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ABSTRACT

A method is developed for analyzing the performance of counterflow

and crossflow natural draft cooling towers that does not assume
saturated air at the top of the packing. Types of cooling towers

and the principles of operation are considered. Simplified differen-
tial equations for the heat and mass transfer relations and the

methods of integrating them for both counterflow and crossflow towers
are given. A large number of integration steps is shown to be unneces-
sary. Equations for estimating the pressure losses in the tower are
also given. Simplified flow charts using these integration schemes show
how the computer program is used to evaluate tower performance. The
computed performance of towers of various heights operating in moist
and in dry conditions is shown. The effect of inlet water temperature
is shown to be significant. Finally, the computed performance of a
given tower with fixed inlet water temperature is shown as a function
of relative humidity and dry bulb air temperature.
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CONCLUSIONS

The mathematical model is capable of yielding reliable predictions
of cooling tower performance at relatively low cost. Inasmuch as
the state of the air leaving the packing is actually determined
and not merely assumed to be saturated, the program results will
be of value in studying the effect of a tower on local atmospheric
conditions,

When the atmospheric conditions are such that the air becomes
saturated before it reaches the top of the packing, the integration
scheme is modified slightly so that the program will not predict

a supersaturated condition. This condition might arise when the
bulk air becomes saturated and its total heat is Tess than the
total heat of the thin layer of saturated air next to the water

and at the water temperature. Water vapor can still be transferred
to the bulk air by virtue of this driving potential, but the program
assumes that the bulk air cannot be supersaturated. Therefore, the
program forces part of the excess water vapor to condense into
droplets and the temperature of the mixture of saturated air and
water droplets to increase until the total energy of the mixture

is the same as the bulk air is at 100 percent saturation.

Tower performance is very sensitive to the values of the heat transfer
and friction coefficients. An option in the program makes it
relatively easy to change the equations predicting these coefficients
to conform to different types of packings. Because the program
computes the actual velocities at different sections in the tower,
these relationships can be based on the local velocity. Therefore,
the coefficients can be varied in the mathematical model just as

they vary in the actual tower.

The degree to which the performance predicted by the model conforms
to that of an actual tower depends on how well the input data used
in the program match those of the actual tower. Therefore, final
verification of the model awaits the acquisition of reliable test
data on actual towers for which the inlet and packing geometry

is known. These data are especially needed to estimate heat
transfer and friction coefficients.

ix



SECTION I

COOLING TOWER TYPES

Cooling towers are merely heat exchangers that transfer heat from
water to air. Dry towers perform this function without direct
air-water contact and rely solely upon heat transfer by convection.
Wet towers use direct air-water contact, with energy transfer by
evaporation being the predominant exchange mechanism, and convection
playing a minor role. To promote evaporative and convective cooling,
wet towers require large water surface areas and high airflow rates.
Large water surface areas are produced by distributing the warm water
over packing that either breaks the water into small droplets (splash
packing) or allows the water to flow downward in thin films (film
packing). Airflow can be produced with fans or natural drafts. In
either case, the tower and packing can be designed to operate with
the air flowing upward through the packing (counterf]owg or horizontally
across the packing (crossflow). This paper is concerned only with
the wet, natural draft cooling tower.

A natural draft cooling tower is basically a large chimney that
provides a draft to pull air over a large surface of water. Either
heating the air or increasing its vapor content will decrease its
density, and it will rise. Thus, airflow is established without
the expenditure of external power. This is an important advantage
for natural draft towers, because the mass rate of airflow required
is of the same order as the mass rate of waterflow which, for large
heat sources 1like nuclear power plants, may be equivalent to a small
river, e.g., 1000 cfs.

Natural draft towers are usually constructed from reinforced concrete
and because of their large height are hyperbolic in profile for
greater structural strength. Figures 1 and 2 show the basic components
of counterflow and crossflow towers.
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SECTION II
PRINCIPLES OF TOWER OPERATION

Figure 3 provides information leading to a basic understanding of

how a natural draft cooling tower operates. This psychrometric
chart.contains the same information as the Carrier psychrometric
chart that is frequently employed in the United States, but presents
the data in a form that can be used more directly in cooling tower
calculations. The left vertical scale is the total heat of the

moist air, which is the quantity that governs energy exchange for the
combined sensible and latent heat transfer. Inasmuch as the total
heat depends almost entirely on the wet-bulb temperature, the total
heat scale may also be interpreted as a suitably graduated scale of
wet-bulb temperatures, as is illustrated by the right-hand vertical
scale. The abscissa is the dry-bulb temperature. The state of moist
air can be found on the diagram by any two of the following three
quantities: wet-bulb temperature, dry-bulb temperature, and relative
humidity. The specific volume lines refer to the true specific
volume of the mixture (reciprocal of the density) in ft3/1b of mixture.
This is useful in calculating the difference in density between two

goints in the tower and thus determining the draft through the
ower.

Even though the variables are related through the heat and mass
transfer relations in a rather intricate manner, inspection of
Figure 3 can yield a qualitative picture of the effect of some of
the variables on tower performance. For example, Figures 4 and 5
which are similar to Figure 3, but with much of the psychrometric
data removed for clarity, show how the state of the air and the
temperature of the water change as they move through the packing
in a counterflow tower.

Although the type of psychrometric chart (Figure 3) used in this
paper has been suggested by others, Wood and Betts (6,7) appear
to be the first to publish it. Also, Figures 4 and 5 are based
upon similar curves by Wood and Betts.

If one assumes that the water is at the same temperature as the
layer of saturated air next to it, the locus of points indicating
the change in water temperature as it flows down through the packing
is represented in Figure 4 by the saturation line T-S-R-Q. Thus

the water is cooled from 6o to 61. The 1ine A-B-C-D-E shows the
character of the air as it flows up through the packing, where

point A represents the state of the incoming air. The state of the
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air is striving to reach the state of the saturated air with which
it is locally in contact across the packing. Initially, the inlet
air (point A) "sees" the saturated air across the bottom element

of packing surface at the outlet water temperature (point Q), thus,
the state of the air will try to reach point Q by traveling along
the path AQ. After a small exchange of energy has taken place, the
air has reached state B and has moved along the packing to a point
where it is in contact with the saturated air at a different water
temperature (point R). The state of the moist air then begins to
change by moving along the path BR. Continuation of this process
yields the locus of states of the air flowing through the packing
as a kind of "pursuit" curve (line A-B-C-D-E?.

Figure 5 shows pursuit curves for two different atmospheric conditions,
one cool and moist (the curve on the left), the other hot and dry
(the curve on the right). The difficulty in using a natural draft
cooling tower in hot dry climates is illustrated by the pursuit
curve on the right. If the atmospheric condition were hotter and
dryer (further to the right) the inlet air would "aim" toward the
outlet water at a shallow angle, initially, and the state of the

air would tend to cross the lines of constant specific vojume in’
the wrong direction. Under such conditions, the air density would
increase, and it would be difficult to get the tower "started."
Towers constructed in hot-dry climates often require somewhat larger
chimney heights to provide the necessary draft, since the density
differences between the incoming and exiting air are so small.
Additionally, increasing the inlet water temperature will promote

a higher cooling efficiency.



SECTION TII

MATHEMATICAL MODEL

Simplified Derivations

The total heat approximation for heat and mass transfer, developed
by Merkel around 1925 (see Reference 4), states that the energy
transferred equals the energy lost by water which must equal the
change in the total heat of the air (i.e., the gain in energy of

the air). Using this approximation, and neglecting the small changes
in water and air flow rates due to evaporation:

h
Eg'(ie -f) dA=LCy do=Gdi ... ..., (1)

P

where,

hG = Convection coefficient of heat transfer for air,
BTU/hr ft2 °F

C,_ = Specific heat of the air vapor mixture, BTU/1b °F

P

hg

¢ = Coefficient of mass transfer, 1b/hr ft2
P

® = Water temperature, °F

e
n

5 The total heat of saturated air and water vapor
at 6, BTU/1b

i = Total heat of the air at the air temperature,
BTU/1b

[=5
>
n

Increment of heat transfer surface area, ft?/ft?
of cross-section

-
[}]

Water flow rate per ft2 of cross-section, 1b/hr ft?
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C = Specific heat of water, = 1 BTU/1b °F

PL
do = Differential change in the temperature of
the water as it flows over the surface dA, °F
G = Airflow rate per ft? of cross-section, 1b/hr ft?
di = Differential change in the total heat of the air

as it passes over dA, BTU/1b.

Therefore,
(i, - i) h
do=—0 " Ban .. (2)
L CPL Cp
(i, - 1) h
4i = —2 S (3)
G Cp

Also, the change in air temperature due to sensible heating equals
the sensible heat transferred from the water to the air:

G cp dt = hg (6-t)dA . ... .. ... . ... (4)
where,
t = Air temperature, °F
dt = Differentia! change in the temperature of
the air as it flows over the surface dA, °F.
Therefore,
h
qe = L8t G (5)
G C
P
Counterflow

Film flow packing in a counterflow tower is shown schematically in
Figure 6. Starting at the bottom of the packing with values for 6,

12
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i, and t equal to outlet water temperature, and inlet air total

heat and temperature, respectively, Equations 2, 3, and 5 are used
to calculate the changes in these quantities, i.e., d6, di, and dt,
as the air and water flow across the differential packing areas (dA)
The design magnitude of the water flow rate (L) and estimates for
the air flow rate (G) and heat transfer coefficient (hg) are also
required for the computations. New values for water temperature (8),
air total heat (i), and air temperature (t) are obtained by stepwise
integration until the top of the packing is reached:

B+ gpa =B tde . e (6)
ba g ga-Batdt o oo (7)
ppga=da*di oo (8)

where the subscript A identifies the element of packing surface area
where the differential changes are evaluated and A + dA represents
the next element of surface, as shown in Figure 6. HWhen A + dA
equals the total area available, the integration is complete and

the inlet water temperature and the condition of the exit air are
presented for the initial conditions. Since outlet water temperature
is usually desired, it must be assumed initially and adjusted by
trial and error until the given inlet water temperature results.
This is done within the computer program, which also adjusts the
airflow rate so that it corresponds to the quantity determined by
the friction loss, air density and tower height. A simplified flow
chart of the computer program which outlines the logic is given in
Figure 7. A complete description of the program is presented in
Appendix III.

The method of integration used here is similar to the arithmetic
method developed by Wood and Betts and illustrated graphically in
Figure 4. If dt in Figure 4 were calculated for each step by
Equation 5, the method becomes essentially the same integration
procedure that is presented in this paper. One advantage in using
dA instead of dt as the variable of integration is that it is easier
to evaluate the performance of a given tower. Another advantage is
that it is possible to extend the method to crossflow towers.

