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ABSTRACT

In this paper an extended field experiment is described in which cooling
tower plumes were investigated by means of three - dimensional in situ
measurements. The goal of this program was. to obtain input data for nu-
merical models of cooling tower plumes. Of special interest were data
for testing or developing assumptions for sub - grid parametrizations. Uti-
lizing modern systems for high-resolution aerology and small aircraft
four measuring campaigns were conducted: two campaigns (1974) at the
cooling towers of the RWE power station Neurath and also two (1975) at
the single cooling tower of the RWE power station Meppen. Because of
the broad spectrum of weather situations it can be assumed that the re-
sults are representative with regard to the interrelationship between
structure of cooling tower plume and large - scale meteorological situation.

A large number of flights with a powered glider ASK 16 (more than 100
flight hours) crossing the plumes on orthogonal tracks was performed.
All flights showed that the plume could be identified up to large downwind
distances by discontinuous jumps of temperature and vapour pressure.
Therefore- a definite geometry of the plume could always be defined. In all
cross sections a vertical circulation could be observed. At the plumes
boundary which could be defined by the mentioned jumps of temperature
and vapour pressure a maximum of downward vertical motion could be
observed in most cases. Entrainment along the boundary of a cross sect-
ion seems to be very small, except at the lower part of the plume. There,
the mass entrainment is maximum and is responsible for plume rise as
well as for enlargement of the cross section. The visible part of the
plume ( cloud) was only a small fraction of the whole plume. The discon-
tinuities of temperature and vapour pressure show that the plume fills the
space below the visible plume down to the ground. However, all effects
decrease rapidly approaching the ground. _̂ _.-—*"""

It turned out that high - resolution aerology--is'necessary in order to ex-
plain the structure and behaviour df such plumes. This is especially the
case in investigations regarding the dynamic break-through of temperature
inversions.'Such cases were observed quite frequently under various mete-

orological conditions and are described in this paper. .
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MEASUREMENTS AT COOLING TOWER PLUMES

Foreword

The reactor design of the high temperature reactor with helium

'turbine eliminates the heat from the circulation process at a high

temperature level. This reactor design is therefore suitable for

the application of dry cooling towers.• The air discharged from

the cooling towers can have a higher temperature level than that

discharged from wet cooling towers.

The work program of the German/Swiss HHT project (High temper-

ature reactor with Helium Turbine) therefore also included early

investigations concerning the effects of dry cooling towers on the

microclimate. The development of simulation models and computer

programs for the determination of the spreading of cooling tower

plumes and thus for the detection of changes in the climatic con-

ditions has been taken over within the context of this project by

the Swiss Institute for Reactor Research (EIR) in Wuerenlingen/

Switzerland (Dipl. Eng. D. Haschke, Dipl. Phys. P. Gassmann).

The quality of the predictions of these computational pro-

grams is dependent on the verification and calibration with measured

data. However, the available measurements were insufficient so

that extensive measurement campaigns were initiated in order to

supply such data. Thorough studies concerning the measurement

method to be used indicated that basically only measurements from

airplanes in combination with supplementary methods (drop sondes,

etc.) led to the desired success. The execution of these measure-

ments was the task of the Institute for Atmospheric Physics of the

German Research and Experimental Station for Air and Space Travel

(DFVLR) in Oberpfaffenhofen. This institute was equipped with"the

required measuEemenTTdevices and airplanes. The measurements were

conducted under the direction of Prof. Dr. H. Fortak. The German

Weather Service in Offenbach (Dipl. Eng. W. Caspar) supplied the

weather sensor values. Besides the measurements from the airplanes



the Lidar method was also used to determine the spreading of cooling

tower plumes, in particular the spreading of dry cooling tower

plumes. These measurements were conducted by the Observatory of

the German Weather Service in Aachen (Dipl. Eng. H. Borchardt)

under the direction of the EIR.

The measurement campaigns were mainly organized by the Bonnen-

berg & Drescher firm in Juelich (Dipl. Eng. W. Solfrian). The

overall coordination lay with the HHT project management of the

KFA Juelich (Dr. H. V. Schlenker). The airplane measurement

campaigns were financed by the KFA Juelich and the Lidar measure-

ment mainly by the EIR.

Since there are no high-capacity dry cooling towers the three-

dimensional measurements from airplanes were conducted at wet

cooling towers, namely the Neurath power station (900 MWe) and

Meppen (600 MWe) of the Rhenish-Westphalian generating plant (RWE).

The measurement campaign was subdivided into two phases. The

first phase (March to June 1974) was mainly used to test the field

application of the airplane measurement systems at cooling towers

in Neurath. The positive results of the first measurement phase

demonstrating the reliablity of the measurement systems as well

as the unproblematic coordination of all participants in this cam-

paign were used as decision criterion for the second phase (November

1974 to April 1975).

The results of the measurement campaign are documented in four

parts:

Part 1: Mathematical simulation and significance of measure-

ments .

Part 2: Lidar measurements at cooling tcwer plumes.

Part 3: Three-dimensional measurements at cooling tower plumes.

Part 4: Selected data from the three-dimensional measurements

at cooling tower plumes.

Part 1 describes the most important spreading models and the

interaction between measurement data and model computation. Fur-

thermore, the selection of the measurement methods as well as the

scope and process of the various measurement campaigns are outlined.



The Lidar measurement process and the corresponding measurements

are discussed in Part 2. The third part presents the theoretical

foundation for the three-dimensional measurements from airplanes

as well as of the measurement methods and systems. The procedure

of the two experimental phases is described. Furthermore, Part

3 contains the measurement results and the conclusions and recom-

mendations based on these results. Part 4 of the documentation

will be of more concern to the specialist. This data documentation

volume contains a selection of the measurement results obtained

during the airplane campaigns in the form of original data or al-

ready processed data. This material can already be used for the

verification and calibration of the simulation programs. Part 4

contains also all measurement flights and portions of the resulting

measurements. A documentation of all data in this context was not

possible because of the scope of the collected data material.

However, interested parties can obtain this data material together

with a corresponding computer software in the form of magnetic

tapes.

We believe that this has created a basis which allows us to

take the first step towards a well-founded determination of the

local effects of cooling tower plumes on the microclimate. Further

steps will be decided on the basis of the answers and findings

of those persons using these measurement data in their simulation

models.

Juelich, March 1976 HHT project management
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1. Introduction

The load of harmful substances in the atmosphere has long

stood in the center of efforts at maintaining natural environmental

conditions so that due to the increasing energy requirements the

thermal stress of the atmosphere has become increasingly important.

