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Abstract

There is a projected water shortage problem in the electrical power
industry by the end of this century. Dry and wet-dry cooling towers are
going to be the solution of this problem. Our previous study on the
combination of separate dry and wet cooling towers indicated that wet-dry
cooling is an economical choice over all-dry cooling when some water is
available but the supply is insufficient for an evaporative tower. An
advanced wet-dry cooling tower concept was experimentally studied at
MIT's Heat Transfer Laboratory and a computer model was developed for
predicting the performance of this cooling concept. This study has
determined the cost of the cross-flow type of this cooling concept in
conjunction with steam electrical power plants. Aluminum is found to be
economically preferable to galvanized steel as the cooling plate material.

In our bhase case study using aluminum plates for a 1094 MWe nuclear plant

at Middletown, the MIT advanced cooling concept is comparable to conventional
wet-dry towers at water makeups larger than 457 and is slightly more
economical at makeup larger than 507%. The incremental costs over the power
production cost, 32.3 mills/Kwhr, of zero condenser system are 14, 13 and

12 percent for makeups of 45, 60 and 55 percent, respectively. For an 800
MWe fossil plant at Moline, this cooling concept is more economical than
conventional wet-dry towers at water makeups larger than 27%. The incremental
costs over 20.8 mills/Kwhr of zero condenser system are 12.2 and 10.6

percent for makeups of 37 and 50 percent, respectively. For these two
makeups, going from conventional wet-dry to MIT advanced concept results in
13 and 21 percent, respectively, savings in the incremental cost. When

the water makeup exceeds 30%, the MIT advanced wet-dry concept is pre-
ferable to conventional wet-dry towers for a 1200 MWe nuclear plant at

Moline, Ill. The incremental costs over zero condenser system of 21.1 mills/
Kwhr are 12.8 and 11.5 percent for makeups of 40 and 50 percent, respectively.
Using the MIT advanced concept instead of conventional wet-dry towers

results in 28 and 33 percent reduction of incremental power production

cost for these two makeups, respectively.
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1.1
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Chapter 1

Introduction

A modern-day fossil-fueled electrical power plant has an efficiency of
about 40%; approximately one-half of the heat from the fuel burnt in the boiler
is rejected to the circulating water. The efficiency of a Pressurized Water
Reactor or Boiling Water Reactor nuclear power ﬁlant is about 33%Z; two-thirds
of the nuclear heat generated is rejected as waste heat. Therefore, in the
electrical power industry, the amount of waste heat discharged to the environ-
ment is enormous, and this must be handled safely, economically and without

causing damage to the environment.

For power plants located at a river, ocean or lake where large quantities
of water are available, once-through cooling is often employed. In once-through
cooling, the hot water from the condenser is discharged into the waterway, result-
ing in an increase of water temperature which may have adverse effects on the

ecology of the water bodies.

Conventionally, when water is not sufficient for once-through cooling, evap-
orative towers are used. The circulating hot water is broken into small droplets
by splashing it down the fill in the cooling tower. More than 75% of the heat
rejection i1s by evaporation. One major disadvantage of evaporative towers is
the comsumption of a huge amount of water. A 1000 MWe LWR nuclear plant operating
at rated load with an evaporative tower requires about 20,000,000 gallons of make-

up water every twenty-four hours [6].

Because of high cost, dry cooling towers have not been broadly used by the
utility in the United States. By supplementing the dry towers with evaporative

towers the cost of all-dry cooling can be significantly reduced. The first wet-



dry towers have been purchased by Public Service Co, of New Mexico for use
at thedér San Juan site. These units, 450 MWe each, are designed to save

60% of the water consumed by evaporative cooling towers.

Several years ago ERDA (now the DOE) sponsored a study by Westinghouse
Hanford Co. to determine the regional requirements for dry cooling. The study
concluded that there are economic alternatives to dry and wet-dry cooling up
to 1990. From 1990 to 2000, the combined effects of restrictions on coastal
siting, state regulations of the purchase and transfer of water rights from
agriculture or other uses to cooling supply, together with the rapid and con-
tinuous growth in electricity demands, will have the potential of bringing wet-
dry or dry cooling to increased use. Nationally, a total of 21,000 to 39,000

MWe will require dry or wet-dry cooling at that time [7].

The development of the MIT advanced wet-dry cooling concept is to meet
such needs. Although this concept was experimentally studied in the past sev-
eral years, no cost optimization was done at MIT. United Engineers [2] has per-
formed cost optimization on this MIT concept and reported that this concept is
comparable to conventional wet-dry towers only at water makeup of about 50%.
However, neither tower performance nor detailed comparison between aluminum and
steel were reported. In our present work attempt has been made to compare our
results with those of United Engineers. Since it is difficult to compare the
results of one study to another if the method of analysis, economic factors
and site metereological conditions differ, effort has been made to use these
the same as the United Engineers in our computer program. However, cost alog-

rithyms of most cooling components are those originally in our program [1].

In addition, the detailed information of the cost of the cooling plates has now



been added. Aluminum is about 25% more expensive than galvanized steel.

Detailed cost data are given in the Appendix A.

1.2 Scope of This Study
The cost optimization of the MIT advanced wet/dry for a LWR nuclear

plant at the Middletown site was performed so that comparisons can be made
between the results of this study and those reported by United Engineers [2].
In addition, our present work also covers the economic optimization of this
cooling concept in both fossil and nuclear power plants at the Moline site.
Economics of the advanced MIT wet-dry concept will be compared to conventional
wet~dry towers. This is a continuation of our previous study prepared for the

Division of Environmental Control Technology, U.S. Department of Energy.

12135 Outline of Fresentation

The material in this report is presented in the following sequence. Chapter
2 is a presentation of power plant model, method of analysis and basic economic
factors for the Middletown site. These are reported in Chapter 3 for the Moline
site. Chapter 4 presents the MIT advanced wet/dry cooling tower model. The
optimization procedures aie given in Chapter 5 and the results are reported in
Chapter 6. Chapter 7 compares the results of this study with the United Engin-
eers., A sensitivity study of the effect of plate cost on the economic optimi-

zation is presented in Chapter 8. Finally, Chapter 9 gives conclusions and

recommendations.



Chapter 2

This chapter presents the power plant model, method of analysis and
base case sconomic factors for the Middletown site. These are the same

as those used by United Engineers [2].

2.1 Method of Analysis

The method of analysis is a fixed steam source and fixed demand app-
roach. It assumes a constant heat source of 3173 MWT to be coupled to a
conventional low back pressure steam turbine and there is a fixed demand of
electrical output from the power plant. The reference plant is assumed to
operate at 2 inch HgA all year round with an output of 1094 MWe which is then
assumed to be the fixed demand. Any deficit between the plant net capacity
and the fixed demand is replaced by incremental base load plant. No load pro-
file is scheduled for the power plant. It assumes that the average annual

capacity factor is 75%.

2.2 Plant Model
The nuclear power plant assumed for the cooling system evaluation at
Middletown is a Light Water Reactor (LWR). As mentioned in the previous sec-
tion the steam source is fixed and is coupled to a low back pressure turbine.
The turbine-generator is a General Electric Tantum Compound Six Flow (TC6F)
38" turbine. The turbine inlet steam condition iis 965 psig saturated. The full-

load turbine net heat rate vs. exhaust pressure is plotted in Fig. 2.1.

2.3 Base Economic Factors
The base economic factors for the Middletown site are given in Table 2.1.

All the costs are in 1985 dollars.

2.4 Meteorological Condition

The dry bulb and wet bulb temperature distributions at the Middletown site

are shown in Fig. 2.2.



Table 2.1 Base Case Economic Factors
for Middletown

Year of Pricing 1985

Power Plant Cost $600/KW

Fuel Cost $1.53/MM BTU

Fixed Charge Rate 18%

Average Annual Capacity Factor 715%

Capacity Penalty (Incremented Base Load Plant) $600/KW

Energy Penalty (Base Load Plant Fuel Cost) $1.53/MM BTU

Water Cost 27¢/1000 gallons
Indirect Cost 25% of direct capital

cost
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3.1

3.2

3.3

3.4

Chapter 3

The power plant model, method of analysis and base economic factors

for the Moline site are presented in this chapter.

Method of Analysis

The method of analysis is a constant steam source and fixed demand app-
roach. It assumes a constant heat source to be coupled to a low back pressure
turbine. This heat source is 1862 MWt for the fossil plant and 3577 MWt for
the nuclear plant. There is a fixed demand of electrical output from the power
plant. This is 800 MWe for the fossil plant and is 1200 MWe for the nuclear
plant. Any deficit between the net plant capacity and the fixed demand is re-
placed by gas turbines. There is no load profile scheduled for the power plant.

The annual capacity factor is 75%.

Plant Model

The nuclear plant assumed for the cooling system evaluation is a Boiling
Water Reactor (BWR). The turbine-generator is a General Electric TC6F-38 tur-
bine with its full-load net heat rate vs. exhaust pressure shown in Fig. 3.1.
The turbine inlet steam condition is 965 psig saturated. The fossil plant is
assumed to be coal-fired. Its turbine-generator is a General Electric Cross
Compound Six Flow (CC6F) with reheat cycle; its inlet steam conditions are
3500 psig 1000°F/1000°F. The full-load net heat rates vs. exhaust pressure

of the fossil turbine is shown in Fig. 3.2.

Base Economic Factors
The base economic factors for the Moline site are given in Table 3.1. All

the costs are In 1977 dollars.

Meteorological Conditions

The dry bulb and wet bulb temperature distributions at Moline are shown

in rFig. 3.3,
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Table 3.1 Base lLiconomic Factors
for Moline
Year of Pricing 1977
Power Plant Cost:
Fossil . $500/Kw
Huclear $600/KW
Fuel Cost:
Fossil (coal) $0.90/M BTU
duclear $0.47/MM BTU
Fixed Charge Rate 17%
Annual Capacity Factor 715%
Replacement Capacity (gas turbines) $160/KW
Replacement Energy (gas turbines) 30 mills/KWhr
Operation and Maintenance 1% of all capital
costs
Indirect Cost 20% of direct capital
cost

Water Cost 20¢/1000 gallons
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Chapter 4

MLT Advanced Wet/Dry Cooling Tower System Model

Introduction

In this study the MIT advanced wet/dry coeling tower system is taken
to be an indirect type with surface condensers and tower heat exchangers
are packing plates with ¥*-shape water troughs. The air flow in the cooling
tower is mechanically induced by fans. The piping system is considered in
detail. The various components of the cooling tower system are shown in

Fig. 4.1.

Condensation of turbine exhaust steam takes place at the saturated
steam temperatures corresponding to a given turbine exhaust pressure. The
condensate is returned to the feedwater circuit. Cooling water entering

the condenser at a temperature le is heated to a temperature T ¥ on leaving

2
the condenser. The difference between the saturated steam temperature and’
the hot water temperature is the terminal temperature difference (TTD). The
temperature difference between le and TZw is the water range. On leaving
the condenser, the hot water is circulated through the piping system to the
wet/dry tower. The plates are folded at the top to direct water into the V-
troughs and prevent water from wetting the fins [4,8]. This is illustrated
in Fig. 4.6 on the neader plate into the V~shape troughs running from the

top to the bottom of the plates. The plates are tilted at 10° to the vertical

so that the water flows down the troughs under gravity.

Evaporation takes place at the air-water interface. Furthermore, con-
vective heat transfer takes place on the dry plate surface where air flows

across the plate. OUn the wetted side of the plates, the dry surface is
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roughened with flow disturbers waich serve two purposes. First, they
break up the boundary lavers to increase the heat transfer coefficient
and second, they direct the air-water mixing at both ends of the plates

back to the troughs.

Because the MIT advanced wet/dry tower has only a single structure,
no Infinite control of water and air flow rates is required. This is an
important advantage over the conventional wet-dry towers which consist of

separate wet and dry towers.

The difference between the temperature of the hot water entering the
cooling tower and the dry bulb temperature of the incoming ambient air is
the initial temperature difference (ITD). After cooling, the water is
collected in a water basin and returned to the condenser. The difference

w .
between the cool water temperature ,T, , and the ambient wet bulb tempera=-

1
ture 1s the approach. The temperature relationships are illustrated in

Fig. 4.2

The wet/dry towers considered in this study are circular in shape. The
cooling plates are arranged around the base of the towers. These are illus-

trated in Fig. 4.3.

Crossflow is preferrable to counterflow because of the water-air mixing
above and below the plates in the latter which could increase the water ev-
aporation. Therefore, only the crossflow type of this cooling concept is

considered in this study.

Han's correlations [3] are emploved in determining the heat transrer co-

efficient and friction factor for the roughened surface of the cooling
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plates. They are the following:

+ e Re
e =
Dht/Z—/—f
RV /Z-2.51m 282375
€ £ h
n 0.35 0.57 m
+
R TR 20 T (/000 (/45) = 4.9 (e'/35)
e Ple
h _ {—0.4 for e+ < 35
where M= 0 fore >35
0.13 for P/e < 10
n= { 0.71
0.53 (a/90) for P/e > 10

*

and where Re Reynold's number

p = density of air

U = wviscosity of air

V = air velocity
D, = hydraulic diameter
f = friction faction

e = right height

P = pitch of ribs

o = angle of attack

and ¢ = angle of inclination of ribs

ety 0.28
35

where C - constant which depends on the surface characteristics

+
For e+ > 35, then H = C (

The Stanton number is given by:
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The Nusselt number is given by:
Nu = 0.72 St Re

Heat transfer coefficient h + Nu k/Dh
where k = conductivity of air.

Note that each cooling plate has two distinct sides. On the wetted
side, the ribs are the flow separators. On the unwetted side, the pro-
trusions of the V-troughs naturally become ribs themselves. Therefore,
there are two different convective heat transfer coefficients, one for each
side of the plate. Similarly, this is also true for the friction factor.
In this study the overall convective heat transfer coefficient 1is taken to

be the mean value. The friction factor is the mean friction factors.

In the above correlations, we have the following:

0.25 inch for the wetted side

e=
0.2706 inch for the unwetted side
45° for the wetted side
- 90° for the unwetted side
90° ror the wetted side
¢ = {60° for the unwetted side
c = 10. for the wetted side

{13.6604 for the unwetted side

+
For e+ < 35, then H = C.
By Using these correlations, a comparison between several runs of experi-
mental results [8] and theoretical predictions is made in Table 4.1. In general,

good agreement is achieved between the data the theoretical results.



TesT3123I09Yy] 4

Te3juswiaadxy 4+

9
i
c oY Eh £°6¢ QY €Y *6€ 7°€n ‘IY I93jsued], 1edy 2aT3vIodeay Juodiayd
L 6T9 0°€6S 1°L0% L*98¢ 8°CLY 8°TLE 6° %7665 %°20% uTu/nilg Iejsuel] 1edH TeIO]
'8¢l VAR XA 7°6CT RAA A, @anjeaadwa] I93eM I9Tul
G0s°¢ 6%8' ¢ G8°¢ £0T°¢ qT/q1 A3TPTuny ATy ISTul
8°0L 8°9L 6'8L €'6L d, ®@anjeisdwa] iITY 3I9TUL
0' 11 60° 1T 69°01 69°01 098/33 £3T00T9A 1TV
* o T * et * @ T * t

S3TNS9y T[eoT319109Y]
pue Tejuawraadxy jo uosTaedwo) T'% 9Iqel



-16-

4.2 Packing Plates

4.3

As mentioned in the previous section, the cooling plates are folded at
the top to direct water into the V-troughs. In manufacturing these plates,
a structure of ten of these plates is bolted together to form a fill pack
[2]. These fill packs are shipped to the construction site where a number
of these fill packs form the necessary number of modules. These cooling
modules are supported above the water basin by an "I" beam structure. The
plates are held at 10° to the vertical by a wedge-shape structure formed from

pipes [2].

Evaluation of Off-Design Tower Performance
The evaluation of the heat rejection capability of the MIT advanced wet/

dry tower at off-design condition is discussed in this sectionm.

