DRUSTYV

O M

SLOVEN

oV SLOVENIIJE
G

E
I AN M 1CAL SOCIETY

RAZPRAVE

PAPERS
Letnik 29
2
Vsebina - Contents Stran/Page
J. Rakovec A method of Estimation of the Influence of a Cooling Tower
et al. with Natural Ventilation on the Environment

Z. Petkovsek:

Metoda ocenjevanja vpliva hladilnega stolpa na naravni vlek
naokolje . . - . L. 67

Reduction of Insolation due to the Cloud from a Cooling

Tower
Zmanjsanje osoncenja zaradi oblaka iz hladilnega

stolpa . . . . ... 85

T. Vrhovec: Simulacija dvodimenzionalnega toka zraka po pobocju
Simulation of a Two Dimensional Air Flow along a Slope . ... 95
RAZPRAVE - PAPERS * LJUBLJANA * LETNIK 29 * ST.2 * STR. 67 - 111

DECEMBER 1987



A METHOD OF ESTIMATION OF THE INFLUENCE OF A
COOLING TOWER WITH NATURAL VENTILATION ON THE
ENVIRONMENT
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SUMMARY

In the process of choosing the location, of the optimisation of technical
equipment etc. for the power plant which is planned to be constructed, one of
the factors is also the possible influence of the cooling tower on the
environment. The present article deals with the estimation of possible
influences of the cooling tower with natural ventilation. A numerical model
describing-dynamics and thermodynamics of the cloud above the tower is used
to estimate the frequency of the cloud appearance in different weather
conditions, characterised with the meteorological data relevant for the task.
Reductions of insolation, of precipitation amount and its distribution around
the tower, as well as of the solid deposition, are simulated with separate
models. The frequency of appearance and the distribution of certain
hydrometeors is estimated on the basis of the results of numerical models.
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The study has been done for the potential location of the nuclear power plant
Previaka southeast from Zagreb. According to the used models and the
available meteorological data (mostly the radiosonde ones), the estimated
influences can spread over larger areas in the studied location only in certain
weather situations, but in average they are rather small. Clouds can appear
above the tower in up to 50 % of time, but their spreading into some of 16
directions can generally occur with frequency of less than 5 % and never with
frequencies greater than 20 %. These clouds are several hundred meters high
and long, but only occasionally high up to 1500 or long up to 100 km. Longer
and higher clouds are rare. Precipitation increase, temperature and humidity
changes can only be very small, below the accuracy of measurements. Sunshine
duration can be diminished for more than 10 % in average up to a distance of 2
km in summer and 4 km in winter, while the reduction of insolation energy
for 10 % is limited to a distance of 1 km the from tower. Also, light snow from
stratus cloud andlor fog can be expected, causing slippery roads in the
neighbourhood. Other influences can be estimated as being negligible.

POVZETEK

Prikazan je na¢in dolo¢anja moznega vpliva hladilnega stolpa termoelektrarne
na okolico ze v fazi priprave na projektiranje oz. na gradnjo. Za to je bil
izbran obi¢ajni naéin: uporabili smo numeriéni model za simuliranje
pojavljanja oblaka nad stolpom na naravni vlek, s posebnima modeloma smo
doloéali tudi koli¢ino in razporeditev padavin in trdne snovi v okolici stolpa. S
%e enim numeriénim modelom pa smo radunali, za koliko je zmanj$ano trajanje
in energija soninega obsevanja v okolici stolpa.

Vhodni podatki so tako tehni¢ni podatki stolpa kot tudi meteoroloski podatki.
Glavnt vir meteoroloskih podatkov so radiosondna merjenja, kajti za
pojavljanje oblaka so bistvene razmere v visjih plasteh ozracja, vsaj kakih 500
m od tal. 1z teh podatkov so bile izratunane empiricne frekvence pojavljanja
posameznih vremenskih stanj in za ta stanja so bili uporabljeni omenjeni
numeri¢ni modeli. Na osnovi izradunov so bile tudi ocenjene pogostnosti in
koli¢ine nekaterih pojavov kot so megla, rosa, slana, itd.

Vpliv hladilnega stolpa na okolico utegne biti znaten v posameznih
vremenskih situacijah, ki so Ze same ugodne za pojavljanje oblacnosti. V teh
primerih se utegnejo nekateri uc¢inki, npr. dez, pojaviti nekaj prej oz. trajati
nekaj dlje, kot bi sicer, po koli¢ini pa je povetanje majhno, tako da ga z
merjenji sploh ni mogoce potrditi.
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V popre¢ju so vplivi hladilnega stolpa na okolje majhni. Oblaki, ki se
pojavljajo imajo sicer skupno pogostnost do 50 % ¢&asa, vendar pa po
posameznih smereh (analiza je delana za 16 sektorjev vpliva) v splosnem
pogostnosti pojavljanja ne presegajo 5 %, in v nobenem primeru 20 % z
posamezni sektor ali mesec. Oblaki so v glavnem kratki: nekaj sto metrov v
visino in daljino od stolpa, veasih so kakih 1500 m visoki ali 1000 m dolgi.
Daljsi in vi§ji oblaki so le redki. Povecanje padavin in sremembe temperature
in vlaznosti so zelo majhne, pod pragom natanénosti merjenja. Se najmocneje
stolp in oblak nad njim vplivata na trajanje in energijo son¢nega obsevanja. Na
preucevani lokaciji lahko pride do zmanjsanja trajanja sonénega obsevanja do
10 % tja do oddaljenosti 2 km od stolpa poleti in do 4 km od stolpa pozimi (tik
ob njem je za stolpom vpliv seveda se mo¢nejsi). Zmanjsanje energije soninega
obsevanja za 10 % pa se lahko razteza do okrog 1 km dalec.

Se en vpliv je omembe vreden: pozimi lahko pride do povecanja rahlega
snezenja iz stratusnih oblakov ali megle, kar utegne povzroc¢iti spolzke poti v
okolici zaradi tanke plasti zglajenega snega na njih. Drugi vplivi na okolje pa
so v poprecju zanemarljivi.

INTRODUCTION

Cooling towers of thermoplants are of three main types: moist with natural
ventilation, moist with forced ventilation and dry ones, each having the
advantages and disadvantages as regards energy consumption, outflow of
moisture and dry matter, dimensions etc. Here we deal with the influence on
the environment of the moist cooling tower with natural ventilation and with
an effective droplets eliminating system.

Many studies have been made on the same topics, the one of Hanna (1977),
being among the first . He estimated that the main effect of the tower (of 1
MW power) are the clouds above it, being several hundred meters high. Later
investigations confirm this finding with the constatations of the cloud with
vertical dimension of up to 700 m, width of 400 m, and spreading of about
1500 or 2000 m downwind from the tower (Egler and Nester, in the
Abwaermekommission, 1981). Schatzmann and Policastro (1984) made a
statistics of the observed clouds above three towers of different power plants.
They found that 80 % of clouds do not reach the height of 400 m and 95 % are
lower than 700 m. About 60 % of clouds do not spread more than 700 m, and
almost 80 % less than 1000 m from the tower. But in certain weather situations
also very high and long clouds can be observed: in a project Climod in
Switzerland, clouds with horizontal extent between 4 and 5 km were observed
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Figurce 1: Schematic presentation of the model gecometry and variables

~Slika 1: Shematicna predstavitev geometrije modela in njegovih spremenljivk

in 16 % of the time (reported in EKM, 1981). A great part (70 %) of these
extremely long clouds are formed above the tower in a cloudy andlor rainy
weather, and so they only contribute to the already existing cloudiness or rain.

The measurable effect of these clouds is on the insolation; close to the tower
this effect is important, while the effect on air- and soil-temperature is so
small that it cannot be proved by measurements (EKM, 1981; RWE AG, 1981).
The common opinion is that precipitations caused by towers with effective
droplet eliminators, are limited to the cases of precipitation weather, and so
the towers support only slightly the precipitation processes (in the amount of
up to 1 % and a little in duration) (RWE AG, 1981), while the operation of
towers in general does not act as a trigger for convective clouds andlor
precipitation (EKM, 1981).

The clouds from a cooling tower can cause the fog or stratus clouds to be more
dense, while the frequency of looping or fumigation of these clouds to the
ground is negligible (Spillane and Elsum, 1983). Also the emission of dry
constituents is important only from the tower with forced ventilation (Kunaj,

1984), while from the towers with natural ventilation this emission is very
small (RWE AG, 198D.
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THE MODEL AND THE DATA

The common approach to investigate the potential influence of some future
event or process is to simulate it numerically. Here the first task is to simulate
the appearance of clouds above the cooling tower, the shape of such a cloud,
its density and the eventual precipitation from it. When these characteristics
are known for a certain set of typical or average meteorological situations,
then the effects on insolation, precipitation at the ground, eventual depostion
of solid matter etc. can be estimated.