Of particular interest is currently the problem concerning the ther-

mal stress of the atmosphere in connection with the energy produc-

tion, where large quantities of waste heat are released into the

atmosphere primarily by way of cooling towers. Currently the waste

heat is still eliminated in the form of latent heat of the steam

by way of wet cooling towers. However, technical reasons and

reasons concerning water economy have recently forced the develop-

ment of solutions using natural draft dry cooling towers.

From the viewpoint of the geometry and type of sources the

thermal stress of the atmosphere is currently still a locally

restricted phenomenon. However, the construction of many power

stations in a small region can create conditions which could already

result in large-scale effects compared to the order to magnitude

of atmospheric phenomena. In the case of thermal stress the con-

ditions are analogous to those characterizing air pollution. In

the latter case one deals with substances where an increasing

emission can result in climatological changes of the natural air

composition. Here the emission of sensible and latent heat as well

as of steam and water droplets changes the primary climate parame-

ters in the direct and possibly also more remote environment of

the sources.

Currently there is great concern that the natural climatic

conditions could be changed as the result of atmospheric stress

created by people. The prediction of such changes is therefore

an important problem in future planning. The experiment described

in this report forms the basis for predicting climatic changes

which are caused by cooling towers in the sense illustrated in

Figure 1.
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The local thermal stress represents the input into the atmos-

pheric system. In the case of cooling towers this stress is defined

at the upper edge of cooling towers. A given large-scale weather

situation which is determined by the horizontal and vertical dis-

tribution of the meteorological variables (wind vector, pressure,

temperature, humidity, precipitation) influences the development

of the actual local or even regional stress, which is very interest-

ing in itself. After the passage of a few years the actual large-

scale weather developments as a function of time then result in

the development of local or even regional changes in the climate

parameters. Due to insufficient knowledge of the natural climate

changes a relatively long observation period is required to identify

the component caused by human activities.

Expected changes in the climate which are due to local thermal

stress can be predicted only on the basis of mathematical-metero-

logical simulation models. If such large-scale weather situations

are suitably classified such a model simulates for each specific

weather condition the effect of the thermal stress over the given

area. If such large-scale weather conditions as well as the corre-

sponding thermal stress of the atmosphere are subjected to a

statistical analysis it is possible to predict local or regional

climate changes. However, at first it must be attempted to simu-

late the unperturbed climate of the environment by means of de-

veloping statistical data for the classified weather conditions.

This becomes a meteorological problem that can be solved.

The quality of the prediction can only be evaluated after the

installation of the plants which are the source of the stress.

This quality is decisively influenced by the model structure as

well as the applied model parameters. The only possible strategy

is to conduct measurement campaigns and thus use a comparison with

nature in order to verify and calibrate the model by selecting

suitable model parameters. The measurement campaigns served to

develop sufficient measurement data for this task. Here it was

not possible to refer to a certain model structure. The goal was

to develop data material which is suitable for the verification and

calibration of a larger number of models.
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It is a hopeless undertaking to conduct a measurement program

for all classified weather conditions. It can be expected that

measurements conducted over periods of extreme meteorological con-

ditions are sufficient for the verification and calibration of the

model since it can be assumed that the models will then also pro-

vide a good description of the theoretically more easily controlled

conditions of "normal" weather situations. Extreme weather con-

ditions are present e.g. in late winter which is characterized by

stationary high pressure weather situations with clearly recog-

nizable temperature inversions in high altitudes and low wind

velocities. These so-called low-exchange weather conditions with

a low air temperature create similar problems with respect to the

simulation as do the extreme jcyclonal weather conditions of early

winter where stormy cold and humid conditions are prevalent. It

was a fortunate circumstance that the desired weather conditions

actually developed during the four measurement phases.

The data material that had to be developed consisted of three

data groups. The first group concerns the large-scale meteorologi-

cal environmental conditions of the cooling tower plumes, the

second concerns the structure of the plumes which develops under

these conditions and the third concerns the local meteorological

effects caused by these plumes on the ground.

Numerical experiments have demonstrated that the meteorological

environmental conditions must be determined with a very high

measurement accuracy and high resolution with respect to time and

space. This is only possible by using modern fine meteorological

aerology, which is currently not being used routinely any place

and which had been developed for structural investigations of the

planetary boundary layer. The variables to be measured are the

wind vector, the temperature and the humidity, all as functions

of the altitude above the ground.

The structure of the plumes, characterized by the three-dimen-

sional distribution of vertical velocity, temperature, humidity,

water content and possibly pollutants, as well as by the turbulent

exchange of these variables within the plume and with the ambient
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medium can currently only be defined with in situ measurements.

Of great importance are here powered gliders as well as drop

sondes and kite sondes [1]•

The effects of the plumes at the ground are relatively slight,

which has been confirmed by many observations. Short-term temper-

ature changes below the plume of one degree can be seen as the

upper limit. Short-term humidity changes of 5% are rare and locally

restricted but they can result in clear effects if the ambient air

is already close to the saturation state. High-resolution measure-

ment systems are therefore also of great importance in this re-

gard.

2. Basic aspects of the theoretical simulation and required
verification data

Experiments concerning the theoretical simulation of thermal

dry and moist convection can be traced back into the fifties, where

at first simple models were developed for the so-called "bent-over

vapor plumes", which are of importance e.g. in determining chimney

heights that avoid problems of air pollution. The unidimensional

models were also used in improved form at the end of the sixties

for the conditions concerning cooling tower plumes, where the data

by Weinstein [2] were frequently used.

Two-dimensional axial symmetric models for calm winds as well

as two-dimensional models of a general type {uniform conditions

lateral to the mean wind direction) are also available in greater

numbers. Three-dimensional models including vertical wind structure

are however from a physical viewpoint the only ones which can

lead to a satisfactory solution of the problem of simulating cooling

tower plumes. The disproportionately high computational efforts

and the resulting possibility of simulating changes of the micro-

climate in the environment make it appear most promising at this

point to use unidimensional models which have been sufficiently

verified and calibrated. The following problems are of interest

in this context: determination of the position in space of the7

plume axis and the change of the cross section with increasing
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distance. Here the first measurement flights have already confirmed

that the pluine is a phenomenon which can be separated clearly from

the ambient medium and that the plume geometry is thus defined.

The problem of the so-called superelevation, which plays already

a role in describing the plume spreading with the aid of a stationary

Gaussian plume model, belongs in this complex. Also related is

the frequently discussed question of the plume properties in the

presence of inversions, where the conditions of the inversion

break-through play a special role. In all unidimensional models

the problem of entrainment as well as the parameterization of the

turbulence is of special significance and currently does not have

a satisfactory solution. The effects on the ground resulting in

climate changes, which are of importance with respect to environ-

mental protection, are decisively dependent on the solution of the

above-mentioned problems.

This researcher has used a unidimensional model in a very

general formulation for the development of the measurement strategy.

