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ABSTRACT

The objective of the study was to develop techniques for evaluating the
extent of plumes from large evaporative cooling towers. Analytical tech-
niques were used to describe the dynamics of the wet cooling tower plume
and its interaction with the environment. Primary emphasis was placed on
predicting the height of the plume. Classical atmosphere diffusion theory
was used to determine the downwind spread.

The study showed that the saturation deficit of the atmosphere clearly
controls the downwind spread of the ejected liquid water. Except for
cases where the relative humidity approaches 100%, downwind propagation
is limited to periods when the air temperature falls below the freezing
point. For a given set of atmospheric conditions, increases in the tower
radius, the saturation temperature, and the initial vertical velocity of
the plume contribute to increasing the final plume height.

The potential for adverse atmospheric effects due to cooling towers was
analyzed on a national basis and is presented in the form of a map of
the United States.

A computer program was developed to perform the necessary calculations.
The Appendix contains a description of the program, including input speci-
fications.

This report was submitted in fulfillment of contract number 14-12-542
under the sponsorship of the Water Quality Office of the Environmental
Protection Agency.
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SECTION 1.0

INTRODUCTION

Recent studies indicate that the electrical power needs in the United States
are doubling every 6 or 7 years. To meet this need an increasing number
of steam electric generating facilities are required. One of the salient
features of these plants is that they require large quantities of cooling water.
This increased demand for cooling water has brought forth an environmental
problem called ''thermal pollution'', which is caused by the discharges of
large quantities of waste heat from the electrical power plants into various
natural waterways. Due to the likely adverse consequences of increased
temperatures from the discharged effluent on aquatic life, there has been

an increasing demand for alternative methods of cooling which would dissipate
the waste heat in a more preferable manner.

One of the more favored means of solving the thermal pollution problem is
the use of large evaporative cooling towers, which dissipate the waste heat
directly into the atmosphere. With the recent application of large cooling
towers in the United States, some concern has been expressed about the
possible adverse environmental consequences of the effluent discharges to the
atmosphere from the towers. In certain climates, the evaporation of water at
rates of several thousands of gallons per minute may create modifications

to the local environment through formation of fog, icing on nearby structures,
and "flashing” of transmission lines downwind of the tower. Other possible
adverse conditions such as haze formation, icing of bridges, and destruction
of crops have also been suggested.

The probability of a cooling tower causing adverse environmental modifications
is a function of the characteristics of the tower (height, exhaust velocities,
temperature, etc.) as well as the characteristics of the local climate near

the tower site. Certain areas have wind, stability, and humidity conditions
necessary for occurrence of adverse effects whereas many areas have condi-
tions where the tower effluent is dispersed effectively with insignificant environ-
mental modification resulting.

It is important to the orderly development of our national economy that a
rational delineation of the potential of inadvertent environmental modification
by cooling towers be obtained as soon as possible. Thus, this study was
initiated to analyze the physical consequences of the ejections of cooling tower
effluents and their subsequent dispersal into the environment. The prime
objective of the study has been to develop a predictive model from which the
general behavior of the cooling tower plume can be assessed in terms of
various meteorological conditions and local terrain features, In addition,



geographical regions throughout the United States have been classifiedas
to the potential for adverse effects occurring from the application of cooling
towers.

1.1 Tower Characteristics

Cooling towers may be classified as wet type where water and air come in
direct contact or dry type where cooling is through indirect contact of heat
exchangers. The movement of air for both types may be created either by
mechanical draft with fans or by natural draft through a chimney.

In the dry type cooling tower, indirect heat transfer is by conduction and
convection through finned tube cooler sections, instead of evaporation. There
is no evaporative loss with subsequent water makeup requirements, but greater
air movement is necessary to reject the heat. Cooled water from the tower
is introduced into a direct contact jet condenser where it picks up heat and
then is returned to the tower for cooling. The dry type has poorer efficiency
than the wet type, and hence is less economical. Since no water is lost in
the dry type, it does not represent as clear a potential for inadvertent

environment modification as does the wet type, and it will not be considered
in this study.

In the wet type cooling tower, water is sprayed onto a lattice network (packing)
through which air is moved resulting in evaporative heat transfer. One type

of tower currently favored, the hyperbolic natural draft unit, is shown in
Figure 1.

The evaporation process in a tower such as shown in Figure 1 results in
cooling of the water by about 20°F. The cooled water is collected in a basin
under the fill. Solids in the water accumulate in the basin, and the wastes
are periodically removed by blow-down. Make-up water in the order of 3% of
the flow circulated is necessary to replenish evaporation and blow-down losses.
The make-up water may be chemically treated to protect the fill from deterior-
ation and the spray nozzles from plugging.

Typical large evaporative towers discharge 10, 000 gpm and several towers may
be utilized at a given site. The subsequent interaction with the atmosphere

of these large fluxes of water is the primary concern in terms of possible
adverse effects.

1.2 Scope of the Study

The main objective of this study has been the development of techniques to
model and predict the behavior of cooling-tower effluents when discharged into
the atmosphere under various meteorological conditions. The study is limited
to numerical calculations of the general characteristics of plume behavior.
Parameters used in the numerical model are those for typical wet-type natural
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draft (hyperbolic) towers such as those at the Keystone Site in Pennsylvania.

Some consideration is also given to the behavior of plumes from mechanical
draft towers.

Due to the complexity of the problem, a considerable number of empirical
and parameterized concepts have been employed to develop a practical model.
The overall aim has been to develop a model that is readily useable rather
than one of rigor and complexity. Definition of important parameters and
their sensitivity to local variations has been a part of the study.

Various climatic regions throughout the United States have been classified in

terms of the frequency of meteorological conditions favorable to adverse effects
from cooling tower plumes.

Clearly, a firm understanding of environmental modification by cooling towers
will have to be established by proper measurements in the vicinity of operation-
al towers, in order to validate and refine the theoretical concepts. However,
field measurements are beyond the scope of the present study. Besides proper
meteorological measurements, ecological monitoring will also be necessary

to evaluate the total influence of the tower effluent on the environment.

In summary, this study is regarded as one step in what necessarily must be

a broad program to properly evaluate the general application of large evap-
orative cooling towers throughout the United States.



SECTION 2.0

TOWER PLUME AND DIFFUSION MODEL

Study of the ejection of cooling tower effluents into the atmosphere
and subsequent dispersal into the environment involves knowledge of
several complex processes. In this study we have considered the
problem in the following phases:

(a) Dynamics of the wet effluent plume and its immediate
interaction with environment through entrainment. Primary emphasis
has been placed on predicting the height to which the plume penetrates.

(b) Horizontal diffusion of the ejected water vapor and its
contribution to the local saturation deficit.

A subdivision of the problem into conditions in the immediate vicinity
of the tower (vertical plume) and those downwind (diffused plume) is
of obvious use in clarifying the important meteorological parameters.

2.1 Plume Dynamics

The phenomena controlling the vertical growth of the wet plumes

from cooling towers are different from those controlling the movement
of dry particulate smoke, due to the energies involved in evaporation
and condensation in the wet plume and the buoyancy accelerations
produced. In this situation, the buoyancy forces are produced locally
rather than being a function of the initial temperature of the effluent
alone. Thus, the dynamics of the cooling tower is more closely
related to that of an isolated cumulus cloud, where condensation warms
the core of the plume while evaporation and chilling occur near the
edges.

Clearly the buoyancy of the wet plume will significantly influence the
vertical penetration. In fact, it is known that the observed plume
rise of cooling tower effluents is considerably greater than the values
calculated on the basis of initial effluent temperature alone. This
additional penetration is obviously important in assessing the close-in
characteristics.

Most previous studies of the behavior of effluent from stacks have
been based on the concept that the horizontal diffusion is equivalent
to that from a source at an 'effective" stack height in place of the



actual source, where the effective stack height is defined as the
height at which the plume becomes nearly horizontal. Methods for
determining effective stack height have produced varying results.

A summary of the present status has been prepared recently by
Briggs (1968). In this study we will assume that the plume grows
in a vertical column (tilted due to wind shear) and that the maximum
height of penetration of the column is of importance for prediction of
local modification (subsequently horizontal diffusion will be used to
spread the column downwind).

Over the past several years considerable progress has been achieved
in the application of numerical models to cumulus clouds (alikened
to moist buoyant plumes). One of the more widely used cumulus
models is the one-dimensional dynamic model with parameterized
entrainment and microphysical relationships. In this study, we
proceeded by modifying the cumulus model (Davis, 1967, Weinstein

and Davis, 1968) such as to make it more applicable to wet effluent
plumes.

The approach used in the model is to apply the vertical equation
of motion and the first law of thermodynamics with parameterized
relations for plume mixing, water particle growth, fallout, and
evaporation. Numerical calculations are carried out by lifting
incremental portions of the plume adiabatically through successive
vertical steps, and at each interval allowing mixing or entrainment
to occur with the environment.

The mathematical form of the model will be outlined here with emphasis
on those features unique to the cooling tower plume. For a detailed

derivation of the basic cumulus model equations, see Weinstein and
Davis (1968).

The vertical equation of motion can be written as (see list of symbols):

dw2 dw 123P

1 =0 - 2w - = - -

2dz dz p 3z g - Drag
where the drag forces will be provided by the weight of liquid water in
the air and by mixing with entrained air. Thus,

. _ 1 3P _ 2
54 - g (1+Q) -k w

Assuming that the plume environment is in hydrostatic equilibrium, and

that there is no horizontal pressure gradient between the plume and
outside air,
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Equation (1) is the energy equation for our plume model. The first term
on the right is the buoyancy term, the second the drag due to the liquid
water, and the third the loss due to mixing with the slow-moving or station-

ary environmental air.

The temperature distribution with height in the ascending plume can be derived
using the first law of thermodynamics and the Clapeyron equation for variation
of saturation vapor pressure with temperature. The result is:

-8
ar 1+ qLe - p(T-Te) - “Le (g-q ) + I"fQ +AJ>WLS
— = ¢ RT c 9 qe c_dz c dz
dz p p p P (2)
L 2
1 +€ e q
chT2

The terms on the right represent (from left to right) the moist adiabatic
temperature decrease, (the change in temperature resulting from adiabatic
expansion, with latent heat of condensation released by the condensation of
all vapor over saturation) the loss of heat to warm the entrained air, the
loss of heat to resaturate the entrained air, the heat released by freezing
liquid water, and the heat realized by the sublimation of the excess vapor
after freezing. The last two terms are applicable only to the height incre-
ment, dz, during which the phase change is occurring. After the glaciation
procedure has been completed, the moist adiabatic process is assumed to
be ice saturated and LS replaces Le in the first part of equation (2).

In this model, it is hypothesized that mixing or entrainment occurs through

a continuous incorporation of environmental air around the edges of the upward
moving plume. Several theoretical and observational studies have suggested
that the entrainment rate is inversely related to the plume radius,

1 dM _  _A
M dz R (3)

where the entrainment g has dimensions (length)-l, R is the plume radius and
the dimensionless constant A depends upon the specific character of the plume
and thus must be determined experimentally.



Laboratory studies suggest that the value of A should be .15 to .22. In
this study we have used A = .20. The variation of R with height along
the plume has been taken to be:

R=Rs+zsina (4)

where Rg is the stack radius, z is height, and a is the half-angle of the
plume spread.

The correction to the computed vertical velocity due to the shear of the
horizontal wind follows the concepts outlined by Malkus (1952). The slope
of the plume as a result of a vertical shear of the horizontal wind is given
by:
w
tan 6 T
p

where the vertical velocity is w and the horizontal speed of the air in the
updraft is Up. If the vertical velocity (wp) calculated from equation (1)
is taken as the hypotenuse of the triangle given by the above relationship,
the true vertical velocity can be calculated.

2 2

w = w -(U)2
p p

U, is obtained by considering the horizontal momentum in the cloud mass
before and after entrainment of environmental air.

(Momentum)2 = (Momentum)1 + (dM)Ue

U, (M + dM) = MU, + (dM)U
2 1 e

with the definition of u, u = -IM S—IZVI—, the above relationship can be stated as:
+
_ U1 p,dte
2 1 + udz

Substituting the above into the solution for w given earlier yields the final
form of the relationship:

2 9 U1 + udte
P 1 + pdz




Utilizing the above set of equations, along with specifications of the initial
conditions (tower radius, initial plume velocity, effluent temperature) and
the environmental conditions (vertical distributions of temperature, humidity,
and wind) calculations of plume updraft velocities, change in plume radius,
liquid-water content, and maximum plume height can be obtained. These
vertical profiles of plume parameters are used in the next sections as inputs
for the second phase of the model which covers the diffusion and downwind
spread of the plume.

2.2 Downwind Diffusion

The common practice for the analysis of diffusion of stack effluents is to

use an 'effective' stack height in conjunction with relationships derived for
horizontal and vertical diffusion. The most widely used formulas are slight
modifications of those first proposed by Sutton.(1953). The relationships selected
for use in the cooling tower problem are of the form

X = exp | - - (6)

where X is the concentration of the effluent, Q>€< is the rate of release of the
effluent, u is the wind velocity, and 0_ and 0, are the standard deviations
of the horizontal and vertical concentrXtion distributions. The standard
deviations, 0, and 0z, are functions of the distance downwind from the
source and must be specified in equation (6).

