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ABSTRACT

This report reviews recent research on cooling-tower plume dispersion carried out
in Germany, Switzerland and France. A large quantity of good-quality laboratory
and field data are available which can aid in the validation and improvement of
cooling-tower plume models. Laboratory data from E1ectric1té de France (EDF)
provide basic parametric information on plume dispersion from one, two, and four
towers of natural-draft type. Visible plume field data from Gardanne, Lunen and
Neurath (supplemented by ambient profiles and tower-exit measurements) provide,
in total, 24 new data cases for use in model validation and improvement studies.

Other data available include measurements at tower exit of liquid water emission
rates, droplet-size spectra and temperature/velocity profiles. Profiles of
velocity and temperature across the tower top at Neurath have revealed several
distinct flow configurations depending on the wind speed at tower top.

Existing European models for cooling-tower plume dispersion are reviewed. Two
of the most popular models (KUMULUS and FOG) are tested with field data and found
to perform on par with the better U.S. models.

A two-year climatological study at Niederaussem presented interesting information
on the long-term physical and biological effects of the cooling towers. A study
of bacterial emissions of cooling towers using waste water revealed no significant
adverse effects at and in the vicinity of the cooling towers.



EPRI PERSPECTIVE

PROJECT DESCRIPTION

Argonne National Laboratory is performing an effort to develop, improve, and
validate mathematical models of cooling tower plumes. Emphasis is being placed ol
prediction of visible plume trajectory and deposition of saline droplet drift fror
. the tower. Visible plumes and saline drift are environmental impacts of cooling
towers that must be considered in power plant siting studies and licensing. A
validated mathematical model of plume dispersion provides the industry with the
tool required to make an assessment of environmental impact of the cooling tower.

This interim report, in five volumes plus an executive summary, describes results
accomplished to date:

Executive Summary--Overview

Volume 1--Review of European Research

Volume 2--Single-Source Model

Volume 3--Drift Modeling of Single Sources
Volume 4--Multiple-Source Mode!

Volume 5--Drift Modeling of Multiple Sources

In a continuing effort, emphasis is béing placed on developing a master model tha
is user-oriented and designed specifically for siting and licensing studies.

" PROJECT OBJECTIVES

The goal of this effort is to develop, improve, and validate mathematical models
of cooling tower plume dispersion for individual and clustered mechanical- and
natural-draft cooling towers. The overall goal is to provide the utility planner
with a tool for studies involving the environmental impact of cooling tower
plumes.

PROJECT RESULTS

A model that has been developed and validated has prediction capabilities that ar
superior to other available mathematical models of cooling tower plume dispersion

°



For example, in 77 percent of all cases of single sources that were studied, the
model predicted a visible plume rise within a specified accuracy. This was the
best performance among all available models (over a dozen) that were 1nvestigafed.

This effort has also produced a useful review and summary of European research on
cooling tower plume dispersion (Volume 1). Workshops in the fall of 1981 and in
1982 are being planned to disseminate to the industry the computer code that is
being developed.

This series of volumes should be of value to utility planning engineers concerned
with the impact of cooling tower plumes on plant siting.

John A. Bartz, Project Manager
Coal Combustion Systems Division
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SUMMARY

This report reviews recent research on cooling-tower plume dispersion carried out in
Germany, Switzerland, and France. Of interest are experimental data taken both in
the laboratory and in the field which would aid in the validation and improvement of
cooling-tower plume models. In addition, we sought to investigate the theory and
performance of available European models for cooling-tower plume dispersion.

A large quantity of good quality experimental data were found to be available.
Laboratory data from Electricité de France (EDF) provide basic parametric studies on
plume dispersion from one, two, and four towers of natural-draft type. Measurements
were made of plume trajectories and dilutions (through dye concentrations) under
fixed tower and ambient conditions where K, the ratio of tower exit velocity to wind
speed, was varied. The data show the important influence of the wake of the tower
structure in increasing plume bending and increasing dilutions for larger winds.

The effect of increasing the number of towers from 1 to 2 to 4 (in different geo-
metric configurations) were also studied in terms of effects on trajectory and
dilution.

Visible plume field data from Gardanne, Liinen, and Neurath (supplemented by ambient
profiles and tower-exit measurements) provide, in total, 24 new data cases for use
in model validation and improvement studies. The quality of the data range from
fair to good. The data represent a large range in ambient conditions and levels of
heat and moisture release. An intensive study involving in-plume measurements at
Neurath (three towers) and Meppen (one tower) has provided considerable insight into
the physics of dispersion from the visible and invisible plume. The visible portion
of the plume was found to be at the topmost part of the plume, viewing it in a
vertical plane; the visible portion is thereby not centered about the centerline of
the invisible plume. In addition, small temperature and humidity effects at ground
level were noticed from plumes from NDCTs under unstable atmospheric conditions.

European measurements of cooling tower exit conditions have included 1iquid water
emission.rates, droplet-size spectra, and temperature/velocity profiles. Field
measurements on natural-draft cooling towers indicate that drift contributes about



20% to total liquid emission rates. Differences among measurements between dif-
ferent instruments applied at the same site, Neurath, are partially explainable as a
result of temporal and spatial variations of liquid water emission in the tower. A
competition among most European methods of measurement of liquid water and droplet
spectra was made under controlled conditions at a lab tower. Results are not yet
available. An empirical formula for 1iquid water emission (recondensate only) has
been developed at the Technical University at Aachen. The formula is based on
measurements made at lab and prototype towers of natural-and mechanical-draft type.
The formula has been used for estimating tower 1iquid water emission for dates in
which field data on visible plumes were acquired but no tower 1iquid water emission
rates were measured.

Profiles of velocity and temperature across the tower top at Neurath have revealed
several distinct flow configurations depending on the wind speed at tower top. At
Tow winds, thermal instabilities result in cold air entering the tower affecting the
mass, velocity, and temperature of the emission. At larger winds, puffing or vor-
tices occur in the emitted plume. Implications for better tower design are dis-
cussed. Implications for plume modeling of these cold air incursions into the tower
may be important due to the resulting alteration of tower exit conditions due to
cold ambient air mixing in the tower.

European models for cooling-tower plume rise may be divided into two categories.

The first refers to models developed for and commonly used for environmental impact
analyses; the second classification are those models which are more complex in
formulation and are expensive to run but were developed with the primary aim of
representing internal plume dynamics in a microscopic level. The KUMULUS Model of
Motor Columbus Consulting Engineers and the FOG Model of the Swiss Reactor Institute
were tested by us with field data from single and multiple natural-draft c601ing-
towers. The KUMULUS Model (recalibrated version) performed as well as any available
American model. FO0G Model predictions tended to give visible plumes that were
shorter and of lower rise than the observed visible plume data. In spite of this
systematic behavior, the FOG Model performed on par with the better U.S. models.

The only major climatological study carried out in the U.S. and Europe was performed
during the period 1972-1974 at Niederaussem, a 1500 MWe plant containing both
natural and mechanical-draft cooling towers. Some conclusions from the physical
measurements follow. First, plume shadowing was imperceptibly small beyond 1000 m
from the towers; interestingly, however, irradiation along the sunny side of the
visible plume is increased by 5-10% across a considerable area by reflection by

-
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the plume fog droplets, which appear to be white. Second, temperatures are almost
always higher and relative humidities lower on the lee side of the power station
than corresponding values on the upwind side. The cause of the increased temperatur:
on the lee side is mainly the waste heat emitted by the power station itself,
probably the boiler house, rather than the cooling towers. Third, results seem to
indicate (yet not proven conclusively) that precipitation around the cooling

towers is a little higher than at a greater distance and that the cooling tower
plume occasionally led to an intensification of the precipitation in the immediate
vicinity of the cooling tower complex. Fourth, a shortening of the leaf wetting
duration on the lee side of the power station was also found.

A comprehensive study was carried out in the Federal Republic of Germany to assess
the possibility of germs being emitted from cooling towers when waste water was
being used for cooling. The study encompassed many fie1ﬁ tests on existing wet
cooling towers (inside and in the vicinity of the towers) where measurements of
micro-organism concentrations and types were made. These tests were supplemented
mainly with germ concentration measurements carried out on a laboratory cooling'
tower. No risk of infection was found from the lab or field studies and should
not occur, in general, for towers with modern drift eliminators.
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Section 1

INTRODUCTION

Much research has been carried out in Europe in the area of environmental impact of
evaporative natural- and mechanical-draft cooling towers. Much of the valuable
information acquired has not been made available to researchers in the U.S. Of
special interest is the laboratory and field data which have been acquired to aid in
the understanding of cooling tower vapor plume dispersion. Also of interest are the
mathematical models for plume dispersion which are commonly used for environmental
impact analyses. This réport summarizes the most important studies carried out to
date and reviews the direction of present work.

Since the major Timitation on the improvement in the state of the are of plume
modeling is the quality and quantity of the data base, a combined European and
American data base on cooling tower plumes provides special advantages for model
improvement. In addition, a review of the better European plume models provides an
expanded fund of ideas from which a better choice of assumptions for improved plume
(and drift models) can be made.

This report is divided into four parts. Section 2 reviews instrumentation and
measurements commonly made on natural- and mechanical-draft cooling towers. Those
measurements are mainly for tower exit conditions and are used as: (a) part of the
input data to plume (and drift) models and (b) information on the thermal perfor-
mance of the towers themselves. Section 3 describes European laboratory and field
data acquired on cooling tower plumes. Section 4 reviews the available plume models.
Section 5 evaluates two of the most popular European cooling-tower plume models with

American and European field data.



Section 2
INSTRUMENTATION AND MEASUREMENTS OF TOWER EXIT CONDITIONS

INTRODUCTION

Much of the published work studying the character and quantity of emissions from
cooling towers has been done in the Federal Republic of Germany. (A good dis-
cussion of the kinds of wet and dry cooling towers in operation in Europe may be
found in Refs. (1 - 3). Considerable insight has been gained in understanding the
physics of plume formation inside the tower and in quantifying the liquid water
emissions from cooling towers.

In the area of liquid water emission from fowers, German measurements have confirmed
that the water given off by the evaporative towers consists of two kinds of droplets:
1. those which have arisen by recondensation during the evaporative
cooling process in the cooling tower and are accordingly designated
"recondensation droplets". The recondensate droplets are generally

less than 10 um in diameter and contain negligible quantities of
salts

2. those which have arisen from spraying and are called "drift" or
"spray" droplets. Drift droplets are generally larger than 40 um
in diameter and contain salts that were present in the cooling water.

The theory of droplet growth predicts that the recondensation droplets, which are
the only ones responsible for the visibility of the vapor plume inside and outside
the tower, are nearly the same size and that the rate of fall of those recondensa-
tion droplets will not greatly exceed 1 cm/s. As a result, these droplets would be ‘
deposited far from the tower if they did not evaporate entirely. The drift size
ranges are, of course, larger and are independent of the thermodynamics of the tower
but are a function of the internal characteristics of the tower and the kind of
drift eliminators in use. Measurements on the mass flow rate for each type of
droplet (recondensate, drift) have been made on prototype towers in Germany as well
as measurements of the drop size distribution for both the recondensate and drift
drops.

The drift droplets are only important in drift déposition and have no effect on
plume dispersion. The recondensate droplets are important in that they provide the



initial liquid loading to the plume and affect the character of the visible plume.
Recondensate liquid emission generally ranges from 0.5 - 2.0 g/kg dry air. This
kind of range can lead to significant differences in visible plume lengths under
summer conditions; visible plumes are less sensitive to that range in initial liquid
water loading under winter conditions. Unfortunately, U.S. measurements of plumes
from cooling towers (Paradise, Chalk Point, and Amos sites) have not included deter-
mination of 1iquid water emission. That omission lowers the overall quality of the
data sets and in some summer cases makes it very difficult to predict visible plume
characteristics without an estimate of that initial Tiquid water loading. Although
summer plumes are generally small, a consistent theory of plume disperéion is sought
which can predict plumes from all seasons. Selected European data have included
these measurements. Field data for plumes which do not include tower exit liquid
water measurements may be improved through the use of a fairly accurate empirical
correlation for recondensate 1iquid water emission, recently developed from measure-
ments made in Germany. That interesting relationship, developed from prototype
measurements, was the result of work at the Institute of Steam and Gas Turbines at

Aachen and is presented below (4 - 6).

In addition to field measurements on liquid water emission from towers, advance?
ments have been made in the theory of evaporative cooling. Work at the Technical
University at Hanover has permitted a reasonably accurate predictive model of the
condensate load of the plume. That tower model (by Poppe (7)) was tested with field
data at a prototype tower and performed fairly well.

Of great interest to plume modelers is the work done at the University at Karlsruhe
in which detailed measurements were made in time of velocity and temperature at the
exit plane of an operating NDCT. Surprising patterns, especially concerning flow
instabilities were observed which may have profound implications on plume disper- .
sion. Those results too will be reviewed below.

Selected measurement methods on tower exit conditions and some sample results will
be described below. The instrumentation to be discussed here have been employed in:
two types of studies: (1) basic studies on the theory of evaporative cooling, and
(2) large coordinated plume mapping surveys where such instruments have been used to

provide measurements on tower exit conditions.



METHODS FOR MEASUREMENT AND RESULTS OF LIQUID WATER EMISSION FROM COOLING TOWERS

Throttle Calorimeter (Prof. H. Rogener, and Mr. H. Brandes, Technical University,
Hannover) (8 - 10) :

The throttle calorimeter measures the total droplet load (recondensate plus drift
contributions) of the plume at the point of measurement, usually taken just above
the drift eliminators. A diagram of the instrument and a diagrammatic representa-
tion of its physical principle appears in Figure 2-1. The principle employed is
based on the following. A thermodynamic peculiarity of gases (including moist
gases) is that they do not change their temperature during adiabatic throttling
(reduction in pressure by, for example, use of a vacuum pump) as long as such gases
do not contain any water droplets. However, if that air did contain water in droplet
form, then the water droplet/air mixture would actually cool during the throttling.
Thus, supersaturated air would go over into an unsaturated state as a result of the
lowering of its pressure. In fact, the droplet load can be computed directly from
measurements on the exact amount of cooling that occurred.

During the throttling, the partial pressure of the water vapor is Towered in the
same ratio as the total pressure of the mixture. In this way, the partial pressure
of the water vapor becomes smaller than the saturation pressure associated with the
given temperature. As a result, the droplets evaporate and provide additional water
vapor which the air absorbs. In this process, the droplet/air mixture provides the
necessary warmth for the evaporation itself and the mixture accordingly cools. If
the pressure in the throttle is lowered so far that the water droplets completely
evaporate, then the originally present droplet content can be determined in a simple
manner from the temperatures before and after the throttling occurred. The throt-
tling calorimeter thus reacts to the drop]et content only and thus its sensitivity

and accuracy can be made quite high.

An advantage to the method lies in the fact that the temperature difference referred
to above can be determined very precisely by means of a thermoelectric pile (dif-
ference in temperature between two thermocouplies). The local plume temperature,
which is actually the inlet temperature to the calorimeter, is also a necessary
input to the formula for evaluation of liquid water emission. That temperature can
be measured with moderate accuracy without significantly influencing the total
uncertainty of the measurement. A simple analytical expression for the droplet load
appears in Ref. (9), p. 51; only the plume temperature and thermocouple temperature
difference are required input variables to that formula. Interestingly, the actual
pressure and humidity state after throttling is not significant.
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In the field, the instrument is hung downwards into the upward plume flow in the
cooling tower so that a partial stream can enter isokinetically (at the same velocity
and direction as the upward plume flow). Within the instrument itself, the throttle
path is insulated against heat exchange with the environment. Ten minute to half-
hour periods of time are required at a fixed location for one set of readings.

Strip chart recordings from the thermocouples in the throttled section (actually
there are 6 thermocouple elements set up in front and 6 behind the throttle) indi-
cate when all drops have evaporated. [If a droplet has not completely evaporated
and strikes a thermocouple, the thermocouple temperature no longer reads dry-bulb
and jumps to wet-bulb value.] Clearly, the temperature difference measurable at the
throttle is not constant but has a fluctuating mean value which varies with time.

It is estimated that the maximum uncertainty of the measurement method is + 0.05
g/kg dry air.

It should be noted that one instrument provides only a point value of water 1oading
during a 10-30 minute period. The location chosen for measurement may not, of
course, represent the mean value of 1liquid water loading over the tower cross sec-
tion. Recall also that the throttle calorimeter provides total water loading, i.e.,
recondensate plus drift droplets. Additional means must be available to distinguish
the separate contributions of recondensate and drift to the total Tiquid water
loading. Interestingly, a mechanical-draft cooling tower (MDCT) run under zero heat
load provides no recondensation droplets but identical drift liquid mass emission as
the positive heat load case. Thus, an estimate of the relative contributions of the
recondensate and drift portions of the total Tiquid water emission for a MDCT may be
made with the knowledge of (a) the zero load 1iquid water emission and (b) the full
heat load 1iquid water emission. No such simple method of estimating the liquid re-
condensate contribution to the total Tiquid water emitted is possible for natural-
draft cooling towers. Measurements of the liquid loading for one of three towers at
Neurath (300 MWe) in the period Oct.-Dec. 1973 yielded values varying from 0.38-3.32
g water/kg dry air for total 1iquid emission.

It is interesting to note that one of Rogener's students (Poppe (7) in his Ph. D.
Thesis) has developed a mathematical model to predict the recondensate load from a
natural-draft cooling tower. Simulating the cooling tower (e.g., Neurath) as a pure
counter-current heat and mass transfer system (air flowing upwards into narrow
channels on whose walls the water to be cooled runs down as a film), Poppe wrote
continuity equations for dry air and water along with an energy balance for a
crosé—section of the tower. The ordinary-differential equation system which re-
sulted determined the state change which the air undergoes. As soon as the air has

m
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reached the limit of saturation, its additional state change is described by a
slightly different set of equations. Input to the model are: cold water temper-
ature, hot water temperature, ambient dry bulb and wet bulb temperatures, air pres-
sure, air flow through the tower, and water flow through the tower. The integration
of the coupled differential equations from the cold water temperature to the hot
water temperature yields the state of the vapor emerging from the inner components
of the tower. Results are in terms of water content, specific enthalpy, and weight
of water evaporated. A1l equations for the model are presented in the Ph.D. thesis
of Poppe (7). A short review of the model equations is given in Ref. (9). [The
computer code for the model is not presently available although the authors are
willing to run their program for those interested.] The Poppe model was compared to
throttle calorimeter water loading measurements at Neurath. There generally was
less than a 50% difference between predictions and observations. It should be noted
that drift contributions (not predicted by Poppe's model) to total 1iquid loading

of the plume at tower exit to about 20% based on other measurements at Neurath (9).
There were other difficulties in judging the model/data comparisons since the throt-
tling calorimeter measures the "instantaneous" (over 10-30 min period) and local
value of liquid loading at its measurement location, which, under certain circum-
stances may vary considerably from the associated time and space mean values pre-
dicted by the Poppe model. Results of some other measurements with the throttling
calorimeter are presented by Bung (ll).

Another published comparison of Poppe model predictions to field data is reproduced
in Table 1. Here the total droplet content measured at exit to a natural draft
cooling tower (equipped with drift eliminators) is compared to the content of
recondensation droplets to be expected according to the calculations of Poppe. The
agreement here is quite good. The influence of the outside air state on the inten-
sity of the vapor plume appears clearly. In this case, the droplets found in the
plume at tower exit appear to have been formed predominately (or nearly exclusively)
because of recondensation.

Diffuse Light Probe (Prof. G. Dibelius and Dr. A. Ederhof, Institute for Steam and
Gas Turbines, Aachen (4 - 6))

The diffuse light probe is an optical system which is used to measure the dropiet
size spectrum for droplets in both the recondensate and drift size ranges. Through
integration over the entire drop spectrum, the total water load of the emitted plume
may be computed from the measurements.
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The measurement principle for the probe is illustrated diagrammatically in Figure
2-2. The image of the arc of a strong light source is formed across a lens, the
aperture 1, and the objective 1 in a plane at the scattering volume. If a droplet
in a stream of droplets passes through that 1ight beam, then the 1ight is scattered
by it, i.e., it acts as an independent Tight source for an observer who views this
droplet. The intensity of the scattered light observed at a solid angle 6 is a
measure of the size of the scattering droplet. The frequency of occurrence of that
scattered light pattern determines the concentration of that size droplet in the
flow stream. For the measurement probe designed, the observation is carried out
90° to the direction of illumination.

The scattering volume is the volume cut out by both ray paths. It can be enlarged
or reduced over wide limits, as required. The larger the scattering volume chosen,
the more accurate is the measure of concentration of the larger droplet sizes. The
scattered lateral diffuse light in the direction of observation is conducted on a
second light path across the objective Z, the aperture 2, and a prism to a photo-
multiplier, which transforms the light pulses into voltage pulses. With the aid of
an oscillograph and pulse height analyzer, these impulses are recorded according to-
their size and number. With the aid of a previously set up calibration curve, the
particle sizes are determined from this.

The pulse width, i.e., the retention time of the particles in the scattering volume,
is a measure of the particle velocity. From the summation of all the particle
weights which fly through the cross section of the scattering volume (Tocated
perpendicular to the direction of movement of the particles) per unit of time, the
particle weight per unit time and area can be calculated. For the measurement of
water droplets in air, this is the local 1iquid flow rate.

