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FOREWORD

Effective regulatory and enforcement actions by the Environmental
Protection Agency would be virtually impossible without sound
scientific data on pollutants and their impact on environmental
stability and human health. Responsibility for building this data
base has been assigned to EPA's Office of Research and Development
and its 15 major field installations, one of which is the Corvallis
Environmental Research Laboratory.

The primary mission of the Corvallis laboratory is research on the
effects of environmental pollutants on terrestrial, freshwater,
and marine ecosystems; the behavior, effects and control of pollu-
tants in lake systems; and the development of predictive models on
the movement of pollutants in the biosphere.

This report describes the development of a model for predicting
cooling tower plumes and the comparison of the model predictions
with laboratory and field data.

7.7 i Cre

A. F. Bartsch

Director

Corvallis Environmental Research
Laboratory



ABSTRACT

A review of recently reported cooling tower plume models yields none
that is universally accepted. The entrainment and drag mechanisms and
the effect of moisture on the plume trajectory are phenomena which are
treated differently by various investigators. In order to better
understand these phenomena, a simple numerical scheme is developed which
can readily be used to evaluate different entrainment and drag assumptions.
Preliminary results indicate that in moderate winds most of the entrain-
ment due to wind can be accounted for by the direct impingement of the
wind on the plume path. Initially, the pressure difference across the
plume is found to produce a substantial drag force. Thus, it is likely
that a certain portion of the plume bending is due to these pressure
forces, and artificially increasing wind entrainment to fit experimental
data is unnecessary.

This report is submitted by the Pacific Northwest Environmental Research

Laboratory of the Environmental Protection Agency. Work was completed
as of February 1975.
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SECTION I

INTRODUCTION

Thjs report will describe an approach to cooling tower plume modeling
wh1ch gives predictions which compare favorably to data without requiring
specific adjustment of empirical coefficients.

Using basic principles, the fundamental conservation laws are applied to
a finite parcel of a cooling tower plume in such a way that it is not
necessary to solve simultaneous partial differential equations. Rather,
the basic physics can be applied using average properties at a plume
cross section. The result is simple algebraic equations that can
quickly be solved step by step on a computer. This approach enables one
to follow more closely the effect of different entrainment and drag
hypotheses. Based upon numerical experiments with this model, a logical
physical formulation for the entrainment and drag mechanisms was found
which yielded reasonable agreement with laboratory and field data.

Prior to discussion the details of the computational procedure, the
following questions are answered.

1. What is meant by a cooling tower plume?
2. What environmental problems are associated with cooling tower
plumes?

3. What parameters are required for making plume predictions?
4. What are the basic physical principles and how are they
applied in the model?

Following this, the computational procedure of the model can be easily
explained because of its close correlation with the physical principles.
Finally, a comparison of model predictions with data are given.

The appendix includes a brief technical review of recent plume models,
including discussions of the similarities and differences among various
models.

In recent years there has been an increasing concern about the potential
environmental effects of large cooling tower plumes. These cooling

tower plumes consist largely of heated air and water vapor. The water
vapor may condense into small droplets, and these pure water droplets

form a fog making part of the plume visible. In addition to the condensed
water droplets, there is a small amount of circulating water which is
carried over with the air rushing through the tower. This water is

called drift and has about the same chemical composition as the cooling
water in the tower. The visible plume from the cooling tower is chiefly
pure water which generally should not be considered harmful. However,



there is reason for concern if the cooling tower plume reduces visibility
or contributes to icing at a nearby highway or airport. Drift water
could also be a contributing factor to local icing but currently there

is also concern about the adverse effects of materials carried with the
drift. For example, if seawater is used in the tower the salt deposition
might harm nearby vegetation. Chemicals used to control fouling or
inhibit corrosion also might be objectionable when spread with the

drift. If contaminated water is used, the possibility of spreading
bacteria or virus with the drift should be considered. Finally, the
question has been raised as to whether cooling towers can affect the
weather due to the large releases of both heat and water vapor.

As the questions concerning the possible effects of cooling towers

become more detailed, it is desirable to have acceptable mathematical
models that have sufficient generality to handle a wide range of possible
conditions. A sensitivity analysis with such mathematical models will
indicate how carefully one must specify input conditions (ambient meteor-
ology and tower performance) in order to get certain details about

cooling tower plumes. There is a possibility that a knowledge of the
sensitivity of the plume behavior with respect to input conditions might
indicate which environmental questions would warrant most careful considera
tion and which are not Tikely problem areas at a given site.



SECTION II
CONCLUSIONS

A numerical model for a cooling tower plume was developed and used to
evaluate various entrainment assumptions. It was found that most of the
plume bending is due to the momentum of the wind mass that passes through
the projected area of the plume. The momentum of the wind mass is
imparted to the plume in two ways: (1) The mass entrained gives its
momentum directly to the plume; (2) The deflection of some of the wind
yields a strong horizontal pressure force near the source. Furthermore,
the vertical acceleration of a plume parcel due to buoyant forces must
take into account the mass of the wind that has to be displaced.

An entrainment and drag hypothesis was developed that gives reasonable
agreement with actual field test data and with laboratory test data for
air and water plumes over a wide range of conditions without having to
adjust empirical coefficients.

The model is believed to accurately predict average plume properties
which are internally consistent and in agreement with fundamental
conservation laws.



SECTION III

RECOMMENDATIONS

The entrainment and drag hypotheses developed here should be checked
with more detailed data, including a better measure of plume properties
over the plume cross section. The basic single cell model should be
modified so that it can predict a non-circular cross section. There is
some laboratory evidence to indicate that this may occur. Preliminary
modifications of the model to predict non-circular cross sections
indicate that the model has reached a level of development where this
effect can be noticable. More data could also be acquired on multicell
towers with the wind coming at various angles to the tower axis. This
would aid in understanding the entrainment and drag mechanism for
multiple sources. The model should be adapted to handle this situation.



SECTION IV
PERTINENT PARAMETERS

Parameters that must be specified in order to predict plume behavior

are:

A.

Source parameters

1.

W N

o1

Air flow rate

a. Diameter of tower

b. Air velocity

Temperature

Humidity

Mass of condensed water (i.e. fog droplets formed inside
cooling tower)

Drift

a. Total drift emission

b. Size distribution

Ambient meteorological conditions (variation with altitude)

Ny -

Wind speed
Wind direction
Temperature
Humidity



SECTION V
BASIC PLUME PRINCIPLES

In order to be able to predict plume behavior with any degree of confi-
dence, one must have a good understanding of certain basic phenomena.
These phenomena are as follows:

1. Momentum transfer from the wind to the plume.

2. Entrainment or dilution of plume properties due to mixing of
ambient air.

3. Buoyancy acceleration.

4, Moisture effects.