Clearly the most important part of using equation (6) for the downwind spread
of the effluent relies in obtaining ze, 05, and 0,. We assume that the
dynamics of the plume can be adequately handled as previously described

in order to obtain %, (defined as the altitude where w—0). The dependence

of 0, and 0, on the downwind distance and on local meteorological and

terrain factors is much more difficult. In fact, it is unlikely that a single
functional relationship can be found to describe the dependence of 0, and o,

on the downwind distance for all values of the downwind distance. During

the early phase of the plume propagation the primary mechanism of dispersal
is the self-generated turbulence of the plume, or is due to turbulence generated
by local structures such as buildings and other towers. On the other hand,

at sufficiently large times the dispersal is primarily controlled by the ambient
turbulence of the atmosphere. The dispersion at intermediate times would
presumably depend on both the self-induced and ambient turbulence.

Csanady (1968) proposes that during the initial phase (within about 2 km from the
source) the standard deviations can be assumed to grow linearly with distance
from the source. That is, one can let



oy = pyx and o, = PX (7D

where Py and p, are constant. Equation (7) implies that the concentration
profiles are seé-preserving with increasing distances from the source. It
can also be easily demonstrated that equation (7) is equivalent to assuming
that the entrainment parameter, A, is a constant, since equation (7) essent-
ially implies a linear rate of growth of the plume. In practice, we have
chosen p_, and p, empirically to give observed rates of plume spread con-
sistent with the angle a introduced in equation (4).

At sufficiently large distances from the source the influence of the ambient
turbulence on the dispersion is of primary importance. Sutton (1953) gives

the following expressions: 1
s

X

1)

c ——————————

o=_z__x(1+p (8)
z

where c_ and c, are appropriate constants (depending on the atmospheric
conditioXs) and the quantity p is the index corresponding to a power-law fit
for the atmospheric wind profile. That is, the wind profile is approximated as

(2) =(%)P
uy z] (9)

where uq and zy, are convenient reference values.

Pasquill {1961) and Turner (1967) have conveniently reduced these relation-
ships and observations of plume spread to a simple set of graphs which
express Oy and o, as functions of distance and stability class. Turner's
curves are given in Figures 2 and 3.

In the present study, equation (7) has been used for distances less than 2 km
from the source, and for distances greater than 2 km values of gy and gy,
were obtained from Figures 2 and 3 with proper selection of stability class.

2.3 Summary of Numerical Model
The model developed to simulate the behavior of the cooling tower effluent

can be divided into two phases; (a) the immediate stack region (less than
2 km from the source), and (b) the downwind region where ambient dispersal

10
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is predominent. In the immediate stack region the internal dynamics and
the vertical penetration of the plume is of prime importance.

Here we assume the cooling tower effluent to behave as a moist jet similar
to isolated cumulus cloads. We compute the temperature and buoyancy
changes in the plume using equation (2) which accounts for moist adiabatic
ascent, the losses due to mixing and evaporation, and the possible additional
heat derived from freezing of the effluent water. The computations are
accomplished using vertical steps of 50m intervals. Next, vertical velocities
of the plume are obtained from equation (1). The local buoyancy is used to
accelerate the plume while the weight of the water material and the entrain-
ment of environmental air drag the plume and cause it to decelerate.

The most critical relation in this phase of the plume growth is the para-
meterization used to simulate the self-induced turbulence and hence entrain-
ment. Our best information at this time is that the relations in equation
(3) and (4) appear to be adequate. However, further field measurements
will be necessary to coafirm these relations.

Utilization of initial conditions (tower parameters), the atmospheric sound-
ings, and equations (1-4) allow the computation of the vertical profile of the
plume core and yield distributions of plume temperature, vertical velocity,
liquid water content, and spread of plume radius. The horizontal tili of
the vertical plume due to wind drag is obtained using equation (5).

In the immediate vicinity of the tower (<2km) the diffusion of material from
the edges of the plume is obtained using relations for o, and o, given in
equation (7), where p, and p, are related to the half-angle spread. o, which
has been determined empirically., Due to the high internal vertical velocities
of the plume, local erosion near the height of the stack is small except

ior atmospheric conditions in which the winds are gusty and the environment
is unstable. The emphasis on this portion of the model is the adequate
determination of plume penetration heights as a function of the tower para-
meters, and the local meteorological conditions.

In the second phase of the model the distributions of effluent are dispersed
downwind utilizing diffusion parameters which are related to the ambient
turbulence. The main result is to diffuse the effluent near the maximum
height of the plume (where the plume vertical velocity approaches zero and
the horizontal tilt is large) in the downwind direction. This is equivalent
to the standard stack-diffusion procedures which utilize equation {8) and
Figure 2 and 3.

Thus, the model simulates in numerical form the buoyant rise of the plures,
which is dragged by the weight of the material and depleted vy the local
entrainment of environmental zir. The height at which the plume's acceler-
ations are depleted and it is hent over by the horizontal wind is eritical to
the subsequent downwind spread of the material by ambient diffusion. The

13



immediate or local diffusion is obtained by linear expansion of the local
entrainment.

Throughout this portion of the model we have not discussed the effluent
water particle distribution or microphysical processes influencing the
plume. These relations will be discussed subsequently. Thus far, we
view the effluent as small water droplets moving through the plume area
and evaporating at the edges. The evaporated water mass is then diffused
outward and contributes to raising the ambient water vapor content.

14



SECTION 3.0

SATURATION REQUIREMENTS

The major emphasis of this study is the concern over the modifications to
the local and downwind environment as the result of the ejection and diffusion
of the cooling tower vapor effluent. Specifically, the concern is to determine
what conditions are necessary for the additional water from the tower to be
of sufficient quantity to raise the local humidity to saturation, and hence

lead to formation of fog and haze. In addition, the relative distances and
volumes of the modification are of concern.

In order to properly define this aspect of the problem it is important to point
out how the water vapor content necessary to saturate the atmosphere varies
with temperature in the following manner:

Temperature - °C Saturation Vapor Content - g m-3
~20° 0. 894
-10¢ 2. 158
0° 4, 847
+10° 9. 401
+20° 17. 300

Next, we will define the saturation deficit, q4 as the difference between the
saturation mixing ratio at a given temperature, qg, and the local ambient
mixing ratio, Q- Since the cooling tower effluent merely adds an incremental
amount of water vapor, Aq, to the local atmosphere, the relation of import -
ance for non-fogging is:

qs-qezqd>Aq

The importance of ambient temperature can now be seen since Aq, several
kilometers downwind for typical cooling towers is the order of 0.1 to 0.5 g
m~3, If the ambient temperature is 10°C and the local humidity is 50%

(qe =4.7¢g m~3) then q, = 4.7¢g m~3. The addition of Aq = 0.2 g m~3
from a cooling tower would only change the humidity 3%. On the other hand,
at -10°C and 90% humidity the addition of Aq = 0.2 g m™3 would lead to
saturation. Thus, clearly the ambient temperature is of prime importance
in determining the saturation deficit and thus the conditions for the tower

effluent to contribute enough water vapor to cause fog development.

15



3.1 Properties of Natural Fogs

The formation of natural fog occurs through local cooling of the atmosphere
by radiation losses, or through advective changes in temperature or moisture,
with subsequent mixing leading to saturation. Table 1 summarizes the
properties of '"typical fogs classified as radiation (inland) and advection _
(coastal). It can be seen that the typical water contents are .1 to .2 g m -,
the droplet diameters average 10y to 20u, and particle concentrations vary
from 40 ecm™3 to 200 cm™®. Around industrial areas where sources of
pollution are prevalent droplet concentrations will tend to be higher.

The visual range or horizontal visibility in a fog is related to the average
size of the fog droplets and the liquid water content by the following equation
which was derived by Trabert in 1901.

N 3

c LT =x T
QCLnrfz QC

V:

where Qc = liquid water content, n, = number of droplets of radius r,
C = constant, and K = constant. Clearly the visibility decreases with
increasing liquid water content and with smaller average droplet diameters.

Visibility reduction can begin at humidity values well below 100% due to water

TABLE 1

PHYSICAL FOG MODELS

Fog Parameters Radiation (Inland) Advection (Coastal)
at the Surface Fog Fog
1. Average Drop Diameter 10u 20 u
2. Typical Drop Size Range 5-35u 7-65 4
3. Liquid Water Content 110 mg/m3 170 mg/m3
4, Droplet Concentration 200 cmn3 40 cm—3
5. Vertical Depth of Fog
a. Typical 100 m 200 m
b. Severe 300 m 600 m
6. Horizontal Visibility 100 m 300 m

16



absorption by hygroscopic nuclei. Thus, the characteristics of the plume
chemicals and other nearby industrial pollutants become important as inter-
mixture with the water vapor plume may occasionally enhance the reduction
in visibility.

3.2 Dropsize Characteristics of Cooling Towers

Very little observational data are available as to the dropsize characteristics
of the cooling tower effluent. Ledbetter, (1969) has recently completed

a laboratory study in which he attempted to simulate the cooling tower and
subsequently measure the dropsize distributions generated.

Figure 4 is an example of the results obtained by Ledbetter. The distribution
was found to be bi-modal with the first peak <5pu diameter (probably 2-3y) and
the second in the range 20-40y. These experiments suggest that the water
droplet size distribution of cooling tower effluents is similar to that of
natural fogs. The reason for the distinct bi-modal distribution is not clear,
however.

3.3 Parameterized Cloud Physics

To simulate the microphysical processes which occur in the moist ascent of
the plume we have used the parameterized representation given by Kessler
(1962, 1963, 1964). It is assumed that the development of water droplets
can be divided into three phases: condensation (vapor to liquid), auto con-
version (bulk process for changing the small condensed droplets to larger
drops), and coalescence (the collection of droplets by the larger drizzle-size
drops).

It is further assumed that the liquid water content of the plume can be
represented by two groupings called cloud water (droplets with no appreciable

fall velocity) and hydrometeor water (larger drops with fall speeds).

The change in cloud water is expressed as:

0. 875
dQ, . dqg ) K, (Q,-a) ) m ( o) I
dz dz w - Vt (w - Vt) T oAt Qc (1D

In addition, the change in hydrometeor water is:

dQ, K, (Qc -a) K, Q, Qho' 875
dz  (w - Vt) * w - V) (12)
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where Kj, K,, and (a) are coefficients relating to the microphysical con-
version rates. The terminal fall velocity is expressed as:

0. 125

h (13)

Vv, = 4.5Q

assuming the drop size distribution given by Marshall and Palmer (1948).

The model computes the total rainfall from the plume assuming that the
fallout is developed (conversion to hydrometeor water) during the vertical
ascent in the plume, and all converted hydrometeor water subsequently falls
out of the plume somewhere downwind. The computed rainfall is the max-
imum possible, since evaporation below the plume is not included here.
Thus, total rainfall is given by:

zZ

R, < f Ay (42

[+

which is approximated by:

where R . = (14b)

This computation of 'total rainfall’ is useful in the original cumulus cloud
model, as it gives an estimate of total precipitation during the lifetime of

an isolated convective cloud. However, total rainfall is not really relevant to
a continuing convective plume, as from cooling towers, except as a relative
measure of precipitation potential. But it is also possible to convert the
computed water content into rainfall rate and radar reflectivity. With the
assumption that the hydrometeors are formed into a Marshall-Palmer drop
size distribution, the following well-known relations are obtained:

Q - 72 x 107 g % (15)

where Qh is in g/kg and R,, the rainfall rate, is in mm/hr; thus,

1!
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R1 = 14 Qh ’ (16)

and radar reflectivity Z, in units of mm6/m3 is

Z = 200 R11'6

At temperatures below 0°C, freezing is allowed to occur and release additional
latent heat. The microphysical conditions are handled in a similar manner
as above, but with different values for Ky, Ky, a, and Vi. Experience has

shown that natural freezing of moist plumes in the atmosphere is unlikely
until the ambient temperatures approach -20°C.
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SECTION 4.0

CALCULATIONS

The computerized version of the model that has been presented was used
to analyze the behavior and subsequent downwind spread of cooling tower
plumes. The input data used were the tower parameters and the vertical
distributions of ambient temperature, wind and relative humidity. A
number of model runs were obtained to analyze the effects of various
parameters on the general plume behavior.

4.1 Tower Parameters

Most computer runs were conducted using the following tower characteristics:
Height = 50m, Velocity = 5.0 m/sec, Radius = 30m, and Saturated Temp-
erature of 90°F. However, variations of these parameters were also studied.
Figure 5 shows a typical profile of vertical velocity, and plume temperature
along with the variation of plume radius as derived by the model. The
effect of tower radius is shown in Figure 6. It can be readily seen that

the penetration height is significantly greater for increasing tower radii.

This is due to the fact that local entrainment and erosion is inversely
proportional to the radius of the local updraft.