Figure 2-3 shows the measurement probe as constructed. The probe is connected by
cables to the cooling tower during data acquisition. Measurements have been made at
the tower top and also above the drift eliminators. See Figure 2-4 for location of
diffuse light probe at the Meurath natural-draft cooling tower. At the tower top,
measurements are usually taken at 5 m steps along two cables traversing the tower
diameter in two perpendicular directions. Previous measurements above the drift
eliminators were less difficult due to available walkways and thus the probe was s
able to be brought to the desired measurement Tocation by hand. Measurement time
ordiparily amounts to several minutes per measurement point (for droplets in the
recondensate range). With the presence of the larger (and rarer) drift drops, this
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measurement time is protracted considerably. Longer measurement times can, of
course, lead to other questions such as synopticity of measurements. The probe

may be set at four sampling volumes (choice of 2 probe heads, each with a choice of
2 apertures). The sampling volumes allow measurements of drop diameters in the
approximate ranges: 0 < D < 70 um; 70 < D < 150-200 um; 150-200 < D < 500 um; and
Do > 500 um. Any number of droplet bins within each of those four ranges may be
reported. The probe is often combined with an anemometer for vertical speed deter-
mination and a temperature sensor. The updraft velocities so measured aid in cal-
culating the 1iquid mass flow per unit air mass flow of plume out of the tower.

Figures 2-5 and 2-6 show sample measurements with the diffuse light probe. Pre-
sented are droplet size spectrum measurements at the Staudinger MDCT for full load
(solid line, denoted "full Toad"). Note that two frequency maxima Figure 2-5 are
clearly distinguishable. This is typical of Dibelius-Ederhof measurements made to
date. The two distributions are separated by an intermediate range of droplet sizes
with very small droplet counts. Clearly, the droplet range 2-10 um refer to recon-
densate droplets and the range 40-80 um to drift droplets for that MDCT. Since the
results of Figures 2-4, 2-5 and 2-6 were determined on a ventilator (mechanical-
draft) Coo]ing tower, the recondensation process could almost entirely be suppressed
if there were no heat load from the power station but maintaining the standard air
throughput. In such a case, then, the only drops to be measured would be drift
droplets. Results of such measurements also appear in Figure 2-5 with the dotted
Tine referrihg to measurements made under zero heat load conditions. The river water
used in the discharge cooling (pumps operating only) in this case was somewhat
warmer than the air. Accordingly, it was slightly cooled in the cooling tower so
that some slight recondensation still appears. The ejection of large droplets is,
however, almost completely independent of the thermal load. Thus the light probe
has shown that recondensed and drift droplets can thus be separated by means of the
droplet size range for an MDCT. This was also confirmed by Dibelius and Ederhof
from theoretical considerations of the mechanism of the origin of the droplets.

Dibelius and Ederhof have made numerous measurements with their diffuse light probe
at natural-draft, mechanical draft, and experimental towers. They have found an
interesting empirical correlation between the recondensate liquid emission and tower
and ambient parameters. The correlation is presented in Figure 2-7. The graph is
from Dibelius and Ederhof; (6) the mathematical formula was developed at ANL to
represent that graph. The same correlation should apply for both NDCT and MDCT
prototype applications. Recent measurements at the NDCT at Meppen in the Federal



Republic of Germany indicated additional verification for the correlation. The
correlation provides that the more efficient a tower is on a particular date in
dissipating the waste heat, the less recondensate liquid emitted by the tower. We
have used the formula presented in Figure 2-7 as a predictive tool to astimate the
liquid recondensate emitted from MDCTs and MOCTs in cases where other plume data
were acqguired but the measurements did not include 1iquid recondensate emission.

A study (4) of the recondensate emitted during the Neurath study from Oct.-Dec. 1973
yielded some interesting facts about the recondensate 1iguid water emission from
ovhe of the three 300 HWe towers in operation.

1. Condensate flow distributions at different points along a diameter
traverse at the tower top showed marked variations. There was a
decrease in liguid recondensate emission starting from the Tee side
of the tower to the side exposed to the wind. The condensate flows
are not only subject to local spatial variations across the tower.
but to a strong degres to temporal variations. These temporal
variations are caused by periodic irruptions of cold air which come
in from outside the tower and can penetrate yery deeply into the
chimney part of the tower. The determination of iower mean values
of the liguid recondensate s made difficult due to the various
uncertainties resulting from such marked variations. These cold
afr dirruptions are very much wind-dependent which help explain the
often-noted wind-directional dependency of the condensate flow
distribution across the tower.

2. Larger condensate drop sizes were observed more in the summer than
in autumn. The weight of the droplets whose diameter is greater
than 5 ym for the summer measurement is about 50%; for the autumn
measurements, in contrast, it is less than 2%. In regions of the
tower exit where the condensate is less, the average drop diameter
is larger. This is a result of separation effects as a result of
cold air irruptions: smaller droplets follow a directional change
of the air flow more easily than do larger drops.

3.  Autumn measurements showed that the droplet spectra, measured above
the inner components of the tower, hardly differ from those at the
cooling tower top for the same tower operaticnal conditions. The
droplets are only slightly larger at the tower top, about 0.1 um
larger in average diameter due to the slight coagulation of droplets
on the way to the top. Thus not much growth occurs for these drop-
lets in their travel from the drift eliminators up to the tower top.

4, It is remarkable that the condensate flow differs qreatly depending
on updraft air velocity and air temperature differences in the fower
which together Tead to "cold" spots or "warm” spots. It was found
that when there are low plume temperatures and high updraft veloc-
ities at cold spots, the condensate load of the air is reduced to
about 6% or less of the corresponding value at the "warm" spots.
Sometimes no condensate is emitted from the cold spots. These cold
air bundles are locally fixed and might result from the wind influ-
ERCE.



5. In the transition from complete load on the tower to partial load,
the recondensate drop size distribution changes to somewhat larger
droplets. Also, there was found to be a 15-fold increase in con-
densate emitted at points on the tower exit where there are no
drift eliminators below.

6. For winter measurements, the recondensate 1iquid water emission
rate over the inner components of the tower was quite uniform across
the tower. The average diameter was always still small but clearly
greater than in the autumnal measurement; the condensate load was
higher than in the autumnal measurement.

Heat Probe (W. Roller and Prof. G. Ernst; Institute for Technical Thermodynamics;
University at Karlsruhe) (12)

This instrument provides another measure of the droplet load of the plume in the
cooling tower. The heat probe has been applied in the winter of 1973, the summer of
1974, the summer of 1975, the winter of 1976 and summer of 1976 in various weather
conditions in cooling tower C of the Neurath Power Station. It has been applied at
the tower exit plane and the plane just above the drift eliminators.

The measurement principle of the device (see Figure 2-8) is as follows: A partial
stream from the plume with a temperature of 84 (state "1" in Figure 2-8) is heated
up so that all the water droplets evaporate. After the heating, state "2" is mea-
sured with an aspiration psychrometer. If the saturation moisture X corresponding
to the entrance temperature 8, of the plume is subtracted from the absolute mois-

ture Xos then one obtains the droplet load XE] of the plume.

This droplet load consists of recondensate and drift droplets; the heat probe cannot
distinguish between these. Note the similarity to the throttling calorimeter: both
instruments work by evaporating all water droplets in the plume sample. However,
the throttling calorimeter evaporates them by setting up a very low pressure environ-
ment. The heat probe evaporates all drops by heating. The heat probe requires
measurement of the wet and dry bulb températures of the sample after heating. The
throttling calorimeter requires only the dry bulb temperature measurement in the
parcel state at low pressure (in addition to the plume dry bulb temperature upon
entrance to the calorimeter). The droplet content, as determined by the heat probe,
is calculated as the difference between two water vapor contents. This, in general,
appears as a relatively small difference between two large numerical values. The
measurement apparatus accordingly cannot achieve the sensitivity and accuracy of the
throttling calorimeter.
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The structure of the heat probe is also given in Figure 2-8. At the entrance to
the aluminum tube, which is 1 m leng with inner diameter 50mm and heat-insulated, a
jacket heating area 1500 mm long is tightly screwed on. In the interior of the
tube, about 130 mn from the Tower end, spirally arranged turbulence plates are
rigidly connected to the aluminum pipe. Above the turbulence p1atE§, the tube is
filled up to the flanae with aluminum wool on whose surface the water droplets are
separated and evaporated.

The plume is suctioned in isokinetically. The capacity of the jacket heating area,
which is continuously adjustable up to 800 watts, produces enough heat in the
aluminum tube and fn the turtulence plates that all the water droplets suctioned in
are evaporated. The flange provided with a heat-insulating seal thermally separates
the "evaperator section” from the "measurement section."

In the "measurement section", a blower moves the heated and unsaturated plume
through a turbulence screen to the aspﬁration psychrometer. The psychrometer and
the plume thermometer are mounted as a unit on a slide rail. The cheeseclath sheath
on the wet bulb thermometer 15 supplied with distilied water from the vesse] in the
lower part of the rail.

The resistances of a1l platinum thermometers are calibrated with a water triple-
point cell and a accurate measuring bridge (lppm}. For this reason, values up to
about 50°C can be measured with an accuracy of + 17100 C. Higher temperatures do

not occur during the measurements. Although the probes have a height of about 1.2 m.
they are light enough to be suspended on horizontally stretched wire cables. Another
odvantage of their Tow weight is their short thermal adjustment time, of about 2-3
minutes.

The above discussien of the measurement principle and probe assumed that the plume
air was saturated. This is true generally for natural draft cooling towers. However,
for low thermal load and relatively high air velocities in the inner components of a
ventilator {MOCT) cooling tower, it can happen that the plume is not saturated at

the measurement location, in spite of the presence ef cooling tower droplets which
may be carried along. In that case, an additional measurement must be made: the

wet bulb temperature of the plume sample entering the heat probe. Two cases are
passible. IT the plume sample after heating 1s supersaturated, then the d4ifference
in vapor contents vields the droplet load after saturation of the plume air. If, on
the other hand, the plume sample after heatine is subsaturated, then the difference



in vapor contents represents the greater moisture which must be added to the initial
plume sample to achieve saturation under equilibrium conditions. Details on these
possibilities are discussed further in Ref. (12). In all, the droplet Toad is
measured by the heat probe with an accuracy of 0.1 a/ka dry air.

An improvement in the measurement system was made and was first employed during the
summer of 1975. The three thermometers employed in each heat probe were interrogated
at the same time rather than individually as done previously. This shortened the
time of interrogation for the 4 or 8 heat probes often used for measurementé on one
cooling tower. Interrogation of all eight heat probes then would last only 24-80
seconds. This improvement was necassary considering the temporally varying plume
temperatures.

In the winter of 1973 and the summer of 1974, measurements were carried out with
four heat probes in the cooling tower top and four above the inner components of the
cooling tower. In the other measurement programs, 8 heat probes were sometimes used
at the same time, all located above the inner components of the cooling tower. In
any case, after one interrogation cycle, the temperatures of the ambient air, the
cold water and the warm water were'measured and recorded for the purpose of setting
up a correlation similar to Figure 2-7. The droplet loads measured by the indi-
vidual heat probes are determined.for each interrogation cycle. For the measure-
ments at cooling tower C at Neurath, results agreed, on the average, when done
simultaneously at the cooling tower top and over the inner components of the tower.

In Figure 2-9, the mean values of the droplet load XF1 are shown representing 3402
interrogation cycles (21,630 individual measurements). The data points represent

measurements of the droplet load of the plume at different times of the year. The
droplet Tload X1 of the plume is plotted as a function of the difference of the

mean water temperature 6 (arithmetic mean value from the warm water temperature

kim
and the cold water temperature) and the ambient temperature 0y-

- For conditions in the summer (small differences between the mean water temperature
Oyim and the environmental temperature eU), the droplet load of the plume is lower
than it is in the winter. The measurement points "P" indicate droplet loads XE1
for a cooling water flow reduced by about 30%. The measurement points "T" charac-
terize the droplet load XE of the plume with a capacity of the turbine reduced by
about 45%.
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in vapor contents represents the greater moisture which must be added to the initial
plume sample to achieve saturation under equilibrium conditions. Details on these
possibilities are discussed further in Ref. (12). In all, the droplet 1oéd is
measured by the heat probe with an accuracy of 0.1 g/ka dry air.

An improvement in the measurement system was made and was first employed during the
summer of 1975. The three thermometers employed in each heat probe were interrogated
at the same time rather than individually as done previously. This shortened the
time of interrogation for the 4 or 8 heat probes often used for measurementé on one
cooling tower. Interrogation of all eight heat probes then would last only 24-80
seconds. This improvement was necassary considering the temporally varying plume
temperatures.

In the winter of 1973 and the summer of 1974, measurements were carried out with
four heat probes in the cooling tower top and four above the inner components of the
cooling tower. In the other measurement programs, 8 heat probes were sometimes used
at the same time, all located above the inner components of the cooling tower. In
any case, after one interrogation cycle, the temperatures of the ambient air, the
cold water and the warm water were measured and recorded for the purpose of setting
up a correlation similar to Figure 2-7. The droplet loads measured by the indi-
vidual heat probes are determined.for each interrogation cycle. For the measure-
ments at cooling tower C at Neurath, results agreed, on the average, when done
simultaneously at the cooling tower top and over the inner components of the tower.

In Figure 2-9, the mean values of the droplet load XF1 are shown representing 3402
interrogation cycles (21,630 individual measurements). The data points represent
measurements of the droplet load of the plume at different times of the year. The
droplet load XF1 of the plume is plotted as a function of the difference of the
mean water temperature ewm (arithmetic mean value from the warm water temperature
and the cold water temperature) and the ambient temperature eU.

-For conditions in the summer (small differences between the mean water temperature
Oy and the environmental temperature eU), the droplet load of the plume is lower
than it is in the winter. The measurement points "P" indicate droplet loads XE1
for a cooling water flow reduced by about 30%. The measurement points "T" charac-
terize the droplet load XE] of the plume with a capacity of the turbine reduced by
about 45%.
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sation loads thus determined agrees with those measured by the heat probes in a
satisfactory manner. The differences amount to about + 0.3 g/kg.

The moisture content and condensate load of the plume are computed above. A deter-
mination of the drift loading follows from a balance on the electrical conductivity.
The balance requires knowledge of

. Mass of collected condensate, Me

° Air mass suctioned through the apparatus during the period of time
that the condensate was accumulated, ™ gy

Electrical conductivity of liquid in the condensate vessel, OF

° Electrical conductivity of the cooling water entering the cooling
tower, %m :

° Moisture content of the surrounding air, Xy and
) Electrical conductivity of the moisture in the surrounding air, oye

The conductivity balance equation can be solved for X to yield

(2-3)

Further details are presented in Ref. (13).

This apparatus is clumsy in comparison to the heat probes.. It is not very well
suited for measurements of the condensate load at several places at the same time or
even at the cooling tower top. Above all, the apparatus best serves to determine
the proportion of the drift water in the plume which is not removed by the drift
eliminators. Since the value of this magnitude can vary quite markedly across the
inner components of the tower, its mean value for the entire cross section of tﬁe
cooling tower only leads to a relative accuracy of about + 40%.

The conductivity-condensation method implicitly assumes that the electrical conductiv-
ity of drift droplets is equal to the conductivity of the cooling water. This is

a reasonable assumption since droplet spectra measurements by Dibelius and Ederhof
(presented earlier) on NDCTs have also shown that drift droplets do not grow or
evaporate between the location of the drift eliminators and the tower top.

Apparently, the time of travel from drift eliminators to tower top is too small

for significant droplet growth to be possible. For the same reason, we expect that
drift droplets will not be able to grow or evaporate significantly between for-
mation and capture by the conductivity-condensation apparatus.

N 12
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Results of some measurements at Neurath in 1973 will now be given. For three mea-
surement programs (July, Sept./Oct., and Dec. 1973) which include 74 measurement
periods, mean values of the measurements of the condensate load iF] of the plume
are presented (Ref. (13)):

for summer and autumn iF] = 2.0 g/kg

for winter Xpp = 1.7 g/kg

The bar over x refers to averaging done across the tower to achieve a single value
for the survey and also to averaging done over surveys carried out within the same
season. These condensate loads are, of course, carried along with the moisture of
the emerging air of the plume.

On the average, about 0.3 g cooling water per kg dry air was found to be entrained
as drift based on the conductivity-condensation method. This corresponds to a flow
of drift water of about 2 kg/s or 0.02% of the cooling water flow. The drift emis-
sion rate was found to be about 20% of the 1iquid recondensate emission rate, using
the conductivity-condensation apparatus. '

Measurements from the diffuse light probe presented earlier indicated that the
condensate load in winter was larger than in summer and both were larger than mea-
surements during autumn. The conductivity-condensation apparatus shows the measure-
ments about even among seasons. Although the diffuse light probe is probably more
accurate in such determinations, other confusing features are present such as spatial
and temporal variations of the plume state in the cooling tower. It also should be
kept in mind that competing instrumentation were not present at the same time (and
same location) in the tower. Simultaneous measurements between instruments is the
best method of intercomparison. See below for a discussion of the available com-
parisons of all these competing methods of measurement of recondensate loading,
drift loading, and droplet-size spectra. Clearly, there is much disagreement over
wﬁich of these competing instruments is superior for cooling tower measurements.

Double Calorimeter (H. Dittrich and Prof. G. Ernst, InStitute for Technical Thermo-
dynamics, University at Karlsruhe) (14)

This method is quite promising for measuring total liquid droplet load but at presént
no tower measurements have been made. The apparatus is not set up to distinguish
drift and recondensate liquid water. A prototype of the probe is presently under
construction. ‘ »



The measurement principle is based on the difference in specific heats between
supersaturated and unsaturated air. An interesting feature of supersaturated moist
air 1s itz high specific heat, caused by the heat of evaporation of the 1iquid
water. An example should illustrate this: if to supersaturated air with a droplet
load of 1 g/kq and & temperature of 30°C, sufficient heat is introduced funder
isobaric conditions) that the saturation state is achieved, i.e., that all the water
evaporates, then the temperature increases by 0.6°C to 30.6°C. If the same heat is

introduced to unsaturated air, then its temperature increases from 30%C to 33°C,
that is by 3"C. The double calorimeter first heats the wet and the dry plume in two
keating chambers connected in series.

The two heating chambers are connected in sequence to a measurement apparatus, in
the manner shown in Figure 2-11. The plume is suctioned through both heating cham-
bers. In the first chamber, the supersaturated plume is converted inte the unsat-
urated state by the heat flow Q]. In the second heating chamber, the unsaturated
air is heated by the heat flow QE to determine the mass flow. Only three tempera-
tures and the two heat capacities have to be measured.

In the first chamber, the entrance state is given by the temperature 81s the droplet
1oad X and the water vapor content Xpy- If we assume thermodynamic equilibrium,
then the water vapor content X0 iz equal to the saturation moisture content at the
temperature Gy. At the exit of the first chamber, all the Tiguid water is evaporated;
there remaing only the vapor content Xpys which is greater than Xn by Xp- The
temperature 0, here is higher than the dewpoint temperature. The heat flow 0,

which has to be supplied for this change of state can be easily calculated as a
function of: the mass flow of dry air sectioned through, the specific heats of air
and water vapor, the heat of evaporation, and Xpj Xp» B0 By-

[n the second chamber, heating of the stream of unsaturated moist air is shown.
Here the vapor content o remains constant; only the temperature changes. The
heat flow ﬁz which is introduced may be computed from the mass of dry air flow
through the chamber along with the two specific heats, Xpps By and 8, Assuming we
knaw QI and ﬁz along with Ayr Boy B,y and the two specific heats, our energy equa-
tions for each of the two chambers can be solved for the plume initial water con-

tent, e
The measurement accuracy to be expected is very good. In order to determine the
droplet’ 1oad with an accuracy to 0.1 g/kg, the temperatuyres must be exactly mea-

sured to about 0.06"K. This does not represent a problem. %¥ith the use of the
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precise measurement apparatus and calibration thermometers, this accuracy should
easily be exceeded. The heating capacity ratio K must also be known to about 1%, in
order to guarantee the accuracy of 0.1 g/kg for the determination of the droplet

load under standard operating conditions. This is achieved by connecting the heating
coils for both chambers in series. K is then equal to the ratio of the two heating
resistances K = R,/R,.

By suitable selection of the resistance material, this ratio can be kept constant
to an accuracy of 0.1%. Heat losses which also influence the ratio K can be kept
sufficiently small by appropriate design measures.

The expense for the apparatus is quite minimal. In addition to two heating chambers
and three thermometers, only an air suction ventilator which overcomes the slight
pressure loss in the probe is required. If the ventilator is connected to a strong
motor, the probe is not susceptible to many disturbances and should operate without
maintenance. Because of the compact structure, the weight and size can be kept
small enough to make it possible to install the probe in the cooling towers easily.
As the connection to the outside, only a multiwire cable is required. As noted
earlier, a prototype of the double calorimeter is presently under construction.

Discussion of the Alternative Methods of Measurement of Liquid Water Emission from
Cooling Towers

As presented above, a number of different methods are available and have been em-
ployed in Europe for the measurement of liquid water emission (recondensate and
drift) from natural and mechanical-draft cooling towers. It should be noted that
most of them (the calorimetric methods: throttling calorimeter, heat probe and the
double calorimeter) only provide total 1iquid emission and are unable to separate

the recondensate and drift contributions to the total liquid water emission. Only

for mechanical-draft cooling towers under zero heat load conditions will the con-
tribution of the recondensate drops disappear. However, the conductivity-condensatio
method and diffuse 1ight probe were able to separate recondensate and drift.

A sixth method is available, a full discussion of which is not given since we do not
have many details. Older, unpublished measurements of the Technical Monitoring
Association of Essen have indicated that the cyclone separator determines the
recondensation droplets only partially, but is able to determine the drift droplet
contribution to total liquid water emission. Assuming that these two components of
the:1iquid emission are completely separated, one may obtain the proportion of the
drift droplet mass of the plume from the mass and the electrical conductivity of the



eliminated water (see Figure 2-12), the conductivity of the cooling water, and the
mass of suctioned off vapor plume. For practical reasons of measurement, the two
related methods of conductivity-condensation and conductivity-cyclone separation are
best able to measure the drift droplet content directly above the droplet eliminators
and not the content at the cooling tower exit. In addition, droplet content at the
tower exit may possibly have been changed by recondensation or reevaporation or by

coagulation with recondensation droplets. However, measurements from the diffuse
light probe at Meurath have indicated that, at least for the recondensate droplets,

such increases in droplet sizes are negligible as droplets rise from drift elim-
inators to the tower top.