At thermodynamical equilibrium the condenser heat load must be equal to
the tower heat rejection rate. Also, the condenser heat load 1s equal to the
rate of heat discharged by the turbine. The determination of the condenser
equilibrium temperature requires trial and error. The Bulky calculation can
be readily handled by the computer. To do this, for each ambient condition
under consideration, first, a file of tower heat rejection vs. turbine exhaust
steam temperature is created. Second, the turbine heat rejection vs. exhaust
steam temperature is determined. Then trial and error is used to determime
the equilibrium temperature at which the tower heat rejection rate is equal to

the turbine heat vrejedtion rate. This is illustrated in Fig. 4.5.

In this study, the performance of the MIT advanced wet/dry tower is eval-

uated over a yearly cycle of temperature and air humidity.
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Chapter 5

Optimization Procedure

The optimization program optimizes the plate spacing, plate packing width,
plate height, air flow rate and water flow rate. The number of water troughs
per plate is varied to give various water makeup requirements. Illustration

of the meaning of the above variables has been given in Fig. 4.4,

Optimization Procedure
With a given plate material, a given turbine heat rate characteristic, a
specified net capacity, a given set of economic parameters, a given set of
meteorological data and the variables mentioned above, optimization can then
be performed. The optimization involves sequentially varying one variable while
keeping the others eonstant. The procedures are as follows:
(1) Select a design ambient eondition and a design turbine exhause steam
saturated temperature. Although these are rather arbitrary, they
should be chosen so that they are economical to the utility. By
selecting the maximum ambient and the maximum backpressure of a low
back pressure turbine, steam throttling can be avoided. In other words,
the power plant can run at full-load all year long. The difference be-
tween the saturated steam temperature and the design condenser terminal

temperature difference gives the hot water temperature.

(2) Pick a combination of reasonable values of plate spacing, packing width,
plate height, air flow mass velocity ( V) and water flow rate for a

given number of plates.

(3) Vary the number of troughs per plate to give different water makeup

systems.



(4)
(5)

(6)

@)

(8)

(9)

(10)

-18-

Find the power production cost for the various water makeups.
Change the plate spacing while keeping the other variables constant.

Plot the power production cost vs. the water makeup for the various

spacings.

Select the rough optimum spacing that gives the least power production

cost for a given makeup.
Repeat the above procedures for the other variables.
Repeat the above with smaller changes in the variables.

Use further smaller step sizes if noticeabde changes in the cost is

observed. This gives the final optimum values.

The computer program listing is given in Appendix B.
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Chapter 6

Results of Optimization

This chapter presents the results of optimization for both the Middle~-
town site and the Moline site. They are given in sections 6.1 and 6.2,
respectively.
Results for Middletown Using United Engineers
Approach and Base Economic Factors

The power production cost vs. water makeup requirement were plotted in
Figs. 6.1 - 6.5 for aluminum plates. In Fig 6.1 we see the effect of plate
spacing on the power production cost 1is quite significant. Bearing in mind
that plate spacing should be limited to a minimum of 0.75 inch and to a maxi-
mum of 1.5 inches to avoid any manufacturing problems [2], only values within
these limits were considered. 1In this figure we see that for water makeup larger
than about 41%, among the three spacings considered, 1 inch is the best. For
water makeup less than 417, 0,75 inch spacing is slightly better than 1 inch.
Fig. 6.2 shows the effect of the air velocity. In general, a higher air velo-
city would result in a higher heat transfer coefficilent but a larger pressure
drop. Among the three air flow rates considered, a value of 3000 1b/hr/ft2 is
the most economical. It corresponds to a velocity of about 12 ft/sec. Because
pressure drop is proportional to the square of the air velocity, a high air

velocity gives a very large pressure drop or fan power.

Fig. 6.3 is a plot of power production cost vs., water makeup for three
different packing widths. It appears that a packing width of 5 ft. is the
best in almost all water makeups. The number of troughs per foot of packing
width might be limited to a maximum of eight to avoid any manufacturing prob-

lem {2]. 1If this is the case, then the maximum number of troughs for a 5 ft.
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packing width is limited to 40. For packing widths of 7 ft. and 9 ft., the

maximum number of troughs are 56 and 72, respectively.

Fig. 6.4 shows the effect of the plate height on the cost. Among the
three héights considered, 28 ft. is the most economical. Note that a larger

plate height would result in a higher pumping head.

The effect of the water flow rate on the cost can be seen in Fig. 6.5
For makeups larger than about 467, a water flow rate of 3000 1b/hr/plate is the

best. For makeups lesg than 467, 2000 1b/hr/plate is the most preferrable.

After using smaller changes in the variables, the fine optimum power

production cost vs. water makeup curve was plotted in Fig. 6.11.

Using galvanized steel plates, the results were plotted in Figs. 6.6 - 6.10,

and the fine optimum curve is also shown in Fig. 6.11.

In employing the Han's correlations, the total heat transfer area should
be larger is all the faces of the ribs on the wetted dide of the plates were
included. It would increase the dry surface area by about 10%Z. The effect of
this increase in surface area can be seen in Fig. 6.11. Because an increase
in the heat transfer area results in a higher convective heat transfer, the

effect is economically very favorable,

A comparison between aluminum plates and steel platescan be made in
Fig. 6,11. Because the thermal conductivity of aluminum is six times that
of steel, the fin efficiency of aluminum plates is much higher for low water

makeups.

Note that for aluminum plates, although the MIT advanced wet/dry concept

is more economical than conventional wet-dry towers only at water makeups
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larger than about 50%, it does not differ much in cost from the conventional

wet-dry towers at makeups between 40 and 50 percent.

The optimum design parameters for the MIT advanced wet/dry concept using
aluminum plates are shown in Table 6.1 for water makeups of 45, 50 and 55
percent. The cost breakdowns are shown in Table 6.2. Note that for these
three water makeups, the incremental power production costs over zero-condenser
systems are 11.6, 13.2 and 12.4 percent, respectively. Using conventional
wet-dry towers, these incremental costs are 13.2, 13.0 and 12.6 percent.
Therefore, for makeup between 45 and 55 percent, the cost of the MIT advanced
wet/dry concept would be essentially the same as the conventional wet-dry

towers.

The heat rejection eapabilities of the MIT advanced wet/dry concept are
illustrated in Figs. 6.12 - 6.14, with the heat rejection rate vs. condenser
saturated steam temperature for various ambient conditions. The tower heat
rejection curve intersects the turbine heat rejection curves at the equilibrium
condenser steam temperature. Because the turbine is allowed to operate at
the maximum allowable back pressure (5 inch HgA) at the maximum ambient tempera-
ture, the condenser steam temperature for all makeups is the same at the high-
est ambient, namely 133.766F. Note that for a given condenser steam tempera-
ture, the tower heat rejection rate increases as the ambient temperature de-

creases.

Fig. 6.15 shows how the water makeup rate increases with ambient dry
bulb temperature for water makeups of 45, 50 and 55 percent. For a given
ambient temperature, the water evaporation rate of a larger makeup system is

higher because of less dry surface and more wet surface.
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The power plant net capacity vs. ambient dry bulb temperature for
three different water makeup cooling systems is shown in Table 6.3. The
net capacity is the difference between the gross capacity and the auxili-

ary power for fans and pumps.

Results of Optimization for the Moline Site
The results in the previous section are for the Middletown site using
the base economic factors presented in Chapter 2. In this section, the

results of optimization for the Moline site will be presented separately.

Starting with the optimum values of plate spacing, plate packing width,
plate height, air flow rate and water flow rate obtained in the previous
section, optimization for the Moline site were similarly performed. The
optimum power production cost vs. water makeup curves were plotted in Fig.
6.16 for the fossil plant and in Fig. 6.17 for the nuclear plant. Again, we
see that aluminum is significantly advantageous to galvanized steel as the
plate material. Using aluminum plates, the MIT advanced wet/dry concept is
more economical than conventional wet-dry towers at water makeups larger
than 30Z for either the fossil or the nuclear plant. Using steel, this is

407 for the fossil plant and 41% for the nuclear plant.

For the fossil plant, the incremental power production costs of this
MIT concept using aluminum plates over zero condenser cost system are 14.8,
12.2 and 10.6 percent for water makeups of 25, 37 and 50 percent because the
power production cost of the zero-condenser system is 20.8 mills/Kwhr. These
incremental costs are 14.4, 14.0 and 13.5 sercent for conventional wet-dry
towers. Therefore, the savings obtained by using the MIT advanced wet/dry

tower are rather significant.
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For the nuclear plant, the power production cost of the zero-condemser
system is 21.1 mills/Kw-hr. The incremental power production costs for
water makeups of 30, 40 and 50 percent are 15.9, 12.8 and 11.5 percent,
respectively. These incremental costs are 15.9, 15.2 and 14.8 percent for
the conventional wet-dry towers. Again, the savings obtained by using the

MIT advanced concept are significant.

The optimum design parameters for these three water makeups are shown
in Table 6.4 for the fossil plant and in Table 6.5 for the nuclear plant.
The cost breakdowns are given in Tables 6.6 and 6.7. The plant net capacity
ve. ambient temperature is presented in Table 6.8 for the fossil plant and

in Table 6.9 for the nuclear plant.
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TABLE 6.1 - Optimum Design Parameters
of MIT Advanced Wet/Dry Tower for 1094
MWe Nuclear Plant at Middletown

Plate Material is Aluminum

Makeup (%)

45 50 23
Dssign Ambient Dry Bulb Temperature (°F) 99 99 99
Design Ambient Wet Bulb Temperature (°F) 77 77 77
Design Turbine Back Pressure (inch Hga) 5 5 5
Design lieat Rejection Rate (109 Btu/hr) 7.255 7.255 7.255
Design Water Range (°F) 24.3 26.7 28.6
Degign Approach (°F) 27.5 25.0 23.1
Plate Spacing (inch) 1.00 1.00 1.00
Packing Width (ft) 5 5 5
Plate Height (ft) 28 | 28 28
Air Flow Rate (10° 1b/hr) 0.60 0.54 0.57
Water Flow Rate (10° 1b/hr) 0.30 0.27 0.25
Number of Troughs per Plate 30 38 45
Total Number of Plates 95256 86316 58776
Evaporative/Convective Heat Transfer 617%/39% 65.6%/34.47% 68.7%/31.3%

at Highest Ambient

Gross Output at Pmax (MWe) 1047.1 1047.1 1047.1
Net Output at Pmax (MWe) 1024.3 1026.9 1028.9
Fin Efficiency 0.90 0.94 0.96
Dry Surface Convective Heat Transfer 7.68 7.61 7.56

Coefficient (
Plate Friction Factor 0.13 0.13 0.12
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TABLE 6.2 - Cost breakdown for
Optimum Design 45%, 50% and 55%
Water Makeup Tower System for 1094
iiWe Nuclear Plant at Middletown

All costs are in million dollars except the power production cost

Makeup (%)
45 50 55
Cooling System Capital Cost:
Condenser 15.05 14.27 13.75
Piping 17.64 17.05 15.13
Pumping and clect. Equip. 6.44 6.24 5.91
Cooling Tower (Plates, Fan, 46.80 45.98 42.83
Fan Elect. Equip.
Stxucture and
Foundation)
Indirect Cost 19.87 20.88 19.40
Total Gapdtal Cost 111.86 104 .42 97.02
Replacement Capacity 41.82 40.25 39.07
Replacement Energy 3.03 2.86 2.69
Annual Fuel Cost 108.86 108.86 108.86
Power Plant Cost 656.4 656.4 656.4

Power Production Cost (mills/Kwhr) 36.89 36.68 36.34



-26—-

TABLE 6.3 - Plant Net Capacity
vs, Ambient Temperature for 45,
20, 55 Percent Water Makeup

Tower Systems

Ambient Dry Bulb (°F) Net Capacity (MWE)
Makeup (%)

45 20 22

20 1070.2 1072.8 1874.8

30 1070.2 1072.8 1074.8

37 1070.2 1072.8 1074.6

42 1070.0 1072.2 1073.9

47 1069.3 1071.5 1073.2

52 1068.4 1070.7 1072.4

! 57 1067.5 1069.0 1071.0
: 62 1065.6 1066.4 1067.5
. 67 1061.9 1063.4 1065.4
. 72 1058.3 1059.7 1061.7
77 1055.8 1057.1 1057.5

82 1051,2 1051.9 1053.9

87 1044 .9 1045.4 1047.5

92 1037.5 1035.7 1037.7

96 1028.9 1030.6 1032.6

98 1024.3 1026.9 1028.9
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TABLE 6.4 - Optimum Design Parameters

of 25, 37 and 50 Percent Makeup Tower

Systems for 800 MWe Fossil Plant at

Desigr. Ambient Dry Bulb Temperature (OF)
Design Ambient Wet Bulb Temperature (°F)
Design Turbine Back Pressure (inch HgA)
Design Heat Rejection Rate (109 Btu/hr)

Design Water Range (°F)

Design Approach (°F)

Plate Spacing (inch)

Packing Width (ft)

Plate Height (ft)

Air Flow Rate (10° 1b/hr)

Water Flow Rate (109 1b/hr)
Number of Water Troughs per Plate
Total Number of Plates

Evaporative/Convective Heat Transfer
at Highest Ambient

Gross Output at Pmax (Mwe)
Net Output at Pmax (MWe)
Fin Efficiency

Dry Surface Convective Heat Transfer
Coefficient (

Moline
Makeup (%)
25 37
98 98
84 84
5 5
3.657 3.657
14.2 20.9
30.6 23.9
1.00 1.00
5 5
28 28
0.52 0.35
0.26 0.17
11 23
83154 56112
39.1%/60.9% 51.42/48.6%
790.2 790.2
773.9 776.9
0.57 0.84
7.13 7.76
- 0.09 0.14

Plate Friction Factor

50

98
84

3.657
26.1
18.7

1.00

5
28

0.28

0.14
40

44744
62.5%/37.5%

790.2

780.7
0.95
7.58

0.12
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TABLE 6.5 - Optimum Design Parameters
of 30, 40 and 50 Percent of Makeup
Tower Systems for 1200 MWe Nuclear
Plant at Moline

Makeup (%)

30 40 50
Design Ambient Dry Bulb Temperature (OF) 98 98 98
Design Ambient Wet Bulb Temperature (°F) 84 84 84
Design Turbine Back Pressure (inch HgA) 5 5 5
Design Heat Rejection Rate (109 Btu/hr) 8.187 8.187 8.187
Design Water Range (°F) 17.5 22.6 25.8
Design Approach (°F) 27.2 22.2 18.9
Plate Spacing (inch) 1.00 1.00 1.00
Packing Width (ft) 5 5 5
Plate Height (ft) 28 28 28
Air Flow Rate (109 1b/hr) 0.95 0.73 0.64
Water Flow Rate (109 1b/hr) 0.47 0.36 0.32
Number of Troughs per Plate 16 28 40
Total Number of Plates 150460 116104 101120
Evaporative/Convective Heat Transfer 44.6%/55.4% 55.12/44.9% 62%/38%

at Highest Ambient
Gross Output at Pmax (MWe) 1160.4 1160.4 1160.4
Net Output at Pmax (MWe) 1139.5 1149.1 1154.6
Fin Efficiency 0.72 0.89 0.95
Dry Surface Convective Heat Transfer 7.45 7.70 7.59
Coefficient (

Plate Friction Factor 0.11 0.13 0.12
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TABLE 6.6 - Cost Breakdown for 25,
37 and 50 Percent Makeup Tower Systems
for 800 MWe Fossil Plant at Moline

All costs are in millon dollars except the power production cost

Cooling System Capital Cost:

Condenser
Piping
Pumping and Elect. Equip.