The height of the tower above ground was found to have a negligible effect
on the penetration of the plume. This is due to the large buoyancy of the
initial updraft, which overshadows any reasonable changes in tower height.
The height of the tower must be considered when other structures are
placed in the vicinity, however, because local turbulence generated by
additional structures can change the above results.

Increases in tower temperature (saturation) and in the initial vertical velocity
clearly increase the penetration height of the tower plume. Thus, in the
design of towers, factors which promote greater penetration are first the
tower radius, and secondly the effluent temperature and draft velocity.

The preceding results are directly relevant to natural draft cooling towers.
The model is equally applicable to mechanical draft towers, since the only
tower parameters that need to be specified are height, radius, velocity, and
tenmperature. Since individual mechanical draft towers are limited in
radius to approximately 10 meters or less, it can be seen from Figure 6
that mechanical draft towers generally have limited penetration height
compared to the larger natural draft towers.
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Several mechanical draft towers are usually used te provide a capacity equal
to a single large natural draft tower. In general, the combined plume from
the mechanical towers will have less vertical penetration than would a plume
from a single hyperbolic tower having equal volume. The discrete small
plumes may merge, but they do so with a large initial increase in entrain-
ment, because of the dry environmental air from between individual towers.
The modeling results indicate that mechanical draft towers as currently
used will always result in less penetration and greater potential for adverse
environmental effects than typical large natural draft towers.

4.2 Penetration Height of the Plume

Figure 7 shows the effects of atmospheric stability on the penetration height.
Distributions are given for isothermal conditions, for a 5°C inversion and

a 10°C inversion (up to 300m, then isotherrnal above, all for surface T=0°C).
These curves clearly show that the initial huoyancy of the cooling tower
plume is sufficient to penetrate many low-level inversions if the wind is not
strong.

Wind and wind shear tend to accentuate the effects of stability and bend the
plume over, reducing the total penstration height. This is due to the increased
momentum exchange and the overall drag, causing the plume to yield to the
horizontal momentum of the atmosphere. Calculations show that the plume
core has vertical velocities in excess of 10 m/sec for the first few ten's of
meters and then decelerates very rapidly to the plume top (see Figure 7).

The large decelerations when coupled with horizontal wind drag result in
decreasing the effective plume height and lead to increases of water vapor
downwind, which under proper saturation deficit can yield fog formation.

4.3 Moisture Effects

As pointed out in Section 3.0, the moisture deficit in the atmospheric layer
penetrated by the plume is of most significance in evaluating the adverse
conditions caused by fogging downwind from cooling towers. Figure 8 shows

a set of computations for a situation with a 10°C inversion and relative
humidity in the plume layer varying from 50% to 100%. It is clear that

the atmosphere's capacity to receive water fluxes typically generated by
cooling towers is generally good for these temperatures and normal humidities.
Thus, it can be clearly established that conditions suitable for fogging and
downwind visibility effects from cooling towers are related to moisture
deficits, which are controlled by the local relative humidity and temperature.

4.4 Case Studies

Several co:ncuier runs using actual atmospheric data have been made. These
will be use . cre to further indicate the behavior of the cooling tower plurrs
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The first case is for the Pittsburgh, Pennsylvania, sounding of 1200Z on
February 28, 1968 (Figure 9). Conditions for the Keystone Site were
utilized; Figure 10 shows the vertical profile of the plume parameters

while Figure 11 shows the results of the downwind dispersion of the

plume. Verification for this case was obtained through personal communications
with Dr. Charles Hosler*, who observed that the height of the plume was

at about 7000 ft. MSL and that the plume spread downwind for a considerable
distance with very light snow flurries falling from the plume. Photographic
measurements of the width of the individual tower plumes indicated a

radius of about 300 meters near the top, which is in close agreement with
the computed radius in Figure 10.

Another example is the Salem, Oregon, sounding for 1200Z on November 11,
1969 (Figure 12). This case is used to demonstrate the effects of a deep
layer of atmospheric moisture which is capped by an inversion and dry

air aloft. Figure 13 shows the distribution of liquid water downwind from

a typical hyperbolic tower.

Many additional runs have been completed which contribute to the general
understanding of the movement of moisture downwind from typical towers.
They will not be presented here but the overall results are given in Section 4. 7.

4,5 Topographical Effects

Since it is desirable to extrapolate the results of dispersion of cooling-tower
effluents at one location to other locations, one of the necessary assessments
that has to be made is the influence of topographical variations on plume
dispersal. The influence of topography on the plume dispersal may occur

in three ways; firstly, through an effect on the local wind speed and direction,
secondly, through an effect on the characteristics of the atmospheric
turbulence, and thirdly, through the distribution of local moisture sources.

Most of the analyses mentioned above apply to an idealized "'infinite-plane"
ground for which the roughness characteristics are assumed to be
statistically uniform. Moreover, all ambient conditions are assumed to

be uniform and parallel to the ground. Such conditions are seldom realized
in the atmosphere and even over ''gently rolling terrain influences can
occasionally be significant. A wind blowing more or less parallel to a
valley may be ''channeled' in a direction parallel to the sides of the valley.

*Dean, College of Earth and Mineral Sciences, Pennsylvania State University,
University Park, Pennsylvania.
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Moreover, when a strong geostrophic wind is blowing parallel to the

valley there may be a funnel effect, and this may influence the cooling-
tower plume. When the geostrophic wind is blowing nearly normal to

the axis of the valley, complex downwash and upwash effects may occur
along the slopes of the valley. The effects of aerodynamic downwash on
chimney plumes have been studied in laboratory wind tunnels. The
cooling-tower plumes from sources located in valleys may also be in-
fluenced significantly by the katabatic and anabatic winds due to differential
cooling or heating.

Topographical features may also influence the dispersion of cooling-tower
effluents through their effect on the characteristics of the ambient
atmospheric turbulence. Topograhical features may cause different rates
of heating at different places, and thus create convective turbulence.

Local sources of water vapor such as rivers, lakes, ponds, etc.will
influence the local saturation deficit and hence be of importance in deter-
mining the cooling tower effects.

4.6 Summary of Calculations

From the series of model runs the following results were obtained:

(a) For a given set of atmospheric conditions, increases in the
radius of the tower, the saturation temperature, and the stack velocity
contribute to increasing the penetration height of the tower plume. The height
of the tower above ground has a negligble influence on penetration height.

(b) For a given set of tower parameters, stability influences the
penetration height as does the bending-over effect of wind and wind shear.
The most significant parameter in determining the vertical plume dynamics
is the entrainment relation, which is determined by the stack radius and the
angular spread of the plume. Environmental relative humidity is important
in controlling the evaporative cooling at the plume edges and hence the rate
of depletion of thermal buoyancy.

For most cases of light winds ( €3 msec—l), penetration heights of
300-1000 meters are obtained but for stable air with strong wind, the
penetration heights are reduced to a few hundred meters.

(c) The saturation deficit of the atmosphere clearly controls the
downwind spread of the ejected liquid water. Except for cases where the
relative humidity approaches 100%, downwind propagation is limited to
the colder temperature periods typical of fall and winter (< 0°C).

Under calmer winds, penetration is sufficient and little problem is to be

expected near the tower. However, stability can limit penetration such
that strong winds can cause looping. On the other hand, typical moisture
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deficits occurring with windy conditions may be sufficient to completely
eliminate the appearance of the plume in a very short distance.

In summary, moderate winds with stable lapse rates and low moisture
deficits (high humidity and generally temperatures colder than about 0°C)
provide proper conditions for possible fogging and adverse modifications
downwind of typical cooling towers.

4,7 Prevention of Adverse Conditions by Seeding

It is well known that seeding of stable liquid-water clouds with properly
sized particles of sodium chloride or other hygroscopic materials can
modify the drop-size distribution in the clouds and, under certain conditions,
lead to an improvement in visibility. The physical process is one of
producing an initial small population of relatively large droplets. The
hygroscopic particles grow faster and have a larger equilibrium size than
natural droplets which have formed on less hygroscopic condensation nuclei.
Given the artificially broadened drop-size distribtuion, the large droplets
continue to grow to precipitation-particle size.

In terms of our cooling-tower model, the affect of seeding would be to change
the conversion constants, K, and K, in eqns. (11) and (12). The end result
would be amore rapid conversion from cloud water to hydrometeor water.
(Conversely, seeding with very large numbers of uniformly small hygroscopic
particles will produce a cloud of large numbers of small droplets with no
large droplets. Such a cloud, similar to many natural fogs, is extremely
stable with very slow conversion to precipitation. )

The beneficial affects on visibility to be obtained by broadening the drop-size
distribution can readily be seen from Trabert's equation for visibility given
previously. An increase in the mean droplet radius, for constant liquid water
content, leads directly to an increase in horizontal visibility. Any subsequent
decrease in water content due to precipitation further improves the visual range.

Results of the model calculations and limited observations from cooling towers
suggest that where tower plumes have large vertical penetration, natural
conversion will take place, leading to formation of precipitation particles.
With more limited vertical rise, less liquid water is condensed, and a
narrower drop-size distribution such as shown in Figure 4 would be expected.

When persistent stable plumes form downwind of cooling towers, there is

little question that the visibility in the plume could be improved by seeding with
properly sized hygroscopic particles. It is less clear that routine seeding

in a wide range of meteorological conditions would be advantageous. Certainly
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the production of fallout (precipitation) downwind of the tower would not
ordinarily be regarded as a beneficial effect. Further, an increase in
the number of large droplets will usually lead to longer travel times
and distances before the plume completely dissipates.

In the case of serious fogging episodes from towers, seeding offers a
technique for reducing the adverse effects. For optimum results the
seeding should probably be done downwind of the tower where the effects
are most serious, rather than at the tower itself. The most efficient
practical methods for performing the seeding would have to be determined

by experiment. Such experiments at a tower location where adverse effects
are relatively frequent are recommended.

The above discussion has been directed toward warm (above 0°C) plumes.
Supercooled tower fogs could be effectively dissipated by seeding with
freezing nuclei such as silver iodide, or with dry ice. In tower locations
where fogs are occasionally formed at temperatures lower than about -5°C,
silver iodide seeding of the plume at the tower could be utilized in problem
situations to change the fog into ice crystals which would fall out in a
relatively short travel distance.

35



SECTION 5.0

REGIONAL CHARACTERISTICS

Based on the results obtained from the model computations, it is now
possible to investigate various geographical regions of the United States
in order to rate these areas in terms of the potential for adverse effects
downwind of cooling towers. The model results show that typical summer
conditions with warm temperatures (high moisture deficit) and unstable
lapse rates generally will not lead to downwind propagation of a cooling
tower plume. The prime season of interest is the late fall and winter
where stable air and colder temperatures are prevalent.

Statistical data necessary for proper definition of low-level moisture deficit,
stahility, and general dispersion is typically difficult to obtain on a regional
basis. For the purposes of this study we have used the following three
sources as a means of evaluating the geographical potential for cooling
tower production of fog:

(a) '"Fog Frequency in the United States', A. Court, and R.
Gerston, The Geographical Review, p. 545.

(b) "Low-Level Inversion Frequency in the Contiguous United
States'’, C. R. Hosler, Monthly Weather Review, Vol. 89,
No. 9, September 1961, p. 319-339.

(c) '"Estimates of Mean Maximum Mixing Depths in the Contiguous
United States', G. C. Holzworth, Monthly Weather Review,
Vol. 92, No. 5, May 1964, p. 235-242.

A qualitative classification for the potential for adverse cooling tower affects
has been made based on the following criteria:

(a) High Potential: Regions where heavy fog is observed over
45 days per year, where during October through March the
maximum mixing depths are low (400-600m), and the frequency
of low-level inversions is at least 20-30%.

(b) Moderate Potential: Regions where heavy fog is observed over
20 days per year, where during October through March the
maximum mixing depths are less than 600m, and the frequency
of low-level inversions is at least 20-30%.

(c) Low Potential: Regions where heavy fog is observed less than
20 days per year, and where October through March the max-
imum mixing depths are moderate to high (generally >600m).
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Figure 14 is a depiction of the results of this evaluation for the United
States. The main areas of high potential are the West Coast, Pacific
Northwest, the Appalachian Valleys, and the far Northeast Coast. The
areas of moderate potential are the Gulf and Atlantic Coasts, the Great
Lakes region, and leeward of the Continental Divide.

From the data obtained with the model calculations, these areas have the
most suitable climatic conditions for producing adverse effects downwind from
cooling towers. However, since the local microclimate of a given region
can vary considerably from the larger-scale features, each site will have

to be evaluated on the basis of the local parameters. As pointed out in
Section 4.6, local topographic influences can be significant and will have

to be included in any site evaluation. Valleys with local moisture sources
(ponds, rivers, lakes) will obviously increase the fogging potential. On

the other hand, tops of hills or raised areas with greater roughness will
disperse the effluent more efficiently.

5.1 Site Evaluation

To facilitate further evaluation of the cooling tower modifications it will be
necessary to derive certain data as statistics for given sites. From the
modeling concepts, the following meteorological parameters are needed for
site evaluation:

(1) Temperature measurements from the surface to heights several
hundred meters in excess of the expected plume penetration.

