OVERVIEW

This paper presents a study of 16 models commonly
used for the prediction of cooling-tower plume rise from
naturaldraft cooling towers by comparison with all
available field data as of about 1980. This study forms
the basis for the SACTI multiple tower model by
establishing the most successful set of modeling
approaches.

It was published in Atmospheric Environment, Vol. 16,
No. 1, pp. 67-83, 1982.
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Abstract—This paper provides an evaluation of the theory and performance of 16 modeis commonly used
for the prediction of cooling-tower plume rise from natural-draft cooling towers. The performance of the
models is determined through model/data comparisons with: (a) field data encompassing visible plume
outlines obtained through plume photographs and (b) single-phase laboratory data on plume trajectories
and dilutions. The field data used included 39 data sets from single towers (Chalk Point, Linen, Paradise)
and 26 from multiple-towers (Neurath and Amos).

From the model/data comparisons carried out, six single-tower NDCT models and two multiple-tower
NDCT models provided notably superior predictions than the remaining models. These models represent the
current state of the art. For field-data applications, they can predict within a factor of two for visible plume
rise and a factor of 2§ for visible plume length, but only for 509, of the cases tested.

Our review of model assumptions, which included several sensitivity studies, revealed several problem
areas which remain unresolved. First, no model is.able to achieve correct simultaneous predictions of plume
trajectory and ditution. Second, the common treatment of plume thermodynamics affects plum¢ dynamics
too strongly when ambient profiles favor plume conditional and/or ambient latent instability. Third. no
model correctly represents the rapid bending and additional dilution exhibited by the data under high wind
conditions. Fourth, the plume /merging logic is oversimplified and does not accouat for the effects of wind
direction on plume dispersion. Fifth, the treatment of the diffusion phase is not developed from data takes at
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the large heights these plumes attain.

The field and laboratory data base are sufficiently strong to support improvement in model theory and

performance.

1. INTRODUCTION AND METHODOLOGY

The emphasis on closed-cycle cooling in the U.S. has
increased the number of power plants being designed
with natural-draft cooling towers (NDCTs). The pre-
diction of the environmental impact of such towers has
become an important part of the power-plant licensing
process. Accurate modeling of the NDCT plumes is
necessary to predict such impacts as drift deposition,
plume shadowing, cloud generation and the aesthetic
impacts of the visible plume. A rapid increase in the
quality and quantity of experimental data on NDCT
plumes in recent years has made it possible for us to
carry out an extensive validation study of the numer-
ous mathematical models that have been developed to
predict the dispersion of NDCT plumes. Further
details are presented in Policastro et al. (1980) and
Carhart et al. (1978).

Most models currently in use for predicting cooling-
tower plumes have been developed and calibrated
using stack-plume data and/or laboratory water-
plume data taken in a neutrally stratified crossflow.
Despite the often-stated similarity between water
plumes, stack plumes and NDCT plumes, the ranges
of relevant dimensionless parameters differ signific-
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antly between categories. The fundamental nondimen-
sional parameters that govern the dispersion of NDCT
plumes are
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Here W, is the tower exit velocity; U, is the wind speed
at the tower top; D is the tower exit diameter; 6, is the
ambient potential temperature and p, and p, are,
respectively, the tower exit density and ambient density
at the tower top, including moisture effects. The
quantities g, and g, are the exit plume and ambient
specific humidities, respectively. Exit Reynolds num-
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bers are sufficiently high to indicate fully developed
turbulent flow and independence of exact value.

For NDCT plumes, F, generally varies between 0.4
and 0.9, making such plumes considerably more
buoyant than stack plumes, mechanical-draft cooling-
tower (MDCT) plumes, or thermal plumes in water.
Also, the k values for NDCT plumes range from 0 to 5,
with k > 1.0 most of the time. Few stack or water
plumes have k values above 1.0. Even without mention-
ing differences in the S and V'* parameters, NDCT
plumes represent a unique range of F, and k values,
representing a class of plumes with high buoyancy and
generally strong crossflow. Due to the unique range in

F, and k for NDCT plumes, it is important to test the

vahdlty of the commonly made assumptions in existing
NDCT models through model/data comparisons
complemented with critical theoretical evaluations.
Further, the comparative study of a large number of
existing models with experimental data has the
additional benefit of identifying those models that
can best be used to predict NDCT plumes in
environmental-impact assessments.

A search of the literature yielded the following data
as most suitable for model evaluation:

(a) Field data at five sites covering visible plume
outlines from photographs, detailed ambient profiles,
and tower exit conditions (39 data sets for single
NDCT plumes and 26 data sets for multiple NDCT
plumes). See Bremer et al. (1973), Slawson and
Coleman (1978), Meyer (1975), Meyer and Jenkins
(1977), Baer et al. (1974) and Kramer et al. (1975,
1976).

(b) Single-phase laboratory data taken at Electricité
de France (EDF) by Viollet (1977) covering a range of
F, and k values appropriate to NDCT plumes. The
data were acquired in a water plume under isothermal
ambient conditions (corresponding to neutral stratifi-
cation in air) with a scale-model tower structure
present in the flow to simulate tower downwash
conditions that occur in the field.

All models evaluated in this paper were compared
with the field data; only the better-performing models
were compared with the laboratory data to test the
validity of the physical assumptions employed in those
models.

The laboratory data employed in model testing were
acquired from parametric studies in which a range in k
values is employed for each F,. These single-phase
data can accurately represent the near-field processes
of entrainment and momentum transfer and possibly
tower downwash effects under carefully controlied
conditions. The field data, however, include the physi-
cal effects operational in the near and far fields. Among
the effects occurring in the field Wthh arenot represen-
ted by the lab data include:

(1) ambient turbulence (unmeasured magnitude) of
importance in the far field,

(2) ambient profile variability with time and hori-
zonal position and

(3) thermodynamics processes of condensation and
evaporation.

We can see then that the laboratory and field data
provide complementary information.

Ideal field-data for model validation purposes con-
sists of time-averaged visible plume outlines, time-
averaged tower exit conditions, and single or time-
averaged on-site ambient profiles of temperature,
humidity, wind speed and wind direction. Figure 1
summarizes the sites and the corresponding tower
characteristics where field data are available. The data
cover a range of installations from small heat and
moisture output (Liinen) to large heat and moisture
output (Amos). The visible-plume outlines give direct
information on the trajectory of the plume as well as
indirect information on dilution (from the final plume
length and rise). Most field-data cases at these sites
were not complete. Profiles were sometimes taken off-
site, and some cases contained only one profile, which
prevented time-averaging. Tower outlet conditions
had to be inferred. for some cases. In other cases, the
time correlation between various parts of the data was
not close. A more complete review of the data for each
site and their uncertainties can be found in Policastro
et al. (1980). However, for the present study the quality
of these data sets was sufficient for model testing
purposes. Qur use of visible-plume data revealed
important systematic behaviors in the predictions of
most models which we were able to trace to model
assumptions.

