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ABSTRACT

The literature concerning the mathematical modelling
of the thermal performance of closed-cycle waste heat dissi-
pation systems for the steam-electric plant 1is critically
examined. Models suitable for survey analysis of waste
heat systems are recommended. The specific models discussed
are those for a mechanical draft evaporative cooling tower,
a natural draft evaporative cooling tower, a spray canal,
a plug-flow cooling pond, and a mechanical or natural drafﬁ
dry cooling tower. FORTRAN computer programs of these models

are included to facilitate their application.
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CHAPTER 1

INTRODUCTION

A study of mixed-mode waste heat dissipation systems
for steam-electric plants has been performed in the Nuclear
Engineering Department [28]. Mixed-mode waste heat dissipa-
tion systems are defined as those waste heat dissipation
systems composed of comblnation of two or more different
heat rejection devices or those waste heat dissipation sys-
tems operated with variable cycles. This report summarizes
the mathematical thermal-performance models of the wvarious
component waste heat systems which were developed in the
completion of this study. The thermal-performance models
presented in this report are those for a mechanical-draft
evaporative cooling tower, a natural-draft evaporative
cooling tower, a spray canal, a plug-flow cooling pond, and
a natural or mechanical draft dry cooling tower. These
models are recommended for survey-type analyses of waste
heat rejection systems.

Chapter 2 includes a review of literature pertaining to
the mathematical modeling of each of these heat rejection
devices and a discussion of the assumptions inherent to the
recommended models. Appendix A contains FORTRAN program list-
ings of the recommended models and a description of the re-

quired input data for each of the models.



CHAPTER 2

MATHEMATICAL MODELS FOR PREDICTING THE THERMAL

PERFORMANCE OF CLOSED-CYCLE WASTE HEAT

DISSIPATION SYSTEMS

2.1 Introduction

The litérature concerning the dissipation of waste heat
from central power statlons has grown rapidly in the last
decade. All areas within the general category - from biologl-
cal effects to heat transfer developments - have’been the
subject of an increasing number 6f technical reports, Journal
articles, and trade magazine articles.

"The two fundamental reasons for the rapid growth of
this literature are the imposition of environmentally-motivat-
ed governmental regulations on the traditional "once-through"
cooling system and the increasing unavailability of adequate
sources of."once-through" cooling water at otherwise attrac-
tive central power station sites.

However, there is as yet no definitive source of informa- -
tion from which one can independently construct reliable
thermal behavior and economic models of waste heat'dissipa-
tion systems. The few studies which have addressed the gener-
al problem of developing the independent capability of evaluat-
ing the thermal performance of alternative waste heat dissi-

pation systems are either out-of-date [9] or lacking in the



details [3] [16] and thus can noé be directly applied to
the present task;’ Thus, considerable effort was required
to review the available information and compilekit into a
useful tool for evaluating the costs/benefits of various
alternative waste heat dissipation schemes.

The avallable literature concerning the mathematical
modeling of the economics and thermal behavior of waste
heat systems has been authored primarily by 1) the vendors
of waste heat dissipation equipment, 2) the electric utility
indistry, and 3) various research institutes and universi-
ties. In view of the present task of developing accurate
mathematical models of conventional waste heat rejection
devices some general comments can be made about the 1iteraf
ture with regard to its authorship.

Although there has been a tremendous increase in the
waste heat dissipation equipment vendor sector in both size
and diversity, the publications of these vendors are gener-
ally qualitative in nature. With a few notable exceptions,
the literature published does not deal quantitatively with
_thermal behavior analysis, but, rather, describes qualita-‘
tively the particular vendors present capabilities‘and high-
lights the economic advantages of the particular vendors
devices. Little of thils infofmation is of value to those

interested in developing an independent analysis capability.



The dearth of substantial information published by equip-
ment vendors is, of course, understandable since their
proprietary interests aré not well served by the free-flow
of their costly research and development results. )

The.lité}ature on this tbpic authored by the electric
utility industry has come from the electric utilities them-
selves as well as theilr consultants - mainly the large
architectural engineering firms. As 1s the case above,
little substantive information has been published with re-
gard to the mathématical modéling of the thermal behavior of
various heat rejection systems by this sector. However,
Qaluable'gOVernmentfsponsored information has been reported
by architectural engineering forms. Many trade journal
articles which review the waéte heat dissipation solutions
applied to specific sites have been auﬁhored by utility‘sys;
tem engineers, but these findings are usually of little
value to the present task.

Much useful information concerning the mathematical
modeling of the thermal perfbrmance of heat rejection sys-
tems has been authored by various research institutes and
unlversities under thé sponsorship of federal and state
agencies and electric utilities. In applying some of this
information, however, difficulty 1s encountered in attemp-

ting to relate the published results to the actual thermal



ﬁerformance 6f modern, well-designed waste heat dissipation

systems.

2.2 Méchanical Draft Evaporative Cooling Towers

2.2.1 L1terature Review

Croley‘et al. [2] have recently addressed the problem
of developing an accurate thermal and economic model of
conventional cross-flow mechanical draft evaporative cooling
towers. Their review of the literature led then to the use
of a thermal anaiysis model based on a simple straightfor-
ward finite-difference solution of the well-known Merkel [11]
évaporative'heat transfer differential equation.

The Merkel formulatidn of evaporative heat transfer
combines the mass transfer (évaporation) and the sensilble
heat transfer coefficient into a singlé coéfficient. The

approximate net energy transfer 1s then a product of the

coefficient and the enthalpy potential difference between
the water and the air streams. The standard "Merkel" equa-

tion is as follows:

Ty
KaVv _ dT
L I h"-h (2.1)
T2
where. K = overall transfer coefficlient, 1b/(hr)(ft2 of

interface)(lb of water/1lb of dry air)

a = interfacial contact area @tz/ft3 of tower fill)
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V = planar volume €t3/ft2 of plan area,)

2 of plan areal

L = water. flow rate (1b/hr-ft
T, = inlet water temperature, and
T2 = exlt water temperature. ) '
dt = water temperature differential
h".= enthalpy of saturated air at the water
temperature

h = enthalpy of the main air stream(BTU/1b of

dry air)

Derivation of this relationship may be found in several
references[26] [27]. Physically the quantity KaV/L in the

above equation represents an effective heat transfer ability

or "number of transfer units" for a particular cooling tower.

Thils coefficient 1s dependent on the reiative amounts of

water and alr flow in the tower and must be determined experi-

mentally.

Croley et al. [2] have applied this differential equa-
tion in finite-difference form to solve the two-dimensional
heat exchange problem of the widely-utilized induced draft
crossflow evaporative cooling tower for known inlet air and
water boundary conditions. The finite-difference approxima-
tion to the Merkel equation consists basically of the divi-
sion of the energy transfer volume into a number of equal

sized blocks over which the energy transfer potential
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kenthalpy) 1s averaged.

The conclusions of Croley et al. concerning the utility .
of the .basic Merkel'formﬁlation for the predicting of the
energy transfer in a cooling tower has since been substanti-
ated by the fécommendation of'Hallet [12]. Hallet, repre-
senting a leading coolling tower vendor, has suggested that
the best approach (for a non-vendor) to the problem of
evaluating the thermal performance of wet cross-flow tdwérs
is a finite-difference solution of the basic Merkel equation.
This author also points out ﬁhat, although many limprovements
in the theory of simultaneous heat and mass transfer at
ﬁater/air interfaces have been suggested, the basic Merkel
formulaﬁion is the only widely accepted and proven theory.

The analysis technique éuggested by Hallet 1is essentially
identical to that of Croley et al. except that Hallet recom-
mends the inclusion of a temperature dependence in the expres-

sion for the tower fill energy transfer coefficient:
Ka = f(Tl) (2.2)

where Tl is the tower inlet water temperature. It is interes-
ting to note that no physlical justification is given by
Hallet for this "temperature effect". Consideration of

recent works which address the errors inherent to the Merkel

equation suggest that this "temperature effect” fixup is
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necessary because of errors in the Merkel approximate formu-
lation for evaporative heat transfer.

The investigations of Nahavandi [13] and Yadigaroglu
[14] have been concerned with an evaluation of the errors in-
herent to Merkel equation. Tﬁe results of Yadigaroglu are
based on a éomparison of the predictions of the Merkel
theory and a more exact and complete theory which treats the
mass and sensible heat processes separately. This invésﬁi—
gator found that the effect of the various approximations of
the Merkel theory‘tends to be.small since the different approxi-
mations of the Merkel theory result in partially cancelling
positive'and-negative errors. The conclusion is that, given
the other errors assoclated with cooling tower performance
predictions (uniform air and water flow rates, for example)
and performance verifications (experimental uncertainties),'
the added complexity of performing the more exact energy
transfer analysis 1s not justified. Nevertheless, it is of
interest to note that Yadigaroglu found that the net positive
error 1in predicting the cooling range increased with increas-
ing air inlet temperature and humidity. This error could be
corrected by arbitrariiy decreasing the value of KaV/L by
the appropriate amount as the water inlet temperature increas-
ed. Indeed, this is the same, but unjustified, approach

recommended by Hallet. Examining the magnitude of the over-
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prediction résulting from the use of Merkel theory ( on the
order of 5%), 1t 1s found that the Merkel theory error is

consistent with'theAsuggésted "temperature effect" correc-
tion of KaV/L (about 5% per 10 °F rise in inlet water temp;

erature for inlet water temperatures in excess of 90 °F).