(2) Relative humidity as a function of height.
(3) Wind speed and directionas a function of height.

These data, which provide input conditions for use of the numerical model,
are generally only available from standard radiosonde stations, and are only
taken every 12 hours. Thus, the standard U. S. Weather Bureau data are
not totally adequate for proper evaluation. In addition, observations on local
terrain effects such as valley winds, sea breeze, lake effects, etc., will
have to be obtained.

5.2 Specific Criteria

It would clearly be advantageous to have a quantitative set of criteria that
could be utilized in evaluating potential cooling tower sites. Unfortunately,
such criteria could not be derived within the scope of the present study.
Because the behavior of a tower plume depends on the interaction of several
tower characteristics (radius, updraft, velocity, and temperature) and the
ambient meteorological conditions through a depth of atmosphere, no simple
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direct parameter could be determined which effectively measured these
complex interactions. Such a parameter could be derived empirically by
making a large number of model runs. However, far more runs would
be needed than could be done in this preliminary study.

General geographic criteria more quantitative than those represented by
Figure 14 could be derived by processing historical weather data from
existing radiosonde stations. Such an evaluation should determine, from
actual atmospheric soundings:

(a) mean moisture deficit, surface to 2000 feet
(b) mean wind speed, surface to 2000 feet
(c) potential temperature gradient, surface to 2000 feet

The 2000 feet height is somewhat arbitrary, but is selected on the basis that
if the plume penetrates to at least that height, and small moisture deficits
do not exist below that height, there can be reasonable assurance that no
serious adverse plume effects will occur at the ground.

Given a sizeable statistical sample of soundings from a given radiosonde
station, the frequency of occurrence of unfavorable values of these three
quantities could be determined.

The recommended evaluation procedure for a specific planned tower site is
as follows:

(a) From local surface data and upper-air soundings, determine
the frequency of occurrence of low-level inversions and lower
atmosphere stability (potential temperature gradients).

(b) Determine the frequency distribution of wind speed and direction.

(c) Utilize the numerical plume model to calculate penetration
heights for the most common (and for potentially troublesome)
wind and stability conditions. Actual tower characteristics,
or a range of planned characteristics should be used as input.

(d) Evaluate the climatological frequency of moisture deficits through
the computed plume rise intervals.

(e) The magritude and relative frequency of moisture deficits in the

plume layer will be direct measures of the potential for per-
sistent plume fogs.
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(f) The model should be further utilized to predict tog extent
and density in the most unfavorable situations.

(g) Finally, consideration should be given to any purely local

small-scale factors due to topography, moisture sources, etc.,
which would modify the fog potential indicated by the model.

40



REFERENCES

Briggs, G. A., 1968: Momentum and Buoyancy Effects. Meteorology

and Atomic Energy, 1968, D. H. Slade, ed., U. S. Atomic Energy

Commission, July, 1968. pg. 189-202.

Csanady, G. J., 1968: Research on Buoyant Plumes. Annual Report,
1967, Department of Mechanical Engineering, University of Waterloo.
NYO-3685-13, 120 pgs.

Davis, L. G., 1967: Alteration of Buoyancy in cumulus: An investigation
of dynamics and microphysics of clouds. Report No. 10 and Final
Report to National Science Foundation, NSF GP-4743, Dept. of Met-

eorology, The Pennsylvania State University, University Park, Pa.

Federal Water Pollution Control Administration, 1968: Industrial Waste
Guide on Thermal Pollution. U. S. Department of the Interior, FWPCA,
Northwest Region, Pacific Northwest Water Laboratory., Corvallis,
Oregon, 112 pgs.

Kessler, E. A., Newburg, P. J. Feteris, and G. C. Wickham, 1962, 1963
1964: Relationship between tropical circulations and kinematic cloud
models. Prog. Repts. 1-5, Travelers Research Center, Inc., Hartford,

Conn., Cont. DA 36-039 SC-89099.

Ledbetter, 1969: Droplet size distributions from model cooling tower fogs.
Paper presented at National Meeting of Air Pollution Control Association,

New York, June 24-26, 1969.

Malkus, J., 1952: Quarterly Journal of the Royal Meteorological Society,
78, 530

Marshall, J. S., and W. McK. Palmer, 1948: The distribution of raindrops
with size. J. Meteor., 5, 165.

41



Pasquill, F., 1961: The estimation of the dispersion of windborne material.

Meteor. Mag., 90, 1063, 33-40.

Sutton, O. G., 1953: Micrometeorology, New York, McGraw-Hill. 333 pgs.

Turner, D. B., 1967, 1969 (revised): Workbook of Atmospheric Dispersion
Estimates. U. S. Department of Health, Education, and Welfare.

Public Health Service, National Air Pollution Control Administration.

84 pgs.

Weinstein, A. 1., and L. G. Davis, 1968: A Parameterized numerical
model of cumulus convection. NSF Rept. No. 11, NSF GA-777, Dept.
of Meteorology, The Pennsylvania State Univ., University Park, Pa.

42



Figure

10

11

12

13

LIST OF FIGURES

Title

Natural Draft Wet (Evaporative) Counterflow
Tower From FWPCA (1968)

Vertical Dispersion Coefficient as a Function of

Downwind Distance from the Source. From Turner
(19869)

Horizontal Dispersion Coefficient as a Function of
Downwind Distance From the Source. From Turner

(1969)

Droplet Size Distribution from Laboratory Experiments
(Ledbetter, et al, 1969)

Example of Numerical Model Result for a Cooling
Tower Plume.

Effect of Stack Radius on Penetration Height

Effect of Stability on Penetration Height

Downwind Spread of Liquid-Water Content, 0. 05 g/m3
Contours for Various Values of Relative Humidity

Expressed in %

Pittsburgh Sounding, February 28, 1968, 1200Z,
° Temperature, ADewpoint

Vertical Profiles for Pittsburgh Case

Downwind Liquid-Water Content for Pittsburgh Case
Study, in g/m3

Salem Sounding, November 11, 1969, 1200Z,
°Temperature, ADewpoint

Downwind Liquid-Water Content for Salemn Case
Study, in g/m3

43

Page

11

12

18

22

23

25

26

28

29

30

31

32



LIST OF FIGURES (CONTINUED)

Figure Title

14 Geographical Distribution of Potential Adverse Effects

from Cooling Towers, Based on Fog, Low-Level
Inversion and Low Mixing Depth Frequency.

44

Page

38



dz

LIST OF SYMBOLS

-1 -1
specific heat of air at constant pressure (cal g deg )
Sutton dispersifzn parameters in the horizontal and vertical
directions (m™“, where n is a dimensionless constant)

(n = 2p/1+p)
(equation 2) height increment where freezing occurs (m)

acceleration of gravity (m sec”2)

Conversion coefficients in parameterized cloud physics
equations (sec™!)

Latent heat (cal g_l), L. evaporation, L, freezing,
. . e f
Ls sublimation

Mass of cloud (plume) air (g)
Number of cloud droplets of radius r per unit volume
Atmospheric pressure (dynes cm_z)
Power-~law wind profile exponent (dimensionless)
Proportionality constants in horizontal and vertical directions
for linear (short-range) growth of plume standard deviations
(dimensionless)

-1
Source strength (release rate) of effluent from tower (g sec )
Liquid water content of cloud (plume) (g of water per g of air),
Q cloud liquid water, Qh hydrometeor water. (See equations
1f and 12.)
Mixing ratio (total water, vapor and liquid, per unit mass of
air) (g water per g air). In the text, q is sometimes used
interchangeably with the absolute humidity, qp , the mass of
water per unit volume of air.

mixing ratio in environment

saturation mixing ratio (a function of temperature)
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additional mixing ratio at a given point due to effect of
cooling tower.

-1 -

Gas constant for air (erg g = deg 1) (eq. 2)
Radius of plume (m)

Radius of plume at top of cooling tower (m)

Total rainfall (g m“2

)
. -1
Rainfall rate (mm hr )
Radius of cloud droplet (microns -y)
Absolute temperature (deg K)
Air temperature in environment of plume
Virtual temperature TV =T (1 + gle)/ (1 + g), a ficticious
temperature at which dry air would have the density of actual
moist air
Environmental virtual temperature
Time (sec)
Horizontal wind speed (m sec™ )
Horizontal wind speed in tower plume
Horizontal wind speed in environment
Horizontal wind speed in plume before mixing with environment
= Up, Horizontal wind speed in plume after mixing

Horizontal wind speed at a reference height

Terminal fall speed of cloud droplets or precipitation particles
(m sec™1)

Vertical velocity of air in plume (m sec_l)
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Calculated vertical velocity before wind shear is taken into
account (value obtained from eqn 1)

Cortesian space coordinates
Concegtration of material in plume (from diffusion equation)
(g m~°)

Radar reflectivity (mm6 m_3)

Maximum height of penetration of plume

Angle between plume axis and the outer edge of rising,
spreading plume (half-angle of plume spread)

Angle between the vertical and the center-line (axis) of rising
plume. (Tilt of plume due to horizontal wind)

Ratio of the molecular weights of water and dry air

_3)

Density of air (g m
Density of air in plume environment
_1)

Entrainment parameter (eqn 3) (m

Standard deviations of the spatial distribution of material in
the plume in horizontal (y) and vertical (z) directions. (m)
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MANUAL FOR EG &G COOLING TOWER MODEL

(Adapted From Penn State Cloud Dynamics Model MOD 2)

1. Introduction

The Steady State Cumulus Dynamics model was developed to provide an
on-site evaluation of the seedability of cumulus clouds in the field. The
model has steadily evolved to its present state where it is now being used
by several organizations involved in cloud physics research. The mod-
ification for cooling tower plumes was developed by EG &G under the
present contract.

The computer program is written in Fortran IV. A listing of the program
and subroutines is given at the end.

II. Model Structure

The model can be subdivided into four sections: interpolation, calculation,
diffusion, and output.

In the interpolation section, a standard radiosonde sounding is broken down
into a sounding at constant height increments.

The calculation section of the program carries out the model calculations
producing profiles of vertical velocity, cloud temperature, temperature
excess, cloud mixing ratio, cloud and hydrometeor liquid water content,
radar reflectivity factor, and updraft radius.

The diffusion subroutine takes the calculated plume properties and computes
the spread of water in three dimensions due to atmospheric diffusion.

The last section outputs the profiles in tabular form and prints a summary
table of total rainfall, duration, cloud top height, and cloud top temperature
and updraft area for all boundary conditions put into the model.
I11. Input Parameters
The model requires, as input data, the following:

1) A standard radiosonde sounding of pressure (mb), temperature

(°C), relative humidity (%), and, if desired, wind speed (m/sec)
starting at the top of the cooling tower.
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2) The vertical grid interval desired. (Meters)
3) The cooling tower height (cloud base). (KM)

4) The entrainment rate parameter (A in the relationship
p = A/updraft radius)

5) The conversion and collection rates for temperatures above
and below the ice nucleation temperature.

6) The initial updraft radius. (KM) (diameter of top of cooling tower)
7) The ice nucleation temperature. (°A)

Several other input parameters are also required as keys to the options of
the program.

IV. Options

The model was originally constructed with maximum versatility in mind.

For this reason there are some extra input parameters and several extra
steps in the program that allow utilization of model options. Several of these
are not relevant to the cooling tower application, but they will be briefly
described so that the complete program can be understood.

In the interpolation section, either only the initial sounding, or both the
initial and interpolated soundings may be printed out. The key for this
option is a parameter, JN. If JN = 0, only the input sounding is printed.

In the model calculation section there are four options.

If desired, the model can be run with or without a correction of the vertical
velocity due to shear of the horizontal wind. The parameter NS is the key
for this option. If the calculations are desired without the wind shear
correction (as would be the case when wind data are not available) the
parameter NS is set to the worc "No'. If the wind shear correction is
desired, the parameter NS is lef: blank.

The original model calculation could be run with the updraft radius varying
with height as dictated by continuity considerations (as the vertical velocity
increases with height, the updraft decreases) or with the updraft radius
constant with height. The parameter for this option is NCR (positive for
constant radius, zero for variable radius). For the cooling tower program,
a linear increase of radius with height is specified in the program, and the
variable radius option should always be used.
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In the energy equation used to determine the vertical velocity, the source
term is, of course, the cloud buoyancy. This buoyancy, however, must

be reduced by the weight of the liquid water being carried aloft. It is

still unclear how much liquid water should be carried aloft. An option is
allowed here. If the parameter, LWC, is set to zero, the total liquid
water (cloud water and hydrometeor water) is used to retard the buoyancy.
If the parameter, LWC, is set to 1, the buoyancy is retarded by the weight
of the cloud water only, whenever the terminal velocity of the median volume
drop diameter of the hydrometeor water (assumed distributed in a Marshall-
Palmer distribution) exceeds the vertical velocity in the cloud. If the
terminal velocity does not exceed the vertical velocity, the total water is
again used to retard the buoyancy.