MOMENTUM TRANSFER
The wind can impart horizontal momentum to a plume in two ways:

1. By direct entrainment.
2. By pressure differences (drag hypothesis).

It has not been determined how much momentum transfer is due to each
mechanism. There is no consensus about either the formulation of the
terms or the coefficients. Some (e.g. 13, 15) maintain that all plume
bending is due to entrainment of the wind particles by the plume. This
results in essentially the inelastic collision problem exemplified in
basic physics. (See Figure 1).

It is important to distinguish plume bending due to entrainment from
plume bending due to pressure. Numerical experiments were performed
which indicate that the amount of entrainment necessary to achieve
observable plume bending by entrainment alone would result in excessive
dilution of plume properties.

Based on these numerical experiments, it is the hypothesis of this
report that the transfer of horizontal momentum from the wind %to the
plume (thus causing the plume bending) results primarily from the
momentum of the wind that passes through the projected area of the
plume. (See Figure 2). The mass going through this area imparts its
momentum to the plume in two ways. Close to the source, most of the
mass is deflected around the jet. This results in a strong pressure
force. However, a short distance away from the source, the wind mass
begins to penetrate the plume thereby adding momentum by direct entrain-
ment. It is still not certain how to divide the momentum transfer
between these two mechanisms, but the hypothesis here is that their sum
is always equal to the momemtum in the wind mass passing through the
projected area of the plume.
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Figure 1. Direction of momenta and forces.
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The plume also induces some mass to be entrained due to the difference
between the plume velocity and the wind speed. This can be visualized
as an aspiration or shear type entrainment. (See Figure 3). When there
is no wind this is the only entrainment. It is not certain how much
momentum this aspirated mass adds to the plume. The hypothesis to be
used here is that on the average this aspirated mass has a horizontal
velocity component equal to the free stream velocity. Generally, the
momentum entrained by this mechanism will be less than the momentum
entrained by the wind.

ENTRAINMENT

In any detailed calculation of plume behavior, a knowledge of how the
plume takes in or mixes with ambient air is critical. However, as is
pointed out by Lin (20), the various entrainment mechanisms that have
been proposed make it immediately apparent that there is still no
consensus regarding the nature of the entrainment mechanism or the
correct formulation for the jet trajectory.

It is difficult to compare entrainment and drag coefficients used in
different models because the formulation of the entrainment terms are
different. Generally, the entrainment term involves the product of an
entrainment coefficient and some "characteristic velocity". However,
there is no general agreement on what velocity is appropriate. For
example, Keffer and Baines (18) assume an entrainment mechanism based
upon the scalar difference between the averaged velocity taken over the
jet cross-section and the external stream velocity. Their experimental
results show the entrainment coefficient to be a variable along the jet
trajectory.

In order to account for entrainment due to the pair of vortices in the
wake of a jet, Platten and Keffer (23) introduced another entrainment
function and therefore another entrainment coefficient.

Fan (9) assumed entrainment mechanics based on the vector sum of the jet
velocity and the velocity component of the external stream parallel to
the jet trajectory. However, he also included a drag force as though
the jet were a solid body.

Hoult, Fay, and Forney (15) assumed two entrainment mechanisms, one due

to the difference between the jet velocity and the velocity component of
the external stream parallel to the jet trajectory, and the other due to
the component of the external stream normal to the jet trajectory. They
do not use a drag term.

Hirst (13) uses similar ideas but modifies the first entrainment coeffi-
cient so that it is a slight function of Froude number. He does not

allow for drag. A tabular comparison of some of the different entrainment
and drag formulations is included in the report by Chan and Kennedy (4).
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ENTRAINMENT DUE TO PLUME

WIND IMPINGEMENT + SEGMENT MOVING WITH VELOCITY
RELATIVE TO WIND (ASPIRATION)

ENTRAINMENT DUE TO
ENTRAINMENT =

PA projected W QO T 2bH|V-W cos 6|

Figure 3 Entrainment mechanisms.



The basic idea of assuming one entrainment mechanism based on the wind
component normal to the plume and another based on the difference
between the jet velocity and the velocity component of the external
stream parallel to the jet trajectory is physically very appealing.
(See Figure 3). The parallel shear is 1ike the velocity shear when a
jet is discharged into a quiescent media. The coefficient (o) of this
self-induced entrainment or aspiration is fairly well established.
However, a physical interpretation of the entrainment raises a serious
question due to the normal component of the wind.

It is generally assumed (e.g. 4, 13, 15) that the component of the wind
normal to the plume is multiplied by the total cylindrical area of the
elemental plume surface in order to find the volume entrainment (see
Figure 4).

W sin o 2nbas B (1)
where B is an entrainment coefficient.

Physically it seems that maximum entrainment due to the direct action of
the wind (i.e., not including aspiration) would occur when all of the
mass crossing the projected area was mixed with the plume mass and
carried up with the plume. This would yield

W 2bAs sin © (2)

Note that 2bAs sin © is simply the projected area of a cylindrical plume
segment in the direction of the wind. If consistent definitions of the
plume radius are used it would appear by comparing these relationships
that this often used entrainment assumption is too large by the factor
TB.

There is evidence to indicate that a large part of the wind impinging on
the plume projection tube is actually carried around and entrained in
the down wind side of the plume. The wind imparts a double rolling
vortex motion to the plume cross section. Chan and Kennedy's data (4)
show this to occur near the orifice. An integration of pressure around
the plume would imply a drag coefficient.

The hypothesis that will be used in this report is that the aspiration
type entrainment can be calculated via the parallel velocity shear (see
Figure 3) where the coefficient is assumed (a20.10). This is similar

to several of the models mentioned earlier (e.g. 3, 12). However, the
maximum additional mass that can be entrained is simply that which

passes through the projected area. Generally, this is less than the
maximum because some of the mass passing through the projected area is
deflected around the plume and may never enter the plume. Note, however,
that a portion of the deflected mass will still be entrained from the
back side of the plume by means of the double vortex motion. As mentioned
previously, the deflected mass still imparts momentum to the plume, but
it does this via the pressure field.

11
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The reasoning that will be used here is that if the local horizontal
pressure force is known or can be estimated, this pressure force can be
subtracted from the total horizontal momentum flux to yield the horizontal
momentum flux added to the plume by entrainment.

This momentum flux divided by the wind velocity yields the local entrain-
ment. Assuming that the local horizontal pressure force can be approxi-
mated as the force needed to decelerate the available mass flux to the
velocity of the plume results in the following relationship:

horizontal mass flow aspirated wind horizon-

pressure = | through + mass x | velocity - tal plume

force projected flow velocity
area

Finally, after algebraic manipulation, (see Appendix D) there results:

mass flow aspirated . .
Entrainment = |through + mass flow| x Hor1zgggglvg}g?$tve1oc1ty

projected Y

area

p—

Note that this method of calculation allows for the trends that Chan and
Kennedy (4) show in their report. Their data indicates that the initial
horizontal pressure force (before a plume parcel has acquired an appreci-
able horizontal velocity) may be quite large, whereas, the entrainment

is initially small, but grows larger. These drag and entrainment hypo-
theses have been tested using a physical integration scheme that has
proved to be simple and direct. A comparison with several data sets is
shown in Section 6. Note that there has been no tuning or adjustment of
coefficients to match specific data runs. The basic hypotheses in the
model account for a variety of conditions.