14



Input data including:

atmospheric conditions

packing characteristics

desired tower height (H)

desired inlet water temperature ( i)
water loading (L)

Estimate air flow rate (G) |=

1

Calculate friction coefficient (C.)

l

Calculate heat transfer coefficient (hG)

X 1
Estimate outlet water temperature (OQ)

1

Counterflow integration scheme

|
Is inlet water (Oi) ~ desired value?

Yes
|

Calculate pressure losses

Is calculated H ~ desired value? No
'Yes
Resulting output describes tower performance
1
END

FIGURE 7. SIMPLIFIED FLOWCHART OF COUNTERFLOW COMPUTER SYSTEM
15



Crossflow

As shown schematically in Figure 8, the crossflow packing is divided
up into rows and columns designated by the indices I and J, with
water flowing down the columns and air flowing across the rows.
(Parallel plate packing is used in this schematic for illustrative
purposes, not to indicate an actual crossflow packing arrangement.
Although the authors do not know of a crossflow tower using parallel
plate packing, such an arrangement may be practical.) The rows and
columns delineate rectangular elements of surface area dAI J°

By using the appropriate subscripts denoting rows and columns,
one can rewrite Equations 2, 3, and 5 to describe the differential
changes in water temperature (8), air total heat (i), and air
temperature (t) within crossflow packing:

(i -7 )
6y 10 h

G
do = (=2) dAy o e e e e e (9)
Yoy Tl ng
di = ’GI (E—J dAI,J .......... (10)
p
(61,9 - t1,9) he
dt = G (c;) dAI,J .......... (11)

The integration scheme is similar to the one used for the counter-
flow case, except the differential changes in water temperature
apply down a column and the differential changes in air temperature
and air total heat apply along a row:

91+-|’J = GI,J - de ----------------
g = ipgtdic e e (13)
tI,J+] = tI,J + dt ................ (]4)

Water temperature for all elements of the top row are equal to the
inlet water temperature, and air temperature and total heat for all
elements of the first column are equal to that of the incoming air.

16
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Starting with the element (1,1), one solves for water temperature
in each successive area element of the first column as the

water flows down until the outlet water temperature for that column
is evaluated. The water temperature in the next column is evaluated
in a similar manner starting with the inlet water temperature at
the top of the column. However, the air that the water contacts

in each of the elements of this column is changed, since the air
has passed across the first column of water. The new magnitudes

of air temperature and total heat computed for each row are used

in the integration as the water flows down the column. This
process is continued until the final column has been evaluated.

In this way it is possible to compute a temperature distribution
throughout the packing grid. A mixed outlet water temperature is
then calculated for the water flow out of all the columns, and
mixed air temperature and total heat are similarly computed for

the outlet air

A flow chart for the crossflow method is shown in Figure 9. In

the crossflow calculations it is not necessary initially to estimate
the outlet water temperature, since it can be solved for directly.
As previously stated, a computer program for crossflow towers is
not yet available.

Tower Height

For a natural draft tower, the basic design objective is to achieve
a sufficiently high airflow rate. This rate is a function of the
difference in pressure across the packing and the friction loss.

For a given airflow rate, the driving force acting on the air must
equal the friction loss through the tower. A simplified expression
for this concept which is used by several investigators (1) is:

pV?
H Ap =N '2'g—" N (]5)
where,
H = Tower height, ft
Ap = Difference in moist air density between the inlet
and the top of the packing, 1b/ft?
N = Number of velocity heads lost
P = Average moist air density, 1b/ft3
V = Average air velocity, ft/sec

18



Input data including:

atmospheric conditions
packing characteristics
desired tower height (H)
inlet water temperature (Oi)
water loading (L)

Estimate air flow rate (G) je—

Calculate friction coefficient (CF)

|
Calculate heat transfer coefficient (hg)

Crossflow integration scheme

Calculate pressure losses

|
Is calculated H = desired value

'Yes

Resulting output describes tower performance

END

FIGURE 9. SIMPLIFIED FLOWCHART OF CROSSFLOW COMPUTER PROGRAM
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g = Acceleration of gravity, ft/sec?

T = A friction factor which accounts for the drag
of the falling water, hr

In general, as long as a density difference (Ap) exists, a tower
height (H) can be selected to obtain the required driving force,
however, there is a practical economic 1imit on tower height.

Some investigators assume that the resistance of the tower to

airflow is primarily due to inertia losses caused by the packing

and supports, as distinct from friction Josses and the drag of falling
water. Therefore, in order to simplify their calculations they

take the number of velocity heads lost (N) as a constant for a

given tower and neglect the friction factor (t). Actually, the idea
that packing resistance is primarily due to inertia lTosses is some-
what debatable for a film flow packing consisting of parallel plates
where skin friction losses predominate. Analytical relationships have
been developed which correlate skin friction with heat transfer, and
they should apply directly to the simple geometry of parallel plates.
Also, expressions for the resistance should realistically include a
term due to the shell friction which would involve the shell surface
area and hence the height of the tower. In addition, there will be
some drag from supports and water distribution pipes, but this can
probably be minimized by careful design. In the computer program

the resistance is determined by computing the pressure drop at four
different sections in the tower (inlet, packing, shell, and
obstructions such as drift eliminators) based on the Tocal velocity
and configuration through each section.

The direct correlation between skin friction and heat transfer in
parallel plate film packing should lead to a more accurate
calculation of the heat transfer and friction coefficients. How-
ever, the computational technique is not restricted to paraliel
plate packing. If an effective value of the product hg A is known
or can be determined for other types of packing, effective values
for the heat transfer coefficient (hg) and dA can be determined
for use in the computer program.

Estimating Coefficients

The performance of a cooling tower is strongly dependent on the
heat and mass transfer, and friction coefficients. Methods of
approximating these coefficients are given following

20



Mass Transfer Coefficient

The mass transfer coefficient Kg, in 1b/hr ft?, based on the difference
between the concentration of water vapor in the saturated air in
contact with the water and the concentration of water vapor in the

main air stream is given approximately by:

Another method used in cooling tower work is to relate KG directly
to the type of packing (3): ‘

Kna
T (17)

where,

a = Mean area of water-air interface per cubic
foot of packed volume, ft?/ft?

1

>
il

Empirical constant, ft ~

n = Empirical constant.

Values of n and A for different types of packing are given in Reference
3.

Heat Transfer Coefficient

Two methods are used to estimate the heat transfer coefficient. These
are the methods presented by Rish (5) and the heat transfer
relations based on a modified Reynolds analogy.

Rish's Method - Rish presents a semi-empirical equation developed
for plate type packing which, rearranged, yields:

hg = ‘o °r GL BTE e e e (18)
2+7.16 Cf (E)
where,
cf = Friction coefficient.

21



Standard Heat Transfer Correlation - A common heat transfer relation-
ship used in tube, duct and annulus work is the modified form of

the Reynolds analogy (2). In the Reynolds analogy, heat and
momentum are assumed to be transferred by analogous processes in
turbulent flow. For Reynolds numbers from 10,000 to 120,000

and Prandt] numbers in the range 0.5 to 100, the Reynolds analogy

is modified s1ightly-on the basis of experimental data to yield

the following equation:

Nusselt No. = 0.023 (Reynolds No.)®-8(Prandti No.)?-33
or

heD ¥Dp\0.8 ;510,33

~— = 0.023 (—ﬁﬂo Al (-1 MR ¢ )|

where,

o
n

Hydraulic diameter, ft (the hydraulic diameter

is 4 times the flow cross-section divided by
wetted perimeter, thus for an annulus or large,
closely spaced plates, the hydraulic diameter

is 2 times the distance between the annulus
walls, or 2 times the distance between the plates)

v = Air velocity, ft/hr (for a water film having
appreciable velocity, v should be the relative
velocity between the air and the water)

k = Conductivity of the moist air, BTU/hr ft °F
p = Coefficient of viscosity, 1b/hr ft.
The Prandtl number is defined as the ratio of the kinematic viscosity
(a measure of the rate of momentum transfer between molecules) to
the thermal diffusivity (a measure of the ratio of the heat transmission

to the energy storage capacity of the molecules). The Prandt] number
for air varies with temperature around 0.7.

Friction Coefficient

Two methods are used to estimate the friction coefficients.

Rish's Method - For flat asbestos-cement sheets, 1-inch on centers,
under counterflow conditions, Rish (5) gives the following expression:

22



Cs = 0,0192 (L)O Y )

Standard Friction Correlation - For Reynolds numbers from 10,000
to 120,000.0f 1S given by the empirical relation:

C¢ = 0.046 (Reynolds ) %2 .2

Presently, the counterflow program can use either Rish's expressions
to calculate heat transfer and friction coefficients for paralle]
plate packing or it can use Equation 17 and Lowe and Christie's data
(3) for other types of packing. The program can be readily modified
to use other relations for computing the coefficients for different
types of packing.

Estimating Pressure Loss

The total pressure drop in a tower is due to the cumulative effect
of form drag, skin friction of the pack1ng, and an effective pressure
loss due to the contraction of the incoming air.

Form Drag
The drag force, in 1b, is given by:

2
Drag = C A ...... e e e e e e e e .. (22)
where,

CD = Drag coefficient for obstructions based on the
dimension or drag area (AD)

This is converted to the pressure drop by dividing by the appropriate

area, A of? of the airflow over which this force acts. Therefore,
pressure drop due to form drag, AP (1b/ft2) is:
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Skin Friction

The formula for the pressure loss due to skin friction of the
packing, APS (1b/ft2§, is similar to that for form drag:

A pV?
AP =Co5——5—+ ¢« « v . e e e e e e e e e (24)
S fA - Aref 29
- Ap A
The quantities CD A;;;—or Cf Areire often referred to as N, the number

of velocity heads lost.

Contraction Loss

In addition to the pressure drop due to the packing or obstructions,
there may also be a pressure drop to the contraction of the air stream
within the tower. When this air stream does not expand to fill the
tower, Lowe and Christie (3) show that N for this loss can be estimated

by:

- dy2
Neontraction = 0-167 ()2« « + « o v v v v oo (25)
where,
d = Tower diameter at the lower edge of the shell, ft
b = Height of the air opening, ft
Spray Loss

Rish (5) indicates that the pressure drop in velocity heads due to
water falling from a sheet of packing may be estimated by:

N = 0.16 b (G’ v oo, . (26)

spray

24



SECTION IV

EXAMPLE COMPUTATIONS

To "test" the program, a set of example computations were performed
using the counterflow model.