Cooling Tower (Plates, Fan,
Fan Elect. Equip.
Structure and
Foundation)
Indirect Cost

Total Captial Cost

Replacement Capacity (Gas Turbine)
Replacement Energy (Gas Turbine)
Annual Fuel Cost

Power Plant Cost

Power Production Cost (mills/Kwhr)

5.57
9.10
3.43
23.51

8.51
51.01

4.18
0.73
41.70
403.10

23.88

Makeup (%)

37

4.97
5.69
2.82
17.07

6.25
37.48

3.73
0.52
41.64
403.10

23.33

4.43
4.33
2.46
13.44

5.02
30.32

3.08
0.32
41.52
403.10

23.01
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TABLE 6.7 - Cost Breakdown for 30,
40 and 50 Percent Makeup Tower Systems
for 1200 MWe Nuclear Plant at Moline

Cooling System Capital Cost:

Condenser
Piping
Pumping and Elect. Equip.

Cooling Tower (Plate, Fan,
Fan Elect. Equip.
Structure and
Foundation)
- Indirect Cost

. Total Captial Cost

- Replacement Capacity (Gas Turbine)
Replacement Energy (Gas Turbine)
Annual Fuel Cost

Power Plant Cost

Power Production Cost (mills/Kwhr)

30

11.92
21.46

6.73
43.81

27.07
102.40

9.68

2.80

37.67
727.4

24.45

Makeup (%)

40

10.37
18.10

4.68
36.09

14.08
84.47

8.14

1.24

37.64
727.4

23.80

9.63
17.27
4.13
31.16

12.65
75.88

7.27

0.92

37.55
727.4

23.53
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TABLE 6.8 - Net Capacity vs. Ambient

Temperature for 25, 37 and 50 Percent
Makeup Tower Systems for 800 MWE
Fossil Plant at Moline

Ambient Dry Bulb (°F)

20
30
37
42
47
52
57
62
67
72
77
82
87
92
96
98

25

800.1
800.1
800.1
799.8
799.2
798.7
798.1
79%.0
795.9
793.8
790.3
785.8
782.9
779.5
775.0
773.8

Net Capacity (MWe)

Makeup (2)

£

802.9
802.9
802.6
802.2
801.5
801.1
800.5
799.0
798.3
795.6
791.7
787.6
784.7
782.4
777.8
776.7

30

— -

807.0
806.6
806.1
805.7
805.2
804.5
803.9
802.4
801.2
798.9
795.0
789.8
788.8
784.4
781.9
780.7
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TABLE 6.9 - Net Capacity vs. Ambient
Temperature for 30, 40 and 50 Percent
Makeup Tower Systems for 1200 MWe

Nuclear Plant at Moline

Ambient Dry Bulb Net Capacity (MWe)
3 ).
Temperature ( F)

Makeup (%)

30 40 50
20 1192.1 1201.7 1207.2
30 1192.1 1207.7 1207.0
37 1192.1 1201.5 1206.8
42 1192.0 1201.2 1206.3
47 1191.4 1200.6 1205.8
52 1190.9 1200.3 1205.2
57 1190.4 1109.4 1204.4
62 1188.8 1197.2 1201.8
67 1186.8 1194.1 1198.2
72 1181.2 1190.1 1194.3
77 1174.3 1182.2 1185.5
82 1165.5 - 1170.4 1173.5
87 1158.5 1165.7 1171.2
92 1150.7 1156.5 1162.0
96 1142.1 1151.7 1157.2

98 1139.5 1149.1 1154.6
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6.3 Wet Topping
From the results in sections 4.1 and 4.2, it can been seen that the
cost goes up very rapidly when the plate surface becomes very dry, that is,
when the number of troughs on each plate is small such that the fin efficiency
becomes very small. Attempt was made to see if there would be any savings
by topping this tower with a conventional evaporative tower. The results
are shown in Fig. 6.17. Using wet topping there are savings obtained but

still are not cost competitive with conventional wet--dry towers.
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HEAT REJECTION RATE ( 1010 BTU/HR )

MIDDLETOWNN SITE 1094 MiWe NET CAPACITY NUCLEAR PLANT

FIG. 6' 12

HEAT REJECTION CAPABILITY OF A 45% WATER MAKEUP MIT
ADVANCED WET/DRY TOWER.
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FIG. 6.13

HEAT REJECTION CAPABILITY OF A 50% WATER MAKEUP
MIT ADVANCED WET/DRY TOWER.

MIDDLETOWN SITE 1094 MWe NET CAPACITY NUCLEAR PLANT
ALUMINUM PLATE
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FIG. 6.14

HEAT REJECTION CAPABILITY OF A 55% WATER MAKEUP MIT

ADVANCED WET/DRY TOWER.

MIDDLETOWN SITE 1094 MWe NET CAPACITY NUCLEAR PLANT
ALUMINUM PLATE

TURBINE HEAT
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MAKEUP WATER FLOW RATE (MILLION GALLON/HR)

MIDDLETOWN SITE

1094 MWe NET CAOACITY NUCLEAR PLANT

0.7
0.5
0.3
45% MAKEUP
50%
0.1
55%
1 | | 1 o l | i 1
0 20 40 60 80 10

AMBIENT DRY BULB TEMPERATURE (DEG. F)

MAKEUP WATER FLOW RATE VS. AMBIENT DRY BULB TEMPERATURE

FIG. 6.15
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Chapter 7

Comparison with United Engineer's Study

As mentioned in earlier chapters one major task in this study is to
compare our results with those reported by United Engineers. This will be

done in this chapter.

According to United Engineers [2], galvanized steel plate is preferrable
to aluminum. However, the results in our study indicate that aluminum is
much more economical than steél, especially for low water makeups. Since they
only reported the results of optimization for steel, we are only able to com-
pare these results for the MIT advanced wet/dry tower concept using steel

plates.

A comparison of the optimum design parameters for a 507 makeup tower
system between these two studies are shown in Table 7.1. Note that the results

are rather comparable.

The cost breakdowns are compared in Table 7.2 We see that the capital
costs of the condenser and cooling tower in these two studies are close.
However, the costs of the water circulating system in our study is much higher
because piping design is considered in detail. On the other hand, only main
circulating pipe cost was considered in United Engineers' study. Our piping
cost included main pipes, tower distribution pipes, risers, as well as all
pipe fittings. As a result, our power production cost is higher than United

Engineers.
The penalty cost in this study is essentially the same as United Engineers.

In comparing the capital cost of the cooling tower per square foot of
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plate area, we see that it is $1.8/ft2 for United Engineers and is $2.3/ft2

for this study. Therefore, it is 30% higher in this study.



-36-

TABLE 7.1 - Comparison of Optimum Design Parameters

between United Engineers and this study for Middletown

Water Makeup (%)

Design Ambient Dry Bulb Temperature (°F)
Design Ambient Wet Bulb Temperature (OF)
Design Turbine Back Pressure (inch HgA)
Design Heat Rejection Rate (Btu/hr)
Plate Spacing (inch)

Packing Plate Width (ft)

Plate Height

Air Flow Rate (1b/hr)

Water Flow Rate (1b/hr)

Number of Water Channels per Plate
Total Number of Plates

Evaporative Heat Transfer/Convective Heat
Transfer at Highest Ambient

Gross Output at Pmax, MwWe
Net Output at Pmax, MWe
Annual Makeup Water (gall)
Fan and Pump Power (MWe
Design Water Range (°F)‘
Design Approach (°F)

United Engineers

50
99
77
5
7.25x10
1.00
7
30

not clear

9

unknown
not clear
78120
61%/31%

1048.4

1025.4

21.58x108
23.03
unknown

unknown

This Study

50
99
77
5
7.25x10
1.00
5.86
28
5.90x10%
2.95x108
33
93728

9

64.9%/35.1%

1047.2

1025.0

21.58x108
23.81

24.6

27.1



-37-

TABLE 7.2 - Comparison of Cost Breakdowns

between United Engineers and this Study for
Middletown for Steel Plate

All the costs are in million dollars except last three items

Cooling System Capital Cost:

Condenser

Piping and Pumping

Cooling Tower. (Plates, Fan, Structure
and Foundation)

Electrical Equipment
Indirect Cost
Total Cooling System Capital Cost

Penalty Cost:

Capacity

Fan and Pump Power

Replacement Energy and Auxiliary Energy
Make-up Water

Cooling System Maintenance

Total Penalty
Incremental Power Production Cost (mills/Kwhr)
Incremental Power Production Cost (%)

Cooling Tower per £t of Plate ($/ft2)

50% Water Makeup

United Engineers

14.74
11.36

33.91

4.92
16.23
81.46

27.36
13.82
15.69
3.20
4.24

64.32
3.80
11.7

108

(Elect, Equip.
not included)

(Fan & Pump)

This Study

14.94
23.77

35.17

35.17
20.50
102.50

27.08
14.29
16.22
3.20
5.37

66.16
4.33
13.4

2.3

(Elect. Equip.
not included)
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Chapter 8

Sensitivity Study

The cooling plates in the MIT advanced wet/dry concept are not curfent—
ly offered by manufacturers. Therefore, the cost of these plates is un-
certain. In the base case study, the total plate cost is assumed to be twice
the plate material cost. However, if the cost changes the results of optimi-
zation would also change. Therefore, a sensitivity study of the plate cost

is necessary and is given in this chapter.

The sensitivity parameters are 2 and 3 times the base case plate cost for
the Moline site. The results are shown in Fig. 8.1 for .the fossil plant and
in Fig. 8.2 for the nuclear plant using aluminum plates. From these two figures
we can see that the MIT advanced wet/dry concept would entirely not be cost
competitive with conventional wet-dry towers only when the plate cost is more
than two times the base case cost. Although the plate cost is rather uncertain
at this step, it is very unlikely that the plate cost would be more than twice
the base cost. Hence, this MIT advanced wet/dry concept is economically rather
encouraging. Of course, a lower plate cost would make this MIT concept further

favorable.
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Chapter 9

Conclusions and Recommendations

9.1 Conclusions
This study has determined the cost of the MIT advanced wet/dry cooling

concept in both fossil and nuclear power plants. Aluminum is superior to
galvanized steel as the cooling plate material. In our base case study for
the Middletown site 1094 MWe nuclear plant and using aluminum plates, the
MIT concept is slightly more economical than conventional wet+dry towers at
water makeups larger than 50%4. For a 55% water makeup system, for instance,
using the MIT advanced concept reduces the incremental power production cost

from the conventional wet-dry towers by about 0.15 mills/Kwhr.

In our base case study at the Moline site, for an 800 MWe fossil plant
the MIT advanced wet/dry tower with aluminum plates is more economical than
conventional wet-dry towers when water makeup is larger than 277%. For makeups
of 25, 37 and 50 percent, the optimum power production costs are 23.88, 23.33
and 23.01 mills/Kwhr, respectively, crmpared to 23.82, 23.70 and 23.6 mills/
Kwhr. for conventional wet-dry towers. When these are compared to 20.8 mills/
Kwhr. for zero-condenser system, the incremental costs for makeups of 37 and
50 percent using MIT advanced wet/dry instead of conventional wet-dry would

be reduced by 13 and 21 percent, respectively.

For a 1200 MWe nuclear plant the MIT advanced wet/dry tower with aluminum
plates is more economical than conventional wet-dry towers when water makeup
is larger than 30%. For makeups of 30, 40 and 50 percent, the optimum power
production costs are 24.45, 23.80 and 23.53 mills/Kwhr., respectively, com-

pared with 24.95, 24.84 and 24.75 mills/Kwhr. for the conventional wet-dry
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towers. When these are compared to 21.1 mills/Kwhr for zero-condenser system,
the incremental costs for makeups of 40 and 50 percent using MIT advanced
wet/dry instead of conventional wet-dry would be reduced by 28 and 33 percent,

respectively.

Our sensitivity study indicates that only when the plate cost is higher
than twice the base case cost would the MIT advanced tower entirely not be

competitive with conventional wet-dry towers.

Soon the water shortage problem would be common in the electrical power
industry. If this is the case, then the MIT advanced wet/dry cooling tower

concept provides the utility a useful tool in the heat sink problem.

Recommendations

Pressure drop measurements were not experimentally done in the previous
studies. In future work, this should be performed and compared with theoretical
results. The thermal performance of the MIT advanced wet/dry tower presented
in the previous chapters have to be verified by operating such a cooling mod-
ule in existing plants. Finally, the cost of manufacturing the packing plates

has to be ascertained before this cooling concept can be recommended for vendors.
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Appendix A

Plate Cost

In 1979, the material cost of 0.025 inch thick aluminum plates is
$0.45/ft2. The total plate cost is assumed to be twice the material cost.
It is the sum of plate material, manufacture and erection costs. There-
fore, it is $0.90/ft2. Allowing 10% for the contractors profit and 4% for
shipping, then the total direct cost is $1.03/ft2. This is $0.81/ft2 for
galvanized steel plates of the same thickness. To estimate these costs in
years other than 1979, an inflation of 7% per year is allowed. Cost algorithms

of other cooling system components are given in Ref. 1.
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Appendix B
Computer Pkogram Lesting

The computer program with input data for the 1200 MWe nuclear plant at
Moline site is given. Also, several samples of the computer ourput are
presented. To execute this program for the 800 MWe fossil plant at Moline,
some numerics have to be changed. 1In the data inputs, turbine heat rates

7777,7782,7789,7809,7841
at lines 5 and 6 have to be changed to { 7882:7930,7984,8012,8040 .
The value of boiler efficiency EFFE in line 22 has to be changed from 1.0
to 0.9. In line 24, the number representing the plant capacity 1200, has to
be replaced by 800. In line 25, the numbers 0147, 600 and 200 rupreseat the
fuel cost, plant cost, turbine-generator cost and steam-generator cost, re-
spectively, they have to be replaced by 0.90, 500, 167 and 167, respectively.
In line 93 to 95, the numbers are turbine heat rates, they have to be replaced
by 7770, 7770, 7770, 7770, 7777, 7783, 7789, 7800, 7809, 7825, 7841, 7862, 7882,
7907, 7930, 7955, 7984, 8012, 8040. In the main program, to determine the make-
water requirement in the statement AWLOSS = AWLOSS x 7.48 *100./(62.4%5.9628E09)

the number 5.9628EN9 has to be replaced by 2.6187E00 hecause this is the all-

evaporative tower annual water makeup.

In subroutine POWER P, in the statement IEATIN = 3577.5 * 1000. * 3413.,
the number 3577.5 has to be replaced by 1861.8 because this 1s the heat source,
Also, in the statement PS1 NW = 1212.4, the number 1212.4 has to be changed

to 806.5 because it is the plant capacity at the turbine rating back pressure.