Plant name and/or | No. of Generator maximum power
location towers O
fower geometry
Liinen 335 Mwe
West G | H=109.3 m
estbermany =257m
Chalk Point, 24600 Mwe
— H=124.Im
Marylond Ry= 274 m
Poradise 1100 Mwe
Kentucky " H=132 8m
=30.9m
=100m @
Neurath =223m 300 MW
West Germany 3 N 114m
@\60"600
300 MWe ™300 MWe
1300 MWel
=132 m, Q
150 m g7m
John £. Amos 3 800 mwe (D) )66°
West Virginia
Ro=290m, 1ggm
39.5m C )

Fig 1. Source geometry and maximum generator foad cooled
by towers at the three single-tower sites and the two multiple-
tower sites where field data were acquired.
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All models tested in this paper are of the one-
dimensional integral or semiempirical type, commonly
used in environmental-impact evaluation (see Fig. 2).
The models studied are described by Batty (1976);
Calabrese et al. (1974); Frick (1975); Hanna (1975);
LaVerne (1976); Lee (1977); Orville et al. (1975); Moore
(1977); Saame (1971); Slawson and Coleman (1977);
Stephen and Moroz (1972); Tsai and Huang (1972);
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Mean properties:

T - temperature

@ - specific humidity
o — liquid water

p, — density

Fig. 2. Definition of symbols used to describe plume shape
and velocity.

Weil (1974); Slawson and Wigley (1975) and Winiarski
and Frick (1976, 1978). A summary of the assumptions
included in each model is given in Table 1.
Finite-difference models were not considered be-
cause they are not presently used for impact studies.

2. BASIC PROCESSES IN COOLING-TOWER PLUME
DISPERSION

The dispersion of a cooling-tower plume will first be
discussed qualitatively to emphasize the unique aspects
of its behavior. At the tower mouth a highly buoyant
turbulent jet enters the ambient crossflow. For a short
distarice beyond the exit plane the plume has a uniform
flow “potential core”, which decreases in lateral extent
as the turbulent mixing region moves closer to the
centerline. At the end of this zone of flow establishment
(ZFE), the potential core disappears and the centerline
values of plume properties begin to decrease.
Thereafter the profiles have a “horseshoe” shape due to
the pair of counterrotating vortices that develop, as

‘observed by Fan (1967) and Viollet (1977).

The enhanced buoyancy in an NDCT plume causes
increased turbulent mixing and strengthens the vortex
pair and its associated mixing, as compared to a pure
Jjet (F, = o). Despite the actual complexity of the flow,
most modelers assume azituthally symmetric

Table 1. Summary of major assumptions mad. in each of the 16 single-NDCT and the seven

multiple-NDCT plumme models included in the study
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Calabrese—Halitsky— Woodard C G E Y Y N Y
Frick I YT E Y N NTNYNN
Hanna I YT CNYNTYNNY
KUMULUS I NG E Y Y NTNY Y Y
Lee (NUS) I NG CY NY T NNNY
Lee—-Batty I NT C Y Y NTNYNN
ORFAD C G E Y Y N Y
Orville I YT CY Y NTNVYNY
Saame C G E Y Y N N
Slawson (closed form) C Y TOCY Y NS NY YN
Slawson—Wigley I NTCY Y NS NYNY
Steghen-»Moroz I NT CY YNTNNNN
Tsai- Huang (S and W) I Y GCY NY S NNNN
Weil I NT C Y NNTNNNN
Winiarski— Frick I NTG C Y N N T N N N N
Winiarski-Frick (1977) I NT C Y NY TYNNN
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Gaussian or tophat profiles, and attempt to represent
vortex-pair mixing by a suitably chosen entrainment
function.

In a pure jet, the vertical velocity decreases mono-
tonically as the mass flux increases. However, because
buoyancy acts to increase the vertical velocity, an
NDCT plume actually accelerates in the vertical
direction initially. Later, as dilution reduces the
buoyancy, the plume’s vertical velocity also decreases.
Thus, velocity shear persists longer, the entrainment
rate is increased, and the plume trajectory bends over
more slowly compared to a nonbuoyant jet with the
same exit velocity and diameter.

Many investigators consider there to be a significant
pressure drag force on both jets and plumes in a
crosswind due to the pressure difference between the
windward and the leeward sides of the jet or plume. In
this view, the plume behaves somewhat like an obstacle
inclined to the crossflow. The assumed force acts to
decrease the plume’s vertical velocity and increase its
horizontal velocity. Because a buoyant plume bends
over more slowly than a pure jet, the effect of such a
force on a buoyant plume would be enhanced, com-
pared 1o its strength for a jet with the same k value.

Thermodynamic processes that occur because of the
presence of recondensate droplets and water vapor in
an NDCT plume, help to identify the plume trajectory
and an outline of the plume. These processes are, of
course, absent from single-phase buoyant or non-
buoyant flows. If a moist plume is subsaturated, its
adiabatic lapse rate is nearly dry adiabatic; and its
behavior approximates that of a single-phase buoyant
plume. However, as a saturated parcel rises and cools,
water vapor must condense and release latent heat,
because the saturation mixing ratio decreases with
temperature. If the parcel stays just at saturation, the
released heat reduces the rate of cooling with rise to the
saturated adiabatic lapse rate, (0.65K (100m)~! at
0°C. but only 0.35K (100m)~* at 30°C).

The relationship between the adiabatic lapse rates of
the plume and the ambient determines whether the
plume rise is stable (buoyancy reduced by rise) or
unstable (buoyancy increased by rise). For saturated
plumes the dividing line can be as low as 035K
(100m)~* and depends strongly on temperature. The
ambient can thus be stable for the rise of a dry plume
and unstable for the rise of a saturated plume, a
behavior called conditional instability. When present
under humid conditions, conditional instability can
lead to very long and high visible plumes.

An additional atmospheric condition, well known to
meteorologists in studies of cloud formation is ambient
latent instability. This type of instability sometimes
enhances the effects of plume conditional instability. If
one lifts a parcel of ambient air without mixing, at
some height the parcel will have both condensed
moisture and positive buoyancy (level of free convec-
tion (LFC)). Above the LFC, the parcel will rise
unstably. Since it takes energy to raise the parcel to this
height, the parcel at ground level is said to possess

latent instability; the less energy required, the greater
the parcel’s latent instability. A rising cooling-tower
plume can provide this energy by entraining ambient
air and carrying it upward.