2.2.2 Selection of a Model

The mathematlical model to be used in the prediction of
the thermal performance of mechanical draft evaporative
cooling towers is the finite-difference approximation of the
Mefkel equation. The finite-difference approximation to the

Merkel equation can be stated as [2]

] t
h.,-h, + h -h
_ KaVl'1 1 o o :
t 1 V :
where h1 and hO = saturated air enthalpies at the inlet
and outlet of an incremental element,
h1 and ho = saturated alir enthalpies at the temp-

erature of the water entering and
leaving the incremental element,
G = air flow rate per incremental element,
N = square root of the number of incremen-
tal elements, and

KaV = transfer coefficient.
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The application of this equation to the cross-flow prob-

lem of a conventional 1nduced draft cross-flow cooling tower

is shown in Fig. 2.1.

Al

In addition to the above equation, the energy balance

-equation
_ L .
G(ho-hi) = ch(ti-to) = L(hi—ho) (2.4)

is needed to completely describe the temperature history of
the air and water as 1t passes through the tower fill. 1In
the above equation:

L

water loading per incremental element,

w

ti_and’to inlet and outlet water temperatures for an

incremental element, and

cp = specific heat capaclty of water.

Equations 2.3 and 2.4 form a set of coupled equations
with unknown variables hO and h; which must be solved for
iteratively. The algorithm for calculating the average out-
let water temperature and average outlet air temperature is
given in Fig. 2.2. Note thta, for practical purposes, the
water and air flow rates are fixed by the tower design and
to a good approximation can be assumed to be uniform and
constant throughout the tower. Note, also, that the algorithm
is for calculating the performance of a given tower design.A

If we wish to find the size of the tower needed to meet a
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Fig. 2,1
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specific cooling requirement, a trial and error calculation

may be performed.

The saturated air eﬁthalpy used as the driving poten-

tial in the Merkel equation depends on both the dry bulb °

temperature and the humidity of the air. However, a good

approximation
thermodynamic
Marks f15] we
E =

and
W =
where E =
Td =
W =
Twb =
w*:

to the enthalpy which depends solely.on the
wet bulb temperature may be derived. From
have the relationship, '
0.24Td + W(1062.0 + 0.44Td) (2.5)

W% - (0.24 + O.UUW®)(Td - Twb)

(2.6)

(1094

enthalpy
dry bulb
specific
wet bulb

specific

+ o.yqu - Twb)

of moist alr,
temperature,
humidity,
temperature, and

humidity for saturation at Twb.

Substitutihg the latter into the former we have

E =

0.24T4d + W¥(1062 + .44Td) -

_ (0.24 +0.4UW*) (TA-Twb) (1062 + 0. 44Td)

(1094 + 0. 4ET3-Twb) (2.7)



17

Flg. 2.2

Calculational Algorithm for Predicting the Performance
of Mechanical Draft Cross-flow Evaporative
Cooling Tower (MECDRAFT Program)

-

Determine inlet air and water enthalpiles

1

Iteratively calculate hé and hy for each
element of the top row starting at the
air inlet side (equations 2.3 and 2.4 )

Y

For the nexg lower row of elements iteratively
NO calculate hy and hg starting from the air in-
let side (equations 2.3 and 2.4) '

Y

Determine if bottom of tower attained

YES

[

Average outlet air and water temperatures for
. each horizontal and vertical row respectively

Y

| End
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Now éssuming'that in the deminator we can make the approxi-

mation
32 - Twb = O (2.8)‘

~and expressiﬁg the saturation‘himidity in terms of satura-

tion pressure we have

0.622P

——5-2(1062.0 + 0.44Twb)  (2.9)
atm " sa

E ~ 0.24Twb +

where P total atmospherlc pressure, and

atm

Psa saturation pressure of water vapor at Twb.

" The above assuﬁption‘is a good one in this particular
circumstance since the error. affects the ratio of large num-
bers. An error of 50 °F in magnitude in thé denominator
would be typiéal with the total resultant error being about
5%. Howevér, in all applications of the approximate enthalpy
equatlion the equation is ultimately used to find.the differ-
ence of two enthalples and thus the resultant error 1in the

difference‘is minimal.

2.2.3 Application of Model

To achleve the goal of obtaining an accurate thermal per-
formance model of a conventional cross-flow induced draft
evaporative cooling tower module the physical dimensions and

empirical heat transfer and alr friction data for a typical
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module must be acquired. Croley et al. [2] have modeled
the thermal behavior of such modules and reported the results.
From the published information the physical dimensions of

the tower fill are readlly obtainable. They are. '

height = 60 feet
width = 36 feet, and

length = 32.

However, ﬁhe aif friction factors for this fill 1s not direct-
ly obtainable frém the publjéhed results. Nevertheless, an
energy balance on the modeled tower based on the published
information'indicates an average air flow rate of 2.4x103 1b,/
hr-ft2. It will suffice for the purposes,of this study.to
assume the air flow is constant and equal to thls value.
Croley et al. do not report the valueélof the energy transfer
coefficient used in thelr study since empirical proprietary
information was used in evaluating the energy transfer coeffi-
~e¢lent. However, sufficient calculational results using this
proprietary information are reported to allow a regression
of the required information.

The Cooling Tower Institute [16] states that the depen-
dency of the energy transfer coefficient Ka on the air and
water flow rates in a tower can be well expressed by a rela-

tionship of the form
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Fig, 2.3
. Comparison of Reported and Predicted Mechanical Draft
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Ka = aG® L17F

(2.10) -

where a depends on the fill1 configuration and B is, to a
good approximation, equal to 0.6. Uéing the following

expression

a = 0.065 - (T, - 110.0)¥(0.000335) T,>90°F
“and (2.11)
0.0715

Q
L[}

(e}
T,< 90°F

where Tl is the ;nlet water temperature, the performance
predictions of Croley et al. based on'proprietary data can
be closely mgtched as shown in Fig. 2.3. This value of a
is consistent with the type of fill used in modern towers

and the values of a experimentally determined by Lowe and

Christie [23]." ' -

2.3 Spray Systems

2.3.1 Literature Review

Spray cooling systems for the dissipation of wasté heat
at large central power stations are a relatively new con- |
cept'[17]1 As a consequence, the development of thermal
analysié techniques for these systems is presently incom-
plete. The development of reliable mathematical predictidn
models has not been achieved and has been hindered by the

complexity of the problem.
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As opéosedAto cooling towers, the water-alir 1nterfacia1.
area and relative air to water flow rateé are hot well
defined for spray systems. Open to the atmosphere, varia-
tions in the émbient wind result in different spray patterns,
different alr flows through the sprays both in magnitude
and direction, and different inéérference effects between
the individual sprays. The spray canal system also presents
a channel hydraulics problem in that the behavior ofvthe
water in the canal must be understood to insure optimum spray
system performance. | . _
Porter et al.[18] [19] have authored the'only two preseht-
ly available'detailed works on the thermal performance of
spray canals. The two papers represent two different approach- -
es to the problem, one analytical and one numerical. Both
models, however, are based on the samé_limited data which
according to the authors result in optimistic predictigps[zoj“
Richards of Rockford [4] have published some limited
information concerning the application of their spray modules.
They indicate that an empirical "NTU"‘approach i1s used in
the basic heat transfer calculation. Most interesting, how-
ever, is their description of the flow requirements of the
channel in which the spray modules are utilized since this"
description indicates thelr recognition of the importance of
the channel fhermal-hydraulics in the ovefall performance of

the system.
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2.3.2 Selection of Model

For the purposes of survey-type analyses, the numerical
prediction of the thermal performance of spray canals as
suggested by forter et al. [19] is most advantageous. In
this model the heat transfer ab%lity of each spraylmodule
is defined by an empirical "NTU" or number of transfer units
which is dependent on the ambient wind speed. The effects
of air interference between individual sprays 1is consideréd
through the use of an empirical air humidification coeffi- ...
clent. Given the ambient meterologlcal conditions #£ad 1n1e§
water temperature and fiow rate, the'calculafional procedure
is to march down the canal taking into account the cooling
effect of each spray module as 1t 1is encountered. The basic
calculational algorithm is given in Fig. 2.4,

The heat transfer equatlion used in the model 1s

Cp(Tn - Ts)
NTU = H(T.) + h(Tn) (2.12)
= 5 - h(Twb)
where ' Cp = specific heat capacity of liquid water,
Tn = temperature of water exiting spray nozzle,'
Ts = final spray temperature, ‘
h(T) =

total heat or sigma'function as defined by
'Marks [15]1,

Twb = local wet bulb temperature, and



No

Fig. 2.4

Computational Algorithm for Spray Canal Thermal
Performance Model (SPRANAL Program)

No

I A Pass = 1

Y

Calculate heat transfer

for upwind module

Y

Calculate heat transfer

for next downwind module

Y

for all sprays

Determine if heat transfer calculation completed

in pass

yes

V

Mix cooled water with main stream to obtain
spray inlet condition for next pass

Y

| Subtract evaporated flow from total flow

Y

| Determine if end of canal attained

yes

4

1 end
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NTU = number of transfer units of an individual

module.

The total heat or sigma function used as the driving

potential for the energy transfer 1s defined by Marks [15] as
. * * % '
I=h - Whg - (2.13)

where h_ = enthalpy of moist air at the wet bulb
temperature, | |
W = specific humidity for saturation at the wet
bulb temperature, and -
hf,= enthalpy of liquid water at the wet bulb

temperature.