The model of a cloud

The models for clouds above cooling towers are in general the so called
integrated models (e.g. Jiin-lang Lee, 1976; Klug, reported in
Abwaermekommission 1981, Schatzmann and Policastro, 1984), what means that
they deal with an average cloud and precipitation water content inside a
certain volume element. They are twodimensional, what means that the
simulation proceeds through consecutive volume elements along the cloud axis,
separately for different directions from the tower. The necessary data for these
models are the technical data of the tower and its emissions, as well as
meteorological data up to the height of 3000 or 5000 m from the ground.

The model we used is similar to the one of lJiin-lang Lee (1976), but
modificated in some details, regarding the spectrum of cloud droplets and
hydrometeor drops in the cloud. The domain is schematically shown in Fig. 1. -

Independent variable is
s - the path along the axis of the cloud;
and dependent variables inside the cloud are

r - radius of the cloud,

v - velocity along the cloud’s axis,

¥ - the slope of the axis,

T - temperature,

p - pressure,

q - specific humidity,

ge- specific amount of cloud droplets,

qn- specific amount of hydrometeor droplets;

all are computed inside the cloud and along its axis.

All of these quantities must be known also for the top of the tower, at s=0,
where they serve as initial conditions. There they depend mainly on technical
characteristics of the tower, but, on the other side, they depend on the
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environmental conditions as well, while the operating regime of the tower
depends on temperature, humidity and pressure of the neighbouring air.

The parameters of the environment (acting as a sort of boundary conditions),
which should be known in all relevant heights, are

To(2) - environmental temperature,
pe(z) - environmental pressure,
qe(z) - environmental humidity,
u.(z) - environmental wind velocity.

The equations which we use are:

The two equations of motion, for horizontal and for vertical direction:

2.2

%(U r*sin(p)) = 97°2[T R (G

Cy . 2
TR T ap(, ) el eosl)

2 (w2 cos(p) = Lor(uesin(i) sinp) (2)

Here the first (vertical one) considers the unbalanced buoyancy due to
temperature difference, due to different weight of humid air( R, and R. are
specific gas constants for dry air and water vapour, resp., and q and Ge
specific humidities of air inside of a cloud and in the environment), and due
to extra load of cloud droplets and hydrometeor drops (characterised by q. and
dn). Both of equations, the first for vertical and the second for horizontal
direction, take into account also the drag, caused by the wind, where Cy is the
drag coefficient.

Third equation is the mass conservation equation

=—(v’r?) = dav’r (3)

The entrainment of the environmental air into the cloud is treated through v™
which depends on velocities inside the cloud and in the environment, and
serves as an empirical factor.

»

Next is the energy conservation equation
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which considers the unsaturated adiabatic process in the first term. The latent
heat release at condensation or its consumption at evaporation processes is
included in the second term, where C. stands for condensation or evaporation
of cloud droplets, and C,, for processes, connected with hydrometeor drops.
Water vapour conservation equation includes the effects of the environmental
humidity, and the condensation and/or evaporation processes again:

Conservation equation for water vapour

20qe

_o 5
5. GO ®)

0
(q*r?) = —wr

This equation takes into account the environmental humidity in the first term,
as well as the condensation of vapour (or evaporation): C. and C,,.

Conservation equation for cloud water

S

Here condensation andlor evaporation processes are included. The
autoconversion of droplets A.n., which causes the formation of new
hydrometeor drops, and the coallescence B.. of cloud droplets with
hydrometeor drops act as mechanism of conversion of water from the class of
cloud water into the class of hydrometeor water. Both these processes are
parameterised.
A
The last is conservation equation for hydrometeor water

0
—{gnv?r?) = *E(Qh <wp >1?)+ Ch — Ay, — Ben (7)

It is taken into account that drops with terminal velocity <v>, being higher
than the updraft velocity in the cloud, are falling out from the cioud. The
amount of water falling from the cloud depends on the shape of the spectrum
of hydrometeor drops, which therefore acts as a parameter of this problem.
Condensation or evaporation is considered as well (C,), and the already
mentioned processes of autoconversion and of coallescence are parameterised.
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Modelling of other processes

There are some other processes, which are treated with the help of numerical
modelling: At the first place, the effect of the tower and the cloud on
insolation. The datails of the model are described in the accompanying paper
(Petkovsek, 1987), so here we are going to mention only some of its basic
concepts, regarding the determination of the cloud border. Namely, it is known
(e.g. Thorp and Orgill, 1984) that the shapes of clouds are not so sharp, to
diminish considerably the solar radiation at the very border of clouds.

Following the results of Aumf Kampe (1950) on regression between light
scattering cross-section s. and the visibility V:

Se = alV &

and the results of Zabrodski (1963, cit. in Feigel'son, 1966) on the regression
between the total water content in a cloud q.,. and the visibility V:

Qiot = b V©, @

it is possible to compute the water content, which diminshes the solar
radiation to a certain extent. Namely, the optical path through the cloud is
namely determined with the shape of the cloud. (its diameter is known as a
function of distance and height), and the Beer's law is used for the
computation of extinction. So the borders of the cloud are supposed to be,
where at least 5 % of solar radiation would be scattered, if passing through the
center of the cloud, in a direction normal to the axis. The geometrical
treatment of the problem is described, as already mentioned, in the
accompanying paper (Petkovsek, 1987).

The problem of precipitation reaching the ground, does not depend only on the
quantity of water falling out of the cloud, but also on the spectrum of
hydrometeor drops, as well as the wind and humidity in the layer below the
cloud. Namely, the drops are evaporating if this layer is not saturated and the
evaporation depends on the size of each individual drop. So the spectrum is
changing during the fall. The fall velocity also depends on size and so the
drops of different sizes are carried by the wind to different distances. The
problem can be solved even analitically if the shape of the spectrum is not a
too complicated function. So the computation of precipitation

distribution at the appropriate distances of the tower can be carried out.
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There is an almost negligibie amount of dry matter released from the tower
with natural ventilation. It depends on chemical treatment of the cooling
water, for which minimal standards are prescribed. While drop eliminators are
very effective in most cases, emission of dry matter occurs with droplets and
only evaporative substances can leave the tower. It is supposed that these
substances act as condensation nuclei.

If the fraction of these substances is known, it is possible to treat them as
being a part of the cloud. So they can fall out of the cloud with precipitations,
or stay in a warm thermal even when the cloud evaporates. There are three
ways for these substances to reach the ground:

- with precipitations, where the concentration of these substances in drops
grows while the drops are partly evaporating,

- with turbulent diffusion of the part of substances corresponding to drops.
falling out of the cloud, but evaporating before reaching the ground, and

- with turbulent diffusion of the rest of substances, which remain in the air
after the evaporation of the cloud.

There are two maxima in the distribution of solid deposition at the ground,
because the transport to the ground is to smaller distances with precipitation,
and to greater distances with turbulent diffusion.

The tower data

For the tower it is assumed to have the characteristisc as the tower of the IBE
company, Ljubljana:

- flow of circulating water 33.0 m7s™

- cooling power 1930 MW

- water temperature decrease 14.0 K

- radius at the top 44.4 m

- height 162.0 m

The emission of droplets is only 17 kg s7', while the emission of vapour
depends on environmental conditions, as shown on Table 1. These values are
fitted as initial conditions with analytical polynomial funcitons for the use in
numerical model of the cloud.

Meteorological data

Two types of meteorological data are used for the estimation of possible
influence of the tower on the environment. Surface data from neighbouring
stations serve for the estimation of climatic situation at the site and for
non-numerical evaluation of possible changes.
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Table 1: Emission characteristics of the tower
Tabela 1: Emisijske karakteristike stolpa

air temperature
temperatura zraka (°C) -10 10 30

rel.humidity
rel vlaznost (%) 60 80 60 80 60 80

water temp.
temp. vode (°C) 25.6 25.8 36.4 37.0 47.6 49.0

emission temp.

izstopna temp. (°C) 152 154 27.3 284 39.4 40.7

vapour flow
tok pare (kg sV 427 423 588 580 703 692

air flow
tok zraka (10® kg s™) 39.1 39.2 30.4 30.8 22.5 23.2

vert. velocity'

vert. hitrost (ms™") 52 5.2 4.3 4.3 3.4 3.5

! the influence of wind and entrainment of the air into the tower
from above are not considered

vpliv vetra in vstopanje zraka odzgoraj v stolp nista upostevana

Radiosonde data are applicable for the estimation of the situation at upper
levels, where the cloud above the tower can occur. The radiosonde data of
Zagreb for eight years are used. From these the frequencies of the wind from a
certain direction (16 directions of the wind and therefore 16 sectors of the
influence of the tower) are computed. The average vertical profiles of wind
velocity, pressure, temperature and dew point are computed for every 250 m
from the ground, for each month separately. These data serve as environmental
(boundary) conditions for the model of cloud.