Two other methods deserve some mention here. The first involves the use of sensi-
tive paper. The procedure generally involves the use of specially prepared filter
paper in which water droplets collected from the plume leave colored spots, and from
the size of the spots, the diameter of the droplets is determined. From the number
of the spots, the quantity of the droplets contained in the plume is determined.
Droplets below about 25-50 um in diameter will not generally be recorded.

The second method sometimes used is the photographic method in which droplet sizes
and concentrations are determined from a photograph of the plume sample. This
method has problems in that the sampling volume is not well known. Also, large
drops can mask smaller drops behind them. Furthermore, the precise size of the

oblong-shaped droplets (seen by photograph) provides some difficulty in size deter-
mination.

Table 2-2 summarizes European (mainly German) methods of measurement for drift water
content of the plume (applied at the tower exit or above the drift eliminators).
Estimated measurement uncertaintijes and smallest droplet content measurable aré also
listed. The lowest droplet contents measurable with the aforementioned methods
(except with the less accurate heat probe), according to a rough estimate, are
probably between 0.002 and 0.01 gwater/kgp]ume'

Table 2-3 provides examples of the kinds of numbers obtained from measurements of
the drift emission (does not include recondensate contribution) of plumes (at the
tower exit or above the drift eliminators) with the various instrumentation de-
scribed above. From Table 2-3, drift emission rates were never more than 0.2% of
the cooling water flow for any of the natural draft or mechanical-draft cooling
towers tested. The remaining values fit into two groups: in one group, the values
are between 0.01 and 0.02%, and for the other, they are approximately between 0.002
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and 0.004%. Installation No. 10 refers to a tower for the chemical industry and

not a standard power station. It is thought that 0.01% of the circulating water

might be state-of-the-art for German towers. However, values of an order of mag-
nitude less have been observed, Those lower values probably need verification by
additional measurements,

During June 1378, the German EFA has sponsored an evaluation of the methods de-
scribed above to determine which method is state-of-the-art. An experimental
mechanical-draft cooling tower, already set up at the Technical University at
Hanover for basic studies on tower heat and mass transfer, was used to make com-
parison tests of the different methods. This experimental tower was meant to
represent a real tower by providing a model of a section of a real tower. In that
tower, water and air-flux quantities were adjusted betwesn a number of values; the
drift and recondensate 1iquid water content could be measured at the top of the _
tower. The experimental tower had the major characteristics of a European natural-
draft cooling tower including vertical plates (24 ﬂf.them spaced the same distance
apart as in a real tower, but 90 cm deep instead of 120 com), drift eliminators, and
the vertical updraft {from a fan, not from natural draft, however). The laboratory
nodel did, however, lack the small area where the conling water is sprayed to the
top of the vertical plates. The tower had 10,900 m*/hr afr flow with inlet water
temperatures which could be varied easily from about 7°C-60°C. Varfations in tower
inlet conditions were made about 10 times a day to permit different cases for
measurement. There were five days of testing encompassing about 60 different sets
of tower conditions. The ranges in tower conditions permitted the range in liguid
water emission from a low of Q.00006 to a high of Sg/kg. Cases with and without
drift elininators were set up.

The measurement methods tested were: throttling calorimeter, diffuse light probe,
pnotographic method, heat probe, cﬂnductiﬁfty~cundensatfnn method, sensitive paper,
photographic methed, and the cyclone. The PILLS system of the Environmental Systems
Corporation (Knoxville, Tennessee USA) was also to be used for comparison measure-
ments as well except that it arrived damaged from the plane trip from the U.5. ESC
employed sensitive paper instead during the study. A duct above the drift elim-
inators had 2 large holes inserted in it to allow two aroups at a time to carry out
their measurements simuttaneously.

A report on the comparison of measurements was to be issued in early 1979. However,
digagreements resulted as to the standard of comparfison and the methodology used in
the carrying out of the tests. It has been agreed to repeat the tests in mid 1979.
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MEASUREMENTS AND RESULTS OF VELOCITY AND TEMPERATURE MEASUREMENTS AT THE COOLING
TOWER EXIT

Prof. Ernst and his colleagues at Karlsruhe have been studying the flow and tempera-
ture field at the tower exit of a natural-draft cooling tower and how that flow and
temperature field varies with ambient conditions, mainly the wind speed at tower

top. The results have been very surprising and have led to much new information and
insight. A system of temperature and updraft velocity sensors was set up at 11

points at the exit to one of the three NDCTs at Neurath. On high-grade steel cables,
11 measurement units were suspended; each consists of a hydrometric vane (for up-
draft velocity) and a platinum resistance thermometer. The design and the distribu-
tion of the units over the cross section of the cooling tower are shown in Figure 2-13
Each measurement unit hangs vertically so that the anemometers measure the vertical
component of the velocity of the plume; from those 11 velocity measurements, the
cooling tower discharge flow may be computed.

During the field program of the summer/autumn of 1973 at Neurath block C, the tem-
peratures and the velocities at the 11 measurement points were recorded for periods
of about 20 minutes. At each measurement location, 20 to 30 measurement values for
temperature and updraft velocity were made per survey. In the winter, this rate
was reduced to 10 values for each measurement point with measurement rounds of 8
minutes duration.

Ana]ysis of the data showed several characteristic formations of the plume at the
tower exit at Neurath depending on the magnitude of the ambient wind speed (see
Figure 2-14 for illustration).

Under calm conditions or a low wind velocity, a cold air ring lies in the cooling
tower and surrounds the plume causing a vertical pressure gradient in the tower,
equal to the pressure gradient outside the tower (diagram a in Figure 2-14). Due

to this cold air ring, the plume is accelerated as a free buoyant flow; i.e., as if
the upper end of the cooling tower stack containing the cold air ring were not
present. For a Tow cross wind (0.5-2 m/s), a cold air wedge forms in the cooling
tower on the side exposed to the wind (diagram b in Figure 2-14); the form, position
and size of this wedge can vary. Here also, the part of the cooling tower in which
the plume is accelerated as a free buoyant flow does not contribute to the suctioning
of the air from the environment through the inner components of the tower. The
influence of the top part of the tower is essentially lost. For a cross wind of
medium velocity (2-5 m/s), some cold air irrupts into the cooling tower and moves
horizontally as well, often up to the center of exit opening. In rare cases, this
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cold air can form a plug across the entire cross section for a short period of time
In general, this cold air which is lying flat narrows the exit of the plume so
greatly that it gets shifted out by the plume in pulses, with the ambient air
flowing back in the tower periodically (diagram ¢ in Fiaqure 2-14). At a high wind

velocity (5-10 m/s), an inner vortex appears on the side of the cooling tower
exposed to the wind, at the top (diagram d in Figure 2-14). The position of the
vortex changes less and less with increasing wind velocity but with increasing wind
velocity, the diameter of the vortex becomes increasingly smaller. This inner
vortex partially closes off the exit cross section, and with a sudden abatement of
the wind can be shifted out by the plume. At very high wind velocities (10-20 m/s)
the plume appears on the lTee side of the cooling tower in a flat shape with a
relatively high exit velocity (diagram e in Figure 2-14). At the same time, a larg
part of the plume is suctioned across the top edge of the tower into the low pressu
areas to both sides of the cooling tower and moves downwind in the form of two edge
vortices. A noticeably bifurcated plume appears.

Figures 2-16 through 2-19 illustrate these results further. Figure 2-16 sketches a
cold air irruption under the conditions of Figure 2-14 (diagram c). A weak qust of
wind causes a narrowing of the plume for about 30 seconds. The static pressures -
left and right of the dividing 1ine are the same; the higher specific gravity of
the cold air is compensated for by the inertial forces of the accelerated plume
flow. A rough estimate in this case gives a temperature of about 25°C for a stable
cold air irruption provided (a) the irruption occurs over a short period of fime,
(b) the irruption is of 25 m depth, (c) the plume accelerates from 4.3 to 5.5 m/s
within this 25 m height difference, and (d) the plume temperature is 30°C.

Figure 2-17 presents a summary of velocity measurements in the tower exit cross
section for a wind velocity of 5 m/s; this case was also presented in Figure 2-14
(diagram c). For each of the 11 measurement points, w refers to the mean vertical

velocity, w is the minimum vertical

max min
velocity, and 6 is the mean plume temperature during a period of 5 minutes of

is the maximum vertical velocity, w

measurement. Thus, Figure 2-17 does not represent an instantaneous record of a
stable cold air irruption over a short period of time. However, one can recognize
clearly how the rates on the side exposed to the wind vary and are, in part,
negative, while the flow on the lee side is quite steady. The lower temperatures
measured on the side exposed to the wind allow us to conclude that at the cooling
tower top, the plume did occupy that area for most of the time.

Figure 2-18 illustrates a large wind case. Here the flow is not influenced by the
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thermal instabilities that occur for the lower winds, but instead is influenced by
complicated turbulence systems. Here, a characteristic inner vortex occurs inside
the tower. The inner vortex is wind-driven and rotates on the side exposed to the
wind. This vortex significantly reduces the exit cross section for plume emission.
In this way, relatively high flow rates must occur in the free cross section of the
tower exit plane. The higher momentum flow of the plume requires increased ascend-
ing force, so that the total temperature level in the cooling tower must increase to
provide the additional buoyancy. The inner vortices consist of plume parcels with a
small mixture of cold air, as can be seen from the temperature distribution. These
mixed parcels are continuously fed by the plume within the tower yet empty on both
sides of the cooling tower through the boundary vortex sketched in Figure 2-19. »

During 1976 and 1977, further detailed measurements have been made at the natural
draft cooling tower C of the Neurath power station in order to study the relationship
between the wind velocity at the height of the cooling tower top and the plume flow
in the top. As with the other measurements, ten hydrometric vanes were suspended on
steel cables (Figure 2-13 and 2-15). In addition, a wind measurement device was
installed (Figure 2-15) on a steel cable at a height of about 115 m in the center
between the towers C and E. It consisted of two hydrometric vanes which were
arranged in a cross.

During a measurement period of 5-10 minutes duration, the velocity and direction of
the plume ("upwards" or "downwards") at the tower exit were recorded simultaneously
every 1 1/2 seconds at all ten measurement points at the tower top. In addition,
the wind velocity and wind direction were measured and recorded. The temperature of
the plume above the inner components, the ambient temperature, the ambient moisture
and the air pressure were also measured. A total of 130 such field surveys were
performed at different times of the year and for different operating conditions of
the cooling tower. For each measurement survey, about 300 instantaneous profiles of
the exit velocity were made which may be related to the associated velocity and
direction of the wind. Thus, a total of about 40,000 instantaneous flow profiles
are available for evaluation. As a sample of the results, Figures 2-16 through 2-19
present (a) the wind spéed, (b) a local flow velocity of the plume at measurement
location 11, and (c) the average flow velocity derived from ten local updraft
velocities of the plume, all plotted against time. Clearly, large variations in
tower exit velocity occurs as a result of strong variations in the ambient wind
speed.

A complete evaluation of the measurements is not yet completed. As an intermediate
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result, however, Prof. Ernst finds that the plume flow is most strongly impeded when
the velocity of the wind at the height of the tower top is about equal to the
velocity of the plume at tower exit; that is, for wind velocities between about 2.5
and 5 m/s at Neurath. At low wind velocities, thermal instabilities at the cooling
tower top can result in irruptions of cold air into the tower. As noted earlier,
those thermal instabilities occur from the fact that the vertical pressure gradient
inside the tower is smaller in magnitude than the pressure gradient in the sur-
rounding air outside the tower. Clearly, warmer air inside the cooling tower is of
Tower density.

Ernst notes that the adverse effect of these thermal instabilities can probably be
removed or reduced if the upper part of the cooling tower is narrowed (rather than
expanded outwards as is common for NDCTs of hyperbolic type). with such a design,
the magnitude of the pressure gradient within the cooling tower crown is greater

than outside, as a result of the acceleration of the plume, so that the following

is true:
ap 3p)-

inside outside .

For high wind velocities, such a narrowed contour at the tower exit would act as a
sort of guideplate by deflecting the wind upwards, so that the formation of the
inner vortices which narrow the cross section would be hindered. By means of addi-
tional wind guideplates pointing upward, the effect could be reinforced.

By means of these corrective measures, Ernst believes that a lower cooling tower
height (than in the designs used to date) may be employed while still providing the
same cooling tower capacity. He believes that the top 10-20 m of existing.towers
are not being fully utilized. '

Ernst's study of the flow and temperature distribution at the tower exit of the
common hyperbolic NDCT has two main impacts, one in terms of modeling, and the other
in terms of design. In the first area, we are made aware that the tower exit pro-
files are not at all uniform (top-hat) as all mathematical models assume. For low
winds, the full tower exit cross-section is not being used by the plume due to the
cold air wedge penetrating the tower outlet. For moderate winds, a portion of this
cross section is also cut off. Due to the cold air often penetrating the tower for
moderate and high winds (usually a very transient and intermittent process), addi-
tional mixing is occurring inside the tower leading to a reduced overall tower plume
temperature at exit than expected assuming no ambient air flow interference. As a

r
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result, the plume buoyancy is lowered and the corresponding buoyant uplift is less.
The mass of air emitted by the tower will be enlarged (including now plume plus
ambient air penetrating the tower) for these cases (moderate to large winds) when
transient penetrations of cold air occur. Thus, the true tower exit conditions may
be quite different than ordinarily assumed and will be quite variable in space and
time. Ernst also has noted that the character of the ambient/plume interaction
inside the tower is reflected in the plume character at distances far downwind of
the tower. For example, consider those cases where the wind is strong enough to
periodically constrict the plume's exit from the tower (Diagram c in Figure 2-14
along with those cases in which the wind speed is approximately equal to the tower
exit velocity). Ernst notices that the plume exits the tower in puffs with those
puffs remaining as individual convective cells even at far distances downwind. In
these cases large amounts of cold air flows into the tower and then out, enlarging
the mass of the plume and causing it to exit as puffs. Thus the character of the
air intrusion into the tower will affect plume behavior outside the tower, according
to Ernst. The precise functional correlation between tower exit variables and
ambient wind speed is very important to determine but Ernst has found the relation-
ship very difficult to define due to the intermittency of the air intrusions.”

The second area of impact of the Ernst work is in the design of natural draft cooling
towers. Ernst's studies have shown that the topmost portion of a NDCT of hyperbolic
type (diverging outlet) is not effective in providing upward draft to the plume, due
to the divergent shape of the top of the tower, encouraging cold air intrusions. He
has recommended a shorter tower of convergent-shaped top (also less expensive to
build) which he expects fo provide the same overall thermal performance. Two towers
are planned in the Federal Republic of Germany with this convergent-top shape. The
towers will be for the 700 MWe coal-fired Bergkamen plant for Steag (utility) and a

tower for the 1200 MWe nuclear plant Schmehausen.

*The mixing of cold ambient air into the tower probably does not change the mean heat
emission or buoyancy flux from the tower. However, the plume will undergo additional
entrainment and this entrainment happens to occur at (or inside) the tower exit
rather than in the free air. It may well be then that cold air intrusions have an
important effect on plume dynamics as Ernst states, but it is not certain at this
point that plume models must necessarily take cold air intrusions into account in
order to predict correct gross plume characteristics.
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SUMMARY

European measurements of cooling-tower exit conditions have centered arcund Tiquid
water emission rates, droplet-size spectra, and temperature and velocity profiles,
These data have been taken as part of coaling-tower performance tests and as sup-

portive studies to cooling-tower plume mapping surveys.

There are several measurement methods employed for total liquid water emission

rates. The calorimetric methods cannot distinguish between recondensate and drift
contributions, The conductivity-condensation method and the diffuse 1ight probe
(measuring droplet size spectra) are capable of distinguishing the two contributions.
Field measurements on natural draft cooling towers indicate that drift contributes
about 20% to total 1iquid emission rates. Recondensate emissions (droplets less .
than about 10um) are important in the determination of visible plume length {under
sunmer conditions especially, based on model sensitivity studies) while the drift
emission rate (droplets larger than about 40um) is important in determining ground-
level deposition rates. Differences among measurements between different instruments
at Neurath are partially explainable as a result of temporal and spatial variations
of 1liquid water emission in the tower. It is not known, at present, which instrument
is superior for the measurement of liquid water emission and drop spectra. A
competition among all methods was made under controlled conditions at a lab tower

at the Technical University at Hannover in 1979. Results are not yet available.

An empirical formula for liquid water emission (recondensate only] has been devel-
oped at the Technical University at Aachen. The formula is based on measurements
made at lab and prototype towers of natural- and mechanical-draft type. The formula
is useful for estimating tower liquid water emission for dates in which field data
on visible plumes were acquired but no tower liquid water emission rates were
measured.

Profiles of velocity and temperature across the tower top at Neurath have revealed
several distinct flow configurations depending on the wind speed at tower top. At
Tow winds, thermal instabilities result in cold air entering the tower affecting “he



mass, velocity, and temperature of the emission. At larger winds, puffing or
vortices occur in the emitted plume. Implications for better tower design are
discussed. Implications for plume modeling of these cold air incursions into the
tower may be very important due to the resulting alteration of tower exit conditions
due to cold ambient air mixing in the tower.
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Table 2-1.

Measured and calculated dropTet content of the plume of a
natural draft cooling tower. (The measurements were carried
out by the Rheinisch-Westfalischen Technischen Uberwachungs-
Verein).

Experiment S o 11
Ambient air _
temperature °C 13.36 15.73 20.19
Water content of ,

the ambient air g/kg 8.29 - 8.68 9.37
Warm water

temperature °C 35.69 36.55 37.52
Cold water 4

temperature °C 22.80 23.37 24.39
Ratio of air throughput

to water throughput ' 1.10 1.15 1.18
Cooling water

throughput m3/h 34,240  34.300 34,270
Droplet content of measured, 1.09 0.85 0.25
the plume relative calculated

to dry air g/kg 1.03 0.67 0.25

Note: Measurements include recondensate and drift contributions.
Predictions are from the Poppe model and represent the re-
condensate contribution only.



Table 2-2.
Methods for measurement of the drift water content of the plume

Device Principle Use Smallest Measurement Literature
. Measurable Uncertainty
Droplet
Content
Buater l‘gplt.-e
estimated values

Throttling Adiabatic expansion of a Only for plumes without 0.010 + 0.005
calorimeter partial plume stream up recondensation droplets

to complete evaporation: . . . measures total

of the droplets carried liquid emission only

along, temperature dif-

ferences measure the

cooling.
Diffuse light Determination of the For every type of plume 0.002 4+ 0.001
measurement size of the individual . . . separates drift and
probe droplets from the in- . recondensate contributions

tensity of the diffuse and also measures total

light pulse. Deter- liquid water emission

mination of the drift

droplet content from

pulse count and pulse

intensity.
Heat probe Heating of a partial Only for plumes without 0.28 + 0.10

plume stream up to com- recondensation droplets

plete evaporation of the « . measures total

droplets carried along; 11qu1d emission only

psychametric - determina-

tion of the absolute

moisture and comparison

with the saturation

moisture for the incoming .

plune temperature.
Conductivity/ ‘"Washing out" of a mea- For every type of plume 0.005 + 0.003
condensation sured partial plume . separates drift and
apparatus stream in a tion e contributions

vessel; measuresent of and also measures total

the increase of conduc- "iquid water emission

tivity. Calculation of

the drift water content

of the plume from the

conductivity of the

cooling water.
Cyclone Centrifuging out of the For every type of plume 0.01 + 0.005
separator droplets from a partial . . . but the smaller

piume stream throughput. droplets are difficult

The electrical conduc- to capture

tivity of the separated

water and of the circu-

lating cooling water is

used.
Sensitive Collection of the drop- For every type of plume 0.002 *+ 0.001
paper lets on adhesive paper; - . . but measures drop

measurement and examina-
tion of the "water
spots'.

size distribution above
about S0um drop diameter

References for Table 2

Methods of Measurement of the Drift Water Content of the Plume

1. Rogener, H.U.
G. Kowollik

Chinira, C.

Measurement of the droplet e;ecnan of cooling towers.
(BWK) 15 (1963) p. 270-271.

Brennstoff-Warne-Kraft

A thermodynamic method for determination of the droplet content of wet air.
Brennstoff-Warne-Kraft 25 (1973) pp. 31-38.

Brandes, H.
H. Rogener
M. Pollack
M. Poppe

2;3. Baer, E.
H. Dittrich
G. Emst
W. Roller
D. Wurz

4. G. Dibelium
A. Ederhof

5. Henning, H. U.
S. Kiiemann

6.  Martin, A.
F. R. Berber

Morton, V. M.
P. M. Foster

Measurement and calculation of the condensate load of the cooling tower plume.
In; Studies on a natural draft wet cooling tower. Progress Report WDI-Z,
Series 15, No. 5, pp. 36-41..

Measurements of the operating behavior of & cooling tower. In: Studies of a
natural draft wet cooling tower. Progress Report VDI-Z, Series 1S, No. S, pp.
15-27.

Measurement of the droplet size spectrum and the condensate load of the air.
In: Studies of a natural draft wet cooling tower. Progress Report VDI-Z,
Series 15, No. 5, pp. 28-36,

Precipitation and fog formation from cooling towers. Energie u. Technik 3
(1971) pp. 87-90 and 4 (1971) pp. 112-115.