DIMENY ITUR ALE ANPL (9) ,ANG(T7) ,AMA(T7) ,AMLIN(7) ,WPACK (5) ,VAM(C)
DIMENSTUN TA /f,Anlx(l 1) AreR(L7) ,FUELCS (17) ,CCCBY(L7) ,ECCST(17)
DIMBENGIGN WLUSS(17)

DIMENSTUN ‘T30 (3),Lb1ibs (3)

CUMMON/1rTuw ]l / VAS (0) , REGHNY , JCONSG , XDEPA

CUtdimGin/isrwze/ 1CGL, DL Lava

CUMNMON/1 N3/ TSAL 1 iz, tD Wl

COMNLN/CUSTl/ CSTEMG,CkLy,CrirE,CCUND,CPUMP,CWDLS,CoTEN, CPLIMNNW,
1cusi,Crurs,CFAN,CEEY,CSCO0OL, CFUEL,CCSYS, CCWUC, OPCRIC
COMMUN/DLOWE/ M'1IUW,ANPL,DIANT,W3,W4,VEIR,
1Q1n,GREY, HRFAC, 14, il AN, NLY , FLOSS,
2DPCON, LPPIP,5CPCA, PrUuw, FPGH , XnPASS ,ILSH , AREAPS , XuTsS
* COMMUN/LTOWG/ CONK

COMMUN/DTOWS/ GRJIMX (4), PuiMX (4)

COMMON/INPUT]/ uRFACB,HRFELN,HRFMAX, T1MAX,TSMIN, TSHAX,TEFF,
117£0(13),65P1,BP2,EPS

CCulMiun/1NPUT2/ ECCUS,CCCOS,CAPF,FCOS,FCR,PSIZE,PLANC,STEANC,
1TURBC, PR, PYTURB, C5CCH,CWeCC, Cwy . CCr,SUFCC,SUPCP

COMMur/1inPUL3/ LFFP,EFFF,RFCOV,VELCCi, VELW, PFACT, EFFB
COMMON/INPUYS/ THRO1L (4) ,EFFNX (4)

COMNMON/1LNPULT6/ DIST,CU,GCF,CF,CkMPCL,CPMPC2,GPMPF, ARLAPF
1MoL, 11D, DFAN

COMMON/INPUT?/TII,TllST

COMMUN/PIPING/ IWP(23),DIA(23),CkC1(23),CPC2(23,2),CPC3(23),
ICKRC1(23),CRCZ2(23,2),CICl(23),C1C2(23,2),CE1CL(23),CE2C1(23),
2CE1C2(23,2),CE2C2(23,2) ,VALCS'Y'(23) ,FLCS51(23)
COMMUN/INPUTE/ITYRACK

COMMUN/ZINL/ i1 (lu) ikl (lo) ,QIiUR(10U) ,TLIN1T(10)
COMMUN/INS5/CSFPL, DENGPL

COMMON/INB/SP

COMMON/LOWY/ FF1,FF2,FAIR
COMMON/INA/TSTM (21) ,PSTM(21) ,HR(19)

ITRACK=y

ID=1 :

READ (53,77) (TsT(1),I=1,3)

READ(53,77)
REAL(53,77)
READ(53,77)
READ (53,76)
READ (53,76)
READ(53,67)
READ (53,67)

(TI1DS (I),I=1,3)
(T1T(1),1=1,5)
(T1T(1),1=6,10)
(HRIT(I),I=1,5)
(HR1T (1) ,I=6,16)
(TA(I),1=1,2)
(TA(1),1=3,17)

READ (53, 39) (Awluw(l),J=1,8)

READ (53, 39) (AWIN(1),

REAU (53,69)
READ(53,6Y)
REAL(53,69)
REAL(53,77)
READ (53,77)
READ(53,77)
READ(53,77)
READ(53,77)
READ(53,45)
READ(53,77)
READ(53,70)
REAL (53,77)
READ (53,7uv)
READ(53,77)
READ(53,77)
READ (53,77)
READ (53,77)
REALD (53,72)
READ(53,72)
REAL (53,77)
READ(53,44)
READ (53,44)

1=9,17)
(IPER(1),1=1,2)

(EPER (1) ,I=3,10)

(TYER(I),1=11,17)

(EFFNX(I),I=1,3)

(PHRGTT(I),1=1,3)
DiST,CU,GCF,CF,GPlPF , AREAPF

T115T

TOD, TID,CFAN

CPMBEC1,CPiEC2

VELCCH, VELw , PFACT

VAS (1),Vas (2),VAS33T,VAS (4),VAS (5),VAS (6)
TEFF,EFFP,EFFF, XDEFA, RFCOV, EFFB, CSCCM
CwUCC, CwyuCOP, SUPCC, SUPCP

PSIZE,PER, PITURB

FCOS,FCR, PLANC , STEAMC, TURBC, CCCOS , ECCOS , CAPF
TSTAR,TEND, TSATST, TSATEN
BP1,BP2,BP3,HRF%IN, HRFMAX, HRFACB
(LPO(I),I=1,8) ‘
(TPO(I),I=9,13)
1TD2,TITDMX, 1'SMIN,
(LIA(I),I=1,12)
(LIA(I),I=13,23)

T14AX



READ(53,41)
KEAL (53,41)
READ (53, 41)
LREAL(53,42)
READ (55,47)
READ (53,42)
READ(53,4%2)
READ(53,42)
READ(53,42)
REAL (53,4¢)
ReAD(53,4%2)
KEAL (52,42)
KEAD(54,42)
KEAL (55,42
READ (53, 4%)
REAL(53,432)
REAL(55,43)
READ(53,43)
READ(53,43)
REAL(53,43)
KuAb(53,43)
KEAD(53,43)
READ(53,43)
READ(53,43)
REAL (53,43)
READ(53,43)
REAL (53,43)
REAL (53,43)
READ(53,43)
READ(53,43)
READ(53,43)
KEAL (53,83)
READ (53,43)
REAL(53,43)
READ (53,43)
KLAL (53,43)
READ(53,43)
RLAD(53,43)
READ(53,43)
REAL (53,43)
READ (53,43)
KEAD (53,43)
READ(53,43)
READ (53,43)
READ (53,43)
READ(53,43)
READ (53,43)
READ(53,43)
READ (53, 43)
REAL(53,43)
READ(53,43)
READ(55,43)
READ (53,43)
READ(53,43)
REAL(53,43)
REAL (53,43)
KEAL(53,43)
REAL (93, 54)
REAU(S3,77)
REAL (53,77)
READ(53,76)
REAL (53,76)
READ (53, 76)
READ (53,77)
READ (53,77)

(iwk(1),I=1,19)
(LwP(1),1=11,249)
(L (l),l=21,23)
(CrC3(L),1=1,1u)
(CpC3(L),1=11,2u)
(CrC3(4),1=41,23)
{(CPCL(i),I=1,10)
(CpCL(I),1=11,24)
(CeCl(l),I=21,23)
(Crl2(l,1),1=1,1b)
(CECZ(L,1),1=11,23)
(CoT2(i,1),1=21,22)
(CPC2(i,2),i=1,1u)
(CPC2(1,2),1=11,2J)
(CyC2(1,2),1=21,23)
(CrCi(l),I=1,8)
(CrC1{L),I=9,16)
(CRCI(1),I=17,23)
(CRC2(1,1),1=1,86)
(CxC2(L,1),1=Y,10)
(CwCe(l,1),1=17,22)
(CRC2(1,2),1=1,tb)
(CRC2(1,2),1=5,16)
(CRC2(1,2),1=17,23)
(crcl(l),1=1,8)

(C1C1(1),1=9,1¢)
(Civld(i), 1=17,22)
(C1c2(L,1),1=1,8¢)
(C1C2(1,1),1=9,16)
(CiCz(1,1),1=17,23)
(CIC2(i,2),1=1,8)

(C1Cz2(1,2),1=9,1¢6)
(CTCz(1,2),1I=17,23)
(CE1C1(1),1=1,8)
(CLIC1(I),1=9,16)
(CELICI(L),I=17,23)
(CuliC2(i,1),1=1,v)
(CelC2(i,1),1=9,10)
(CelC2(1,1),I=17,23)
(CelCe(1,2),1=1,¢)
(CE1C2(1,2),1=%,16)
(CelC2(1,2),1I=17,23)
(CE2C1(1),I=1,8)
(CE2C1(1),1=9,106)
(CE2C1(I),1=17,23)
(Ck2C2(I1,1),I1=1,8)
(CE2C2(1,1),I=9,16)
(CE2C2(1,1),1=17,23)
(CE2C2(1,2),1=1,8)
(Ce2C2(1,2),1=9,106)
(CE2C2(1,2),1=17,23)
(FLCST(I),I=1,¢8)
(FLC3T(1),I1=9,16)
(FLCST(I),I=17,23)
(VALCST(1),I=1,¢)
(VALCSY (L) ,I=9,106)
(VALCS (1) ,1=17,23)
Vol

CobbL, LENSPL

S

(hk(1),1=1,7)
(LR(I),1=38,14)
(HR(I),I=15,19)
(TsTM(1),I=1,8)

(13T (1),I1=9,10C)

READ (53,77 (vSiM (1) . I=17,21)

SIS -

e, 2 L SSRERIA A S




888
40
41
42
43
39
45
)
72
77
76
67
69
79

READ (53, 77)

ReAD(53,77)

(ESTM (1) ,1=0,8)
(rolTM(Ll),T=9,10)

REAL (S5, 71) (1ot (1), 107, 41)

(k. L)
Wi (v, 19)
WRITE (U, 07)
WRITL (U, t7)

(Y

Y tieh

(a0 (1),1=1,2)
{indl),1=5,17)

WRITE(0,3u) (AWIN(IL),I=1,8)
WRITE (6, 30) (AWIN(I),I=9,17)

WRITE (6,69)
WRITE(6,69)
WRITE (&, 0Y)
WRITE(6,77)
WRITE(G,77)
WRITE (0, 77)
WRITE(6,77)
WRITE(6,77)
WRY1E (6,77)
WRITE(6,76)
WRITE (6,76)
WRILE(6,77)
WRIYE (6,45)
WRITE(6,77)
WRITE (4, 76)
WRITE(6,77)
WRITE(6,70)
WRITL(6,77)
WRILIE(0,77)
WRITE(6,77)
WRITE(6,77)
WRITE (6,72)
WRITE (6,72)
WRITE(6,77)
WRITE (6, 39)
WRITE (6,77)
WRITE(6,77)
WRITE (6,76)
WRITE (6,76)

(LPER(1),I=1,2)
(YPeR(I),I=23,1u)
(TPLR(1),I=11,17)
(EFFMX (1) ,I=1,4)
(THRCIT (L) ,1=1,4)
pleT,Cu,GCF,CF,GPHPF , AREAPF
P11ST
(1r1w(1),1
(117(1),1
(HR17 (1),
(HR1T (1), I
YOL, TID,DFAN

CPHPCL,CrRAPCZ

VELCON, VELvi , PFACT

VAS (L) ,VAS (2) ,VAS33T,VAS (4) ,VAS (5),VAS (6)
YEFF, EFFE, EFPF, XDEEA , RFCOV, EFFB, CSCCM

ChUCC, CWuCur, SUFCC, SUPCP

F51ZE, PEK, b1TUKS

FCUS, FCR, PLANC, STEAMC, TURBC, CCCOS , ECCOS , CARF
TSTAK, TEND, i SALST, TSATEN
BP1,BF2,BP3, ERFMIN, HRFI;AX, HRFACB
(TPO(I),I=1,8)

(TPO(I),I=9,13)

T'PD2, TITDMX, ISMIN, TIMAX

WIN

CSFPL,DENSPL

sSP

(HR(I),1=1,7)

(KR(I),I=8,14)

WRITE (6,76) (4R(I),I=15,19)

WRITE(6,77)
WRITE(6,77)

(ISTM(L),I=1,8)
(TSTH(I),I=9,16)

WRITE(6,77) (18UM (1) ,1=17,21)
WRITE(6,77) (PSTM{I),I=1,0)
WRI'QE(6,77) (PSTM(1),1=9,16)
WRITE(6,77) (PSTM(I),1=17,21)

WRITE(6,76)

VAS (1) ,VAS (2) ,VAS3ST,VAS (4) ,VAS (5) ,VAS(6)

FORMAT (12F6.9)
FORiHAYL (1UFE. 4)
FORMAT (1uF8.2)
FORMAT (L4F&.2)
FORMAT (LUF8.5)
FORHAT (5F16. 4)
FURMAY (6F19.2)

FORHUAT (vF lus,

7)

FORMAY (EF10. 4)

FORMAT

(8Flu.1)

FORMAT (15F5.1)
FORMAT (1luFlu,.7)

FURMAT ('1")
TD=TSTAR

TSALT=TSATST

WRITE(6,81) 1D

FCRMAT ('vDESIGN DRY BULB TEMPERATURE TD ='
WRITE (6,77) VAS (4)

VAS (3)=VAS3ST

WRITE(6,76) VAS (3)

555

81 ,F8.3,"' DEGREE F')

666



444 TI1TD=1{3ATT-11IDz-iD

121 WRIPE(G,1bl) wiluls

161 FORMALLI(' DESiGw ILD=',F7.3,' DLGREE F')
TPLIN=TSATTI-11002
ToAT=18nil
CALL ruwiLhpP(VAS (1) ,VAS(2),Va5(3),VAS(4),Vvas(5),VAS(6))
wRi1L($,77) FFPLI,FF2,FALK
wrlik(€,77) LELra,FAIR,FLCSS
CAPLI=CCHYSHLoThANACTURDBHCFLV W
IF(lL.eu.l) GU 1o S99
whlab (C,ed) Lo, NFAN

64 PUKALY (Loa, ' wGSiEr OF MOLic CIRCULATION LInks=',I2/1uX, "'d0HEER UF

1P = ,10)
Whilvn (G,e5) wind
65 Fukeid (lvd, ' DLSICGR henl REJECTION RATE =',E15.5,' BIU/ER')
WRITE (6,74) o.oCh, ANPT
74 FORMAT (lu&,' WUFMBER CF wEI/LRY 1OWERS =',I5/1uX,
1" KUMBER GF “CODULES PER 1OwbK =',F6.1)
WRITE (6, 6&) DEPLIP,CPCON,PPUN,FPOW ]

88 FOKMAT (1uX,' PiES5SURE LRCP OF pPIPING SYSTEN =',Fl0.3,' FEET tH20'/
1lua, ' PRESSURL LerSP THRUUGH CUNDENSER =',Flo.3,' FLiET H20'/
21vX,"' PUMrPInG POWER =',E10.3, ' MWE'/luX,' FAN POWER =',6El$.3,
3' MWE')

WRITE(6,97) XNPASS,TLSH,AREAES,XNTS,W3,W4
87 FORMAT (LuX,' NUMBER OF COnDENSER TUBE PASSES =',Fl0.4/1UX,
1' LENGTH OF CONDENSER SHELL =',Flv.4,' FEE1'/1uX,
2' HEAT 1KRANSFEK ARLA PER CUMDENSER SHELL =',E15.5,' FI2'/1uX,
3' NU&BER OF CONDENSER TUBES PER SHELL =',E15.5/106X%,
4' WATER FLOW RATE =',E15.5,' LB/HR'/1luX,
5' AIK FLCGW RAYTE =',E15.5,' LB/uUR'")
WRITE(6,82) HRFAC,T4
82 FOKRMAL (10X,' DEsIGN HEAT RAYE FACTOR =',F7.4/1UX,' LTOWER EXIT
1AIR TEMPERATUKRE =',Fb.3,' DEGREE F')
WRITE(6,83) VAIR
83 FORMAT (luX,'DLSING AIR VELOUCILY =',Flw.3,' FT/SEC')
WRITE(6,86) CPIPLE,CPUMP,CCOLD,CwDYS,CSTFN,CFAN,CEEYR
g6 FORMAT (luX,' CAPITAL CCS1 uF pIPING SYSTEM =$',El2.5/10X,
1" CAPLITAL CO3T OF ¢UMPING oYsULM =$',E12.5/1uX,
2' CAPITAL CUs1T UF CONDENSER =$°',E12.5/1uX,
3' CAPIVAL CCS1T CF HEAT EXCLANGEK =$',E12.5/1uvX,
4" CAPIVAL CUsl GF TOWER STRUCTURE AND FOUNCATION =$',E12.5/1uX,
5' CAPITAL CGCS1 OF FAN SYS1EM =5',E12.5/10X%,
6' CAPILYTAL CC3T OF FAN SYSTEN ELECTRICAL EQUIPMENT =$',E12.5)
WRITE(6,8w) CCSYS,CeLNnw,CFUEL,CSTEAM,CTURB
8y FORMAT (luX,' '1OTAL DIRFCT AKD INDIKFCT COST OF CCOLING SYSTEM =$'
1,612.5/1vX,"' PUWER PLANY CUNSTRUCTION COST =$',E12.5/18X,
2' FULL CCS1 AT DESIGW POINT =3',E12.5/10X%,
3' CAPITAL COST OF ADDITIUNAL SCEAM SUPPLY SYSTEM =$',E12.5/18X,
4' CAPILAL COST OF EXTRA TURPRINE =S$',E12.5)
999 WRITE(6,1u2)
luz FOKRMAT(5X,' TDB',luX,' TSAal',8X,' 1ID',luX,' ITD',2X,' NET POWER'
1,5X,' FkACTION CF FULL-',2X,' ENERGY CHARGE',16X,' WATER LOSS'/
266X,' LUAD THRCITLE')
DC 178 1=1,2
POWMX (1) =QIN*VHROTY (L) *EFFMX (L) /(3413.%1820.)
QRIMX (L) =QIN*IHRUT'T (L) * (1. -EFFMX (1))
178 COnNTINUE
LO 17w 1=1,1v
QIUR(I)=QIN*(1l.-34135./H8HR1T (1))
TLINIL(I)=111 (1) -QTUR (L) *CUNK
17¢ CUNVINUE
AFUEL=U.
ACSEC=d.
AWLUOSS=u.
Till=r1l1lsT
DO 3 1=2,17
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CALL PLEORE (TA(L),anit (L) APER(L),LUCST (L) ,CClsT (1), FUELCo (L),
IWLuss (1))

AFUEL=ArUELY FUELCS (1)

ACSEC=ACSEC+ECCST (1)

AWLUS3=AnLOSS+WLOSS (1)

3 CuwtInUE

CAFAC=CCCST (17)

H20C=AWLOSS*7.48%0,206/(62.4*1bun. )

ACAPIT= (CAPIT+CAPAC) *FCR

AOPER=COSH4CAPAC*EER+AFUEL+ACSECH OPCHQC+H20C

ACAPCS=ACAPLT/ (876:.*CAPF*PSIZE)

AGPCS=AOPER/ (6766 . *CALT*PoT14E)

ANNCC5=A0PCS+ACAECS

AWLUSS=ANLOS5*7.48%10u./(62.4%5.56285469)

WRITE(6,87) CAPAC,ACSEC,AFUEL,ANKCCS, AWLOSS

87 FURMAY (luX,' CAPITAL COST OF REPLACELMENT CAPACITY =$',E12.5/1uX,

1' REPLACEMENT ENERGY CGST =$',E12.5/19X,

2' ANGUAL FUEL COST =$',E12.5/1uX,

3' POWbR PRODUCTION COST =',F12.4,' MILLS/KW-HR',
410X,' ANNUAL WATER LOSS=',F12.4,' %')

VAS (3) =VAS (3) +6.