There are two main important questions how to use the radisonde data. The
first is connected with the choice of the height at which the classification is
made according to wind direction. In the first place, it is worth considering
that close to the ground there is a strong local influence on the measured
vialues. As the radiosonde data are not available at the location, but several ten

T4

kilometers away (without considerable orographic obstacles between the
locations), the surface values are not used for this purpose. Next factor for the
choice is the fact that clouds above the tower occur mainly between 700 and
1000 m above the ground, so that the wind above 1000 m is not very important.
At last, it is important to consider the fact that at the location the maximum
of recorded precipitations occur when surface wind blows from northeastern
quadrant (Curkovi¢ et al., 1986). It is obvious that here, like eisewhere in
Mediterranean, the governing factor for this phenomenon is the movement of a
cyclon over the area. When southwestern winds at upper levels still advect
moist and warm air masses to the area, causing intense precipitations, at the
ground, after a cold outbreak, eastern component is prevailing in a not very
deep air layer. The wind in this layer is therefore important for the
distribution of influences of the tower around it. So the average wind in such
a layer, computed from the values at 250 and 500 m above the ground, is used
for the classification of the data according to wind directions (and as a
consequence, according to the sectors of the eventual influence of the tower).

The second important question is whether average sounding profiles can be
used for simulation with numerical model. Namely, it is known that clouds
above towers occur in moist weather situations which are in general cloudy
and even with precipitations. So it is possible that averaging can wipe out
these typical situations. The alternative could be to use a great sample of
individual data and then to compute the average influence of the tower from
individually simulated cases. This approach is not acceptable where a long
series of data would be necessary and therefore an enormous number of
individual numerical simulations. There is an indication that grouping
according to the above mentioned method would not be too bad (as it is shown
just from the close connection between the surface wind and the precipitation
amount). The grouping according to months can support this opinion as there
are moister and drier seasons as well. Still, we also make tens of individual
simulations at extremely moist and extremely dry situations in winter and in
summer months to illustrate the extreme possible cloud appearances, caused by
the cooling tower.

SOME RESULTS

Detailed results of possible effects of the cooling tower on the environment
according to different directions, as well as for separate months and for the
whole year can be found in a report of the study (Rakovec et al., 1987). For the
illustration of the usefulness of the chosen method of estimation, only some
are given here.

First, it is interesting to know which are the simulated frequencies and average
cloud shapes. In general, frequencies can reach 50 %. But, if looking into
separate sectors around the tower, frequencies of appearance can also be zero
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in some directions, while the greatest frequencies do not exceed 20 % in any
direction or in any month of the year. Clouds are of courseless frequent in
summer months. Most frequent is the appearance of clouds to the SW
direction, where the probability of cloud appearance is more than 10 % also in
summer months (but in these summer cases clouds generally do not extend
more than 100 m from the tower). This is in accordance with the measured

natural precipitations, which are most frequent when surface winds blow from
NE.

In general, clouds have the extension of several hundred meters in horizontal
direction, while prevailing vertical dimensions are from 600 to 1400 m in
winter, but in summer some can reach the height of over 2000 m. Also very
long clouds are simulated according to average conditions: in winter and in
early spring they can be more than 2500 m long in particular sectors; their
frequencies of appearance are small: 3 to 7 % of the time, and this frequency
can reach 10 % only close to the tower.

The computed frequencies and dimensions are in accordance with the values of
other investigators (e.g. RWE AG, 1981, Schatzmann and Policastro, 1984).

All precipitation amounts simulated in our study according to average
conditions are less than 0.2 mm per month. This value is found only close to
the tower in certain sectors, in winter months. Already at a distance of 500 m
from the tower the value of 0.1 mm per month is never and nowhere exceeded.
As an example the distributions for January and for July are shown in Fig. 2.
Also solid deposition is distributed similarly.

But it is also interesting to look closer at some individual simulations. It is
possible that absolute extremes are not simulated, while only January and July
cases are chosen. From these the extreme quantity of precipitation amount
which is simulated occurs in January, but the value of 0.016 mm per hour is
limited to a very small area of 200 m x 400 m close to the tower. This is due
to extremely moist atmosphere and very light wind, causing nearly vertical
cloud and no precipitation drift (Fig. 3). Some situations in winter with
broader areas of precipitations can be found as well but with small amount of
precipitation.

In July there is no individual case, in eight years’ period, of precipitations
only close to the tower. An example is given in Fig. 4, showing precipitations
with intensity greater than 0.01 mm per hour between 1700 and 3700 m from
the tower. They are caused by saturated layer between 860 and 700 mbar level:
all extra moisture of any agregate state entering into this layer is removed
from it. Precipitations evaporate only partly, and are driven by the wind also
far from the tower.
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Figure 2: Distribution of precipitations near the cooling tower for January and for July

Slika 2: Razporeditvi padavin v okolici hladilncga stolpa v januarju in v juliju

The effects on insolation are presented in a separate, accompanying paper
(Petkovsek, 1987). Here we are going to mention only the fact that there is a
broad area of influence in morning and evening hours, but as at that time the
amount of energy is not great, these broader areas are affected mainly as
regards sunshine duration. The shapes of the affected areas resemble a heart in
summer and a kidney in winter months. Both, the quantity of effects and the
shapes are in accordance with the observed ones at other locations (RWE AG,
198D).

CONCLUSIONS

The described methods of simulation of possible influences of the cooling
tower with natural ventilation are proved to be appropriate for the estimation
of these influences in advance, in the phase of planning of the thermo plant
with the tower. This is prooved by comparisons with the observed influences
(EKM, 1981; RWE AG, 1981; Abwaermekommission, 1981: Schatzmann and
Policastro, 1984). The simulated values agree with the observed ones as regards
the area of possible influence and as regards the quantitative values of these
influences.

From the obtained results for the planned great tower with cooling power of
1930 MW in the investigated area it is possible to summarize:
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Figure 3: An cxample of distribution of precipitations near the cooling tower for the sclected
casc in January: a) vertical distribution of temperature and dew temperature and b
distribution of precipitation

Slika 3: Primer razporeditve padavin v okolici hiadilncga stolpa za izbrani primer v januarju:
a) potck temperature vraka in rosisca z visino, b) razporeditev padavin
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Figurc 4: As Fig. 3, but for a casc in July

Slika 4: Kakor slika 3, toda za izbrani primer v juliju
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Cloudiness

The appearance of the cloud has an allover frequency of 50 %, but for
individual directions this frequency is generally less than 5 % and never
greater than 20 %. In summer the distribution is more uniform, while in
winter some directions have greater frequencies. Long clouds, as well as high
ones, are rare: only a few cases are found with average radiosonde data. Most
clouds are several hundred meters high, sometimes up to 1500 m, and they
extend several hundred meters from the tower, sometimes even thousand
meters.

Precipitations

The duration of precipitations is slightly increased over the natural duration,
mainly in colder parts of the year. The quantity can be slightly greater too, but
this increase (for about 1 %) is below accuracy of measurements and cannot be
verified. Amount of drizzle is estimated to be increased from stratus cloud and
fog, for several mm per year. The number of precipitation days can be greater
for a few days per year due to the drizzle, while the number of the days with
precipitation from Nimbostratus and Cummulonimbus clouds is not increased.

Insolation

Sunshine duration can be diminished for 40 % close to the tower and for more
than 10 % of the present duration as far as 4 km from the tower in winter, and
2 km in summer. The area of influence on insolation energy is smaller. The
decrease for 50 % is close to the tower, while the decrease in energy for more
than 10 % does not extend more than 1 km from the tower. In winter mainly
northern places are affected, but in summer the ones lying souhteast and
southwest from the tower.

Temperature and humidity

Neither air nor soil temperature can be modified to such an extent that this
could be verified with measurements. The same is valid for humidity.

Hydrometeors

Due to only very small changes in temperature and humidity, the changes in
dew and frost are not to be expected. Frequency of fog cannot be changed,
only density of fog or Stratus can be increased, which is the reason of a
possible slightly increased hoar. Glaze can be slightly more frequent, but more
important can be slippery roads due to light snow from Stratus clouds or deep
fog.
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Visibility

Visibility at the ground is not affected by the cooling tower, but is changed
only in clouds; these are not of a great extent.