Although the identity of the “parcel” disappears
when it is mixed with plume air, the tendency of
entrained air to contribute strongly to large visible
plumes increases with its degree of latent instability.
Since ambient conditions with high latent instability
often favor plume conditional instability as well, the
effects usually reinforce one another. These thermo-
dynamic effects on the rise of the plume can be
dramatic under conditions of low wind, near neutral
stability and small saturation deficits.

Late in plume dispersion the plume’s velocity vector
has become nearly that of the ambient. Turbulence duc
to velocity shear and vortex circulation no longer
dilute the plume substantially. Mixing during this
phase of plume development, the atmospheric phase, is
dominated by diffusion due to the background am-
bient turbulence, due to the fact that excess plume
properties (values above ambient) in this regime are
close to their corresponding ambient values. Experi-
mentally, little is known about the nature of atmos-
pheric turbulence at heights of 200-1000 m above the
ground.

3. UNRESOLVED ISSUES IN THE MODELING OF NDCT
PLUMES

In this section we discuss five areas in which there
remains controversy on the physically correct assump-
tions. Our purpose is to identify problem areas and to
indicate how the models giving the best predictions
handle each problem. These five areas are: (a) the
balance between momentum transfer and dilution
mechanisms; (b) the nature of correct moisture ther-
modynamics; (¢) the effects of the tower wake on
trajectory and dilution; (d) the formulation of the
atmospheric diffusion phase and (€) the representation
of the plume merging process.

(a) The balance between momentum transfer and dil-
ution mechanisms

The most important factor in predicting plume
evolution accurately is the mass entrainment rate,
which governs the rate of dilution of plume properties.
All models assume that entrained ambient air adds to
the plume all of its horizontal momentum. The models
also assume an Archimedes-type buoyancy force
acting on the plume, even though the plume is certainly
not static. Thus, without any other forces that transfer
momentum to the plume but do not directly alter
plume dilution, the relationship between the dilution
rate of the plume and its rate of bendover is
determined.

Any model that only included buoyancy and en-
trainment as momentum-transfer mechanisms was
unable to predict both plume length and plume
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trajectory. More momentum transfer (bending) is
needed for a given dilution (length). Even those models
assuming a drag force revealed this difficulty.

Unless one uses simultaneous dilution and trajec-
tory data to test existing models, the full seriousness of
this trade-off may not be evident. Special mechanisms
were present in the better-performing models to help
alleviate this problem, three of which are the following:

(1) The bent-over-plume assumption. In this assump-
tion the plume horizontal velocity equals the ambient
velocity at all heights, including at the tower exit. Thus,
an immediate increase in plume horizontal momentum
occurs without any accompanying dilution. This as-
sumption, then, provides more bendover for the same
dilution, which helps to restore the needed balance.
Even if valid, the physical basis for this assumption has
not been clarified. However, if one includes the bent-
over-plume assumption, the usual buoyant force
acting vertically, and properly adjusted entrainment
coefficients so that plume dilutions are correct, then
plume trajectories are still not sufficiently bent over
with the wind. Such behavior emphasizes the difficulty
of resolving the dilution/momentum-transfer conflict
in a physically believable manner.

(2) Different spreading rates for momentum and
temperature. The Hanna model assumes that the rate
of spread of momentum is larger than the rate of
spread of temperature, based on considerations by
Briggs (1975). The smaller spread of temperature than
momentum implies that a smaller buoyancy force
(determined from the temperature plume) will operate
on a larger mass (determined from the momentum
plume). This effectively reduces the buoyancy acting on
the jet. leading to more rapid plume bendover. The
Hanna model shows good trajectories and reasonable
dilutions for k < 1.5 in predicting the single-phase
EDF cases.

(3) Lengthening of visible portion of plume by means
of nontophat distributions. The Winiarski-Frick model
assumes no drag force and does not make the bent-
over-plume assumption. As expected, their tophat-
equivalent model for plume variables defined as cross-
sectional averages predicts a rapidly overdiluted plume
with early evaporation of liquid water. The tendency is
then reversed by appealing to the assumed cosine
distributions, which lead to a saturated core, even
when the average water vapor is subsaturated at the
average temperature at a particular plume cross sec-
tion. That this view of the plume is not entirely
successful is shown by this model’s persistent, if mild,
tendency to underpredict plume length.

To verify our evaluation of the mechanisms behind
the predictive trends for visible plume data, we tested
predicted trajectories and dilutions of three of the
better performing models with laboratory data.
Chosen were the Hanna and Winiarski-Frick models
(two of the most accurate models for single NDCT
visible plume length) and the Slawson-Wigley model
(widely known). The laboratory data were taken by
EDF in a neutrally stratified water flume. The Froude

number, F,, was varied between 0.4 and 50; and k
ranged from 0.5 to 5.0. A scale model of the hyperbolic
tower structure provided simulation of wake effects.
A fluorescein dye tracer was used for dilution
measurements.

The performance of each model in predicting
trajectory and dilution was consistent with the model's
behavior for those same quantities in our visible plume
data. For example, Fig. 3 shows a typical case with F,
= 0.8 and k = 1.0. The Hanna and Winiarski-Frick
model trajectories agree well with the observed trajec-
tory. However, the Winiarski-Frick model predicts
too great a dilution, consistent with its mild tendency
to underpredict visible plume length. The Hanna
model predicts too little dilution, consistent with its
moderate tendency to overpredict visible plume length.
The Slawson-Wigley model assumes no drag forces
and is apparently not calibrated optimally. The pre-
dicted plume trajectory lies above the observed one.
and the plume dilutes too slowly. Increasing the
model’s entrainment coefficient would improve both
predictions.

In summary, then, one must regard this first model-
ing issue as still unresolved. The correct balance
between momentum transfer by drag forces, entrain-
ment, and the action of buoyancy still needs to be
specified to give both correct trajectories and correct
dilutions as the plume develops. Supplementary in-
plume velocity data for dispersing cooling-tower
plumes would aid in resolving this question.

(b) Moisture thermodynamics

Except for models that did not account for liquid
water separately (Slawson-Wigley, Saame), all models
make the equilibrium assumption that as entrained
ambient air mixes with plume air and supersaturates or
subsaturates the plume, an immediate condensation or
evaporation occurs to maintain the plume at satur-
ation. If @, represents the average specific humidity of
the plume, Qs the saturation specific humidity, T the
average plume temperature and p the pressure at a
given height, then this assumption can be written

Q,=0QJ71.p\ &)

The average amount of liquid water in the plume has
an initial value at the tower exit. It is an additional
dependent variable, which changes in accord with
conservation of enthalpy, conservation of total water,
and Equation 5.