However, comparison of the sigma function and the enthal-
py indicates that, for the temperature range and temperature

differences of interest the following i1s a good approximation;
AT (twb) = Ah(Twb) (2.14)

where h 1s the enthalpy of saturated air at temperature Twb.
Since we are attempting to determine T, by using Eq.(2.12)

and Ts is a term in the same equation an 1terative solution

is necessary. The evaporated water loss is calculated using

the expression of Porter [19]. It 1s
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Q -
]

Cp(Tn - Ts)/ifg(i + B) ’ (2.15)
where a = fraction of water evaporated in each épray,
ifs = specific heat of vapofization of water, and

B = so-called Bowen ratio of sensible to evapora-

tive heat transfer.

In the application of the above equations, the Bowen
ratio can be conservatively set equal to zero, since, in
any case, the effect of water evaporation on the spray canal
thermal performance is minimal. | h
From the data given by Porter tﬁe relationship between

the NTU and windspeed has been deduced to be approximated by
NTU = 0.16 + 0.053%V , (2.16)

where V is the windspeed in miles per hour.

' In th;s model no direct account is made of the thgrmal-
hydraulic behavior of the water in the channel. However,
Porter has made some simple arguments in favor of assuming‘
that the channel is vertically fully-mixed between successive

passes of sprays.

2.4 Natural Draft Evaporative Cooling Towers

2.4.1 Literature Review

Conceptually, the thermal analysis of natural draft evapor-

ative cooling towers 1is a straightforward extension of the
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mechanical draft cooling tdWerbanalysis developed in this
chapter. However, from a practical standpoint the problem

is éonsiderably more complex since the heat transfer char-
acterlistics and the air flow in the tower are dynamiéally
coupled. Also, in addition to needing to know the empirical
heat transfer coefficient of the fill, one also needs to6 know
the empirical air friction factors for the tower structures
and the fill. Further, a more exact determination of the
psychrometric condition of the air exiting the fill is desir-
ab?e‘since thlis condition ultimately determines the overall
performance of the tower.

. In the past, attempts havevbeen made, notably by Chilton[21]
to simplify the performance prediction for natural draft
evaporaﬁive cooling towers by applyiné‘an empirical relation-
ship for the overall thermal behavior. These efforts, how-
ever, were not well received and presently the suggested
approach to the thermal analysis problem is based on a detalled
evaluation of the lmportant physical phenomena.

Keyes [22] has outlined the necessary steps for the con-
struction of a thermal behavior model of natural draft cooling
towers. Essentially, the mathematical médeling of a natural
draft tower requires the solution of three coupled equations.
The equations are 1) an energy balance between the air and
- water streams, 2) an energy transfer equation for the combined

evaporative and sensible heat transfer, and 3) an energy
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equation for -the density induced air flow through the tower.
Keyes only reviews the general problem and discusses the
empirical information which is available for accomplishing
the modeling task.

Winiarski et al.[24] have developed a computér model
of the thermal behaviQr of a natural draft cooling tower
based on the three equations mentlioned above. The author
notes, however, that the model presented awailts final verifi-

cation based on reliable test data from actual towers.

2.4.2 Selection of Model

The model of Winiarski et al. [24] has been chosen as the
basis for the developmeht of a thermal behavior model of
natural draft evaporative cooling towers. The thermal ana-
lysis calculational procedure is reported in the form of a
computer program. The basic computational algorithm is given
in Fig. 2.5. The major remaining task in the model development
was, thus, ﬁhe acquisition of the necessary empirical informa-
tion which would enable the computer program application. In
this regard all domestic vendors of natural draft evaporative
cooling towers were contacted and sufficient information was
obtained. | |

The data obtalned was ndt typical heat transfer coeffi-
cients and air flow friction factors for a modern natural

draft tower but instead consisted of a set of typical perfor-
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Figc 2.5

Calculational Algorithm for Natural Draft
Evaporative Cooling Tower Performance
Model (NATDRAFT Program)

Input data including:

atmospheric conditions

packing characteristics

desired tower height

desired 1nlet water temperature
water loading

Y
| Estimate air flow rate | S
\ 4
| Calculate friction coefficient ]

) . \ §
Calculate heat transfer coefficient

L
[ Estimate outlet water temperature ]

v
A | Counterflow integration scheme |

No Y

Is inlet water . desired value?

Yes ¢

| Calculate pressure losses |

Y
| Is calculated H ~ desired value?

No

Yes ¥

|1 Resulting output describes towef performance

Y

[ END 1
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mance curves and tower and fill structural dimensions. Thus,'
is was required to fit the computer model to the performance
curves by a trial and error selection of appropriate heat
transfer coefficients and friction factors. The‘performanoe
‘data are known to be based on roughened-surface parallel-
plate-type tower fill with counter air/water flow. Rish [25]
has reported an empirical relationship for the heat transfer
coefficient and friction factors for smooth parallel plate

packing. They are;

Cp = 0.0192(L/6)°"5 | (2.17)
and .
C_C.G .
h = p f 5775 (2.18)
L L] - .
where Cg¢ = friction factor,

C_. = specific heat capacity of liquid water,
= alr flow rate 1bm/ft2—hr,

= water flow rate lbm/ftz—hr, and

5 0 @
|

= heat transfer coefficient for evaporative
and senslible heat transfer based on enthalpy

difference potential.

It was assumed that the effect of the roughened surface of
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the parallel-plates could be simply accounted for by a fric-
tion factor multiplier Fm. That is;

Cea = Fu * Cp (2.19)

-

’where‘Cfé is the actual friction factor. The relationship
between the heat transfer coefficient and the friction factor
was assumed to remain the same. _

A trial and error approach to determiﬁing Fm was used
' and, as Fig. 2.6 indicates, a value of Fm of 3.2 gives excel-
lent results over a represencative range of operating tempera-
tures and flow rates. In the determination of Fm all other
air‘frictioﬁ effects other than that of the fill were néglected.

All the details of the gomputer model will not be dis-
cussed here, but may be found in the original report. Never?.
theless, some important points are worth mentioning. In this
model, water vapor saturation of the air stream is not a basiec
assumption as was the case for the heat transfer model develop-
ed for the mechanical draft tower. Insﬁead, the sensible heat
transfer 1is calculated in addition to the total heat transfer
due to both evaporation and sensible heat transfer. As in
the mechanical draft tower model the transfer calculation 1s
based on a finite-difference approximation to the Merkel
Equation, but in this case the counter-flow of the air and

water streams necessitates only a one-dimensional calculation.
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Fig. 2.3
Comparison of Reporterd@ and Predicted Mechanical Draft

Cooline Tower Performance
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The caléulation of both the total energy transfer and
the sensible heat transfer allows the determination of the
exact psychrometric'condition (boﬁh dry bulb and humidity)
of the alr stream leaving each "cell" of the finite differ-
.ence integraﬁion. The-assumpfion bf water vapor saturation,
if it in faét did not exist, would result in an underesti-
mate of the fill air exhaust dry bulb temperature and hence
an underestimate of the induced draft.

To complete the thermal model of a natural draft tower
a relationship between the téwer helght and the tower base
diameger needed to be established for different sized towers.
This was necessary because while a mechanical draft tower
may be sized to a partlcular cooling duty by varying thé
\number of tower modules, a nétural draft tower is sized by
varying the tower size. Flangan [7] 4has published data
concerning . the ratio of height to diameter for 16 large natur-

al draft towers which indicates an average ratio of 1.248.

2.5 Cooling Ponds

2.5.1 Literature Review.

The task of mathematically modeling the thermal-hydraulic
behavior of a cooling pond 1s a problem which 1s substantlally
different from the problem of modeling cooling towers. This
1s because actual cooling ponds are not physically well-defined

in the sense that the important parameters which determine
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their thermal behavior can not be assigned values which are
representative of all, or even most. cooling ponds. 1In
fact different cooling ponds may exhibit completely differ-
ent types of thermal-hydraulic behavior each of which require
different anaiysis approaches and techniques.

There are two idealized cases of pond thermal-hydraulic
behavior which yield themselves to very simple analytical
treatment [8] . These are termed the plug-flow and fully-
mixed models. In plug flow there is no mixing between the
dischaﬁge into the pond and the receiving water and the sur-
face temperature, for steady-state conditions, decreases
éxponentially from phe'pond inlet to the pond outlet. The
fully-mixed pond fepresents an extremely high degree of mix-
ing of the discharge and the receiving water. Thus a uni-
form temperature over the entire pond ;esuits. In reality,
the behavior of most ponds would fall between these two
extreme cases. The plug flow pond represents the best possi-
ble heat dissipation situation since the temperature of the
discharge is kept as high as possible. Conversely, the
fully-mixed pond repreSents a lower bound on the heat trans-
fer performance of thé pond. The "worst case" performance,
however, 1is a shoft—circuited pond. For elther the plug-flow
or fully-mixed model both steady-state and transient behavior

can be readily calculated.
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Ryan [5] reported the development of a transient
cooling pond thermal-hydraullc model which was the first
attempt to realistiéally-mathematically model the actual
physical process occhrring in a cooling pond. Watanabe [67]
. extended the'ﬁodel and reportéd criteria for its applicabi-
lity. Thiskmodel 1s recommended for use as a design tool or -
means of evaluating the performance of cooling ponds rela-
tive to alternative waste heat disposal systems. HoweVer,
since the model is not fully developed into a documented
computer programlits applicaﬁion'appears difficult. Also,
for the purposes of most surveys the computational time is

excessive.