IF(VA3(3).LE.45.) GG U 666

222 VAS (5)=VAS (5)+iduuvi. '

IF (VAS (5) .Ey.30uy9.) GO TO 222

IF(VAS(5).LE.4u¥ddJ.) GG TO 555

PSAYI=TSATT+1u. '

IF (ISATlt.LE.TSATEN) GO TO 444

TD=1D+1v.

IF(rD.LE.TEND) GO 10O 555

STOP

END

SUBROUTINE POWERP (AL,ANPL,ANG,ANA,AMLIN,WPACK) .

DIMENSION GpPMA(196),NLA(1¢d),VELA (104),DIAA(19d),PIPCSA(163),
1VCSA (104) ,CRCAL (165) ,CRCA2(13d) ,TwPA (1d9) ,CPC3A(165),TCSA(16u),
2PIPCA(1luUv),RECCA(lub),TCA(100),DPRA(104),CPA(169) ,EL1CSA(106), .
3EL2CSA (lus) ,ELA (1vd) ,FLCSA(102)

COMMON/DTCW1/ VAS (6),KCONV,JCCNS, XDEPA
COMMON/DTUW2/ TCOS,DELPA

COMMON/DTOW3/ TSAT,1TC2,1D,WIN

CCMMON/COST1/ CSTEAM,CPLN,CPIPE,CCOND,CPUMP,CWDYS,CSTFN,CPLNNW,
1CUSM, C1'URB, CFAN, CEE(, CSCCOL, CFUEL, CC3YS, CCWQC , CPCKQC
COMMUN/DLONE /MTCW , AMPT , DIAMT, W3, R4, VALR,
1QIN, YREJ, HRFAC, T4, NFAN, NLH, FLOSS,
2DPCON,DPPIP, 5CPOW, PPOW, FPOW, XNPASS , TLSH, AREAPS , XNTS

COMMON/D'TOW6/ CCONK
COMMON/INPUT1/ HRFACB,HRFMIN,HRFMAX,T1MAX,TSMIN,TSMAX, TEFF,
1TPO(13) ,BP1,BP2,BE3
COMMON/INPUT2/ ECCOS,CCCOS,CaPF,FCOS,FCR,PSIZE, PLANC,STEANC,
1TURBC, PER, PI''URB,CSCCM, CViGCC, CWQCCP, SUPCC, SUPCP
COMMON/InrUT3/ EFFP,EFFF,RFCGV,VELCOW, VELW, PFACT, EFFB
COMMON/ [pUL6/ D184,CU,GCF,CF,CenPCL,CPIHPC2, GPUEF , AREAPF,
1TOL, 11D, LFAN
COMMON/ INPUT8/ITRACK
COMGN/D1TUWY/ FF1,FFZ,FAIR
COMMON/IN5/CSFPL, DENS PL
COMMUN/IN8/SP
COMMON/INA/1STM (21),PSTM (21) ,HR(19)

KCOWV=u
CALL TABLE (TSAT,TSTH, PSTM, 21, P)

CALL TABLE (¢,PSTM,HR,19, HRATE)

HRFAC=HRATE/HR (15)

TEFFM=3413./HRATE
HEATIN=3577.5*1udg.*3413.

POUT=HEATIN*TEFFNM/ (3413.%1d98.)

QHEAT=HEATIN
QREJ=CHEAT* (1. ~TEFFM)



TOUT=TsAT=11LC2
TLl1iv=1CUT
56 CALL WL10W (aAL,ANSL, ARG, AMA,1D,WIN,AMLIN, ILIN,wPACK, RANGE,
1LREIN, DMLM, Td, 1)
IF (CREJm.EQ.v.) GU 10 19
ANCid=(REJ/UREJ¥
1w L=ANGA*DILM

2¢¥ TIN=TGUI-RANGE
THEAR= (TIN+ICUT) /2.

CENM=EXP (1. 3656E-4*iMEAN+®S . 1413)
TF (KANGE . LE.u.) GO T0O 13
Wi=urbEd/RLNGL
GraCun=ni*7.48/ (0o *DELM)

Xinbu=2.

GPUSH=GPYCUN/ANSH
TDLM=RANGE/ALCG ( (RANGE+1TD2) /iTDZ)

59 1F(TIn-~lvo.) 66,6u,61

6Y IF(TIN.LT.75.) GG 10 67
1CF=1, w34, Ju2E* (LIN-75.)

GO TO 62

67 TCF=-J.,1%4+u,0275*TIN=-G.Ugu15*LIN**2
GO TO 62

€61 TCF=1,lo+u,661888%(TIN-108.)

62 US=CU*3QRT (VELCON) *TCF*GCF*CF
AREAPS= (JREJ/XNSH) / (US*1DLM)
TL=AREAPS*VELCCN*GPMPF/ (AREAPF*GPMSH)
XNPASS=1,

IF(TL.GI.55.) XNPASS=2.
TLSH=TL/XNPASS
XNTS=XNPASS*AINT (GPHSH/ (VELCON*GPMPF) +0.5)
CALL DELP (TID,VELCON,TMEAN,PCONT, 1)
DPCONT=PCONT*T'L
DPENT=(~&.06334J,03766*VELCON+6.G1133*VELCON**2+p, 6BP3333*VELCON
1*%*3) *XNPASS
DPWB=(-%,143449y,u4204*VELCON+Y . 01733 *VELCON**2) *XNPASS
CPCON=DPENT+DPWB+DPCONT

63 CALL SUFCON (TL3H,XNTS,AREAPS, XNSH,CCOND)

SCrOW=50rCP/1bL.
CS$COOL=50PCC

21 W4=ANGM*AMA*AL* (ANPL-1.)*SP/12.
GO TO 11

16 KCOnv=1
KETURN

11 GPMIUT=W3*7.48/(60.%62,)

CALL PIPE(1,GEMTOT,NLTCT,VELTUT,DIATOY, PIPTCT,VCSTOT,DUMY,CUMMY,
1DUM,DUMN, TCS'LUT, ELITCTE, EL2TCT, FLCTOT)

IF (NLTUT.L1.5) GO 19 39

GU TO 1¥

39 XTOW=2.*NLTOT

46 AMPT=ANOM/XTOW
ELENI=AMPT*Sp* (ANPL-1.)/12.

DIAMI=ELENI/3.1416
IF(DIAMI.GT.35¥.) GO TO 41
IF(DIAMI.GT.3u.) GO 10 42
DIAMI=33.

GO 1C 42

41 XTOW=XTOW+2.*KLTOT
GO TO 44

42 MTOW=XTOW

43 MTOW=XTCW

44 NXTOW=MTOW/2
DIAMO=DIAMI+Z. *WPACK
DIANMT=DIAMI
GPNMM=GPMICT/NLTUTL
NFAN=3.1416*MTOW*DLIAMY/ (2.%32.)

NLM=NLTGT :
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45

71

72

73

74

Tu
99

91
92

93
94

95

97
98

GPUR=GCriib/ (22w X1TUW)

PlbPLn=u,

LPlPA=u.

KFCS1A=u.

1CsIh=u.

ELCSTA=u,

DU Tu 1=1,NX1CW

GPAA (1) =GPHN=-2*% (1=1) *GIHMR

CALL pPiPE(Ll,CPMA(LI),NLA(L),VELA(I),DIAA(I),PIPCSA(L),VCSA(TI),
1CRCAL(1),CRCaZ (1), iwrn(I),CPC3A(I),1C8A(I),ELICSA (L) ,EL2CSA(I),
2FLCSA (1))

PIPCA(1)=PIPCSA(L)*1.5*DIANT*2

IF(I.GT.1) GO w0 71

REDCA(I)=w.

GO TO 72

REDCA(I)=2.* (1WPA(I-1)*CRCA1(I-1)+CRCA2(I-1)+1.67* (1. +DIAA(I 1)
1/DIAA(L))*CPCIA(I-1)*DIAA(I-1))*1.1
IF(I.EQ.NXTOW) GO TO 73

ELA(I)=v. -
TCA(I1)=TCSA(I)*4

GO TO 74

TCA(I)=1CSA(I)*2

ELA(I)=EL2C3A(1)*2

PL1PEA=PIPEA4PIFCA (1)

1CSTA=LCSTA+1CA (1)

ELCSTA=cLCSTA+ELA (1)

RFCSTA=RECS 1A+KECCA ()

CALL DELP(ULIAA(L),VLLA(I),1TMEAN,DPRA(I),2)
DPA(I)=DPRA(1)*L.5*DIAM1I*2,.*%1,45
DPIPA=DPIPA+DFA (L)

CONTINUE

IF(NLM-1) Y4,94,91

ELCSTA=ELCSTA

GO TL 98

IF (NLM=-2) 9$2,92,93

ELCSTA=ELCSTA+4*EL1CSA(l)

GO TO S5

IF (NLM-3) 94,94,95

ELCSTA=ELCSTA+8*ELICSA(1)/3

GO TO 98

IF(NLM-4) 96,96,97
ELCSTA=ELCSTA+4*EL1CSA (1) +EL2CSA (1)

GO 10 98

ELCSTA=ELCSTA+4*EL1CSA(1)+Y.8*EL2CSA (1)
TLR=4*DIAMNT*NXTOW/6

CALL pIPE(1,GPMR,NLR,VELR,DIAR,PIPCSR,VCSR,CRCR1,CRCR2, TWPR,
1C¥PC3R,TCSK,EL1CSR, ELZCSR,FLCSR)

PIPCR=rPIPCSR*TLR

TCR=TCSK*2Z*NXTOW*2

CALL DELp(DIAR,VELR,TMEAN,DPRR,2)
DPR=DPRR*LIAM1*2,/6.

GPMH=GPMR/4.

CALL EIPE(1,GP¥H,NLH,VELH,DIAH,PIPCSH,VCSH,CRCH1,CRCH2, TWEH,
2CPC3H, 1Cbﬂ,nLlen ELZCsH,FLCSH)

PIFCH=PLPCSh* (3. 5*DIAMI*2.+AL)*2.*NXTOW
YCH=TC5H*q *4 *NXTCW

VCH=VCSH*16*NXTOW

FCH=FLCSH*NX1TOW*32

EL1CH=ELICSH*Z2*4 *NXIOW

EL2CH=ELZCS56i*24*XTCW

CALL DELP (DIAH,VELH,TMEAN,DPRH, 2)
DPH=DPRa* (2. *DIAMI+AL)*1.45
DPPIP=DPIPA+DPRA(]1)*2.¢*1,45* (DIS1-DIAMC)+DPR+DPH
CPIB=PIPEA+PIPCSA(1)*Z. ﬂ*(DISI—DIAMU)+PIPCR+PIPCH
CPTCI=NLTUT*CrIB

CRFCE=NLTOT*RFCSTA
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CT=NLTCT* (I'CSTa+ICR+1CH)
CELEw=(EL1Ci+ELZCh+ELCSTA) *NLTOT

CVALV=VCH*NLTCY

CFL&=FCH*NL1GCi
CEIrE=CrIul+Cr+CELEW+CRFCE+CVALV+CFLN
AREAT=3.1416*D1A%0I**2/4

AV4AR= (T4446u. )/ (ID+460.)

AVMAR= ((T4+1IL)/2,4463.)/{1D+46u.)

DBEYD=4.*AL*3P/ (2. * (AL+5P/12.))/12.
FAIR=SQRI (0.5% (FFL**24FF2%%2))

AATL'= (T4+1D) /2.

VA=53,35% (AAT+460.)/(14.7%144.,)

VE=VA*AMA* (ANpPL-1.) *aAL*SP*ANMPT*410W*4./(12.%3.1416%
1NFAN*36ud. *DFAN**2)

AFRON=AL*SP* (ANPL-1.)/12.

GALR=AMA

VAIK=GAIR*Va/36490. : )
DELPA=4.*FAIR*wPACK*VAIR*VAIR/ (64.4*VA*DHYD)
SIGl"lﬂ=l. w

FLOSS=(1.,-KFCUV) *VE*VE/ (64, *VA)

HPAIR=W4*VA* (DELPA+FLOSS) / (36ub.*550.) : _
FBHP=HPAIK/EFFF H
CALL FANSYS (FEHr,NFAN,DFAN,CSTFAN)
CFAK=CSTFAN*NFAN ' :
CALL ELECEy (FRHP,NFAN,CEQFAN) : F
HPWAT= (DPPIP+DrCON+AL) *%3/ (3685 .*558.)

PBHP=HPWAT/EFF 2

PPOW=PBHP/1341.,

CPUMP=CPMPC1l+PPCW*10dy ., *CPMPC2

CEEC=CEQFAN

FPOW=FBHP/1341.

QIN=QHEAT

QREJ=QIN* (1.-TEFFM)

CONK=TTD2/QREJ :
CFUEL=FCOS*_IN*87€63.*CAPF/(EFFB*16000849.) [
C3TEAM=(PSIZE+yPOW+FPOW+SCPOW) *HRFAC* (HRFACB-1.) *STEAMC*1004. ]
1/HRFACB ]
CTURB= (PS1ZE+PrOW+FPOW+SCPOW) *HRFAC*1803 . * TURBC*PTTURB/HRFACB
CPLN=PLANC*P3IZE*1udy,

PSIZNW=1212.4

CPLNNW=PLANC*PSIZNW* 1001,

AREAT=3.1416*DIAMO**2/4,

WIFAN=NFAN*706JY. A
WIwAI=62,%3,1416* (DIAMO**2-DIAMI**2)/12.
WIPP=1,4*AL*PACK*0.¥25%62. 4*DENSPL/12.