If it is assumed that the plume can be identified by pronounced

jumps in certain parameters along the coarsing tracks which move

orthogonally to the axis, the situation can be represented as

shown in Figure 2. The semiinfinite body is then basically com-

posed of the ambient medium and the plume itself, where the system

"plume" also comprises the inside of the cooling tower. Within

the cooling tower the unit vector k (vertical) represents the tan-

gential vector of the axis and outside of the cooling tower the

unit vector t which is a function of the arc length on the axis.

For each point of the axis there is an orthogonal area, where F

is the lower inlet area in the cooling tower and F, the exit area

at the upper cooling tower edge. F(s) is the corresponding cross-

sectional area of the plume as a function of the arc length. The

normal vector of the cross-sectional areas F(s) is designated with

np. An area element on the cross-sectional area is to be repre-

sented by <Sf, and an area element on the surface area of a quasi-

cylindrical section of the plume 6fM with the corresponding normal

vector
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If one uses the stationary equation for the mass balance

(1) V-pv = 0

as well as the general balance equation of any property A

(2) V [ P v A + B ] = C

s.

where p represents the density, v the total stream vector, pvA the

convective transport, B the nonconvective transport and C the sum

of all sources and negative sources and if these equations are

integrated with respect to a volume V(s), which is limited by the

cross-sectional areas F(s + 6s), F(s) and the surface area FM(s),

one obtains

(3) JJJdT V - [PVA + B] = J>do-[pvA + B] =
V(s) O(s)

= JJdfnF-[pvA + B] - JJdfnF-[pvA + B] + jJdfMmM-[pyA + B] =
F(s+6s) . F(s) FM(s)

V(s)

When applied to the volume of the cooling tower interior one ob-
tains with n F =t = k, k-v = w and nM-v = 0:

(4) JJ df [pwA + k • B] - [Jdf [pwA + k • B] = - $dfM n M - B + fj
Vd~ C

F(s o ) FM<KT> V(KT)

In this case the problem of entrainment and detrainment can be
solved easily and i t can be demonstrated that the so-called cooling
tower theory can be developed on the basis of the relevant hydro-
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thermodynamic variables with t h i s balance equation. For a plume
sect ion one obtains the more general Balance Equation (3 ) , with
which the problem of entrainment and detrainment of any property
of the plume (not only the volume) i s represented as fo l lows:

• y f fd fn F - [pvA+B] l= - lim [ J - ffdfMnM- [pvA + B]"| + [fdf C
F(s) O S " U FM(s) F(s)

(5) EA(s) = - lim [ ^ - | J d f M n M - [ p v A + B]]
s " ° FM<S>

The development of analogous equations for the ambient medium

and the separation of the variables into those specific to the

ambient medium and those produced by the cooling tower together

with the introduction of the physical variables (momentum, total

energy, enthalpy, specific humidity, water content) leads to the

actual model in which it is assumed that a parameterization of the

microturbulent processes has already been conducted and is included

in the nonconvective transports in the form of turbulent transport

variables.

This results in a general measurement strategy characterized

by systematic horizontal crossings on each cross-sectional area

orthogonal to the plume axis. Assuming a stationary plume (which

was largely realized in all measurement campaigns) several such

crossings at various distances should allow not only for the exact

identification of the position in space, shape and the superreleva-

tion but should also allow for an investigation of the behavior at

inversions, the entrainment and the internal turbulence on a con-

vective scale. With sufficient measurement accuracy it should

also be possible to use the above-given balance equations for the

values integrated with respect to the cross-sectional areas and

for testing the parameterization formulas.
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The powered glider is equipped to conduct high-resolution

measurements of the temperature, the vapor pressure, the pressure

altitude, the acceleration as well as all flight data. The ver-

tical velocity, which is particularly important for the correlation

computations, can be determined according to various methods. How-

ever, it has been four.d that the time-differentiation of the pre-

cision height measurement in combination with the flight method

designated as "constant attitude" permitted a realistic determi-

nation of the structure of the vertical velocity with horizontal

crossings. This will be referred to in more details when discussing

the results.

It would have been desirable to measure also the water content

and droplet spectrum. Unfortunately no instruments were available

at that time which would have allowed for application in a powered

glider. Furthermore, the great distortion of the temperature and

vapor pressure measurement in the visible plume (temperature

measurements with PT 100 and Rosemount sensor, vapor pressure

measurement according to the Lyman Alpha method) represented a

problem which was difficult to solve since the entire system had

basically been designed for conditions outside of the visible

clouds. With respect to the application in the context of the HHT

project it was also important to determine the conditions with dry

cooling towers. Thus the majority of the crossings passed through

the invisible part of the plume.

3. The special meteorological instrumentation system -

Figure 3 represents the entire observation system in the

form in which it was used. All systems were tested during the

Neurath phase I with respect to their applicability in solving

the interesting problems. The left side of the figure represents

fine aerology methods for sounding the vertical structure of the

unperturbed atmosphere. It is characteristic for this part of the

system as well as for all others that several systems were always

trained on the same goal in order to avoid gaps in the observation

data if one system should fail.
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Vertical profiles of temperature and humidity were measured

with the following systems:

1. Remote-controlled model planes (measurement drone) for

the range of 0-500 m with a vertical resolution of 2 m.

The measurement values were transmitted telemetrically

to the telemetry center.

2. Sonde hanging from the airplane (dropsonde) with charac-

teristics similar to those of the measurement drone and

even higher resolution for sounding from the top.

Dropping height 1,500 to 2,000 nu Telemetric measurement

value transmission.

3. Airplane ascent with powered glider ASK 15 (D-KMET) with

maximum resolution instruments. Temperature and humidity

measurements with an even higher resolution than with

radiosondes. Digital measurement value collection on

magnetic tape in the plane.

4. Airplane ascent with powered glider RF 5 or ASK 16 (D-

KEIK), equipped with the same radiosonde as described

under 1. and 2.

5. Measurement of the aerosol concentrations as well as of

the sulfur content (mainly S02) from a DO 27 in order to

determine the position of the plume in space and its

structure.

6. Execution of "chaff" experiments, where short aluminum

strips are dropped in the proximity of the cooling water

tower exit opening. These rose, nearly without a vertical

velocity component with the plume and were tracked by

radar.

7. Crossing the plume in cross-sectional areas at varying

distances from the cooling tower with the system ASK 16

(D-KMET).
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The structure of the plume was analyzed with the aid of the

following systems:

1. High-resolution horizontal "crossings" by using the measure-

ment drone in the invisible range of the cooling tower

plumes, which develops already in close proximity of the

cooling tower with low atmospheric humidity conditions.

2. High-resolution horizontal "crossings" with the specially

equipped powered glider ASK 16 (D-KMET) at various plume

conditions. Digital data collection on magnetic tape in

the plane. Turbulence measurement methods.