Human activities

In winter there can be more slippery roads due to glazed snow. This effect can
be expected not more than 2 km from the tower. There is a lack of
precipitations in the area in summer months, but the quantity of precipitation
in general is not great enough to be important for agriculture. So also effects
on plant deseases are negligible. Only in certain situations some precipitations,
which could affect the agriculture are possible.
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ABSTRACT

A model of the reduction of sunshine duration and solar energy due to the
cloud from a cooling tower of a thermoplant is presented shortly, including
some examples. Calculations are based on the known cloud characteristics and
on determination of shadow-loaded area-elements around the tower in typical
clear days of separate months. Diminishing of the influence of tower cloud due
to natural cloudiness in real days is obtained afterwards by the introduction of
weighting factors calculated from radiosonde and climatic data of the region.

POVZETEK

Emisija vode iz hladilnega stolpa vecjega termoenergetskega objekta je nekaj
ton vode na sekundo. Del te vode se v atmosferi kondenzira in tvori oblak nad
stolpom, ki meée na tla svojo senco in vpliva tudi na osoncenje v okolici
stolpa. Dolocitev zmanjsanja trajanja oson¢enja in energije obsevanja v okolici
stolpa je odvisno od mnogih faktorjev, prikazan pa je en nadin pristopa.

V prikazanem modelu je najprej dolo¢ena navidezna pot sonca po nebu v éasu,

ko je sonce ve¢ kot 9° nad obzorjem. Nato je dolotena lega sence za vsako uro
ob predpostavljeno jasnem dnevu in je dolocen vpliv naravne oblacnosti,
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kon¢no pa so izracunane obremenitve posameznih povrsinskih elementov tal v
okolici stolpa.

Model omogoca izracun sence za vsako uro tipi¢nega dne vsakega meseca in za
vsako od 16 smeri orientacije oblaka oz. vetra nad stolpom. Velikosti oblaka v
prostoru ob posameznih smereh vetrov so bile izratunane po posebnem modelu
(Rakovec - te Razprave). Obremenitev s senco se racuna za povréinske elemente
v okolici stolpa velikosti 200m x 200m. Sedtetje vseh urnih obremenitev
posameznih povrsinskih elementov za vse ure in znatilnosti oblaka, nam da
obremenitve tal ob jasnem vremenu. Vpliv naravne oblacnosti pa je treba
izlo¢iti.

Izérpna obdelava oblac¢nosti ter visinskih podatkov o vetru in vlaznosti zraka
da kriterije in podatke o naravni oblacnosti pri posameznih smereh vetrov in
mesecih oz. jasnini v njih. Le ob jasnini se namre¢ pojavlja vpliv oblaka iz
hladilnega stolpa. Ustrezni utezni faktorji nam omogoéajo izracun obremenitve
s senco vsakega povrsinskega elementa okrog stolpa za tipicen dan vsakega
meseca, iz teh pa dobimo tudi letne vrednosti.

Iz zmanjsanja trajanja osonc¢enja dobimo lahko tudi zmanjsanje energije
son¢nega obsevanja za vsak element povrsine tal okrog stolpa. Pri tem
potrebujemo relacijo med trajanjem in energijo, ki jo dobimo iz drugih obdelav
(Hocevar in sod.1982). Primeri kazejo, da je obseg zmanjSanja energije okrog
stolpa o%zji, toda jakost zmanjsanja je ob stolpu relativno veéja. Rezultati
modela se ujemajo z rezultati po modelu RWE AG(1981) in kazejo na pravilnost
in uporabnost nasega modela.

INTRODUCTION

The lack of cooling water and thermal pollution of rivers, especially at low
water, demand the use of cooling towers at large thermoenergetic plants. They
lead away the waste heat in amount usually greater than the useful part.

Although latent heat of water evaporation is considerable and the drop
collectors are installed in the cooling tower, the water vapour and droplets
emission from the tower can be some metric tons per second. At least a part of
this water is condensed in the air above andlor around the tower, forming a
cloud, which casts a shadow over the surface, diminishing the duration and
energy of insolation and so changing the microclimate in the surroundings of
the tower. However, determination of cloud influence on insolation is not
simply obtained.
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Momental size of the cloud, its height, direction of its spreading from the
tower, as well as its influence on insolation, depend on the momental weather
conditions. Its general climatic influence on the surroundings, however,
depends on the climatic conditions at the location of the tower or
thermoenergetic plant. These influences are roughly and generally known.
They are studied more exactly and established in different ways, which are
more or less exactly presented with different skill and probability (e.g. Hanna
1982, Thorp and Orgill 1984, Curkovi¢ et al.1985). None of them are presented
completely enough to be used directly. It is also true, that the problem is
rather complicated, and a complete presentation of all necessary details and
computer program would be far beyond any technical article.

Therefore we are presenting only main propositions and methods of work and
a model for the determination of reduction of insolation on the ground surface
will be presented together with some results as examples. Final consequences
of reduction of insolation may be found on growth and augmantation of the
local vegetation, but this is already another problem.

MAIN FEATURES OF THE MODEL

For determination of the reduction of insolation round the cooling tower due
to its cloud in a day, the shadow and its daily travel round the tower should be
determined. First we put the system of equations, supposing clear sky for the
whole day and afterwards the influence of natural cloudiness is introduced.
The duration of shadow of the tower cloud on separate parts of the ground
depends on the geographic position and on:

a) apparent way of the sun over the sky, and

b) dimensions and direction of the cloud from the tower.

The first group of dependent variables depends on astronomic conditions:
zenith angle of the sun (z), its azimut (@) or from the time in a day and in a
year. These variables are determined with the known equations for the position
of the sun:

cos(z) = sin(¢p)sin(8) + cos(ip) cos(é) cos(H)

cos(§) sin(H)

. _ 1
sin(e) sin(z) (1)
where ¢ is latitude, § declination and H stellar time. Knowing the dimensions
and the position of cloud in a space, the position of cloud shadow on the

surface can be determnined, although not quite simply, however.
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Fig. I: Schematic presentation of cooling tower with the cloud and two of possible shadows

Slika 1: Shematicen prikaz hladilnega stolpa v oblakom in dveh od moznih senc

In our model the shadows are calculated for every hour of the typical day of
every month and for each of the 16 directions of cloud orientation; it means in
a direction rose with the steps of 22.5 angular degrees.

The dimensions of tower cloud and its spreading direction in space at separate
wind directions were calculated with the help of a special model, given in the
accompanying paper (Rakovec et al. 1987). The borders of the cloud were
assumed to be where more than 5% of sunshine is dissipated.

Wind data are taken from the top of the tower and radiosonde station in the
neighbourhood for the layer up to some hundred meters above the tower. By
some wind directions the advection of more humid air can be greater and the
tower cloud more extensive, but probably in the same time the sky is highly
naturally clouded, and the influence of the large tower cloud on insolation can
be smaller than by the lower air humidity and smaller tower cloud. The
relative frequency of chosen or separate wind direction is of course very
important, as well.

Using a cylindric coordinate system, cloud and sun position for every hour of
daytime and the shadow in characteristic points at the surface are determined.
As the sun apparently travels along the arc (mainly) south of the tower, the
shadow is travelling in the opposite direction and has generally of the form of
unsymmetric trapezoid (Fig. 1), which can be also overturned by high sun
position and toward the sun oriented cloud (b in Fig.l), what demands
additional care in programming. So, e.g., also the radius of the shadow on the
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Fig. 2: An example of the shadow, cast by the tower cloud at one wind direction in a clear
day

Slika 2: Primer sence, ki jo da oblak iz stolpa pri eni smeri vetra tekom celega jasnega dne
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Fig. 3: Distribution of daily reduction of sunshine duration duc to tower cloud shadow in a
choscn month - a) wintertime, b) summertime

Stika 3: Razporeditev dnevnega zmanjSanja trajanja sonénega obsevanja zaradi sence iz stolpa
v izbrancm mesccu - a) pozimi, b) poleti
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surface (R®) depends on real radius of the cloud (R®) and on the connected
position of the sun direction and cloud axes, given by the expression

R®* = R°(1 + |(sin(8 — a)[sin(k) — 1]|) (2)

where g is the angle determining azimuth of cloud axis, o azimuth and h the
elevation angle of the sun.

Apart from the projection of the cloud shadow axes on the surface, also border
lines of the cloud shadow should be determined, and then transferred in a grid
point system of elementary areas of e.g. 200m x 200m. By low sun (in the
morning or evening) the shadow can be very long, but none of the shadow
points is allowed to fall out of the treated or calculated area. Therefore, the
extreme dimensions of the cloud have to be limited, as well as the smallest
elevation angle of the sun above the horizon which in this case was 9°. On the
other side, the treated area must be large enough, e.g. 32km x 32 km, which
includes 161 x 161 grid points for the basic calculations. Their number can be
diminished in final distribution presentations, as will be shown in examples.