WIPLT=ANPL*AMPI*nIpP

WIRF= ( (WIFAN+wWIWAT) / (AFROUN*AMET) ) +40.
CSTFN=(u.2458*AREAT*AL*MTOW* (U.U63d5*WTRF+0.878) +0.019* (WI'PLT+
IWIWAT) +v. 82*AREAT*YTOW) *1.1

CCWGC=CWUCC*GPMTTT

OPCWQC=CiUCOP*SPMTOT [
CWDIS=CSFPL*AL* (viPACK+ANG*5./12./16.) *ANPL*AMPT *MTOW . ]
CCSYS=CSTFN+CWDTS+CFAN+CEEQ+CCOND+CPIPE+CPUMP+CCWQC+CSCOCL
CCSYS=CCSYS*1.2u*C5CCH

COSM= (CCSYS+C3TEAM+CTURB+CPLNNW) *PER

TCOS = ( (CCSYS+CHTEAM+CTURB+CFLNNKW) * FCR+COSM+
1CPCHWUC+CFUEL) / (PSIZE*8760.*CAPF)

341 RETURN ‘ f

END

SUBROUTINE WDTOW (AL,ANPL,ANG,AMA,TD,WIN,AML1N,TLIN,WPACK,RANGE,
1YREJM,DMLM, T4, 1P)

1HI5 COMPUTER rRUGRAM MODELS ‘fHE PERFORHMANCE OF THE M.I.T
CROSSFLOW ADVANCED WET/DRY COOLING 'LUWER BY MEANS OF A FINITE j

ELEMENT ‘CECHHIQUE, :

COMMON/ZTNBPUL B/ 1TIRACK
CORduR/ZI /o

SR X
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COMHOR/ING/SP

COMMON/INL/LDP , HD

INTEGER ALRAUN,AIRTEM,AIRFLU

REAL OUTAlK(54) ,0UTHUN(5w) ,COTLIG (5v) ,OULFLCG (5u) ,NU

REAL ®Kp,L,NG,NPL,MLIN,MLUUL,DATA(3v,3v,5) ,MA, NCHIX

LUGICAL LM1X

DA'TA YESMI1X/! Y/, NOMIX/'UN'/

LM1X=,FALSE.

PiuCh= (wPACK*12.+5./16.) /(aNG+1l,)

RIBHT=9.25 .

L=1z.*AL

NPL=ANFL

THETA=1l0.%

TP=u,025

KP=12%

NG=ANG )

MA=AMA* (ANPL=-1.) *AL*SP/(6u.U*12,)

TIN=TD -
MLIN=AMLIN/6U .U

P=3v.9

PACKW=12.0*WPACK

B=PACKW+NG* (5./16.)

ATOT=2,*B*[,

AWET=(5./16.) *NG*L

ADRY=AT0T~2,*AWET+L* (PACKW+5./16.)*2.*5.25/2.5
RATIC=AWET/ALRY

TdE FOLLUWING ARBI'TRARILY SELECIED 1WNLCEX IXX ESTABLISHES 'L'HE
NUMBER OF KCWS AND COLUMNS INTO WHICH 'YHE WHOLE PACKING SECTION
WILL Bt CDIVIDED FUR PURPUSES OF ANALYS1S.

IXX=5

Xa=IXX ,

THE NEXT FIVE CARDS DEFINE THE VALUES OF FIVE IDENTIFICATION
PARAMETERS FUR THE STORING OF INPUT PARAMETERS PER FINITE
ELEMENYT OF PACKING SECTIOUN.

LIQTEM=1

AIRTEM=2

LIQFLO=3

AIRFLO=4

AIRHUM=5

NEX1 CARD CALCULAIEb THE AREA FOR AIR FLOW INTO FINITE ELEMENT
OF PACKING.

AFABLK=L*NPL*SP/144./XX

THE NEXT STATEMENT DEFINES THE REFERENCE TEMPERATURE IN LCEGREES
ABSCLUTE.

To=TLIN+456.67

DO LOOP TG ASSIGN THE INLET CONDITICNS OF WATER AND AIR INTO THE
COOLING TGWER.

DO 11 I=1,IXX

DATA(l,I,LIQTEM)=TLIN+459.67

DATA(I,1,AIRTEM)=TIN+459,67

DATA(1,I,LIQFLO)=MLIi*6d./XX

DATA(I,1,AIRFLO)=MA*6Y./ XX,

DATA(I,1,AIRHUM)=WIN

CCn'I'INUE

IF STATEMENT TO ESTABLISH IF COOLING TOWER IS OF ''HE 71OTALLY
DRY KIND.

IF(RATIO.EQ.b.)ABLIU=U.

IF STATEMENT TU CALCULATE TOTAL AREA FOR CONVECTIVE HEAT TRANSFER
FROM WATER TO AIR PER FINITE ELEMENT OF PACKING.
llF(§ATIG.GT.U.) ABLIQ=B/(.5/RATIU+1.)*L*NPL/XX**Z.

/144,

IF(RATIOV.EQ.1.) ABLIQ=Z2.*B*L*NPL/144./XX**2,

ABDRY 15 YTHE DRY AREA PER FINITE ELEMuNT CF PACKING CN THE
SIDE OF YHE WATER CEANNELS CRLY.

ABERY=L*NPL*B/XX**2, /144, =2,.*ABLIJ

STATEMENT TO FIND EOUIVALENT DISTANCE BETWEEN CHANNELS.
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D=ABLRY/L*XX/NG*XX*12, /NFL

ABDRY=ABDRY+L* (PACKN+5,/16.) *u,25%2 ,*NPL/(2.5%144 . *XX**2,)
SOp=1.v

RIBl=REBHTI

CALL TG 5UBRCGUIINE HAN TO CALCULATE THE CCNVECTIVE HEAT TRANSFEK

COEFFICIENIS FOR 3ENSIBLE ARD EVAPORATIVE HEAT TRANSFER.
CALL HAN (RIB1l,5pP,L,NPL,P,TIN,MA,HDP1,SOP)
IF(BDF1.GE.3.) GO TG 15
HDbpPl=,ul
15 RIBZ=3.27ub
S0p=2.0U
CALL HAN (RIBZ,5P,L,NPL,P,TIN,MA,BDP2,S0P)
IF(HDF2.GL.¥.) GO TO 16
HDp2=.i1
16 HDP=(HDP1**2+4,iCp2*%*2)/ (KDP1+1iDPZ)
IF(HDP.GE.6.5) Li=HDpr+2.125
IF(BDP.LT.6.5) h=ubP+3.5¢
IF(iDP.LE.6.w) h=HDr+4.5u
" NESTED LU LuuP 10 DETLRMINE PROPERTIES OF WATER AND AIR AT THE

INLET AND OUTLEL OF EACH FINITE ELEMENY USING SUBROUTINE BLOCK
17 DO 33 J=1,1xX

DG 2z I=1,IXX

I11=1+1

JI=J+1

211 CALL BLULCK (LALA(I,J,AIRTEM),CATA(I,Jd,LICTEM),DATA(I,J,AIRHUM),

1DATA(1,d,LILFLU),DATA(L,dJ,AIRTEM) ,DATA(LL,Jd,LICTER),
2DATA(L,JJ,AIRHUN) ,DATA(I1,J,LICFLC) ,1XX,AFABLK, ABLIQ,AdDRY p,
30ATA(1,1,4),1e,KP, TP, RATICU,NU,H,D)

22 CONTINUE

33 CONTINUE
GCUTAIR,OUTHU#,OUTLIQ,AND QUTFLO.

OUTLET PRCPERTIES OF THE AIR AND WATER ARE STORED ALSO IN ARRAYS

OUTAIR,QUIHUM,0ULLIQ,AND OUIFLO.

DO 18 I=1,IXX

OUTAIR(I)=DATA(I,IXX+1,AIRTEM)-459.67

OUTHUM(I)=DAYWA(1,IXX+]l,AIRHUNM)

OUTLIQ(I)=DATA(IXX+1l,I,LICIEM)-459.67

OUTFLG (I)=DATA(1XX+1,I,LIQFLO)/63.
18 CONTINUE

FL=u.

AlL=8d.

DO LOOP 10 FIND TOTAL ATL AND FL.

DO 31 I=1,IXX

ATL=ATL+DATA (L1XX+1,1I,LIQTEN)

FL=FL+DATA (1XX41,1,LICFLO)
31 CONTINUE

QUTLET WATER MASS FLOW RATE AND QUTLET WATER TEMPERATURE ARE

COMPUTED.

MLOUT=FL/6Y.

1TLOUT=ATL/XX-459.67

J=LXX+]

CALL MIX TC FIND AVERAGE OUTLET AIR TEMPERATURE AND AVERAGE ’

OUTLET SPECIFIC HUMIDITY.

CALL MIX(DAIA,IXX,y,DATA(1,1,4),wW0U0T,TAV)

TOUTL=1TAV-459.¢7

TOTAL ENERGY TRANSFER FRGHM WATER.

QTOT= (TLIN-TLOUT) *MLOUT+MA* (WOUT<WIN) * (TLIN-32.)

TOTAL EVAPORATIVE HEAT TRANSFER FRCM WATER.

QEL= (MLIN-MLOUL)*(-.5942* (ILIN+460.)+1373.16

1 =(.249)* (ILIN-TCUL))

RATIO OF EVAPORATIVE HEAT 'TRANSFER TO TOTAL HEAT TRANSFER

URAT —QEL/HLUI *ldv.

NET CHANGE IN AVERAGE AIR TEMPERATURE.

DELT=TOUT-111

NET CHANGE IN AVERAGE WATER TEMPERATURE

DELTL=TLCUT~TLIN

4
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1

\cvu
C
\c¥
C
\c¥
C

\cé

\cd
\c#é
\c?
\ci
\cv
\cd
\c¥

\cv

PERCENTAGE OF WATER 'THAT VAPCRIZES.
FML= (MLIN-MLOUL ) /ELIN* LU0,
RANGE=1LLIN=-TLGOT
OREGM= 6w . w* 10t
VMLY=bd.o* (MLIN~-MLOOY)
PT4=10UT
44 OULMIX=NOMIX
IF (LM1X)OULMIA=YESMIX
FOLLOWING ARE '1HE STATEMENIS TO PRINT QUT THE RESULTS OF THE
MODELING.
IF(Ib.nE.1) GO TO 1luu
wnEIVTE(6,48) H,6Db,dD,nD
4% FORMAT (5X,' Hli=',Fo.2,"' liLk=',F6.2,' HD=',F8.2,"' HNU=',F&.2)
WKRITE (6,50 )RATIC,L,E, PAaCKW,NPL, NG, S5E, THETA
WRITE(6,60)1P,KP,Td,MA, P, TIN, TCUT,WIn,WOUT,MLIN,MLOUY
WRITE(6,7w)1LIN,TLOUY,CELYL, FML,DELT, UTOT, QEL , QRAT
50 FORWMAT (2X, 'TOWER GLUMEIKY' /2X, "WET-DRY SURFACE ',
¥'RATIU=',F6.3 /22X, 'PACKING HEIGHY=',6F7.2,' IN.' /2X,'TCIAL ",
*'HEAT 'TRANSFER SURFACE WiDTH="',F8.2,' IN.' /2X,'PACKING ‘',
*'WIDTH=',F7.2,"' IN.' /<X, 'NUMBER CGF PLATES=',F9.% /2X,'NUMBER',
*! OF CHANNELS PER PLATE=',Fb.2 /2X,'rLATE SPACING=',F5.2
*,' In.' /2X,'PLAYE AnGLE FROM VERIICAL=',F4.1,' DEGREES'/)
68 FORMAYT (2X, 'PLATE THICKNESS=',F5.3,' IN.' /2X,'PLATE CONDUCTIVITY
*=' F7.3,' BTU/HR FT F'/ 2X,'REFERENCE TEMPERATURE=',F7.2,
*' RY/ 30X, *INLET®,17X, 'OUTLET'/ 2X,‘'AIR FLOW RATE',6X,E%.3
*,' LBM/MIN'/ 2X,'AIR PRESSURE',YX,F5.2,' IN. HG'/ 2X,
*'AIR TEMPERATURE',S5X,2(F7.2," F',13X)/ 2X, 'HUMIDITY',13X,2(F2.6,
*) LBM/LBM',7X)/ 2X,'WATER FLOW RATE',4X,2(E9.3%,' LBM/MIN',6X)/)
78 FORMAL (<X, "wWATER TEMPERATURE',3X,2(F7.2,"' FP',14X)/// 2X,'WATER '
* , 'IEMPERATURE CHANGE=',F7.2,' F'/ 2X,'PERCENT WATER LCSS=',
*F8.2,' %'/ 2X,'AIR TENPERATURE CHANGE=',
*F7.2,' F'/ 2X,'TOLAL HEAT TRANSFER=',E11.3,*' BTU/MIN'//
*2X,'EVAPORATIVE HEAT TRANSFER=',Eil.3,' BTU/MIN'/ 2X,
*'PERCENT EVAPURATIVE HEAT TRANSFER=',F4.1,' %')
90 RETURN
END
SUBROUTINE HAN(RIBHT,SP,L,NPL,P,TIN,MA,HDP,SOP)

HAN1GUY

THIS SUBROUTINE CALCULATES THE HEAT TRANSFER COEFFICIENTS BETWEEN HAN239

THE AIR AND THE DRYAARBA OF THE PLATE USING THE J.C. HAN
CORRELATIOUNS FOR RIB-ROUGHENED SURFACES.
COMMON/INPUT8/ITRACK

CCMMON/IND/PI'ICH

COMMON/L'IOWY9/ FF1,FF2,FAIR

REAL L,NPL,MA,MUA,NUN,K,NLHP

TA=TIN+468.

DH=SP/6.0

AFA=L*NPL*SP/144.
ROA=(70.727*P)/(53.35*714)
VA=MA/ (66 .B*ROA*AFA)
MUA=7.428-07*SQRT(TA)/(l.M+(2H5.2)TA))
>RE=ROA*VA*DH/MUA

IF(SOr.EU.2.6) GO TC 44

POE=1vu.
IF(PUE.Li.lv.) RFC=4,9*%(1U./PCE)**G.13

HAN39G.

HAN4D !

HAN5361
HANGG U
HANT 247
HANEC G«
HANYS 6
HAN1G. &
HAN1143

HAN125 4



1F (POE.GE.1u.) KFC=4.5/(lu./Poi)**5.324
GO TO 55
44 pUL=rFLICH/RIBHI
IF(rOE.LT.1u.) KEC=4,8%(1u./POE)**y.13%0.7763
1P (PUE.CGh.10.) RFC=4.9/(lu./Pl)**5.53%y.7763
55 REE=RFC
FFF=REP-2.5%8LUG (2. *RIEHI/DE/12.0)-3.75

\Cu
FF=2./(FFF**2)
\cv
LrLU3S= (RIEBhWI*KE) /(12.¢*DI*FFF)
\Cw
IF (EPLUs.GL.25.¢) GO 10 24
\Cis
LO 5 J=1,2¢
\Cd
ErLUS1=tPLUS
\Cu
REP=RFC* ((EPLUSL1/35.0)**(~.4u))
\Cu
FFF=REpr-2.5*ALCG (RIBE1/SP)~3.75
\c¥
FF=2.8/(FFF**2)
\cd
EPLUS2=(RIBHT*RE)/(12.0*DE*FFF)
\Cv
ErLUS=(EPLUS1+EFLUSZ) /2.4
\cb
IF(ABS(EPLU5S2-EPLUS1) .GT. £.50) GO TO 5
GO TO 20
\c¥d
5 CONTIWUE
\¢c¥
WRITE(6,19) EPLUS
\cd
16 FORMAT (5X,'EPLUS=',FE.2)
\cd
29 IF (SOP.EQ.1.)CONST=13.£0240
\cd
IF (SOP.EQ.2.) CONST=13.66040
\c¥
NLHP=ALOG (CONST)+¥.28*ALOG (EFLUS/35.,)
\c9
IF (EPLUS .LT. 35.¢) NLHP=ALOUG (CONST)
\¢c
HPLUS=EXpP (NLHPFP)
\cy
STN=FF/ ( (HPLUS-REP) *SCRT (2. *FF}+2.0)
\cb
NUN=0.72*STN*RE
\c?d
K=6.8008S46*SQRT (TA) /(1. +(205.2/TA))
\cd
HDPr=nUN*K/DH
\Cu
IF(SOP.Ey.1.) FF1=FF
FF2=FF
3w RETURN
\c¥
END
\cd
SUBRUUTINE BLOCK(T1IN,TLIN,WIN,MLIN,TCOUT,TLCUT,WOUT,MLOUT, IXX,
\cd

1 AFABLK,ABLIQ,ABDRY,PP,MAG,Tu,Ky,1P,RATIO,NU,H,D)
CUMMUON/INL/HLP ,HD
C THIS SUBROUTINE ANALYSES 'THb TRANSPORT PROCESSES TAKING PLACE

HANIEL .
RANIT Lo
Hanlec .o
HAN1Su O
BAN2G .,

HANZ13.