BUOYANCY

As long as the density of the plume is less than the density of the
surrounding air, a net upward force is exerted on the plume parcel. The
magnitude of this force can be estimated to be the weight of an equiva-
lent volume of ambient air minus the weight of the plume parcel. This
force imparts an acceleration to the plume parcel, but it is not clear
how to calculate this acceleration in as much as it is not clear how
much mass is involved. It appears that when the plume parcel has a
vertical motion into undisturbed ambient air, a mass of ambient air
corresponding to the displacement of undisturbed ambient air must be
accelerated. In cloud physics work, (7). experiments have also indicated
that an equivalent virtual mass must be added to the cloud mass. The
virtual acceleration then is the net upward force divided by the total
mass involved.

13



MOISTURE
Moisture affects the plume in several ways:

1. The presence of water vapor in the plume makes it less dense
than dry air at the same temperature.

2. If water vapor condenses, latent heat is released. This
raises the temperature of the vapor, water and air mixture
slightly.

3. Similarly, if liquid water evaporates the temperature of the
plume mixture cools slightly.

4. The presence of liquid water (fog drift) increases the average
density of the plume mixture.

5. If liquid water falls out of the plume (rain, or drift fall
out) the average plume density should decrease.

The calculation of moisture effects is complicated and sensitive to
small differences. This is particularly noticeable when both the
atmosphere and the plume are close to saturation. In this case, the

extent of the visible part of the plume is very sensitive to the ambient
humidity.

In attempting to analyze moisture effects a compromise must generally be
made between computation time and accuracy. The method which will be
used for evaluating moisture effects is shown in the appendix.

14



SECTION VI
MODEL DEVELOPMENT

The calculation procedure is extremely simple. The trajectory of a
group of plume particles (a plume puff) is traced in time. Hence, the
method could be basically classified as a Lagrangian formulation. The
plume puff gains mass as ambient fluid is entrained and mixed within it,
but once entrained the new mass becomes an indistinguishable part of the
plume puff. In the simplest version, the plume is assumed to be essen-
tially a cylindrical segment whose radius grows as mass is entrained.

The initial plume mass is identified as the mass issuing from the tower
with radius bo-

2
M0 pwbo H0 (3)

Ho is the length of the plume mass and is chosen to be comparable to bo'

HO = VOAt (4)

The increment in the plume mass is evaluated from the assumed rate of
entrainment:

DM = ¢ (rate of entrainment)i At (5)
i

For instance, assuming the total entrainment is a function of the
horizontal wind and a shearing action of the plume relative to the wind
as mentioned earlier:

DMz %- {02 m (2bH sin © + wbab cos 0) WAt + am2bHp_, |V-W cos o]}at  (6)

approximate project area shearaEWtrainment
. . ob
where an estimate for Ab is 35 H, or
b (bt_bt-At) H
ax2+az? (7)

15



The values of o in the Titerature depend on how the plume width, and
characteristic velocity are defined and whether the jet is buoyant. The
order of magnitude is known but further refinements might be made

relative to the particular model. As a first approximation o may be taken
to be 20.70 based on experimental studies of submerged jet, (4, 13).

The new horizontal momentum of the plume is simply the old horizontal
momentum + the horizontal momentum of the entrained mass + impulse of
horizontal pressure (i.e., drag) forces on the plume. The new horizontal
velocity (U) of the plume is simply the new horizontal momentum divided
by the new plume mass.

t+ MtUt + DM-U + horizontal pressure force X At

At _ W

U = T (8)
M~“+DM

Using the momentum hypothesis discussed earlier, the equation for the
horizontal velocity can be written without explicitly defining the
korizontal pressure as:

UHA = (wueo (2bH sin o + mbdb cos ©) WAt (9)

+o o, 12bH|V-W cos o|Wat)/(ME+DM)

Note, however, that the assumption for the horizontal pressure force
from which the particular entrainment hypothesis was derived is:

Horizontal

pressure = (p (2bH sin © + wbdb cos @) W +
atm

force

%0 4 T2DH[V-W cos e])(W-u) (10)

Assuming the total pressure force vector acts normal to the plume it is
possible to approximate a vertical pressure force component (provided
the plume is not close to horizontal) as:

_ horizontal pressure force
tan ©

Vertical pressure force -

Physically this term tends to zero as tan © tends to zero but because of
the numerical treatment this term has to be set to zero; in this case it
is set to zero when tan & = 0.1.

Similarly, the new vertical velocity due to entrainment is:

ytrat | MtVt + (vertical pressure force) At (11)
ME+DM

16



Note that for a horizontal wind, the entrained mass does not carry any
vertical momentum with it.

The new plume mass is:

MEFAt — b 4 oy (12)

The new plume temperature is:

t
M T+DMT
Ttrat - atm  _ (ambient lapse) Z (13)
M*+DM

The new plume density is evaluated from an equation of state

(14)

e.g., p = E—
RT

The inclusion of concentrations of other parameters such as water vapor,
water droplets, salt drift, etc., requires slight modifications in the
temperature and density calculations, but the basic philosophy is the
same. A routine for calculating phase change is explained in Appendix
I1.

The change in the density of the plume relative to the atmosphere
results in a buoyant force imparting a vertical acceleration to the
plume mass equal to:

p _p
a - atm plume g (15)

2 PoTume

This vertical acceleration modifies the new vertical velocity by

AV = a At (16)
Therefore:
yErat o teat (17)

The new location (trajectory of the p]yme puff) is:

teat _ ot U"+ ytret
> At

X + (18)

17



t+at
At

t +y

2

trat _ St Y

JA +

The speed of the plume puff along the trajectory is:

vV = MU2+V2

The sine of the angle of inclination is:

v
“uty?

sin 9 =

The average radius of the plume puff can be found:

pﬂsz = M
b= (M/prH) /2

Where the elemental plume puff length H is

t+at - Ht (Vt _ Vt-At)

+
" (dx)%+(ay)®

H

Time is updated

t = t+at

and the procedure is repeated.
air are included in Appendix C.

b at

(19)

(21)

(24)

The Lagrangian Puff models for water and

18



SECTION VII
COMPARISON WITH DATA

ghe model predictions have been compared with three different types of
ata:

1. Laboratory tests with air jets.
2. Actual field data taken on a large single cell cooling tower.
3 Laboratory tests with plumes in water.

