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FOREWORD

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

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

This report presents the results of a cooperative study by the Institute
of Meteorology and Water Management of Poland under the Special Foreign Currency
Program, PL-480.

The objective of this study was to determine the influence of thermal
discharges from an electric power plant on the physical, chemical and bio-
chemical processes occurring in the receiving river and the effects on water
quality. )

A. F. Bartsch
Director, CERL
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ABSTRACT

The study on the influence of thermal water discharge from
the Kozienice power plant on the thermal regimes and water qua-
lity of the Vistula river has been carried out. Kozienice power
plant is situated at the 425th km of Vistula river,

The first unit started its work in November 1972,

The construction of the power plant was finished in February
1975 when the plant reached the capacity of 1600 MW.

The plant is operating with open cooling system using Vistula
water.,

The research was performed in the period from January 1973
to December 1975.
The thermal study carried out downstream of the Kozienice power
plant included:

- expedition type of survey. The temperature and velocity
distributions in chosen cross-sections of the river and
in the outlet channel were done.

- periodical type of survey. The temperature and velocity
distribution in the cross-section 100C m downstream of
the discharge and in the outlet channel.

- Everyday observations of the temperature in the three
cross-sections at three points in each both banks and
midstream at 7 a.m., 12 noon and 6 p.m.

‘ On the basis of the field survey results it has Dbeen
stated:

- No extreme conditions (i.e. meximal natural water tempe-
rature, low flow and full capacity of power plant) occu-
red during the project duration.

- The maximum length of the river stretch under the influ-
ence of the heated water was equal to 50.C km.

- The theoretical study has shown good applicability of
theoretical models for evaluation of the average water
temperature in a river cross-section downstream of the
heated water discharge.
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The physical and chemical investigations of Vistula water
were carried out on the distance from Puzawy (54 km upstream of
the power plant) to Warsaw (84 km below power plant/.Water sam-
ples were taken on ten cross-sections of Vistula course and on
seven Vistula tributaries. In the vicinity of power plant the
samples were taken at three points of the cross-section.

The lnvestigations were performed once or twice a month.
Several times the water sampling was synchronized with the rate
of the water flow.

The water quality of Vistula river upstream of the Kozie-
nice power plant could be classified as average polluted shown
by followlng parameters:

Range
D.O mg/l 0, 5 - 14
BOD; mg/l 0, 0.7 - 10
Ammonia mg/l N 0.1 = 4.0
Nitrite mg/l N 0.001 « 0.09
Nitrate mg/l N 0.02 = 1,7

On the distance of 138 km between Pulawy and Warsaw, Vistula
river water quality was changing due to the inflowing of waste
and tributaries and selfpurification processes. Some changes of
water quality were also observed in seasons. The largestdiffe-
rence was shown in ammonia concentration, from very low, 0.1
mg/l1 N in summer up to 4 mg/l in winter.

During the three years of study. a small improvement of the wa-
ter quality was noticed.

An attempt was made to find, by the help of statistical
methodas, the relation between water quality parameter changes
below the power plant and:

- water temperature
- water temperature increase

- ratio of thermal water discharge to river
water flow.

The influence of thermal water discharge from the Kozienice
power plant on water quality was small and shown mainly by a de-
crease of D.0 concentration and an increase of nitrite concen-
tration.

Special investigations were performed to determine the in-
fluence of thermal water discharge on the number and size dis-
tribution of suspended particles in Vistule water. The study



was supported by laboratory experjments, when the influence of
temperature changes in range 5-32°C was tested. For measuring
the particles the conductive method was used with the help of
Coulter Counter.

Laboratory investigations on the influence of temperature
changes on biochemical processes rate for Vistula water have
been performed. Temperature was changing between 4 and 40°C.
From the obtained results the constant of bilochemical reaction
rate k , thermal coefficient ¢, and coefficlient of first stage
of nitrification o, were oalculated.