2.5.2 Selection of a Model

The task of formulating a representative thermal-hydrau-

lic model of a cooling pond can be considered to be differ-
ent from the task of formulating a model of a cooling pond
which is to be used for design purposes. The present inter-

est 1s in mathematically representing the approximate thermal--

hydraulic behavior of a representative cooling pond. It 1is

percelived that this limited goal can be accomplished through
the use of a plug-flow, vertically-mixed pond model capable
of accounting for variable meterological conditions, variable

inlet temperatures, and variable flow rates. For a given
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Eooling requirement such a model would tend to predict pond
sizes which are smaller than would be normally required.
Thus, if the model were to be used in a detailed economic
comparison of alternative wéste heat disposal'systems the ‘
pond economiés would be unduly favored. |

The vertically-mixed, plug-flow model pfedicts the
transient pond behavior by following a slug of water of uni-
form temperature through the pond and calculating the aver-
age heat loss for each successive day of residence in the
pond. The heat transfer correlations used in this model are

those recommended by Ryan [5] . The basic equation of the

net,energy flux from a water surface exposed to the environ-

ment 1s
o, = ¢r-[%.Oxio's(Ts+uso)+-Fw[(e§-ea)ﬁ+0.25(TS-Ta)i]
(2.20)
where FW = 17*W for an unheated water surface,
FU = 22.4(00)%/3 & 14w,
ae = T, - T, (°F),
W = wind speed at 2 meters (MPH),
TSv = virtual temperature of a thin vapor layer in
contact with the water surface,
= (Tg +’460)/(1 - .378 es/P),
Tav = virtual air temperature,

= (T, + 460)/(1 - .378 ea/P),
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es = saturated vapor pressure at Ts (mm Hg),
ea = saturated vapor pressure at Ta (mm Hg),

“P = atmospheric pressure (mm Hg),

T, = bulk water surface temperature (°F), '

T, = air dry bulb temperature (°F),

¢h = net heat from pond surface (BTU/day—ftz)

¢, = ¢sn + ¢an = net absorbed radiative energy,
¢sn = net absorbed solar radiation,

_ 2
= .94 (¢ o) (1 - 0.64C7)
¢sC = incident solar radiation,
C = fraction of sky covered by clouds,
¢__.= net absorbed longwave radiation, and

= 1.16x20713(u60 + 7)6(1 + 0.17¢?).

The computational algorithm for the plug-flow model is
given in Fig. 2.7. Note that the model is not a perfect plug-
flow model in that each plug of water entering the pond is
assumed to be mixed with the slug immediately preceeding it.
This mixing qualitatively accounts for the effect of entrance

mixing.

2.6 Dry Cooling Towers

In relation to the other waste heat dissipation systems,
the development of a reliable performance model of dry cooling
towers is simple. The amount of heat rejected by a mechanical

draft dry tower can be shown to be directly proportionai to



Fig. 2.7

Cooling Pond Model Computational Algorithm

.38

Assign to each discharge slug an identifi-
cation number = day. of discharge

\ 4

initialize slugs in pond at time zero; temp-
erature, volume, fraction of volume in pond

Y

|  begin calculation for day J

Y

calculate temperature change for all slugs
in pond

Y

add discharge volume of day J to pond volume,
sét fraction of volume of slug J in pond equal
to 1

Y

| mix slugs J and J-1

determine which slugs (and fractions thereof)
remain in pond by summing up slug volumes for
day J, J-1, J-2, ...; until pond volume 1is

: equaled or exceeded

Y

determine which slugs (and fractions thereof)

exhausted from pond during day J by comparing

new pond inventory (day J) and old pond
inventory (day J-1)

¥

mix all exhausted slugs to find withdrawal
temperature for day J

Y

end day J calculation
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the difference between the inlet water temperature and in1et
alr temperature for a fixed dry tower design. With refer-

ence to Fig. 2.8

Al

Q ;;UAATlmng (2f21)
where Q = heat rejection rate,
= heat. transfer surface area,
U = effective heat transfer coefficient,
Fg = cross-flow correction factor, and
AT, = log mean temperature difference.
T' '
ar, = o) o) (2.22)
1m (To—Ti) A *
1n
(T, =T%)
| C‘
where (To-Ti) > (Ti-To)
T-i = water inlet temperature,
T° = water outlet temperature,
]
Ti = alr inlet temperature, and
'
To = alr outlet temperature.
A heat balance on the tower glves
1 ?
LC, (T, -T ) = GC, (T -T,) (2.23)

Equations (2.21), (2.22) and (2.23) may be combined to

yield



Fig. 2.8

Dry Tower Schematic Drawing
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ITD(e*-1)

Q (2.24)
et _ 1
GCa LCw
'.
where ITD = Ti - T1 R

and

1 1
x:FUA——-—-_—_—.
g [éca LC;}

Now note tﬁat, for.fixed values of the parameters U, .

A, Fg, G and L,

Q o ITD - _ (2.26)

This result has been found by Rossie [1] to be'experi—
mentally verified. Further, Rossie has found that the ther-
mal performance of natural draft dry cooling towers may be

reasonably expressed by a relationship of the form

Q o ITD° (2.27)

where b is a constant for a'given tower. A typical value of

b is 1.33;
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APPENDIX A

COMPUTER PROGRAMS FOR WASTE HEAT REJECTION

SYSTEM THERMAL PERFORMANCE CALCULATIONS

This Appendix contains FORTRAN computer programs for
predicting the thermal performance of a mechanical-drfat
evaporative cooling tower (MECDRAFT), a natural-draft evap-
orative cooling tower (NATDRAFT), and a spray canal (SPRANAL).
Programming of the cooling pond and dry coolling tower models
discussed in this report may be easily done by the user.
Tables A.1 to A.3 1list the required input variables for the
three programs. The FORMAT of the required input may be

easily obtained by examining the appropriate program listing.
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Table A.1

Required Data Input for Natural Draft Evaporative
Cooling Tower Model (NATDRAFT)

Definitions of Input Variables in Order of Occurrence
WTRF = Water flow rate (lbm/ft?-hr)
HUM = Relative humidity of ambient air (%/100)

ATRTI

Inlet air temperature (°F)

WTRTI Inlet water temperature (°F)

WTRTOA = Initial geuss at water outlet temperature (°F)
Other Variables Defined Internally in the Pérgram Which May
Be Adjusted
AIRF = Initial geuss at air flow rate (1bm/hr-ft2)
PPP = Type of Tower Packing
HPACK = Height of Tower Packing (ft)

HAIRIN = Height of Tower Packing Above Ground (ft)
ATOTAL = Total Packing Surface Area per unit flow area
ADPK = Surface Area per unit flow area for computing

pressure loss in packing due to skin friction (ft2)

AFPK

Fraction of Tower cross-section which is unobstruc-
ted by packing

HTOWER

Helight of Tower Chimney (ft)

DTOWER

Diameter of Tower at Base (ft)



Table A.2

Required Data Input for Spray Canal Model
(SPRANAL)

All Required Data to be Defined Internally in Program

R = Fraction of total water flow sprayed by each

spray device

TEMDIS = Canal inlet water temperature (°F)

TWB = Ambient wet-bulb temperature (°F)

WSPEED Ambient wind speed (MPH)

PASSES Number of spray passes marching down canal

NROW = Number of rows of spray devices across canal

b7
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Table A.3
Required Data Input for Mechanical-Draft

Evaporative Cooling Tower Model
(MECDRAFT)

Program presented as a complete SUBROUTINE TOWER(J) which
determines the tower output temperature CTWOUT on Day J
with an ambient wet bulb temperature TWBXX(J). All data

input through COMMON statements.

TTOWIN = tower inlet water temperature (°F)

PSA = vapor pressure of water at 1 °F increments
from 0 to 150 °F (psia)

WATERL = water flow per square foot of tower cross-
section (1lbm/hr-ft2)

WL = total water flow to tower (lbm/hr)

Other variables defined internally in program which may be

adjusted.
ACELLW = calculational cell water loading area (ftz)
ACELLA = calculational cell air loading area (ft2)

N = square root of number of calculational cells

HEIGHT = height of tower fill (ft)



PROGRAN POR PREDICTING THE THERMNAL PERFORNANCE OF A NATURAL DRAPT
COOLING TOWER — NATDRAFT —
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ADTF=NOGNALIZED CROSS-SECTIONAL DRAG AREA AT AIR INLET

ADOT=NORNALIZRD CROSS-SECTIONAL DRAG AREA AT AIR OUTLET

ADPK=SURPACE ARER PER UNIT FLOW AREA POR COMPUTING PRESSSUE LOSS IN
PACKING DUE ?0 SKIN PRICTICN LOSS

ADSL=NORMALIZED CROSS-SECTIONAL AREA FOR DRAG IN SHELL

AFIN=NORMALIZED CROSS-SECTIONAL PLOW THROUGH AREA AT THE AIR INLET

APPE=PORTION OF TOWER-SECTION WHICR IS UNOBSTRUCTED By PACKING

APOT=NORMALIZED CROSS-SECTIONAL FLOW AREA THROUGH OUTLET OF PACKING

APSL=NORMALIZED CROSS-SECTIONAL FLOW THROUGH AREA IN THE SHELL

AIRP=INITIAL GEUSS FOR TRE AIR FLOW RATE

AIRTI=INLET AIR DRY BULB TEMPERATURE

ATHOS=ATMOSPHERIC PRESSURE

ATOTAL=TOTAL PACKING SURFACE AREA IN ONE SQUARE POOT OF TOWEBR X-SECTION

CDIN=DRAG COEPPICEINT POR INLEBT STRUCTURE

CDOT=DRAG COEFFICIENT FOR CUTLET STRUCTURE

CDSL=DRAG CORFFICIENT POR THE SHELL

CP=SPECIFIC HEAT OF AIR

DTOWER=TOWER DIAMETER AT PACKING

HAIRIN=HEIGHT OF PACKING AIR INLET

HPACK=HEIGHT OF THE PACKING

HTOWER=TOWER HEIGHT

HUM=RELATIVE RUNIDITY OF INLET AIR '

LAMBDA=EMPIRICAL COEFPICIENT FOR SPLASH Pncxxss

N=EMPIRICAL COEPPICIENT FOR SPLASH PACKING

P1,,P16,P23,P26=EMPIRICAL PRESSURE DROP DATA---LOWE AND CHRISTIR

SPACE=CENTER TO CENTER SPACING OF PARALLEL PLATES

THICK=THICKNESS OF PARALLEL PLATE PACKING. .. ..!