Initially, the program was tested to determine the proper number of
integration steps. By setting a fixed value for the'product‘hGA,
it was possible to compare the results computed by the

program using various numbers of integration steps with results
obtained from the "Integral" solution presented in a paper by Wood
and Betts (6). The following data are given by Wood and Betts (6):

hgA/L C, = 0.816 fi

Outlet water temp. = 85°F
Air dry-bulb temp. = 90°F
Relative humidity = 37%

Cp = 0.24 BTU/1b °F
L = 1200 1b/f&hr
G = 800 1b/ft® hr

Therefore, the magnitude of hgh is computed as:

hGA = (0.816 ft2) (L Cp)

hGA (0.816 £t2) (1200 1b/ft? hr) (0.24 BTU/1b °F)

A

hG 235 BTU/hr °F

The area required can be evaluated by dividing hgA by an assumed value
for hg. For example, if an hg of one BTU/hr ft*°F is assumed, then A =
235 ft2 per unit of cross-section. Therefore, for 10 integration steps,
dA = 235/10 = 23.5; 20 integration steps, dA = 235/20 = 11.75; 100
integration steps, dA = 235/100 = 2.35; etc.

Parallel plate packing constructed of 1/4-inch thick asbestos cement

sheets spaced 1-inch on centers provides a total of 24-square feet of
wetted surface in each cubic foot of packing.
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Therefore, the total packing height can be calculated as:

(235 ft? )
(24 ft2/ft)

Packing height

9.8 ft

Packing height

Thus, for 10 integration steps, the program will calculate changes
in air and water parameters at 0.98 foot vertical intervals; for
20 integration steps, 0.49 foot intervals; etc.

Table 1 gives the results obtained with various numbers of

integration steps. Wood and Betts results are shown for comparison.

This table shows that a large number of integration steps are not
necessary for reasonable results. Computations with cooler, moister

air show the same effect. In applying the program to various situations,

it was found that 20 integration steps are reasonable, both in terms
of accuracy and computer time.

The first test checked only that portion of the program dealing with
heat and mass transfer (Equations 2, 3, 5, 6, 7, and 8). To test

the total program, the Wood and Betts data were used with two sets

of air conditions. Rish's expressions for heat transfer and friction
coefficients, Equations 18 and 20, respectively, were employed.

Inlet pressure losses (i.e., form drag) were neglected. A counterflow

tower with a diameter of 300 feet and an air inlet height of 20 feet
were assumed.

Skin friction losses in the packing were computed using Equation 24,
where for the stated packing size and spacing, A/Aref = 235 = 314.

.75
This ratio refers to the area for surface friction divided by the

amount of open space in a one square foot horizontal section of
packing. For this case, the packing itself takes up 1/4-inch of
every inch, so 75 percent of the space is vacant.

Table 2 gives the results of the computer runs for two sets of

air conditions. A tower height of 350 + 10 ft. and an inlet water
temperature of 97 + 0.1°F were assumed.

Comparing the results in Table 2 with those in Table 1 is not
advisable, since Table 2 gives answers based on different values
of the heat transfer coefficient (hg) and air flow rate (G).

The most significant difference between the results for the two
inlet air conditions is the effect on cooling range. It is easily
seen that the air at 77°F and 70 percent relative humidity gave
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TABLE 1
EFFECT OF CHANGING INTEGRATION INTERVALS

No. of Integration Steps 10 20 100 200 Wood & Betts
dA, ft? 23.5 11.75 2.35 1.18 --
Vertical intervals, ft 0.98 0.49 0.10 0.05 --
Inlet 6, °F 96.88 96.86 96.85 96.85 97
Outlet t, °F 91.21 91.36 91.49 91.50 91.6
Outlet i, BTU/1b 44 .57 44,55 44 .54 44 .53 44.6

Outlet relative humidity, %

83.93 83.33 82.87 82.82 83.5




8¢

TABLE 2
COUNTERFLOW EXAMPLE

Item

Air at 90°F - 37% Rel. Hum,

Air at 77°F - 70% Rel. Hum.

%nlﬁt water temperature
°F

Outlet water temperature
(°F)
Cooling range (°F)

OQutlet air temperature
(°F)

Qutlet air total heat
(BTU/1b)

?u}let relative humidity

Heat transfer coefficient,

hg (BTU/hr ft2 °F)

Friction coefficient, Cf
Air Flow (1b/hr ft?)
Tower height (ft)

97.0

85.5

11.5

92.6

48.9

91.4

1.088

0.02691
611
353

97.0

82.8

14.2

88.3

45.6

98.0

1.363

0.02236
885
353




better cooling than the air at 90°F and 37 percent relative
hgm;dity, i.e., a cooling range of 14.2 °F versus a cooling range
of 11.5 °F.

The effect of different values of inlet water temperature and heat
transfer coefficient (hg) can be noted by comparing the intermediate
results of the computer runs. Figures 10 and 11 show the combined
effect of various values for inlet water temperature, hg, and tower
height on tower performance for hot, dry air and cool, moist air,
respectively. The vertical lines illustrate the cooling range for

a given tower height, as shown on the abscissa, for the inlet water
temperature indicated by the location of the top of the Tine. The
heat transfer coefficient, hg, corresponding to the conditions in
the tower is given at the top of each line. The towers characterized
in Table 2 are tower A (Figure 10) and tower G (Figure 11). A1l of
the other towers represented are theoretically feasible, but were
rejected by the program because their height was not within 10 feet
of 350 feet as prescribed.

Note the significance of operating a tower with a higher inlet water
temperature, particularly under hot-dry conditions, Figure 10.

The cooling range can be increased without significantly increasing
the outlet water temperature, e.g., for towers C and D compare the
difference between inlet water temperatures to the difference between
outlet water temperatures. A similar comparison can be made for
towers H and I, Figure 11. The cooling range might also be increased
by increasing the tower height, but the height required may be
uneconomical, e.g., tower F. The fact that the moist temperate
condition is more favorable can be seen by comparing the two plots

and in particular, towers A and G.

The performance of a typical counterflow natural draft tower 400 feet
high is shown in Figure 12. Note that the tower performance (1:e.,
its cooling range) falls off more rapidly with increasing relative

humidity at high air temperatures.
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FIGURE 10: PERFORMANCE OF TOWERS - HOT, DRY CONDITIONS
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INLET WATER TEMPERATURE °F

OUTLET WATER TEMPERATURE

104 | ASSUMPTIONS:
Water loading - 1200 1b/hr ft-
Inlet air at 77 F, 70%, R. H. hG = 1.639
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FIGURE 11: PERFORMANCE OF TOWERS - MOIST CONDITIONS
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OUTLET WATER TEMPERATURE °F
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ASSUMPTIONS :

Height: 400°

Diameter: 300’

Height Air Inlet: 20'

L Packing

1/4" plates, 1" on centers, 9.8' high
Water loading 1700 1b/hr ft?

Inlet water temperature: 120°f
Atmospheric Pressure = 14.493 Ps

45 % & R E—

AIR TEMPERATURE (DRY BULB) °F
FIGURE 12: PERFORMANCE OF A TYPICAL TOWER
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SYMBOLS

The following symbols are used in this paper:

A = Area of contact surface at the air-water interface,
ft2/ft? of cross-section

Ac = Cross-sectional area, ft?

A, = Drag area, ft®> (See Equation 22)

Aref = Reference area for computing pressure drop, ft2

a = Mean area of water-air interface per cubic foot of
packed volume, ft2/ft?

b = Height of the air entrance at the tower base, ft

CD = Drag coefficient

C% = Skin friction coefficient

Cp = Specific heat of the air, BTU/1b °F

CPL = Specific heat of the water, BTU/1b °F

D = Hydraulic diameter, ft

d = Tower diameter, ft

G = Airflow rate per square foot of cross-section, 1b/hr ft?

9 = Acceleration of gravity, ft/sec?

H = Tower height, ft

hy = Heat transfer coefficient, BTU/hr °F ft?

I = Index coordinate for unit row in crossflow case

i = Total heat of moist air, BTU/1b
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AP

AP

Total heat of saturated air at temperature 6, BTU/1b

Index coordinate for unit column in crossflow case
Mass transfer coefficient, 1b/hr ft2 (See Equation 16)
Thermal conductivity, BTU/hr ft °F

Water flow rate per square foot of cross-section, 1b/hr ft2
Number of velocity heads lost

Empirical constant (See Equation 17)

Air temperature, dry-bulb, °F

Velocity of the air, ft/sec

Air velocity, ft/hr

Water temperature, °F

Empirical constant, ft~' (See Equation 17)

Coefficient of viscosity, 1b/hr ft

Density of the moist air, 1b/ft?

Friction factor to account for the drag of falling water,
hr (See Equation 15)

Pressure drop due to form drag, 1b/ft2

Pressure drop due to skin friction, 1b/ft?2
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APPENDIX - COMPUTER PROGRAM

The main body of the paper dealt with the basic integration scheme,
along with the pressure loss, and heat and mass transfer relations.
This appendix deals primarily with the details of the computer
program.

The program was developed on the Control Data 3300 computer at
Oregon State University, and then modified to operate on FWPCA's
IBM System/360 computer facility. A1l references herein are to
the System 360 version of the program, which is written in Fortran
IV and compiled on the G level compiler.
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RUNNING THE PROGRAM

The program is written so that only those variables which have
significance for the case being run need be input.

Demonstration Case

If the user wishes to run the program without any input variables,
the program may be called with no cards in the input stream.

The program then assumes a test case, and runs with preassigned
values. Output options of printing the initial assumptions,

and of printing the results of iterations, are assumed. A sample

output is shown later in this appendix.

Required Variables

If the user does not want a test case, he must input tower geometry
(HTOWER, DTOWER, and HAIRIN), a local meteorology (AIRTI and HUM)
and inlet water parameters (WTRTI and WTRF or WTRFT). If some, but

not all of those are input, the program will terminate after
listing the input variables.

Parallel Plate Packing

Default values - If no packing related variables are input, the
program assumes parallel plate packing of 1/4-inch plates on 1-
inch centers, 9.8 feet high.

Other sizes - The user may alternatively input THICK, SPACE, and
HPACK. The pressure loss in the packing is then computed:

2
AP = CprdragV
29
with :
V =
Ae1owP
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These formulae, however, make certain assumptions with which the
user may not agree. They are:

A _ SPACE-THICK
flow SPACE ’
A _ 24 x HPACK
total SPACE ’
_A
flow

The values of ATOTAL, AFPK, and ADPK may be input in lieu of SPACE,
etc., to access the program beyond the above assumptions.

In any case, when using parallel plate packing, the program

computes C¢ and hg from the empirical formula of Rish (5), equations
20 and 18.

Other Packings

The program allows for use of the experimental data of Lowe and
Christie (3) for different types of packing. There are two
possibilities:

1. If LAMBDA, N, ADPK, AFPK, and HPACK are input, the program
computes hg with Lowe and Christie's data (equation 17), but C¢

to be used in the packing pressure loss equation is computed
from Rish (equation 20).