3. Vertical sounding of pressure, temperature and humidity

with a "lift radiosonde" at the attachment rope of a kite,

which was positioned above the plume in the wind.

4. Vertical sounding of pressure, temperature and humidity

with the aid of a dropsonde, which was dropped from the

DO 27 plane into the plume.

5. In order to investigate the turbulent spreading within the

plume a drop experiment observed by radar had been planned,

where a cloud of aluminum dipoles ("chaff cloud") was to

be observed photographically on the radar screen in order

to determine its spreading behavior. This interesting

experiment could however not be executed as of yet for

technical and also time reasons.
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The effects caused by the plumes on the ground could be inves-

tigated relatively easily by using the following two systems:

1. horizontal transport of a radiosonde for temperature,

humidity, and pressure by car or walking with telemetric

measurement value transmission to the telemetry center.

2. Horizontal transport of a so-called WOMMEL, a portable

meterological station with high-resolution recorders for

wind, temperature, humidity and atmospheric pressure.

Besides the powered glider ASK 16 (D-KMET) with the instru-

mentation for turbulence measurements and digital data collection

on the plane, which had been provided to this researcher by the

German Research Association several years ago, the DFVLR Institute

for Atmospheric Physics provided all the other systems and tLe

DFVLR Institute for Aeronautical Radio and Microwaves supplied the

radar device plus trained personnel. The latter institute also

participated with the infrared measurement team, which took in-

frared pictures of the plumes from the ground and from the airplane

(DO 27).

Special representations of the individual measurement systems

and their measurement characteristics are given in the appendix

to this report. However, at this point I would like to evaluate

the measurement systems with respect to the interesting problems.

All individual measurement systems form basically indispensable

parts of the total system, which had been designed for mutual

supplementation and support. Thus in some cases it was necessary

to forego the excellent resolution of fine aerology during vertical

soundings with the powered glider ASK 16 (D-KMET) because the plane

crossings were of a greater urgency. Vertical soundings with the
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measurement drone or the dropsonde then provided similarly reliable

and completely satisfactory data. The airplane ascent with the

instrumentation of the ASK 16 (D-KMET) represented however the

optimal solution for the aerological fine soundings as shown by

the experiences of this researcher. This was confirmed very

clearly by the measurement campaigns in Meppen. The determination

of the vertical wind structure with the aid of radar-observed pilot

balloon is similarly optimal, in particular if this makes use just

as during the airplane ascent of the digital data collection and

corresponding data processing in the computation center. The

plume geometry can be determined most reliably by crossing the

plume in cross-sectional areas at varying distances from the cooling

tower. However, with five different distances and at least twenty

crossings/cross section this requires a lot of time and makes high

demands on the concentration of the pilot. The maximum certainty

in the determination of the plume geometry, in particular in the

case of the invisible plume, would result from simultaneously con-

ducted "pathfinder missions" and a "plume ride" with other powered

gliders, all observed with radar. However, the structural changes

of the plume can without any doubt only be detected satisfactorily

with a powered glider and the instrumentation of the ASK 16 (D-

KMET). This will be confirmed by results that will be reported

later. In the lower invisible levels of the plume the remote-

controlled measurement drone serves similarly well and is e.g.

indispensable where a safe flight altitude limits the lower opera-

tional range of the powered glider. However, the application of

a lift radiosonde at the anchoring rope of a kite or a captive

balloon yields only relatively incomplete material but it does

supplement the data of the airplane-carried systems in a welcome

manner.

4. Experimental phase I

The experimental phase I at the cooling towers of the RWE pouer

station Neurath (4/1-10/1974) was relatively short with respect to
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field application. However, from the viewpoint of the goals of

this program the meteorological conditions were ideal. A stationary

high-pressure system was present in which only the wind velocity

decreased as the single parameter from strong and turbulent to

complete calm. The existence of pronounced inversion layers was

an interesting addition to this situation.

The goals of this particular phase, namely to test all systems

for their applicability and reliability with respect to the problem

to be solved and to develop simultaneously measurement strategies

which were aimed at the development of the theoretically required

parameters, were fully achieved. Furthermore, this phase yielded

original observations and measurement data.

During the discussion of the special instrumentation system

it had already been noted that powered gliders equipped with high-

resolution instruments in combination with a tracking radar formed

the core of such a program. The automatic tracking with the radar

device, the flight path recordings on the plotter as well as the

digital output of the three-dimensional flight path coordinates

allowed not only an accurate correlation of measurement value and

measurement ICJUS but furthermore also an active flight control

by means of radio communication on predetermined crossings. This

method of in situ measurement of meteorological variables with such

a high resolution is unique at this time and represents at the

same time the only method which can be used for a problem of this

nature. This should represent the main result of phase I.

This phase resulted furthermore in the development of various

measurement and flight strategies, which were specially aimed at

the measurement of invisible cooling tower plumes (dry cooling

towers). Here one can mention in particular the rapid identifica-

tion of the plume position in space. The technique designated as

"path finder mission" consisted of a powered glider with engine

at half throttle entering into the plume a short distance above

the cooling towers and ascending in a thermal glide in this plume.

The large vertical movements in the plume in combination with nar-

row circles made it possible to remain in the plume or in close
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proximity to it and always stay in contact with the plume. An

attached radiosonde for temperature and humidity measurements

transmitted these values to the telemetry station, where it wa;s

possible to obtain a rather accurate picture about the position

of the plume in space with the aid of the radar-tracked flight

path and the temperature and humidity jumps. Examples for this

method are given in the appendix.

With a decreasing wind velocity towards the end of the

measurement phase the plumes rose vertically up to an upper inver-

sion at an altitude of 1,600 to 2,000 m, broke through this inver-

sion and formed above the inversion small cumulus clouds. The

necessity for an investigation of the dynamics of the inversion

break-through was based on the very interesting crossings in the

inversion level during phase I. This and other factors were the

reasons for executing two further measurement campaigns at the

cooling tower of the RWE power station Meppen.

' 5. Experimental phase II

Experimental phase II at the cooling towers of the RWE power

station Neurath (11/8-20/1974) represented the main measurement

phase with respect to the application of the total system. Due to

the strict time plan of the individual measurements this series

formed a complete experiment. With respect to the meteorological

conditions a variable, early winter weather situation was desired

in order to allow comparative investigations of an extreme cyclonal

weather situation in comparison to the extreme anticyclonal weather

condition of spring. This phase was particularly concerned with an

investigation of the dependency of the plume length on the relative

humidity of the ambient air. The meteorological data in the appen-

dix demonstrate that these conditions were also present. However,

the wind velocities and turbulence were so strong that the safety

of the measurement flight operation was not always fully guaranteed.