The model was originally constructed to be run with a series of different
updraft radii and ice nucleation temperatures, to simulate natural and
artificially stimulated clouds of different sizes. Under these conditions it
is unnecessary to carry out the calculations starting from cloud base each
time. If the program is run with two successive initial conditions, differ-
ing only in the ice nucleation temperature (to see the difference between

a seeded and non-seeded cloud of the same size), it is only necessary to
start the calculations from cloud base for the seeded case (higher nucleation
temperature). When the non-seeded case is run, the calculations need only
start from the level of ice nucleation in the seeded case. The profiles
below this level are the same for seeded and non-seeded cases. For the
cooling tower application, where tower parameters or environment conditions
may be changed, it is necessary to start the calculations from cloud base
on every calculation

The model handles this choice of cloud base or ice nucleation level with
the parameter NBS. If NBS is set to 1, the calculations will start at
cloud base. If NBS is set to zero, the calculations start at the first level
below the ice nucleation level of the previous run. The profiles below this
level are taken from the previous run.
V. Input Formats
For every run, the following input cards are needed:

1) A Sounding Identifier card

2) A Ground Level Sounding Card

3) One card for each level of the input sounding

4) A blank card
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5) A boundary conditions card for each different boundary
condition

6) A run termination card
The formats for these cards are given below:
1) Sounding Identifier Card

Columns 1-78 Any identifying information (alphabetic or
numeric.

Columns 79-80 Key JN (0 or blank - only input sounding
printed. 1 or -1 - input and interpolated sounding

printed)
2) Ground Level Sounding Card (conditions at tower exit level)
Columns 1-10 Pressure {mb)

Columns 11-20 Temperature (°C)

Columns 21-30 Effluent Temperature (°C), EFT

Columns 31-40 Relative Humidity (100%)

Columns 41-50 Height (meters)

Columns 51-60 Wind Speed at Cloud Base (m/sec)

Columns 71-80 Vertical grid increment (meters)
3) Input Sounding Cards (one for each level)

Columns 1-10 Pressure (mb)

Columns 11-20 Temperature (°C)

Columns 21-30 Blank

Columns 31-40 Relative Humidity (%)

Columns 41-50 Wind Speed (m/sec)

)
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4)

5)

Blank card to separate input sounding from Boundary Condition

Card.

Boundary Condition Cards (up to 30)

Column 1

Column 2

Column 3

Columns

Columns

Columns

Columns

Columns

Columns

Columns

8-17

18-27

28-37

38-47

48-57

58-67

Updraft Radius option (NCR)
Blank - variable updraft radius
1 - Constant Updraft radius

Cloud Base Option (NBS)
Blank - Calculations start from ice nuclea-
tion level
1 - Calculations start from cloud base

Buoyancy Option (LWC)
Blank - Buoyancy decreased by weight of
total water (cloud water and hydrometeor
water) throughout cloud
1 - Buoyancy decreased by weight of cloud
water only when terminal velocity 2= vertical
velocity

Entrainment Rate parameter - (Al)
Entrainment Rate (y) = Al/Radius

Conversion Rate below Ice Nucleation Level (AK1)
Cloud water is converted to hydrometeor
water at a rate AK1l below ice nucleatioa
level

Conversion Rate above Ice Nucleation level (AKF1)
Cloud water is converted to hydrometeor
water at a rate AKF1 above ice nucleation
level

Collection Rate below Ice Nucleation level (AK2)
Hydrometeors collect cloud water at a rate
AKF2 above ice nucleation level

Collection Rate above lce Nucleation level (AKF2)

Hydrometeors collect cloud water at a rate
AKF2 above ice nucleation level

Cooling tower (Initial Updraft) Radius (CRAD)
Radius in km

Ice Nucleation Temperature (TF)
Temperature in °A
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6)

Columns 68-69 Vertical Wind Shear option (NS)

NO - No correction due to vertical shear of
horizontal wind

Blank - Invoke correction due to vertical
shear of horizontal wind

Columns 70-73 Vertical Plume Velocity (W)
Velocity in meters/sec.

Run Termination Card

Column 2-1
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A Sample set of input cards is given below:

1) Sounding Identifier Card
Hypothetical Sounding 01 \
1 787980
B
2) Ground Level Sounding Card
800. 0 5. 0 70.0  100.0 5.0 50.0 \
1 10 20 30 40 50 60 70 \
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3)

Input Sounding Cards

608.0 -13.0 70.0 7.1
10 20 30 40 50 60 70 80
554.0 70.0 7.8
10 20 30 40 50 60 70 80
] 200.0 -67.0 10.0 15.0
10 20 30 40 50 60 70 80
100.0 -67.0 10. 0 20.0
10 20 30 40 50 €0 70 80
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4) Blank Card

5) Boundary Conditions Cards

i .2 0.00I 0.001 0.0052 0.0052 1.000 267.0 NO 050
| 2 3 4 5 6 6 I4
123 7 7 ? 7 7 ? ? 9 3
Voo .2 000l 0.001 0.0052 0.0052 1.000 248.0 NO 05.0
| 2 3 4 5 6 6
123 I4 7 7 7 7 7 7 9
b .2 0.00l 0.001 0.0052 00082 1.000 248.0 NO 05.0
| 2 3 4 5 6 6 7
123 7 7 7 ? ? ? 7 9 3
| .2 0.00i 0.001 0.0052 0.0052 000  248.0 NO 05.0
! 2 3 4 5 6 6 7
23 7 7 7 4 7 I4 7 9 3
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The four boundary conditions cards represent the common conditions of:

1)

2)
3)
4)

5)

6)

7)

Cloud Buoyancy decreased by weight of cloud water only when
terminal velocity of hydrometeor is =z vertical velocity.

u=-.2/R

AK1 = AKF1 = 0.001

AK2 = AKF2 = 0.0052

CRAD = 1.0 km (example is for a cumulus cloud; for cooling

tower CRAD is tower radius)

No correction due to vertical shear of the horizontal wind.

Initial vertical velocity (W) = 05.0 mps

In addition, the options exercised on each card are as follows:

Card 1 -

Card 2 -

Card 3 -

Card 4 -

1)
2)
3)
1)

2)

3)
1
2)
3)
1)
2)

3)

Constant updraft radius

Calculations start from cloud base

The ice nucleation temperature is -6°C (267°A)
Constant Updraft Radius

Calculations start at first level below -6°C level.
Profiles below this level are taken from previous runs.

Ice nucleation temperature is -25°C (248°A)
Variable Updraft radius

Calculations start from cloud base

Ice nucleation temperature is -6°C (267°A)
Variable Updraft radius

Calculations start at first level below -6°C level

Ice nucleation temperature is -25°C (248°A)
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VI. Listing
A listing of the program follows Table Al.
Table Al contains a complete description of the notation used in the listing.

Figures Al and A2 show flow diagrams for the interpolation and calculation
portions of the program.

TABLE Al

DESCRIPTION OF PROGRAM SYMBOLS

SYMBOL DESCRIPTION
AK1 Conversion coefficient before freezing.
AKF1 Conversion coefficient after freezing.
AK2 Collection coefficient before freezing.
AKF?2 Collection coefficient after freezing
AO, Al Entrainment parameter (y = Al/Radius).
AREA Updraft area.
CONC Concentration of liquid water ( g m-3) from diffusion equation
DA Heat realized from freezing of liquid water.
DEFX Difference between saturation and environmental moisture
concentration
DEN Density of cloud air.
DUR Duration of precipitation.
DZ, NDZ Vertical grid interval.
IDENT Characters on Sounding Identifier Card.
ILEVL Key indicating if new input sounding level has been read in.
INDOC Grid interval desired in print out.
IT Key to indicate ice nucleation level has been reached.
ITOP Cloud top height (height at which vertical velocity goes to zero).
JN Key to indicate if listing of interpolated sounding is desired.
LWC Key indicating if buoyancy should be decreased by weight of

total water or only cloud water.

59



TABLE Al (Cont'd)

NBS

NCR
NFRZ
NTF, TF
NS

NUM

P

PE
PRAD

Q

QCL, AQC
QH, AQH
RA, RO
RH

RHE
RHO
DES

SIZE, CRAD
SIGY, SIGZ
T, TC

TE

TEMPT

TH

THE, TTHE

TVE
U
UE

Key indicating if calculations should proceed from cloud base
or from previous ice nucleation level.

Key for variable or constant updraft radius.

Key to indicate freezing level has been reached.
Ice Nucleation temperature.

Key for correction due to shear of horizontal wind.
Initial condition card number.

Pressure of initial input sounding.

Pressure of interpolated sounding.

Normalized updraft radius (UPRAD/CRAD).

Total liquid water content.

Cloud liquid water content.

Hydrometeor liquid water content.

Total rainfall.

Relative humidity of initial sounding.

Relative humidity of interpolated sounding (environment R. H.).
Density of environment air

Difference between saturated vapor pressure over water and
ice

Initial updraft radius.
Standard deviations of plume width in y and z directions.

1) Temperature of initial input sounding in interpolation
section.

2) Cloud temperature in calculation and output sections.
Temperature of interpolated sounding (environment temperature).
Cloud top temperature

Wind direction in initial sounding.

Wind direction in interpolated sounding (environment wind
direction)

Environment virtual temperature
Horizontal wind speed in initial sounding.

Horizontal wind speed in interpolated sounding (environment
wind speed).
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TABLE Al (Cont'd)

UPRAD
W, AW
X, AX

XE

XK1, XK2,
XK3, XK4

XL

XMU,X MU1
XS

Z

ZE

ZFZC

Updraft radius.
Cloud vertical velocity.

1) Mixing ratio in initial input sounding in interpolated
section.

2) Cloud mixing ratio in calculation and output sections.
Mixing ratio in interpolated sounding (environment mixing
ratio.

Constants in equation to determine XS.

Latent Heat

Entrainment parameter.
Saturated mixing ratio.

Height in initial sounding.
Height in interpolated sounding.

Radar Reflectivity factor.
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100
110

120

PRISRAM COOLTA3(INPUT,0UTPIT,TAPES=INPYT,TAPEG=0UTPUT)

C3OLING TIWER MUDEL ADAPTED FROM PENN STATE CUMULUS MOJEL
ENTRAINMENT WIND SPEED SOURCE STRENGTH 4 NDCT 70

DIMINSION P(2)4T(2)9X{2)+202)4Q02)12QCL12),QH{2) o TVEL2)4Ad{2),Ul2),
LTH{2Y ¢RH(2) ,DEN(2Y 4 PE(L00)«TECLO0) s XELL1N0) 4 ZECLQQ)H,UE(LIQOD),
2THE(100),RHE(100),AN(100),AQH(100},AQCL100),TC{100),AX(1D0},
3UPRAD(10N) ,AD(30),RA(30)4UDUR(3D)ITOP{30),NTF(301,SIZE(3D),
HAREA{30D) y TEMPT(30)4DES{30)+ IDENTUTB) 4NSU2)oXSL100)sCINZ15047,50),5
513Y(53) 4SIGZ(50),DEFX(100),TTHE({100),CINC2{(50),0EZL(10D)
DATA(DES=0.a554120291e4191.73524009242192439925142.56042.66,2.68,
12e6992.6852.6%9246092e549244842.400203192.2242.1342.04y1.9441.84,
21e75901.65914559124791.38,51429)

READ (5,110} (IDENT{I),I=1,78)9JN

FORMAT (78A1,12)

NSR=14N

NUM=1

WRITE (6,120) (IDENT{I),Ii=1,78)

FORMAT (1H1,78A1)

¥k PART 1 INTERPOLATION &x%x%

WRITE (64130)

130 FORMAT (1H ,40X,16HINITIAL SOUNDING)

140

N=2

WRITE (6,140)

FORMAT (* PRESSURE#®¢3X, *HEIGHT¥ 93X ¥TEMPERATURE*,3X, *RZ_LATIVE HIM=*
Le3Xy#¥WIND SPEED*,3Xo2WIND DIRECTION*//)

READ (54150) P(1Y,T(1),RH(L),2Z(2),U(1),TH{1),DZ

150 FORMAT (2F10.0,10X,4F10.0,F10.0)

NOZ=DZ
INDOL=50/NDZ
TE(1)=T(1)+273.3
PE(1)=P(1)/10.0
THT1=Z (1)
RHE{1)=RH(1)/100.0
ZE(1)=21(1)
UE(1).=U(1l)
THE{1)=TH(1)
ILEVL=0

160 READ (5,170) P{2)yT{2),RH{2},U(21,TH(2)
170 FDRMAT (2F10.0y10Xy3F10.0)

WRITE (65180) PU1)sZ(1)»T(L)sRHIL) ULL),»THEL)

180 FORMAT (1H +FBa23FFe2yFl4.2,F15.14F13.2,F17.0)

IF {(P{2)) 260,260,190

190 Z{2)=Z(1Y+ALOG(P(L)/P(2))%28T7.0%x(TLL)+T(2)+4546.6)/19.7%

XLNP=ALOG(P(2)/P(1))
DIDP={T(2)-T(1) )/XLNP
DRHOP=(RH(2)~RH (1)) /{XLNP*100.0)
DUBP=(U(2)-UL1) )/ XLNP
DTHOP=(THI{2)-TH{ 1)) /XLNP