2. If LAMBDA, N, HPACK, P13, P23, P16, and P26 are input, the

packing pressure loss is interpolated from the velocity head
experimental data of Lowe and Christie.

Pressure Loss Due to Tower Structure and Geometry

If the user wishes to include form drag in the pressure loss
computations, he has the option of inserting the variables, AFIN,
ADIN, CDIN to compute inlet pressure losses; AFOT, ADOT, and CDOT

to compute outlet losses; and AFSL, ADSL, and CDSL to compute losses
due to the shell.
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The program uses the variables AF-- to compute the velocity using
airflow and density. It then applies this velocity to equation

23 using AD-- and CD-- to compute a pressure loss with a simple
"form drag" scheme. If a more sophisticated method, such as
accounting for several rows of structural columns, is desired,
AF--, AD--, and CD-- may be adjusted to achieve the desired results

without reprogramming.
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Input Variables

Variable

Name Default VYalue* Units
ADIN 0. ft2/ft?
ADOT 0. ft2/ft?
ADPK 314. ft2/ft?
ADSL 0. ft2/ft?
AFIN 1. ft2/ft?
AFPK .75 ft2/ft2
AFOT 1. ft2/ft2
AFSL 1. ft2/ft?
AIRF WTRF 1bs/hr ft2

Meaning

Normalized cross-sectional
drag area at the air inlet.

Normalized cross-sectional
drag area at the air
outlet.

Surface area per unit
flow through area to be
used with Cs in computing
pressure loss in packing
due to skin friction
coefficient.

Normalized cross-sectional
drag area in the shell.

Normalized cross-sectional
flow through area at the
air inlet.

Portion of tower cross-

section which is unobstructed
by packing.

Normalized cross-sectional
flow through area at the
outlet of the packing.

Normalized cross-sectional

flow through area in the
shell.

An initial guess for the
normalized air flow rate.
The program modifies this
as execution proceeds.

* A default value is the value assumed by the computer if the

variable has not been input.

If the user inputs a variable, it

will be used in place of the default value.
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Variable

Name

AIRTI
ATMOS
ATOTAL
CDIN
CDoT
CDSL

cp
DTOWER

HAIRIN
HPACK
HTOWER
HUM

LAMBDA

P13

Default Value Units
a0 °F
14.493 1b/in?
235. ft?
0.
0.
0.
24 BTU/1b °F
300 ft
30 ft
9.8 ft
350 ft
.37
None
None
None vel/hds/
ft

43

Meaning

Inlet air temperature,
dry bulb.

Atmospheric pressure.
Total packing surface
area in one square foot
of tower cross-section.

Drag coefficient for
the inlet structures.

Drag coefficient for
the outlet structures.

Drag coefficient for
the shell.

Specific heat of moist air.

Tower diameter at
packing.

Height of the air inlet.
Height of the packing.
Tower height.

Relative humidity of the
inlet air.

Lowe & Christie's
empirical A(See equation
17 and Table 3).

Lowe & Christie's
empirical N (See equation
17 and Table 3).

Lowe & Christie's
pressure drop data
(See Table 3§.



Variable

Name

P16

P23

P26

SPACE

STEPS
THICK

TOLERH

TOLERT

WTRF

WTRFT

WTRTI
WTRTO

Default Value

None

None

None

20

.25

10.

1200

8.5 x 107

97
WTRTI - 25

‘Units

vel.hds/ft

vel.hds/ft

vel.hds/ft

inches

inches

ft

°F

1bs/hr ft2

1bs/hr

°F
°F

44

Meaning

Lowe & Christie's
pressure drop data
(See Table 3).

Lowe & Christie's
pressure drop data
(See Table 3?.

Lowe & Christie's
pressure drop data
(See Table 3).

Center to center
spacing of parailel
plates.

Number of integration
steps.

Thickness of a single
parallel packing plate.

If the computed

tower height is within
+TOLERH of the specified
value, the program ends.

If the computed inlet
water temperature is
within +TOLERT of the
specified value, the
program accepts the
computation,

Normalized water flow
rate.

Total water flow rate
through tower,

Inlet water temperature.
An initial guess for

the outlet water
temperature.
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PACKING DATA - TABLE 3*

4

“Dimensions In Fig. 13 Trenster Freisure Brop [ve!
Water
Lows & 1000 1b/kr £t
Cwistie h v H ) S AIR
Packing ODescription of Figure ( Y "3 (41
No. Packing No. inches) (inches) (inches) (inches) (inches) A n 3 ft/sec §_ft/sec
7 Triangular 13 (a) 6 9 3 0.09 0.50 2.7 2.0
Splash Bar
8 . 6 6 3 0.094 0.50 3.7 3.3
9 - " 6 5413 3 0.09% 0.45 2.0 1.7
Alter-
nately
10 . . 6 12 3 0.075 0.42 1.7 1.3
n . . ‘:/, 18 2% 0.072 0.47 1.9 1.6
"4 Flat Asbestos 13 (c) 14’8 0.088 0.70 0.7 0.55
SIneEs . .
15 Vh 0.11 0.72 0.8 0.6
16 ® . "% 0.12 0.76 0.9 0.7
17 . 1 0.14 0.73 0.9 0.7
19 llr AS With Bars 6 9 3 0.084 0.49 34 2.7
Sﬂ 13 “; Upside Down
2 Cornmtul 13 (d 2% 5% 1% 0.21 0.69 3.2 2.7
Asbestos Sheets
2 - . LYy A 0.22 0.61 4.3 3.1
F£) " { (. z'ﬁ 0.18 0.68 31 2.7
28 . 13 (e) hb-ZI. /. VA 0. 0.66 1.0 0.5
i - 13 (f) 1 0.17 0.58 4.4 4.1
26 Triengular 13 (b) 4 8 0 0.074 0.52 1.2 0.9
Splash Bar
27 . - 4 8 2 0.087 0.55 1.2 0.9
28 . . 4 10 2 0.079 0.58 0.9 0.78
29 " . 4 10 0 0.072 0.54 Q.9 0.7
30 " - 4 1'%, 2 0.095 0.53 1.3 0.9
N - . 4 6 2 0.098 0.54 1.7 1.3
32 . . 5 8 2, 0.093 0.46 1.3 0.8
37 . - 4 6 1 0.187 0.65 4.8 4.1

*Taken from Reference 3
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TABLE 3 (CONT.)

Dimensions in Fig. 13 Transfer Pressure Drop (vely. heads/ft)
Lowe & 1000 1b/hr ft? 2000 1b/hr ft2
Christie h v H W s AIR AIR
Packing Description of Figure a P13 P16 P23 P26
No. Packing No. | (inches) (inches) (inches) (inches) (inches) | A n 3 ft/sec 6_ft/sec 3 ft/sec 6 ft/sec
38 Asbestos Louvres 13 (g) 1 5% 1 10% 0.203 0.70 2.7 2.5 31 3.0
39 . 13 1 5% 1 6/ 0.287 0.68 4.8 4.2 5.8 4.9
40 " " 1 5’{4. 1 20°%, 0.118 0.69 1.7 1.5 2.1 1.8
4 . » 1 5 1 15% 0.154 0.67 2.1 1.8 2.6 2.2
42 Triangular 13 (b) 5 7% 2% 0.095 0.49 1.3 0.8 2.3 1.4
Splash Bar
43 . " 6 1%, 3 0.089 0.47 1.2 0.7 2.2 1.2
45 Asbestos Louvres 13 (g) 1% 5Y%, ] 64 0.351 0.66 10.5 9.5 12.0 10.5
47 " 13 (g) V4 5% 1% 6% 0.247 0.66 6.8 6.1 8.4 7.2
48 " * 1Y, 5Y, 14 15Y%, 0.169 0.65 4.7 4.0 5.5 4.7
49 " » 1Y% 5% 1% 20%, 0.101 0.63 2.9 2.3 3.6 2.6
50 Rectangular 13 (h) 8 9 2 0.086 0.52 2.5 1.9 30 2.7
Splash Bar
.5 " " 8 12 2 0.08 0.53 1.7 1.4 2.5 1.8
Torrugations Torrugations
Horiz. Vert.
ha Va hy b
55 Corrugated 13 (1) 2% 5%, 2'% 5% 0.186 0.73 3.8 3.3 4.4 3.8
Asbestos Sheets
57 - " e 2% 1% 2% 0.308 0.80 9.0 8.0 9.0 9.0
58 " " 146 2’/ 24 5% 0.207 0.79 3.2 2.8 3.9 3.2
59 " " 2% 5%, 1 2°h 0.248 0.79 10.8 10.0 11.5 11.0
61 " " 2% 7 2% 7 0.163 0.7% 4.3 3.8 5.4 4.3
52 " . 146 2% 8%, 2%, 0.133 0.72 2.4 1.6 3.1 21
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FIGURE 13: TYPES OF PACKING (from Lowe and Christie (3))
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Qutput Options

Listing Initial Values

The user has control over whether the initial (input or calculated)
values of the variables will be 1listed.

Listing Results of [Iterations

Results of each iteration are 1isted after an adjustment to WTRTO
or AIRF is made. A message is also written whenever the program
makes an iteration to modify either of the above.

Listing Results of each Integration Step

Information about the status of the integration may be printed
after each step. This is essentially a diagnostic mode, since it
generates volumninous output. As used here, each iteration
encompasses one or more integrations. Thus, each time a line of
iterative data is printed, STEPS lines of integration step results
would be printed.

Listing Format

Column Title Units ‘Meaning

ITER NO Iteration number.

WATER LOSS Ib/hr ft2 Water evaporated per square
foot of tower cross-section.

OUTLET 1b/ft? Density of the air above the

AIR packing.

DENSITY

AIR ft/sec Air velocity in packing

VELOCITY (equals nominal velocity if

IN PACKING Lowe & Christie's data are
used).

CALC BTU/hr ft2°F Calculated heat transfer

HEAT coefficient (0 if Lowe &

TRANS Christie's data are used)

COEFF
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Column Title

TOWER
CHARACTERISTIC
(K*A/L)

SKIN
FRICTION
COEFF

RELATIVE
HUMID

INLET
WATER
TEMP

OUTLET
AIR
TEMP

OUTLET
AIR
ENTHALPY

PROFILE
PRESSURE
LOSS

PACKING
PRESSURE
LOSS

SPRAY
PRESSURE
LOSS

VENA CON
PRESSURE
LOSS

SHELL
PRESSURE
LOSS

TOWER
HEIGHT

Units

(decimal
fraction)

°F

°F

BTU/1b

1b/ft?

1b/ft?

1b/ft2

1b/ft?

1b/ft2

ft

Meaning
Tower characteristic or
number of transfer units.

Skin friction coefficient
(0 if Lowe & Christie's
data are used).

