT01004

C
C INTERPOLATE FOR TQs TETy ThL
c

1010 IF{K.GT.1)GOT0412
TTD=HTRJIIN{ 14 LP)I*TTDKO
6070413

412 TID=HTRJIN{K=~1,LP)*TTDKO

413 IF(TWB.LT.(TT-FINC-TTD}))GOTOLl011}
TQ1=TQ2
GOTO104

1011 HTDIF2=7Q2-TQl
TQ=(HQ*HTDIF2~TQ2#*HTDIF1) /(HTDIF2-HTDIF1)
TET=TT-{TQ2-TQ)/HTDIF2*FINC
TTD=TQ*TTOKO
TWL=(WL24(WL-WL2) /HTIDIF2*(TQ-TQ1})
TPS=TPS2+(TPS-TPS2) /HTDIF2*(TQ-TQL)
TWBAL=TWBALZ2 +(TWBAL-TWBAL2)/HTDIF2%(TQ=-TG1)
QH2=QH22+(QH2-QH22) /HTDIF2%* (TQ~TQ1)
IF(K.GT.1) K=K-1
TT=TT-FINC
RETURN .

999 IF{TT2.LT.32.)G0T0703

1CAP=1
TT1=TETMAX-TTD

TWI=TT1
CALL SPRCOL{TWI,TDB,TWB NTU+B4GPMyAFRyRLG, TT2,WL}

TQ={TYL-TT2)*FGPM/CONST
TET=TETMAX
IFLITITLNE.~5)TTD=TQ*TYOKOD
THL=WL

RETURN

END

SUBROUTINE SPRCOL (TWI,TDBsTWBNTUsB,GPM,AFR; RLG,TT2,UL)
CE & & & % % % &£ 3 2 4 & ¢ K & & % & %k & & % 8 % & % % %65 %855 % 685 %58
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C
g THIS SUBROUTINE CALCULATES THE COOLING BY A SPRAY CANAL
C* & % % % % % & & XK & & £ & &8 % % & & & & & & &85 &R &K EEEE R &S
DIMENSION PSA{250)
REAL NTU
COMMON/NCALA/ PSA,TPS,TS, TWBAL,QH1 4QH2 ,HA
COMMON/SPRAY /Ry MK N, WINDSP s FF,TFILM
COMMON/SPRDIS/F(6,3),ROWDIS
COMMON/ATMOS/ PATHM

IF(ROWDIS.LT.40.0R,RONDIS.GT.60) FF=0.18
KLM=IFIX( (ROWDIS-40)710+1)
M=MK
FF=F (M, KLM)
CH=1.00
NTU=0.036%W INOSP+0.156
THWBA=ZTHB+FFx{TWI-TWB)
HV=1087.-0454*TWI
1FLAG=1
TFILM=0.5%( TWI+TWBA)
TWFI=TFILM-0.5

111 TWF=TWFI
I1T=THF
PVSAT=PSACIT)+(PSA(IT+1)=PSALIT))*(TWF-IT)
PV=PVSAT~0.000367%PATM={ TDB-TWF)*{1.+({(TWF-32,)71571))
S=PV/{1.608%(PATM=-PV))
SIGMA=(0.24+0.,44%S)*TDB+S%*(1093.8=-TWF)
1IF(IFLAG.EQ.2) GO TO 121
IFLAG=IFLAG+!
THFI=TWFI+1.,
SAVSIG=S IGMA
GO 10 111

121 ARGUM=SIGMA~-SAVSIG
B=ABS (ARGUM)

X=NTU*B

TT21=THI~(THI=-TWBA)*(1.~EXP{-X))

NN=M*N

TT2=THB+{THI-THB ) *EXP( (~NN*R*(1.=FF) ) *{1.-EXP{=X}})
C*x%x%% BOWEN RATIO IS ASSUMED = 0 #%%%x%

WL = (CW/HV)IE{TWI-TT2)*GPM

RETURN

END

SUBRDUTINE POWERS (TEM,Qy TTSTAR)

See Appendix III for listing.
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APPENDIX VII

RANGE OF VALUES OF
VARIOUS ECONOMIC AND
OTHER PARAMETERS
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General

Unit cost of replacement capacity,

Unit cost of "short term" replacement

energy during downtime,

Unit cost of "long term" replacement

energy, after backfitting
Unit cost of fuel,

Unit cost of water,
Unit cost of land,

Unit cost of new condenser,

Unit cost of blowdown treatment

Open-cycle maintenance cost
Open-cycle blowdown cost
Open-cycle water cost,

Downtime for hook-up and testing

Mechanical-Draft Cooling Towers

Unit cost of towers,

Unit cost of maintenance,

* Comment by J.P. Chasse (E.P.A.)

M'

Bl

wl

DT

** Private communication, Commonwealth Edison &

Cities Nuclear Power Plant
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B

$90-200/kW [2]
$0.007/kW~hr [2]
$0.01/kW-hr [2]

$0.30-0.98/10%Btu [6]

$0.0-1.0/1000 gal
(highly variable)
$500-5000/acre
(highly variable)
$6.50-23.10/ft%  [*]

$4.00/ft2 [16]

$0.0~-0.50/1000 gal
(highly variable)
0]

0
0
5-10 days [#+]
30-90 days 6]
$7.50/TU [16]

$200/cell/year [2]

Iowa-Illinois, Quad



Cost of pump and pipe system

Natural-Draft Cooling Towers

Cost of towers,
Maintenance cost,

Cost of pump and pipe system

Cooling Ponds

Unit cost of ponds,

(including land cost)
Unit pump and pipe system cost,

Unit maintenance cost

Spray Canals

Unit cost of spray modules,

Pump and pipe system cost,

Maintenance cost,

Lining cost of canal,

Excavation of canal,

¥ Private communicaton with local
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c .
pp

cs

C
pp

cs

c
pp

industry

Figure 13 [16]

Figure 32 [16]
$1000-3000/tower/year

Figure 13 [16]

$500-5000/acre [26]

$1.50/gpm [26]

$2.00/acre/year [26]

$16,000-26,250 /module
[49,56,57]

$1.50/gpm [26]

1% of pump and module
operating cost

$0.93/£t> [*]

$2.50/ya> []
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