So the shadow of the tower cloud can be presented in the separate month for
every hour of the day at chosen direction and withappropriate characteristics
of the cloud. Summation of shadow frequencies in separate area elements for
all hours of daytime and all directions of the cloud, gives burdening of areas
with the tower cloud’s shadow in a typical day of the chosen month, supposing
that the sky was clear all the time. An example is presented in Fig. 2. On the
other side, however, if by one direction of wind (and opposite direction of
cloud) the sky in climatic data was always overcast, there was no shadow of
the tower cloud at all, and for this direction in this month no reduction of
insolation ‘due to the tower cloud exists. The majority of the cases lies between
these two extremes. The appropriate weighting factors, depending on climatic
characteristics of the region, should therefore bedetermined very carefully.

WEIGHTING FACTORS AND DURATION

From the data of the nearest radiosonde station the frequency of winds in the
layers of the tower cloud can be calculated for all directions together with the
relative air humidity in the layers. Cirrus clouds are neglected, but the middle
and lower stratiform clouds and convective clouds being formed in the levels
between 300 and 6000 m are effective. Computer treatment of upper level data
of wind, relative humidity and cloudiness in the region, showed that the
relative  humidity of 85% is the most appropriate border value for
determination of the natural cloudiness.
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As in the upper levels there are no calms, the sum of all wind direction
frequencies is 100%. However, the sum of cases with relative humidity above
85% in upper levels is mainly lower, than the difference between climatic
cloudiness in % and 100%, because in upper levels the clouds can also be
formed at the relative humidity under 85%. Therefore the frequency of natural
"clearness" at the separate wind directions has to be corrected with the factor,
the sum of cloudiness and clearness being just 100%. So the clearness (J) in the
separate month and chosen wind direction is given by the equation:

I=pP-U N/ (3)

where P is frequency of the wind direction, U relative humidity, U its mean
value and N mean cloudiness in the chosen month on the location of the tower
or on the nearest meteorological station with simifar conditions.

Only at the time of "clearness", the tower cloud casts a shadow and reduces
insolation in the surroundings. Therefore, to every shadow field or element of
the field an appropriate weighting factor of clearness is applied, presenting
partial reduction of insolation in that element. This method is used for all the
16 wind directions and 12 months in which 192 whole-day calculations have to
be done using the same number of weighting factors. Summation of shadow
loadiness in separate area elements for all hours and directions gives proper
relative reduction of sunshine duration in separate area elements round the
tower for a typical day of a month. From these the annual mean values can be
obtained finally.

So the real climatic distribution of total reduction of sunshine duration round

the tower in separate months and the annual average is obtained - examples are

presented in Fig. 3. Every second value is printed here with the integers

presenting the classes with 10% range - it means in relative values. The

absolute values of reduction in hours are of course interesting as well. These

can be obtained retrogradely from relative values by considering the duration

of daytime or the number of hours in previous integration. This was done for

the hours with the sun more than 9° above the horizon. Such a day is - in our
latitudes - only 7 hours long in December and January, but 15 hours in June

and July.

So e.g. the value 5 represents the reduction of sunshine duration in the range
from 41 to 50 % which is in January (by its total clearness of 1.6 hour) only
0.8 hour but, about 3 hours in June. It is belived, however, that the
distributions presented in relative values are more evident and more convenient
for comparisons among the months with different day lengths.

01




E
L =/b
KW
m?
7k
Ly
5 F \GL
ST KP
A i 1 i 1 i i i 1 1 Y
J A J [¢) D

Fig. 4: Annual course of relation between duration and energy of insolation for three
locations in Slovenia

Slika 4: Letni potek razmerja med trajanjem in cnergijo soncnega obscvanja za tri kraje
Slovenije

REDUCTION OF SOLAR ENERGY

A good estimation of solar energy reduction on the surface round the tower
due to the shadow of the cloud, can be obtained from the sunshine reduction.
The method needs a correct determination of relation between duration and
energy of insolation in the given conditions.

Relation between duration and energy of global radiation is known for 30
places in Slovenia (Hotevar et al. 1982). This relation depends on relief and
climatic characteristics as well, and is rather different for different places -
for three of them the annual distributions are presented in Fig. 4. Choosing -
to the location of cooling tower - the most appropriate station and smoothing
its annual distribution, the weighting factors for every month can be obtained.
These enable us to calculate the amplitude of the insolation energy reduction
in separate months due to the cooling tower cloud.

Like daily distribution of insolation energy also its reduction distribution is
typical. This can be presented well with the "lifted" sinus curve. Here the
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Fig. 5: Distribution of daily reduction of solar energy due to the cloud from a cooling tower
in a chosen month - a) wintertime, b) summertime

Slika 5: Razporeditev dncvnega zmanjSanja sonéne cenergije zaradi oblaka iz hladilnega stolpa
v izbrancm mesecu - a) pozimi, b) poleti

relative values are more appropriate than the absolute, as well - the examples
are presented in Fig. 5. In comparison with the distribution of sunshine
duration reduction (Fig. 3), the energy reduction is diminished on smaller area,
but relative energy reduction near the tower is vigorous. This is the
consequence of greater flux density of solar energy at noon, when the
influence of the shadow is therefore the greatest.

In wintertime, as the sun travels apparently along the lower and shorter arc
over the sky, the distributions of insolation reduction show the typical form of
a heart; in the summertime, however, the shape of the shadow is like a thin
kidney and has the opposite curvature. The results agree with those obtained
by RWE AG (1981).
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CONCLUSION

Considerations and test calculations show that the model is appropriate and
useful. Although some simplifications were introduced, the calculations need a
lot of computer’ space and time due to many equations with trigonometric
functions and different transformations.

Obviously the presented model can be used for similar applications with
relatively little additional work. Most of that would take the determination of
cloud characteristics and weighting factors, which includes the treatment of
long set of radiosonde and climatic data for the tower's or analogous location.

Acknowledgement: The author wisheses to thank doc.dr.J. Rakovec for giving
some advices and forming the final outputs, and ing.B.Zupanéi¢ for the
treatment of data necessary for the determination of the weighting factors.
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POVZETEK

Predstavijen je poiskus numeri¢nega obravnavanja dvodimenzionalnega toka
zraka po pobocju. Po pobodju z zmernim nagibom tece zrak s sprva stalno
vertikalno temperaturno in hitrostno razporeditvijo, kasneje pa se na vrhu
pobo¢ja pojavi hladnejsi zrak. Za simulacijo toka ob pobo¢ju je bil narejen
numeri¢éni model, katerega lastnosti so popisane v prvem delu tega ¢lanka, v
drugem delu pa so predstavljeni rezultati simulacije toka pri pojavu hladne3ega
zraka pod toplim.

SUMMARY

A numerical simulation of a two dimensional air flow along a mountain slope
is presented. Along the mountain slope with moderate incline flows the air
with a constant lateral boundary conditions. After steady state is achived,
colder air invades on the top of the mountain and cold air descends and
accelerates along the slope. In the first part of this article a nonhidrostatical
anelastic numerical model for the simulation of the flow is presented, in the
second part some results of the simulation are discused.