Relative humidity,

Inlet water temperature.

Air temperature above the
packing.

Air enthalpy above the
packing.

Sum of the pressure losses
at the inlet, outlet and shell.

Pressure loss due to packing.

Pressure loss due to water
falling from the bottom of

the packing.

Pressure loss due to the
Vena-Contracta.

Pressure loss due to the
shell.

Total tower height.
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Card Deck Set-ups

The program described herein is stored as a load module on a disk
pack at U. S. Time Sharing, Inc., to which most FWPCA System/360

terminals have access. To invoke the program, use the following
JCL and data cards:

<job card>

//J0BLIB DD DSN=KENBYRAM, DISP=(OLD,KEEP),UNIT=2314

// VOL=(PRIVATE, RETAIN, SER=FWPCH)

//STEP1 EXEC PGM=COOLTOWR, REGION=200K

//FTO6FO01 DD SYSOUT=A,DCB=(RECFM=FBSA,LRECL=133,BLKSIZE=1330)
//FTO5F001 DD *

/*

<program data cards>

<program data cards> consists of

1.

An "output options" card, with a "T" in
column 1 if results of iterations,
column 2 if all steps of each integration,
column 3 if input variables and assumptions,
are to be printed. Columns are blank otherwise,

Any number bf "input variable cards" with
columns 1-8: variable name, left justified,
and spelled correctly.
columns 9-18: variable value, anywhere in
field, with decimal point punched.

One variable fits on each card, with the cards in any order.
Not all variables need be input (see page 49).

To run the demonstration case, <program data cards> are omitted.
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BLOCK FLOW CHART
[Start ]
¥
INPUT
Check that appropriate com-
- binations of variables are

input. Print variables.
¥
Initialize airflow related -
variables
4. .

Initialize outlet water tem-|

erature related variables
+

[ Compute one integration step]

' +

(Super-saturated?)>—¥9§-———+[jAdjust for saturation |
]

no
O <through integrating?>

yes
<Extrapolating water temperature7:>

no
Compute pressure losses
and tower heights
¥
Extrapolating airflow or yes
not printing iterations?

no

no
?rint results of one
iteration

¥
YeS (END?>

nod*

no
Water temperature within\ no

<Too many iterations? >L=>+[STOP]

[Compute new temperature}l———

_{Extrapolate to find new

tolerance? .,

yes ves

water temperature |

—s[Compute new airflow

{Extrapolating airflow? >—
no

Extrapolate on airflow for|

ower height within\ no
tolerance? v

yes

¥

new tower height

<lIterations been printed? >

yes
Print final tower height
|and outlet water temperature
¥

»[Set END flag]
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EXPLANATION OF PROGRAM VARIABLES

Variable Name Definition

A The area integrated over as the integration
proceeds.

AIRFL The last air flow rate used by the program.

AIRT The air temperature as the integration
proceeds.

C A temporary variable.

CF Friction coefficient.

CONWTR The weight of water which has been
condensed out as the integration proceeds.

DA A portion of the total area, = ATOTAL/STEPS,

DAIRT The change in air temperature during one
integration step.

DENT The change in enthalpy of the air during one
integration step.

DNSARI Density of the inlet air.

DNSARO Density of the outlet air.

DNSAVG Average of the outlet and inlet air densities.

DTODTI The rate of outlet water temperature change
versus inlet water temperature change.

DWTRT The change in water temperature during one
integration step.

ENDFLG Logical: true, if the program has reached a
normal termination.

ENT " The air enthalpy as the integration proceeds.

ENTI The enthalpy of the inlet air.

ENTSA | The enthalpy of the air during the saturation

adjustment loop.

53



Variable Name

ENTSAT

EXTAFL

EXTWTO

FND

H1

H2

HENT

HG

HUMI

INHIB

IPG

JD

JdM
JULDAT

Jy
LBW

Definition

The enthalpy of a pound of saturated air-water

mixture,

Logical: true, if this iteration is being
made to extrapolate airflow.

Logical: true, if an iteration is being
made to extrapolate outlet water temperature.

A variable which is either "*" or blank,
indicating whether an initial value has

been read in, or assumed, respectively.

Calculated tower height.

Holds the last calculated value of tower

height while a new value is being extrapolated.

Holds the calculated value of tower height.
H1 and H2 are then used in an extrapolation
for airflow.

The adjusted enthalpy of the air-water
droplet mixture as its temperature is
raised in the saturation adjustment Toop.

Heat transfer coefficient.

The relative humidity of the air as the
integration proceeds.

Logical: true, if program execution is to
be terminated before starting the iterations
(if input data are in error, for example).
Counts the pages printed out.

Integer value of day of month.

Integer value of month.

The subroutine which fetches month, day and
year from the operating system.

Integer value of last two digits of year.
Pounds of water (droplets) per pound of air

at any point in the packing, according to
the status of the integration.

54



Variable Name

LBVI

LBVLBA

LBVLBS

LITER
LSTEP
NB

NE
NOITER
P1

P2
PPP

PRIN

PRINP

PRITER

‘Definition

Pounds of vapor per pound of air, in the
inlet air.

Pounds of vapor per pound of air at any
point in the packing, according to the
integration.

Pounds of vapor per pound of air at

“saturation.

Counts the lines printed on a page with
results of iterations, and controls heading
printing.

Counts the lines printed on a page with the
step by step results of iterations and
controls heading printing.

Controls which of the packing related
initial variables will be printed. The
first 26 values of VALS() are printed,
and then the NBth through NEth values are
printed.

See above.

The number of iterations, or the number of
times the program has completed an
integration.

Temporary variable.

Temporary variable.

Logical: true, if the tower has parallel
plate packing.

Logical: true, if Lowe & Christie's
pressure loss constants have been input
(P13, P16, P23, P26).

Logical: true, if the input data and
initial assumptions are to be printed.

Logical: true, if the results of each
iteration are to be printed.
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Variable Name

PRLIN
PRLPK
PRLPR
PRLOT
PRLSL
PRLSP
PRSTEP

PSA

PSAH

PSAT()

PSW

READIN()

T1
vV

VALS()

Definition

Pressure Toss at the inlet.

Pressure loss in the packing.

Pressure loss due to profile (=PRLIN+PRLOT).
Pressure loss at the outlet.

Pressure loss in the shell.

Pressure loss due to spray.

Logical: true, if each step in the
integration is to be printed.

Saturation vapor pressure at the air
temperature.

Saturation vapor pressure in the loop
which adjusts super-saturated air to
saturated air at constant enthalpy.

Function which obtains the saturation
vapor pressure from a temperature used as

the function argument. It is looked up in
a table.

Saturation vapor pressure at the water
temperature.

Logical: true, if a particular initial
variable has appeared in the input stream.
Example: If READIN(2)=TRUE, AIRTI has been
input, AIRTI=VALS(2)=value, VNAMES(2)='AIRTI."

Temporary variable used to hold air temperature
in the saturation adjustment loop.

Temporary variable.

The value of an input variable, read from
the card. It is later placed in VALS().

The value of the initial variables, which
may be changed by input.
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Variable Name

VHSP
VHVC
VIN
VN

VNAMES( )

VNOM
VPEN
VPENT
VPRES

VPRESI
VPK
voT
VSL
WTRLT

WTRT1

WTRT2

Definition

Velocity heads lost to spray interference
with airflow.

Velocity heads lost due to Vena-Contracta
in the tower.

Air velocity at the inlet.

The input variable name read from the
input card, used in searching through the
table of VNAMES().

Alphameric, holds the character representation
of the input variable names, for interpreting
the input cards.

The nominal velocity in the packing, feet/
second.

The enthalpy of the moisture in the air
and used in the saturation adjustment Tloop.

The enthalpy of the vapor in a pound of
air.

The vapor pressure of the air at any point
in the packing. _

The vapor pressure of the inlet air.
Air velocity in the packing.

Air velocity at the outlet.

Air velocity in the shell.

The water which condenses out during an
integration step.

Holds the last calculated value of inlet
water temperature while a new value is
being calculated.

Holds the second calculated value of inlet
water temperature for extrapolation. WIRTI
and WTRT2 are combined in making an extra-

polation.

57



PROGRAM LISTING

PRZGRAV «8
CRRRUtREQt R EI RN RN RRNBNNRRAN RO RUREE NI RRERRRENIRNRRRNERRRRNCONEREREY

C PRCGRAM FCR PREDICYING NATURAL DRAFTY COOLING TOwER PERFORMANCE

c
€ FCR DESCRIPTICN, SEE PACIFIC NCRTHWEST WATER LABZRATCRY PaPER

C NUMRER xXo DATED XX/XX/69
c

C.l.'.....l.'....000.0’.0.0..0.0000..0....0.0.0COOOQGQ.QQQ.QOCQOOIQQOO
QFAL LRVLBAGLBWoLAMBDAN¢LBVLRS4LBV] (KAL

LSGICAL PPITERIEXTAFLyFXTWTSPRSTEP+PRINP JREADIN, INHIBENDFLGe

& PPDLPQIN . :

DIMENSISN READIN(3T) 9 VALS(37) s VNAMES (3T)

REAL®R VNAMESIVN
EQUIVALENCE (WTRTIoVALS(1)) o {AIRTTOVALS(2)) o (HTCWERWVALS(3) )

(WTRF 4 VALS(8)) s (ATHF ¢ VALS(9) ) o (WTRTCHVALS(10))
CSTEPS VALS(11)) o (TOILERTeVALS(12)) 4 (TCLERH,VALS(13)),
(AFIN,VALS (164)) o (AFOT o VALS(15)) ¢ (AFSLWVALS(16))
(ARINGVALS(17)) o (ADSTVALS(18)) s (ADSLeVALS(19)) s
(CDINGVALS(20U)) o (COST«VALS(21)) 0 (CNSLeVALS (22)) s
(CPeVALS (23)) 4 (ATUSSVALS (240,
(DMSAIT o vALS(25) ) o (THICKoVALS(26)) 4 (SPACEyvALSICT) )y
(ATCTAL o VALS(28)) o (AFPKVALS129) ) s (ADPK VAL S(30) )
(HPACK o VALS (31)) o (LAMRDASVALS(32) ) 4 (NyvALS(33))
(P134VALS{3%) ) ¢ (P23,VALS(35)) ¢ (P16,VALS(36)) 4 (P2baVAID(37))
DATA VAL G/96¢9995¢9357.03000033,69e3798,5E741202.202%0,92049
® 1o D.039].9080),49,26019,99303%0,0235,4,754314,/
NATA STAI SLANK /IR, IH 7vIPGLITERGLETEP /UsS245070
®  [NHIH ENDFLG/ 2% FALSF ./ ‘
NATA UNAMES/SHYTHTT ¢OHATRTI ¢6AHTAWER ¢ SHNTEVER s AHHAIRIN ¢ SHHUM
® SHWTAFT SHWTAF oSHATRF +SHWTRTS(SHSTEPS ,6RTSLFRT e 6HTSLERH
® GHAFT' +5SHAFCT oSHAFSL oSHADIN oSHADST +SHANSL «SHCDIN
®  SHENST +SHCUSL +SHCP  (SHATMCSSOHNNSAR] 4 S4THICR,
® GHSPAAL ,AHATITAL GHAFPK (GHADPK (SHHPACK ¢ 6HLAMRUASHIY ’
SHE]3 LSHPZY +6HP1A  45HP26 /
c..............QQ...’QQQQIDQQOQQQQCI.QQ..OD.QQQQGQOQQQOGOOQQGQQGQQQQ.Q
C THE RATHES 2.4 I4P.T SECTICM IS DESIGNFD TG INSUFE Twmal
€ APPWNOPRIATS CoLMnl'.aTI24S OF VALIES ARE TNPUT, alL VaRIABLES
€ HAVE DFFAILT vali'Ee aNE 2MLY THCSE WHICH MEFD TS RE CHANGED