The main physical effect of these thermodynamic
assumptions in a model is that, instead of cooling with
adiabatic rise at a rate close to the dry adiabatic lapse
rate, the plume cools at the slower saturated adiabatic
lapse rate, y,. This lapse rate is a strong function of
temperature, ranging for most locations from 0.3 to 0.7
K (100m)~ 1.

Under most atmospheric conditions-the inclusion or
omission of thermodynamics has little effect on the
plume predictions of a model. However, in the 10-20 %
of field cases where thermodynamics is important,

<
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Fig 3. Comparison of model predictions of the Winiarski-Frick, Hanna,
and Slawson-Wigley models to Electricite de France (EDF) laboratory
data on: (a) trajectory and (b) dilution; data for a moderate cross-flow-
to-exit-velocity ratio. The alpha value refers to the exponent in the power-
law velocity profile with respect to height above the “ground,” x is the
downwind distance, and : is the distance above the tower.

both plume trajectory and plume length predictions
are very sensitive to thermodynamic assumptions. We
found that models which use the equilibrium assump-
tion and allow liquid-water and thermodynamic ef-
fects to occur across the entire temperature plume will
overéstimate these effects substantially. On the other
hand, models that treat the sum of liquid and vapor
water as a passive tracer with no thermodynamics
cannot predict some of the very large plumes that
result when thermodynamic effects are important.
As discussed earlier, thermodynamics has important
effects when ambient profiles indicate that plume
conditional instability or ambient latent instability, or
both can occur. Strong plume conditional instability

occurs under low winds, high relative humidities and
ambient temperature stratifications from mildly stable
(=~ 0.5K (100m)~?) to unstable. Large ambient latent
instability results whenever the ambient has high
relative humidity and near-neutral temperature strati-
fication. When either or both of these instabilities were
favored by ambient conditions and a model adopting
the equilibrium theory across the entire temperature
plume was used, the predicted plumes tended to be
long and high. Also, the data generally show extensive
plumes under these ambient conditions. However,
models that ignore moisture thermodynamics, assum-
ing total water is a passive tracer, often failed to predict
large observed plumes.
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Figure 4 illustrates a field case at Paradise in which
the observed plume shows the effects of these in-
stabilities. Here ambient stratification is unstable up to
100 m above the tower, with isothermal conditions
above that height. Due to the low ambient tempera-
tures, the moderate ambient relative humidities cor-
respond to saturation deficits that are small (less than
1gkg ™). The resulting large plume is a clear example of
the ability of moisture-related instabilities to produce a
large visible plume volume. The relative stability of the
ambient suggests that plume conditional instability is
the primary effect.

The model predictions shown in Fig. 4 also deserve
comment. The Weil-model prediction is short and low
with a reasonable predicted trajectory. The model uses
full equilibrium thermodynamics. In this case, how-
ever, the excessive dilution chosen for the model
prevents any realization of moisture-related in-
stabilities. The Frick model's short, low prediction
arises partly from overdilution. But both the
Winiarski-Frick and Frick models tend not to exhibit
effects of moisture-related instabilities for another
reason, as well. Although they intend to use full
equilibrium thermodynamics, the actual algorithm
chosen for the computer code leads to a significant loss
of liquid water. This loss helps prevent the prediction
of a large plume in this case and generally shortens
other plume predictions.

A more dramatic effect of the use of full equilibrium
thermodynamics can be seen in Fig. 5 for the Weil
model (cf. with Fig. 4.). The entrainment rate used in
the Weil model is so large that the model’s predictions
are normally very short. However, in this case, which
exhibits both instabilities, the model overpredicts
plume length. Even gross overdilution is insufficient to
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eliminate the effects of the .instabilities. kt appears,
then, that the modeling of moisture thermodynamics
across the entire plume cross section produces effects
that are too extreme. Other graphical comparisons of
the Weil model show the same, very instructive,
behavior (Policastro et al., 1980).

One might conclude then that a neglect of thermo-
dynamics altogether would be a better assumption. In
fact, models that did this still predicted extensive
visible plumes in cases where ambient latent instability
is high. But they failed to predict extensive plumes
when only plume conditional instability was present.
For example, Fig. 6 shows the Slawson-Wigley model
prediction for the same case as Fig. 4, a case in which
ambient latent instability is important. This model
includes no thermodynamics. However, in a similar
case when plume conditional instability is the domin-
ant mechanism, shown in Fig. 7, the Slawson-Wigley
model gives a very short visible plume prediction. The
complete absence of moisture thermodynamics in the
governing equations is thus also seen io be too extreme
for NDCT plume prediction.

As with the first unresolved issue, the most success-
ful models each incorporated mechanisms to avoid
either of these extremes. Two of the mechanisms were;

(1) Use of different spreading rates for moisture and
temperature. The Hanna model followed the spirit
of equilibrium thermodynamics. but assumed that
thermodynamic effects occurred over only about half
of the tgmperature-elevated portion of the plume cross
section. The cross-sectional area of the moisture plume
is reduced by this technique, but the total fluxes of
liquid water and water vapor are unaffected. As a
result, the moisture perturbations are larger by a factor
of R? (temperature plume)/R? (moisture plume). That
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F%g. 4. Single-NDCT plume predictions of the Weil, Frick and Winiarski-Frick models for a field data case
with weakly stable, low_ satu‘ration-deﬁcit ambient conditions and moderate winds. This data case exhibits
primarily plume conditional instability in the observed plume.
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Fig. 6. Single-NDCT plume prediction of the Slawson-Wigley model for a case with near-neutral, low
saturation-deficit ambient conditions and low winds, showing the model’s ability to represent effects of
ambient latent instability.

assumption clearly reduces the degree of thermo-
dynamic effects. It leads to less plume conditional
instability because the plume lapse rate lies between
the dry adiabatic and saturated adiabatic lapse rates.
The physical basis offered for this assumption is that
the moisture occurs in pockets inhomogeneously
across the temperature plume. But detailed experi-
mental evidence will be needed to verify this picture,

especially with the use of a moisture-plume area that is
exactly half the temperature-plume area in all cases.
(2) Use of nontophat distributions. In the
Winiarski-Frick model, a large entrainment rate is
assumed, which leads to overdilution of average plume
properties and early disappearance of liquid water as
discussed above. Beyond this point the average plume
mixing ratio drops below saturation at average plume
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Fig. 7. Single-NDCT plume prediction of the Slawson-Wigley model for a case with near-neutral ambient
temperature stratification, low winds, and moderate saturation deficits above 700 m, exhibiting the model’s
inability to represent effects of plume conditional instability.

temperature. However, the assumed cosine profiles of
temperature and mixing ratio in the plume cross-
section will peak at the plume centerline so as to yield a
supersaturated central “core”, resulting from the non-
linearity of the saturation curve.