TEORETICNE OSNOVE

Tok zraka prek in okoli vzpetin, dogajanja v zraku ob njegovem spuscanju in
dviganju ob pobocju je eden od bolj proucevanih problemov s podrogja
mezometeorologije. Mnogokateri avtorji npr. (Pielke 1984, Mahrer in Pielke
1976, Klemp in Lilly 1978, Smith 1985) so na razli¢ne natine poiskusali z
numeri¢nimi modeli pojasniti vzroke za dogajanje v toku.
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Meritve v toku zraka ob gorski pregradi navzdol (Smith 1982, Pettre 1986, Frost
et al. 1986) so pokazale, da je zra¢na masa ob spuscanju v visjih plasteh
vetinoma nevtralno stratificirana, v spodnih plasteh pa posebno pri burji
(Smith 1982, Urbanc¢i¢ 1983) lahko opazimo temperaturno inverzijo. Spuscajoéi
se zrak je ponavadi mocno turbulenten, sunkovitost - nagle spremembe
horizontalne hitrosti - lahko v spus¢ajo¢ih se vetrovih opazujemo predvsem ob
njihovem pricetku (Petkovsek 1984). Zrak, ki se spusca ob pregradi, ima véasih
ze ko pritece do vrha hriba dokajsno horizontalno hitrost (Smith 1982),
priblizno polovica pospesitve se zgodi pred prihodom do grebena. V visjih
plasteh atmosfere je hitrost vetra dokaj razli¢na: pri burji je v visjih plasteh
veter Cesto Sibak ali pa celo po smeri nasproten (Jurcec 1981), v nekaterih
drugih lokalno okrepljenih padajo¢ih poboénih ali dolinskih vetrovih -
francoski mistral, plitvi fen na severni strani Alp, Boulder windstorm - pa je
opazena (Klemp, Lilly 1978) tudi v visjih plasteh ozrac¢ja hitrost vetra v isti
smeri kot pri tleh. Mehanizem pospesitve toka ob pobo&ju navzdol je bil v
preteklosti delezen velike pozornosti meteoroloske javnosti. Dejstvo, da so
maksimalne hitrosti opazene v sorazmerno tanki plasti in da je ta plast tudi v
horizontalni smeri omejena na podro¢je tik ob vznozju hriba, je bilo razlagano
na ve¢ nacinov. Scorer in Klieforth (1959) in Aanenson (1965) so nastanek
velikih hitrosti razlagali z ujetimi gravitacijskimi valovi, Kuettner (1959),
Arakawa (1969) in drugi so razlagali velike hitrosti kot odraz hidravli¢nega
padca zraka po pobocju, Klemp in Lilly (1975) pa sta razlozila mo¢ne vetrove
pri tleh z linearno teorijo, ki trdi, da pospesitev nastane zaradi delnega odboja
valovne energije navzgor raz$irjujo¢ih se valov ob diskontinuitetah vertikalne
stabilnosti atmosfere. Ugotovitve v okviru ALPEXa, kot jih je predstavil Smith
(1986), glede na sibke ali obrnjene vetrove v visjih plasteh, zaradi katerih so
dogajanja v spodnjih in zgornjih plasteh atmosfere razklopljena (nepovezana),
potrjujejo, da je bolj verjetna teorija o hidravli¢éni pospesitvi toka, vsaj kar se
tice mehanizma pospesitve burje.

OPIS MODELA

Za obravnavo toka zraka po pobo¢ju navzdol smo izdelali dvodimenzionalni
numeri¢ni-model s prvotnimi ena¢bami.

Poenostavljeno stanje v suhi atmosferi popisujemo z vektorjem hitrosti,
pritiskom, gostoto in temperaturo. Ce vpeljemo potencialno temperaturo iz
enacbe stanja lahko izrazimo gostoto zraka:

P
- 1
? = Re(2 )R/ (1)

kjer je poo = 10° Pa, R = 287 JIK, ¢, = 1008 J/K. Potencialna temperatura 6 se
zapise:
96

Poo\r/C
6 =T(— 4
(p)

Potencialno temperaturo in pritisk zapisemo kot vsoto hidrostati¢no
uravnoteZzenega in nehidrostati¢nega dela:

P =Dpo+p1

6 =00+ 6,

Kontinuitetno enac¢bo zapisemo 2z omejitvijo na nestisljivo, anelasti¢no
tekoc¢ino. Hkrati smo predpostavili, da v atmosferi ni globoke konvekcije, tako
da se kontinuitetna enac¢ba zapise kot:

Ou Ow
2429 2

Oz + 0z (2)
Masa lahko doteka ali odteka v modelski prostor ob straneh in na zgornji meji,
tla pa so seveda za masni tok zraka neprepustna.

Predpostavili smo, da v atmosferi ni vode in tako tudi faznih sprememb, da ni
diabatnih vplivov (segrevanja od tal, sevanja na zgornjem in spodnjem robu
atmosfere, itd.) in da se turbulentni transport zaznavne toplote lahko popise s
K teorijo. Glede na tla je torej atmosfera izolirana, skozi stranske robove pa je
mozZen transport toplote z advekeijo.

Energijsko enaébo tako zapisemo kot prognosti¢no enatbo za potencialno
temperaturo:

i |
06 _ 06 08 0% (3)

ot Oz 9z 022

Ker je model le dvodimenzionalen, gibanje popisujeta le enac¢bi za u in w.
Enacba za u je zapisana ob predpostavki o veljavnosti K teorije za turbulenco
oz. linearnega zakona trenja pri tleh. Progosti¢na enacba za u ima tako obliko:

Su Ou Ou f%u 1 0p (4)

— w— — e ——

5t “ez Yoi T om  po0i
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Vertikalna gibalna enacba se v mezometeoroloskih modelih lahko uposteva na
dva natina, glede na to, ¢e je upostevana hidrostati¢na aproksimacija ali ne. V
primeru, ki ga zelimo obdelati (tok zraka po poboéju, tok hladnejsega zraka
pod toplejsim) je atmosfera nehidrostati¢na. Zaradi vertikalne neusklajenosti p
in @ pride do vertikalnih pospeskov in sprememb hitrosti (neuravnotezeni
vzgon). Enatbe za w pa ne zapiSemo v prognosti¢ni obliki, pa¢ pa z daljso
izpeljavo (Pielke 1984) doseiemo, da namesto tega iz polju u in potencialne
temperature izratunamo hidrostati¢no neuravnotezeni del pritiska, ki potem
vpliva na vertikalna in horizontalna gibanja. Vertikalno hitrost potem
izratunamo diagnosti¢no iz kontinuitetne ena¢be. Enacbo za odstopanje
pritiska zapiSemo:

6

52r T 82~ 020z 0z Yoz

O’pr | O’p . 0*(puw) _ 0%po 0 (P91 (5)

Hidrostati¢ni del pritiska izracunamo iz preostalega dela vertikalne gibalne
enacbe. :

O _ ' 6
2 pPogd (6)

Velikost obmoéja modela

Z modelom zelimo obravnavati tok zraka po poboéjih z zmernim naklonom,
torej z nagibi med 10° in 30°. Za tipi¢no visinsko razliko med vrhom in
vznoZjem poboc¢ja smo si izbrali 1500m, tako da je vrh hriba na nadmorski
visini okoli 1600m, vznoZje pa pri 100m. Na spodnji meji je torej modelsko
obmo¢je omejeno z nagnjeno ploskvijo (nagib je v smeri X spremenljiv), na
zgornji meji pa je model zaprt na nadmorski visint 4000m. Horizontalne
razseznosti modelskega prostora so omejene z zmogljivostmi racunalnika: ker
Zelimo imeti v horizontalni smeri korak x dolg najve¢ 500m, smo morali
omejiti skupno dolzino modela na 7500m. Pri dimenzijah modela 4000 X 7500
m je nedvomno povsem ustrezna zanemaritev Coriolisovih ¢lenov v gibalni
enacbi.

Koordinatni sistem
V nasem modelu smo uporabili koordinatni sistem, katerega koordinatne

ploskve slede reliefu. Vertikalna koordinata se v t.i. zeta koordinatnem sistemu
tako zapige:
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(= ZtQ (7)

Zt — Zs
kjer je z, vidina reliefa, z, pa viSina zgornjega robu.

Zaradi transformacije (7) moramo primerno transformirati tudi sistem enacb (1)
- (6). Pri tej transformaciji smo si izbrali kovariantno vektorsko bazo, tako da
komponenta u vektorja hitrosti kaze v smeri poboéja, komponeta w pa v
nasprotni smeri vektorja gravitacijskega pospeska. Zaradi te transformacije se
bistveno spremeni predvsem enatba (4), saj se v njej pojavi clen z
gravitacijskim pospeskom, ki se v najve¢ji meri kompenzira z gradientom
pritiska po zeta ploskvi.

Prognosti¢no enaébo za u tako zapisemo:

Ou Ou Ou v 1 9p G, Oz,

o Yoz VYa: 8@ peor Uz 0

kjer je x koordinata v smeri koordinatne osi .

Tudi ostale enatbe sistema (2), (3), (5) in (6) ustrezno transformiramo v
kontravariantno formulacijo koordinatnega sistema, katerega ploskve sledijo
reliefu.

Razporeditev racunskih tock

Pri numeri¢nem re$evanju sistema enaéb (1) - (6) s kon¢nimi diferencami smo
v naem primeru izbrali Arakawino E mrezo (Arakawa 1977). Razpored tock,
kjer so definirane posamezne spremenljivke prikazuje slika 1. S premikom za
polovico intervala v smeri X in Z med toékami z u, w glede na p dosezemo, da
ne pride do suma dveh korakov mreze, hkrati pa se poenostavijo tudi racunanja
centralnih razlik pri numeri¢nem doloéevanju odvodov.

Numeriéni’ postopki
Bodoca stanja polj dobimo s postopno numeriéno integracijo sistema enacb od
(1 do (6), dolzina ¢asovnega koraka te integracije pa je odvisna od stabilnosti

¢asovne integracijske sheme.

V enem koraku &asovne integracije si posamezni postopki sledijo takole:
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Slika 1: Razporeditev tock, v katerih so definiranc posamezne metcoroloske spremenljivke.
Indeks i teje odscke v smeri X, indeks j pa v smeri Z.