TOLERE=COBVERGENCE TOLERANCE POR TOWER HEIGHT T

TOLBRT=CONVERGENCE TOLPRANCE POR IRLET WATER TEHNP -

WTRP=NORNALIZED WATBR PLOW RATE

WTRTI=INLET WATER TEMPPRATURE

WTRPT=TOTAL WATER PLOW RATE

WTRTO=INITIAL GEUSS FOR OUTLET WATER TENP

A=INTEGRATION SEGMENT AREA

64
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AIRPL=CURRENT VALUE OF AIR FLOW RATE

AIRT=CURRENT AIR TEMPERATURE

C=TEMPORARY VARIALBE

CF=FRICTICN COEFFICIENT

CONWTR=WEIGTH OP CONDENSED WATER

DA=AREA SBGNENT

DAIRT=CHANGR IN AIR TEMPERATURE DURING ONE INTEGRATION STEP

DRSARI=DENSITY OF INLET AIR

DNSAVG=AVERAGE AYR DENSITY

DNSARO= DENSITY OF OUTLET AIR

DTODTI=RATE OF OULET WATER TENP CHANGE VERSUS INLET WATER TENP CHANGE

DUTRT=CHANGE IN WATER TEMPERATURE DURING ONE INTEGRATION STEP

ENT=AIR ENTHALPY AS INTEGEATION PROCEEDS

ENTI=ENTHALPY OF INLET AIR

ENTSA=BENTHALPY OP AIR DURING THE SATURATION ADJUSTMENT LOOP

ENTSAT=ENTHALPY OF A PCUND OF SATURATED AIR-WATER NIXTURE

H=CALCULATED TOWER HEIGHT

#1,A2=HOLDING VALUES OF TCWHER HEIGHT

BENT‘ADJUSTBD ENTHALPY OF AIR-WATER DROPLST MIXTURE IN SATURATION
ADJUSTHENT LOOP

HG=REAT TRANSFER COEPPICIRNT

HONI=RELATIVE HOUMIDITY AS INTEGRATION PROCEEDS

LBW¥=POUNDS OF WATER PER POUND OF AIR AT ANY POIET IN PACKING

LBVI=POUNDS OF VAPOR PER PCUND OF AIR

LBVLBA=POUNDS OF VAPOR PER POUND OF AIR AT ANY POINT INF THE PACKING

NOITER=NUMBER OF ITERATIONS COMPLETED

PBLIN=PRESSURE LOSS AT THE INLET

PRLPK=PRESSURE LOSS IN PACKING

PRLPR=PRESSURE LOSS DUE TC PROFILE

PRLOT=PRESSURE LOSS AT OUTLET

PRLSL=PRESSURE LOSS IN SHELL

PRLSP=PRESSURE LOSS DUE TO SPRAY

PSA=SATORATION VAPOR PRESSURE AT THE AIR TB!PEHRTURB

PSAH=SATORATION VAPOR IN SATURATION BDJUSTBB!T LOOP

PSAT ()=SATURATION VAPOR PRESSURE '

PSW=SATURATION VAPOR PRESSURE AT THE WATER TEMPERATURE

0S



t Xz Ke K Xe Ks N Xe e NeReXe Ne e Ne XKz Ko XeNe R e

IRRR]
999
1001

CH*x
C
C

C
Chxx

VHESP=VELOCITY HEADS LOST LUE TO SPRAY
VHVC=VELOCITY HEADS LOST DUE TO vzsa-conraacra IN THE TOWER
VIN=AIR INLET VELOCITY
VNOM=NONINAL VELOCITY IN PACKING
VPEN ENTHALPY OP NOISTURE IF ATR, USED IN SATURATION ADJUSTAENT LOOP
VPENT=RRTHALPY OF VAPOR IN AIR
VPRES=VAPOR PRESSURE OF AIR
VPK=AIR VELOCITY IN PACKING
VOT=AIR VELOCITY AT OUTLET
VSL=AIR VELOCITY IN THE SHELL . i
WTELT=WATER WHICH CONDENSZS OUT DURING AN Inrncnxrxou STEP
WTRT1,UTRT2=HOLDS WATER INLET TENPERATURE POR EXTRAPOLATION
LOGICAL VARIABLES

ENDFLG= TBUE IF PROGRAN HAS REACHED NORMAL TERNINATION
EXTAPL=TRUE IP ITERATION IS BEING MADE TO EXTRAPOLATE AIRFLOW
EXTWTO=TRUE IF ITERATION IS BEING MADE TO EXTRAPOLATE OUTLET WATER TENP
PPP=TRUR IF TOWER HAS PARALLEL PLATE PACKING
PRIN=TRUE IF SPLASH PACKING
PRITER=TRUE IF RESULTS OF BEACH ITERATION ARE TO BE PRINTED
PRSTEP=TRUE IP EACH STEP IN ITERATION IS TO BE PRINTED

LOGICAL ENDPLG, PRITEE, PRSTEP, EXTWTO, EXTAFL

LOGICAL PPP

REAL LBVLBA,LBW,LANBDA,N,LBVLBS,LBVI,KAL .

CONTINODE

READ(5,999) NTRP,HUM,AIRTI,WTRTI,WTRTOA

FPORMAT (SP10.3)

FACTOR=3,2

CONTINUE

WTRTO=HTRTOA -

AIRF=1264.0 :
EREREEBRREBREEERERKREEEREREEREE SRR PR ERE R ER R RS KRR AR ES R AR E Rk kiR k

INPORTANT### SET PPP = TRUE IF PARRALLEL PLATE PACKING IS USED

IF PPPP IS TRUE RISH'S HT TRANSFER AND PRESSURE DROP REALATIONS
ARE USED

EREEEEREREREREERREEREREE R RRE KRR KRR R R KRR R ER AR R E R kR kR kE

PPP‘.?BUB.

15



HPACK=5.33

HAIRIR=35.6
CHEXEXAKARABARARER R KRR R KRR R KRR RRERERE R ER KRR KRR RRRR AR KA SRR R AR AR RREKRR KRR R RRE O KK
c SKIP THE NEXT INPUT PARAMETERS IF PARRALLEL PLATE PACKING IS USED

IP(PPP) GO TO 2

LAMBDA=0.065

uz.s

P13=1.2

P16=0.9

P23=2.0

P26=1.3

ATOTAL=HPACK
ctt*#tt*tttt*t#ttt***t#t#*#tttttt*#***t*****##*tt#*#**#*tt***ttt**#*##*#*##*****

2 CORTINUE
CH¥EEREX R AR ERREEEERRERRBEXEERSBEEERREE A SRR R REXAESRRE R RSN R SRS R R R R b kR KRk Kk *tt*i**

Cc IF PPP IS TRUE INPUT ATCWER AND APPK AS REQUIRED
of 2 2 By T T T T e e e T P P e e
IF(.NOT.PPP) GO TO 7
ATOTAL=204.6
ADPK=204.0
AFPK=.70
7 CONTINUE
CP=0.24
ATHOS=14.4
APIN=1.0
AFPOT=1.0
APSL=1.0
ADIN=0.0
ADOT=0.0
ADSL=0.0
CDoT=0.0
CDS5L=0.0
CDIN=0.0
TOLERT=0.3
TOLERA=10.0
HTOVER=514.0

(49



DTOWER=372.0

STEPS=20.0

LSTEP=50

ENDPLG=.PALSE.

PRITER=.TRUE.

PRSTEP=.PALSE.

EXTWTO=.PALSE.

EXTAPL=.PALSE.

LITER=52

AIRT=A1RTI

ROITER=0

VEVC=0. 167+ (DTOWER/HAIRIN) %2
VPRES=HUM*PSAT (AIRT)
LBYLBA=0.622*VPRES/ (ATMOS~ VPRES}
VPENT=1061.0¢.444*ATIRT

ENTI=CP* (AIRT~-32.0) +VEENT*LBVLBA
VPRESI=VPRES

LBVI=LBVLBA

DNSARI= ( (ATHOS-VPRES) /53. 3+VPRES/8S. 7)*1su.o/(uso 0¢AIRT)

DA=ATOTAL/STEPS

AIRFPL=0.0
c*****t#t#t#t#tttt#t#t*t#t#t##**#t#tt*#‘ttttt##t*tt#tt#####ttttt*#tt##t#tttttt##
c
c END INPUT AND INITIALIZATION
c STABT ITERATION
o
CHREXRRERE SRR RRERBRRAR A RS R ERE R AR R EERAERBRRRRR R RRERRRERKREEERERKKERER KRR A RR KRR
95 VRON=AIRF/ (DNSARI*3600.0)

VHSP=0. 16*HAIRIN* (WTRP/AIRP) *#%1.32
IFP(PPP) GO TO 16

KAL=BPACK*LANBDA* (AIRF/WTRF) **N
HG=CP*WTRF*KAL/HPACK

RGOUT=0.0

T1=VNO8/3.0-1.0

Pi=(P16-P13) *T1+P13

P2=(P26-P23) #*T1+P23
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16

15

VHLPK=( (P2-P1) * (WTRFP-1000.0) /1000. 00?1)*HPRCK
Ccr=0.0

GO TO 15

CF=0,.0192% (NTRF/AIRF) **0, 5

CP=FACTOR*CF

HG=CP*AIRF*CF/(2.0+CF*7}. 5*(‘13?/‘TH?)#*0 25)
KAL=HG*ATOTAL/ (CP*RTRF)