Considerable additional mixing (a 3.37-fold increase
in mass fiux) is necessary with the assumed distri-
butions of temperature and water vapor to subsaturate
the plume at its centerline. No thermodynamics are
included after the average properties become sub-
saturated. The Winiarski-Frick procedure markedly
extends the visible portion of the plume, but also
effectively eliminates the occurrence of plume con-
ditional instability in the predictions. The model’s
predictions are usually quite short for long plumes.
Thus, this method for reducing thermodynamic effects
in plume predictions in order to agree with observ-
ations is only partially successful.

We conclude, therefore, that the nature and degree
of thermodynamic effects on a dispersing NDCT
plume is still unsettled. The validity of the two methods
of avoiding large thermodynamic effects is not clear.
In-plume moisture and temperature measurements
would help to resolve these issues.

() Effect of the tower wake on trajectory and dilution

As the ambient crossflow encounters the tower
structure, it produces a wake downwind of that
obstacle. The wake exhibits decreased pressure, but
increased turbulence intensity. A plume emitted from
the tower is generally affected in two ways by the tower
wake. First, the increased pressure differential between
the upwind and lee sides of the tower exerts a force on
the plume which tends to bend it over more rapidly,

and may even bend it below the tower mouth. Second,
the increased turbulence intensity in the wake causes
greater-than-normal entrainment and more rapid dil-
ution when the plume trajectory is low enough for a
plume/wake interaction to occur strongly. (We refer to
these effects generically as downwash effects.)
Tower-wake effects for large winds are important as
a result of an analysis of our field and laboratory data.
Of the time-averaged visible plume outlines for the 39
single-tower NDCT data sets, the 10 cases where
k > 1.5 have plume outlines and/or centerlines that
drop below the tower exit plane near the tower.
Further, the EDF laboratory data show that, for F,
= 0.8 and k> 1.5, the tower wake causes increased
dilution and lower trajectories as compared to ex-
pected dilutions and trajectories extrapolated from
low-to-moderate wind values. Thirteen of the 15
models studied ignore tower-wake effects altogether.
In reality, downwash due to the tower structure isnot a
physical phenomenon that can be treated consistently
within the integral approach, since integral methods
implicitly assume no boundary interference. However,
empirical formulations can be added to simulate the
effect of the wake and will hopefully prove adequate.
The two models that attempt an empirical treatment
of downwash are the KUMULUS and Slawson
(Closed Form) models. The KUMULUS model in-
cludes an additional downward force acting on the
plume and assumes additional entrainment. However,
in the Slawson model, only the trajectory is modified
by means of an empirically fitted downwash constant
in the trajectory equation. That constant was obtained
through calibration of model predictions to the 13
Paradise cases used in this study. The trajectory
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constant also modifies the effective entrainment rate,
because, as used, it affects radial growth. Un-
fortunately, Slawson’s treatment of downwash seems
to reduce radial growth and dilution rather than
enhance it; however, trajectories are definitely lowered.

Figure 8 shows a dramatic effect of the omission of
wake effects in most models. The data are replotted
from the EDF laboratory tests with F, = 0.8 and k
varying from 0.5 to 3.0, where the presence of a scale
model of the tower produces a realistic wake.

In Fig. 8 the downwind distance at which a factor-
of-10 dilution occurs is plotted against k with all other
parameters fixed. Note that, as k begins to increase, the
factor-of-10 dilution occurs farther downwind until
about k ~ 1.7, beyond which it occurs increasingly
closer to the tower. This latter decrease happens
because the lower plume trajectory ailows the plume to
experience increased turbulent mixing in the tower
wake. None of the three models shown exhibit this
trend, as one would expect given the absence of a
tower-wake formulation in the models. The Slawson
(Closed Form) model is not presented here because its
downwash effects are turned off in neutral stratifi-
cations. having been calibrated only for cases from
very stable to near neutral. The effect of tower
downwash on plume trajectory is shown in Fig. 9.
When this figure is compared with Fig. 3, one can see
that models whose trajectory predictions were good
for k = 1 generally predict trajectories that bend over
too slowly at high k; and all models shown underdilute.
Thus, downwash effects are the third important area of
NDCT plume modeling needing better development.

(d) Atmospheric diffusion formulations

Atmospheric turbulent diffusion emerges as the
main mechanism for further mixing and dilution of the
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Fig. 8. Comparison of downwind distance in tower diameters

at which 10:1 dilution of tower effluent occurs as a function of

k. Results of EDF laboratory data are compared with

predictions- of the Hanna, Winiarski-Frick and
Slawson-Wigley models.

plume as its buoyancy and velocity relative to the wind
approach zero. Then the plume properties become
nearly passive tracers for further turbulent diffusion.
Differences between the formulations chosen for dif-
ferent models were of several types.

(1) Some models assumed turbulent diffusion
throughout plume rise; others included this type of
mixing only after some criterion was met, related to the
plume’s becoming passive in the ambient environment.

(2) Different criteria were chosen to initiate the
atmospheric diffusion phase, such as the updraft
velocity vanishing, or the plume slope falling below a
standard small value.

(3) Modelers selected different cross-sectional
shapes for the diffusion phase, different spreading
rates, and different dependences of both on ambient
stability.

Ten of the 39 single-NDCT plumes and most of the
multiple-NDCT cases at Amos show visible plumes
beyond the point where the trajectory has leveled off.
Omission of a treatment of atmospheric diffusion
seriously affects a model’s ability to treat this type of
plume. For this reason, the models by Hanna and by
Stephen and Moroz could not provide definite plume-
length predictions for many of the cases.

Seven of the 15 models, however, did include a
separate means for calculating atmospheric diffusion
of the plume. Except for the Lee-Batty model, all
incorporated the work of Pasquill (1962) in some form,
using Gaussian distributions of plume variables. The
Gaussian widths are a function of downwind distance
and atmospheric stability class.

We cannot establish the validity of this type of
method simply from the model/data comparisons for
the relevant cases, because other sources of model
variability caused widely differing diffusion-phase re-
sults with the same type of method. For instance, the
use of different criteria for entering the diffusion phase
led to different initial conditions for atmospheric
diffusion for the same case. Also, there were inherent
differences between model predictions for the rising
phase of plume dispersion, giving differing initial
conditions for the diffusion phase.

Pasquill’s methods may not be applicable above
about 200 m and particularly within elevated inver-
sions. However, their use in the final stage of plume
dispersion or the identification of superior alternatives
clearly merits further testing and study. Atmospheric
diffusion data at heights above 200 m are needed as a
basis for more reliable formulations.