Some water dmpln measurements ‘inside cooling towers.
Vol. 8 (1974) No. 4, pp. 325-336.

Atmospheric Enviromment

The design of the droplet’ ling devices for measurements in cooling towers.
Atmospheric Environment Vol. 3 (1973) No. 4, pp. 361-372.
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Table 2-3.
Measured drift droplet content

Installation Measurement Method Operating Mods of the Drift Droplet Literature
Tower Ejection (in
tenths of a $
of the cooling
water flow)
1. Natural draft cooling Cyclone separator Full thermal load 0.1 1
water
2. Ventilator cooling Throttling calorimeter Without thermal load 0.15 2
tower (small test MDCT)
3. Ventilator cellular Throttling calorimeter Without thermal load 0.20 3
cooling tower (MDCT)
4. Natural draft cooling Diffuse light probe Full thermal load 0.18 4
tower
5. Natural draft cooling Diffuse light probe Full thermal load 0.10 5
tower
6. Ventilator cooling Diffuse light probe Full thermal load 0.02-0.04
tower (MDCT)
Without thermal load 0.02-0.04 6
7. Natural draft cooling Condensation/conductivity Full thermal load 0.20 7
tower apparatus .
8. Natural draft cooling Sensitive papers Full thermal load 0.02-0.20 8
tower
9. Natural draft cooling Guarantee. Information Full thermal load 0.02 9
tower not yet published
10. Ventilator cellular Not given Full thermal load 0.005 10

cooling towers (MDCTs)
for acid and brine
cooling

References for Table 3

Measured Drift Droplet Content

1.

10,

Bung, W.

Rogener, H.
H. Brandes
M. Pollack

Bremdes, H.
H. Rogener

Dibelius, G.
Dibelius, G.
Dibelius, G.
Baer, E. H.
M. Dittrich
G. Ernst

W. Roller
D. Wurz

Martin, A.
F. R. Barber

Pell, J.

Kliemman, S.

Result of droplet ejection measurement on a natural draft cooling tower 130 m

high.

Unpublished measurements on a test cooling tower.

Unpublished measurements on a ventilator cellular cooling tower.

Unpublished measurements on a natural draft cooling tower.

Unpublished measurements on a natural draft cooling tower.

Techn. Uberwechung 15 (1974) No. 3, p. 83-87.

(1975)

Unpublished measurements on a ventilator cooling tower.

Measurements of the operating behavior of the cooling tower.
a natural draft wet cooling tower.

(1976)

(1976)
(1976)
a976)

In: Studies of

Progress Reports, VDI-Z, Series 15, No. 5.

Some water droplet measurements inside cooling towers. Atmospheric
Environment Vol. 8, No. 4 (1974) pp. 325-336.

The chalk point cooling tower project, Environmental effects of cooling

systems at nuclear power plants.

August 1974.

Proceedings of a Symposium, Oslo 26-30,
International Atomic Energy Agency, Vienna 197S.

State of the art and possible developments in cooling tower construction from

the point of view of various influences on the environment.

S5 (1975) pp. 375-381.
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its measurement principle. [Source: From Brandes et al. (39).]
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¢ = supplied heat flow into first chamber (heating super-
saturated air)

¢, = supplied heat flow into second chamber (heating um-
saturated air)

6; = plume sample temperature {entrance state)
6, = plume sample temperature in Chamber II

6; = plume sample temperature upon exit from Chamber II

My = mas$ flow rate of air through the double calorimeter
X[} = water vapor content at the entrance state
Xy, = water vapor content of plume air in Chamber II

Xy = water vapor content of plume sample upon exit from
Chamber II

Xp = initial water vapor content of plume (to be measured)

Figure 2-11. Serial connection of two heatina chambers.
(double calorimeter method). [Source: From Dittrich

(14).]
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Figure 2-12. Cyclone Separator (Balcke-Dirr).
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Figure 2-13. Arrangement of the velocity measure-
ment devices at the tower exit of tower C at Meurath.
[Source: From Baer, Yurz and Ernst (15).]

QS-2mvs 25mis
Figure 2-14. Plume configuration at the top
of a natural draft cooling tower and its :
dependence on various wind velocities mea- a b e

sured at the height of the cooling tower
top. [Source: From Baer, Wurz and Ernst
(E) . ] S-0rrvs >10m/s

7 X
Figure 2-15.  Arranaement .of the wind measurement
device at the height of the coolina tower top.
<:::> \ [Source: From Baer, “urz and Ernst (15).]

wind measurement
device

IO
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Figure 2-16. Diagram of cold air
irruption. [Source: From Baer
et al. (13).]
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Figure 2-17. Flow relationships

and temperature distribution at the
cooling tower top-for a wind velocity
of 5 m/s. [Source: From Baer et al.

(13).1
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Figure 2-18. Flow relationships
and temperature distribution at
the cooling tower top for a wind
velocity of 20 m/s. [Source:
From Baer et al. (13).]
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(turning to the left)

Boundary vortex
{turning to the right)

Figure 2-19. Diagram of the inner
and boundary vortex formation at the
cooling tower top. [Source: From
Baer et al. (13).]
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Section 3

LABORATORY AND FIELD DATA ON COOLING TOWER PLUMES

w

INTRODUCTION

Much Taboratory and field data have been acquired in Europe which aid in the under-
standing of cooling tower vapor plume dispersion. Due to the large expense in
acquiring prototype data on plumes, the good-quality European data in this area are
indispensible and actually provide an excellent complement to the available American
data. Since a major limitation on the improvement in the state of the are of mod-
eling has been the quality and quantity of the data base, the combination of European
and American data bases on cooling tower plumes provides special advantages for

model improvement. Thus, the experimental data acquired in Europe by the French,
Swiss, and Germans on cooling tower plumes provfde an important and crucial com-
plement to the Taboratory and field data available in the U.S.

LABORATORY DATA (ELECTRICITE DE FRANCE)

The best quality and most useful lab data on cooling-tower plume dispersion were
taken by Electricite de France (EDF) (1). Their study was carried out in a hydraulic
flume and was aimed at (a) a better understanding of the physics of natural-draft
cooling-tower plume dispersion through basic parametric tests, and (b) providing
experimental data for calibration and verification of the EDF cooling tower plume
models. The EDF lab data have special advantages in that the ranges in physical
parameters modeled by EDF were precisely those of NDCT effluent. Lab studies
available in the U.S. (e.g., Fan, (2) Keffer and Baines (3); see discussion below)
for single source vertical jets do not have similar non-dimensional parameters
(densimetric Froude number and velocity ratio). Second, in the EDF studies, the
cooling tower structure itself was present in the flow and was suitably scaled

along with the effluent. As a result, the effects of downwash of the tower structure
were treated. Third, the EDF lab studies included tests which involved multiple-
tower configurations.

Among the tests carried out were measu}ements on plumes from 1, 2, and 4 towers
of equa1'size. The regime of interest for NDCT plumes is 0.3 < K < 2 and F0 ~ 0.5,
Here Fo is the initial densimetric Froude number of the tower effluent and K is



the rﬁtia of the tower exit velocity to wind Speed at tower height.* It should
be noted again that most available lab studies on plumes and jets treat different
ranges of parameter space (K, F} and also do not account for the effect of the
wake of a structure 1ike a cooling tower in its effect on plume trajectory and
dilution characteristics. Among the most well-known of the previous lab studies
was one done by Fan (2); Fan studied weakly buoyant jets in weak currents,

<Kz l6and 10 < F, = 0. Of special interest to Fan was the jet centerline
trajectory and jet dilution. Keffer and Baines (3) studied isothermal jets
(F=o), mainly jet centerline trajectories, where 2 < K < 10. The EDF study is
especially Tmportant since it covers the range of Fﬂ and K of Tntereat in the
field for NDCTs and also studies the multiple tower plumes.

¥iollet (1) presents a large quantity of interesting data from the EDF studies.
some of his special test series related to:
1. the effect of jet Reynolds Number on dispersion for Fg = 0.5,
k=2, and o =0 {z is the exponent in the power-law wind speed

variation with height above ground. As expected, the jet Regnu]ds
number, Ry, is not a significant factor above a value 2 x 10%.

2. measurements on centerline trajectory and dilution for plumes from
1, 2, and 4 towers, each tower with F_ = 0.8, Ffor these runs,
0.33.<K=<2,e=0.25R =2 x10%,%nd #/D_= 1.85 (H, = neight
of tower, D_ = tower exit'diameter), In the Pase of two’towers,
the wind is directed perpendicular to the axis of the towers. In
the 4-tower cases, the towers were located in a diamond shape with
the wind directed towards the left tower or else the 4 towers were
located at vertices of a parallelpiped with the wind direction
parallel to the two parallel bases. Some results are shown in

Figures 3-1 through 3-6.

Figure 3-1 presents the plume concentration isopleths for a single tower and

Fn = 0.8, « = 0.25, and H,-fDﬂ = 1.85. In the lab, dye was njected into thg tower
effluent. Measurements of dye concentration were made throughout the plume and
related to the initial dye concentration at discharge. We see from Figure 3-1
that the plume trajectory bends over more rapidly with increasing wind (decreasing
Kl. However, at any given IIDG, there is no monotonic trend in dilution (deter-
Mmined from dye concentration measurements) with variation in K. The minimum
dilution occurs with K & 0.5, This data trend is a systematic behavior that any
plume model should be able to represent. Figure 3-2 replots those trends for
trajectory and dilution.

The influence of K on plumes from two towers is seen in Figure 3-3 and follows
the trend seen for the single tower cases. Plume fsocontours in the plane perpen-

*In volumes 2-5, K is defined as the ratio of the wind speed at tower height to tne
tower exit velocity. *
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dicular to the wind at X/D0 = 5 are given in Figure 3-4 for three values of K.
The cross-sections are horseshoe-shaped as expected.

In Figure 3-5, we see very little difference between both 4-tower configurations.
Clearly, the increase from 1 to 2 to 4 towers leads to a higher trajectory (due to
greater buoyancy) and less dilution for any fixed distance downwind. Figure 3-4
shows the 0.05 and 0.01 concentration isopleths for the two-tower case revealing
their usual horseshoe-shape within a plume cross-section. In the single tower

case, a lower Fo Teads to a delay in the appearance of the horseshoe-shaped proviles
(from the F0=oo case), yet that shape is found to remain a longer distance downwind.
Also, the higher the Fo’ the more rapid the bendover (due to the lower jet buoyancy);
however, less dilution is noted for a fixed distance downwind. This latter in-
fluence diminishes with increasing current.

It should be noted that experimental data had been obtained by EDF in two other
general categories: isothermal jets and jets in a stratified environment. Ref. (1)
provides the details. Also important in the EDF study is the measurement of velocity
profiles for the isothermal cooling tower plume cases; these velocity measurements
give a better picture of jet dilution and the effect of the wake of the tower.
Information on other EDF work may be obtained from Refs. (4) through (10).

FIELD DATA

Gardanne Natural-Draft Cooling Tower (Visible-Plume Data) (1), (4), (5), (7)

Field data on visible plume rise from a single NDCT were obtained at this 250 MWe
power plant located at the bank of the Rhone River. The measurement campaign was
undertaken during one week and a complete set of information on the plumes is
given for five cases in Ref. (1). This old tower does not have drift eliminators.
However, this should not affect the amount of liquid recondensate emitted by the
tower since these small size droplets are not influenced by the presence of drift
eliminators. The recondensate emission can be an important parameter if plume
‘visibility is being predicted. Viollet (1) suggests that the recondensate 1liquid
emission from the tower be taken as o, = 2.9 g/kg. [The tower manufacturer for
Gardanne expects the total liquid emission to range from 0.1 - 0.5% of the circu-
lating water flow rate. Taking a mean of 0.3% and assuming half is drift and half
is recondensate, Viollet expects 0.15% of the cooling water flow to be a repre-
sentative number for liquid emission from the recondensate. This translates to
o, = 2.9:g/kg.] Viollet also expects a saturated plume at exit. Details on the
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means of measurement of ambient profiles and tower exit conditions are not given

in Ref. (1). The Gardanne measurement campaign is treated in detail in Ref. (7);
however, that reference was unavailable to us. A sample of the visible plume outline
with concomitant tower exit and ambient conditions is given in Figure 3-7. Each af
the five data sets presented in Ref. (1} represents plumes from a weak source under
weak stratification and relatively strong wind conditions. One case, however,
represents a weak wind and weak stratification.

Lunen_Natural-Draft Cooling Tower (Visible-Plume Data) (11)

Field data on visible plume rise from a single NDCT were obtained at the 335-HHE
fossil-fired plant at Linen, West Germany, during the winter of 1972. The field
measurement program was carried out as a joint effort of the Swiss Meteorological
Institute and the German Meteorological Service. This single NDCT is located im
nearly level terrain but in an industrial area. There are four sets of data
encompassing tower-outlet conditions, vertical ambient profiles taken at the site,
and visible plume outlines. Eight additional sets with ambient profiles from an
off-site weather station were also available.

Visible plumes were recorded using 16-mm motion pictures taken at one frame per
second and 35-mm stills taken at an unspecified rate, V¥Yisible plume outlines

were obtained by time-averaging as many as 30 of these photographs. Ambient
conditions {dry buib, relative humidity, and wind speed) were determined by
radiosonde-equipped free balloons tracked by a double-theodolite system. Tower-
exit conditions were inferred from measurements made at 11 locations in a horizontal
cross section of the tower just above the drift eliminators. The measurements of
tower-exit conditions appear to be good, although the lack of information on the
initial plume humidity and initial liguid water is troublescme. The ambient
profiles are limited in that time-averaged weasuremets were not made. The quality
and representativeness of the visible plume outlines are uncertain, although we
beliave that the averaging method is probably adeguate. The time coordination
between the photographs, the ambient profiles, and the measurement of tower-exit
conditions was good; also, the overall measuring period for the tower-outlet
conditions was a relatively short, 1/2 to 3/4 hour. All four data sets from

Liinen taken in the first series were acquired under high-wind conditions but under
a variety of ambient temperatures and humidities. An example of one of those sets
of data from Linen it given in Figure 3-8.
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Neurath Natural-Draft Cooling Tower (Visible Plume Data) (12)

The Neurath fossil-fired power plant is located in the region west of the Rhine
river between Bonn, Cologne, and Aachen in West Germany. At fhe time of the
measurements, each of the three 300--Mwe units dissipated its heat to one of three
NDCTs. The centers of the three towers form an equilateral triangle 114 m on a
side. Seven complete data sets were acquired on five dates during the period
September 28 to December 16, 1973. Each set of observations. includes the following
" measurements for the one instrumented tower.

1. entrance and exit temperature of the cooling water and cooling-
water flow rate.

2. exit temperature and exit speed of the plume at 11 locations at
the tower crown.

3. ambient profiles of temperature, relative humidity, and wind speed
taken by using radiosonde-equipped free balloons. (On two obser-
vation dates, wind-speed measurements from a nearby German Weather
Service station were used.)

4. visible plume outlines extracted from one or more photographs taken
at the time of the ambient profiles.. Each photograph was taken at
approximately right angles to the wind direction. (The visible
plume outlines were "sketched" from photographs, aided by written
comments taken at the time of the survey. The published report
does not make this procedure clear.) We consider the visible plume
outlines the weakest part of the data set.

In addition to the four items listed above, several data sets include measurements
of the total liquid-water content in the plume above the drift eliminators (re-
condensate plus drift), droplet-size spectra at the tower crosn, relative humidity
of the plume at the tower crown, and the velocity distribution across the tower
crown. When winds were not too strong, supplemental data on ambient conditions
near the ground, as high as 178 m above the tower top, were taken by a radiosonde-
equipped tethered balioon.

It is generally assumed that all three towers have identical exit conditions since
they are identical towers and were run under the same power load, despite lack of
measurements on two of the three towers. An example of one set of data from Neurath
s given in Figure 3-9.

Neurath/Meppen Natural-Draft Cooling Towers (In-Plume Measurements) (13) - (17)

The goal for these field experiments was to obtain field data, mainly in-plume
measurements, for the calibration and verification of models for cooling tower
plume dispersion. Two campaigns were conducted at the cooling towers at Neurath
(900 MWe) in 1974 and also two campaigns were made at the single cooling tower at
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the Meppen power station (600 MWe) in 1975. Many different types of measurements
were made covering the ambient meteorology and the plume variables themselves. &
schematic of the measurement systems used is given in Figure 3-10. The major groups
cooperating in the-data acquisition were DFVLR-Inst{tute for Atmospheric Physics

in Oberpfaffenhofen, West Germany {in-plume measurements): the German Weather
Service in Offenbach {ambient conditions); and the Swiss Reactor Institute in
Wurenlingen, Switzerland {data reduction).

The main source of measurements was a powered glider equipped with high-resglution
instruments that measured temperature, vapor pressure, pressurefaltitude, and
vertical acceleration (from which vertical speed may be computed) at any location
in the plume or in the ambient. The vapor pressure (humidity} measurements were
made with the Lyman Alpha Method. The system was operated by DFYLR-Institute for
Atmospheric Physics, The equipment used is similar to those employed by investi-
gators at Penn State University in their ongoing measurement studies of the Keystone
plumes here in the U.S. In-plume measurements were made with the glider at
horizontal transects directed normal to the plume centerline. Typically 20-25
penetrations were made at each of 2-5 downwind distances, i.e., in 2-5 planes
normal to the wind. Reduced data involved fnstantaneous values of temperature,
specific humidity, and updraft velocity along each horizontal transect. The
powered glider sometimes was used to provide vertical ambient profiles as well.

A radar system was used to locate the glider in space at any time. In some of
measurement surveys, the German Weather Service or personnel from the Testing
Station of the German military were present io provide radiosonde profiles in the
ambient for wind speed {direction), temperature, and humidity with height.

The powered glider, however, was used only for elevations above 200 m above the
ground due to the presence of transmission Tines. Below 200 m (actually 0-500 mj
remote-controlled model planes (measurement drones) were used to measure ambient
temperature and humidity along with horizontal profiles through the plume. Measure-
ment values were transmitted by telemetry to a center on the ground.

At times, dropsondes were released from a separate D0-27 plane 1500-2000 m above
the ground to provide a vertical ambient or plume profile; temperature and humidity
measyrements with time were telemetered to the ground. A B0O-27 plane also measured
aeroso] concentrations as well as sulfur content (mainly 502} in the ambient and
determined the general pasition of the plume in space and its structure. &
tethered kytoon was used, when feasible, to get a vertical sounding of pressure,
temperature and humidity beneath, through, and above the plume. (A “"chaff cloud"
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experiment was planned but not carried out in which the turbulent spreading of

the plume could be ohserved by dropping short aluminum strips in the tower exit,
The spreading of this ¢loud of aluminum dipoles was to be chserved photographically
on the radar screen to determine spreading behavior). In order to study the effects
of the plume on the ground, horizontal transects at ground level were made with a
radiosonde for temperature, humidity and pressure. Transport was accomplished by
car or walking; the results were transmitted to the telemetry center. A second
instrument called a "Wommel" was used; it ic a portable meteorological station

with high resolution recorders for wind, temperature, humidity and atmospheric
pressure, The Wommel was transported on the ground. A series of infrared photo-
graphs of the plume were also taken from the ground and from the atrplane (DO-27).

Details on the field measurements are given in Refs. (13) - {19} and samples of
complete data reduction for two data surveys appear in Ref. (15). A complete tape

of measurements may be obtained from DFVLR-Institute for Atmospheric Physics., Me
have a copy at ANL.

A small sample of the large amount of plume data acquired is givem in Figures 3-11
and 3-12 representing transects through the Meppen plume of Feb, 16, 1975 (1506~
1704} for distances of 0.5 and 0.7 km downwind. The horizontal lines in the middle
of each figure vepresent transects parallel to the ground. A1l transects were
made in the same vertical plane at 0.5 km (Fig. 3-11) and 0.7 km {Fig. 3-12)
downwind of the tower. In the middle section of each of the two figures, the hori-
zontal axis represents the lateral distance as measured from the center of the
Meppen tower. The vertical axis presents vertical height measured above the
greund. The actual measured ambient temperature profile is also plotted in the
middle section of each figure along with the dry adiabatic lapse rate, presented
for reference purposes. The section of the figures on the right presents values
of the maximum and average vertical velocity as measured along the associated -
horizontal transect through the plume. The maximum vertical velocity refers to
the local maximum measured over the transect, whereas the average value is the
spatial-average taken over the length of the transect. The left section of each
figure presents, for each transect,

(a) the local ambient specific humidity at the height of the transect

(b} the difference of plume and ambient specific humidities at the height
of the transect, and

(c) -the difference of piume and ambient temperatuyres at the height of transect.

The ambient moisture profile is presented for reference in each of the left sub-
figures.



A short discussion of these data will follow in order to pravide a sample of the

kind of insight that can be gained from these data sets. These two figures show
clearly that the vertical cross-section of the plume can be defined: also, traverses
at these two vertical planes allow the determination of the rising properties of

the plume and the growth of the plume cross sectional area with considerable accuracy.
Figures 3-11 and 3-12 represents a case with a weak wind and partially unstable
atmosphere; i.e., neutral stratification below a marked inversion which began at
about 600 m above ground.

The vertical distribution of the specific humidity shows thorough mixing of the
ambient atmosphere. Even with the short distance separating the two vertical
sections {200 m) of Figures 3-11 and 3-12, the rising effect of the entire plume
is detectable. The distribution of the vertical velocity on the right-hand side
of Figure 3-12, as expected, shows the largest values in the region of unstable
stratification for both mean values (open circles) and maximum values [crosses);
the jumps in vapor pressure {or specific humidity) are alsp the greatest at those
points.