00 240 J=N,250

IFF {ILEVL) 200,200,210

200 PECIL=PE{J-1)*%EXP(~T.87%D2/(287.04%TE(J-1))1}

DP=ALOG{PE(JII/PE(I-1))
TE(II=TE(J=-1)+{DTDP%DP)
RHE(J ) =RHE(J-1) +{DRHDP*DP)
UE(JL=UE(J-1)+( DUDP*DP)
THE(J)=THE(J-1) +(DTHDP%DP)
GO TQ 220

210 P{1)1=P(1)/10.0

PECII=P{L)2EXP{~9.87*{2ZE(2)-Z{1))/(287.04%(T(1)}+273.3))
DP=ALAGIPELJ)I/PL]))

TECH) =T+ (DTDPXRNP I +27 3.3

RHE{J)=2H(1)/100.0+(DRHDP*DP}

UE(J)=ULL)+IDUDP*DP)

THE(J)=TH(1) +{DTHDP*0P) 62

20206

00208
00399

30212

00014
00315
00316
00017
00218
000193
00220

00022
00023
and24
00325
00026
00327
00328
0ndeza

00031
00332
00313
000334
Q023s
0NJ36
00337
00038
00039
00240
oNd4al
00342
00343
00044
00245
00046
00047
0Nda48
00049
00050
00051
00352
80353
000254
00055
00356
00057
000358
0092593
00940
0nanl
00362
Q04 Y
DODKG
009364



ILEVL=0

220 ZE(2)=2E(1)+DZ
IF (ZE(2)-72(2)) 230,230,250

230 ZE{(1)=2E(2)

240 CONTINUE

250 Z2(1)=2(2)

P{1Y=P(2)
T(L)=T(2)
ui1y=ue2)
TH{Ll)=TH(2)
RH(1)=RH{2)
N=J

ILEVL=]

GO T0O 160

260 1If (JN) 310,310,270

270 WRITE (6,280)

280 FORMAT (1H 440X*INTERPJOLATED SOUNDING*)

WRITE {(64140)
ZE({1)=1HT1-NDZ
DO 290 1=1,N
ZE(1)=2E(1)+DL

290 WRITE (6,300) PE(I)ZE(L)y TE(I),RHELT) UE(L ), THELT)

300 FORMAT (1H ,1PF8.290PF9424Fl4.24y2PF15.3,0PF13.2,F17.0)

310 DO 320 1=1,N

ES={10.0%%((22.5518*TE{1)-2937.4)/TE(L))V/(TE{I)%%4,93)
XS(I)={0.622%ES)/{(PE(I)-ES)
XE(LY=XS{T)*RAE( 1)
DEFX{I)={(XS{I)-XE(1))%3480,0%PE(I)/TE(TL)
TTHEMI)=THE(1])

320 THE(I)=THE(I)*(3.14159/180.0)

PRINT 999, (XS{1)yXE{I)DEFX{T1),1=14N)

999 FDRMATI(3P2F15.5,0PF15.5)

k%%  PART 2 MODEL COMPUTATIDNS k&&kx

330 READ (549340)NCRINBSyLWC ALy AK1 ,AKFL1y AK2 4 AXF2,CRADG TR, (NSTT),1=1,2)
1,W(l)

340 FORMAT (311,F4.006F10.052A14F4.1)

350 ST1Ze(NUM)=CRAD

DO 10 I=1,50
DO 10 J=1,7
DD 10 K=1,50
CONC(I4J,yK)=0,0
10 CONTINUE
AD(NUM) =AL
NT=273.0-TF
ZE{1)=1IHT]
HWRITE (6,360) AOINUM)sCRADJAKLJAKFLyAKZ ) AKF 2, TR 4wl 1Y,y (NS{T),1=1,2)

360 FORMAT(AIMU=%,F5.3y %/RUP%,2X s ¥RUP=%yFOL39% KM¥, 46X, ¥K1 =k4F5Ha3,2X
Lo KLIF =% 3 F 543 92X p%K2 =% gF 049 2X o ¥K2F =¥ 3F 0040 aX o %TF=%,F6.1 42X uW]l=%,F
14.1,2A),% SHEAR CORRECTICON*)

RAD1=1000.0%CRAD
XMUL=A0(MUM) /RADL
WRITE (6,370)

370 FORMAT (*0%,2Xg ¥HETGHT %, 4X ¢ *HEIGHT %9 3X, XPAESSURE®, 2Xy %VZATICAL %,
13X e XL LOUD Ry Xy HTEMP L0 4X s ¥MIXING®y 4X o ¥CLOUN* 5 SXp %H . DIN%, TX, %1%,
28X *¥UPDRAFT*)

WRITE (6,380)

380 FORMAT(%Z %,31Xg *VELOCITY %, 3X o *¥TEMP %y 5K s XEXCESS*,4Xy ¥ATLIO%45X,

LEWATER* , 5 Xy % WATER*®, SX o ¥FACTOR %454, ¥*RADT US*)
WRITF (6,390)

100 FORMAT (% %o Iy 8 IMETERS)H4 AN, ¥ (FFET ) Hy 50y FIMI) 55X, % (MIG) &, 44,
1405 A)*,"'X,,i‘-(“&-(‘; l:)v'?Xv*(\"7“/?(6)*,‘“\1""(‘\)‘4/\\"1)*,BK,‘?(QW/KS’*rB‘(v
2E(MME/ M) Ry 4 X, % (METERS ) #)

WRITE (6,400)
400 FORMAT (1HD)
Fngkk [NITIALLZATION  ##akk
[F (NBS) 420,420,410 63

0na67
00068
00369
00070
00071
00072
000713
00074
Q0075

000717
00378
00279
NDODOHO
00081
00082
00083
00084
00285
NOORG
o0o87
00de8
00389
0009cC

00033

00094

00098

0nd99
00100
00101

onlos
00109
00110
00111
60112
0nti3
00114
00115
nnllé6
oLty
0118
00117
QoLen
ongel
ant 2?2
0123
D0124



410

420

430 WRITE

440

450

460

J=1

NFRZ=0
TH(1)=THE(1)
U(1)=UE(1)
T{1)=305.0
TC(1)=305.0
X{1)=XE(1)/RHE(])
QH{1)=0.0
AQH(1)=0.0
QCL(1)=0.0
AW{Ll)=¥(1)
IHT=IHT1
RO=0. 0
RAD=RAD1
UPRAD(1)=1.0
DTMAX=0.C
SDTMX=0.0
JDTMX=0
JSDTM=0

GO TO 440

xtekk  INITIALIZATION AT PREVIOUS FRFEZING LEVEL

J=1T0B

DTMAX=SDTMX
JDTMX=J5DTH
T(L)=TC(ITOB)
X{L)=AX(1T0O8)
QCL{1)=AQC(ITOB)
QH({1)=AQH(ITOB)/1000.0
WIL)=AW(ITDB)
RAD=UPRAD(LITNB}+RADL
RO=R0OD

TH(1)=THTH

u{l)=uy

IHT=1HT1

IST=INDOC+]

DO 430 I=IST,ITUB,INDOC
IHT=IHT+NDZ*INDCC
IHTT=IHT%325/100
A=TClI)-TE(I]})
PRAD=UPRAD(I)*RAD1
BQH=AQH(1)/1000.0
C={14000.0%BQ4) x*1,.136
IFZC=200.0%(C*%*]1.6)

1PRAD
TVE(L)=T(1)*(1l.0+.61%X{1))
QE1)Y=QCLI1)+QH(1)
DEN(L)=PE(J)/(287.04%TF(J))
INDIC=0

XL=2500000.0

DA=0.0

XK1=22.5518

XK2=2937.4

XK3=64,93

XK&=15.39

AKA=AK2

AK=AK 1

UBASE=UEL(1)

THBSE=THE(1L)

[T=0

J=J+1

IF (N-J) 330,460,460
[HT=14T+NDZ
RAD=RAD L+ (0. 12% ([ [HT-IHTL))
XMU=ADINUMY /S TAD
INPIL=1ADTC: ]
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470

480

490

500
510
520
530
540

550
560

570
580

590

*kgkk  MO[ST OR ICE ADIABATIC ASCENT  *#kx
A=~0.009H13%D1Z
B=la0+((X{1)#XL)/{287.04%T(1)))
C=1a04.6228XLAXLEX{L)/L1004,0%2B7.04%T{L}%T(1))
T2)=T{1)+ (A%B8+DA)/C

wxkkE  MIXING AT CONSTANT PRESSURE  k¥%ktx
ES=(10.0%%( (XKL#T{2)-XK2)/T(2)))/(T(2)%%XK3)
X{2)=(.622%ES)/ (PELJI-ES)
A={XMU*NZ*XL/1004.0 )% (X(2)-XE(I))

B=(XMUXD7 )*{T(2)-TE(J))
C=la0+(6225XLEXL*X(2))/(1004.0%28T7.04T(2)%7(2))
T{2)=T{2)-{A+B)/C

ES=(10.0%* ( (XKL*T(2)-XK2)/T{2)))/{T(2)%%%X<3)
X(2)=0.622%ES)/ (PELIV-ES)

%%k CLOUD PHYSICS TERMS  ®kaxxxk

IF (QCL(1)-.000%) 470,470,480

A=0.,0

GO TO 490

*kEkk  CANVERSION kk&k%
A={QCL(1)-.0005)*AK

hkkx COLLECTION Fedk el %
B=423.0%AKAXQCL (L) *QH(1 ) *x%,.875

A=(A/W (1) #B/ARS(W{L)-XK&4%QH(1)%%0.125))%DZ
QCL{2)=QCL(L)~-(X{2)-X{1}))-A

IF (QCL(2)) 500,510,510

QCL(2)=0.0

QHL2)=QH( 1)

GO TO 550

QECLII)I =(X(2)=XE(JI+QCL (1)) *DZ%XMU
QCL(2)=QCLA2)-XMU*D7&=(X(2)-XFE{J)+QCL (1))}

IF (QCL(2)) 520,530,530

QCL(2)=0.0

QH{2)=QH(1)+A

[F (QH(2)) 540,550,550

QH{2)=0.0

IF (LWC) 560,560+570

Q(2)=QCL{2)+QH(2)}

WATER=Q(2)

GO TO 590

IF {W(Ll)-4.5%3H(1)%%,125) 580,+580,560
QE2)=2CL(2)+QH(2)

WATER=QCL(2)

ES=T(2)#{1.0+.61%X({2))
TVE(2)=TE(J)*(1.0¢.61%XE(J)})

*ukux  VERTICAL VELOCITY COMPUTATION  %kddx&x
A=ES-TVE(2)

D={TVE(2)+TVE(1))}*.5
B=9.87*CZ%*((A/D)-WATER)
A={140-2.0%XMU*DZI*W (1) *W(1)+2.0%3

%%k CORRECTION DUE TO SHEAR OF THE HDRIZONTAL WIWD

IF(NSRLEQ.NS(1}) GN TO 600
ALPHA=U(1)/(1.04XMU%*DZ)
BETA=({XMU%DZ)/ (1.0+XMU*DZ) ) *UE(J)

GAM=2 ,0%ALPHAXBETA® (COSITHE(I DI *COSITHILII+SIN(THELYS))

L*SIN{TH(1)))
EPSLN=2,0%ALPHA*UBASE*(COSCTHIL) I*COSITHRSE ) +SIN(TH(1)) &

1SIN(THBSE))

ZETA=2 . 0*BETARUBASES(COS(THELS) }*COSCTHRSE Y +SIMATAE( S ))&
LSIN{THBSE))
DVEL=ALPHA*ALPHA+DBETAXBETA+UBASEXUBASE+SAM-EVYSLN-7FTA

A=A-DVEL

ALPHA=(1.0/(1.0+XMUXDZY ) %%2,

BETA=XMU%XDZ
GAM=ZDSCTH{L)Y )R COSLTHECI) I+ SINI(THEL ) ) RSINITHE L))

UCL) =ALPHAR{RETATSETASUE(JI=UELII U LI *J (L) +2,0%3ETARUZ(J )0l ) *

1GAM) 65
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U(L)=ull)*%,5

TTH={W{ DI &STN(THCL) )+ BETAXUE (I} SENCTHE( D) )/ LULL)*CISITH(L))
1+BETA*UELJ)*CIS(THE(J)))

TH{1)=ATAN(TTH)

600 IF (A} 61046704670

610 [F (T{2)-TF) 530,630,620

620 NFRZ=1
GO TO 810

630 IF (IT) 640+640,810

640 DEN(2)=PE(J)/(28T7.04%TE(J)})
ROD=RO+(QH{2)+QH(L1) = (DEN(2)+DENI1) ) %.25%D1Z
1T0R=4-1
IF (JDTMX-1TNB) 650,650,660

650 SDTMX=DTMAX
JSDTM=JDTMX

660 UU=U{(1}

THTH=TH(1)}
GO TO 810

670 W(2)=2A%*,5
kiR FREEZ ING ok feokk
IF (IT) 680,680,720

6B0 IF (T{2)-TF) 530+690,720

690 IT=1T+1
XL=2800000.0
XK1=9.5553
XK2=2667.0
XK3=0.0
XK4=11.58
AK=AKF1
AKA=AKF2
DA=330.0%Q(?2)+{DESINTI*0.622%2.8E6/(PE(J)I*1004,.0E2))
[TO0B=J-1
IF (JDTMX-ITNOB) 700,700,710