The formula for the determination of the permissible river
water temperature from the point of view of oxygen criteria has
been elaborated. The calculated temperature depends on water po-
llution with organics and parameters of selfpurification proce-
sses.
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This project involved three scientific disciplines: fluid
dynamics (hydrothermal study) , chemistry and biochemistry (hy-
drochemical study) and statistics ( statistical evaluation).
Some notations are duplicated between disciplines but with dif-
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Cfi - average deviation
d(x:IJ - average deviation (dispersion)

C41L - concentration of the i-th substance at the left river
bank below the power plant '
Cnip - concentration of the i-th substance at the right river

bank above the power plant

HYDROCHEMICAL STUDY

K4 - BOD rate constant using log base 10, a~ ;

k, - reaeration rate constant using log base 10, 4~

Lo - initial BOD as ultimate first stage BOD , mg/l O,

Lt - BOD remaining at time t, mg/l

L4 - hypothetical BOD, calculated following equation 21
section 7, mg/l

0 4 - thermal coefficient of ky

e, - thermal coefficient of k2

tcr - c¢ritical time at which the maximum oxygen deficit
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SECTION 1
CONCLUSIONS
During the period of research 1973 - 1975 extreme condi-

tions did not occur i.e. maximal ambient water temperature, low
flows, and full capacity of the power plant,

Therefore, the power plant effect on the natural thermal regime
was not large. The results show as follows:

The hydraulic system of the discharge and relatively small
depths in the river range 1.5 - 2.0 m ceaused the lateral
stratification and uniform vertical distribution of tempera-
ture.

The zone of intensive mixing process was estimated on the 1000
m of length at normal plant operation.

The length of the stretch under the heated waters influence
was estimated as equal to 50 km.

The maximal observed temperature difference between the ther-

gal water discharge and water above the power plant was 23.5
¢ (November, 29.71974).

The maximal difference between the average water temperature

in the river cross-section 1000 m downstream of the discharge

and the water temperature above the power plant was 5.5 ©C
(april, 9.1975).

The meximal difference between the water temperature of left
and right bank of the river in the cross-section of 1000 m
below the power plant was 9.2 ©C (4pril, 5.1975).

The maximal value of the temperature observed in the cross-
section 1000 m downstream of the discharge was equal 26.8 OC
(August, 11.1975). |

The agreement between the computed and measured mean tempera-
tures was relatively satisfactory. Therefore all the three
methods can be accepted for the calculation of the mean tempe-
rature distribution along the river course. Computed average
values of the temperature were satisfactory in comparison with
the measured ones, however the computed temperature distribu-
tions in the cross-section were not satisfactory as compared
to measured values.



Studies on the effects of heated waters from the Kozienice
power plant on the Vistula water quality were performed at the
variable degree of river water heating. The differences between
water temperature upstream and downstream of thermal water dis-
charge was from O to 6.0 ©C. At such values of water temperature
increase it was noticed:

- Dissolved oxygen concentration decrease, reaching 2.4 mg/l 02.
The D.O. concentration changes did not correlate with the va-
lue of water temperature increase., It was noticed, that the
higher the concentration in inflowing water, the larger its
decrease.

Increase of nitrite concentration to 0.020 mg/l N .

In some cases the tendency of decreasing of BOD. and ammonia
concentration was observed in stream of heated aater, but only
at high values of those parameters.

Other water quality parameters did not change in a visible way.

Influence of thermal water discharge from the power plant on
the quality of Vistula river was limited to a few kilometers
below the discharge of thermal water.

In laboratory investigations the influence of temperature chan-
ges on the rate of organic compounds blodecomposition in Vis-
tula water was determined. Calculated k oc - constant of
bilochemical reaction rate for Vistula watég En the vicinity of
Kozienice was 0.1 d°!, and thermal coefficient © was 1.024.

The influence of temperature changes on nitrification rate was
stated. The maximal nitrification rate was observed at the tem-
perature of about 20 °C. The coefficient characterized the ra-
te of the first stage of nitrification the oxidation of ammo-
nia into nitrites oL 4 Showed values between 0.15 and 0.68 d”/,
depending on water quality and incubation of temperature. The
mean valueGK1 200c Was 0.5 a-,

Statistically calculated relations between water quality chan-
ges and: a)water temperature, b)water temperature increase and
¢)ratio of thermal water discharge to river flows, were very

poor.
A small relation was observed only for Dissolved Oxygen con-
centration,nitrites concentration and BOD5.

The number and size distribution of suspended particles in Vis-
tula water diameter 3.3 to 33 microns did not change visibly
under the influence of the thermal water discharge from the
Kozienice power plant.