(e) Methods for plume merging

Plants with more than one NDCT require the
modeling of the merging of plumes from separate
towers into a combined plume. When plumes merge,
their circumference-to-area ratio decreases, and their
total entrainment rate decreased below the cumulative
entrainment rate of the previously unmerged plumes.
Thus, relative to the unmerged plumes, the effects of
buoyancy are increased and dilution is reduced, delay-
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ing evaporation of liquid water. As a result, longer and
higher-rising plumes can be expected when plumes
merge.

Only six of the 15 models studied were formu-
lated to handle multiple-source configurations. The
methods used, while not fully satisfying from a physi-
cal point of view, did partially represent the enhanced
buoyancy and slowed dilution expected for merged
plumes. But none included the effects of wind direction
relative to the configuration of sources, which can be
important. We selected 26 multiple-NDCT cases from
Neurath and Amos to test the predictions of these six
models. Typical predictions of each model are shown
in Figs 10 and 11. -

The models used two basic merging methods:

(1) The Orville and Calabrese-Halitsky-Woodard
models specify an effective source, as though the
plumes were merged into a singular circular cross-
section plume in the exit plane. The fluxes of the
merged plume are matched to the summed fluxes of the
individual sources.

(2) The Lee, Hanna and Slawson-Wigley models
adopt the most realistic method used. The primary
(largest) plume is followed according to the single
NDCT submodel until its radius grows to half the
separation distance to the nearest tower. Then the
plumes are all merged suddenly into a single round
plume, which has the same total fluxes of mass,
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Fig. 11. Typical multiple-NDCT plume predictions of the Hanna, Slawson-Wigley and ORFAD models.

momentum, enthalpy and water. Since the larger
cumulative entrainment and dilution typical of the
separate sources is allowed to persist longer than with
method (1), the procedure gives plumes that dilute and
bend over faster.

Because of the differences between the formulations
of the six models, the relative merits of these two

approaches cannot be evaluated from the model/data
comparisons alone, since the variations in predictive
performance between the models due to differing
assumptions mask the more subtle differences caused
by choice of merging logic. If our data base included
source geometries where the tower centers were spaced
more widely than 2 or 3 diameters, the difference



Evaluation of mathematical models 79

between the last two methods would probably be more
pronounced in the model/data comparisons.

Model performance statistics for all six models were
worse for the 26 multiple-NDCT cases than for the 39
single-NDCT cases. Perhaps none of the three ap-
proaches is an adequate approximate representation of
the actual merging process. It may be that neglect
of wind-direction effects, failure to use a three-
dimensional picture to determine “nearness” of the
unmerged plumes, and failure to represent sequential
merging of individual plumes in appropriate geomet-
ries (rather than simultaneous merging of all individ-
ual plumes in one cross section) are the inadequacies
leading to the predictive degradation noted. We believe
the effects of wind direction on the merging of plumes
are significant and should be included in multiple-
tower models. However, the Amos subset (759,) of
multiple-tower data cases has the greatest uncertain-
ties associated with it; and also for these cases the
atmospheric diffusion phase formulation plays a
proportionately larger role than it does for single-
tower cases. Thus, some caution must be shown in
trying to attribute the performance degradation of
models noted above to the treatment of merging of
plumes.

4. DISCUSSION OF MODEL PERFORMANCE

Another prime goal of this study is to specify the
degree of accuracy achieved in these currently available
models for predicting the extent of visible plumes from
NDCT installations. Quantitative characterizations of
model performance were obtained by computation of
selected model-performance statistics. In the follow-

ing, p represents the ratio of predicted plume length (or
rise) to observed plume length (or rise). Table 3 shows
the set of model performance statistical measures we
selected for single-NDCT cases and Table 4 shows
the same measures for multiple-NDCT cases. The
rationale for use of each specific measure will be
discussed first, and then categories of predictive ac-
curacy will be presented in terms of these statistics.

The range of p; illustrates the predictive extremes to
which the model was subject. The integer N records
the number of cases for which the model could not be
used because conditions for its application were not
met. For example, the Hanna, Stephen-Morozand Lee
models fa:led to give a definite length prediction in any
case in which the plume was still visible when the
updraft velocity first vanished. However, these models
gave definite rise predictions in such a case. Thus, N
for plume length was incremented by one, but N for
plume rise was not.

Given the uncertainties of the data and the results of
sensitivity studies we carried out. a prediction within a
factor of two should be considered a “good” predic-
tion. The integer N, measures the number of predic-
tions whose p value lies between 0.5 and 2.0. In
interpreting this statistic, one must remember that a
prediction can qualify within a factor of two on length
and not on rise or vice-versa. For length only. N, ( is
also tabulated, because model length predictions were
generally somewhat less accurate than rise predictions.

The final integer measure. V. is somewhat ar-
bitrary. Predictions outsid€ a factor of 5 were con-
sidered “misses™; but if a definite prediction resulted, it
was not considered a case where the model is inap-
plicable, and was not included in Ny. Values of p
outside a factor of 5 were omitted in the calculation of

Table 2. Characterization of the predictive trends noted from model/data comparisons for each of the 16 models
included in the study

Model

Predictive trend

* Calabrese-Halitsky-Woodard (PLG)

Frick
* Hanna

* KUMULUS (Motor Columbus)

* Lee (NUS)
Lee-Batty

* ORFAD
* Orville

Saame

Slawson (Closed Form)
* Slawson-Wigley
Stephen-Moroz
Tsai-Huang (S and W)
Weil

Winiarski-Frick

Winiarski-Frick 77

Balanced, but tends to overpredict length and rise for moderate-
length plumes

Extreme length underprediction, substantial rise underprediction.
Balanced rise predictions; tends to overpredict length in low winds.
high humidities

Balanced, but slightly underpredicts rise for long multiple-tower
plumes

Balanced for plume rise; very short for plume length

Extreme length underprediction, substantial rise underprediction
Very long and high, if a prediction is made at all

Overpredicts length and rise for single towers, more balanced for
multiple towers

Substantial length and rise underprediction

Balanced length and rise predictions

Underpredicts plume length and rise

Moderate overprediction for rise; tends to underpredict long plumes
Tends to underpredict rise when observed rises far; severely over-
predicts length of long plumes

Usually strongly underpredicts length and rise; but overpredicts both
in near-neutral, humid conditions