A comparison with non-bouyant air jet data is shown in Figure 5. Note
that two independent sets of centerline data points are shown. The
model centerline predictions, indicated by solid lines, compare closely
without having to "tune" any coefficients. The parameter K, shown on
Figure 5, is the ratio of exit velocity to wind velocity.

A comparison with actual field data taken by the Environmental Protection
Agency using the technique shown in Figure 6 is given in Figures 7a-7g.

A lightweight (130 gram) radiosonde transmitter was attached to the tail
of an 8-foot long blimp which was tethered to the cooling tower and
allowed to "wind vane" downward. The blimp was used in preference to a
spherical balloon because it generated aerodynamic 1ift as the wind
increased, and flew much like a kite, rising higher with stronger winds.
A tethered spherical balloon would have practically no aerodynamic 1ift
and could be blown close to the ground in a strong wind.

An operator, positioned underneath the balloon, traversed the balloon
vertically through the plume by means of a lightweight monofilament line
hanging from the balloon (see Figure 6). Simultaneous sightings of the
balloon from a theodolite and a transit spaced a known distance apart
were correlated with the temperature and humidity recorded by the
radiosonde receiving station. The temperature sensor in the radiosonde
had a time constant of approximately 2.5 seconds with an accuracy of +
0.2°C. The humidity sensor was a premium carbon hygristor with an
accuracy of about 5 percent and a time constant similar to the tempera-
ture sensor's.

The data plotted in Figures 7a-7g show the temperature and absolute
humidity (or mixing ratio), grams of water per kilogram of air, as a
function of the height above the ground at a given distance from the
tower. The dotted lines show the predicted width, height, average
temperature and average absolute humidity for the same conditions. In
order to facilitate comparison of the atmospheric gradient (lapse rate)
with the adiabatic or neutral gradient, the temperature profile is
plotted between parallel lines whose slope is equal to the adiabatic
lapse rate (9.8°C/km).

19
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Figure 5. Lagrangian Puff Model predictions compared with jet data.
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Figure 6. Plume sampling technique.

Relative humidity was the humidity parameter actually measured; however,
it was deemed more appropriate to use the temperature data along with

the relative humidity data to calculate the actual vapor content. The
plume can be discerned better by examining a profile of absolute humidity
which, in a well mixed environment, is more nearly uniform. Relative
humidity, however, would change with temperature even if the water
content is constant. The wind conditions at the site together with the
measured lapse rate indicated that for most of the data runs the atmos-
phere could be considered well mixed.

The data used to plot the curves shown were discrete points tabulated
from a strip chart recorder. On the order of 50 data points were used
for each run, roughly 10 per minute. The data plotted show the signifi-
cant fluctuation but not all the fluctuations that were recorded.
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TABLE 1. INPUT CONDITION USED IN FIGURE 7a - 7g

PARAMETERS 7a 7b /¢ 7d e 7f 79
Initial temperature °C 30.0 33.2 33.5 30.0 31.1 25.8 25.0
*Efflux velocity m/sec 8.4 8.4 8.4 8.4 8.4 8.4 8.4
Initial liquid water kg/kg 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Source height m 13.0 13.0 13.0 13.0 13.0 13.0 13.0
Source diameter m 8.0 8.0 8.0 8.0 8.0 8.0 8.0
Pressure mb 1000.0 1000.0 1000.0 1000.0 1000.0 1000.0 1000.0
13 m wind (UW)_m/sec 5.4 4.3 3.9 5.4 5.8 7.0 5.9
Wind Tapse sec -0.011 -0.033 0.0 0.0 -0.03 0.0 +0.024
13 m temperature °C 14.5 25.3 26.0 17.5 23.2 17.5 15.2
Temperature lapse °C/m -.009 -.012 -.02 -.012 -.014 -.014 -.015
Ambient mixing ratio kg/kg 0.0093 0.0142 0.0164 0.0094 0.0100 0.0054 0.0067
Source mixing ratio kg/kg = semmmemememcmmeeec e Saturated -----cemm e

*The volumetric air flow, determined by averaging several traverses, was 422 m3/sec
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Atmospheric conditions were generally fairly steady during the approxi-
mately five minutes it took to make a traverse. However, even under
these conditions, the plume may exhibit transient behavior. In some
cases it is desireable to put together a composite profile by averaging
several short-term observations. In Figure 7a the plots are made by
averaging together those data runs which were made at the same downwind
location under nearly the same environmental conditions. Figure 7a
yields the best definition of the invisible plume.

It is desirable to check the model under a variety of conditions.
Unfortunately good field data are very scarce and difficult to obtain.
Most of the data available are for cases where the wind bends the plume
over within a rather short distance. In order to check out a plume
model, it is necessary to look at how the model predicts for a wide
range of conditions. Figure 8 shows how the model predicts over a range
of both velocity and Froude numbers. It is difficult to find a compre-
hensive set of consistent data to check this range of parameters in
order to make such an overall comparison.

The format of Figure 8 facilitates an overall comparison of how different
source and ambient conditions affect plume trajectory, temperature and
width. The plume trajectories for four different Froude numbers (F = 5,
10, 20, 50) are indicated by the long dashed or solid lines that represent
the center lines of the plumes as they bend over in the wind. (The
Froude number is the ratio of inertia force to bouyant force, and thus

is an inverse measure of bouyancy.) The effect of wind on the plume may
be seen by comparing the trajectories for the three different K values
shown K = 2, 5, 10. (Recall that K is the ratio of source velocity to
wind velocity and hence is an inverse measure of the wind effect). In
any given set of K values, isopleths of temperature excess ratios (solid
lines) and isopleths of width ratios (short dashed lines) are shown.

The ratio of widths is the width of the plume at that point divided by
the initial diameter: equal to R/R.. The temperature ratio excess is
the difference between the Tocal avgrage plume temperature and the
ambient temperature divided by the difference between the initial average
plume temperature and the ambient temperature. The p]ume temperature
always decreases because it is mixing with a cooler environment so the
temperature excess ratios are less than one. The yalues of the tempera-
ture excess ratio isopleths and the "width" ratio isopleths are® indicated
at opposite ends of their respective lines. A small legend indicating
the meaning of all the lines is shown in the upper left hand corner of

Figure 8.

The curves in Figure 9 have been generated by fitting exponential
functions of the dimensionless parameters to Fan's (9) data set, a
manner patterned after the analysis by Shirazi et al., (24). This
provides a means of interpolating and extrapolating Fan's data for a

range of parameters.
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A similar set of regression fit curves derived from measurements reported
by Chasse and Winiarski (5) is shown in Figure 10. The trajectories of
Figure 9 and Figure 10 are roughly similar. Figure 10 was based on
temperature measurements whereas Fan's measurements were based on salinity
concentrations. The order of magnitude is comparable between Figure 9

and Figure 10. However it should be emphasized that neither Figure 9

nor Figure 10 can be used as an absolute standard in as much as different
sets of data yield somewhat different regression fitted curves.