In the case of high water pollution with easily degradable or-
ganics, the increase of water temperature may cause critical
oxygen deficit. The maximal, permissible temperature from the
point of view of oxygen balance can be calculated from the fol-



lowling formulas created in the project:

0.75L, (14£ +30A £_)
11.745 - C - A 0o o
. (142, )
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- Using that formula it was calculated that for Vistula water
in the vicinity of Kozlienice a critical oxygen deficit will
not occur when the organic pollution of water will be below
BOD5 = 10 mg/l ( actual BOD5 of Vistula water in Kozienice is
in “the range 1 - 10 mg/l 07). The negative influence on the
oxygen balance could be expgcted at a higher organic pollu-

tion of the river.

-oWhen the concentration of ammonia is high ( few mg/l as N ) the
raise of temperature may increase the rate of nitrification
and influence substantially the oxygen consumption rate, but
only in the temperature range between 10 and 200C i.e. in
spring and fall time.



SECTION 2
RECOMMENDATIONS

The field investigations of the influence of thermal water
discharge from the power plant on the thermal conditions and the
quality of receiver water are very useful for determining the
permissible water temperature for the tested river and for other
rivers.

The future research works on the influence of the thermal
water increase on water quality should be limited for evaluation
of oxygen balance and nitrification process.

For the water highly polluted by easily degradable organic
compounds, the permissible water temperature from the oxygen ba-
lance point of view, could be calculated from the formula sug-
gested in this paper.

A discreet model should be prepared to have more accurate
solutions of temperature distribution in mixing zone along the
river course, because the agreement between computed and measure-
ment temperature distributions was not satisfactory.



SECTION 3

PRESENT INVESTIGATIONS AND VIEWS ABOUT THE
EFFECT OF HEATING UPON QUALITY OF RIVER WATER

Uatil now there have been few investigations on the effect
of heating upon the dbiochemical processes and chemical composi=-
tion of waters. On the basis of the present investigations in
laboratories and on the rivers, it is a general view that the
heating of water causes the following changes:

- decrease of oxygen solubility,

- accelerated decomposition of organic substances and on incre-
agse of oxygen usage,

- acceleration of the nitrification process,

- accelerated oxygen usage by water organisms (mainly during
the night) ,

- increase of corrosion,

- increase of algae production which, sfter decay, might cause
secondary river pollution,

- increase of toxicity of heavy metals, pesticides and other
contaminants (harmful substances),

- decrease of ice cover and the period of its duration and dif-
ferent aeration conditions connected with it,

- decrease of receiver’s assimilating capacity.

The above mentioned phenomena, have in principle a negative
effect on the quality of water; here also lies the source of fe-
ar of excessive thermal water pollution. Investigations on the
influence of heated watexr discharge on the water chemistry of a
receiver gave different results, though that depended upon the
amount of heating and river pollution above the power plant.

Some results of those investigations and, consequently, the
views of the researchers on the matter of thermal pollution are
presented below.

Krenkel (1)discovered the influence of heating on the re-
ceiver?’s capacity for the assimilation of sewage negative.
He carried out his research on the Coosa River, into which the



waste discharged in the amount of 13 tons BOD per 24 hours did
not cause negative effects on the oxygen conditions at river
temperature of 25°C. When water temperature increased to 30°C
the same pollution load resulted in the decrease of oxygen con-
centration below 4 mg/l O,, which is lower than the permissible
value for that river. Krefikel calculated that in order to main-
tain oxygen conditions at the previous level, it is permissible
to discharge only 5 tons of BOD per 24 hours into the river; it
means that the increase of water temperature by 5°C was equiva-
lent to the waste load of 8 thousand tons of BOD per 24 hours.

Suszczewski (2) stated that a discharge of heated water
improves oxygen conditions in wiater time, preventing a river
f:l:-omtbeing covered with ice in certain sections below a power
P ant.

Stangenberg (3,4) brought attention to different effects
that a disocharge of heated water has on a river: either harmful
indifferent or useful. He took as an example the excessive hea-
ting of the Nysa Zuszycka River (in summer up to 36°C, in winter
up to 6.59C), by the discharge of water from the Hirschfelde po~
wer plant (270 MW of power capacity) causing changes in the wa-
ter chemistry and its blocenosis. The increase of water tempe-~
rature caused a decrease of oxygen concentration down to 3.6
mg/l O,. At the same, Stangenberg took into consideration the
hypothstical situation of heating of the Odra River waters wit-
hin the section from the country border to Wrociaw. Organic mat-
ter, malnly phenols, would have undergone faster biochemical de-
composition and the qualit{ of waters upstream of Wroczaw would
have been lmproved. It would have been a positive effect of a
discharge of heated waters.