Substantial length underprediction for long plumes; slight rise
underprediction

Substantial length underprediction; moderate rise underprediction

* Indicates the model handles multiple towers also.
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Table 3. Performance statistics for 16 single-tower models based on visible plume rise and visible plume length in 39 field data

cases

Model Rangeofp, N, N; Ny p,= }TZP.' o, p, = 10V"Ellogn o,
Visible Plume Rise
Slawson—-Wigley 0.01-6.78 17 30 0 0.83 0.68 1.89 0.20
Slawson (closed form) 0.01-7.38 20 32 0 0.96 0.71 1.77 0.18
Weil 0.09-6.07 16 32 0 0.74 0.64 2.05 0.19
Frick 0.07-3.83 16 37 0 0.61 0.59 219 0.20
Winiarski-Frick 0.13-6.50 31 37 0 0.83 0.36 1.49 0.13
Winiarski-Frick (1977) 0.10-4.79 24 37 0 0.70 0.71 1.86 0.15
ORFAD 0.56-7.93 5 11 27 2.34 1.29 227 0.19
Hanna 0.23-11.00 30 38 0 1.27 0.82 1.60 0.16
Tsai-Huang
(Stone and Webster Engr. Corp.) 0.01-10.57 24 32 0 092 049 1.52 0.14
Lee-Batty 0.11-9.96 19 32 1 0.92 0.75 1.88 0.23
Lee (NUS) 0.21-1297 29 38 1.09 0.67 1.64 0.17
Calabrese—Halitsky-Woodard '
(Pickard-Lowe—Garrick Inc.) 0.10-1061 18 29 8 1.52 1.01 1.86 0.18
Stephen-Moroz 0.23-2052 24 35 0 1.44 0.97 1.68 0.19
Saame 0.47-9.70 17 36 2 2.08 0.94 201 0.17
Orville 044-3487 23 35 0 1.74 1.20 1.78 0.20
KUMULUS 0.03-2.60 27 35 1 095 0.49 1.50 0.14

Model Rangeofp, N, N,; Ny Np p,=%Yp, o, p,=10""Llles o,
Visible plume Length
Slawson-Wigley 0.00-6.50 7 11 24 0 0.72 0.77 233 0.19
Slawson (closed form) 0.00-22.87 1319 27 0 1.15 1.09 212 0.17
Weil 0.01-24.27 5 7 19 0 0.52 0.54 2.85 0.19
Frick 0.03-0.61 3 4 15 0 0.36 0.13 299 0.15
Winiarski-Frick 0.08-2.39 23 27 33 0 0.79 0.49 1.77 0.15
Winiarski-Frick (1977) 0.06-1.79 14 20 30 0 0.66 0.45 2.11 0.20
ORFAD 0.32-16.18 0 0 2 17 249 2.17 379 0.09
Hanna 0.19-2.90 2123 27 11 1.21 0.71 1.57 0.15
Tsai-Huang
(Stone and Webster Engr. Corp)  0.01-4.90 19 21 28 6 1.68 1.08 1.81 0.19
Lee—Batty 0.00-3.93 8 14 24 2 0.85 0.90 227 0.15
Lee (NUS) 0.00-0.94 5 7 21 2 0.41 0.22 2.76 0.20
Calabrese-Halitsky-Woodard :
{Pickard-Lowe-Garrick Inc) 0.04-541 13 19 27 8 1.27 0.95 1.90 017
Stephen-Moroz 0.10-383 16 18 23 13 1.41 0.98 1.60 0.19
Saame 0.09-24.35 11 19 28 2 0.75 0.81 221 0.15
Orville 0.27-17.04 20 23 32 0 1.72 1.22 1.72 22
KUMULLUS 0.01-75.38 27 30 33 1 L1l 0.80 1.59 0.16
Notes:

p; is defined as the ratio of predicted to observed (either length or height as indicated).
N, is the number of times the prediction is within a factor of 2, i, 0.5 <p; <2.0.
N, 5 is the number of times the prediction is within a factor of 2.5, i.e, 04 <p; <2.5.
N, is the number of times the prediction is within a factor of 5, i.e, 0.2 <p; <5.0.

N is the number of failures of the model in 39 data sets.

g, is the standard deviation of the p; distribution.

o, is the standard deviation of the |log p;| distribution.

mean p values, 5o as not to mask predictive trends by
occasional serious mispredictions.

Finally, two different mean p values were computed
for mode! length predictions and rise predictions
separately. The usual arithmetic mean, §,, and its
standard deviation, ¢,, gives evidence of systematic
overprediction, underprediction or balanced under-
and overprediction. The second mean, p,, is the log
mean, which tends to deemphasize the substantial
misses. In comparing the p values tabulated for the
models, we must consider N 5 along with them, because
amodel with a large N may be penalized for moderate

mispredictions, while another model may have a small
N, but good p values for that small subset of the data.

Because users of NDCT plume models have differ-
ing goals, it is not possible to single out one or several
of these statistics, or to form a single combined
measure of performance, in order to rank the models in
a way suitable for all users. Much more can be learned
from a careful comparative study of Tables 3 and 4
than can be learned from a simple ranking of models
for predictive accuracy, or even a grouping of them.
But to summarize the predictive ability of state-of-the-
art models for single-NDCT visible plumes, we have
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Table 4. Performance statistics for seven multiple-tower models based on visible plume rise and

visible plume length i

n 26 field data cases

Model Rangeof p, N, N; Ny p, g, i o,
Visible Plume Rise
Hanna 0.24-5.50 19 25 0 117 063 151 015
Slawson-Wigley 0.12-3.27 13 20 0 098 07t 171 016
ORFAD 0.44-3.73 0 3 23 207 134 258 011
Lee (NUS) 0.19-7.25 19 24 0 110 050 156 0.14
Orville 0.38-66.25 18 25 0 15 106 172 0.18
Calabrese—Halitsky-Woodard
(Pickard-Lowe—Garrick Inc.) 0.23-2.31 9 17 9 092 062 184 021
KUMULUS 0.21-1.81 19 25 1 083 042 164 021
Model Rangeof p, N, N,; Ny N 5, g, P2 g,
Visible Plume Length
Hanna 0.08-3.03 9 9 11 13 105 069 154 0.8
Slawson- Wigley 0.01-2.46 5 8 13 0 080 067 224 0.9
ORFAD 14.42-39.46 0 0 0 23 00 00 10 00
Lee (NUS) 0.0-1.20 2 2 7 6 048 039 289 027
Orville 0.02-21.83 11 14 18 1 093 067 184 019
Calabrese-Halitsky-Woodard
(Pickard-Lower—Garrick Inc.) 0.03-1.06 7 7 10 9 069 929 167 023
KUMULUS 0.03-4.61 10 13 23 1 134 120 217 020
Notes:

p; is defined as the ratio of predicted to observed (either length or height as indicated).
N, is the number of times the prediction is within a factor of 2, i.e,, 0.5 < p, < 2.0.

N, 5 is the number of times the prediction is within a

factor of 2.5, i.e,, 0.4 < p, < 2.5.