In general, the determination of the genﬁetry of the plume is critically dependent
on whether or not, based on local ambient conditions, the plume has disintegrated
into a series of individual convective elements or puffs. The data have shown

that with stable stratification, it is possible to determine, quite accurately,

the {ncreased cross-sectional plume surface area with increasing distance from the
cooling tower. One case with large ambient stratification indicated that the
relative error in plume cross-section determinaticon can be Tower than 10%. When
thermal stratification is beginning near the ground, natural convection of warm

air parcels occurs and the plume under unstable ambient conditions becomes split
into a chain of individual convective elements or puffs. This creation of puffs
occurs even at small distances from the cooling tower whether or not the plume has
already become jnvisible. In case a plume is reduced to a series of puffs, numerous
horizontal traverses in a cross-sectioh are required in order to determine, by
statistical means, the "mean" 3-D spatial geometry of the plume. This applies to
Figures 3-11 and 3-12. Crossings at 0.5 km showed that the plume was visible and
hence may be called a plume in the usual sense, while a study of the cross-section
indicated that the "plume" has its dynamic and thermodynamic point of concentration
below the visible part. That cbservation can be gensralized in that the Heurath
and Meppen measurements showed that the visible part of the plume always represents
only the uppermost level of the plume. The plume dispersion generally occupies

the entire space down to near the ground but with greatly decreasing intensity.

-

3-8



Some of the interesting findings from the data analysis at Neurath and Meppen follow.

1.  the structure of the temperature and humidity rises above ambient
are similar to each other in shape and magnitude in any cross-
section normal to the wind direction (see Figure 3-13).

2. in each traverse, discontinuous lateral boundaries of the plume
are indicated by abrupt changes in temperature and humidity.
Fortak (14) states that top-hat profiles of temperature and
humidity are apparently more appropriate than Gaussian distribu-
tions since Gaussian distributions do not show such an abrupt
interface with the ambient.

3. in the central part of the plume cross section and on its bound-
aries, a circulation acts in such a way that outward movement
occurs along the outer boundaries of the plume. This boundary
circulation is often completely lacking or is undetectable (with
the measurement system used) in the lower and upper levels of the
plume. The circulations noted are the counter-rotating vortices
representing a bifurcated plume often observed in the laboratory.

4, close to the ground, all thermodynamic effects, unlike the dynamic
ones were found to be negligibly small.

From the field measurements, a schematic model was proposed for the dispersing
plume. The gain in plume mass, which is necessary for its ascent and spreéd with
increasing distance from the Coo]ing tower, takes place mainly on the underside of
the plume and begins right upon exit from the tower. Due to upward buoyancy of the
plume, it is only under very unstable stratifications that plume properties can
extend to near ground level. Lateral exchange of properties between plume and the
environment, however, are relatively insignificant. The plume's behavior with
regard to rise and spreading depends on the input of mass and air at the underside.

The field measurements also showed that details of the ambient structure of the
atmosphere have a very great influence on plume development in all cases. In many
cases, small inversion layers within very narrow vertical limits have a great
effect on the ascending behavior of the plume even if an inversion breakthrougﬁ
results.

Two reports are available which help one to employ the Neurath and Meppen data for
mathematical model studies. The first is by Trepp (17); this report correlates

all traverses by glider to actual field distances for a number of the Neurath
surveys. In this way, each traverse can be located physically with respect to the
cooling tower. Trepp also processes the data on temperafure, moisture, and
turbulence. The report is indispensible for one using the data. However, a small
amount of additional data reduction work needs to be done since each plume traverse
provides only "instantaneous" plume variables. Vertical velocities, temperature
differences above ambient, and moisture differences above ambient are best used

-

3-9



by models if they are averaged over the plume width defined by that traverse.

Nester (18], in his use of this Neurath/Meppen data has done some of this data
reduction. For each traverse, he has averaged those three guantities alunﬁ a
traverse and plotted those variables {one value per traverse) with vertical distance
above the ground ., . . for all traverses in a given vertical plane. This leads to

a vertical profile of temperature excess, moisture excess, and vertical velocity,
Done for each vertical plane that measurements were made leads to 3-D picture of

the plume dispersion. Additionally, this reduction process also lucates a center-
line and a plume width. The plume width actually varies with traverse as well as
vertical plane downwind.

Several cautions should be noted with these data.

1. no tower exit conditions were measured during the field Surveys.
This 1imits the use of the data. Trepp and Gassmann of the Swiss
Reactor Institute employ a mathematical model of thermal perfor-
mance of a crossflow cooling tower in order to obtain tower exit
conditions on the dates in-plume data were measured. That tower
model was calibrated to previous tower performance data at Neurath.
That tower model is available from the Swiss Reactor Institute.
Nester also provides those exit conditions (from a simple tower
performance model of his own) from availabie tower and ambient
variables measured on the dates of plume measurements. Nester
states that the lack of knowledge of these exit variables is not
crucial. His own plume model (to be reviewed later) is sensitive
to reasonable changes in these numbers by only about 10%. This s
g problem which we feel remains uncertain,

2. Nester notes that the specific humidities measured are valid only
when the Lyman Alpha system did not traverse the visible plume
during the study. The Lyman Alpha system was not set up to handle
liquid droplets striking the system and undoubtedly the slow evap-
oration of those droplets from the instrument biased future specific
humidity measurements in the same study (even though later traverses
may have been in the invisible part of the plume). In cases where
the glider did traverse the visible plume with the Lyman Alpha
system, moisture contents were measured to he factors of 2-3 too
high. MNester notes that even in cases where only the invisible
plume was sampled, the shape of the vertical specific humidity
profile at any vertical cross-section will be correct although the
magnitudes themselves of the specific humidity differences would
not be correct,

3. vertical velocities in some cases appeared to be rather large and
perhaps untrustworthy.

A complete set of Neurath data (after data reduction and analysis) including
estimated tower exit conditions will be published soon by Trepp. A good discussion
of data 1imitations will be provided. In all, these Neurath and Meppen data are
the first in-plume data of reasonable quality to be published and should be very
useful for model testing and model development.
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Meppen and Amos Natural-Draft Cooling Towers (Visible Plume and In-Plume Mea-
surements (10) and (19)

EDF has recently carried out two major field studies at operating NDCTs. Since
French towers are in operation only for small p]anfs (250 MWe), data from larger
foreign towers were felt to be necessary to support model validation and improvement
programs ongoing at EDF at Chatou. The results of both studies are presently
unavailable; the results of the Amos studies should be published in the open
literature in the near future.

The Meppen study (10) was carried out at the 600 MWe plant between March 14 -
April 2, 1977 in the Federal Republic of Germany. The site is ideal in that only a
single tower is operating in open area unobstructed by buildings, other than the
fossil-fired power station itself and the stack. Measurements obtained were
1. visible plume outlines taken by photogrammetry employing two sets
(of two) automatic stations.

2. exit conditions from the tower including (i) drop-size spectra for
recondensate and drift droplets (the optical system of Dibelius and
Ederhof was used) and (ii) the thermodynamic and dynamic flux of
air from the tower exit (plume temperature, velocity and direction
of the effluent).

3. physical and microphysical plume characteristics, taken by a heli-
copter by making traverses through the plume for temperature and
droplet spectra. Water vapor concentrations were measured in the
plume by means of LIDAR.

4. ambient profiles of wind speed, pressure, temperature, and humidity
determined as a function of altitude by means of aerological
soundings.

Organizations which took part in this study were: EDF (Division of Meteorology
Applied to Atmospheric Pollution), Bonnenberg and Drescher Society in Germany,
Technical School Aachen (Prof. Dibelius), Universities of Aix-la-Chapelle and
Munich, Dynamics and Microphysics Laboratory (LDMA) of Clermont-Ferrand and CEV
of Bretigny-sur-Orge. A sample of some of the data taken is given in Figure 3-14.

The Amos study (19) was carried out by EDF in cooperation with Smith-Singer
Meteorologists (now Meteorological Evaluation Services Inc.) of Amityville, New York.
Measurements at the Amos site in llest Virginia were made on the MWe total). Mea-
surements on the plumes included visible plume outlines by the photogrammetric

method and balloon and aircraft soundings of atmospheric variables. No in-plume
measurements were made. Some of the plume and ambient field data (not complete sets,
however) are available at MES (from Mark Kramer) but these data are not in publishable
form at this time.



SUMMARY

A large quantity of good quality laboratory and field data are available on cooling-
tower plume dispersion from French, German, and Swiss sources. Laboratory data

from Electricite de France provide basic parametric studies on plume dispersion

from one, two, and four towers of natural-draft type. For the parametric lab
studies, measurements were made of plume trajectories and dilutions (through dye
concentrations) under fixed tower and ambient conditions where ¥, the ratio of tower
exit velocity to wind speed, was varied, The effect of the tower wake in adding
dilution is especially notable. The effect on dilution and trajectory of (a)
varying FU for the single tower case and {b) adding additional towers in different
geometric configurations was also studied.

Visible plume field data from Gardanne, Lunen, and Meurath {supplemented ty
ambient profiles and tower-exit measurements) provide, in total, 24 new data cases
for use in model validation and improvement studies., The quality of the data
range from fair to good. The data represent a large range in ambient conditions
and levels of heat and moisture releass,

An intensive study invelving in-plume measurements at Neurath (three towers) and
Heppen (one tower] has provided considerable insight into the physics of dispersion
from the visible and invisible plume. Measurements of plume temperature, humidity,
and vertical velocity have been made in 3-5 vertical planes downwind. Selected
data from Neurath have been fully reduced. The major disadvantage to the data is
that tower exit conditions were not measured. However, predictions of tower exit
variables can be made from available plant and tower operational data.
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Influence of K for Fg = 0.8 2 > K> 0,33
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Figure 3-2. Comparison of trajectory variation and centerline
concentration decay for parametric study in Fioure 3-1. [Source
From Viollet (1).]
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Influence of K for a 2-Discharge Group - FO = 0.65
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Figure 3-3. Comparison of trajectory variation and centerline con-
centration decay for parametric study of two natural-draft cooling
towers . . . variation in K. [Source: From Viollet (1).]
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Interaction of 2 Jets. Isoconcentrations in a Plane Perpendicular to the
Current at X/Do =5

| F, =085 a=02s
: H,/D, = 185
2 towers separated
by one diameter K = 033
X =05
K=1

Figure 3-4. Comparison of isoconcentration contours at X/Do = 5 for a two
tower, configuration . . . variation in K. [Source: From Viollet (1).]
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Influence of K for a 4-Discharge Group - FO = 0.8

Discharge geometry: same as in Fig. 2
HO/D0 = 1.85; o =0.25
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Figure 3-5. Comparison of trajectory variation and centerline con-
centration decay for parametric study of four natural-draft coolina

towers . . . variation in confiauration of towers and in K. (Source:
Evam \linllat+ (1) ]
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ISOCONCENTRATIONS 0.1 ; 005 ; 001 MEASURED AT x/Do = 7.3
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Figure 3-6. Comparison of isoconcentration contours at X/Dy =
7.3 for the two four-tower configurations. [Source: From
Viollet (1).]



METEOROLOGICAL CONDITIONS
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Figure 3-7.

tower exit conditions, ambient profiles
_Source: From Viollet (1).]

Sample of plume data from Gardanne
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. . . visible nlume outline,
December 9, 1975 (0930 Hrs).



250 T

200 T

150 4 ’41245
00
w.
) 200 l 300 400 m
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Relative Wind
Height Temperature Humidity Speed
m °C % m/s
0 7.4 54 5
166 6.8 64 9
225 6.3 67 10
.411 4.4 69 14
506 3.3 70 16
812 1.2 72 11
919 1.4 78 15
1019 1.1 80 --
1147 1.1 78 --
1430 -0.8 82 --
Tower exit conditions
height of tower - 109.3 m
exit diam. of tower - 51.3 m
exit velocity - 4.42 m/s
exit temp. - 25.0 °C
recondensate liquid emission - not measured
Figure 3-8. Sample of plume data from Lunen . . . visible plume outline, tower

exit conditions, ambient profiles . . . November 30, 1972 (1300 Hrs). [Source:
From EidgenBssiche Kihlturm Kominission (11).]
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Tower Exit Conditions (1300 Hrs):

height of tower - 100 m

exit diameter of tower - 44.6 m

exit velocity - 3.72 m/s

exit temperature - 31.6 °C

recondensate liquid emission - not measured

Figure 3-9. Sample of plume data from Neurath . . . visible plume
outline, tower exit conditions, ambient profiles . . . September 28,
1973 (1500 Hrs). [Source: From Caspar and Scharrer (12).]
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Figure 3-13. (a) Typical horizontal traverse
through Neurath or Meppen plume showing dis-
tribution of vertical velocity, humidity and
temperature elevation above ambient (top).

(b} Vvariation of above distributions with
distance from cooling tower (bottom).

[Source: From Fortak (14).]
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Figure 3-14. (a) Droplet-size distribution as a function of drop diameter at exit
of !eppen tower. Recondensate and drift drops are included . . . Meppen, March 29,
1977 (1245 Hrs). (b) Photogrammetric determination of visible plume . . . Meppen,
March 29, 1977 (1556 Hrs). [Source: From Electricite de France (10).]



Section 4

MATHEMATICAL MODELS FOR COOLING TOWER PLUME DISPERSION

European models for cooling tower plume and drift dispersion may be divided into

two categories. The first category refers to models developed for and commonly used
for environmental impact analyses (KUMULUS (1, 2); FOG (3, 4); SMOKA (5, 7); and
PANACH/MYKES (8, 12)); the second classification are those models which are more
complex in formulation and are expensive to run but were developed with the primary
aim of representing internal plume dynamics on a microscopic level (WALKURE (13, 14)
and the model by Egler (15, 16)). The French models (PANACH (8, 12) and MYKES (8, 12)
actually span both categories. The formulation of each model will be reviewed

briefly below.

Our study of the European models provides us with an expanded view on model ap-
proaches and assumptions. The best method to evaluate these European models is to
test them with experimental data. Section 5 of this report evaluates the KUMULUS
and FOG lodels through model/data comparisons. Other models were still under devel-
opment (SHOKA, Egler model, WALKURE) or proprietary and not available (PANACH/MYKES)
for our validation study. Each model will now be described briefly.

KUMULUS (P. Brog and M. Von Euw; Motor-Columbus Consulting Engineers, Baden,
Switzerland) (1, 2)

The KUMULUS Model predicts plume dispersion from single and multiple cooling towers
of natural or mechanical-draft type. The model has an associated drift deposition
code (BIG BEN) which has been used to predict drift from towers located on the more
polluted European rivers and also for the proposed Indian Point Unit 2 towers on the
Hudson River in the U.S. The plume model has been continually improved over the
past seven years and has been calibrated to selected European and American field
data. The KUMULUS Model is the most popular model employed in environmental impact
analyses of cooling towers in Switzerland and the Federal Republic of Germany. The
BIG BEN Model is of relatively recent origin and has not been calibrated with exper-
imental data.



The single tower plume model is similar in development to the work of Weinstein and
Davis (17). The bent-over plume assumption is made. The equations of conservation
of vertical momentum and enthalpy follow Weinstein and Davis. Unique features of
the model include (a) an entrainment function which attempts to account for jet
mixing, atmospheric turbulence, and additional mixing due to the wake of the tower,
(b) an elliptical plume cross-section which is a function of ambient stability, and
(c) an additional empirical drag force on the plume which is effective under large
wind conditions and provides additional plume bending due to the effect of the wake
of the tower.

The BIG BEN Model is described in some detail in Refs. (1, 18). The model has a
very simple plume rise formulation and a simple breakaway criterion. Its assumption
that droplet temperatures after breakaway assume the temperature of the ambient dry
bulb is not correct and will lead to much too rapid an evaporation process (18).
Additional information on the BIG BEN Model is presented in Ref. (18).

The use of the KUMULUS and BIG BEN Models for environmental impact analyses involve
the making of predictions over a season or the full year. An important component in
the application of the KUMULUS/BIG BEN Models then is the method of treatment of the
ambient meteorology in the preparation of seasonal or annual predictions of plume
characteristics or drift deposition patterns about the tower. This is a very dif-
ficult problem; the KUMULUS Model provides an advancement in the methodology of such
seasonal/annual predictions. The ambient meteorology at a site (seasonal or annual)
is reduced to 90 representative ambient profi]es<with associated frequencies based
upon their occurrence in a given season and wind direction. The KUMULUS or BIG BEN
Model is then run only for those 90 cases and the results combined based upon those
frequencies for the season under study. Although questions arise on how best to set
up the methodology to choose the most appropriate 90 cases, the ideas behind this
approach are fundamentally sound. Earlier methodologies in the field employed on
oversimplified plume or drift model and computer runs for every meteorological
observation taken at the site; as a result, an extremely large number of calcu-
lations is required, requiring the use of ‘an inexpensive, and often oversimplified
plume and drift model in order to keep computer costs manageab]é.

FOG (F. Gassmann, J. P. Trepp and D. Haschke; Swiss Reactor Institute, Wirenlingen,
Switzerland) (3, 4)

This model is of the one-dimensional integral type and has been employed in a
number of environmental impact analyses in Switzerland. Recent measurements of in-
plume data from Neurath and Meppen have been acquired for calibration of the model.

“
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The model consists of two parts: the rising plume (entrainment portion) and the
diffusion part. The rising part is characterized by a mean plume velocity which is
greater than the turbulent intensity of the free atmosphere. In the diffusion part,
atmospheric turbulence is predominant. A sketch of the division of the plume, as
modeled by FOG, is given in Figure 4-1.

The rising part or entrainment part of the model follows the ideas of Weinstein and
Davis as do other U.S. models such as Hanna. (19), Orville. (20), and EG&G (21).
Characteristics of this part of the model are

1. bent-over plume assumption,
2. top-hat plume profiles; circular plume cross-sections,

3. an entrainment velocity proportional to the vertical velocity and
local jet angle with the horizontal, and

4. detailed plume thermodynamics treated by allowing for changes of
state from moist air to 1iquid water to ice crystals if conditions
warrant.

The bent-over plume assumption removes the need for a horizontal momentum equation.

A unique feature to the model is the idea of detrainment which is applied to both
the buoyant jet and atmospheric diffusion parts of the model. As the vapor plume
rises, it entrains ambient air, yet loses a small amount of its mass to the ambient
air on-the lee side of the plume due to the turbulence of the free atmosphere.
Clearly, the net difference between entrainment and detrainment is the important
quantity in determining the plume variables of interest within the rising buoyant
Jet. Yet, the fate of air "detrained" at each plume cross-section does show some
additional effects. The FOG Model treats the detrained moisture at each slice of
the plume as a "source" of moisture for dispersion downwind by ambient turbulence.
If, for instance, the plume from tower top to maximum rise is divided into 50-100
sections, each normal to the plume center]iné, then each of those 50-100 plume
slices is the location of a small source of moisture “detrained" by atmospheric
turbulence. Moisture dispersion from each of those sources (as well as the one
large source located at the last calculated ascending parcel at maximum rise) is
computed for fixed distances downwind. In this calculation, the effects of each of
those sources is superimposed for any downwind distance of interest. FOG calcu-
lations show that for the Neurath towers under conditions of high ambient atmo-
spheric instability, there would be small moisture increases (above ambient levels)
at the ground.



The FOG theory of detrained sources leading to moisture elevations in the lee of the
plume downwind has actually been verified with field data acquired at Neurath.
Figure 4-2(a) shows measurements of ground-level moisture and temperature elevations
made by means of a portable ground sonde. The sonde traversed laterally under the
plume at a distance of 750 m downwind. Figure 4-2(a) shows the fluctuations in
moisture and temperature which appear at one location over a period of 3 minutes.
Figure 4-2(b) shows the lateral distribution of excess moisture content on the
ground derived from the field data. The measurements were fit to a Gaussian
distribution from which, by integration, the total moisture excess at the given
distance could be determined. Model predictions using FOG for that distance showed
fairly good agreement between ground-level moisture data.

It should be noted that the ground measurements at Neurath were also supplemented by
model airplane ("measurement slave") measurements and the power glider (ASK-16)
measurements mentioned in Section 2. The vertical distribution of water content
above ambient could be computed from those three complementary measurement sources.
This distribution is illustrated in Figure 4-2(c). (From that distribution, Trepp
and Gassmann of the Swiss Reactor Institute were able to check the total water
balance of the plume since the water emission rate from the cooling towers and
stacks was known. This confirmation helped prove the consistency of the measure-
ments.) The shape of the measured vertical distribution in Figure 4-2(a) was also
predicted by the FOG Model. That distribution is useful for potential tuning of the
spreading predicted by a plume model. Further validation of the FOG Model appears
in Section 5.

Figures 4-3, 4-4 and 4-5 present some results of the FOG model. Figure 4-3 presents
a plume calculation with FOG showing in (a) the vertical variation in plume kinematic
and thermodynamic variables at different distances downwind, and in (b) isopleths of
moisture content in the plume along with the visible portion of the plume (shaded
area). Figure 4-4 shows calculated plumes such as can be formed by a wet NDCT and a
dry NDCT (about 1800 MWe each) under identical atmospheric conditions. (The fact
that the plume is visible in the dry tower case should be noted). A verification
run of the model with field data at Neurath is given in Figure 4-5. The goal of the
research with the FOG Model (and also the ultimate goal of the field measurements at
Neurath and Meppen) is to simulate the atmospheric effects of wet and dry towers of
various designs and sizes by mathematical models and hence to clarify quantitatively
the climatic changes from cooling towers that are significant. Further discussion
on d}y tower application of the FOG Model appears in Refs. (3, 4).



An older model developed at the Swiss Reactor Institute is the PLUMEFF code (22).