HGOUT=HG

WTRT=HTRTO

ENT=ENTI

HUMI=HON

2=0.0

LBYLBA=LBVI

VPRES=VPRESIY

CONWTR=0.0

AIBRT=AIRTI

Ct*#*##*t**#*##*#*###t**#l*#*t*#t****t##*#****#*t*t*t#t#t#*t‘*‘#t**#*##t*'ﬁ#*#*‘

C

6

37

36

38
35

IRTEGRATION LOOP BEGINS WITH STATENENT 6 :
CREREERRRERAERERREEARKERARRERRRERREREAREREAREAKRERRERERRRR KR RBARRXRAEE R SRR R LR

PSW=PSAT (WTRT)

IP (PSW.EQ.0.0) GO TO 110

ENTSAT=CP* (ATRT-32.0) +(1061.0+. nua#vrar)t0.622t95ﬁ/(nraos-Pss)
C=HG*DA* (ENTSAT-ENT) /CP

IF(.NOT.PRSTEP.OR.EXTHTO.OR.EXTAFL) GO TO 35

IP(LSTEP.LT.47) GO TO 36 )

.LA ﬂ‘\-\ H*‘ *",'“‘.

wamm1€'37) o d“‘hfl Qr iw' la‘:-i!'g!" ﬁo % At

FORMAT (52H 1COOLING TOﬂER PBOGB!H - STEP BY STEP RESULTS or ORB.
1 10H ITERATION/STHO WATER AIR SATOUR ACTUAL BREL PNDS W@
2TR/ VAPOR/S56H AREA TEMP TEMP ENTHAL ENTHAL HUM P¥DS AIR
3PRES)

LSTEP=0

LITER=52

LSTEP=LSTEP+1

WRITE(6,38) A,WTRT,AIRT,ENISAT,ENT,HUNI,LBVLBA,VPRES
PORMAT (5F7.1,F6.3,F9.5,F7.4)
DWTRT=C/WTIRF

1S



DENT=C/AIRY

DAIRT=HG*DA* (WTRT-AIRT)/ (AIRF*CP)
WTRT=WTRT+DWTRT

ENT=ENT+DENT

AIRT=AIRT+DAIRT

A=A+DA

VPENT=1061,0+0,.444*AIET

LBVLBA= (ENT-CP*(AIRT-32,0)) /VPENT
PSA=PSAT (AIRT)

IF(PSA.EQ.0.0) GO TO 110
LBVLBS=0.622*PSA/ (ATHOS-PSA)
HUMI=LBVLBA*(0.622+LBVLBS) /(LBVLBS*{.622+LBVLBA))
VPRES=HUMI *PSA

IF(HUNI.LE.1.0) GO TO 99
CREREARARRERRRRKRKRKRKRRKRKEERRRKE SRR RRRERRERER AR REAE KRR AR RS RE AR R R KRR KR

Cc IP NIXTORE IS SUPER-SATURATED, FIX-UP

CEEREREEERREREEERERRREREERKER R KCE R R R R R R R AR R R R R R R R SRR AR R KRR R RE
T=AIRT

97 T=T+0. 1

PSAH=PSAT{(T)

IP(PSAH.EQ.0.0) GO TO 110
VPER=1061.0+.444%T

LBW=0.622*%PSAH/ (ATNOS-PSAH)

ENTSA=CP* (T-32.0) +VPEN*LBW

HENT= (LBEYLBA-LBW+CONWTR) * (T-32.0) +ENTSA
IFP (ENT.GT.HRNT) GO TO 97
CONWTR=LBVLBA-LBW+CONNWTR

ENT=ENTSA

AIRT=T
99 IP(A.LT.ATOTAL) GO TO 6
CERERRERRRERRRKEREKEREREREERRRSRER KRR R R EEKE R R R KR ERERRRERERRRR TR Rk e R g hhk kg
c END INTEGRATION SECTION
p .
c CCMPUTE PRESSURE LOSSES FOR THIS ITERATION

CHRERKRREERERRRRERKURRKAEKR KRR ERKARRE KR RRAR KRR ERAERERRKERERRRSERESERR AKX R KRR E R
100 IF (EXT¥TO) GO TO 28 '
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102
103

40

31

 YPENT=1061.0+0.444%ATRT

LBYLBA= (ENT-CP* (AIRT- 32.0)) /VPENT

WTRLT=AIRF* (LBVLBA+CONWTR-LBVI)

VPRES=LBVLBA*ATNOS/ (0.622+LBVLBA)

DNSARO= ( (ATMOS-VPRES) /53.3+VPRES/85.7) *144.0/ (460.0+AIRT)

DESARO=DNSARO* (1.0+CONUTR) /(1. 0+CONWTR*DNSARO/62.8)

DNSAVG= (DNSARI+DNSARO) /2.0

VIN=VNOM/AFIN

VOT=AIRF/ (DNSARO*APOT*3600.0)

VSL=AIRF/ (DNSARO*APSL*3600.0)

PRLIN=CDI R*DNSARI*0.0 16 126%ADIN*VIN*+2

IP(.NOT.PPP) GO TO 10z

VPK=AIRF/ (DNSAVG*AFPK*3600.0)

PRLPK=CFP*DNSAVG#0.016126%ADPR# VPR +2

GO TO 103

PRLPK=DNSARI*0.016 126 *VALPK*VNON**2

VYPK=VHOM

PRLOT=CDOT*DNSARO*0.0 16 126%ADOT*VOT**2

PRLSL=CDSL*DNSARO*0.016126*ADSL#VSL**2

PRLVC=VHVC*DNSARI*0,0 16 126*VNON#*2

PRLSP=VHSP*DNSARI*0.016126*VRON*YNON

PRLPR=PRLOT+PRLIN+PRLSL

H=(PRLPR+PRLPK +PRLSP+PRLVC) / (DESARI-DNSARO)

1P (ENDFLG) GO TO &0

NOITER=NOITER+!

IP(.NOT.PRITER.OR.EXTAFL) GO TO 21 .

IF (LITER.LT.52) GO TO 30 '

LSTEP=50

LITER=0

WRITE (6,31)

POBMAT (46 H1ICOOLING TOWER PROGRAM - stunrs OF ITERATIONS/
1 22X,17HAIR CALC  TOWER/ '
26 3H OUTLET VELOTY HEAT CHARAC-  SKIN INLET

3, SO0H OUTLET OUTLET PROFILE PACKING  SPRAY VENA CON/
463H ITER WATER AIR IR TRANS TERISTIC PRICTION RELAT WATER

5, 56H AIR AIR PRESSURE PRESSURE PRESSURE PRESSURE TOWER/

95



663H. NO LOSS DENSITY PAKING COBFF (K*A/L) COEFF HUNKID TEMP

7, S7H TEMP ENTHAL L0OSS LOSS LOSS LOSS HEIGHT)
30 WRITE(6,32) ROITER, WTRLT,DNSARO,VPK,BGOUT ,KAL,CP HUAI , UTRT, AIRT,
1 ENT, PRLPR, PRLPK,PRLSP, PRLVC H
32 FORHAT(IHO I4,fP7.2,F8.6,F7.3,F6.3,78.4,F9. 5 F7.3,P6.1,
1 P6.%1,F7.1,F10,6, 3?9 6, P7 0)
LITER=LITER+2

IF (ENDFLG) GO TO 133
L L L T T T T T T

C END PRINTING RESULTS OFP CNE ITERATION
CEEERERRERCKEKEKERR KK RRKEKRKREEREKEBRKE KRR REKEREE KRR RERE R R RER R *###tt***‘*#**
21 IP(NOITER.LE.100) GO TO 39

WRITE (6,98)
98 FORMAT (47H MORE THAN 100 ITERATIONS. EXECUTION TERMNINATED)

GO TO 39 |
C ITERATION STOP BYPASSED

STOP
ot 2223 2222222 3222222222222 L2 2 ) ‘***t*#‘***t#**#***‘**************#*#t‘*tt******’**
c ROW PIND IF SPECIPIED TOLERANCES ARE NET
(ot 222 232 2 £ 2333 2232332232322 3222333 2332232322232 2223322222222 ¢4 *####**# R Rk R RSy
39 IP (ABS (RTRT-WTRTT) .LE.TOLERT) 60 TO 27

IP(.NOT.PRITER) GO TO 46
IF(.NOT.EXTAPFL) GO TO 48
#RITE (6,42) UTRTO

42 PORMAT (30H (EXTRAPOLATING PROM WTRTO=,P6.1, 1H))
LITEB=LITER+1 -
GO TO 46
48 WRITE(6,43) WTRTO
LITER=LITER¢2
43 FORMAYT (31H (EXTRAEOLATING PRONM WTRTO=,P6.1, 1H))
46 WTRT 1=WTRT '
WTRTO=WTRTO+0. 1
EXTNTO=.TRUE.
GO TO 15
27 IP(EXTAFL) GO TO 50

IP (ABS (R-HTOWER) . LE.TCLERH) GO TO 29

LS



I? (.NOT.PRITER) GO TO 44
WRITE(6,81) AIRF

: LITER=LITER+2
41 PORNAT{26HO0 (EXTRAPOLATING FRON IIRP=,F7 1,1H))
44 AIRFL=AIRF
Hi=H

AIRFP=AIRF+10.0
EXTAFL=.TRUE.