Gustafson (5) analyzed the influence of a discharge of hea-
ted waters from three nuclear power plants: Point Beach, Donald
C.Cook and Zion on Michigan Lake. He found that there is no
harmful influence upon the quality of water. Simultaneously, he
made a statement that thermal gollution is being treated in an
exaggerated way nowadays, similarly to the pollution by radio-
active substances; whether there are any changes in the eaviron-
ment or not, the discharge of heat is considered as a dangerous.
He stated also that the heat provided into water body is always
the same - independently of whether it is natural heat or a dis-
charge of heated water. The effect that the increase of tempera-
ture has upon the water environment is always the same, irres-
pectively of the source of heat.

Investigations of on influence of a discharge of heated wa-
ter from the Martins Creek power plant on the Delaware River,
carried out in 1956 (6) showed that the changes in chemical



constitution were small. Only small decrease of oxygen concen-
tration in the water below the power plant was observed.

Foerster (7) carried out four-years investigations on the
influence of heated water discharged from nuclear power plant
in East Haddam (590 MW of power capacity) upon the quality of
recelver waters. Five and one half percent of the river f{ow was
used for cooling purposes, and the water temperature, after the
water passed through a cooling system, increased by 7.1 °C ho-
wever the heated water was discharged into the river by a chan-
nel of 1.8 km of 1length.Foester found small changes in the qua-
lity of the receiver water; a small decrease of pH, dissolved
oxygen and nitrogen concentration while there was a distinct
increase of nitrite concentration (from 0.23 up to 0.31 mg/l).

. Investigations carried out by the University of North Ca-
rolina in USA (8) on a discharge of heated water on the water
chemistry did not show any correlation between an increase of
temperature and calcium, phosphates and hitrates concentrations.

Engle (9) and Ward (10) showed in their investigations that
a discharge of heated water from a power plant does not cause
any change in pH values and water alkalinity.

Beer (11) found, that in the Michigan Lake, in the place
where water is being heated by power plants, concentrations of
ammonia smaller than in the rest of the lake appeared.

Investigations on the influence of heated water discharge
from the Konakéw power plant on the quality of the Iwanowski
Impoundment situated on the Upper Volga have been accomplished
(12) . Water temperature below the power plant increased in win-
ter by 11.3 ©°C and in summer by 9.7 ©C, and the maximum tempe=-
rature observed was 31.4 O0C. It was observed that in the area
where heated water mixes with the water of a receiver, in win-
ter time the dissolved oxygen concentration increases.

Driver (13} found a big dependence of oxygen deficit in a
river upon the water temperature. For practical purposes he for-
mulated on empirical formula for calculation of oxygen deficlit
in the river below a source of waste in order to evaluate assi-
milatory capacity of the Coosa River.

0.01
D o 37:85 + Q

B Lp'1 . T0.51

where: D = oxygen concentration, mg/l 0,
Q = water - flow in & river,
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T

BOD5 of discharged waste pounds/24 hours
temperature in °c

Oxygen concentration in river water is dependent on river
flow, discharge of waste and temperature. The formula shows that
DO concentration decreases with an increase of temperature, and
that water temperature influences oxygen concentration much more
than flow or discharge of sewage. '

An increase of temperature enlarges the toxicity of many
substances polluting water towards water organisms. %he results

of laboratory investigations carried out by Schaeffer (14) pro-

ved this statement. Schaeffer investigated the toxicity of chro-
mium compounds towards Rotatoria Philodina roseola obtaining an

increase of toxicity with an increase of temperature.

Temp .°C 5 15 20 25 30 35

TLm,mgll as Cr 65 43 37 28 23 18

Urban. (15) states that heating of waters increases the toxi-
city of metals and pesticides in water environment.

Laberge (16) found that an increase of temperature by 10 °c
doubles the potassium cyanide toxicity towards fish.