In this model, the cooling tower plume is simulated in a two-dimensional time-
dependent format where the steady state solution is of interest (nonzero wind only).
The equations of motion, continuity, and those that describe the transport of heat,
water vapor, and water droplets are solved by finite difference techniques. Tur-
bulent transfer is represented either by a constant eddy viscosity or by the Prandtl
mixing-length hypothesis. Condensation, evaporation, coagulation, breaking and
gravitational effects of water droplets relative to air are included. The size
distribution of the water droplets is given as a discrete spectrum of five droplet
sizes. For each time step, the model calculates the temperature, velocity, relative
humidity, cloud and rainwater content for each grid point.

In cases of a nonzero wind, the plane of solution is the longitudinal-vertical plane
through the tower centerline. Unfortunately, a NDCT must be considered as an
infinite slot, which is not realistic. For calm conditions, however, cylindrical
coordinates in r and z are used with time providing a realistic treatment of the
geometry of the tower. A major limitation to the model is the lack of knowledge on
the choice of eddy diffusivity coefficients. A sample prediction of the PLUMEFF
Model for zero wind conditions is given in Figure 4-6. (Work on the PLUMEFF Model
has been halted with all attention centered on the one-dimensional FOG Model.)

PANACH and MYKES (L. Caudron and P. Viollet; Electricité de France, Paris) (& - 12)

These two computer models have been employed to predict plumes from single and
multiple natural draft cooling towers by EDF. Both models employ a finite-difference
solution to a simplified form of the governing equations of plume motion. PANACH, a
steady state model, applies to plumes in a windy environment while MYKES, a time-
dependent model, applies to plumes in calm ambient atmospheres. Both models have
been calibrated to field and laboratory data.

The PANACH Model solves the three-dimensional equations of continuity, momentum
(x,y,and z), temperature and passive tracer concentration. The equations are
simplified by dropping all diffusion terms in the x-direction (wind direction) as
well as the gradient of pressure with x. The equations now become a parabolic set
in x and, as a consequence, a marching solution in the wind direction can be made
starting from the tower exit plane (x=0).



The equations are solved from step x to step x+Ax using a method of fractional steps
based upon the work of Chorin (22). The order of solution of the governing equation
is

1. solve for the U velocity at x+ax (U is the velocity in the downwind
direction x) from the horizontal momentum equation using information
at x,

2. estimate V and W at x+Ax from the y and z momentum equations as-
suming all gradient terms are zero,

3. solve for pressure by solving a Poisson equation in y and z,
correct the estimates of V and W, and then

temperature and concentration are solved at x+ax. This step from
X to x+Ax is now complete.

Marching takes place along the direction of the wind (the x axis) from the exit
plane. At each step along x, all plume variables are computed for the associated y-
z plane. Only one sweep along x is needed. Several features of this solution need
be mentioned. First, this parabolic solution precludes any fundamental treatment of
the very near field which involves plume bendover in the presence of the tower
structure. Simplifications to achieve parabolic form of the governing equations
prevent the PANACH Model from handling recirculative motions in the x-direction.
Thus tower downwash cannot be accounted for directly. Caudron and Viollet define
the initial vertical plane for calculation as located at the tower exit centerline
and of width D, (tower exit diameter) and height ho' The h0 and kinematic variables
at the plane are defined from simple conservation laws which introduce a new para-
meter 1 representing the amount .7 dilution assumed to take place in the very near
field. The amount of dilution emp .~ed in the model for the very near field is
known through previous model calibrations. The second feature that requires dis-
cussion is the use of constant eddy viscosities and eddy diffusivities which do not
vary in space and time in the model. Dependent upon the initial variables (exit
diameter, exit velocity, number of towers, etc.) diffusion coefficients are pre-
sented and are assumed constant during plume calculation. Estimates for these
numbers have been determined mainly through previous calibration. Although Caudron
and Viollet recognize that constant values are a large oversimplification, they find
that they are satisfied with the calibration results they achieved with them.

Third, the model treats condensation and evaporation in a unique way. PANACH solves
a temperature and a passive tracer equation of identical form. However, in the
temperature equation, the temperature is replaced by an enthalpy expression and the
passive tracer in its equation is assumed to be liquid water concentration. At each
point'downwind, these two quantities along with the Clausius-Clapeyron equation
determine if the plume is visible there or not.

-
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Results presented as calibration or validation runs of the model appear quite
impressive. Single tower plume predictions show the characteristic bifurcated
nature of the plume and show realistic-looking velocity and concentration profiles
at cross sections to the wind. Field data comparisons have been made by EDF to data
at Gardanne, Neurath, and Amos. A sample comparison of the PANACH model to Gardanne
field data has been shown in Section 2. The wide use of field data for calibration
makes it difficult to assess the overall predictive capab{lity of the model. No
model/data comparisons are presented by EDF which are stated to be purely verifica-
tion runs (i.e., no calibration involved).

The MYKES todel is the time-dependent version of the PANACH code. By replacing x by
time t and U = 1, a model for the stagnant ambient case is obtained. The model
employs cylindrical coordinates and assumes an axisymmetric jet.

EDF also has developed a simple closed-form integral model (12) for plume dispersion.
Under assumptions of bent-over plume, top-hat profiles, circular cross sections, and
entrainment defined as a constant times the vertical velocity, Caudron and Viollet:
solve simple ordinary differential equations of vertical momentum, conservation of
mass, and conservation of heat energy. A closed-form solution is provided for
unstable, stable, and neutral ambient conditions, assuming the temperature profile

in the vertical direction is linear. The model has been used mainly for inter-
pretative purposes and to provide physical insight. A complete discussion of that
model and a brief description of the PANACH and MYKES Models appears in Ref. (12).

WALKURE . (K. Nester, Kernforschungszentrum Karlsruhe) (13, 14)

This model has many similarities to the PANACH Model of EDF. It is steady-state and
three-dimensional and follows a parabolic numerical approach; i.e., integration is
carried out in steps in x starting from the vertical plane at the tower exit.

Nester makes the bent-over plume assumption thereby eliminating the need for the
horizontal momentum equation. In each subsequent x, plume variables in the y-z
plane are computed. The model solves seven partial differential equations numer-
ically by finite differences for calculation of the relevant plume variables. The
following Tist shows the relation between the equations and the variables:

differential equations variables
vorticity velocities perpendicular
stream fupction to the direction of transport
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enthalpy temperature

vapor and cloud water content cloud water content
(droplets without fall speed) water vapor content
rain water content precipitation

(droplets with fall speed)

turbulent kinetic energy turbulent diffusion coefficients
rate of dissipation

WALKURE employs the work of Kessler (23) on the physical processes of cumulus

clouds to model the growth and evaporation of droplets and other thermodynamic
processes in cooling tower p]umes. The model was originally set up following the
cooling tower model of Taft (24). Subsequent changes from that theory have been in
the area of the thermodynamics (mentioned above) and in the modeling of the eddy
viscosities and eddy diffusivities. In this latter area, the empirical expressions
employed in the early development of WALKURE have been replaced by the k, ¢ model

of Spalding. The WALKURE model can treat multiple towers and does yield realistic-
looking cross-sectional predictions of velocity, température, and concentration.
Disadvantages to the model include (1) its inability to treat the initial plume
bending correctly with the parabolic approach . . . the parabolic method also cannot
account for effects caused by recirculative eddies in the downwind direction. It
cannot therefore treat tower dowhwash effects from a fundamental point of view.
(One-dimensional_integra] models cannot do so either unless empirically). Thus, it
is questionable if the initial conditions at the first vertical plane will be
accurate. - (2) 1ike PANACH and MYKES it is expensive.to run due to the finite-
difference techniques used. Computer runs for a complete site evaluation (~ 100
runs at least) would be very costly. Use of the k ~ e turbulence model adds two
more differential equations to solve and additional expense. Limited validation (14)
to field data at Meppen, however, showed reasonable agreement of plume pre@ictions
with the predicted trajectory slightly lower than observed trajectories. Although
the model provides more detail at each plume cross section than integral models, its
advantages over the 1-D models are questionable. The model is yet to be validated
with a wide range of plume data.

The model is set up to treat drift deposition as‘we11 but the model is costly to use
since one new equation must be solved for each bin in the droplet size spectrum.

SMOKA (B. Rudolf; German Veather Service; Offenbach, Federal Republic of Germany)
(5-7)

This is another 1-D integral model with many similarities to other models but with a
few important differences. The model solves equations of conservation of mass,

4-8



vertical momentum, enthalpy, liquid water and total water. The bent-over plume
assumption is made and circular plume cross sections are assumed. Entrainment is
assumed to be composed of two terms: one resulting from self-induced turbulence and
the other from ambient turbulence. Both terms are assumed operational from the
tower exit downwind; of course, the jetginduced turbulence term becomes less impor-
tant as downwind distance increases and the ambient turbulence term becomes rela-
tively more important with downwind distance. The ambient turbulence term is
defined Tocally from the ambient profiles through a Richardson number criterion.
Several empirical constants defined from model calibration are included in the
ambient turbulence formulation. The second significant feature of the model is the
treatment of plumes from multiple towers. Details are not presently available on
the pretise methodology but we know that the merging of plumes is taken into account
in the equations of continuity and vertical momentum. The model also treats down-
wash effects of buildings upwind of the towers for the larger wind speeds. The
method is empirical and the formulation was fixed by model calibration to data at
Neurath. The model is presently undergoing further improvement. At present, the
model has been calibrated to 5 sets of data at Neurath. The model also employs a
subroutine to predict tower exit conditions when not available for natural-draft
cooling towers, wet/dry cooling towers, and natural-draft dry cooling towers. A
sample run of the model is presented in Figure 4-9.

It should be noted that the SMOKA Model will eventually replace the use of the
KUHULUS Hodel by the German Weather Service for environmental impact analyses for
German power plants. The KUMULUS Model actually took the place of the simple TOWER
Model (25, 26). The TOWER Model is based on the Weinstein-Davis (17) theory in the
near field and a simple solution of the convective-diffusion eguation for the dif-
fusion phase. The model, however, did not compare favorably with other models in
earlier European validation studies.

MODEL BY W. EGLER (Institute of Thermodynamics; University at Karlsruhe) (15, 16)

This model is also a 3-D finite difference simulation of cooling tower plumes
following the parabolic approach. The model is not yet completed but some inter-
esting computations have already been made. The model may perhaps be considered

more as an interesting application of turbulence theory than a practical model for
cooling-tower design or environmental assessment. The model assumes a bent-over plume
with hydrostatic and Boussinesq approximations. It uses a second-order closure model
following the Launder-Rodi approach which accounts for the effect of buoyancy in the
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turbulence theory. The model solves the following differential equations at each
step downwind

1. Vorticity transport equation solution for

2. Poisson equation for the stream function velocities v,w

3. Energy equation

[® ]
4-6, Equat1ons for the turbulence energies in the three space coord1nates,
i.e., three components of the Reynolds stresses, u]2, u, 2, u3

7. Equation for the energy dissipation rate, ¢
8. Covariance of the enthalpy, h'2

9. Covariance of the water content fluctuations, y'?2

PTume thermodynamics is accounted for in the energy and enthalpy covariance equa-
tions. Total liquid water is treated but is not broken down into cloudwater and
hydrometeor components. ’

Computations with the model have been undertaken with a 25 x 25 grid normal to th
wind where steps along this wind direction are taken. One sample calculation
required 1/2 hour on the UNIVAC 1108. Disadvantages of the model involve (a) the
problem of defining correct boundary conditions at the initial plane of integrati
(b) the difficulty in treating low wind cases with the parabolic method since no
convergence occurs and unstable solutions result as downwind integration is attem
and (c) the incapability of the model to treat tower downwash conditions since
circulations in the x-direction cannot be treated by parabolic models. The model
will be Walter Eg]er'é Ph.D. Thesis under the supervision of Prof. G. Ernst. A
sample result of the model in its present form is given in Figures 4-7 and 4-8.
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wyls

o ST ot S o § O

o

AN

%1019}

HRN
A\

]

e

o

on

.$°00¢

)P
/A%

wouq{ :9o4anos] -w-d 0Q:g

[*(¥) ®juoseH ucm uuewssey ‘ddod] wou4 :324n0S]
*(3u33u0d u33eM [euoLllppe) 48M03 HBuL{00D jaM e JO4
443WN1d Lopow awn|d 3yl yjtm suoLje|ndie) "9- a4nbLy

(%) 0)
[*(9L) 3su43 pue 2IN3STOW oa:%mmoaema (w) 9oue3IsIq
49163 wouag :924n0g] -uw-d et 0t 8 oot R 000t . 2,
00:€ ‘€/61 82 4aquaydes s00
‘uorjels Jamod yjeuansy ) z0
yo01g -aunid ay3 jo jLey so
3YBLd 8y3 4oy suoryng “ -
-LJ43sLp [eillul 8y} wouy e ot
weasjsumop w zy “3ybiay
sues 3yj 3e aJnjedaduisy | | ooo

{PJUSWUOJ LAUD BdYZ dA0qe
aunid ay3 jo aunjzedad
-Wa3 SS8dX3 °g-f dunbiy

(w)
F - 3YSTeH

[*(91) 3su43 pue 43|63
‘c/6l ‘82 4aqualdag

‘uoL1els Jamod yjeanay ) yoolg - Au3ouwuwAs
30 aue[d [edLI48A 3Yyz ulL awn|d 3[qLSLA 3yl jO
9UL|3N0 PaALaSqO pue pajeindle) °/-p a4nbr4

-yta

[*(¥) @AudseH pue uuewssey

st on on o0 or

Q.

[

0

er

UOT3BAIOSQQ) ------ --- w
[

UOTIBTNOTE) m
@

¢ddoua] wouaq4 :324n0s] *{spa4ys auwnid
aLqLstA €3oedwod ‘swn|d a|qLstA) swnid
paydeaboroyd y3im uostaedwod :904 |spou
awnid ayj yaLlm uorje|ndye) G- a4nbLy

‘
[
[
]

4-17



sesetbbarRtEeene P R R R R P R saes

Beight (200 meter urhe)

Figure 4-9, {a) Vertical-longitudinal section through
the calculated SMOKA plumes from a cooling tower group.
(b) Vertical cross-section through the calculated plumes
of a cooling tower group . . . (a? before and (b) after
merging.. [Source: From Rudolf (7).]
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Section 5

EVALUATION OF THE KUMULUS AND FOG MODELS FOR COOLING TOWER PLUME DISPERSION

This chapter presents an evaluation of the KUMULUS (1) and FOG (2) Models by means
of model/data comparisons of those models to our visible-plume data from single and
multiple towers. We chose those two models for evaluation for the following reasons.
First, those models along with the PANACH/MYKES Model (3) of Electricité de France
(EDF) are the most popular and commonly used models for cooling-tower plume predic-
tion in Europe. Other models are either not appropriate for environmental-impact
work because they are mainly research tools (e.g., WALKURE (4), Egler Model (5)) or
the models are still under development (e.g., SMOKA (6)). We sought to include the
EDF Model in our study here but EDF representatives declined. They would, in fact,
prepare calculations for us for our test cases only if we had data for a plant
larger in power output than the Amos Plant (2900 MWe) in West Virginia. Since data
for towers with such a large heat output has never been acquired, we could not meet
that condition. A second reason for our special interest in the FOG and KUMULUS
Models is that the development of those models is by the integral approach which we
also planned to employ (see Vol. 2). Both models also employ a consistent theory of
development. Those theories provided additional ideas for evaluation.

This chapter presents model/data comparisons of those two models to the single-tower
data of Lunen, Chalk Point, and Paradise, and multiple-tower data of Neurath and
Amos. Information on these data is given in Vol. 2. The KUMULUS Model predictions
were carried out by Dr. Pierre Brog and Mr. Michael von Euw of Motor Columbus
Consulting Engineers of Baden, Switzerland. The KUMULUS Model is proprietary to
Motor Columbus; details on the model formulation are available from Ref. (1) but the
computer code and empirical constants are not available. We provided them with

tower exit and ambient conditions and they provided us with a 1isting of the computer
output including a line-printer plot of the visible plume. We employed an electronic
digitizer to extract the plume outline from the output to a form suitable for
plotting. It should be noted that Motor Columbus made computations with their model
at two different times. Early in 1978, they provided us predictions for all our
single-tower cases. Summary plots of visible-plume rise and visible-plume Tength
revealed that the KUMULUS Model predicted visible plume length quite well but
consistently overestimated visible plume rise. Overall performance of the model
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was only fair-to-good. At their request, we provided them with the observed visible-
plume outlines so that they could recalibrate their model. In late 1978, a new set
of model predictions for single- and multiple-tower plumes was sent to us computed
from the recalibrated KUMULUS Model. We present predictions with the recalibrated
KUMULUS Model along with summary plots of both the original and recalibrated
versions.

FOG Model predictions have been made by ANL with the FOG computer code which has
been provided to us by Drs. F. Gassmann and J. P. Trepp of the Swiss Reactor
Institute. Visible-plume predictions were also presented in the computer output
in terms of line-printer plots which we digitized for our plotting purposes. Com-
puter calculations were made employing recommendations on parameters presented in
the FOG user's manual and with additional clarifications made in telephone con-
versations with Drs. Gassmann and Trepp.

Figures 5-1 through 5-24 present the -KUMULUS and FOG model/data comparisons for the
single-tower data of Lunen, Chalk Point, and Paradise. Figures 5-25 through 5-42
present the multiple-tower model/data comparisons for the Neurath and Amos sites.
Figure 5-43 presents a comparison of the overall predicted versus observed visible-
plume lengths and rises for the uncalibrated KUMULUS Model made early in 1978 for
single-tower cases. The tendency to overpredict visible plume rise is consistent.
Figure 5-44 presents the same comparison but with the recalibrated version of the
model. Improvement is dramatic and the overall comparison is, indeed, quite good.
Close examination of individual figures and the summary graph of Figure 5-44 reveals
that the model plumes have a slight tendency to be low and long. For short observed
plumes (plumes less than about 500 m), the model predictions tend to be shorter

than the observed data. For long observed plumes, the model tends to predict longer
plumes. These long predicted plumes occur generally under high humidity- conditions.
Also noticeable in the graphs is the tendency of the KUMULUS Model to predict the .
reappearance of the plume after it has disappeared earlier. A summary of the
multiple-tower length and rise predictions is given in Figure 5-45. The model's
overall performance for multiple tower plume cases is not as good as single-tower
predictions with multiple-tower plume predictions having a clear tendency to be

low but balanced in length. The predicted plumes from the multiple tower probably
do not merge as they should because they are too low. Although low, the predicted
plumes are balanced in length. A few Amos cases were not able to be predicted by

the model.




A summary of the FOG Model predictions compared to field data is given in Figures
5-46 and 5-47 for single tower and multiple tower cases, respectively. Clearly,
the FOG Model predictions are not as accurate as the KUMULUS prediction; however,
the FOG Model has not been calibrated to large quantities of field data that have
been used in calibrating the KUMULUS Model. The consistency shown in the predic-
tions indicates that a calibration of coefficients to our data should make signif-
icant improvements in the overall model performance. Overall, the model predictions
for single tower cases show visible plumes that are generally short and low. In
multiple-tower applications, the merging criterion is over-simplified: all sources
are combined into one before plume calculations begin. An interesting feature of
the plume predictions should be mentioned. As noted in a discussion of the model
in Section 3, the model assumes the rising plume to be a source of detrainment.
Sometimes this added moisture in the lee of the plume is enough to cause visibility
in a short region downwind of the rising plume.

One of the FOG Model authors, F. Gassmann, had the following comments upon examina-
tion of the results of our model/data comparisons for the FOG Model:

1. his experience with the FOG Model indicated that it predicts plume
rise with high accuracy. The fact that our model/data comparisons
showed a consistent trend for the model to predict a low visible
plume rise is due to the fact that predicted visible plume length
was short in these cases,

2, model/data comparisons for visible plume length can sometimes be
misleading because,

-- the visible length can change between 100 m and several kilo-
meters in a few minutes, as time-lapse films show. That means
that it is possible to have two very different photographs of
plume Tengths for the same sounding,

-~ the measurement of humidity can be inaccurate. If a sounding .
gives for example a relative humidity of 90%, it could in
reality as well be 95% or 85% and that difference can change
calculation plume Tengths by an order of magnitude. An example
of an effect 1ike that could be the situation of Fig. 5-24.
Another difficult parameter is the wind speed. For the examplie
in Fig. 5-33, (AMOS - Case 15), the vertical shape of the observed
plume is the proof that there was almost no wind. Measured
wind data, however, indicated a wind speed of 4.9 m/sec from
ground to 900 m above ground.

We agree with Gassmann's comments but wish to add that
1. model/data comparisons to visible plume outlines to our comp]etg
set of 39 single tower and 26 multiple-tower cases usually provided

an accurate picture of model performance for models previous!y )
tested. We were usually able to trace reasons for underprediction
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or overprediction to specific model assumptions. In addition, the
systematic behavior of a model to.overdilute or underdilute was

replicated when models were compared with single phase laboratory
data. The underprediction of visible plume length and rise may be
due to lack of an optimal calibration of entrainment coefficients.

Z. there are indeed data sets among our 65 which rafse questions
about data accuracy (see Vol. E?. Howaver, the behavior of a
model with the entire data base has, in the past, revealed sys-
tematic trends that were valid based upon scrutiny of the plume
theory used in the model. Frrors in relative humidity of +5% are
important for the higher relative humidities {~90%) but less impor-
tant for the Tower ambient humidities. If indeed model errors are
random, it would have been impossible for a deterministic theory
to represent the visible plumes as well as the recalibrated KUMULUS
Model has. We suspect that data errors do not allow ws to predict
visible plume Tength and rise better than a factor of 1.5-2.0 for
90% of our data cases. Clearly then, data errors are & factor but
model/data comparisons with 65 data cases have provided a consistent
test of a model.