€ MUST 3F MY
CROPINERB IR I ORI VT IDRRVSBDOBBIBLNBBRBNANGNRRDBRINRBIPRINRGINODNORODGOY

WATTE (A e Dw)
1N& FCRIMAT (141)
CALL JULIAT (UY e g14.0mM)
NS 1n 18,937
7n *EADTIN(I) 8, FALSF,
WEAD(SeT1etNOELIN1IPRITFRGPRGTEP ¢PRINP
63 10 77
101 PRITsRa, THIE,
PRSTFP=,FALSF,
PRINPE,TIH 4
Y To A/D
71 FORMAT (I 1)
TT OFAD (S 47?2k id'mla)yrigvy
T2 FOGMAT (8R4F10ev)
NS 73 1ate?

8 & 000880

59

(DTSWER G VALS(4)) o (HATRINSVALS(6)) o (HUMVALS (6)) o (WTRET ,VALS (7))

000
3009
00003
00006
00005
00006
00007
00008
00009
00010
00011
00012
00013
00014
00015
00016
00017
00018
00019
00020
00021
00022
00023
00024
00025
00026
00027
'Yy

[ X 1 )

00029
00030
00013}
00032
00033
000134
000135
00036
00037
000138
00039
0040

L 2 X 2

[ 2 X )

00046
00067
00048
00049
00050
00051
00052
00053
00054
00058
00056&
0N0s7
000%m



EFIVN.E?.VNAHES(I))GC TS T
(4] NUF

T NT1

WRITE(6,7H) VN

76 FOAMAT (20NC VARIABLE NAMED 3.A8)

IN%IRs, TRUE,
62 TS 77

T4 VALS(I)=mvv

READIN(I)®,TRUE,
6 IC 1

78 0C 7R Isl.7

TR
79

IP(READINIIIIGS TT 81

CSNTINUE

WRITF(6479)

FOAMAT (#DNCNE SF THE ESSENTTAL INPUT DATA PREVIDEUe ThHiss,
® 3 wILL Rt PUn aS a TrST CaSEw)
NR=2R

NE=30

62 TS as

DS 82 1m)e7

IF(RFADINIINIGT TS B2

1F (1. EQ, 7. ANDREADIN(A) )G TS B2
INHIARR  TQUE ,

WRITE (6483) VHAMES(])

83 FORMAT (#0INPUT VARIABLE #,ARe# 1S ESSENTIAL AND waS NOT READ [Ne.#)
A2 CONTINUF

84 ATOWERSNTSWER®OTOWER® 785398

[ &4
®0

Coooo
¢ o¢

C000000000000000000000000000000000000300000000000000000000880000000000

IF (aNSTREADTIHIT) IWTRFTaWTRFOATOWER
IF(oNCT AFANINIB) )WTRFeWTRFT/ATCWER
IF(eNSTREADTHI10) IWIRTSEBWTRT =25,
TIF(eNSTLFADINIG) ) ATRFEWTRF
AJRT=AL3T]

C1TERED

VHVCE 164 T® (DTSWER/HATIRIN) oe?
VPRESSH JM®PSAT (A[RT)
LAVLRAsS, 6228VPRES/ (ATUaS«VPRES)
VPENTSE1D6) e oo 444 "AIRT
ENTISCP® (ATRT=32.) ¢ VPENTSLBVLRA
VPRES 1sVARES
LAVIsLBVLRA
ONSAB IS ( (ATMOS=VPRES) /53 ,3eVPRES/85,7) #1464,/ (660 ,+A1RT)
IFtNST,2RINPIGS TC 96

1PGs1PGe]
WRITE (6e8RI Mo JDe Y PR

FORMAT (21CSSLING TCOWER PRCGRAM = LISTING CF INITIAL vARIABLES®,
® ATxe1242(1H/12) 02 PAGF2,13/80VARTARLE NAME VALUE#/)

NS 89 181425

FNDSRLAYK

1P (NCT IEADINIT) IFNDSSTAR

ﬂﬂl?!(é‘QO)VNA“ES(IﬁOVALS(I)oFNn

FAQMAT (O ARIX,F1T,041%0A1)
...000.000.0.00..00000.000000000000.00..000....0000...0.00....0.0
TENVINE PACKING TYPE

o pprs, 7708,

PRINeFALSE,
NRS 2R
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00115

NEe30

IFIREAD]IN(28))GS TS 1) 00116

IF {oNCT L READIN{26) (AND, JNCTREADIN(27))682 TS ) 00119

IF(READIN(26))GS T2 S o0l29

WRITE (6483) YNAMES { 26) 00121}

INHIRB,TRE 00122
00123

S IF(READIN(Z?))GS TS B

WRITE (6483) YNAMES (27) vol2e
SySP 00l2s

A IF(INHIR)STSP 00126
NR=26 00127
NE=3l 00li2g
ATSTAL=?4 , *HPACK/SPACE 00129
AFPKa (SPACE=THICK) /SPACE V0130
ADPK=ATSTAL /AFPx 0013)
GC Yo 2 0n1132

3 IF(NSTL,READINI(32) ANND, JNST READIN(3IINIGS TS 2 00133
PPP= FALSE. 20136
ATSTAL=HDACK : 201135
NB=229 00136
NE=3) ol ar
IF (eNST READIN(34) JAND L JNCT  READIN(35) AND . o NSTLREADIN (36) 00}38

®  JANDeoNCT.READIN(37))GC T2 1 0oldg
PRIN=,TRUE, 00140
NA=3) 00le)
NE=37? 00142
11 D2 9 1IsV3LNE 00143
IFCRFADINCINIGS TS 9 00144
WRITF (6483) VNAMES(T) 00145
INHIR=®,TUE, 00146

9 CONTINUF N0lay
IF (INHIR)STCP 0016A
WRITE(6,12) ooley
12 FORMAT (29 (PARALLEL PLATE PACKING NOT ASSUMED) 2/) 00150
00151

2 IF(PPP) 4RITE(6+13)
13 FCRMAT (2D (PARALLEL PLATE PACKING ASSU¥MEN) 2/) 00152

IF (oNCT PRINPIGS T2 93 00183
NS 14 IsNRINE 00154
FNNERLANK 0015S
IF (oNCT ,READIHIT) )FNDuSTAR 00156
16 WRITE(6e9D)VNAVES(T) oVALS (I) «FND 00187
WRITE (6,91) 00158
91 FCRMAT (202,20Xe2VALUE CALCULATEN FRCYM CTHER INPUT CR ASSUMED#) 00159
93 NASATCTAL/STEPS 00150
AIRFL=0, _ 00161
IF (INHIR)STCP 00 sg
COQOQOQOOOOQO.QOQQQQQ.Q..Q...QQQQ.Q.Q...0...0000!.QQ.Q.I.Q..QQQO.....Q 00 [
c END INPUT AND INITIALIZATION 00166
[ o START ITERATICAN 0016%
CQOOQOQQQQQQOQQQO00...0.0.00....00000000.0..0000.0.IQ..QQO...OQO..QD.o oo 1 66
9% VYNCMsAIQF/ (NNSAR1#3600,) 00167
VHSPa ,168HATRIN® (WTRF /ATRF ) 00] .32 00168
IF(PPPI3S TT 16 00149
KALSHPACK®LAMBUA® (AIRF /WTRF ) ®®N 00170

HAaCPewTIF#x AL /HPACK ree

[ X X )

HASUT=O,
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augbbﬂlﬂ)ev e 16 “‘u

pl-qplo.plsiorlovls
P2s (P26-p23)0T]+P23 ‘
VHLPKs ( (P2«P]) ® (wTRF=1000,) /71000, *P1) SHPACK 13,
CFUOQ oes
a3 7S 18 00176
16 cr..oxoaooutarlaxﬂriOO.s ool
IF (NOT . PPP)ES TS 1S ool7e
no-cvoa:nr'cr/tz.ocrovn.tocnlurlutnr‘OO.zSi ool
KALaHGOATSTAL/Z {CPOWTRF) es®
HBSUTeHG o0
1% WTRTaWTRYS 00180
ENTSENT] _ 00!:;
HUMIsHUM
As0, g‘.’
LAVLBASLAV? 001ge
VPRESSVPRES] . 0018
CONWTR=0, 00100
AIRT=AIRT] 00le?
c............0.0.0.00QOQOOO.QQ...0.0..0.0..D.........00..0....00.0.0.. “‘“
4 INTEGRATICN LSCP BEGINS WITW STATEMENT 6 00109
CORROR0000RRRRERNRNBRNRERINNNSRRRRDRNNRRBL0RR000E0008000000000008 00190
6 PSWSPSAT(WIRT) 00191}
IF (PSWeE2404)0% TS 110 oole2
ENTSATRCO® (WTRT=32,) ¢ (106140 ,0040WTRT) #,6220pSH/ (ATMSSPSH) o0l9)
CuHG*DA® (ENTSATENT) /7CP 00106
IF (oNOT PRSTEPCSREXTWTSGSRLEXTAFLIGS TS 3% 00195
IF(LSTEPLT . 4TIGS TS 36 00196
IPGs1PGe1 00107
ualtfceoav)JMoJOko.lbs 001908
37 FORMAT(21CCCSLING TCWER PRUGRAM = STEP RY STEP RESULTS IF Ongs 00199
® o8 JTERATION#438X01242(1H/12)¢# PAGE# 13/ 00200
* 30 4ATER ATR  SATUR ACTUAL REL PNDS wTR/ vaPCRey oo201
® ¢ AQEA  TEMP  TEUP ENTHAL ENTHAL HUM PNDPS AIR PRESH,) 00202
LSTEP=D 00203
LITERES? 00204
36 LSTEPSLSTEPe] 0020s
uanE(e.ss)A.urnt.ArRT ENTSATIENT«HUMI JLRVLBASVPRES 0020¢
38 FOAMAT(3FT.1F6,.30F9.5,F7,%) 00207
3 OWTRTaC/dTRF 00208
DENT®C/a1QF 00209
DAIRTSH3ODAS (NTRT=ATIRT)/ LALRFOCP) 00210
WTATaWTRTSDWTIRY 00211
ENTSENT S DENT oo212
ATRTSAIRTeDAINT 00213
AsAeDA 00216
VPENTS106],¢,940*ATRT 00218
LAVLRAS (ENTeCP® (AIRT=32,) ) /VPENT 00216
PSasrSaT (aIRT) 00217
lrtPsa.t:,g «3GC 12 t1n oos]a
LAVLASS 4278PSA/ (ATMCS=PSA)
HUMISLAVLHA® (oA220LRVLRS) / (LAVLAG® (K224 RVLRAA)) 00220
VPRESaMIVT#PSA 00221
1P (M1, LEL1)GC TS 99 00222
coooooooooooooooocooooooo.ooooooooooooooco¢00.0.90ooooo.oo.o.o.o-o.... 00223