700 SDTMX=DTMAX
JSDTM=JDTMX

710 UU=uU(l)}

THTH=TH(1}
ROD=RD
GD TO 460

120 DA=0.0
*%xke UPOIORAFT RADIUS  *%xkx
DEN(2)=PE(J)/{287.04*TE(J) )

IF (NCR) 730,730,740

730 RAD=RADL+ {0 11*(IHT-IHTL})

*ekk&  TOTAL PRECIPITATIGN  #X&&%

7640 RO=RO+(QH(2)+QH 1)) *(DEN(2)+DEN(1) )} *.25%D1L
k&% RADAR REFLECTIVITY FACTOR  #&&wkx%
C=114000.0%QH(2))**x{1.136)
ZFZC=200.0%(C%*%1.6)

LA 22 UPDRAFT AREA L2 2 % 2 3
IF (T(2)-TE(N)-TILI+TE(I=-1)) 750,770,770

750 IF (DYMAX-T(L)+TE(J-1)) 760,770,770

760 HT=IHT-IHT1-NDZ
OTMAX=TI(1}-TE{J~-1)

AREA(NUM) =DTMAX/ (T(1)-TE(L)+.0098%HT)
JDTMX=J

770 IF (INDIC-INDOC) 800,780,780

780 INDIC=0
sk TABULAR UUTPUT OF PROFILES  *x%k%
D=T(2}-TELJ)

IHTFT=IHT%*325/100

CALL DIFFZUIXSyXEsTE sWoPESQCLIRADIUE sy IHTLCONCy TTHE 217Xy UkTL,THTL
1}

WRITE (69 TIC)IHTHIHTFTZPELI) s W29 T2y Dy K2V OCLL2), 41 2) /%70,
LRAD

790 FORMAT (I8+1109p1lPFlle4e0PFLO592F10e4e¢323F10.692X4N002(N,2,F10,2) 66
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()

35

45
55

800

810

40

30

820

821

834
836
829

831

822

523

*FR¥%  STORE PRUFILES FOR GRAPHICAL JUTPUT  #xkkk
ITAB=Y
AWCITAB)Y=W(2)
TCLITAB)=TL(2)
AQHIITAB)=QH(2) *1000.0
AXUITAB)=X{2)
AQCLITAB)Y=QCL{2)
UPRAD(ITAB)=RAD/RADIL
w¥kxE  PREPARE FOR NEXT GRID STEP  kkkkx
Q(l)1=Q(2?
TVE(1)=TVE(2)
Ty =T(2)
X(1)=x(2)
QCLILY)=QCL(2)
QHI1)=QHt 2)
DEN(1)=DEN{2)
W{l)=W(2)
GO 70 450
#xxke TOTAL PRECIPITATION  kkkdx
RAINUM)=RO0%39,37
wx%xk DURATION OF PRECIPITATION k¥ k#k
A=IHT-1HT1L
WRITE(6,40) QH(2),XK4
FORMAT(® #,5Xs& W H2=%,E15.5,5X+%XKb=%,EL5.5)

IF(QH(2)) 35445,35

CONTINUE
DURINUM)I=2%{ A/ { XK4*QH(2) %%, 125))/60.0

GO TO 55

DUR(NUM]I=0.0

CONTINUE
*xxkx&  CLOUD TOP HEIGHT  #Xkkxx
ITOP(NUM) =THT
*%%%%  FRERZING TEMPERATURE (DEG C)  *&*%xk
NTF(NUM)==NT
WRITE(6,30) NTF(NUM)
FORMAT (% %,5Xs&NTF=%,£15.5)
*¥%k%  CLOUD TOP TEMPERATURE (DEG C)  #ok¥xx
TEMPT(NUM)=T(2)-273.3
WRITE (64820) RA(NUM)DUR(NUM), ITOP(NUM) ,AREA{NUM)

FORMAT (* TOTAL KAIN =%,F10.49% INCHES PER CLOND*,5%,* RAIN LASTS*
19F1l0a2¢* MINUTES%®,5X,%CLOUD TOP =%, [S54#METERS*,3X, *UPDRAFT ARZA=%,
2F6.4/7)

INDX5=1

[FUINDX5.LT.0)GO TO 829

DO 834 J=1,2

DO 834 K=1,50

DO 834 I=1,50
CONC(14JsK)=CONC({ Ly 3sK}-DEFX(K)
IF(CONC(T 4JsK)eLE.OOICONCLI,J9K}=0.0
CONTINUE

FORMAT( 1H-)

DO 832 J=1,2

PRINT 836

PRINT 831,4

FORMAT (¥-AZIMUTH ANMGLE =%,13)
PRINT 836

DO 822 1=1,50

PRINT 833, (CONC(IsJsK)gK=1,17)
CONTINUE

PRINT 8136

DO 823 [=1,50

PRINT 832, (CONCUI4JsK)eK=18434)
CONTIMNUE

PRINT 834

DO 824 1=1,50 67
PRINT BAS{CINC(IsJdyK)yK=35,50)
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824 CONTINUE
832 CONTINUE
833 FORMATI(LIH L17F7.4)
835 FORMAT(LIH ,16F7.4)

INDX5=INDX5+1

IFUINDX5.LE.0)821,830

*&%x%%  JF TOP DUES NOCT REACH WARMEST FREFZING LEVEL, FRERE

wRkkk  PROCEFD TO NEXT BOUNDARY CONDITINN CARD  #%%%%

830 READ (54340) NCRyNBS LWC AL s AKLyAKF1 g AK2 4 AKF2,CRADyTF,{NS(I)4I=1,42
1),¥Wll)

[F{NBS)840,840,870

840 IF{NFRZ)870,870,850

850 WRITE (6,860) ACI(NUM) CRADyAKLyAKFLyAK2 AKF 23 TH,W{1), (NS{T),1=1,2)

860 FORMAT (% MU=%,F3.1 4%/RUP*42Xy*RUP=FyF5, 3% KME,4X,#1=F,FH.342X
1.*K1F=*,F5.3.2X,*K2=*'Fb.‘nZX.*K2F=*.F6.4,4X.*TF=*,FS.I.2X,*N1=
1%9F44192A1%SH4EAR CORRECTION-TOP TEMP ABRQVE TFx)

GO TO 830

870 NUM=NUM+1
IF{CRAD)}B80,880,350
*hxkx  SUMMARY TABLE  #¥%k&¥
880 WRITE (6,120) (IDENT(I),1I=1.78)

WRITE (6,890)

890 FORMAT (1HQ,44X,*CLAUD% 46X, *¥CLIUD*)

WRITE (6,300)

900 FORMAT (3Xp%MU%X,3X, ¥RADTUS* 33Xy #TF*,3X, ¥DJRATION®, 34, *RAINFALL*
LodXe%TOP HT %34 X *¥TOP TEMPL%,5X s %UPDRAFT ARLAX)

WRITE (6,310)

910 FORMAT {1H 28X % {KMIZ 3K, ¥ {C) kg4 ¥ (MIN) X, 06X % [NCH)*,5X, *({METER ) *
LeS5Xs*{DEG C)%x//)

NUM=NUM-1

WRITE (6,920) (AQCE)+SIZE(I)ZNTF{TI)4DURTIY,RACT),,ITOP(L)TEMPT(T),
LAREA(T) ,I=14NUM)

920 FORMAT (1H 4F3.ls%/R%4FB8.392Xy14,F9.2,F11.4,111,F13.2,716.5)

IF{NSR.EQ.NS{1)) GO TO 930

NUM=1

IF (CRAD)} 330,940,330

330 IF {(LRAD) 100,940,100
40 GO TD 100

END

SUBROUTINE DIFFZ(XSyXEsTE,WyPE,QCLeRADy JEy 9 IHT4COINC, TTHE ,UEFX,UEL
1Ly [HT1)

DIMENSION DFFX(100)yTTHE(L1OO) yCONCI(50,7953) yUELLOD)HAC_(2],PE(170)
LeyW(2), TELLIOD )} e XE(LOQ) s XS(L1CO0)»SIGY(50),SISZ2(50),X0100),23INZ2(50),4
2ECL{100)

DT=50.0/W{2)

RHO=3480.0%((PE(J-1I+PE(I-2))/2.0V/ LLTELI-1)+TELU-2))/2.D)

VOL=50.0%UE(J)*OT®RAL*2.0

WGT=RHO*VOL

Q=WGT*QECL(J) /DT

IF(QesLE.0.0)G0 TU 6N

xX{1)y=0,0

DX=0.2

12 o 15 [=2,50

X{I)=X{I-1)+DX

SIGY(I1)=0.910%ALOGLO(X({))})+]1.838

SIGY(I)=10.0%*SIGY(1)

13 SIGZ(T1)=N.RB&3%(ALNGLIO(X{1)))+1.518

SIGZ(TI)1=10,0%%S1G2(1)

GO 17O 15

14 TF{IX(I).LF.10.0)16,17

16 SIGZL1)=0.637x{atG10(X{1)}}+1a5N5
SIGZUEY =10, 0%2S1GZ (1)
SO g 1s

P2 S T0Z 00 - 00h o8 G10Mx (1)) 1+1.623
SESZULY 10,0885 1G71 1) 68

0035%
00356

00359
0N360

aN367
11368
00369
an370
00371
00372
00373

00375
0n3176

00381

0n3as
N384
0N3RY
034
DN3RT

00389



15

20

25

60

CONTINUE

HT=IHT+50.C0-IHT1

UAVG=UE(J)

DD 30 [=2,50
A=Q/(6,.28%SIGY(I)*SIGZ{ 1 )*UAVG)
2=0.0

DO 20 K=1,50

B==~{0eS5*{ ({Z-HT)/SIGZ(I) }*((Z-HT)/SIGZ(]
C==(0.5%( ({Z+HT)/SIGZ(IYI*((Z4HT 1 /SIGZI(I

CONC1=A*(EXP(B)+EXP(C))
CONCII,1,K)=CONCI(T,1,K)Y+CONC]
CONC2{K)=CONC1

2=71+50,0

CONTINUFE

DY=0.0

DD 25 M=2,2

DY=DY+1.0

D==(05%({DY*34.95%xx (1)) /3IGY (I I*({DY%I4.95X 1)) /515Y(1)}))

E=EXP (D)

DO 25 K=1,50
CONCUI+MsK)=CONCL! M, K)+CUONC2(K)*E
CONTINUE

CONTINUE

RETURN.

END
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Figure Al. Flow diagram for interpolation section of steady-state cumulus model.
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Vil. Output

Examples of the output from the program follow. The first portion of the
output gives the input atmospheric sounding and the interpolated sounding.
These are clearly labeled and self-explanatory. Units are pressure-~mb, _
height-m, temperature-deg C, relative humidity-%, and wind speed-m sec .

The second portion of the output lists parameters of the cooling tower plume
itself as computed by the cloud physics and dynamics portion of the model.
These parameters are also clearly labeled and show the cloud properties

at 200m vertical intervals. Above the table are given the values of input
parameters and constants used in the run. The conversion factors (A)KI,
KiF, K2, and K2F, and the ice nucleation temperature (TF) are always
given the values shown in the example. These have proven to be appropriate
in our computer runs both for natural clouds and cooling tower plumes. The
initial updraft radius (RUP) and updraft velocity (W1) should be taken to
match the characteristics of the tower being modeled. The entrainment

rate p(MU) has been taken as 0.2/ updraft radius, and this relationship has
proven to be appropriate for cooling tower plumes as well as can be judged
from presently available data. As shown in the program, we have used

R = Ry + 0.12Z for the variation of updraft radius with height (R = Radius,
R, = initial radius, Z = height). Further experience may indicate a modifi-~
cation of the factor 0.12, or a variation of the proportionality parameter
with meteorological conditions, but for the present the program is writtea
for the value 0.12, and the relationship p = 0.2/R is recommended.

The final portion of the output gives the concentration of cloud water (excess
of available plume water over that required to saiurate the atmosphere) in

g m~3 as a function of height, downwind distance from the tower, and hori-
zontal angle measured from the mean wind direction. Azimuth Angle 1
refers to the centerline of the plume, i.e., the mean wind direction. Angle
2 is a direction 2 deg on either side of the wind direction,

‘he example shown includes only a portion of the output cloud water field.
The horizontal axis is height; columns are for heights at 501 intervals.