HANZZ )2

HANZ3u9
HANZ2440
HAN2542
HANZ6u 3G

HA
HANZ26BC

HAN29G U
HAN3Z. 0
HAN31GS
HAN345Y
HAN3560
HAN3659
HAN237J9
HAN3Eul
HAN3Suy
HANAD.§
HANAlub

HANG 2V Y
HAN43UU
HAN44G o

BLOCK1W

BLCCK3w

o AR TR

SO e




\uh
\cy
\cd
\cu

\cdJ

55

(N

\cé
\c.
\ci
\cé
\cd
\c#
\c#
\c#¥
\cé
\c#é
\c@
\C.
\c¥
\cu
_-\cu
\c¥
\ci
\cd
\cv

lul
\cu

\c.

\ci

Fns Lol Py COOLTNG TUWERE PER FINTTE ELLMERT GF PACKT .
KLAL K, KP,FAG, U048, MUL, 4V, NU,MLIN, BLOUT, N,

BELGW 'THE QUANTITIES NEECED 10 DETERMINE 'THE INCREMENTAL
TRANSFERS OF HEAT AND KASS PER FINITE ELEMENT ARE EVALUATED,
COMMUN/INPULY/ L TRACK

IF (iLinN.GTl.6.8ND.TIN.G o w.) GO TO 1

IF (4LIN.GL.U.) GO L0 2

TLIN=46..

WRITE (6,55) TLIN

FORMAT (' TLIN IS DEFAULYED TO',Fl14.2,' DEG R')
IF(TIn.GT.8.) GO TO 1

TIn=4by.

WRIVE(6,56) TIN

FURMAT (' wIn IS DEFAULTED '10',Fl10.2,' DEG R') -
Ca=, 24l

CL=1.

PR=.72

RV=85,775

P=PP*7u,727

RA=53,35

HFGG=~.5942*Ty+1376.16

MV=WIN*MAG

RCA=P/ ((WIN*RV+RA)*TIN)

ROV=WIN*RUA

IF (ILIN-56v.)3,3,4

ROL=62.4

GO TO 6

ROL=62.4-2,4792E-04* ( (TLIN-502.0)%*1.8)

PA=RCA*RA*TIN

PV=pP-PA

HFG=1379.16-8.5942* LIN
PVSAT=1.44E+26*% (0. 600U6369*TLIN+2,6883) *EXP(~12386./TLIN)*
1{TLIN** (-5,387))

ROVSAT=PVSAT/RV/TLIN

ROMIX=(KOA+ROV*WIN)/(1.+WIN)
K=,0048%46*SQRT (TIN)/(1.+(285.2/11h))

CV=((1%.86)-(597./SCRT(LIN))+(75%50.u/TIN))/18.0

CMIX=(CA+CV*WIN)/(1.+WIN}

C CALCULATICwN OF MASS DIFFUSIVITY CUEFFICIENT OF VAPOR INTO AIR.

Bl g,
BI.GCi"
BLOCKC .,

BLOCK7¢

BELGCKS o
BLOCK14
BLOCK11
BLOCKR1Z

BLOCK13

BLOCK14

BLOCK15
BLOCK16
BLOCK17
BLOCK13d
BLOCK1S
BLOCKZy
BLOCK21
BLOCKZ2
BLOCKZ5
BLOCK24
BLOCK25
BLOCKZ26

BLCCK27

BLUCKZY
BLOCK2%
BLOCK31

BLOCK32

T

e o

e oo




\ci
\co
\cu
\cy
\ca
\cw
\ci
\ci
\cd
\cu
\cé
\cd
\cd
\c¥
C

\cy
\c¥
\cd
\c¥
\cv

\cé

REAL DATA(34,39,5)
AIRTEM=2
AIRLUM=5
16GITIALIZATION VALUES GF TOTAL ENTHALPY OF MIXTURE AND TGTAL
SFECIFIC BUMICLLY.
HAIK=w,
WAIR=U.
0O LGOP TG FikD TOTAL HAIR AND TUTAL WAIR.
DG 1 I=1,IXX
HAIR=HAIR+((.241)+(.45)*DATA(I,J,AIRHUN))*AIKFLO*
1 DATA(I,J7AIRTEM)
1 WAIR=WAIR+DATA (I,J,AIRHUM)
XX=IXX
AVERAGE OUTLET SPECIFIC HUMILCITY.
WOUT=WAIR/XX
AVERAGE OUTLET MIXTURE TEMPERATURE.
TOUT=HAIR/XX/RIRFLO/ (.241+.45*4OUT)
RETURN
END

SUBRCUTINE PEFORM (TAIR,WAIR,TFRE(,ECCST,CCCST,FUELCS,WLOST)
DIMENSION RANG1T (1u) ,QREMIT (19) ,DMLMIT (10) ,T41(10),
1DREJT (16) ,WLUSS (1u)

CONMON/D1IOwWLl/ VAS (6),KCONV,JCUNS,XDEPA

COMMUN/DIUW2/ TCOS,DELPA

CUMMON/D10OW3/ TSAT,'TTD2,TD,WIN

CCHION/CUSTL/ CSTEAM,CPLN,CPIVE,CCUND,CPUME,CRDTS,CSTFN, CPLNNW,
1COSH,CLURB,CFaN,CEEQ,CSCOOL,CFUEL,CCSYS,CCWQC, OPCWQC
COMMON/DTOW4 /610N, ANPT,DIANMT,W3,W4, VAIR,
1CIN,QREJ, HRFAC, T4, NFAN,NLM,FLCSS,
20PCON, DPPI1F,SCPOW, PPOW , FPOW, XNPASS , TLSH,AREAPS , XNTS
CCrMON/DTCOW6/ CONK '

COMMON/IinPUT1/ HRFACB,HRFMIN,HRFMAX,T1MAX,TSMIN,TSMAX,TEFF,
1rr0(13),BP1,BP2Z,BP3

COMMON/INPUT2/ ECCOS,CCCOS,CAPF,FCOS,FCR,PSIZE,PLANC,STEAMC,
1TURBC, PER, PYTURB,CSCCM, CWLCC, CGCOP,SUPCC,SUPCP
CCHMON/DTCW8/ LRJMX(4) ,PCWMX (4)

COMMON/INPULS/ 'THROTT (4) ,EFFMX (4)

COMMON/INPUY7/ T11,T11S8T

COMMON/INPUT8/TTRACK

COMMON/INY/ T10(1D),HR11(16),QIUR(10),TLINIT(10)
COMMON/INA/TSTH (21) ,05TM(2]1) ,HR(L1Y)

Iu=)

HRMIN=HR (1)

TEFFMI=3413./HRMIN

1T1=T1lsT

Do 171 I=1,16

MIXSH..
MIX6.U0
MIX7vae
MIXEUYYG
NIxCuul
MIX1dad
MIX1lu.
MiX12u3
MIX13zu
MIX1443
MIX158335
MIX16Co
MIX170¢%
MIX1E9G
MIX194v
MIX2v.0
MIX2163
MIX2236

MIX23%9

SR

e

o o




CALL wWDiuw( VAS(1),vAS(2),vAS(3),VAS(4) , TAIR,WALR,VAS(5),
TPLINLY (L) VA (6) , BANG LY (L) , CREMIY (1) ,DULMIL (L) ,T41(1),2)
YREJL (1) =uREW LT (1) *AMPT*MiGW
WLUSS (L) =Deild 10 (1) *ANPL* MW
171 CunTINUE
IF({ALR.E¢.TL) GO TC ldwu
1 CALL TAGLE(T1,15TH,P3TH, 21,P)
CALL TABLE(P,P3TM,HR,19,HRATE)
TEFFMT=3413./HRAYE
HREJT=QIw* (1. ~-LEFFKT)
IYDL=CCNA*HREJT
ITWIN=11-1TDT
CALL TABLE(IwIN,TLINI'Y,CKREIT, i, TURED)
IF (ABs ( (HREJT-TQREJ) /HREUT) . LT.D.83) GO TO 4
1T1=T1+1,
T11=T1
IF(I1.GT.TSMIN.AND.T1.LT.134.,) GO TO 1
4 IF(T11.GI.11M4AK) GO TO 12
IF(i11.CGT.T5MIR) GO TO 16
33 LRATE={URAIN
T11=ToMIN
TEFFMT=TEFFMI
HREJT=QIN*(l.-TEFFMI)
TTDT=HREJT*CONK
TWIN=T111-TTDT
GO TO 16
lvyd T1=TSAT
T11=15A1
TEFFM1=3419./HK(19)
HREIT=QIN* (1.-TEFFIMT)
TWIN=Y11-1TL2
GO TO 16,
12 IF(T(REJ.GT.HREJT) GG TO 33
T11=T1MAX
CALL WDTOw( VAS(l),VAS(Z),VAS5(3),VAS(4),TAIR,WAIR,VAS(5),
1TLINIT (1y) ,VAS (6) , RANGTT, QRMMAX, DMLMTT, T4TT, 2)
QREMAX=QRMMAX*AMPT*MICW
HREJ'T=QREMAX
TTOT=HREJT*CONK
CALL TABLE (HREJT,QRJIMX,THROTT, 3, PI'I'ERO)
CALL 'T'AELE (PITHRO,THROTT, POWMX, 3, POUT)
CSFUEL=CFUEL*PT'IHRO
GO 10 17
16 POUT=QIN*TEFFMT/(3413.*1043.)
PTTHRO=THROTT (1)
CSFUEL=CFUEL
17 RANGT=HREJT/W3
TINN=T11-TIDT-RANGT
SUCPOW=5CPOW
IF(TINN.LE.S5.) SUCPCW=u.
PGEN=pCUT-PPCW-FPOW-SUCPOW
IF(PGEN.GE.PSIZE) GO 40 5
C3IEC=(PSI4ZE-PGEN)*87606.*CAPF*14Lw.*ECCOS
CSTICC=(PSIZE-PGEN)*1iby.*CCCOS
GO 10 6
5 CSTEC=9.
CSTCC=y.
CSFULL=CFUEL*PSiZ2E/PGEN
6 FUELCS=TFXEY*CSFUEL
ECCST=TFRLEY*CSTEC
CCcsr=Cs1CC
TITDT=T11-TAIR-TIDT
TAIN=T11-TIDT
CALL TABLE (YWIN,TLIN1T,WLCSS,18,WLOST)
WLUST=WLOST*I'FRE(*8760.*CAPF
BLODWN=WLOST*J. 4vu



WLOST=WLOSL+BLODN
IF(1D.EQ.Y) GO 11U 99
WRITE (6,¢) TAIH,Tll,TTDT,TITDT,PGEN,PTTHRO,ECCST,WLOST
8 FURAAL(FLlu.2,44,F10.2,2X,Flu.2,4%,F1J.2,1%,F13.2,6X,Flu.2,1uX,
1E12.5,1u%,£12.5)
$9 RETURN
END
SUBRCUTINE TABLE (X, XA, YA,M,ANSKWER)
DINMENSIUN XA (Z2ov),YA(2d0w)
COMMON/INPUTC/1TRACK

IF((XA(L)-a)* (XA (t)-X)) 2,2,1

<y
1 IF(ABS(X-4& (1)) .Li.ABS (X=XA(M))) N=1
IF(ABS (X-aA (1)) .Cr AES (X-XA (1)) ) d=M-2
Gu 10 o
2 N=M-1

oG 4 I=1,N
IF(X.NE.XA(1)) GU 10O 3
ANshek=YA (1)
RETURN
3 IF((A.GLXA(L)) .AND. (X.LT.XA(I+1))) GO 10 5
IF((A.LT.XA(L1)) . .AND. (X.Gl.XA(L+1))) GO TG 5
4 CONTINUE
N=M~-2
GO TO 8
5 IF(I-3) 6,7,7
6 N=1
GO TG 8
N=]-1
X1=XA(N)
X2=XA (N+1)
X3=XA(N+2)
Yl=YA(N)
Y2=YA (N+])
Y3=YA(N+2)
X1l=Xx1#*X1
X22=X2*X2
X33=X3*X3
DEIM=X22*X3-X33*X2~-X11*X3+X33*X1+X11*X2-X22*X1
A=(Y2*X3-X2*Y3-Y1*X3+Y3*X1+Y1*X2~-Y2*X1)/DEIM
B=(X22%Y3-X33*Y2~X11*Y3+X33*Y1+X11*Y2-X22*Y1)/DETH
C=(Y1*(X22*%X3-X33*X2)-Y2*(X11*X3-X33*X1)+Y3*(X11*X2~-X22%X1))/DEIM
ANSWER=A*X*X+13*X+C
RETURN
END
SUBROUTINE DELP(DIA,VEL,TwAT,DPR,IR)
DIMENSION ROUGIHI (2)
COMMON/INPUT8/ITRACK
DATA ROUGH/U.duWwd,u.0v18/
VISC=7.3283E~4/TwAT
REYN=VEL*DIA/(12.*VISC)
IF(REYN-2Vw0.) 1,2,2
1 F=16./REYN
GO TGO 8
2 RELR=DIA/KRCUGH (IR)
F1=4.*ALOGLlE (RELR)+2.28
F2=RELR*F1/REYN
IF(F2-v.¥1) 7,3,3
FTRY=F1
FIRYY=F1-4.*ALOG10 (1.+4.67*RELR*FTRY/REYN)
IF ((ABS (FIRYY-FTRY)) /FTRY-9.0ul) 6,6,5
5 FIRY=F1TRYY
GO IO 4
Fl=FIRY
Fel./FPlx*2
DEPR=T74,.594*F*VEL**2/(DIA*10Y.)
RE'LURN
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\cw
\cu
\¢v
\Cu
\cy
\Cu
\c¥
\cy

C
\cC.

C
\cd
20l

\Ccl
\c¥
\cv
\Cy
\cw
\c¥é

\cv

\c.
\ci
\co
\c¢
\c¥
\cd
\cd
\cd
\cd
\cyd
vl
\c.
\cb
\cd
\cv

\cu

DV=(ld44.u*14,6Y6*0,. BUuldC* ((FINAYLIN) /2. )*%2.5)/

T (((TIN+ILIN)/2.+441,.0)*P)

HD=(h/ (RCHIX*CMIX) ) * ((RONIX*CMIX*DV/K)** (2./3.))

ML=SUKT ( (6. U*D*C*HDP) / (KkP*1'P))

IF(RATIGC.GE.Y.) NU=(TANH (ML) ) /ML

IF(RA1TIC.Ey. 1. )NU=0.

IF(RATIV.EQ.Y.)NU=.8

THE CALCULAYTIONS BELOW ARE 10O FIND THE INCREMENTAL CHANGES OF
MASS, TEMPERATURE, HUMIDITY AND ENERGY PER FINITE ELEMENT.
DML=HD* (RUVLAT-ROV) *ABLIQ

DOCL=H* (1LIN-TIN)*ABLIQ

DGEL= (HFG+CL* (TLIN-TUY) ) *DML

DQDP= (NU*HDP* (TLIN-TIN) *ABDRY*2,)+HDP* (YLIN-TIN)

1 *ABLIG*Zz.

IF(RATIO.Ey.1.)DQDP=0.