With respect to the execution of this measurement campaign the

close cooperation with the German Weather Service deserves to be

noted. The German Weather Service participated with measurement
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equipment and contributed the high-range aerology to this program.

Furthermore the DFVLR Institute for Aeronautical Radio Communica-

tion and Microwaves aided these rxsasurement campaigns by supplying

the radar device (Fledermaus) and the trained group of operating

personnel.

The data in the appendix indicate that the campaign was con-

ducted with a rather high time resolution without any gaps. The

data of the fine aerology and i:he vertical wind structure should

provide all information required for the given goals with their

accuracy and completeness. For fligh^'safety reasons the struc-

tural analyses of the plume with the aid of the powered glider

ASK 16 (D-KMET) did not leave much time between the aerological

soundings. The flight program comprised the following tasks:

during the flight from the airport Moenchen-Gladbach to Neurath

a fine-aerological ascent up to 1500 m, determination of the direc-

tion and length of the plume from the top and photographing the

plume. Descent in a remote cross-sectional area on already radar-

tracked crossings until the analog recordings (temperature, humidity,

vertical velocity) showed contact with the plume through the develop-

ment of jumps in the recorded data. From that point on the plume

was crossed systematically down to the lowest level around 200 m.

Subsequently ascending crossings in the next cross-sectional area

located closer to the cooling tower, etc. During the return to

the airport execution of a renewed fine-aerological ascent and

descent if time was sufficient.

Furthermore, a power airplane of the type DO 27 H (D-EDFS)

conducted interesting measurement flights for the determination

of the particle densities and the sulfur content. The results of

these flights are shown in the appendix and will be discussed

separately.

The number of the missions is indicated in the following

summary where the corresponding data with the relevant documentation

are found in the appendix.
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Survey

Of the measurements conducted by the DFVLR during phase II with

wet natural draft cooling towers of the RWE power station Neurath

Measurement drone

Powered glider

ASK 16, D-KMET

Powered glider

ASK 16, D-KEIK

Powered glider

DO 27 H, D-EDFS

18
5

17

11

5

5

3

11

Vertical wind

distribution

Ground measure-

ments of meteo-

rological para-

meters pressure,

temperature,

humidity and

wind

Photographic

documentation

36

Aerological ascents

Special flights (plumes)

Aerological ascents

Turbulence flights (plume crossings)

Photographic flights

Flights for determination of plume

geometry

Photographic flights

Flights for the determination of

a) Particle densities by way of opti-

cal backscatter measurements (DFVLR

- backscatter sonde)

b) Particle count (Techn. Ec. Type

2000) —

c) Suifur measurement (Melcy)

Balloon ascents (up to about 3 km) at

the 2-hr main program activities of the

corresponding measurement day

a) On 9 complete measurement days 30-

min determination of these values

at a fixed location

b) On 3 measurement days fine struc-

ture at varying locations

a) Photographs from the ground during

the 2-hr main measurement activi-

ties, photographs taken from fixed

locations

b) Special photographs from varying

locations
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The experiences during these measurements have demonstrated

that the thermodynamic effects at the ground are very slight. The

shadow formation of the plumes and the view of long cooling tower

plumes is therefore most likely the reason for fearing changes in

climate caused by cooling towers. In order to make a contribution

to this issue it has been attempted during this campaign to estab-

lish a correlation between the plume length and relative humidity

at the ground station. The photographic timetable as well as the

plume lengths, which varied greatly in the morning and evening

hours, lead to a reasonable classification of the plumes of the

type shown in Figures 4 to 6. Figures 4 and 5 show the relation-

ship between plume length and relative humidity at the ground as

a function of time for each complete measurement day. Here the

solidly drawn line shows the development of the relative humidity,

the points the time a photograph was taken and the separate areas

I, II and III characterize the plume length. Figure 6 orders the

measurements according to increasing relative humidity and shows

the rather trivial relationship with the plume length. Also shown

is the fact that a great variability of the plume length between

300 m and a few kilometers can develop beginning at approximately

70% relative humidity. The vertical humidity stratification in the

environment, the static stability, etc. naturally play a role here.

Plumes reaching lengths of several kilometers were very rare

exceptions during the campaigns. From a measurement technology

viewpoint such plumes would be desirable since the measurement of

invisible plumes proved to be difficult. These long plumes were

characterized by the following properties: a relatively short-

lived nature due to instationary and highly variable atmospheric

humidity fields as a function of space, a frequent dissolution into

a chain of isolated cumulus clouds at the level of the surrounding

cumulus cloud cover from which it could not be differentiated, as

well as a complete incorporation into closed cloud covers. In these

cases it always appeared that the cooling tower plume assumes at

a greater distance (more than 3 to 4 km) the character of normal

cloud cover and cannot be identified anymore (at least this became

increasingly difficult from the airplane).
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A special situation developed during this campaign when the

two plumes of the large-scale power stations Niederaussen and

Frimmersdorf could be identified up into the suburbs of Cologne

(20 km) and it was estimated that they could be identified up to

a distance of 30 km in the stratocumulus cloud over the Bergisches

Land through somewhat higher swellings. However, this fortunate

case from a flying and measurement technology viewpoint lasted only

a brief period and ended after less than an hour. This was then

followed by a plume length around 3 to 5 km. In this case it was

interesting that during the entire period the plume of the smaller

power station Neurath (900 MW) did not participate in the extension

to 20 to 30 km.

In general it is possible to state that overlong cooling tower

plumes are as rare as high relative humidities at altitudes around

1000 m. Here they have a tendency to dissolve into normal cumulus

cloud chains in the presence of convective activity or instability

of the stratification, or they are incorporated into the cloud

covers and cannot be identified.
i

6. Additional measurement campaigns in Meppen I

During measurement phases I and II it^was found to be jvery

important to conduct intensive horizontal crossings in crosjs-

sectional areas. In addition it became desirable to study the

conditions at an isolated cooling tower in order to eliminate the

superimposition effects present with three cooling towers and

three chimneys. The RWE power station Meppen which had just begun

operations was .an ideal example for this purpose. The time period

was to be selected so that one would encounter besides a cold

winter weather situation also a weather situation similar to the

one during the measurement phase I in Neurath.

The support by the personnel of Testing Station 91 of the

Bundeswehr (German military), the chance to use the airport of the

Testing Station and many other favorable conditions made it possible

to conduct very good cross-sectional crossings with minimum effort.
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The powered glider ASK 16 (D-KMET) was used exclusively as measure-

ment carrier and the only personnel besides this researcher were

only one scientific associate and one technician. The aerology,

including vertical wind structure, was provided by the meterologi-

cal group of the Testing Station. The fine aerology as well as the

crossings were conducted with a powered glider. In contrast to

the measurements in Neurath these measurements used only analog

registration. With respect to the illustrations given in the

appendix this approach yielded data which could be evaluated most

rapidly. The recorded material of nearly 50 flight hours in the

plume actually allowed a very quick reconstruction of the condi-

tions in the cross sections as shown in the attached illustrations

and data.