62



€ 3IF MINTURE 1S SUPER=SATURATEDs RAISE TEMPERATURE 1O
€ A PQINT WHERE MIXTURE 1S JUST SATURATED, KEEPING THE TTTAL

C ENTHALPY CONSTANT
CMOQQOOQOOQDOOO0......0.0.000..0.000.0.00.000....000...0.00.0..0000

L 14

9
cosns

¢

TeAlRY

'.'.o‘

PSAHSPSATI(T)
l;«nsan.cn.c.)ss T 1o
VPENS1061 ¢ 00007
LBWE,4220PSAH/ (ATMSS=PSAN)
ENTSASCP® (T<32,) ¢ VPENSBW
HENT s (LAVLBA=LBWeCONNTR) @ (TL32,) +ENTSA
IF(ENTBTHENTIGS TC 97
CONWTRS BVLBA=LBWeCONWTR
ENTSENTSA

AIRT=sT

IFCALT ATSTALIGE TS 6

T T L L I T T T T Y Y T Y Y YN Y Y YT Y XYY YL VY Y Y
END INTEGRAT]ICN SECTICN

c
C COMNPUTE PRESSURE LJSSES FCR THIS ITERATICN
CMQO....QQ.IQOQO0...00.....QQQ.I.Q.QO....QOO.Q.Q.Q.Q.QQ.O.QQQOQ.QQ

100

102
103

IF(EXTWTSIGS TS 26

VPENT=1061,¢,4464®ALRT

LAVLRAS (ENT=CP®*{AIRT=32,) ) /VPENT

WTRLTSAIQRF® (LBVLBA+CCNWTR=LBV])
VPRESSLAVLBA®ATMSS/ (, 6224 BVLBA)

ONSARSS ( (ATMSS=VPRES) /83,3¢VPRES/B5,7) 8144,/ (460.*AIRT)
DNSARSSONSARS® (1 . oCONNTR) 7/ (1, *CONWTREDNSARS/62.4)
DNSAVGE ({DNSARI ¢DNSARS) /2.

VINSYNSU/ZAF IN

VOTSALIRF/ (ONSARC®AFST®#36006)

VSL=AIRF/ (DNSARCeAFSL®#36000)
PRLINSCOINSONSARI®,0161260ADINSVING®2

IF(PRINYBC TS 102

VPKSAIRF/ (DNSAVGOAFPK®3600)
PRLPNSCFODNSAVGS®,0]161260ADPKOVPKO#2

g TS 10
P‘LPK-OMSA“!O.OlblzoovuLPxﬂvucMooz
VPKSVYNSU
PRLCTSCOSTHONSARC® ,0181260AnSTHYETRE2
PRLSLSCDSLPONSARC®,016]1269ADSL *VSL#*2
PRLVCSVHVCP®ONSARI®,015]1260VNIMe 02
PRLSPaV4SPODNSAR]®, 01 61260VNIMEYNSM
PRLPRsPILLTePRLINCPARLSL
He (PRLPRPRLPKOPRLSPePRLVYC) / (DNSARI=DYVSARD)
IF(ENDFLY)IGS TS 40
NCITEReNSITER ]

TP (oNCTPRITERCCRLEXTAFL)GS TS 21

40 IF(LITERLLT.52)6S T3 3o

LSTEP=S)

LITERsQ

I1P0=]P0.]

WRITE(6631)UMeJDeJY,IPS

FORMAT (#1CCCLING TCWER PRCGRAM « RFSULTS SF ITERATIONS2953x,
® 1262(14712)98 PAGES,13/80222X,9AIR CALC CWERa/
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8833

00226
00227
00228
00229
00230
o023
00232
002

002

00238
00236
00237
00238
00239
00240
00241}
00242
00243
00244
00245
00246
00247
00248
00249
00280
00251
002%2
00283
002%4
00285
00256
00287
002%8
002%9
00260
0026)
00262
*006

00263
00264
00265
00266
00267
002¢8
00269
00270
0027)
oo2re
00273
00274
00275
00276
00283
00286



o8 sureer ouriePURRER 1 PP BXEKTRET CUBRAS" venatonss INLETos

o3 1TER WATER AIR IN  TRANS TERISTIC PRICTION RELAT WATERe
o2 AIR AIR  PRESSURE PRESSURE PRESSURE PRESSURE TOWER®/

o NC 0SS DENSITY PAKING COEFF (N®A/L) COEFF  WHUNID Tgme ¢,

s TEMP ENTHAL LOSS LOSS L3SS LOssS NEIONTE)
30 WRITE(6,32INCTITERIWTRLT oDNSARS s VPK s HEOUT o KAL ¢ CF ¢ HUMI o WTRT s AIRT o
®  ENToPRLPRPRLPKPRLSPPRLVC oM
32 PORMAT (8089 JAsFT02eF08,09FTe30F6.30F8,40F0,.8¢F7:3¢Fb60)
® PO, oFT.1,F10,643F9,6,F7)
LITERSLITER2
IF(ENDF|B)GC T 33
CRBoat00030000000000000000000000000000000000000000000000000000800000008
END PRINTING RESULYS OF ONE ITERATION
CoRRat NI RN ReRR IR RRERIRRBR O ORRONRRIRNRRRRRROSRR0ROR0000000000000000
21 IFINSITER-LE-100)6GE T3 39

WRITE (6,98)
9n :g::nrc;-nsne THAN 100 ITERATIONS: EXECUTISN TERMINATEOS)
c.......".....!!0......OOQ...QO......0.0....D0.0..0.000....0..0..0..0
¢ N3« FIND IF SPECIFICED TSLERANCES ARE MET, AND IF NGOV, wHICH
c CF AIRF SR wTRTZ SHSULD BE ADJUSTED

€ PRINT A MESSAGE 44JCH SHOWS VALUE FRCM WHICH A NEw VALUE wiLl
€ BE EXTRAPZLATED
COOCDQQQQQQQ.DQQQOQOOOQO0000...0..0.0000000..QQ..O.QQQ..I..QQQQ.Q..QOQ
30 IF(ARS(ATRT=WTRTI) LE,TSLERT)GS T8 27
IF (NST IPRITERIGS TO 44
IF(JNST EXTAFLIGS TS 68
WRITF (6962) WwTRTC
42 FORMAT (2 (EXTRAPCLATING FRCM WTRTOS#2,F6e]¢#)2)
LITERSLITERS]
GC TS &
A WRITF (6,43 WIRTS
LITERSLYTFQ42
63 FORMAT (20 (EXTRAPSLATING FRCM WTRTCmS,F6,10%) 2)
48 WTIRT]m4TAT
dTRTSEATATS e 001
FEXTWTCE,TRUE,
62 12 18
27 IF(EXTAFLIGS IC 50
IF (ARS (H=HTOWER) LE,TSLERHIGS TS 29
IF (oNSTLPRITERIGT TS &b
ARITF (6481 AIRF
LITERSLITERS2
&1 FOOMAT (8D (EXTHAPCLATING FHSM ALRF224F7,142)2)
o6 AIDFLSALRF
Hlsk
AIRFSALIFL0,
EATAFLS,TQUE
es 1¢ 9%
c..........o......00000.0.000.000.0.00.00....00Ql....0..0..0000..0’000
C A SAMPLE TTEWATICN HAS HEEN MADE TS ADJUST AIRF W WTRTC
[ 4 PRINT “ESSAGE?® AND NS ANCSTHER ITFRATION
c...o...................’00.QQ...O...Q.OQ...QOO..OQ.Q.00...000.0...0.0
0 wPaM
NAFDNS] N,/ (H2eH])
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00207
oo208
00289
00290
00291}
00292
0029)
00204
00291
00202
00293
0029¢
00295
00296
00297
00298
00299
00300
00301
00302
00303
00306
0030%
00306
00307
00308
00309
00310
00311
00312
00313
00314
00315
00316
00317
00318
00319
00320
0032}
00322
00323
00324
00325
00326
00327
00328
00329
00330
00331
00332
00333
00334
00335

00336



s
26

62
60
29

EXTAFLs, FALSE.
AJRFaARFeDAFOH® (NTOWER=H)

I¥ (oNOT.PRITERI6C 1O 95

WRITE t6,35)ALRF

LITERsL]TERe])

FORMAT (¢ (MSDIFYING AIRF TO #eF7,1e®)#)
6s YC 98

WTRT2aWTRY
OTSDTI=, 001/ (WTRT2-wTRT1)
EXTWTOm FALSE o
WYRTCaWTRTSDTSDT 18 (WTRTINTRT)
IF (oNOT.PRITER)GS TOLS

IF (NOTLEXTAFL)IGS TS 62
WRITE(6,61)WTRTC

FORMAT (# (MCOIFYING WTRTS TS BeF6ele#) #)

LITER=LITERe]

eC TC 15

WRITE (6960)WTRTC
LITERSLITERS2

FSRMAT (2 (MCDIFYING WYRTS TS #4Feelet)#)

6 72 18
IF(PRITERIGS TS 33
ENDFLGs,TRUE
LITEReS?

6s 1S 190

33 WRITE (6496)WTRTTHH
96 FORMAT (#-END CCOLING TOWER PRTGRAM#/

110

m

20FINAL CUTLET WATER TEMPERATURE IS#.F6,.1/

® gOFINAL TOWER HEIGHT IS#eF7.0)

STSP .