GO TO 95
c##*ttt#*t*tt###t#*****#t#*###**#**tt#t*t#*tt*tt##tt*ttttt**ttt*###t*t*#tttttt*#
c A SAMPLE ITEBATION HAS BEEN MADE TO ADJUST AIRF OR WTRTO

CExEk ek kx g Rk kR Rk bRk bk kRhkkkEk kPRX SRS REREERRRE AR RERERKNEEREEREREREREEREXREE
50 H2=H

DAPDH=10.0/ (H2-H1)

EXTAPL=.PALSE. 4

AIRP=AIRFP+DAFDH* (HTOWER-H)

IFP(.NOT.PRITER) GO 10 95

WRITE (6,55) AIRP

LITER=LITER+1

55  PORMAT(20H (MODIFYING AIRP TO ,r? 1,14))
GO TO 95
24 ¥TRT2=WTRT

DTODTI=0. 1/ (¥TRT2-WTRT1)
EXTHTO=.FALSE.

¥TRTO 1=WTRTO | |
WTRTO=WTRTO+DTODTI* (RIRTI-WTRT)
IP(.NOT.PRITER) GO TO 15
IP(.NOT.EXTAPL) GO TO 62
WRITE(6,61) WTRTO

61 FORMAT (25R (MODIFYING WTRTO T0 ,P6.1, lﬂ))
LITER=LITER*+!
GO TO 15

62 WRITE (6,60) NTRTO
LITER=LITER+2

60 FORMAT (21H (HODIPYIBG WTRTO T0 ,P6. 1 18))

GO TO 15

8%



29

33
96

1002

998

997

110

LR R

IF (PRITER) GO TO 33

ENDFLG=.TRUE.

LITER=52

60 TO 100

WRITE (6,96) WTRTO, H

PORMAT (26H END COOLING TOWER PROGRAM/34HOFINAL OUTLET WATER TEHNP
1ERATURE IS,P6.1/22HOFINAL TOWER HEIGHT IS,P7.0)

WRITE (6,1002) FACTOR

FORMAT (88 FACTOR=,P10.8)

RANGE=WTRTI-WTRTO

WRITE (6,998) o
PORMAT (102H WATER LOATING HUNIDITY IRLET AIR TENP INLE
1T WATER TEMP ACTUAL OUTLET NATER TEHNP RANGE)

WRITE (6,997) WTRF,HUM, AIRTI,¥TRTY, WTRTOA, RANGE

PORNAT (2X, P10.3,6X,P10.3,6X,F10.3,8X,P10.3, 13X, ?10.3, 10x,F10.3)

GO TO 1111

STOP

AIRP= (AIRP-AIRFL) /2.0 4AIRPL

IP (.NOT.PRITER) GO TO 95

WRITE(6,111) AIRP

LITER=LITER+2

FORMAT (19HO (ADJUSTING AIRF TO,P7.1,1SH POR STABILITY))

GO TO 95

END

PONCTION PSAT(T)

DIMENSION V(181)

DATA M/0/
DATAV/. oaesu,.09223,.09503,.09995,.1on01..10821..11256,.11705..121
170,.12652,.13150,.13665,.14199,.14752,.15323,.15914,.16525,. 17157,

2.17811,.18486,.19182,.19900,.20642,.2141,,2220,.2302,,.2386,.2473,.

32563,.2655,.2751,.2850,.2951,.3056,.3164,.3276,.3390,.3509,.3631,.

43756,.3886, ,4019,.4156,.4298,.8443,.4593,.8747,.8906,.5069,.5237,. .

55410,.5588,.5771,.5959,.6152,.6351,.6556,.6766,.6982,.7204,.7432,.
67666 ,.7906,.8153,.8407, .8668,.8935,.9210,.9492,.9781,1.0078, 1.0382
7,1.0695,1.1016,1.1345,1,1683,1.2029,1.2384,1.2748,1.3121,1.3504, 1.
83896,1.4298,1.4709,1.5130,1.5563, 1.6006, 1.6459, 1.69248, 1.7400,1. 788

65
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98, 1.8387, 1.8897, 1.9420, 1.9955,2.0503,2.1064,2.1638,2.2225,2.2826,2
*.3440,2.4069,2.4712,2.5370, 2.6042, 2. 6729, 2. 7432, 2. 8151 2.8886,2.96
+37,3.0404,3. 1188,3.1990,3.281,3.365,3. 450,3.537,3.627,3.718, 3.811,
$3.906,4.003,4.102,4.203,4.306,4.411,4,519,4,629,4.741,8.855,4.971,
*5.090,5.212,5.335,5.461,5.590,5.721,5.855,5. 992.6.131,6.273,6.471,
*6.565,6.715,6.868,7.024,7.183,7.345,7.510,7.678,7.850,8.024,8. 202,
*3.,383,8.567,8.755,8.946,9.141,9.339,9,541,9, 746,9.955, 10. 168,10.38
*5,10.605, 10.830,11.058,11.290,11.526,11, 769 12. 011 12.262,12,512,1
*.771,13.031, 13. 300, 13.568, 13. 845, 18, 123, 14. 810, 18.696/

NT=T

PSAT=0.0

IFP(NT.GT.31) GO TO 5

PSAT=V (1)

WRITE(6,2) T

FORMAT (36HOERROR IN PSAT: TABLE EXCEEDED. T=,F8.2)

H=M+1 ‘

IP(N.LE.50) RETURN

WRITE (6, 3)

PORMAT (53HO MORE THAN 50 EBRORS IN PSA? -~ BXECUTION TERNINATED)

sTop _

IP (NT.GE.212) GO TO &

PSAT=V (NT-31) + (V(NT-30) -V (N?=31) ) * (T-NT)

RETORN

END

PROGRAM POR PREDICTING THE THERNAL PERPOBHIHCB OF I SPRAY CAWIL | — SPRANAL ~|

aoaanaaanaalon

B=TOTAL WATER EVAPORATED

ALPHA=PRACTION OF WATER ERVAPORATED

P=AIR INTERFERERCE FACTORS

PSA=SATURATION VAPOR PRESSURE

THAIX=MIXED CANAL TENPERATUEE

TST=SPRAY TEMPERATURE

TWBL=LOCAL VWET BULB TEMPERATURE
PASSES=NUNBER OFP PASSES MARCHING DOWN CANAL
NROW=NUMBER OF SPRAYS ACRCSS CAWAL
R=FRACTION OF WATER SPRAYED BY EACH SPRAY
TEMDIS= CANAL INLET TEMPRRATURE

09
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C

TWB=WET BULE TEMPERATURE
WSPEED=WIND SPFED
B=BOWEN RATIO
TI=PASS NOUMBER
J=ROW NUMPER
NTU=NOMBER CP TRANSPER UNITS PER SPRAY
HTN=ENTHALPY AT TEMPERAURE TN
IRATE=NUMBER OF ITERATIONS
TH=TEMPERATURE OF SPRAY AT NOZZLE
TCC=CANAL DISCHARGE TEMPEFATURE
DINMENSION E(200),ALPHA (10,200),F(10)
DINENSION PSA (150)
DINENSION TMIX (200), TST(10,200),TW¥BL(10,200),T (10,200)
INTEGER PASSES
REAL NMPR, NTU
READ(5,5) PSA
FORMAT (8P 10. 2)
F VALOES AS REPORTED BY PORTER
F(1)=0.0
F (2)=0.18
P(3)=0.44
P (4)=0.70
?(5)=0.96
R=**& &2 INPUT VALUE*#*%
TENDIS=#*#**4«INPUT VALUE**$%%
TRB=##%*xI NPUT VALUE®**%%
WSPEED=%*%**I NPUT VALUE®®x%%
PASSES=#****TNPOT VALUE**$%x
NROW=#%s**INPUT VALUE$**%%
THIX (1) =TENDIS
B=0.0
PATN=14.7
RNROW=NROW
I=0
BEGIN CALCULATION FOR EACH PASS
J=0 -

19



C
10

C
30

I=I+1

BEGING PASS CALCULATION WITH UPWIND NODULE

J=J+1

IF(I.BQ.1) TWBL(J,I)=F{J)*(THLX(I)-TWB)+TWB
IP(I.GT.1) TWBL(J,I)=F(J)* (THIX{(I-1)-TWB)+TWB
NTU=0. 16+ {0.053) *¥SPEED

IP(I.EQ.1) TN=THIX(I)

IF(I.GT.1) TN=THIX(I-1)

TS=TN-30.0

ITWBL=THBL (J,I)

ITRBLI=ITWBL+1

PSATB 1=PSA (ITWBL)

PSATB2=pPSA (ITWBL1)

ITH=TM

ITN1=ITN+1

PSATN 1=PSA (ITN)

PSATN2=PSA (ITH1) _

TITN=ITN

TITVBL=ITWBL
PSATN=PSATN1+ (TN-TITH)* (PSATN2-PSATAY)
PSATﬂB=PSATB14(1YBt(J,I)-TITIBL)*{PS&Tﬁz“PBLTB1)

HTN=0.935% (0. 24*TH+ (0.622*PSATN/(18.7-PSATN)) * (1061, 8+0. Q*TR))=

HTWBL=0,.935% (0. 24*TWBL (J,X)+ (0.622%PSATWB/(14.7-PSATUB)).