A comparison between the trajectories predicted by the model and the
trajectories from the regression fit to Fan's data is shown in Figure

11. With respect to the entire range of parameters shown, the trajectory
correlation is reasonable. The differences between the mode] pred1ct1on
and the regression fitted trajectories are of the order of the experi-
mental uncertainty of the measurements.

Comparison between the predicted temperature ratios in Figure 8 and the
regression fit temperature curves in Figure 9 is more complicated
because Fan's temperature data are based on the "peak" temperatures of
vertical temperature profiles made through the center of the plume,
whereas the predicted temperature ratio in Figure 8 is the average over
a plume cross section with finite width. If the average excess tempera-
ture were redistributed axisymmetrically with either a linear profile
over the same predicted width or a Gaussian profile with the width
encompassing about 95 percent of the distribution equal to the predicted
width, the peak excess temperature would be about three times the average
excess temperature (see Figure 12).

The difficulty in making an absolute comparison is that the plume
cross-section and temperature distribution are not always axisymmetric.

A few detailed concentration surveys over a complete plume cross-section
show that the profile may be double-humped with twin peaks on either

side of the centerline. Judging from Fan's (9) cross-sectional isopleths,
Figure 13, these off-center peaks can be quite high, sometimes 70 percent
greater than the centerline peak. In this particular example, the ratio
of the centerline peak excess temperature to the average excess tempera-
ture is on the order of two.

In other words, to estimate centerline peak values from Figure 8 to

compare with Figure 9 one might multiply the average excess temperature
ratio by a factor of 3 if the local cross-section were Gaussian axisymmet-
ric or somewhat lower than 3 were the profile bimodel. Again, the
regression fitted curves should not be regarded as absolute values. A
regression fit to another data set cf. (Figure 10) show the temperature
1ines to slope more like that predicted by the model. With these considera-
tions in mind, the predicted temperature ratios are in reasonable agree-
ment with the regression fitted curves.

It is very difficult to try to compare plume "widths" between Figures 8
and 9. The predicted width can best be interpreted as the average
radius of a plume cross-section. However, the plume cross-section may
sometimes be elliptical or horseshoe-shaped.
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Figure 12. Comparison of Gaussian and linear profiles with
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Furthermore, the half width used in Figure 9 was defined as the width
where the concentration was half the centerline peak measurement. Thus,
the width curves are not really very comparable. Preliminary modifica-
tions to the model which provide a mechanism to allow for the flattening
of the plume to an ellipsoidal profile indicate that "width" curves in
Figure 8 based on the minor axis would tend to be more nearly vertical.
The temperature curves remain about the same, because the average proper-
ties which adhere to the fundamental conservation principles remain
basically the same.
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SECTION IX
GLOSSARY
area
vertical acceleration of plume puff
local plume radius
specific heat

entrained incremental mass
moisture parameter

base of natural logarithm

buoyancy flux
buoyancy flux including latent heat

buoyancy flux subtracting liquid moisture
gravitational acceleration
length of plume segment

latent heat of vaporization
buoyancy scale length

mass of plume element
pressure

mixing ratio

gas constant

stability parameter
distance along plume centerline

temperature
virtual temperature
time

horizontal velocity component of plume puff

vertical velocity component of plume puff
total velocity of plume puff
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W wind velocity

X horizontal distance

VA vertical distance

a shear entrainment coefficient
B wind impingement coefficient
r lapse rate

0 density

o liquid water mixing ratio
Subscripts

atm atmospheric

ad adiabatic

as moist adiabatic

ms maximum, saturated

md maximum, dry
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APPENDIX A
REVIEW OF PERTINENT PLUME MODELS

There have been several reviews of plume models:

(1) Briggs (2).

(2) The review included in Chan & Kennedy's report (4).
(3) Aynsley and Carson (unpublished) (1).

(4) ASME review (draft, to be published) (21).

This section is not intended to give a complete survey of all past work
that has been done, rather it is intended to highlight some of specific
past work and point out differences among models.

Present day theories of moist plume behavior rely heavily on previous
theories of smoke plume rise and are subject to the same uncertainties.
Numerous analytical methods have been proposed. 1In 1969 Briggs (2)
indicated that at the time over 30 models were available.

Much work has been done since then, and several methods have been
modified in an effort to account for the effects of moisture. Also,
there has been considerable related work in the analysis of submerged
buoyant jet discharges in water. Roughly speaking most of the analytical
work falls into these categories:

Gaussian Plume Models
Buoyant Plume Models
Numerical Plume Models

GAUSSIAN

Gaussian plume models assume that the concentration of material in a
plume cross section has a Gaussian distribution. The rate of growth of
the plume cross section as indicated by the rate of increase of the
standard deviations of the vertical and horizontal distributions is
usually expressed as an exponential function of downwind distance. The
usual assumption is that these functions can be related to the turbulent
diffusion of the atmosphere which is categorized under different classes
of stability. Generally, the Gaussian plume models are used after the
plume has assumed to be leveled off. The height of plume rise needs to

be determined by other methods.
There are several Gaussian models in the literature. One of the most

widely used is incorporated in Turner's Workbook on Atmospheric Disper-
sion (28). The main difficulty with the Gaussian models is that they do
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not model the plume where most of the significant changes occur. However,
it 1s often convenient to use a Gaussian model to solye for the effects
of atmospheric diffusion further downwind where the dynamics of the

plume are unimportant.

BUOYANT

Buoyant plume rise equations generally have a form similar to the
empirical equations obtained by Briggs (2). These can be related to the
entrainment concepts suggested by Taylor (27) and Morton, Taylor and
Turner (22). Similar derivations are reported by Slawson and Csanady
(25) Briggs (2), Hoult (15). Briggs (2) formulations are the simplest:

AZ = 1.6 F]/3 wl/3 X2/3 (neutral conditions) (25)
Maximum AZ = 2.9 (5—01/3 (uniform stratification) (26)
WS
27 = 5.0 F\/4 573/8 (calm conditions) (27)
Where:
AZ = height of rise
W = wind speed
X = distance downwind
F = buoyancy flux which is proportional to the heat flux
S = stability parameter which is proportional to the

potential temperature difference

The coefficients can be shown to be related to the rate at which air is
entrained into the plume. Based on entrainment assumptions suggested by
Taylor (27) and Morton, Taylor, and Turner (22), similar equations have
been derived by Slawson and Csanady (25), Briggs (2). Hoult (15). The
formulation used by Hoult for neutral conditions can be written:

A7 = (5_7)1/3 F1/3 w-1/3 X2/3 (28)
28
where:
8 = entrainment constant
This is the same as Brigg's relation because the median value of g
determined from laboratory tests is reported to be about 0.6 by Fay et

al. (10) and Hoult and Weil (16). However, Fay et al. state that field
data indicate a higher value for 8. They suggest using a value of
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8 = 0.81 for the region where the plume is still rising. To find the
height to which the plume will rise in a stable stratified atmosphere,
they suggest a value of g = 0.55.