A comparison of FOG and KUMULUS Model performance to American models {8 - 22) appears
in Tables 5-1 and 5-2. The recalibrated KUMULUS Model's performance is on par with
any of the U.5. Models. It should be remembered that the KUMULUS Model was cali-
brated to this data base; some American Models {Winiarski-Frick, Orville., Hanna,

and Slawson (Closed Form)) were also calibrated to selected data as well. Further
details on the American models appears in Ref. (23). Further testing of the KUMULUS
Model appears in Vol, 2 of this report.
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Table 5-1.

Comparison of Performance Statistics of KUMULUS
and FOG Models for 39 Sets of Single-Tower
Visible Plume Data from Linen, Chalk Point, and
Paradise and 26 Sets of Multiple-Tower
Visible Plume Data from Neurath and Amos.

Visible Plume Rise

Statistical Single Tower Multiple Tower
Measure* KUMULUS FOG KUMULUS FOG
N2 27 23 19 21
N5 35 36 25 25
o log 1.50 .1.65 1.64 1.43
o S.m. 0.95 0.85 0.83 1.23
.2 <04 < 1.0 19 27 20 14
1.0 <0 < 5.0 16 9 5 11
Visible Plume Length
Statistical Single Tower Multiple Tower
Measure* KUMULUS FOG KUMULUS FOG
N2 27 15 10 11
N2.5 30 22 13
Ng 33 32 23 17
? log ' 1.59 2.02 2.17 1.82
o S.m. 1.11 0.76, 1.34° 0.72
2 <p5 1.0 20 25 13 15
1.0 < p; < 5.0 13 7 10 2

*
see Table 5-2 for definitions
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Table 5-2,

Performance statistics for KUMULUS and FOG Models as compared to fifteen U.S.
single-tower models for prediction of visible plume rise and visible plume length.

Model Range of p; | N, | Ng | Ny | o= o |e,= 101/ Tlog 05T T oy
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 2.19 0.20
Winiarski-Frick 0.13-6.50 3 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 2.27 0.19
° Hanna 0.23-11.00 30 38 0 1.27 0.82 1.60 0.16
ﬁ Tsai-Huang
§ (Stone & Webster Engr. Corp.) 0.01-10.57 24 32 0 0.92 0.49 1.52 0.14
S Lee-Batty 0.11-9.96 19 32 1 0.92 0.75 1.88 0.23
é Lee (NUS) 0.21-12.97 29 38 0 1.09 0.67 1.64 0.17
E Calabrese-Halitsky-Woodard
(Pickard-Lowe-Garrick Inc.) 0.10-10.61 18 29 8 1.52 1.01 1.86 0.18
Stephen-Moroz 0.23-20.52 24 35 0 1.44 0.97 1.68 0.19
Saame 0.47-9.70 17 36 2 2.08 0.94 2.01 0.17
Orville 0.44-34.87 23 35 0 1.74 1.20 1.78 0.20
KUMULUS 0.03-2.60 27 | 35 1 0.95 0.49 1.50 0.14
FOG 0.14-8.00 23 36 1 0.85 0.52 1.65 0.19
Model Range of o5 | N, [N, o | No [N [aelns [ o by - 10/ Tog 03T T o,
Slawson-Wigley 0.00-6.50 7 11 24 0 0.72 0.77 2,33 0.19
Slawson (Closed Form) 0.00-22.87 13 19 27 0 1.15 1.09 2.12 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 2.99 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 2.49 2.17 3.79 0.09
E‘ IHanna 0.19-2.90 21 23 27 11 1.21 0.71 1.57~ 0.15
Tsai-Huang
E (Stone § 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 2.27 0.15
ﬁ Lee (NUS) 0.00-0.94 5 7 21 2 0.41 0.22 2.76 0.20
g Calabrese-Halitsky-Woodard
(Pickard-Lowe-Garrick Inc.) 0.04-541 13 19 27 8 1.27 0.95 1.90 0.17
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 2.21 0.15
Orville 0.27-17.04 20 23 32 0 1.72 1.22 1.72 0.22
KUMULUS 0.01-75.38 27 30 33 1 1.11 0.80 1.59 0.16
FOG 0.08-12.93 15 22 32 1 0.76 0.76 2.02 0.17
Notes: 05 is defined as the ratio of predicted to observed (either length or height as indicated)
N2 is the number of times the prediction is within a factor of 2, i.e., 0.5<p. < 2.0
N2 Ais the number of Fimes the pre‘.iiction is within a factor of 2.5, i.e., 0.4'< p. < 2.5
. NS'.LS the number of times the prediction is within a factor of §, i.e., 0.2 < py <75.0
NF is the number of fa}lu?es of the model in 39 data sets
oy is the standard deviation of the pi distribution
[\

5 is the standard deviation of the {log o ;| distrivution
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Figure 5=1. Comparison of predictions of KUMULUS and FOG models
to observed visible-plume outlines at Linen . . . cases 51 and 54.
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to observed visible-plume outlines at Linen
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Figure 5-3. Comparison of predictions of KUMULUS and FOG models
o observed visible-plume outlines at Linen . . . case S6.
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Figure 5-4. Comparison of predictions of KUMULUS and FOG models
to observed visible-plume outlines at Linen . . . cases SS3 and SS5.
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Figure 5-6. Comparison of predictions of KUMULUS and FOG models
to observed visible-plume outline at Lunen . . . case SS11.
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Figure 5-7.

Comparison of predictions of KUMULUS and FOG models

te observed visible-plume outlines at Linen . . . case SS12.
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Figure 5-8. Comparison of predictions of KUMULUS and FOG models
to observed visible-plume outlines at Lunen . . . case SS17.
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Figure 5-9.

Comparison of predictions of KUMULUS and FOG models

to observed visible-plume outlines at Chalk Point . . . cases

CP1D15AV and CP1D16P1.
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Figure 5-10.

Comparison of predictions of KUMULUS and FOG models

to observed: visible-plume outlines at Chalk Point . . . cases

CP1D17A1 and CP1D17A2.

5-19




CHALK POINT I-——DECEMBER 17,1975 (1140 HRS.)
WIND SPEED (M/S))
0 2 4 L] 8 0

BSERVED LEGEND
;uuuws P O ZREL HUMIDITY PRESSURE (MB))
o=

+ =

HEIGHT ABOVE GROUND (METERS)
s 7

200 W0 0D M0 S0 GX0 700 70 SWO 9600 . A 4 1 3 8 7
DISTANCE FROM TOWER (METERS) DRY BULB TEMP. (T)

T T T
3 40 % 60 70 8 90 100
RELATIVE HUMIDITY (%))

CHALK POINT I-——DECEMBER 17,1975 (1140 HRS.) )
WIND SPEED (M/S))
0 2z 4 6 8 B

LEGEND
o UM O=DRY BULB TEMP. PRESSURE (MB))
o o=
___________ FOG A=WIND SPEED WP 0 % u
+=PRESSURE
g5
2
&
a
§§
5
w81
>
8
< §<
g
E8
g_
a1t —

2 - 1 3 8 7
DRY BULB TEMP. (T)

T T T T T )
30 40 % 60 70 80 $0 10
RELATIVE HUMIDITY (%))

Figqre 5-11. Comparison of predictions of KUMULUS and FOG models
to observed visible-plume outlines at Chalk Point . . . case
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Figure 5-12.

Comparison of predictions of KUMULUS and FOG models

to observed visible-plume outlines at Chalk Point . . . cases

CPiD18P1 and CP1D19P1.
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Figure 5-13. Comparison of predictions of KUMULUS and FOG models
+ to observed visible-plume outlines at Chalk Point . . . case CP2J17.
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Figure 5-14. Comparison of predictions of KUMULUS and FO8 models
to observed visible-plume outlines at Chalk Point . . . cases

CP2J13P1 and CP2J18A2.
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Figure 5-15. Comparison of predictions of KUMULUS and FOG models
‘to observed visible-plume outlines at Chalk Point . . . case CP2J22.
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Figure 5-16.
to observed
and CP2J23.

Comparison of predictions of KUMULUS and FOG models
visible-plume outlines at Chalk Point . . . cases CP2J19
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Figure 5-18.

Comparison of predictions of KUMULUS and FOG models

to observed visible-plume at Paradise . . . cases P2-1 and P2-3.
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Figure 5-19. Comparison of predictions of KUMULUS and FOG models
to observed visible-plume outline at Paradise . . . case P2-2.
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Figure 5-20. Comparison of predictions of KUMULUS and FOG models
to observed visible-plume outlines at Paradise . . . cases P2-4

and P2-5.
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to observed yisible-plume outlines at Paradise

and P2-7.
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Figure 5-22. Comparison of predictions of KUMULUS and FOG models
to observed visible-plume outlines at Paradise . . . cases P2-8
and P2-9.
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Figure 5-24.
and P2-13.
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Figure 5-25. Comparison of predictions of KUMULUS and FOG models
to observed visible~plume outlines at Neurath . . . cases N15 and

N34.
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Figure 5-26.
N49.
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Figure 5-27.

Comparison of predictions of KUMULUS and FOG models

to observed visible-plume outlines at Neurath . . . cases N51 and

N54.
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Figure 5-28. Comparison of predictions of KUMULUS and FOG models
to observed visible-plume outline at Neurath . . . case N67.
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Figure 5-29. Comparison of predictions of KUMULUS and FOG models
to observed visible-plume outlines at Amos . . . cases Al and A3.
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Figure 5-30.
to observed visible-plume outlines at Amos .

Comparison of predictions of KUMULUS and FOG models

cases A6 and A8A.
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Figure 5-31.

Comparison of predictions of KUMULUS and FOG models

‘to observed visible-plume outlines at Amos . . . case Al0A.
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AMOS CASE——12 JANUARY 4,1976 (1033—1245 HRS.)
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Figure 5-32. Comparison of predictions of KUMULUS and FOG models

to observed visible-plume outlines at Amos . . . case Al2.
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AMOS CASE—15 JANUARY 1995 (0733-1112 HRS)
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Figure 5-33. Comparison of predictions of KUMULUS and FOG models

to observed visible-plume outlines at Amos
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AMOS CASE~-16 JANUARY 19,1975 (0717-1034 HRS.)
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Figure 5-34. Comparison of predictions of KUMULUS and FOG models
to observed visible-plume outlines at Amos . . . case Al6.
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AMOS CASE——28A FEBRUARY 10,194 (0738-1140 HRS.)
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Figure 5-35.

Comparison of predictions of KUMULUS and FOG models

to observed visible-plume outlines at Amos . . . case A28A.
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AMOS CASE-——-35A FEBRUARY 18,1975 (0728-1105 HRS.)
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Figure 5-36. Comparison of predictions of KUMULUS and FOG models

to observed visible-plume outlines at Amos . . . case A35A.
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AMOS CASE--38 FEBRUARY 20,1975 (0730-0950 HRS.)
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Figure 5-37. Comparison of predictions of KUMULUS and FOG models
to observed visible-plume outlines at Amos . . . case A36.
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AMOS CASE--45 MARCH 5,1975 (0828-1135 HRS.)
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Figure 5-38.

to observed visible-plume outlines at Amos . .

Comparison of predictions of KUMULUS and FOG models
. cases A45 and A47.
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Figure 5-39. Comparison of predictions of KUMULUS and FOG models
to observed visible-plume outlines at Amos . . . cases A102 and
A1G7.
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AMOS CASE--105 JANUARY 9,1976 (0947—1015 HRS.)
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Figure 5-40. Comparison of predictions of KUMULUS and FOG models

to observed visible-plume outlines at Amos

. case AT05A.
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Figure 5-41. Comparison of predictions of KUNULUS and FOG models

tb observed visible-plume outlines at Amos . . . case A}0S.
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AMOS CASE——110A JANUARY 18,1976 (0755-0949 HRS.)
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Figure 5-42. Comparison of predictions of KUMULUS and FOG models

to observed visible-plume outlines at Amos . . . case A110A.
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Section 6

SPECIAL STUDIES
NIEDERAUSSEM STUDY (1)

Each of the field studies presented in the earlier sections of this report represents
measurement periods encompassing a short term, typically a few hours. The Neideraussem
investigation is a climatological study aimed at assessing long-term physical and
biological impacts of cooling towers in the near vicinity of a power plant. Of
interest at Niederaussem were plume shadowing, visible-plume persistence, ground-level
temperature and moisture increases, local increases in precipitation, leaf-wetting
duration, and the potential for damaging effects of fluorine to local cultivated
plants. Special consideration was given at fhe Niederaussem site for determining

any damaging effects on cultivated plants by hydrogen fluoride immissions. That

study should be of most interest to those involved in the environmental impact assess-
ment of cooling towers on the environment. As far as we are aware, the Niederaussem
study is the only climatological investigation of cooling tower impacts available.

The site chosen for this study was this coal-fired power station at Niederaussem,
which had a capacity of 1500 Mwe at the time. The plant is situated on relatively
flat terrain except for two railroad embankments and the Garsdorf strip mine
beginning about 1.2 km away in the southwest. The plant cooling installation
consists of three natural-draft cooling towers, each for a unit of 300 Mwe, and
six mechanical-draft wet cooling towers of total capacity 600 Mwe, with a tota]l
water throughput of 191,700 m3/h.

Ejection of water vapor does not take place solely from the cooling towers. Because
of the high water content of the brown coal, considerable quantities of water

vapor are removed by the chimneys with the chimney gas. Waste heat is emitted
directly to the air by means of the chimneys, the boiler house, as well as by

the cooling towers. For this reason, the meteorological influences on the environment
can be considered only for the power station as a whole, and not just for the cooling
towers alone.

The measurement technique employed was the so-called double-station method in which



there is one meteorological station on the side of the power station sheltered by

the wind and one station on the windward side. Two station pairs (Figure 6-1)

were set up with the lines joining them perpendicular to one another: stations

A and C are in the north-northeast and south-southwest directions, respectively, and
stations B and D are in the east-southeast and west-northwest directions, respectivel)
Each station was 650 m from the center of the cooling tower complex except for
station D which had to be set up at a distance of 580 m because of adjoining
cultivation. Also, station B had to be set up on a railway embankment 7 m high,

due to the presence of fields on both sides of it. Stations A, C and D were all

on land which was used agriculturally.

Each of the four stations was equipped with a hygrothermograph in a weather shed
for determining the temperature and relative humidity of the air at a height of

2 m, and a mechanical anemometer (Woelfle type) for wind direction and wind
intensity. There also was a star pyranometer for overall radiation, a leaf
wetting recorder (of Woelfle-type, 1 m high), rain gauges, and, in some cases,
pluviographs at each station A-D. An additional precipitation measurement profile
was obtained from the four other stations. The profile extended over a distance
of up to 6.3 km from the cooling towers to the east-northeast (see stations N2-N5
in Figure 6-1).

Measurements were taken from September 1, 1972 through June 30, 1974. The additional
' precipitation profile was available from January 1973. Recordings of wind, air
temperature, relative humidity and leaf wetting were taken on a hourly basis.
Hourly values of radiation were obtained from four fixed pyranometers and
occasionally, half-hour values were acquired. Occasionally, a pyranometer on
a moving vehicle was used for synoptic studies. For the precipitation, at all
stations, the cumulative values between two successive monitoring periods were
available (these periods were three to four days). In addition to these measurements,
other measurements of different types were made with devices mounted on a vehicle.
Observations also were made of the cooling tower plumes during the station monitoring
trips after December 1973. Conclusions from each of the separate studies will
now be given.

Plume Shadowing Effects

The decrease of a portion of the overall radiation (short wave from the sun and sky)
due to the presence of the visible cooling-tower plume has raised some concern
especially if the plume is above agricultural land. It is interesting to focus
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on data representing two sky conditions in order to present an intercomparison of
the different kinds of shadowing effects on the environment that are possible.
Figure 6-2 shows the distribution of the overall illumination in the environment
of the cooling towers on a sunny autumn day with a weak northeast wind. In the
core shadow, the illumination was reduced by about 60 to 65% in comparison to

the illumination prevailing at an undisturbed comparison point. The reduction

is only about 5% directly beneath the plume. The area south of the plume had a 5
to 10% increase in illumination due to the reflection of the 1light by the mist
droplets in the plume.

Figure 6-3 shows the overall illumination measured on a cloudy autumn day with weak
northeast winds. The reduction in illumination in the narrow core directly below
the plume is about 20%, whereas, with increasing distance and decreasing shadowing,
the reduction drops to about 5% at a distance of 350 m on the southeast side or

at 500 m on the northwest side. ‘

The data showed that the instantaneous values of radiation losses can be considerable
due to plume shadowing. The average loss with time, however, is only slight, since
the shadow changes its position with the direction of the wind and the position of
the sun. The reduction of radiation caused by the shadowing coming from the

cooling tower plume is only noticeable in the immediate vicinity of the power station.
If we start from a point 200 m northeast of the cooling towers, the radiation losses
for a 500 m circle are about 5-25%, and from there points distant by 1000 m, the
radiation losses are less than 1% to about 5%, and beyond 1000 m, they are practically
imperceptibly slight. Interestingly, the maximum radiation losses due to shadowing
occur during parts of the year when light intensities for maximum assimilation by
plants are already exceeded by large amounts.

An interesting feature of plume shadowing was discovered. As we observe for
individual cumulus clouds in nature, the irradiation along the sunny side of the
plume is increased by 5-10% across a considerable area by reflection by the plume
fog droplets, which appear to be white. A planimetric measurement of shadowing
areas and amounts and radiation increases and amounts showed that the total loss of
brightness caused by the plume under sunny conditions was reduced by 20% because

of this reflection phenomenon.

From the shadowing data, the investigators concluded that, from the point of view of

piant physiology, the effects of the light reduction caused by the plume, at
ground locations, is less than often supposed. Given the relationship between
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Figure 6-2. Overall illumination in the neighbﬁrhuud of the cooling tower plume at
Niederaussem in percent of undisturbed 11lumination for a sky without clouds. (K
represents the plume}.

Figure 6-3. Overall illumination fn the neighborhood of the cooling tower plume
at Niederaussem in percent of the undistributed illumination for a completely owver-
cast sky. {K represents the plume).



intensity of illumination and rate of assimilation, which at high 1ight intensities
a]reddy is far into the saturation range, shadowing light Tosses are of no consequence
for growth. Also, the average radiation loss with time is only slight, since

the shadow changes its position with the direction of the wind and the position’

of the sun.

Temperature and Relative Humidity Effects

As stated above, Stations A-D had hygrothermographs with measurements made every

hour. Each hydrothermograph was in a weather shed (the so-called Giessener shed)
located 2 m above ground. A mechanical anemometer (method of Woelfle) was used

for determining wind magnitude and direction. The relatively large errors possible
with use in a hair hygrometer for relative humidity might mask the kinds of variations
seen between upwind and downwind locations. In the A-D orientation, one station

was always upwind of the downwind station of interest as a result of the orientation
of stations A - D.

It was necessary to determine when the individual stations were on the leeward side

or on the windward side of the power plant. The assumption was made that the

station was on the leeward (or windward) side if the wind came from (or went to)

the direction of the cooling towers, or deviated from this by up to 22.5° counter-
clockwise. This assumption was made in order to account for the clockwise rotation

of the wind direction with respect to height. Out of the total number of hourly
measurements of wind direction, 7,022 counted hours yielded a leeward hour distribution
for the individual stations, as shown in Figure 6-4.

Station B exhibits the greatest number of leeward hours which means nothing more
than the known predominance of westerly winds. Station D which is opposite, is.
found in the lee of the power station with the second greatest frequency, while

the two other stations, C and A, have only 16.5% and 6.5%, respectively, of. the

total leeward hour count.

For each of the hours counted, the differences in air temperature were deter-

mined between the station on the side exposed to the wind and the station on the lee
side. These differences were associated to the time intervals: 12 midnight-6 am,

6 am-12 noon, 12 noon-6 pm, and 6 pm-12 midnight. The mean values of the air
temperature differences between the lee side and windward side, AT = TLee - TWindward’
were computed and were plotted as function of time of day (6-hour intervals) over
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the total time period of the study (Figure 6-5). A daily cycle can be clearly

seen in Figure 6-5 with a maximum for AT at night between 12 midnight and 6 am of
0.70°C; then, in the day, a decrease to 0.25°C (6am-12 noon) and 0.06°C (12 noon-6 pm)
and, finally, as night falls, a sharp increase to 0.54°C (6pm-12 midnight).

Temperatures are almost always higher-on the lee side of the power station due to
the waste heat of the power station and probably mostly from the boiler house. It
is the more stable conditions at night that keeps the heat from the plant nearer
the ground in contrast to daytime where more unstable conditions occur leading to

a greater rise of the heat. Station C showed the greatest increase in temperature
from the upwind side and station A showed the least increase in temperature from
its upwind side. We would expect station B to have the greatest temperature increase
by making a correspondence with Figure 6-4. This discrepancy is due to the extent
to which the air movement is impaired at the individual stations by obstructions in
the environment (principally buildings). For station C, the air movement is the
most strongly impaired and for station A, it is the least impaired.

The same procedure as used for temperature differences was also applied to relative
humidity differences. A daily cycle for relative humidity differences (lee side
minus upwind side) was noticed as well and is plotted (Figure 6-6). It is very
clear that these differences were almost exclusively negative, meaning that on the
Tee side of the power station, the relative humidity is less than on the side
exposed to the wind. In addition, differences are greater during the night (between -
1.5 - 2.5%) than the day (below 0.5%). The lowering of the relative humidity on
the lee side, in comparison to the side exposed to the wind can be simply explained
by the higher temperature on the lee side. The total water content (difference
between lee and windward sides) is slightly positive in the summer and negative in
the winter. However, for the orders of magnitude seen, we are surely dealing with
some uncertainties with regard to measurement and evaluation and accuracy. The
investigators concluded that the influences of the cooling tower plumes show less
effect on lee side temperature and humidity than other heat sources and of these
heat sources, the boiler plant contributes probably the most.