A discussion of these conditions and thus of the structure

of cooling tower plumes is best based on the measurements in Meppen

and will be given in the text below as an example for the entire

project.

7. Special results

All measurements in plumes of cooling towers which have been

conducted up to now - this includes besides those in Neurath and

Meppen some measurements of other cooling towers which were

occasionally possible during the travels of the airplane to and

from the measurement site - demonstrated that horizontal orthogonal

crossings provided a clear definition of the lateral boundaries of

the plumes were clearly characterized by vapor pressure jumps

occurring at short distance. This observation, which applies also

in general to the invisible plume, indicates that it is basically

possible to determine the three-dimensional geometry of the plume

by means of a greater number of crossing flights in cross sections

at various distances from the cooling tower. . Later illustrations

will show that temperature recordings and the data of the vertical

velocity behave accordingly so that the geometry of the plume can

be determined with great certainty with the aid of in-flight methods.

Figures 7 and 8 demonstrate clearly that a cross section of the
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plume can be defined and that crossings at various distances also

allow for the.determination of the rising properties as well as

the expansion of the area with a relatively great accuracy.

Figures 7 and 8 illustrate a situation with weak winds with

partially instable, however, mainly indifferent temperature

stratification below a pronounced inversion, which began at an

altitude of about 600 m above ground. The vertical distribution

of the specific humidity demonstrate the good entrainment of the

atmosphere in the environment of the plume. Even with the low

distance between the two vertical sections (200 m) the rising

effect of the entire plume is already detectable. The distribution

of the vertical velocity on the right side of Figure 7 shows as

expected for the mean values (open circles) as well as for the

maximum values (crosses) the highest values in the range of the

instable stratification. The jumps in the vapor pressure (or the

specific humidity) are also greatest at that point. The fine

aerological conditions, which may oi may not dissolve the plume

into a series of convective individual elements, are a decisive

factor in the determination of the plume geometry. Thus with a

basically stable stratification such approach makes it possible

to determine with high certainty the cross-sectional area enlarge-

ment at an increasing distance form the cooling tower. The

evaluation of a particularly favorable case appears to indicate that

the relative error can lie below 10% in this case and this with a

horizontal distance of the crossings between 1 and 2 km.

In the presence of a thermal stratification, which enables the

development of natural convection, the plume dissolves already at

a low distance from the cooling tower into a series of individual

convective elements. This is also true if the plume is invisible

due to the position of the condensation level. In this case

numerous horizontal crossings in a cross section are necessary in

order to define by statistical methods the "mean" three-dimensional

geometry of the plume. This was true for Figures 7 and 8. Cross-

ings at 0.5 km showed that the plume was visible in the upper

section and some visible cloud shreds were observed in the middle
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section. At a distance of 0.7 km only the upper section was visible

and thus could be designated as plume in the usual sense, while the

cross section indicates that the phenomenon "plume" has its dynamic

and thermodynainic concentration below the visible section. This

observation can be generalized, namely the visible part of the plume

always represents only the uppermost levels of the plume. The

physical phenomenon generally fills the entire zone extending

down close to the ground, however, with a greatly decreasing inten-

sity.

An example for the three-dimensional changes in the geometry

of the superimposed plumes of the cooling towers of the power

station Neurath under stable conditions but with a relatively high

wind velocity in the spreading level is given in Figures 9, 10 and

11. Even though the number of the crossings had to be greatly re-

duced on that particular day because of a very comprehensive

measurement program it has still been shown that this method is

capable of determining the rising properties and lateral expansion

of the plume. At the same time it is possible to evaluate quanti-

tatively the decreasing intensity of the effects with increasing

distance. The thermodynamic effects (vapor pressure increase,

temperature increase) with this 900 MW power station are already

negligibly low under these conditions at a distance of 4 km even

at the axis of the plume. The most conservative variable proved

to be the vertical circulation produced in the plume, which results

in vertical velocities up to 2 m/sec even with & wind velocity of

about 15 m/sec.

Figure 12 illustrates the position of the flown crossings.

These flights were controlled by means of a radar device and radio

communication and at the radar instrument the position of the air-

plane was recorded at a high interrogation rate. Thus it is pos-

sible to assume that the accuracy of the measurement locus corre-

lation lies in a range of + 5 m.

Figure 13 illustrates a typical crossing of a cross section

under adiabatic conditions at a distance of 1 km from the cooling

tower of the power station Mappen. The even vertical structure
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of the vertical velocity as well as the systematic increase of the

vapor pressure jumps wtih an increasing height are particularly

interesting in this case.

Figure 14 give* the recorded data for specific humidity, ver-

tical velocity and temperature for three different heights and

clearly demonstrates the already repeatedly mentioned steplike

structure of the vapor pressure and temperature jumps. Here as

in all other crossings small effects are always observed in the

humidity and temperature field at a low height. However, the ver-

tical velocity below the plume is generally already fully developed

even at low heights. This suggests that the maximum entrainment

occurs at the bottom of the plume and that lateral entrainment

probably does not play such a great role as is sometimes assumed.

This is also illustrated in Figure 14. With respect to the

registered vertical velocity in Figure 14 it must be noted that an

attempt was made to adjust the normal flight position (flight

velocity 90 km/hr, vertical velocity 0 m/sec) at least 200 m be-

fore the plume. The same applies to the phase during the exit from

the plume. Vertical velocity components at the flanks of the rising

plume section were shown to be quite real by the behavior of the

airplane even though this is not very pronounced in the example

given in Figure 14.

The values obtained outside of the plume during the regis-

tration of the vertical velocity are in the majority of cases due

to the flying conditions (base turn curves, changes of the flight

altitude in order to enter into the next crossing level) but to

some degree they are also due to thermal convection outside of the

plume. With respect to the superimposed thermal currents the

following observation was made regularly: when a strong thermal

current developed outside of the plume with vertical velocities

comparable to those in the plume one observed during the approach

to the plume a complete cessation of the thermal convection prior

to the beginning of the normal circulation mechanism within the

plume. This zone of "convective silence" on both sides of the plume

could be estimated and is similar in its order of magnitude to the

plume dimensions.
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Another interesting case with a break-through of a small in-

version and with a particularly clear structure of the vertical

velocity is illustrated in Figures 15 and 16. With respect to the

Meppen cooling tower this is a quite typical plume geometry in

close proximity to the cooling tower (400 m ) . It was noted that

vertical velocities up to 3 m/sec occurred already at a very low

height (155 m) accompanied by extremely low effects in humidity

and temperature. Even in the levels with adiabatic stratification

the maximum vertical velocities are not significantly higher. The

data recorded at a level of 290 m show the two flanks of the down-

ward air current particularly clearly. This current generally

reaches its maximum value at those points where the jumps in vapor

pressure and temperature are found. In a large number of cases it

was possible to cross the zones of rising fltfw and downward ver-

tical motion in such a way that the exit height agreed with the

entry height up to + 10 m and better. The vertical markings in

Figure 16 just as in Figure 14 were entered by hand.