Fig. 1: The grid structure whith the points where various meteorological variables arc
defined. Index i is in direction X, index j in the direction Z.

1. tasovna integracija prognosti¢nih enacb za horizontalno hitrost in dejansko
potencialno temperaturo

2. diagnostiéni izra¢un hidrostati¢nega pritiska

3. diagnosti¢na dolotitev nehidrostati¢nega dela potencialne temperature

4. diagnosti¢ni izracun vertikalne hitrosti z vertikalno integracijo kontinuitet-
ne enacbe ' :

5. dolo¢itev nehidrostaticnega dela pritiska z iterativnim reSevanjem enacbe
(5)

6. doloc¢itev dejanskega pritiska s sestevkom hidrostati¢nega in nehidrostatic-
nega dela pritiska

Casovna integracija horizontalne gibalne enacbe

Enatbo (8) zapisemo s konénimi razlikami v izbrani mreZi tock. Advekeijski
del enacbe integriramo z Lax-Wendrofovo shemo (Tatsumi 1984), &lene s
trenjem, z gradientom pritiska in komponento gravitacijskega pospeska na zeta
ploskvi, pa integriramo s shemo naprej. Zaradi stabilnosti Lax-Wendrofove
sheme mora biti za ¢asovni korak t izpolnjen pogoj

t < x/U
oziroma
t < zIW

Ce ocenimo Upax = Wmax = 20m/s, x = 500m, z.im = 140m (ko so nivoji
najbolj gosti), potem mora biti ¢asovni korak t = Ss, da bo resitev gotovo sta-
bilna.
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Lax-Wendrofova shema je znana po tem, da dusi kratke valove, ¢e je le
izpolnjen zgornji kriterij za stabilnost.

7 enako shemo intergiramo tudi energijsko enacbo.

Izratun hidrostati¢nega dela pritiska

Z vertikalno integracijo enatbe (6) lahko diagnosti¢no dolotimo hidrostati¢ni
del pritiska. Ena¢bo (6) moramo integrirati od zgornjega roba modela navzdol,
saj je pritisk na zgornjem robu podan kot robni pogoj resitve. Temperatura, ki
nastopa v enaébi (6) je definirana sredi med dvema pritiskoma, tako da v
vertikalni integraciji nastopa kot popre¢na temperatura plasti.

Enacbo za nehidrostatiéni del pritiska resujemo iterativno s Seidlovo
(konsekutivno) relaksacijo. Ko je doseiena predpisana natan¢nost resitve, tako
dobljeno polje pristejemo k hidrostaticnemu delu pritiska, sestevek obeh pa v
naslednjem ¢asovnem koraku sluzi za doloc¢itev gradienta pritiska.

Diagnostiéna dolocitey vertikalne hitrosti

Vertikalno hitrost w dolo¢imo diagnostiéno iz novoizracunanega polja hitrosti
na koordinatni ploskvi zeta. Pri tem enat¢bo (2) numeri¢no integriramo od
spodaj navzgor, saj je pri tleh podan robni pogoj w(x,z=0,1)=0.

Parametrizacija trenja in turbulentnih prenosov

V prvi gibalni enacbi (8) in v energijski enacbi (3) sta turbulentna prenosa
gibalne kolicine in zaznavne toplote popisana s K teorijo. Clen s turbulentnim
prenosom poenostavljeno zapisemo (Pielke 1984)

O*u

Fe=EK55

Pri tem smo privzeli, da je K v posameznih plasteh konstanten, profil K pa
popisemo z enacbo :

az; ce j=5ali j<5§
K(Zj)=
b K(zs) e j> 5

kjer je a= 0.5 mis in b= 0.1, tako da priblizno popisemo profil K kot je podan
pri Bodinu (1980).
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Na najnizjem nivoju je ¢len turbulentnega prenosa gibalne koli¢ine v (8)
nadomescen z linearnim zunanjim trenjem, v (3) pa je turbulentni prenos
zaznavne toplote Se vedno upostevan po K teoriji. Za izvednotenje drugega
odvoda ¢ na spodnjem nivoju smo pod njim ekvidistantno vpeljali pomozni
ratunski nivo, na katerem se  spreminja tako kot na prvem racunskem nivoju.

ROBNI POGOJI IN ZACETNO STANIE
Spodnji robni pogoji

- Za w velja w(z'=0,x,0)=0 saj je prvi nivo, kjer je definirana w, postavljen na
dejanska tla.

- Za u na najnizjem nivoju ni eksplicidnega robnega pogoja, u je namre¢
definirana na nivoju, ki je za pol vertikalnega intervala dvignjen od tal, trenje
Je na spodnjem nivoju popisano z linearnim izrazom - ponorom gibalne
koli¢ine.

- Za 0 in 6 pri =0 ni posebnih pogojev, saj je predpostavljeno, da ni
diabatnih vplivov tal.

- Popre¢ni pritisk p, nehidrostati¢ni pritisk p, in hidrostati¢ni pritisk po se
integrirajo od zgoraj navzdol, tako da na spodnjem robu ni potreben robni
pogoj.

Stranski robni pogoji
V nasem modelu smo stranske robne pogoje postavili takole:

a) vhodni robni pogoji pri x = 0

- polja u, w in 8 so stalna, vrednosti so dolocene po dolgotrajni integraciji

- polji 6, in p, sta stalno postavljeni na 0

- polje p je stalno enako polju po, ki ustreza hidrostaticno uravnotezeni
temperaturi 6,

- ¢e v modelski prostor vpeljemo hladnejsi zrak, potem se ustrezno zman j3ajo

6 in 6;, spremeni pa se tudi p. Polji p, in 6, ostaneta seveda nespremenjeni.

Taka postavitev vhodnih pogojev je smiselna, ¢e vhodno stanje res dobro
poznamo, oziroma ¢e bi zeleli ugotoviti, kaksen je odziv modela na spremin ja-
jote se vhodne podatke.

b) izhodni robni pogoji pri X = Xpax

- vrednosti vseh meteoroloski spremenljivk v zadnji vertikali modelskega
prostora dolo¢imo izogradientno tj. vsa polja se zakljuéijo gladko. Gradient
dolo¢imo iz dveh robu (x=X,na) sosednjih tock (X=Ximax = X iN X=X mrax- 2X).

102

Zgornji robni pogoji

V nasem modelu smo bili zaradi tehni¢nih omejenosti prisiljeni postaviti
zgornji rob modela na nadmorsko vigino 4000m. Na zgornjem robu smo
predpisali stalno razporeditev pritiskov p in pe in konstantno vrednost 6 . U,
¢ in w se tudi na zgornjem nivoju izratunavajo, s tem, da smo nad zgornjim
robom vpeljali e en pomozni ekvidistantni nivo, na katerem se hitrosti in
spreminjajo enako kot na robu. S tako brezgradientno postavljenim robom smo
predpostavili, da je modelski prostor zgoraj odprt, zrak lahko vanj vstopa,
vstopajo¢i zrak pa ima trenutnemu stanju v modelu enake lastnosti.

Zatetno stanje

Zatetno stanje polja § in 6, smo dolocili tako, da smo privzeli, da je na
nadmorski visini 0 m potencialna temperatura povsod enaka 283 K. Od tod
naprej smo predpostavili, da @ nara§¢a z gradientom 0.03 K/m vse do
najvisjega racunskega nivoja. Za&etni polji p in po doloéimo hidrostati¢no z
integralom enatbe (6), za zgornjo mejo integrala pa vzamemo pritisk na
zgornji (horizontalni) modelski meji, kjer smo postavili, da je horizontalni
gradient pritiska enak 0. Ker so racunski nivoji nagnjeni, se torej vzdolz
vsakega nivoja pojavi temperaturni gradient, glede na pritiskove ploskve pa je
polje ¢ paralelno - zacetno stanje je torej barotropno.

Polji u in w morata biti vskaljeni s polji temperature in pritiska in z
zunanjimi silami. Usklajenost teh polj smo poiskusili dose¢i z dinami¢no
inicializacijo: v model smo vstavili polja p in ¢ in model pognali. Zacetno
polju u smo dolotili tako, da skozi vsak vertikalni presek modela stece enaka
koli¢ina mase, na zgornji meji zato v zacetku ni vstopanja okolisnjega zraka.
Po 200 korakih integracije (korak je dolg S sekund) smo privzeli, da je stanje
usklajeno. Konéno stanje - prikazuje ga slika 2. - smo nato zgladili in
uporabili kot zatetno stanje pri nadaljnih poiskusih.