A slightly more general form of the plume rise equation is shown by
Hewett, Fay and Hoult (12):

Y 3 X
1562/3 =13, [1—cos(T S)J}]/3 (29)
b ] b
where
F
1, = = (30)
b w3

The maximum plume rise (the plume oscillates about a mean) is found at
X/1bS = m, where:

‘n_

=(5) (31)

b B

Fay (1970) gives the rise in the leveled off region as:

i
o 5\2/3 X
b b
or
i
=227 ()3 for g = 0.55 (33)
b

VAPOR PLUMES

There is some disagreement in the scientific literature with regard to
predicting the difference in trajectory between dry plumes and vapor
plumes. Csanady (6) states that the direct dynamic effects of evapora-
tion and condensation on plume path are minor. His examples show the
vapor plume rising only slightly faster than dry plumes. Hosler (14)
presents examples where the ultimate height of a vapor plume is several
hundred feet lower then that of a comparable dry plume.
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Wigley and STawson (31) make a comparison of wet and dry plumes using
essentlally the same equat1on as equation A-5 except that the stability
parameter is defined in terms of the moist adiahatic Tapse rate rather
than the dry adiabatic lapse rate, that 1is:

-T) (34)

According to this theory, wet plumes “"see" the atmosphere as being more
unstable than do dry plumes, and, as a consequence, will rise higher
given identical stack parameters (initial temperature excess and efflux
velocity) and environmental conditions. Furthermore, if the vapor plume
changes between liquid and gaseous phases, it is possible for the
"stability" to be different along different parts of the trajectory.

If both moist and dry plumes behave in a stable manner (i.e., I > T
the maximum height Z__, for a condensed plume is related to the max?ﬁum
height, Zmd’ for a dmy plume:

Z 1/2

(r )
ms _ ‘‘ad -T
= _F)]/z (35)

Zmd (Pas

The asymptotic heights of rise will also be in the same ratio. For the
case of an isothermal atmosphere:

Z
mS .y 26 (36)

Zmd

Briggs and Hanna (3) argued that Wigley and Slawson's simple replacement
of the dry by the moist adiabatic lapse rate was not justified.

Hanna (11) has suggested a simple method for estimating the rise 0f a
moist, buoyant plume in a stable atmosphere. He indicates that if
complete condensation of all the initial excess vapor in the plume
occurred, then the initial buoyancy flux should include the latent heat
released by the excess vapor. The buoyancy flux would then be given by:

T,-T

- 2 Vatm L
Fig = ViPi 0 [+ (05-0¢y) (37)
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where

T, = the virtual temperature (T+.61qT)
mixing ratio
latent heat of vaporization

H 8 n

y
q
L

For a given set of conditions, the ratio of Hanna's moist plume rise to
the maximum dry plume rise is:

Z F.
qs - (4173 (38)

Zmd Fid

This ratio is independent of ambient temperature and humidity stratifica-
tion. Hanna also gives a second method of calculating plume rise. For
this approach, one first calculates the dry plume rise, then computes

the fraction of the initial excess vapor that would condense at this
height and adds the latent heat released by the condensed vapor to the
dry plume buoyancy flux. A new plume is calculated and the procedure
iterated until the plume rise converges to a constant value.

Weil (29) has made a comparison of the saturated plume trajectory with
the dry plume trajectory for some conditions typical of a large natural
draft coo]1ng §ower U; = 5m/sec, bi = 30m, ATi = 10° C, Aq, = .008,
Aoy = 3x 10

where

o; = MasS of liquid water/mass of air

Using Hanna's methodology. and a slightly more approximate form of:

AT L
= Vb, g [—L +.61 aq + =—— Aq] (39)
1t T

e CpTe

Weil calculates:

N

MS = 1,44 (Hanna's first method independent of stratification)

Zind
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YA

8 - 1.30 (Hanna's second method, dT /dz = Q).

Zmd

Tns

—= = 2.45 (Hanna's second method, dTo/dz = -.0055° K/m)

Zmd

Weil maintains that in the case of a saturated plume in a stable saturated
atmosphere, the equations for Z__ and X _ are identical for the dry

plume problem. The only real cWﬁnges a8 that the definitions of the
initial buoyancy flux F. and the stability parameter include the

initial vapor (Aqi) and'Water (a Gi) differences.

That is:
T

F =Vb2'(A—i+61 A
im = Y474 9 VT TRT G5 Ry

) (40)

i

and:

s =99 (r 1) (a1)
T
a

where T is a reference lapse rate and d is a moisture parameter.
Equations for these are given in Weil's paper (29).

Using these definitions and the same initial conditions as before, Weil
calculates:

7 dT

ms - o918 (—£ =0) (42)
Zmd dZ

z dT o

S5 - 103 (—& = -0.0055 -K, (43)
md dz m
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Note that in the case of an isothermal atmosphere, the method of either
Fay, Hanna or Weil predict a maximum moist plume rise roughly 20 to 30
percent higher than the dry plume. However, when the lapse rate was -
0.0055 °K/m, Hanna's method predicted moist plume rise almost 2 1/2
times the dry plume rise, while Weil's method predicted about twice the
dry plume rise. Unfortunately, the plume trajectories plotted in Figure
3 of Weil's paper can be misleading. Integrating Weil's equations for
the 30 meter tower radius listed, results in a dry plume trajectory
considerably lower than indicated in the paper. A comparison with
Weil's published trajectory is shown in Figure 14. As a check on the
solution to Weil's equation, also shown is an independent trajectory
obtained from a Lagrangian finite difference model. It compares closely
with the numerical solution of Weil's equation. It appears that Weil's
trajectories have resulted from considering a point source emission
rather than a finite tower diameter.

As discussed above, the difference in the various plume rise estimates
are significant. Hopefully field data will lead additional credibility
to a given method.

NUMERICAL PLUME MODELS

Several numerical cooling tower plume models have been developed.
Unfortunately they are generally proprietary and only brief descriptions
are available in the literature. An exception is the EG&G model (8)
which was derived under an EPA contract from a cumulus cloud model
developed at Penn State by Weinstein and Davis. This model has detailed
cloud physics relationships, and the entrainment is assumed inversely
proportional to the plume radius. This assumption may be reasonable for
a cloud or a nearly leveled off plume puff traveling with the wind, but
it is questionable for a plume in a moderately high wind.