1 *(1061.8+0.44%TWBL (J,1)))

ITRATE=0

BEGIN ITERATICN FOR HEAT TRANSPFRER. CC!LCULATIOH

TSAVE=TS

ITRATE=ITBATE+

ITS=TS

ITS1=ITS+1

PSATS 1=PSA (ITS)

PSATS2=PSA (ITS1)

TITS=ITS
PSATS-PSATS1+(TS-TITS)*(PSLTS2-PSIT81)

HTS=0.935% (0. 24*TS+ (0. 622*PSATS/ (4. 7-?51&3))*(1061 8¢0.44*TS))

TS=TN-NTU* ( (HTS+HTR) /2.0-HTWBL)

29



DIFTEN=ABS (TSAVE-TS)

IP (DIPTEN.LE.0.01) GO TO 50
TS= (TSAVE+TS) /2.0
GO To 30

50 TST(J,I)=TS
ALPHA (J,I)=(TN-TS) /(106 1. 8% (1.0+B))
WRITE (6,45) J,I,TS

45 PORMAT (28H THE SPRAY COLD TENP AT ROW ,I3, 10H AND PASS ,

! I3,48 IS ,P15.3)

IF (J.EQ.NROW) GO TO 60

GO TO 10
Cc SUSRUP EVAPORATIVE LOSSES FOR EACH PASS
60 CONTINUE

TALPHA=0.0

po 70 L=1,NROW
TALPHA=TALPHA+ALPHA (L, T)
70 CORTINUE
IRT=I-1
IP (IET.EQ.0) E(1)=0.0
IP (IET.20.0) IET=!
E (I) =R*TALPHA+E (IET)
ETOTAL=E(I)
IMINS=Y-1
IP (ININS.EQ.0) INMINS=1
THINUS=THIX (IMINS)
WRITE (6,72) THMINUS
72 PORNAT (348 THE PRESENT NIXED TENPERATURE IS ,P15.3)
THIX(I)=0.0
DO 100 L=1,HROW
T(L,I)=((1.0-BTOTAL-RNEROW *R) *THINUS+REROWSR* (1.0-ALPHA(L,I))*
1 TST(L,I))/(1.0-ETOTAL-RNROWCR*ALPHA(L,I))
THIX(I)=THIX(I)+T(L,I)/RNROW

100 CONTINUE
IP(I.BQ.PASSES) GO TO 150
GO TO 8

150 CONTINUE
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160
175

TCC=TAIX ()

CONTINUE

WRITE (6, 175) TCC

PORMAT (36H CANAL DISCHARGE TEMPERATURE EQUALS ,F15.3)
STOP

END

THIS PROGRAM PREDICTS THE THERBAL pnaroasumr]
MECHANICAL DRAPT COOLING TOWERS — NMFCDUAFT— |

e N Rs XK KN Ke e e e Kx Ko R Ke e e Ne Xe Ne N Ne e Ne e Ne Ne e (o Ny

RAL=KA/L

JKERP=BRETAINS VALUE OF J

TWI= TOWER INLET TERNPERATURE

ALPHA=PACKING EMPIRICAL COCEPPICIERNT

BETA=EMPIRICAL PACKING COEFPICIENT

AIRG=AIR LOADING LB/HR-P1T#%2

ACELL¥=NOENALIZED CALCULATIONAL CELL WATER LOADING AREA
ACELLA=NORMALIZED CALCULATIONAL CELL AIR LOADING AREA
RLG ==RATIO OF WATER FLOW TO AIR FLOW IN EACH CELL
NROITT=HUMBER OP ITERATIONS

N=SQUARE ROOT OF NUMBER OF CELLS

HEIGHT=HEIGHT OF PACKING

GNTU=KAV/L

FRTU=KAV/AIRG

DETU=NTU PER CELL

TWO=0UTLET WATER TBBPBBITURE

PS=SATURATED VAPOR PRESSURE AT TOWER WATER INLET T!HPBRATURE
A=ENTHALPY OF NIOST AIR AT WATER TENPERATURE
TS=SATURATED VAPOR PRESSURE AT SPECIPIED NETR. CONDITION
HA=ENTHALPY OF MOIST AIR AT SPECIPIED HETR. COH%ITIOI
J=NUMBER CP ROW ACROSS, =TOP ROW

I=NUNBER OP ROW ACROSS, 1=AIR INLET SIDE

TU=WATER TENPERATURE

AW=HOIST AIR ENTHALPY

KC=ITERATION NUMBER CHECK

TW2=TENPERATURE OF WATER AT THE EXIT OF AN IICRB!BHI(CBLL)
TWBAL=TENPRERATURE OF AIR AT TOWER EXIT

DE=ENTHALPY DIFFERENCE OF THE ATR BETWEEN THE INLET AND OUTLET OF l CBLL -

9
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DH1=ENTHALPY DIFFERENCE BETWEEN WATER AND AIR ENTERING A CELL
HA2=ENTHALPY OF MOIST AIR AT THE EXIT OF A CPLL
THIS PROGRAM HAS TNCLUDED THE VARIOUS PARANETER VALUES FOR THE
FOLLOWING TOWER
PILL WIDTH=36 FEET (INCLUDES BOTH SIDES)
FILL HEIGHT=60 PEET
UNIT FILL LENTH=32 PEET
FAN DIAMETER=28 PEET
SUBROUTINE TOWVER (J)
DIAENSION TWBXX (380),CTWOUT(380)
DIMENSION HW(30), TW(30), PSA{150)
CONMON/TOWTEM/TTONIN
COMMON/WET/TWBXX
COMMON/EFF/CTWOUT
COMMON/ATMOS/PSA
COMMON/WATER/WATERL, W1
REAL KAL
JKEEP=J
TWB=T¥BXX (J)
TYI=TTOWIN
CONTINUE
ALPHA=0.065- (TWI~110,0)*(0,000325)
IP(TWI.LE.90.0) ALPHA=0.0715
BETA=.6
AIRG=1692.0
KAL=ALPHA* ({ATERL/AIRG) ** (-BETA)
HEIGHT=60.0
GNTU=KAL*HEIGHT
ACELLW¥=32.0
ACELLA=53,?
ROCELA=ACELLW/ACELLA
RLG=ROCELA*WATERL /AIRG
NOITT=5
CONST=7.481/60.0/62.0%10.0%*9
CONST 1=0. 124683/62.0
PATH=14.7
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N=l
FNTU=GNTU*RLG
CELLN=N
DNTU=FNTU/CELLN
IT=TWI
PS=PSA (IT) 4 (PSA (I7+ 1) -PSA(IT)) * (THI-IT)
H=0.24%TWI+(0, 622# (2ggggps¢t(%ps1 0.4
Ipemgpe = SERTR AR N 0 AR S
TS= PSA(IY)*(PSA(IT+1) PSA (IT)) * (THB-IT)
HA=0.24%TUB+0.622%TS/ (PATH-TS) * (1061.8+0,.44*TWB)
DO 100 I=1,N
TV (I) =THI
100 HY (I) =R

TEBAL=0.0 et

C BEGIN ROVW-DOWN cnncunazrons
DO 104 J=1,%
H=HA

C  BEGIN ROW-ACROSS CALCULATIONS
DO 101 I=1,N
XC=0
DH1=HW (I) -H
DH=DH 1/1.2%DNTD

C BEGIN HEAT TRANSFER ITERATION

102 KC=KC+1

TH2=TW(I) -DH/RLG
IT=TH2 ' ' |
PS=PSA{IT) +(PSA(IT+1) -PSA (IT))* (TR2-IT) -
BU2=0.24%TW2+0.622*PS/ (PATN-PS) * (1061. 840, 44*Tq2)
DHH= (DB | +H¥2-H-DH) /2. 0*DNTU
DHA= (DAH+DH) /2.0

II):g;H‘G! .OITT) " ?"o"‘;u’ thes! q§ R ’m’*v ,"q ¥4 i
GO TO 102 :

c END HEAT TRANSPER ITBRATION
106 TW (I)=TW¥(I)-DHHR/RLG
IT=TR(I)

99



PS=PSA (IT) + (PSA (IT+1) -PSA (IT)) * (TW (I)-IT)
BV (XI) =0.24*TWH (I)+0.622%PS/ (PATH-PS) *(1061,.8+0,.44*THW (L))

101 A=H+DHE

C DETERMINE AIR EXRAUST WET BULB TEMPERATURE POR EACH ROW ACROSS

TWE2=THE

20 ITWB2=TWB2 Tw
PS=PSA(ITWB2) ¢ (PSA (ITWE243) ~PSA (ITHB2) %‘ B2-ITWB2)
A2, 20 PUB 2§07 63 2488 ‘whg:%“ﬁggwﬁiiﬂcfaa B-lugerup2)
IFP{HA2.GE.H) GO TO 10
TWB2=TWB2+5.0

HA22=HA2

GO T0 20
10 TWB2=TWB2-4.0
40 ITWB2=THiB2

PS=PSA (ITHB2) ¢ {PSA (ITWB2+1) -PSA (ITWB2) } % (TWB2- ITWB2)
HA2=0.24%TWB2+0,622#PS/ (PATH-PS) *( 1061.8+0. 445 7¥B2)
IP(B12.GE.H) GO TO 30
TRB2=THB2+1.0
HA22=HA2
GO TO 40

30 TWB2=TWB2- (HA2-H) / (BA2-HA22)

104 TWBAL=TEBAL*THB2 i b

C  DETERBINE “ATE "AND GRPNN: GUILET x*nﬁaétﬂ%anvgﬂikunxs

TWBAL=THBAL/CELLN
T#0=0.0
DO 103 I=1,N

103 THO=TWO+TR(I) .
THO=THO/CELLN
CTWOUT (JKEEP) =THO
RETURN
END

49