The question concerning a penetration of the plume into an

inversion or even a break-through of this inversion plays a large

role in all discussions concerning cooling tower plumes. The case

discussed in the text above was characterized by a small inversion

at a height a little above 400 m. The properties of the plume in

the neighborhood of this inversion at a distance of 800 to 900 m

from the cooling tower shall now be discussed (Figure 17 and 18).

At a height of 400 m still below the inversion the plume begins to

widen with a still very pronounced but multi-peaked vertical cir-

culation, which is even intensified during the penetration into the

inversion with a reduction of the cross section. It appears as if

the vertical circulation is responsible for the break-through of

the inversion, i.e., that it breaks the inversion up dynamically

and thus allows the further development of the plume at greater

heights. At a height of 550 m one observes again a somewhat widened

orthogonal crossing, which can be seen as typical under the given

stratification conditions. The case described here is only one

example of many similar cases which indicate that a break-through
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of an inversion is connected with a reduction in the cross section

and intensification of the vertical circulation. This effect is

illustrated clearly in Figures 21 to 2 3.

The case of a penetration of an inversion and the "getting

stuck" of the plume in the stable stratification above this inver-

sion is demonstrated well in Figures 19 and 20. At a distance

of 700 m from the cooling towers of the Neurath power station more

than 25 crossings in one plume cross section were made in order to

obtain material for statistical analyses. Just as is true for all

flights in the Neurath area it was not possible to move below a

safety level of about 250 m because of high voltage lines. This

prevented an investigation of the plume structure close to the

ground. Figure 19 demonstrates that the inversion beginning at

200 m is overcome easily and at a height of about 300 m peak values

in the vertical velocity up to 6 m/sec were measured. Due to the

existing stratification 'jhe plume gets stuck in the stable layer

in spite of the very high vertical velocities, with a very abrupt

transition between the properties of the plume and those of the

surroundings. Of particular interest are the data recorded for

vapor pressure (specific humidity), vertical velocity and tempera-

ture at a level of 300 m. Here, as in all flights where the temper-

ature measurement bridge was not disrupted by strong transmitters

(in Neurath at times by the transmitter in Juelich) or by smaller

technical problems, a complete parallelism was detected in the struc-

ture of the vapor pressure and temperature measurement, where both

recordings appeared to be nearly congruent in some cases. This

demonstrates the - also necessary - uniformity in the response and

follow-up of both measurement systems. In the zone of the downward

boundary flow a slight temperature increase was detected at first.

This is followed by a temperature reduction (for the entire rising

plume section nearly 2°C with respect to the environment at 300 m).

This can be explained by the fact that the air rising from about

200 m arrives just with this mean temperature difference to the

surrounding medium at a height of 300 m with adiabatic rise. The

temperature increase in the rising plume is nearly 3°C in the
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maximum range thus resulting in the temperature recordings illustra-

ted in Figure 20, which are typical for a case where the plume

penetrates into an inversion. The recordings of the vertical

velocity data shown in Figure 20 show a pronounced change from

+5 to - 6 m/sec. Here a rapid adjustment was necessary because of

the suddenly increasing angle of attack in order to avoid a critical

flying situation. This process is expressed characteristically in

the recorded data for the vertical velocity. The digital collec-

tion of all flight data still permitted the computational determi-

nation of the vertical and thus the corrected registration of the

vertical velocity. However, the corresponding mathematical-aero-

dynamic problem has not been solved completely since this is a

difficult problem in the theory of instationary flight.

Figures 21 to 23 give a characteristic example for the prob-

lems concerning the dynamic break-through of inversion by cooling

tower plumes. A very pronounced inversion was located shortly above

300 m. The plume contacted this inversion at a distance of 800 m

from the cooling tower (Figure 21). The vapor pressure and temper-,

ature jumps decrease suddenly at the base of the inversion but the

vertical circulation indicates already the beginning dynamic break-

down of the inversion in the plume region. This breakdown is

already fully underway at a distance between 1400 and 1500 m (Figure

22). This is not only documented by the vapor pressure and temper-

ature registrations but also in particular by the vertical velocity

in the inversion layer. The high peak values of the vertical velocity

at the level of the upper cooling tower edge (135 m above ground)

are noteworthy in this case just as is true for many other cross-

seccional traverses. At this distance and at this low level peak

values of more than 3 m/sec are detected. At a distance of 3.5 km

from the cooling tower (Figure 23) the intensive vertical circula-

tion has penetrated fully into the inversion layer and has an in-

tensity which is only equalled at a distance of 800 m from the

cooling tower in the lower levels. The influence of the inversion

on the temperature registration in the plume region, which was de-

tected in Figure 20, can also be observed in this case. In the
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lower levels all effects decrease as expected greatly with an

increasing d"stance. This is partially explained by the strong

lateral expansion of the plume below inversions with an increasing

distance from the cooling tower even though in this particular

case a stable stratification was present.

Calm and low-exchange weather conditions are of special im-

portance in all discussions concerning environmental stress due

to humans. During the measurement campaigns in April 1974 (Neurath)

and in April 1975 (Meppen) this was the dominant weather situation,

which allowed even the investigation of vertically positioned cool-

ing tower plumes. Figure 24 shows a vertical section of the plume.

Even at a distance of 250 m above the cooling tower exit this plume

was characterized by vertical accelerations which hardly enabled

safe crossings of the plume. All recorded data indicate the exis-

tence of a sharply bundled turbulent free jet with apparently

minimal lateral entrainment on a vertical segment of 400 to 500 m

above the exit area. The extremely high vertical velocities, namely

between 400 and 600 m height more than 10 m/sec, did not permit

any horizontal crossings even with application of the "constant

attitude" method. The crossings shown in Figure 24 i. dicate height

differences up to 50 m between entry into the plume (always the

lower point of the crossings) and the exiting point. It is inter-

esting that the plume can be detected up to an altitude of 1,500

to 1,600 m. Due to the strong vertical bundling of the plume it

is possible to assume that the influences on the environment of

the cooling tower at the ground are minimal under these conditions.