DO=DYCL+DUEL+DQDP

DTL=((DQ+((MLIN-DML)*CL*(TLIN—T@)))/(MLIN*CL))—TLIN+TD
DMV=bLML

DW= (MV+DMV)/MAG-WIN
D1'=(-DQ~MAG*CA* (TIN-T8) ~-WIN*MAG* (CV* (TIN-T@)+HFGA)
1 +(WIN+DW)*MAG*HFGO)/ (-MAG*CA~ (WIN+DW) *MAG*CV)

2 -TIN+1TY

PROPERTIES OF FLUIDS AT THE EXIT OF FINITE ELEMENT,
MLUUI=MLIN-DHML

TLOUT=1LIN-DTL

WCUT=WIN+DW

CPOUT=TIN+DT

RETURN

END

SUBKOUTINE MIX (DATA,1XX,J,AIRFLO,WCUT, TOUT)

THIS SUBROUTINE FINDS THE AVERAGE PROPERTIES OF THE AIR AT
THE EXIT COF THE COOLING TOWEK.

COMMON/INPUTE/ITRACK
INTEGER AIREUM,AIRTEM

BLOCK 2.
BLOCRK34
BLOCK 2
BLOCK3¢
BLOCKS7
BLUCA S
BLGCK3¢
BLCCK4u
BLOCK41
BLGCK42Z
BLOCK4Z
BLCCK44
BLOCK45
BLCCK46

BLOCK47

BLOCK4¢&E

BLOCKS56
BLOCK51
BLOCKS2
ELOCK53
BLOCK54
BLCCK55
BLCCKS6
BLOCK57
BLOCKS®&
BLOCK5Y
BLOCKE o
BLOUCKE |
MIX3Gob
MIX1490

MIX2vod

MIX46wo

AadlIRE

L At e

TR




R R

[0 -

GRET N ETLIERNG - -

END

SUBROUTINE SUFCCN (I'LA, X'15,AREAS, XNS,COND)

DivisnoICw XLCSY (2) ,TOLCF (2)

COlMUN/INPUTE/ I KACK 1
DALA ‘LuroD, IBaC/l.u,l8/ *
DATA ERICSi/2.%5/

LATA SCCL,8CC«/lvu.t36,1vzlel./

DATA 1UCSY,wrrFL/1.3,U.51iu/

DAls XLCuy/lev?,1.u8/ -t
DATA TULCF/v.ul53,uv.0duvd2/

CALa S5CFL1,sCF2/v.206,u.15/

CAX=u, 3*AKLAS

FULSUN=TLA*XIS*ANE

IF(1LA~-65.) 7,8,8

ADLCSi'=XLCS1(2)

GO 10 ¢

IF(iLA-5Y.) 146,6,6

ADLCSI'=XLC51 (1)

GO 10 9

ADLCLT=1.0
TUECST=TULEUM*TUCST*ADLCS L *w1 PFT*1.,.1
TUBLCF=(IULCF (1)+TULCF (2)) *I'LAa+u.58 1
CONSCF=(SCF1*ALOG (X15)-SCF2) 3
SHCST=SCC1l*X15+SCC2
bHLCST-(thCP*(1UBLCF+CO~5CF)+CAX)*XNS 1
FECST=ERTCST*AREAS *XNS 3
COND=(SHLCST*u.88*%1,14+TUBCST+FECST)*1,.10*1.1

RE1URN

END ~
SUBRCUTINE FANSYS (FBHFE,NFAN,DFAN,CSTFAN) -
COMMOnN/LNPUTE/ILTRACK o
DATA XBLACE/8./

DAYA CFF/472./ a
DATA CBl1,CB2/25.2,-105./

DATA CSk/25./

DATA CER,WEK/u.55,4.6/

DATA CRK5,WKkk5/4.55,4.6/

CFPAN=XBLACL* (LFAN*CB1+CB2)+CFF

HPFAN=FBhr/NFAN )

IP(LHPFAN~25u.) 1,1,2

CE=luwdy.

CM=26.06

GO TO 3

CE=Svwyv.

CM=24.3

CFE=HPFAN* (CSR+CM) +HPFAN**1, 54CE

CFPL=1,U6*CER*WER*DFAN**2%] ,1*]1,1

CVRS=2.25*CRRS*WRRS*DFAN**2*]1,1*]1,1

CSTFAN= (CFAN+CFE+CFrL+CVRS) *1.,1*1,.1*1., 15*1 1

RETURN ]
END

SUBRUUTINE ELECEU(BPX,NX,CSTX)
CUMMON/INPUTE/ITRACK

ApPXX=HpPX/NX

IF(HPXX-25¢.) 1,1,2
Cx=((2u3.—ﬁ.:d*HPXX)*iPXX*mX)*l 25
GU 1TV 5

IF(hpAX-Cduw.) 3,3,4
CAaS4u , *HPAX M U, 29PNX*]1, 25

GO TU 5

CX=48u . HPXA**J. TT*NX*] .25 .
CSULX=CX*) . 125*%]1.4k5*%],.Y5%1.1 "
RETURN

END

SUBROUTINE PlPE(J,GPM,NL,VEL,DIAME,PIPCS,VCS,CRCCI,CRCCZ,TW,,
1CvCC3,1CS,ELICS ,EL2CS,FLCS)

LR AT

a2

T




COMWKUN/IwFUT 3/ EFFP,LEFFF,RFCCV,VELCON, VELW, PFACT, EFFRE
COMMUN/PIVING/ 1WP(Z23),L0IA(22),CrC1(23),CPC2(23,2),CPC3(23),
1CRC1(23),CRrRC2(23,2),C1CL(23),CIC2(23,2),CE1CL(23),CE2C1(23),
ZCEIC2(2%,2),CE2C2(23,4) ,VALCST(223) ,FLCST (23)
COMMON/ TPULE/TTRACK
XL=1.1 -

3 DIANE=U. 62091 *¥3URT ((GPit/AL) /VELW)
IF(D1AML-DIA(23)) 1,1,2

2 XL=XL+1.
GO TG 3

1 DU 5 1=1,23
IF(DIAME-DIA(L)) 4,4,5

S CONTINUE

4 NL=XL
DIAME=DIA(I)
VEL=¢.4085* (GPM/XL) /DIAME**2
PIPCS=(IwP(I)*CPCLl(I)+CPC2(1,d)+u.GR4*DIA(I)*CPC3(I))*1.1%1,1
VCS=VALC3T ({)*1.1*1.1 :
TCS=(lwP (I)*CICY(I)+CIC2(I,d)+5.01*DIA(I)*CPC3(1))*1.1*1.1
CRCC1=CRC1(I)*1.1 )
CRCC2=CkCxz(i,Jd)*1.1
TW=Iwe (I)
CPCC3=CrC3(1)*1.1
EL1CS= (ww& (I)*CE1C1(I)+CEIC2(I,J)+3.34*CPC3(I)*DIA(I))*1.1*]1.1
EL2CS=(IWp (I)*CE2C1(I)+C£2C2(L,J)+3.34*CPC3(I)*DIA(I))*1.1%1.1
FLCS=FLCS1T(I)*1.1*1.1
RETURN
END
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r lo:54 12.333 1654
23.u 16.u 22.0 3u6d.0  30608.0 5.5

bos1Gi CRY BULB 1EMrERATURE TD = 98, Juu DEGREE F
30vY ., bvow
22,4
DESIGN I'lD= 34.760 DEGREE F
li= 9.9, liCk= 7.76 HO= €74.86 NU= $.83
TOUWER GLGEHETRY
Whl-DkY SUKREPACE RALIL= U.LS2
PACK LG delIGhi= 230000 TN,
TULTAL bLa't iRALSFLE DUKFPACC WIDTH= 66.68 IN.
PECRING WIDTIi= 6w.uw IN.
wUiigtk GF PLAIES= 12.
NUMBLR OF CHANKRELS PER PLA1E= 22.40
PLATE SPACING= l.ug IN.
PLAYE ANGLE FROM VERIICAL=l0.Y DEGREES

PLATE 1HICKNESS=J.u25 IN,
PLATE CONDUCTIVITY =120,0¢¥0 BTU/HR FT F
REFERELWCE YEMPERATURE= 588.43 R.

INLET : OUTLET
AIK FLOW RATE £.105e+04 LBM/MIN
AIR PRESSURE 39.00 IN. HG
AIR TENPERATURE Ye.uv F 116.25 F
HUMIDITY §.922299 LBM/LBM 0.02725J LBM/LEM

WATER FLOw RATE B.500e+63 LBM/MIN 9.455e+y3 LBEH/MIN

WATER TEMPERAIURE 128.76 F 198.24 F

WATER TEMPERATURE CHANGE= -24.52 F
PERCENT WATER LOSs= 1.86 %

AIR TEMPERATURE CHANGE= 18.20 F

TOTAL HEAT IRANSFER= #¢.107e+@85 BTU/MIN

EVAPORATIVE HEAT TRAKSFER= £.539e+04 BTU/MIN

PERCENT EVAPORATIVE HEAT TRANSFER=5(.6 %
9.0939 0.1796 $.1433
2.6579 9.1433 . 8.9975

TCDB TSAT TID ITD NET POWER
\cFULL- ENERGY CHARGE WATER LOSS
\cLbt
CAPI1AL COST CF REPLACEMENT CAPACIIY =$ ¥.%026%e+07
REPLACEMENT ENERGY CCST =$ 5.21163e+4d7
ANNUAL FUEL CUSYT =8 ©.37€660+48
POWER PRUDUCTICN COST = 24.933% MILLS/KW-HR
\CcR LOSS= 35.8149 ¢
DESIGN DRY BULB TEMPERATURE TD = 98.4¢69 DEGREE F
3YVu.bodu

22,0
DESIGN ITD= 34.76¢ OEGREE F
H= 9.54 HDP= 7.78 HD= 679.02 NU= 2.83
TOWLR GECMETRY . _
WE1-DRY SURFACE RATIO= 0.852 "
PACKING HEIGHT= 336.u8 IN. -
TOTAL HEAT TRANSFER SURFACE WIDTH= 66.88 IN.
PACKING WIDTH= &5.04 IN,
NUMBER OF PLATES= 10.
NUMBER OF CHAWNNELS FLR PLATE= 22.00
PLATE SPACING= 1.0(J IN.
ANGLE :

FRACTICON CF

LOAD THROTT

ANNUAL wWAlE

LY - RO

P WV IR LAPIRN > . I Y LR T




v loide 12.191 1wl

26,0 lusu 3u.i BN Y] RN BN 5.

LUESIGw DRY BULB TEMPERATURE 4D = Y3.ivs DEGREL P
3Usdl.lubd

3u.9
LESIGN 1TU= 38.769 DEGREE F
H=  Y.8u dDP=  7.68 HD= 665.51 NU=  ©.99

TOWER GECMEWRY

wET~DRY SURFACE kALIO= w.d71

PACKING HEIGHI= 336.U8 IN.

TOTAL HEAT TRANSFER SURFACE WIDIL= 69.38 IN.
PACKING WIDIH= 6u.00 IN.

NUMBER OF FPLATES= 16,

NUMBER CF CHAKNELS PER PLAYE= 390.09

PLA1E SPACING= l.uwd IN.

FLATE ANGLE FRGM VERTICAL=1¢.U DEGREES

PLATE TH1CKnESS=4.025 IN.
PLATE CONDUCTIVITY =12v.0fiy BTU/LR FT F
REFERENCE TEMPERATURE= 588.43 R

INLET OuTLET
AIK FLUW RAIE 0.165e4+04 LPM/MIN
ALK PRESSURE Jd. by L. HG
ALR JEMPERATURE 98.vw F 115,68 F
HUMIDITY U.vw222¢0 LBM/LBM | v.928586 LBM/LBM
WATER FLUW RAVE ¥.506e+d3 LBM/MIN t.493e+U3 LBM/MIN

WATER TEMPERATURE 128.76 F 1805.59 F

WATER TEMPERATURE CHANGE= -23.17 F
PERCENT wWATER LOSS= 1.34 %

AIR TEMPERATURE CHANGE= 17.68 F

TOTAL HEAT TRANSFER= 0.12le+i5 BTU/MIN

EVAPORATIVE HEAT 1TRANSFER= §.,6822+04 BTU/MIN
PERCENT EVAPURATIVE HEAT TRANSFER=56.5 %
0.8939 v.1644  ©.1338
2.4816 ¥v.1338 4.9909

‘I'DB TSAT TTD ITD NET POWER

\c¢FULL~- ENERGY CHARGE WATER LOSS

\cLE .
CAPITAL COST OF REPLACEMENT CAPACITY =S 0.83455e+47
REPLACEMENT ENERGY CUST =$ ©b.12113e+U7
ANNUAL FUEL COST =$ U.37635e+U8
POWER PRODUCYION COST = 23.7694 MILLS/KA-HR

\cR LOS5= 42.4453 &

DESIGN DRY BULB TEMPERATURE TD = 98.00¢ D

wUIT
r 16:59 18.542 678 level 2

28, 19. 34. 3648, 30v04d. 5.

Substitution failed.
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FRACTION OF

LOAD THROTT

ANNUAL WALL




new Fortran 5b
r 17:11 12.274 1594

.0 lv.u 4.9 3uudeb 3Ubib.L 5.0

[

Z

DrS1Grn DKY BEULB TEMPERATURE 1D = 906.8Y. DEGREE F
3ud.vuub

bdu.v
DESIGN I'tL= 3w.76y CDeCREE F
ti= 9.71 libp= 7.5% HD= §656.7J NU= J.95

TO0WEK GEUMEIKY

wt1-DkY SURFACL RATIC= §5.£95

PACRIWG HEICHT= 336.00 1IN,

YULlAL hbEAL TRANSFER SURFACE WID1d= 72.50 IN.
PACKING WILYH= 6u.ue Id.

NUMBEK CF PLATES= ly.

NUMBLEK UF CdabNwELS PER PLATE= div, 69

PLATE SPaCIiinG= l.ud IN.

PLATE ANKGLE FROM VERTICAL=108.4 DEGREES3

PLATE THICKNESS=0.925 IN.
PLATE CCNDUCTIVITY =124.09% BTU/HR FT F
REFPERENCE TENMFERATURE= 588.43 R

INLET OUTLET
AIR FLOW  RATE fp.105e+44 LBM/MIN
AlR PRLSSURE 3J.us IN. BG
AIR TEMPERATURE 98.ud F 114.€9 F
HOMIDITY 9.0222606 LBM/LBM 0.039549 LBM/LBM
WATER FLOW RATE b.59ve+v3 LEM/MIN b.4%2e+03 LBM/MIN

WATER TEMPERATURE 128.76 F 102.94 F

WATER TEMPERATURE CHANGE= -25.82 F
PERCENT WATER LOSS= 1.65 %

AIR 1TeMrERATURE CHANGE= 16.69 F

TOTAL HEAT TRANSFER= #.135e+9¥5 BTU/MIN

EVAPURATiVE HEAT TRANSFER= 0.837e+d4 BTU/MIN
PERCENY EVAPORATIVE HEAT TRANSFER=62.0 %
¥.w93y 0.1513 v.1259
2.3328 v.1259 9.9922
DB TSAT TTD ITD NET POWER
\cFULL~ ENLRGY CHARGE WATER LOSS

\cLt .
CAPITAL CCST OF REPLACEMENT CAPACITY =$ 08.72684e+07

REPLACEMENT ENERGY COST =$ #.9165te+d6

ANNUAL FUEL COS1 =§ v.37546e+48

POWER PRODUCTION COST = 23.5325 MILLS/KW-HR
\cR LUSS= 49.37u4 %

DESIGN DTEM
gury
£ 17:13 14.451 979 lcvel 2

MChoi WetDry logged out ©8/29/7Y 1713.9 edt Wed
CPU usage 3 min 5 sec, memory usage 941.1 units.
hengup

X

FRACTION CF

LOAD THRCT1

ANNUAL WATE
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