The SAUNA (17) ccmputer program appears to be a one dimensional model
but a diffusion like spread of matter is assumed to progress downwind
from each segment of the plume. This gives rise to a deep "wake"
underneath the plume. Some versions use an empirical entrainment
mechanism which is more complicated than the EG&G model. An attempt has
been made to parameterize a turbulent type of entrainment along with the
downwash from the stack.

One of the more sophisticated plume models reported in the literature is
that of Systems Science and Software (26). This model calculates a two-
dimensional plume cross-section using vorticity relationships, and is
able to predict a bifurcation of the plume into two separate parts.
However, the horizontal momentum equation is neglected. Entrainment is
computed from self-induced "turbulence". The cost of running this
proprietary program tends to prohibit its use in prototype design trade-
offs.
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NUS Corporation has developed a plume model which uses both entrainment
and drag terms (19)., The drag is calculated Tike the drag on a solid
body. A drag coefficient of 0.3 is used. There may be some ambiguity
in the entrainment calculation. Apparently, an entrainment coefficient
of 4o is assumed, where o is on the order of Q0.1. However, equation 21
of (19) seems to imply that there is no change in volume flux along a
stream line. This would mean no entrainment. Unfortunately. complete
details about the model are not available, and the effect of this
apparent inconsistency is not known. The computational framework of the
model is reported to be similar to the Weinstein and Davis cumulus
convection model. Both the NUS model and the EG&G model assume a
Gaussian dispersion after the maximum plume elevation is reached.
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APPENDIX B
MOISTURE COMPUTATION

For sub-saturated conditions moisture is treated as a simple conservative
property, i.e.

(0, M +q, DM)
- 44
Q, —— (44)

Saturation and condensation are encountered when the mixing ratio of the
mixed parcel is larger than the saturation mixing ratio for the corre-
sponding temperature. Figure 15 describes the pertinent mechanisms.

Referring to the diagram (Figure 15), the parcel is initially in state
(T, q7). (Note: When first saturating (T,, q,) may not actually be on
thé saluration line. However, if the time 1ncréments are sufficiently
small the error introduced is negligible. Furthermore, after this first
step the initial state will be on the saturation curve.) Condensation
presumably occurs continuously, equivalently we can suppose that the

parcel mixes without condensation and reaches state (T2, ). At this
point q, is compared to the saturated mixing ratio, q_; ev§1uated for
T2' Us%ng the integrated Clausius - Clapeyron equatian:
T,-273)
6.11)(.622 L ( 2
g = (e1nezz) oL t_2 Ty (45)

exp
1000 Ra 273 T2

Since the condensation path slope is nearly horizontal, the temperature
rise AT caused by condensation can be approximated by:

2
T R T
AT = [ - -.622 d 1

- 1 (ay-9,) (46)
4 - 9 Lqy aq+.622 172

The change in liquid water mixing ratio is then:

>
Q
1]
[
—
=
—

(47)
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Figure 15 Moisture thermodynamics.
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The adjusted amount of 1iquid water mixing ratio becomes:
°.~_T£__L_f£+1&c, (48)

At this point the vapor mixing ratio must be corrected. Simply subtract-
ing &4 o will, however, lead to iteration errors. Instead the adjusted
temperature T + AT is used in the integrated Clausius - Clapeyron equa-
tion to find the new mixing ratio. Note then that this method will
overestimate the amount of vapor condensed.

If (T,, g,) starts to fall below the saturation line, evaporation
beginé. %hi

s mechanism is handled in the same way, except that AT and
A o become negative.
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APPENDIX C

PROGRAM H2OMODEL

DATA (R=287e)9(0=9.8) 9 (TWO=2,) s (PI=3.1416) 9 (P622=.622) s (£L=25004)
L1y (RV=e461) 9 (T273=2734) 9 (50641119 (ZERU=04) 9 {CPD=1.003) s (DD=1.)
29 {HAUC=,00525) 9 (UNETHOU=10004) » (BASET=1.5)

DU 999 K= 1912

FORMAT (1X 9 3F Te39F 7594 10e20F7e293FBatsFT74293E841)

FURMAT (12E9.2+4F6,2)

FORMAT (SFB.5918)

REAU(60e6)VeldWweTeoTAsHsEsAsBeDToLUL

IF (EOF(6Q0)) CALL EXIT

L= A= TIME=DZ=0b6=8SAVE=ZWEI=DH=S =U = ZERO
BA= B
BO= B*TWO

WRITE (61+7)

FONRMAT (1 5% 385585t 330 5 5 3 R 3 3F 30 06 3 S 3t 30 20 2 2 A SR 302 40 B B 40 2 3434 B S S 2 U F 5 0L
JRAY TEMP aM TEMP  HOR VEL VEK VEL WwIND DIA THICK*TI
2Me STEP K FRrROUDE ")

VEL= SQRT(U®U+ v#V)

DENA=ONETHOU=HHOCH* (TA=BASET) ®* (TA=-BASET)

DEN= ONETHOU=-HHOC¥ (T-BASET) #{(T=-BASET)

PM= PMG= PI#g#g¥H*DEN

IF ( UW <NEe ZERO) AK= VEL/UW

FR= VEL/SOURT ((DENA=DEN) ZDEN#TWO¥B#*G)

DT= 1e4/SURTIVELHVELFAKF*AK/20., +UWHUW) /1300%AK/10. /2.

DYT= DT/100.

WHRITE(ALell )TeTAsUsVeUWsBDsHeDT e ZERO s ZEROQ 9 ZEROsAKSFR

WwrITE (61s8)

FORMAT (" ====- SUBSEWUENT PLUME VALUES==-==- n/n A7D L7V o/
10 THICK MASS DEL MASS ZwEl DeEL o TEMP HOR-VEL VER
ZR=VEL TOT-VEL S/70 ")

ZwEl= ZERO

LJlL= 10000

DO 99 J= 1 LuUL

EINS= E#DENA#UWHDTH (TWORB#ARY/VEL+PI#*g#DB8¥U/VEL#H/DD)
ZWE = ADENA#TWOSP [ #8&R#DT#ABS (UWsU/VEL-VEL)
DM= (EINS+ZWET)*U/UW

SUM= PM+[DM

U= (PM¥+EINS#UW) /SUM+ZWe [¥UW/SUM

T= (PMuT+ DM¥%[A)/5UM

DEN= ONETHOU~-HAOC* (T-BASET) *# (T-BASET)

TERM= (EINS+ZwbI)®*(UW=U)*U/V/SUM

IF(U/V «GTel04) TERM=ZERO

V=PM#Y /SUM+ (DENA=UDEN) #GZUDEN®DT/TWO ~TERM

Vi= VEL
Pu= SUM
VEL= SQRT (U#U+ V¥V)
DZ= v*DT
Dx= U*DT
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98