N is the number of times the prediction is within a factor of 5, i, 0.2 < py <5.0.
N is the number of failures of the model in 26 data sets.

o, is the standard deviation of the p, distribution.

0, 1s the standard deviation of the |log p,| distribution.

adopted the following criterion, which seems to
emerge naturally from the predictive accuracy of the
better-performing models: for half of the cases model
predictions are within a factor of 2 for visible plume
rise and a factor of 2} for visible plume length. The
models of Hanna, Motor Columbus (KUMULUS),
Orville, Slawson (Closed Form), Tsai and Huang
(Stone and Webster), and Winiarski and Frick satisfy
this criterion. Their performance for the prediction of
visible plume outlines is also best upon examination of
our complete set of graphs similar to those in Figs 4-7.
The graphical comparisons and performance statistics
of the Frick and ORFAD models show overall poor
performance. All other models tested provide com-
paratively fair predictions.

For predicting multiple-NDCT visible plumes, we
used the same criterion to express the state-of-the-art
predictive capability of models for the Neurath and
Amos cases. The models of Motor Columbus
(KUMULUS) and Orville satisfy this criterion. The
models of Hanna, Slawson and Wigley, and Lee can
predict visible plume height within a factor of 2 at least
509, of the time, but they fail to predict visible plume
length adequately, partly for reasons detailed above.
The Calabrese-Halitsky-Woodard and ORFAD
models showed overall statistically poor performance
in predicting both visible plume length and rise for the
multiple-NDCT cases.

In general, the models that performed best for single

AE 1B:1 . F

and multiple tower sites seem to be those that were
calibrated to field data. The Hanna model was cali-
brated to data from the Amos site. KUMULUS was
calibrated to our entire data base. Earlier runs we
received from Motor Columbus based on prior calib-
ration of KUMULUS showed a systematic over-
prediction of visible plume rise with our data. Slawson
adjusted the coefficients in his modet based on the 13
Paradise cases, which were his measurements. The
Orville model was calibrated to mechanical-draft
tower data from Benning Road. coliected by Meyer et
al. (1975). The most striking evidence on this point
comes from the Winiarski-Frick model. The 1977
version of the model was calibrated to laboratory
trajectory data and gave performance statistics as
shown in Table 3. Currently, the model is reformulated
and recalibrated on the basis of our single-NDCT data.
Tke level of improvement in model performance
achieved when a large field database was used is
evident from the Table 3 values for the two
Winiarski-Frick models.

5. SUMMARY AND CONCLUSIONS

Sixteen mathematical models for visible-plume
prediction from natural-draft cooling towers are
evaluated theoretically and tested with 39 sets of
single-tower visible-plume field data from three sites
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(Paradise, Kentucky;, Chalk Point, Maryland and
Liinen, West Germany). Seven of these models with the
capability of treating plumes from multiple towers are
further tested with 26 sets of multiple-tower data from
two sites (Amos, West Virginia and Neurath, West
Geérmany). The visible plume outlines provided by
these data give information on the trajectory of the
plume as well as dilution (from the final plume length
and rise). Single-phase laboratory data on NDCT
plumes were also used to supplement these data
allowing us to test some aspects of model behavior
under selected sets of ambient conditions. The model/
data comparisons prepared for this study revealed
systematic behaviors in the predictions of most models
which we were able to trace to model assumptions.

A wide range of predictions occurred among
the models. Six single-tower models [Hanna,
KUMULUS, Orville, Slawson (Closed Form), Stone
and Webster, and Winiarski and Frick] and two
multiple-tower models (KUMULUS and Orville) per-
formed best based on the criterion that visible-plume-
length predictions be within a factor of 2.5 and visible-
plume-height predictions be within a factor of 2 of the
observed in at least 50° of all cases tested. No model
has performed consistently well for all data sets. The
better performance of the competitive models is partly
due to the fact that most of them (except Stone and
Webster) have been calibrated with field data.

Model/data discrepancies are partly due to model
errors and partly to data-measurement errors. The
level of accuracy of the data (ambient profiles, tower
exit conditions, and visible plume outlines) makes it
unlikely for a model to predict better than a factor of
1.5-2 in most data cases.

Our theoretical analysis of the model formulations
revealed that models that correctly predict the plume
trajectory due to the entrainment mechanism alone
will overpredict dilution. The addition of a pressure
drag force or use of the bent-over-plume assumption is
helpful, but does not completely correct the problem of
accurately providing both trajectory and dilution. The
highly buoyant nature of NDCT plumes may not be
modeled accurately in the theoretical formulations.

A second area of common difficulty lies in the
treatment of plume thermodynamics. Numerical
studies show that, in 10-20°_ of our field data cases,
the feedback effects of thermodynamics on dynamics
are important. In such cases. plume conditional and/or
ambient latent instability is important. Unfortunately,
when these effects prevail, their treatment by models
yields too severe an impact due to thermodynamics
(generally too large and voluminous plumes are pre-
dicted). In-plume data on liquid-water content and
lateral extent would help greatly to clarify which
assumptions are most correct. A recent study by
Coulter (1979) of the relationship between the sizes of
the temperature and moisture plumes is a step in this
direction.

A third problem area relates to the effect of tower
downwash. Laboratory and field data show that at

moderate-to-high winds there is (a) an additional
pressure force pulling the plume downward into the
tower wake and (b) additional entrainment due to
plume interaction with the turbulent tower wake. Only
two of the 16 models evaluated attempt to account for
these effects. In general, models predict a relatively
small dilution (at fixed distances downwind) under
high wind conditions, instead of the very large dilution
that actually occurs. This erroneous behavior is sys-
tematic in all models we tested.

The fourth problem area relates to plume merging.
Simplistic methods such as the “equivalent source”
method ignore effects of wind direction on the rate of
entrainment during plume merging. Finally, the treat-
ment of the atmospheric diffusion place is generally
empirical and lacks data on plume dispersion
200-1000 m high under differing ambient stabilities.

It is interesting that the more successful models
employ mechanisms (correct or not) that attempt to
respond to the first two problem issues. The more
successful models employ an additional mechanism to
provide additional bending without additional mixing.
They also incorporate some mechanisms for reducing.
but not eliminating, moisture thermodynamics. The
correctness of any of these additional bending mechan-
isms remains to be determined.

Improved predictions for single- and muitiple-tower
NDCT plumes can be made by improving model
assumptions by resolving the above issues. As a
practical matter any of the models studied would
perform better with our database if the model were
calibrated on the basis of these data. An analysis of the
lab and field data for systematic behaviors will help
define trends to be predicted by the models. Once
better model assumptions are defined, a calibration of
the improved model to laboratory and field data can be
accomplished. The data base encompassing lab and
field data are sufficiently strong, consistent. and diver-
sified to permit such improvement.
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