Figures 25 and 26 illustrate the magnitude of these effects

as a function of the height. At a height of about 400 m, i.e., about

260 m above the cooling tower exit, the plume diameter has nearly

doubled. The vapor pressure and temperature jumps are extremely

abrupt and reach maximum values. In particular the temperature jump

is unusually high with almost 5°C, since temperature jumps of 1°C

are already rare exceptions in plumes which are bent horizontally

by wind. The vertical accelerations in Figure 25 show that values

above 1 g are reached. Such accelerations must be avoided by the
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plane since some of the instruments are not mounted rigidly in the

cockpit. - Figure 26 illustrates the decrease in the effects as

a function of the height, showing again the good parallelism in the

data recorded for the vapor pressure and temperature. This figure

also shows the relationship with the vertical velocity, which has

a secondary maximum in the area of the greatest thermodynamic dis-

ruption but the main maximum in the region of the horizontally

slightly wind-blown plume.

Finally the variations in the properties of the plume of the

case illustrated in Figure 27 as a function of time, as shown in

Figures 28 to 31 shall be discussed. It was possible in this case

to cross the plume five times at a constant height. The recorded

data for the vertical velocity indicate, in particular in Figure

29, very correct entry and exit data at least 300 to 400 m at both

sides of the plume. Beyond this range changes in the vertical

velocity are due to the base turn of the plane and the next change

in altitude (descent to a lower level right in Figure 31). These

figures demonstrate that the amplitudes of the effects are not

characterized by a great variability, quite in contrast to the

plume width. The latter value is subject to great fluctuations

as a function of time due to the cell-like structure of the plume

which is even present in this case with a largely dry stable strati-

fication. The time difference between two crossings lay between

1 and 2 minutes.

8. General conclusions and comparison with natural thermal
convection

The currently available crossing data collected in nearly

100 flight hours provide at first a qualitative physical picture

of the structure of such phenomena as shown in Figure 32 and as

already indicated during the discussion of the individual cases.

1. The structure of the temperature and humidity deviations

proves to be largely congruent by crossings of the plume

lateral to the mean wind direction.
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2. All currently available crossing data indicate the dis-

continuous lateral boundary of the plume by sudden

jumps in the temperature and humidity values.

3. The plume flanks in the middle plume levels are charac-

terized by a compensating downward motion in such a way

that its maximum coincides with the lateral plume boundary.

This effect, which represents a boundary circulation is

frequently completely absent in the lower and upper levels

of the plume or it cannot be detected with the applied

measurement system.

4. In contrast to this all thermodynamic effects close to

the ground are negligible in magnitude.

The following schematic model is therefore proposed for such

a plume. The mass increase of the plume, which is required for the

rising and expansion of the plume at an increasing distance from

the cooling tower, occurs mainly at the lower part of the plume

and begins already at heights which are comparable to the height

of the cooling tower exit area independent of the distance from

the cooling tower. A convective-turbulent transport of plume effects

down to the ground is only possible under very instable stratifica-

tions due to the strong buoyance properties of the plume. However,

even under these conditions it is possible to prove on the basis

of the previously mentioned zone of "convective silence" that the

thermal currents of the plume include the thermal currents of cer-

tain lateral strips thus creating zones free of thermal currents

in the presence of strong thermal currents in the environment.

This creates favorable conditions for the upward transportation

of the plume effects.

Lateral property exchange between the plume and the ambient

medium was shown to be relatively insignificant by the recorded

data. The flank circulations with compensating downward motions

of the air are also generally only weakly delineated and allow the

assumption that the physical phenomenon plume (which is not only

represented by the visible plume) is an isolated structure and
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that it is dependent in its rising and spreading properties on the

mass and humidity entrainment at the lower side.

Simulations of the plume behavior with assumption of an ef-

fective height of rise and using Gaussian distributions would be

difficult to support on the basis of these measurements. The

application of the telegraphic equation would do better justice

to the lateral spreading process. However, this would not give

in an improved description of the convective processes. Unidimen-

sional improved models still appear to be most promising on the

basis of the observed data.

All measurement flights showed a very pronounced influence

of fine aerological structures on the development of the plume.

In some cases it was possible to conclude that small, vertically

limited inversion layers have a strong influence on the rising

process also in cases where the plumes break through these inver-

sions.

-A comparison with natural thermal currents places the cooling

tower plume effect into the total context of thermal convection.

Figures 33 to 35 are recorded data from horizontal profile flights

in a natural thermal current in the environment of the cooling

tower of the Meppen power station. Figures 33 and 34 belong together

because they illustrate the height dependence of the thermal currents

with respect to the same base. These data demonstrate that on that

day the intensity of the natural thermal current with vertical

velocities up to almost 5 m/sec and temperature jumps up to 0.5°C

was comparable to the cooling tower effects products at distances

of about 1 km from the cooling tower.

Figure 35 shows a longer section of the profile flight of

Figure 34 and demonstrates that a maximum thermal can be found at

a rather uniform distance of 1200 m with a diameter of the thermal

elements around 300 m. In comparison to these spring thermal cur-

rents the cooling tower plumes do not represent an unusual phenome-

non even though the increased water vapor supply can result in plume

formation and thus shading of certain surrounding areas.
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The conditions that would have to be expected with the appli-

cation of dry cooling towers are hard to predict. The model will

probably not have to be changed. Most of the crossings were exe-

cuted through invisible plumes without additional lift due to con-

densation of water vapor so that the data should also represent

the conditions with smaller dry cooling towers well. With larger

towers (about 1000 MW) only the intensity of the vertical cir-

culation in the cross sections and the rising behavior will change,

namely it will tend to increase. The goal of similar planned

measurement campaigns is to demonstrate this by conducting measure-

ments in plumes of dry cooling towers which will be constructed

in the future.

Finally, Figure 36 illustrates a largely blind measurement

flight along the axis of a cloud system. It was found that a

cooling tower plume, which had been incorporated into this cloud

system, cannot be clearly differentiated from the natural proper-

ties of the cloud system. More detailed studies are required in

this area and have already been planned.
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ILLUSTRATIONS

(These terms might occur in
figures 7 through 36)

Abbildung Figure

H8he (m) u Grund Height (m) above ground

Spezifische Feuchte (gAg) Specific humidity (gAg)

Sprung der Temperatur (°C) Temperature jump (°C)

Vertikalgeschwindigkeit (ni/sec) Vertical velocity (m/sec)

Abstand von der Fahnenachse . Distance from plume axis

DROPSONDE -. Dropsonde

MASSTAB Scale

TYPISCHE HORIZOTALTRAVERSIERUNG Typical horizontal crossing

FAHNENBREITE Plume Width

QUERSCHNITTSVERTEILUNG IN MITTL. Cross-sectional distribution at mean
ENTFERNUNG VOM KT. distance from cooling tower
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