99
999

DD= VEL®DT
BSAVE= B

B= SURT(PM/ (DEN¥*PI¥*H))

D= (B=-BSAVL)

DH= (VEL=V1)/DO¥H¥DT

H= H+ DH
X= X+ DX

= /+D7Z
DT= DT+OTT

IF (J JEQ. 1)

G0 TO 98

Ir (J/7200-(J=1)7200 oNE. 1) GO TO 99
IF (RATIOZ «GTe 40e «ORe RATIOX oGTe 100.) GO TO 999

RATIOX= X/80
RATIOZ= Z/HB0O
RATIOR= B/BA
WRITE(HA1s13)
CONT INUE
CONT INUE
CALL EXIT
END

RATIOXsRATIOZsRATIORsHsPMeDMe ZWEL
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PROGRAM AIRMODEL
DATA (R=287e¢) 9 (56=9¢8) s (TWO=24) s (PI=3,1416) +(P622=.622) 9 (EL=2500.)
19 (RV=4461) 9 (T273=2734) 9 (ESO0=6411) ¢ (ZERDO=04) ¢+ (CPD=1.003)
2y (ADIA=,0098) ¢ (ONE=1e) s (SIXI=.61)
11 FORMAT (2F 7al93F7e292E10e294F Tet492F 7e292F8e492F743)
13 FORMAT (1X 9 3F Te30F 7e594E10e290F 742903FBetsF7.29F8,692E8.1)
DO 999 KAY= l+¢5
6 FORMAT (9F845418)
READ(6096) VeUWNsTeTAsHIAIEIBeDTeLUL
IF (EOF(50)) CALL EXIT
READ (6096) UsDTOsQsWdAY SIG +SIGA +PsDUW
READ (6046) DESIRED1»DESIRED?
Q = E£50 HEXP(EL/RVH#((T=T273)/T273/7T))/1000. #P622
AK= SQRT (V#*V+U*U) /UW
DEN =P/R/T /(ONE+SIXI®W ) ¥ (ONE+SIG)
DENA=P/R/TA/ (ONE+STIXI®QA)# (ONE+SIGA)
FR= V/SQRT((DENA=DEN) ZDEN®TWO*B#G)
DT= ONE/SQRT(VEL¥VEL®AK®AK/29,+UWHUW) #AK/200,
DTT= DT/30.

2= A= DZ=S =/FRQ
BA= B
BO= B#*TWO
A= 057
WRITE (61.7)
7 FORMAT(H T T A T A B S R A A e A P I S A LI I ISR R IS/
1"0 T TA u v Uw B H DT
2 SIG SIGA QA Q K Fk DTO DUW A
3 E"™)

WRITE(ALell )T oeTAsUsVeUWIB sHsDT9SIGeISIGAIQAIQsAKsFRsDTOUDUWYASE
WRITE (61e8)

8 FORMAT (W ===== SUBSEQUENT PLUME VALUES=----- ny/n X/0 /0 8/
10 THICK MASS  UEL MASS IWE] DEL B TEMP HOR=VEL VER
2R=-VEL TOT-VEL S/D MIX R. LIQ HHO ")

VEL= SURT (U*U+ V#*V)

PM= PI#B®*B*H*DEN

DO 99 J= 1lsLUL

Uw= Uw+ DUW#D/Z

Ta= TA- DTO®*DZ

DP= -DENA*G#DZ

P= P+DP

EINS= E#DENARUNSOTH (TWORRHARV/VEL+PI #REDBH#U/VEL®*H/DD)
ZWEL= A¥DENA#TWUOHP [#B*H*¥DT#ABS (UW*U/VEL~VEL)
DM= (EINS+/ZWEI) #U/UW

SUM= PM+DM

U= (PM#U+c INS*UW) /SUM+ ZWE [*UW/SUM

Q5SS = ESO REXP(EL/RV®((T=T273)/7273/T))7/1000. #*Pb22
Ts=T1

T= (PM#T+ DM#TA)/SUM -ADIA*DZ

QS1 = ESO  *EXP(EL/RVE((T=T273)/7273/7))/1000. ¥*P622

Q= (Q#PM+QA®DM) /SUM
IF (@ +GTe QS1 «ORe SIG .GTe ZEKRO) GO TO 110
Go 1o 111

110 ODTEM= ((T=TA)/(Q=QA) =P622%RVY#(T+TS)#(T+TS)/4./QS1/EL/ (QSS5+P622)) #(
1QSS-Q)
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DSIG= DTEM®*CPD/EL

T= T+ DTEM

SIG= (SIG#PM +SIGA#DM)/SUM + DSIG

IF (SIG. LT. ZERO) SIG= ZERO

Q = ESO REXP(EL/RVH((T-T273)/T7273/71))/1000. ®#P622
111 CONTINUE

DENA=P/R/TA/ (ONE+SIXI#QA) # (ONE+SIGA)

DEN =P/R/T 7/ (ONE+SIXI*Q )#(ONE+SIG)

TERM= (EINS+ZWEI)* (Uw=U)*U/V/5UM

IF (U/Vv .GT. 10.) TERM= ZERO

V= (PM#V ) /SUM + (DENA-DEN) #G/DEN®*DT/TWO -TERM
PM= SUM

Vi= VEL

VEL= SQRT (U¥U+ V#V)

DZ= V¥DT

Dx= uU*pT

DD= SQRT(DZ#DZ+ DX#DX)
H= H+ (VEL=V1)/DD¥*H#DIT
BSAVE= g

B= SQRT(PM/ (DEN*PI®#H)})
DB= B=BSAVE

DT= DT+ DTT

X= X+ DX
= [L+DZ
S= S+ DD

IF (J JLE. 2) (GO TO 98
IF (X .GT. DESIRED] «ANDe X oLTe DESIREDZ2) GO TO 98
IF (J/150 =-(J-1)7150 «NE. 1) GO TO 99
98 RATIOZ= Z/BO
RATIOS= S/B0
RATIOR= B/BA
RATIOX= X/8B0O
WRITE(AL1913) Xels RATIORsHePMsDMo ZWETL s0UBsTsUsVeVEL
1sRATIOSHQeSIG
99 CONTINUE
399 CUNT INUE
CALL EXIT
END
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APPENDIX D
ENTRAINMENT COMPUTATION

The total entrainment (impingement + aspiration) is computed such that
the horizontal momentum flux of the entrained mass plus the assumed
pressure force equals the sum of the horizontal momentum of the wind

impinging on the projected area plus the horizontal momentum that the
aspirated wind mass carries with itself.

(entrainment) W + (ppr + aspiration) (W-U)
horizontal momentum pressure
flux of the entrained force
fluid assumption
= ppr2 + (aspiration) W (49)

total horizontal momentum flux
assumed to be available

therefore:

entrainment = (ppr + aspiration) %— (50)
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