POSKUS Z VSTOPOM HLADNEISEGA ZRAKA
Oblika reliefa in oblika vstopajofega hladnega zraka

Pri poiskusih z dotokom hladnega zraka smo postavili, da je relief preprost.
Privzeli smo, da je vrh pobocja pri nadmorski visini 1600m, iztek pa pri 100m.
Vmes pobo¢je enakomerno pada in sicer 100m visine na 500m horizontalne
razdalje. Zgoraj omenjano zaéetno stanje smo izdelali za takino reliefno
obliko, zatem pa smo dodati hladen zrak.
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Slika 2a. Zacetno stanje hitrostncga polja, kot smo ga dobili po dolgotrajni integraciji (60
casovnih korakov po 5 s) s konstantnimi robnimi pogoji.

Fig. 2a. Initial state of wind velocity ficld as result of models integration (60 time steps of
5 8) with constant boudary conditions
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Slika 2b. Zacctno stanje polja potencialne temperature pri cnakih pogojih kot pri slika 2a.

Fig. 2b. Initial state of potential temperature ficld with the same conditions as fig. 2a.
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Stika 3. Shemati¢na predstavitev zacetne oblike gmote hladnega zraka na
pobocju. Obris gmote ustreza diskontinuiteti 4k v polju potencialne
temperature

Fig. 3. A schematic representation of initial state with a mass of cold air on
the slope. The conture of the cold air corresponds to 4K discontinuity in
potential temperature field.

Hladni zrak se v modelu pojavi hipoma in sicer smo na petih odsekih sredi
pobogja in na prvih petih nivojih modelskega prostora temperaturo 0
zmanj3ali za nekaj K. Obliko gmote hladnega zraka prikazuje slika 3. Vidimo
lahko, da je gmota - klada - hladnega zraka na prednjem robu debelejsa kot na
zadnjem, sprednji rob pa je vertikalen. Taksna oblika temperaturnega polja:
izentrope so na sprednjem delu klade hladnega zraka povsem pravokotne na
izobare je seveda izjemno baroklina in tako nestabilna. Pricakovati je torej, da
se bo ta oblika hitro transformirala v bolj stabilno, pritiskov gradient,
povzroten z velikim temperaturnim gradientom v horizontalni smeri, mora
namre¢ pognati tok, s tem pa se masa in notranja energija prerazporedita.

Na zgornji meji klade je mo¢na temperaturna inverzija, saj se temperatura 6
med dvema nivojema (razdalja okoli 150m) spremeni za 4K.

Poskus z 4K hladnejsim zrakom

V modelsko podroctje z vsklajeno hitrostno in temperaturno razporeditvijo
(stika 2.) postavili za 4K hladnejsi zrak. Sledece slike od 4. do 6. prikazujejo
razvoj in prilagajanje hitrostnega in temperaturnega polja s taksnim zacetnim
stanjem. Casovni interval med dvema slikama je 100 sekund (20 &asovnih
korakov modela), na poljih 6 so izentrope risane v razmiku 2K. Predpostavili
smo, da je razporeditev parametra turbolentne difuzivnosti ves ¢as integracije
enaka in sicer doseZe najve¢jo vrednost na petem ratunskem nivoju (10 m/s), k
tlem linerno pada, nad petim nivojem pa ima konstantno vrednost, desetino
vrednosti na petem nivoju. Linerno trenje pri tleh je stalno in zna%a 0.004 s7'.
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Fig. 5b. Same as fig. 4b., but 200 s after the enteraintment.
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Slika 4a. Hitrostno poljc 100 s po vstopu hladnega zraka.

s after the entraintment of the

Fig. 4a. Wind vclocity ficld 100
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Slika 4b. Polje potencialne temperature 100 s po vstopu hladn

Fig. 4b. Potential temperature ficld 100s after the enteraintment of the cold air.
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Slika 6a. Isto kot slika 4a, lec 300 s po vstopu.

Fig. 6a. Same as fig. 4a., but 300 s after the enteraintment.
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Slika 6b. Isto kot slika 4a, le 300 s po vstopu.

Fig. 6b. Samec as fig. 4b., but 300 s after the enteraintment.
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Na zgornjem robu modelskega prostora je predpisan konstanten horizontalni
pritiskov gradient 0.2 10> Palm. Na robovih je resitev delno dusena, v

notranjosti pa uporabljamo po vsakem koraku integracije sibak Asselinov filter
s konstanto filtriranja F=0.1.

Pojav hladnga zraka povzroci velike vertikalne hitrosti v toplem zraku tik nad
klado hladnega zraka. Hladna klada se namre¢ poiskusa razte¢i po pobocju
navzdol in tako zmanjsati baroklinost. Visina hladne klade se zato zmanj3uje,
topli zrak pa se zato nad klado hladnega zraka za¢ne moéno spuscati. Na
prednjem robu klade se ob moc¢no baroklini coni pojavijo velike horizontalne
hitrosti, cona najmo¢nejsih horizontalnih vetrov pri tleh se v 100s med slikama
4a. in Sa. razsiri na precejSen del prostora pri tleh pred klado. Hladen zrak se
delno razteka tudi na zacelju gmote hladnega zraka, vendar to raztekanje hitro
poneha, saj se glavnina hladnega zraka razte¢e po poboé¢ju navzdol, tako da se
visina hladnega zraka zniza. Zaradi premika hladnega zraka se zaéne
pospesevati tudi topel zrak, ki se tako umakne hladnejsemu.

Valovanja nad gmoto hladnega zraka se pocasi umirijo: na sliki 4a. se zelo
vidno valovanje z valovno dolZzino dveh korakov mreze se zadusi, za vrhom
hriba se postopoma vzpostavi val v hitrostnem polju z valovno dolzino okoli 8
korakov mreze. Pri tleh oziroma na nivojih tik nad tlemi se pojavi precej
mocan strzen v hitrostnem polju, (slika 6a.) ki poskrbi za veliko iztopanje
mase na izhodnem robu modelskega prostora. Zaradi mo&nega izstopanja pri

tleh zaéne zrak v modelski prostor kompezacijsko vstopati na vrhu modelskega
prostora.

Temperaturno polje se s ¢asom moc¢no spremeni. Sprva jasno izraZzena klada
hladnega zraka na sliki 4b. se postopno deformira, tako da hladen zrak
postopoma napreduje v dolino. Pri tem prihaja do mesanja hladnega zraka z
okolico, tako da najhladnejsi zrak postopno izgineva. Baroklinost polj
potencialne temperature in pritiska se zmanj$uje, izoterme s ¢asom postajajo
vedno bolj horizontalne. Celo hladnega zraka se v 40 korakih integracije (med
slikama 4b. ob ¢asu 100s in 6b. ob ¢asu 300s) premakne za 4 horizontalne enote
mreze (2000m). Vstop gmote hladnega zraka ne vpliva le na lokalno

temperaturno in hitrostno polje, pa¢ pa se zaradi take motnje spremenita ti
polji v celotnem modelskem prostoru.

ZAKLJUCKI

Pricujo¢i dvodimenzionaini nehidrostati¢ni model s prvotnimi enacbami smo
uporabili za stmulacijo toka hladnega zraka po pobo¢ju.

Dovolj dale¢ stran od stranskih robov se hladni zrak, ki se hipoma pojavi v

prej temperaturno - hitrostno vsklajeni atmosferi, obnasa priblizno tako, kot bi

iz fizikalnega premisleka pricakovali: hladni zrak ste¢e po pobotju navzdol,

pri tem izriva toplega, oba skupaj pospe§ujeta, zaradi trenja pri tleh je najvedja
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hitrost spusc¢anja opazena nekaj 100m visoko nad reliefom - pojavi se strzen v
hitrostnem polju. V prostor, kjer je bil sprva navzo¢ hladen zrak, se spusti
okoligni toplejsi zrak.

Pojav gmote hladnega zraka sredi ali vrh pobo¢ja, posebno ¢e je ta gmota
bistveno hladnejsa od okolisnjega zraka povzro¢i velike in hitre spremembe
hitrosti. Ce je v naravi prisoten mehanizem, ki poskrbi za zaporedno spustanje
gmot hladnega zraka prek grebena kot domneva Petkoviek (1984), potem je
verjetno, da je sunkovitost opazena v spu$éajoéem se toku prav posledica
pospeskov, ki se pojavijo na horizontalnih diskontinuitetah potencialne
temperature. V tem delu se je pokazalo, da se pri temperaturni razliki 4K in
pri spustu zraka za okoli 400m na sprednjem delu gmote hladnega zraka
hitrost zraka v strienu glede na stacionarno stanje poveca za 4 do 5 krat in to
v pi¢lih 200 sekundah.

Delo je bilo izvedeno v okviru U.S.-YU projekta v sodelovanju z National
Science Fundation s stev.: JPF 735/NSF
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