AIRFe (AIFALIRFL)/2,AIRFL
IF (oNSTPRITERIGTS TS 9%
WRITE (6,111)AIRF
LITERsLITER2

FIAMAT (20 (ADJUSTING AIRF TO#,F7,1¢% FCR TARILITY)#®)

6s 15 95
END
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50332

00339
00340
0034}
00342
00343
00344
00345
00346
00347
00348
00349
003%0
0038}
00352
00383
00354
003%%
00356
00357
003586
00359
00360
00361
00362
00363
00364
00365
00366
00367
00368
00369
00370
00371
00372
00373



FUNCT]ICN PSATY
OIMENSISN V()
OATA M/0/
DATAV/ 0885490922349 409603+,099950010401901082)144112564011705,121

.700ol265200131500013665.0141990.l67520.15323..15915001652500171570

®,178114,180869.191820,19900,,20042902148)9,22200,23029,2386402473,

.25530.26550.275lo.2850o.29510.305600315‘..3276..33900.3509'.3631..

.3756..3856. .“0"..“56. .Q298..‘663o.6593. .“7". .‘906. .5069' .5237..

05410,¢558R,,577) »05959, 06152.06351006556. 06766, 06982. .72_0‘. eT432,¢

.7666007906'05153008607..86680039350092100096920.9781.1.007801.0382

00100695010101601013“50101683010202901023850l027680103121010350‘010

®389641042989104T0991e51309145563,1060064146659,1,69244]¢7600,1,788

®8410A367,108R97,1e9420410995502¢0503,2¢1064+20163842422259202826,2

'03“0020606902'“712020537002060620206729.2.7632.2.8151'2.8836.2096

837436040693011884361990,34281¢3¢36503065043053743¢627,3¢718,3+811,

©3090A94030354010204¢2030%4030604¢811040519:40629,4076]194¢85%594¢971,

'5-090.5.212.5-335.5.661.5.590.5.721.5.655.5.992.6-131.ooz7306-617.

060565'60715’("868070026.70l93o703§5'705‘0070678.70850980025.8.202.

88 ,3B8398,567 4BeT5598,94649414119¢33999054199¢746,9¢955,10,168,10438

05,10.6050106R3091160584114290911.526,11.769, 1200119120262,12,512,1

02.";1 01300316130300913.5684134845,16,123,14,610,144696/

NTs

PSAT=0,

IFINT,BT,31)16C TC S

PSATsV (1)

wRITF (6227

FCQN?Y(‘)FRRCR 1+ PSAT! TABLE EXCEEDED. Ts#eFB,2)
Ame

IF (M LE,30)RETIIRN

WRITF (%4 3)

FORMAT (29 'CRE Trian 50 FHRRERS IN PSAT -« EXECUTISH TERMINATEDS)
STap

IFINTG57,212)60 1T &

PSATEY (NTe3]1) ¢ (VINT=30)=V(NT=I1))#(T=nNT)

RFETUPY

FND

(1)
81)
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0000

0000

00003
00004
00005
00006
00007

- 00008

00009
00010
00011
00012
00013
00014
00015
00016
00017
00018
00019
00020
00021
00022
00023
00024
00025
00026
000;7
00028
00029
00030
00031
00032
00033
00034
00035
00036
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SAMPLE OUTPUT

COOLING TOMER PROGRAM -~ LISTING OF INITIAL VARIABLES
VARIABLE MAME VALUE

NIRT]Y 97.000000 *
AIRY} 90.000000 *»
HTONER 350.000000 *
DTOMER 300.000000 *»
HAIRIN 20.000000 »
NUn 0.370000 *=
WTRFY 84822960.000000 »
WIRF 1199.99975¢6 #
AIRF 1199.999756 *
WIRTIU 72.000000 *
STEPS 20,000000 *
TOLERT 0.100000 »
TOLERH 10.,000000 *
AFIN 1.000000 *
AFOT 1.000000 »
AFSL 1.000000 *
ADIN 0.0 *
ADOT 0.0 *
ADSL 0.0 *
CDIN 0.0 *
C0O¥ 0.0 *
COsSL 0.0 *
cp 0240000 »
ATROS 14,492999 *
UNSAR] 0.070712 *

I PARALLEL PLATE PACKING ASSUMED)

ATUTAL 235.,000000 *
AFPK 0.750000 *
ADPK 314.000000 *»

FYALUE CALCULATED FRUM UTHER INPUT OR ASSUMED

17 17 L PAGE
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CORLIMG TUER PROGRAR -~ REIULTS OF ITERATIONS

AIR CALC  TOWER
OQUTLET VELCTY MEAT CHARAC-

ITER WATER AlR 1IN TRANS TERISTIC FRICTION RELAT

ND LOSS DENSITY PAKING CCEFF (K®A/L)
1 6,07 0.072124 4.223 1.63% 11,3370

(EXTRAPOLATING FRON WIRTO= 72.0)
INODIFVING WTRTO TO 82.4)

2 2233 0.0690% 6.335 1,439 11,3370

CEXTRAPOLATING FRON WTATO= 82.4)
(NODIFVING WIRTO TO 80.7)

3 18.31 0.070106 €.312 1.639 1.3370

(EXTRAPULATING FRUNR WTRTU= 80.7)
SMODIFYING WIRTO TO 80.5)

4 18,04 0.070141 6.311 1.639 11,3370
CEXTRAPULAT ING FRUM AIRF= 1200.0)
CEXTRAPOLATING FROM WIRTO= 80.5)
(MODIFYING WIRTO TO 80.5)
MUDIFYING AIRF TO 885.8)
T 12614 0,070459 4,048 1,364 1.1129

LEXRTRAPULATING FRUR WTRTUs 80.5)
IMUDIFYING WTRTO TO 83.0)

8 15,49 0.00984086 4,660 1.364 1.1129

(EXTRAPOLATING FRUN WTRTU= 83,0)
IMUDIFYING WTRTO TO 82.8)

9 195,27 0.0698846 4,667 1,364 11,1129
(EATRAPULATING FRUN AIRF= 835,.8)
IEXTRAPOLATING FROM WIRTO= 82.8)
{MOUIFYING WIRTO TO 32.7)
{MUDSFYING AIRF TO  686.4)
12 11,01 04070145 3,610 1,168 0,9530

(EXATRAPULAT ING FRUM WTRTUs 82,7)
(MU IFYING WIRTO TO 84.9)

13 13,28 0,089633 3,623 1.168 0,9530

(EATRAPULATING FRUM WIRTU® 84,9)
(MUDIFYENG WIRTO TO  84,.7)

COEFF
0.01920

0.01920

0.01920

0.01920

0.,02235

0,02235

0,02235

0,02539

0,02539

WUN1D
0.791

0.874

0.853

0.851

0.865

0.883

0,882

0,892

0,905

INLET OUTLET OUTLET PROFILE PACKING
PRESSURE PRESSURE

WATER
TENP

1‘.5

103,6

97.4

97.0

91,2

97.4

97,0

92,7

97,4

AR
TENP

77.6

92.8

89.9

89,7

87.6

91,2

91,0

89,3

92,3

AlR
ENTHAL

28.9

47.5

43.1

42.8

40.8

4549

4546

“3.8

4842

LOSS
0.0

0.0

0.0

0.0

0.0

0.0

0.0

LOSS
0.268895

0.273714

Ce272749

0.272681

0.172538

04173291

00173243

06117965

04118396

L ¥4

SPRAY
PRESSURE
LOSS

0.081085

0.081085

0.081085

0.081085

0065959

0,065959

0,065959

0055460

00055460

17 1 PAGE 2

VENA COMN
PRESSURE
L0ss

0.95211)

0952113

0,952113

0,952113

0.518761

0.518761

04518761

00311533

0e311533

TOWER
HE IGHT

-922 .

2155,

2991,

875,

916.

855,

450,
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COOLING TOWER PROGRAM <~ RESULTS OF ITERATIONS

AIR  CALC  TVOMER
OUTLET VELCTY HEAT CHARAC-

SKIN

ITER WATER AlR IN  TRANS TERISTIC FRICTION RELAT

N0 LOSS ODENSITY PAKING COEFF (Kk*A/L)
14 13.08 0.06976 3.622 1.168 0.9530
(EXTRAPOLATING FRON AIRF= 636.4)
(EXTRAPOLATING FROM WTRTO= 84.7)
(NODIFYING MTRTO TO  34.6)
(RODIFYING AIRF TU  617.7)
17 1137 0.069800 3.256 1.095 0.8935

(EXATRAPULATING FRUM WTRTU= 84,.6)
(HDDIFYING WTRTO TO 85.5)

18 12.21 0.069593 3,261 1.095 0.8935
(EATRAPULATING FRUM AIRF= 617.7)
(EXTRAPOLATING FROM WTRTO= 85,5)
(MODIFYING WTRTUL TO 85.3)
IMUDIFYING AIRF TO 609.3)
21 11,89 0.,069634 3.216 1.086 0,8860

(EXTRAPOLAT ING FRUM WTRTU= 85.3)
(MOOIFYING WTRTO TO 85.6)

22 12411 0,069581 3,217 1.086 0,8860

U CUULING TOWER PROGRAM
FinaAlL VLUTLET WATER TEMPERATURE 1S 85.6

rinAL TUWER HEIGMT 1S 350.

COEFF
0.02539

0.02676

0.02676

0.02695

0.02695

HUMID
0,904

0,908

0,913

0.913

0,914

INLET OUTLET OUTLET

WATER
TEMP

97.0

95,2

97,0

96.6

97.0

AIR
TENP

92,1

91,3

92,5

92,3

92,6

AIR
ENTHAL

47.9

46.9

48.8

48,4

4849

PROFILE PACKING
PRESSURE PRESSURE

LOSS
0.0

0.0

0.0

LOSS
0.118360

0.100948

0101097

0.099006

0099043

| ¥4

SPRaY
PRESSURE
LOSS

0,055460

0.,051621

0.051621

0.051140

04051140

17 ) PAGE )

VENA CONM
PRESSURE
LOss

0.,311533

0.252275

00252275

00245437

0e245437

TOWER
HE IGHY

468,

44,

362,

367,

350,
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ABSTRACT: A method is developed for analyzing the performance of count-
erflow and crossflow natural draft cooling towers that does not assume
saturated air at the top of the packing. Types of cooling towers and
the principles of operation are considered. Simplified differential
equations for the heat and mass transfer relations and the methods of
integrating them for both counterflow and crossflow towers are given.

A large number of integration steps is shown to be unnecessary.
Equations for estimating the pressure losses in the tower are also
given. Simplified flow charts using these integration schemes show how
the computer program is used to evaluate tower performance. The com-
puted performance of towers of various heights operating in moist and
in dry conditions is shown. The effect of inlet water temperature is
shown to be significant. Finally, the computed performance of a given
tower with fixed inlet water temperature is shown as a function of
relative humidity and dry bulb air temperature.
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