Local Precipitation Effects

Stations A-D measured total precipitation (drift plus rainfall plus snowfall).

In addition, a precipitation measurement profile was obtained from 4 other stations
(N2, N3,.N4, N5) from Jan. 20, 1973 which extended over a distance of up to 6.3 km
from the cooling tower in the east-northeast direction. Monitoring for all 8
stations was carried out regularly twice weekly. '
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Figure 6-5. Mean values of the air temper-
ature differences between the lee side and

the windward side at the Niederaussem cooling
towers as a function of time of day (6-hour
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June 74).

Figure 6-6. Mean values of the difference

of the relative humidity between the lee side

and the windward side at the. Niederaussem coeling
towers as a function of time of day (6-hour
intervals) for the total time period (Sept. 72-
June 74).
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The precipitation measurements were carried out with rain gauges and on some occasions,
with pluviographs. Readings were taken every three or four days at each station.
Spatial variations in precipitation were accounted for in the location of the rain
gauges (4 points in a 650 m circle about the cooling tower complex center and 4

points in a straight line out to 6.3 km). Temporal variations were determined

"~ only from twice weekly measurements over a period of two years.

It was found that the cooling tower plume occasionally led to an intensification
of the precipitation in the immediate vicinity of the cooling tower complex. In
almost every season, greater precipitation appeared at station B which was most
frequently on the lee side of the power station. However, it was not possible

to determine the extent to which this was attributable to the special position of
this measurement point on the railway embankment. Reliable quantitative data could
not be presented on the basis of the precipitation measurements available. Defini-
tive conclusions could not be reached due to the special location of station B and
the lack of careful statistical analysis-of the data. However, circumstantial
evidence exists of local increased precipitation including the higher precipitation
measurements at B (Figure 6-7) and the occasional recording of increased snowfall
under the cooling tower plume.

The results seem to indicate that the precipitation around the cooling towers is a
little higher than at a greater distance. This average increase of a few millimeters
per year could be seen especially on the main lee side of the station.

. Improvements in the measurement techniques could have been made in the following areas:
(a) many more rain gauges located further from the plant than 6.3 km

(b) continuous recording of rainfall would have been more valuable in orde
to test the effects of individual storms. ’

(c) Station B had to be set up 580 m from the tower complex due to adjoining
vegetation. It was set up on a railway embankment 7 m high which was
more likely, due to its location, to accumulate precipitation than the
other gauges.

Visible Plume Length

Observations (by sight alone) were made for 53 days to determine whether or not the
visible plume was above the measurement station (of A-D) located in the leeward
position of the wind. The data were acquired from Dec. 17, 1973 to June 30, 1974
during bi-weekly monitoring trips. These observations were always made in the
afternoon and thus are only representative for this time. Only 23 of the total

cases did a visible plume reach to the station or beyond (i.e. plume length > 650 m),



-

which gives us 43% of the cases observed. Out of the 30 remaining observation days,

16 of the visible plumes (=30%) disappeared shortly after exit from the cooling towers.
The size of this data base is not large enough to provide definite estimates

on plume length climatology.

Table 6-1 shows the percentage distribution of visible plume lengths as a function

of the seasons. The frequency of longer plumes decreases from the winter to the
summer, from 65% to 19%. However, because of the relatively low number of cases,

we should not overrate these percentages. Noteworthy is the high number of cases
(56%) in which, in the summer, the visible plume disappears almost immediately

after exiting the cooling towers (plume length < 200 m). In the winter, this was

the case only in 10% of the observation days. '

The investigators did assume that the leeward position was established on the basis
of the ground wind conditions and accordingly, cases occur in which, in spite of

the leeward position and adequate length, the plume was not above the station, because
the wind directions close to the ground and at the height of the plume varied more
from one another than was assumed. For this reason, the time in which a ceoling
tower plume was present above a leeward station was, with high probability, below 50%
of the total number of leeward hours in all seasons. This situation was noted,

but it was of no consequence except in the unusual case where the plume touches

the ground. Such a phenomenon was seldom observed and thus, it can be concluded

that there are no such effects to be concerned with as relates the cooling tower
plume.

The study could have been strengthened by the acquisition of more data more often
during the day than just afternoons and over longer periods of time to improve

the statistics.

Additional Studies

Three additional types of measurements were made which will be briefly discussed.

The first measurement subprogram was set up to determine whether the large quantities
of water released from the cooling towers lead to a more frequent and longer

lasting wetting of plants in the vicinity of the towers. Such an effect could

cause a delay in the drying up of the soil before tillage ; it could cause a
reduction in the efficiency and time of use for plant protectives as well as aid

in the development and reproduction of pests. Leaf-wetting recorders were set

up at each station 1 meter above the ground. Recordings were made hourly to see



Table 6-1.

Percentage distribution of visible plume lengths as a function of season at
Niederaussem.

Visible Plume length

Number of
>650m | <200m observations
Winter
(12/73 - 2/74) 65% 10% 20
Spring ‘
{March, April 74) 41% 30% 17
Summer
(May, June 1974) 19% 56% 16
Total
(12/73 - 6/74) 43% 30% 53%
Notes: (a) Visible plumes < 200 m in length are essentially those which disappear

simost immediately after exit from the cooling tower.

(b) The monitoring trips were used in the afternoon and therefore the
plume observations are thus only representative for this time of
day.



if leaf-wetting occurred. These measurements were used to form ratios based on
the number of hours that each station was in a leeward position. B(G) represented
the ratio of the total number of wetting hours to the total measurement hours.
B{L} represented the ratic of leeward wetting hours to the total leeward
measurement hours, An influence of cooling tower emissions on the leaf wetting
could then be determined when the ratio B{L)/B{G) was formed and then plotted for
gach station as a function of season. It was found that for stations A, C and D,
the wetting in the leeward position s always lower than the total wetting. As

8 result, an increase of the wetting duration from the cooling towers could thus
be excluded,

Station B showed an opposite effect. The leeward wetting, except for the summer of
1374, was always more than 1,5 times the total wetting. This can be explained by
the fact that station B is on the Tee side of the power station with respect to the
predominant west-northwest winds, For these wind directiens, there is a high
percentage of the total precipitation and thus, the frequency of precipitation

and wetting is greater than for the other wind dirvections, When averaging B(L}/B(G)
over the entire measurement period (Figure €-8), the relationship with station B

is clearly seen. The results of an individual station cannot be considered alane,
The mean of two opposite stations or of all four stations is more meaningful. The
mean of all four stations (Table 6-2) was computed for the total time of measurement
to follow suit with the temperature and relative humidity results. Here the ratio
is always Tess than 1, i.e. the leeward wetting 1s less than the total wetting.

The result: not an increase, but a decrease of the relatiye wetting duration on the
lee side of the power station (in the seasonal means, a decrease of B=-24%; in the
total mean, a decrease of about 21%) can be explained if we compare it with the
result for air temperature and humidity. Here an increase of the temperature on

the leeward side (of an average of 0.35°C) appeared, and a decrease of the relative
humidity by 1.13. In addition, as we have often mentioned, on the leeward side,

a more intense mixing is probably present. This all contributes to greater evapor-
ation and hence to a more rapid drying, of both the measurement sensors of the
recorder and of the vegetation. This Teads, on the whole, to a shortening of the
leaf-wetting time, Since temperature increase and decrease of the relative humidity
are caused by the combination of the thermal power station and the cooling towers,
the shortening of the wetting duration cannot be stated as based on the effects

uﬂ the cooling towers alone.
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The second study dealt with the determination of whether and to what extent the
cooling tower emissions can cause a delay in the drying of cultivation near the
power station. Only grains were studied since the region near the power p1ant'is
almost entirely dedicated to farming. Samples were taken from an area west-northwest
of the power station, comprising about 20 km?, up to a distance of 7 km from the
cooling towers. Winter barley was chosen to be examined for water content and

no definite relationship could be seen between the water content of the grain and
distance from the cooling towers. Likewise, samples of winter wheat were taken

and again, no strong relationship was found. The water content did vary from
12-37% for the barley and 10-33% for the wheat, but it is thought that the field
differences caused by the variety, soil, sewing period, and terrain climate are the
influences on the changes in water content.

A more detailed study was done on these samples with a classification by distance
into three groups. A deduction could not be made that there was a definite influence
of the cooling tower emissions on the ear moisture. '

Sample-taking was repeated a year later at a distance of up to 4.7 km from the

cooling towers with the same method as before. Samples were taken from all directions
except west because of the strip mines there. Several calculations were made
‘(explained in detail in Ref. (1)) which pointed to the same results as the

year before. It can be said that on the leeward side of the power station, there

is no indication of an increase or decrease in ear moisture content. There are
indications of a reduction of the water content on the leeward side, but these

are by no means statistically certain. The differences must be attributed to

other factors, such as grain varieties, fertilizers, soil types and climate to

name a few, and not to the cooling tower emissions.

The third additional study dealt with the hydrogen fluoride emissions and their
effect on the air and vegetation. The study of hydrogen fluoride impacts on plants
was undertaken because:

(a) power statibns employing coal may be emitters of fluoride (such is not
yet confirmed for brown coal power plants, however), and

(b) even small traces of hydrogen fluoride gas are able to cause direct
damage to the stomata of plants, and, through the medium of the plant,
can lead to excessive (and, under certain circumstances, toxic) absorption
of fluoride by animals. After several days of action, average HF
concentrations of less than 1 ug/m3 air can lead to enrichments of
fluoride in plant organs containing chlorophyil.



A detailed description can be found in the original text. Only the results will
be given here,

The two-year studies of fluoride concentrations in the air in a 3 km circle of
the plant in the region of the thermal electric power station of Niederaussem
produced the following results:

. In the first measurement year the fluoride quantities in the air were
found higher and more frequently elevated than those in the second
measurement year. Accordingly, the characteristic immission magni tudes
in the first measurement year were also greater than in the secand
measurement year. In the second measurement year, the characteristic
magnitudes were far below the legally established Timiting values.

. An increased fluoride load because of the thermal electric power
station cannot he demonstrated; there seems to be & somewhat higher
load in the total area.

A relationship between higher flucride content and season of the year
cannot be demonstrated,

It is not demonstrable with certainty that higher fluoride values are
present for a higher relative humidity.

In the vegetation period of 1973, pea plants were cultured seven times

in succession and the fluoride content was determined in the roots,

stems, leaves, and in the associated soil. The maximum fluoride content
was always in the pea roots, and the fluoride content was always lowest

in the pea stems, since these only assume the function of transporting

the absorbed fluoride. The fluoride content in the pea leaves was subject
to great variations, and at the same time was dependent an the quantity
of dust depesits containing fluoride,

. The average values of the soil, root, stem and leaf flueride content
were greater for all four stations in Niederaussem than at a comparison
station in Bonn, and this indicates a greater fluoride load in this
area,



No relationship between the fluoride content of the plant and the
duration of wetting of the leaves was definitely established.

STUDY ON BACTERIA EMISSIONS FROM COOLING TOWERS (2-8)

A comprehensive study was carried out in the Federal Republic of Germany to assess
the possibility of germs being emitted from cooling towers when waste water was
being used for cooling the power plant condensers. The study encompassed many

field tests on existing wet cooling towers supplemented with tests carried out on

a laboratory cooling tower. The short review presented below of the results of
that study is based on the synopsis in English given in Ref (6). Several reports in
German (2-6) present all the details.

Two major questions are of interest. The first relates to the spreading of germs
from the cooling towers and the possible direct or indirect risk to the population.
The second relates to the propagation of micro-organisms in the cooling water
itself due to the presence of increased cooling water temperatures and a supply

of nutrients in the cooling water. Field studies investigating these two questions
were carried out at prototype towers under different seasons and under various
atmospheric conditions. The object of the field studies was to identify both
qualitatively and quantitatively the most important types of micro-organisms (a) at
a number of locations inside the cooling tower, (b) in the cooling water, and (c)
outside the tower in its immediate vicinity.

Field Experiments

The test methods used were designed mainly to detect bacteria of medical importance.
Clearly the bacterial content of the cooling water is determined primarily by the
quality of the surface water fed in to the plant. Whether bacteria multiply or
reduce in number in the cooling water depends on the type of water treatment, the
type and quantity of organic material in the cooling water, the water temperature,
and the additives and biocides used for conditioning.

It was found that in the cooling water, the total CFU values (CFU = colony-forming
units) can increase by a factor of 30 compared with values in the incoming surface
water to the plant as a sole result of cooling water temperature increases. Entero-
bacteria multiply in the cooling water, but only when heavy contamination with organic
material d4s present. Without such contamination, no multiplication takes place at
increased water temperatures. On the other hand, however, a rise in germ count in



the case of certain micro-organisms such as, for example, Pseudomonas aeruginosa,
can also be promoted without very large amounts of organic materials in the cooling
water but due to the addition of conditioning materials.

Now the findings on the pathogenic micro-organisms emitted at the tower top will
be summarized. Evaluations of measurements at tower tops and from river water
samples indicates that under unfavorable conditions when there is a total germ
emission rate at the tower top of 108/sec, there is a discharge of 107 coliform
bacteria as well as (theoretically) 103 salmonella and 10 tuberculosis pathogens
as well as 200 virions per second.. The authors felt that the number of virions
was too high because viruses are predominately deposited on solids and unusually
large particles which are not discharged with the cooling tower plume vapor.
Accounting for other factors which cause damage to aerosol-borne germs in the
plume, the authors felt justified to reduce as well the numbers of intestinal
bacteria including salmonella by 10 in each case.

Thus the rate of emission of pathogens is smaller {700/sec of salmonella, 10/sec of
tuberculosis pathogens, 20/sec of virions) over the area of 700-3700 m? (cross-section
of the cooling tower at the top). During the time in which they remain in the
atmosphere, the bacteria which are predominantly found individually in the aerosols,
are then also subjected to additional vitiation (due to changes in the relative humidity,
desiccation, solar radiation, open-air factor, temperature). This is a result of
their travel through the plumes where the plume is spreading and mixing depending

upon the local ambient wind and temperature. The above vitiating influences have

a more pronounced effect at high temperatures and with solar radiation, i.e. at

those times during which the cooling towers are more frequently operated in Germany
because of increased river water temperatures or as a result of low water levels.

Whereas the influences discussed above lead to a reduction in the concentrations,
it must also be recognized that continuous rain will wash away bacteria contained
in the plume, which could result in increased immission in the immediate vicinity
of the towers. It was found, however, that under these environmental conditions
there was no increased germ count to be observed immediately above the ground.

If all the effects on the micro-organisms in the atmosphere mentioned apove are
taken into account, then it is not surprising that even when searching through
large volumes of air, the authors were not able to isolate pathogens. Notably,
the 3.5 m¥® of air per measuring point sucked in over a period of‘5 minutes using



slot collectors was far above the average quantity which an adult person inhales
per hour (0.54 m3).

Theoretical Predictions

Upon superficial observation, the estimated emission rates appear to lead to
fears of serious immission. In order to confirm the ground-level measurements,
mathematical computation was also used to determine what concentration of

germs occurs in the air above the ground and what immissions can theoretically
be caused on the ground. In these calculations, an assumption of unfavorable
conditions was made. These predictions were compared with the measured results
which covered not only the dispersal in the atmosphere, but also the behavior of
sedimented germs on plants and in the earth.

It turned out that the experimentally measured immission rates were not larger than
the values predicted, but varied in concentration between 10 and 200 CFU m~3 in
regions which can be measured in areas of low or no anthropogenic influence. The
maximum, long-term surface concentrations which result under such conditions
amounts to about 2.3 x 10° CFU m™2. This relatively low additional concentration
(approx. 1073%) will hardly be evident since a normal concentration found on earth
and grass samples is about 100 CFU m™2,

Furtherhore, laboratory investigations to confirm the results of the field
measurements have indicated the mortality rate of micro-organisms under idealized
conditions. Information was acquired from these investigations concerning the
relation between the mortality rate and the thermodynamic as well as flow conditions
in the cooling tower.

Lab Experiments

The lab measurements were carried out with a pure culture of E. coli. They allow
the following conclusions to be drawn:

In the super-saturated cooling-tower plume, the colony-forming capability of bacteria
carried in the drops does not alter very much. With an unsaturated plume, however,

a differentiation must be made between two types of reactions. The lab experiments,
in which the germ suspension was sprayed into unsaturated air without mixing secondary
air, revéaled no dependence of the rate of reduction upon the actual value of the
plume relative humidity. In contrast, the experiments in which the germ-bearing



droplets were vaporized due to the mixture of an unsaturated secondary air flow
revealed a clear reduction in colony-forming capability with decreasing relative
humidity. This latter case is of imporsance for dispersal and immission of airborne
germs from cooling towers to the extent that also here, the visible plume, at first
charged with drops, is dried by the admixture of unsaturated ambient air. Here the
micro-organisms do not behave uniformly; enterobacteria and Pseudomonas aeruginosa
are, for example, more strongly reduced than sporogenic organisms.

Test results and propagation calculations have both equally confirmed that as a
result of the considerable spreading in the propagation of the cooling-tower plume

a measurable germ contribution caused by the cooling-tower emission can be ruled

out. Where, nevertheless, there is a growth of individual bacteria from the cooling-
tower vapor on the ground or solid surfaces, then experience shows that they rapidly
perish unless they accidentally reach a source of nourishment which also allows the
growth of greatly vitiated micro-organisms.

Discussion of Environmental Impact

The total germ content and the number of facultative pathogenic micro-organisms in
the plume is dependent primarily on the quality of the incoming cooling water. For
this reason the problem of germ propagation through the operation of cooling towers
is difectly related to the level of treatment of the waste water prior to discharge
into the surface waters. Where the circulating water contains large quantities of
pathogens, then, as expected, there is an increased discharge of germs at the top
of the cooling tower although not above a maximum value. In the case of high
contamination, an improvement in the water quality is possible by sand filtration
and precipitation of suspended substances as well as, where necessary, through

the addition of antimicrobial substances.

At a given contamination of the cooling water, the germ content in the plume is
further determined to a large extent by the drift eliminator. As the investigations
have shown, the discharge of germs at the top of the cooling tower - even with a
high germ content of the circulation water - does not exceed a maximum value when
modern drift eliminators are used. Whereas in the case of cooling towers without
drift eliminators, a considerably higher emission is to be expected. In the region
of the drift eliminator, there is a quantitative but no germ-specific reduction,
i.e. with a relatively high proportion of facultative pathogenic micro-organisms in
the cooling water there is first of all a relatively equivalent proportion to be
expected in the plume. From the germ content in the plume from cooling towers with



well-designed drift eliminators, a recalculation for the content of pathogens
produced values which (after dispersion in the atmosphere and after the effects of
vitiating factors) indicated the expectation of such a low immission that the risk
of an infection through inhalation or deglutition is negligibly small. In practice,
no danger is to be expected. Also the possibility of a multiplication of sedimented
germs on or in nutritional plants in the wider vicinity can probably be excluded.

In the immediate vicinity of the cooling towers, on the other hand, increased germ
counts through the discharge of spray water must theoretically be expected. Further-
more, a relatively increased concentration through germs being washed out of the
plume with rain would also be theoretically conceivable. To prevent these indirect
risks, the investigators state that it is in any case sufficient in the immediate
vicinity (150 m around cooling tower installations) to ban the cultivation of fruit
and vegetables which are consumed uncooked. They also recommend that no meat,

meat products, milk and other easily perishable foodstuffs should be stored openly

in this area. ’

Only in the case of cooling towers with no or badly-designed drift eliminators can
one expect higher bacterial discharge and thus also increased risk.

Concerning the discharge of cooling water which passed through the cooling tower
into rivers and other water bodies, results indicated no significant increase in

the colony counts. Such a generalization will not necessarily apply to rivers under
low speeds without further analysis.

Compared with the possibilities of other methods of teansmission of pathogens from
surface water or sewage, the discharge of germs from cooling towers is of only minor
importance. For example, bathing in surface waters carries a far greater risk
through the ingestion of 50 m1 of water. But since, in spite of the ingestion of
water of a comparatively high germ content, bathing has been found to produce only

a few epidemics, it is unlikely that there is any kind of danger from the ingestion
of the cooling tower aerosol.

Relevant germ-containing aerosols were not evident in the vicinity of cooling
towers despite the collection of large volumes.

Furthermore, the source of emission is usually at a height of more than 100 meters.
The micro-organisms are thus present for a longer duration in the air and, as a
result, there is a greater reduction in the germs reaching the ground compared with .
sources close to the ground.



Study Conclusions and Discussion

Based on the present level of knowledge, the investigators state that it is possible
to equip and operate cooling plants in such a way that there is no risk of infection.
For the assessment from the health physics point of view of a planned cooling
installation at a particular location, the microbiological and chemical values of
the cooling water made available are of primary importance. With careful technical
design of the cooling plant together with appropriate regard to the specific circum-
stances of the location (population density, topography, climate), a health physics
assessment is possible. But since the crucial data are frequently only obtainable
during actual operation, an acceptance test may occasionally be necessary. The
investigators state that, in any case, the requirement must be that there will be

no danger due to micro-organisms or chemicals resulting from operation of the cooling
plant beyond that which is already encountered from other sources. Where such a

risk exists, a reduction in the risk must be achieved through additional technical
equipment or modifications or adoption of the chemical additives to the circulating
water. Furthermore, the authors state that it must be ensured through methodical
operation that the superheating in the surface water or the release of permissible
quantities of chemicals are not considerably exceeded even for short periods.

Above all, in the case of low velocity river water, the possibility of a sudden
contamination or poisoning of the cooling water as the result of an accident

must be separately and adequately evaluated.
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