The vertical axis is downwind distance; each row is for a separate distance
and in this example the grid spacing is 100m in the horizontal. The com-
plete output continues this table to include heights and distances beyond those
shown in the sample. Then similar tables are give: for Azimuth Angle 2,

Normally, the model computes water concentration directly
transport of plume water only at 50m verticzl increments (the
for which plume properties are computed). Concentrations Srme :
hieights are obtsined by assuming all material to be relessed at the 200m
grul polnts,

72



and letting diffusion spread it vertically thereafter. Thus for example,
the sample shown indicates a water conceatration of 41.78 g m at a
height of 900m (above sea level) and a distance of 0. 3km downwind (entry
in 3rd row, 5th column from the right). At this height, the concentration
decreases to a value of 0.08 g rn-3 at a distance of 1.5km (15th row).
The adjacent columns (for 850 and 950m height) show lower concentrations
resulting from vertical diffusion. A more realistic vertical distribution of
water is obtained if the tabular values are averaged or smoothed in the
vertical.

Note also that the origin of the vertical scale is arbitrary, depending on the

choice of sounding and tower heights. The first primary cloud water column
in the output corresponds to the first height in the plume properties table for
which a value of cloud water is obtained, in this case 900m.
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PIT 290CTe9 1

PRESSLRE

989,00
962.00
905.00
820,00
177,00
100,00
500.00

PRESSLRE

989,00
964,25
940,54
917,21
894,25
871.94
859,19
828,97
808,33
788,24
168,75
149,68
731,08
712,176
694,78
677,30
660,19
643,43
627,01
610,94
595,20
519,79
564,70
949,93
535,48
521.32
907,48
493,92

HEIGRT

500,00

119,17
1205,44
1701.70
2414,92
3241,08
S5b03,01

REIGHT

500,00

700,00

900,00
1100,00
1300,00
100,00
1700,00
1900.00
2100,00
2300.v0
2%090,00
2700,00
2%00,00
3100,00
3300,00
3500.00
3/00.00
3900,00
4100,00
4300.00
4900.00
4100.00
4900.00
5100.00
5300,00
5500.00
57100,00
5900.C0

Z KEYSTONE COOLING TOWER CASE

TEMPERATURE

=1,90
1,40
-le,1v
“'1.10
.80
-2,90
«20,00

TEMPERATURE

271,40
274,42
273,78
272.75
272,20
272,20
272,2v
272,73
273,20
273.80
273,7¢
272.83
271,94
271.04
270,02
z268,7¢
267,42
266,12
264,840
263.48
262,16
260.82
259 .48
258,14
256,78
255,42
254,02
252.68

RELATI

RELATI

74

INTTIAL SOUNDING

VE HUM WIND SPEED
R6.0 600
73.0 11.00
60,0 9.00
?22.0 11.00
20,0 13,00
21.n 20,00
10.0 30.00

INTERPOLATED SOUNDTNG

VE HUM WIND SPEED

86,000 6.00

74,099 10,58

68,198 lo,26

62,852 Q.44

52.76n 9,38

37.448 10,19

22,135 10,99

21,642 11.56

20,880 12,12

20,320 12.68

20,102 13,72

20,343 15,40

20,585 17,09

20,827 18,79

20.75% 20,22

19,922 20.98

19,086 21.74

18,245 22.50

17.400 23,27

16.551 244064

15.698 24 .82

14.840n 254610

13.978 26.38

13.112 27.17

12.241 27.96

11.365 28,76

1n_4RS5 29,56

3,600 304356

WIND DIRECTION

-0
-0
-0
-0
-0
=0
-0

WIND DIRECTION
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MU= ,Z00/RUP RUP= 030 KM K1= 001l K1Fa 4001 K2= ,0052 K2Fa ,0052 TF= 24R.0 Wl= 5,nnn SHEAR CORRECTION

HE IGHT HEIGHT PRESSURE VERTICAL cLoun TEMP, MIX NG cl.oud HYDRO 7 UPDRAFT
VELOCITY  TEMP. EXCESS RATIN WwATER WaTER FarTnr RADIUS
(METERS) (FEET) (MB) (MPS) (NEG A) (DEG ¢) (BM/K6B) (GM/KG) (GM/KG) (MM6 /M) (METERS)
700 2215 964,2543 15,12982 29p,3840 15.9631 12,951%97 0,000000 0.000000 0, 52,00
900 2925 940.5402 11,26220 282,7493 8.9727 B8,010377 2.323961 0.000000 0, 74,00
1100 3575 Y17,2087 10.15187 278.0140 5.2655 5,920146 2,148326 .032391 4,75F+01 96,00
1300 4225 894 .2537 B8,59639 274,731n 2.5310 4.805871 1,673263 .0R3676 2,A7E+02 118,00
1500 4815 871.9435 5.,98962 272.2292 «0292 4,107339 1,160076 .162880 8,95F+n2 140,00
CHE= 4.,87686E~-04 XKoe= 1453900F+01
NTF= =0. o
TOTAL RAIN = «0018 INCHES PER CLOUD RAIN LASTS 6e74 MINUTES c1.oUD TopP= 1TO0OMFTERS UPDRAFT AREAe1,000

AZIMUTH ANGLE = )

0.0000 0,0000 C.0000 0,0000 0.,0000 0.0000 0,0000 0.,0000 0,0000 0,0600 0,0000 0.0000 0,00600 0,0000 0,0000 0,0000 00,0000
0.€000 0,0000 0,000V 0.0000 0.0000 0,0000 0.0000 0,0000 0,0000 0,0000 0,0000 0,0000%5,0131 0,n000 0.0000 0,0000*7.70é2
¢.0000 0,0000 G,0000 v,0000 0.U000 0,0000 0,0000 0,0000 0,0000 0,0000 0,0000 0,000041,7532 0,n000 0,0000 0,000057.1380
0.0000 0,0000 U.0000 0,0000 0.6000 0,0000 0,0000 0.0000 0,0000 0,0000 0,0000 0,000019,6296 0,n000 0.0n00 ,151526.9718
0.0000 0,0000 U.0006 0.0000 046000 0.0000 0,0000 0.0000 0,0000 0,0000 0,0000 ,796811,1566 L6544 0,0000 1,528415, 4342
0.0000 0,0000 0,0060 0.0000 040000 0,U000 0,0000 0.0000 0,0000 0,0000 0,0000 1,144% 6,9/41 1,np24 0.0000 2.0623 9.739%
0.0000 0.0000 0.000¢ U.0000 0.0000 0,0000 0.0000 0.,0000 0.0000 0,0000 0,0000 ,9577 5,0271 ,.R168 0.0000 1,74R9 7, 73878
0.0000 0,0000 0,0000 0.0000 0.0000 0,0000 0.0000 0.0000 0.0000 0.0000 0,0000 .7935 3,5645 ,AS6A 0.0000 1,52R4 5.1262
040000 0,0000 0,000y 0.0000 0400V0 0,0000 0,0000 0.0000 0.0000 0.0000 0.0000 ,6033 2,99R2 ,4749 0.0000 1,2755 3,7669
040000 0,0000 0,0000 0.0000 00000 0,0000 0.0000 0.0000 0.0000 0,0000 0,0000 ,414s 1,8638 ,2994 0.0000 1.0282 2.7806
0.0000 0,0000 0,0000 0,0000 0,0000 0,0000 0,0000 0,0000 0,0000 0,0000 0,0000 ,2384 1,3192 1497 0.0000 ,8713 2,n394
0.0000 0.0000 0,0000 0.0000 0.0000 0,0000 0,0000 0,0000 0.0000 0,0000 0,0000 ,0792 ,n984 ,np13 0.0000 ,5989 1.4669
§.0000 0,0000 U,0000 0.0000 0.0000 0,0000 0,0000 0,0000 0,0000 0,0000 0,0000 0,000n .5660 0,0000 0.0000 ,4205 1,7151
0.0000 0,0000 0.0000 0,0000 C.0000 0,0000 0,0000 0,9000 0,0000 00,0000 0,0000 0,0000 .2987 0,n000 0.0000 ,264p ,&523
0.0000 0,0000 0.0000 0,r000 0.u000 0,0000 0,0000 0,0000 0,0000 0,0000 0.0000 0,0000 .0807 0,0000 0.0000 ,1264 3569
0.0000 0,0000 0,0000 0,8000 0.0000 0,0000 0,0000 0,0000 0,0000 0,0000 0,0000 0,0000 0,0000 0,0000 0,0000 ,0n50 .1133
040000 0.00600 0.0000 0.0000 0.0000 0.0000 0,0000 0.,0000 0,0000 0,0000 0,0000 0,0000 0.0000 0,n000 0.0000 0,0000 0.0000
040000 0,0000 ¢,0000 0.0000 0.0000 U,0000 0.0000 0,0000 0,0000 0,0000 0,0000 60,0000 0.0000 0.0000 0.0000 0.,0000 0.000n
0.6000 90,0000 V0000 0.0000 046000 U,0000 0.0000 0,0000 0,0000 0,0000 0.,0000 0.0000 0.0000 0.0000 00000 0,0000 0.0000
0.0000 0,0000 0.00060 0.0000 0.0000 0,0000 0,0000 0,0000 0,0000 0,0000 0,0000 0,0000 0,0000 0,n000 0.0000 0,0000 0,0000
£+0000 0.0000 0.0000 U.0000 00000 0,0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.,0000 0,0000 0+0000 0,0000 0.0000
0-0000 0.0000 0.0000 0,000 00000 0,0000 0.0000 00000 0,0000 0.0000 0.0000 0,0000 0.0000 0.0000 00000 0.0000 0.0000
040000 0.0000 0.000¢ 0.0000 0+U000 0.0000 0,0000 0-0000 0,0000 0,0000 0,0000 0.0000 0.0000 C.0000 0.0000 0.ng00 0.0000
€+0000 0.06000 0.0000 v.0000 0.0090 0,0000 0.0000 0.0000 0,0000 0,0000 0.0000 0.0000 0.0000 0.0000 00000 0,0000 0.0000
00000 0,0000 0.0000 0.0000 0.U00N 0,0000 0.0000 G.0000 0.0000 0.0000 0,0000 0,0000 0,0000 0,0c00 0.0000 0,0000 0.0000
6.0000 0,0090 0.0000 0.0000 0.0000 0,0000 0.0000 0.0000 0.0000 0.0000 0,0000 0.0000 0.0000 0.0000 00000 0,0000 0.0000
00000 0,0000 0.0000 0.0000 0.6000 0,0000 0,0000 0.0000 0,0000 0,0000 0,0000 0,0000 0.0000 0,0000 0.0000 0.0000 0.0000
0.0000 0,0000 0,0000 0,0000 0.0000 0,0000 0,0000 0.0000 0,0000 0,0000 0,0000 0,0000 0,0000 U,0000 0,0000 0,0000 0.0Q0n
0.,0000 80,0000 0,0000 0,n000 0,0000 0,0000 0,0000 60,0000 0,0000 0,00600 0,0000 0,0000 0,0000 0,0000 0.0000 0,n900 0.0000
€.0000 0,0000 0,0000 0,0000 0,0000 0,0000 0,0000 0,0000 0,0000 0,0000 0,0000 0,0000 0,0000 0,6000 0.0000 0,0000 0.000n
0,0000 0,0000 0,0000 0,0000 0,0000 0,0000 0,0000 0.0000 0,0000 0,0000 0,0000 0,0000 0,0000 0,np00 0.0000 0,0000 0.0009
0.0000 0.0000 0.000v 0,0000 0.00060 0.0000 0,0000 0,0000 0.0000 0,0000 0,0000 0,0000 0,0000 U_0000 6.0000 0.0000 0.0000
$.0000 0,0000 ¢,0000 0,0000 0,0000 0,0000 0,0000 0.0000 0,0000 0,0000 0,0000 0,0000 0,0000 0,0000 0.0000 0,0000 0.0000p
0.0000 0,0000 C,0C0% ¢,c000 0.0000 0,0000 0,00060 0,9000 0,0000 0,0000 0,0000 0,0000 0,0000 0,0000 0.0000 0,0000 0.000n
0.0000 0.0000 0,0000 0.n000 0.0000 0,0000 0,0000 0.000n 0,0000 0,0000 0,0000 0,0000 0,0000 0.0000 0.0000 0,0000 0.0000
00000 0,0000 C.0000 G.NOOO 0.0000 0,0000 D.0000 U.0000 0,0000 0,0000 0,0000 0,0000 0.0000 0.0000 0.0000 0,0000 0.000r
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ABSTRACT: The objective of the study was to develop
techniques for evaluating the extent of plumes from
large evaporative cooling towers. Analytical techniques
were used to describe the dynamics of the wet cooling
tower plume and its interaction with the environment.
Primary emphasis was placed on predicting the height

of the plume. Classical atmosphere diffusion theory

was used to determine the downwind spread.

The study showed that the saturation deficit of the
atmosphere clearly controls the downwind spread of

the ejected liquid water. Except for cases where the
relative humidity approaches 100%, downwind propagation
is limited to periods when the air temperature falls
below the freezing point. For a given set of atmos-
pheric conditions, increases in the tower radius, the
saturation temperature, and the intial vertical velocity
of the plume contribute to increasing the final plume
height.

The potential for adverse atmospheric effects due to
cooling towers was analyzed on a national basis and is
presented in the form of a map of the United States.

A computer program was developed to perform the neces-
sary calculations. The Appendix contains a description
of the program, including input specifications.
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