Chirac (17) investigated the influence of a discharge of
heated water from a power plant upon the River Jiu in Rumania.
When 28 % of river flow was used for cooling, the temperature
of the receiver water increased by 3.2 ©C, reaching 25.5 ©C.
Oxygen concentration at 0.6 km below the discharge point decre-
ased by 0.5 mg/l, where as oxygen saturation stayed at the same
level of 94 %. At a distance of 6 km below power plant the dif-
ference in oxygen concentration between water at this point and
the inflow of water was 1 mg/l, while oxygen saturation decre-
ased by 10 %. When 78 % of river Ilow was used for cooling, wa-
ter temperature in a water receiver increased by 21 ©°C, reaching
a high value of 39.5 9C. Oxygen concentration of in flow water,
which was 128 % of saturation decreased by 30 % (i.e. by 4.8
mg/l 0,). Inflow water was very clean; BOD; ranged from 1.5 to
2.2 ugfl'0,. Heating of water did not effe8t BODg in a visible

Wayo .
In certain cases the influence of heat=d water has & posi-
tive effect.

The quality of polluted waters of the Regnitz River in West

Germany (18) improved a lot after the discharge of heated waters
from the Franken II power plant, which uses 80 % of the river
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flow. Oxygen concentration increased from O up to 7 mg/l 0, and
BOD5 quickly decreased from 23 down to 12 mg/l O,.

Investigations on the Rhine River (19) proved that an in-
crease of water temperature causes an increase of water corro-
sion towards water comstructions particularly when chloride con-
centration is high.

Appourchaux (20) carried out a two-year investigation on
the influence of the Monterau power plant 250 MW of power capa-
city on the waters of the Seine River.

The use of water for cooling was 10 m3/s with the river
flow of about 30 m’/s. The difference between temperatures of
intake water and water discharged was 6 to 7 ©C; 6 km below the
discharge of water, an increase of temperature by 1 - 2 °¢c
appeared. The investigations showed no changes either in the
concentration of dissolved oxygen in water or in dissolved mat-
ters concentration.

Ross (21) from the Central Electricity Generating Board,
U.K., presented a statement that the heating of water has no ne-
gative effeot upon the quality of waters. He found that water
loses oxygen after heating only if it is in 100 % saturated with
oxygen. %et none of the rivers in England carry water with oxy-
gen concentration close to a 100 % saturation. Besides, if there
i3 a lot of oxygen in water, a decrease of oxygen concentration
appears ' only when super saturation appears, then the loss of
D.0 will be small, anyhow. Nevertheless, if the water with low
oxygen concentration is used for coocling, aeration at discharge
may result in an increase of oxygen concentration. Additional-
ly, Ross suggested that the danger of reaching & high deficit of
oxygen caused by heating and acceleration - of biochemical proces-
gses is small for slightly polluted rivers., This danger may appe-
ar when waters are heavily polluted with organic matter.

Investigations were conducted on the effect of water dis-
charge from the Skawina power plant upon the Skawlnka and Vis-
tula Rivers. The Skawina power plant %550 MW of power capacity)
is situated at 3.3 km of the Skawinka River, the right tribu-
tary of the Vistula River (km 60 + 500). The flow of the Skawin=-
ka River in this place is 2.6 m>/s. Due to such small water flow,
the water for cooling is taken from the Vistula at Zgczany (at
38th km) and is supplied for the power plant through the igcza-
ny - Skawina channel, which 1s 17 km long. The power plant con-
sumes from 16 to 24 m> /s of water for cooling purposes. Heated
waters are discharged to the Skawinka River, which at 3.3 km
joins the Vistula. The average low flow of the Vistula River be-
jow the Skawinka River is 23.4 m?/s, so the water consumption



of the power plant varies from 68 to 102 % of the Vistula River
flow, at its low water level.

Investigations carried out during the period 1962 - 65 gave
following results (22). Increase of water temperature after flo-
wing through condensers amounted to average 7 ©C and maximum 9°C
The maximum temperature of the water discharged from a power
plant observed in July, 1963 was 35°C. The highest water tempe-
rature in the river (that is 34 ©C) was marked also in July,
1963; at the same time the natural temperature above the power
plant were also high.

Oxygen concentration of water passing through condensers
underwent certain changes, sometimes increased by 0.7 - 2.1
mg/l; in other periods it would decrease to 1.8 mg/l O,. There
were also periods when oxygen concentration did not chﬁnge. Yet,
there was a systematic decrease of oxygen concentration in the
Vistula River below the power plant, sometimes even by 5 mg/l O,

The smallest dissolved oxygen concentration in this section
of the Vistula River amounted to 2 mg/l O,. There was also a de=-
crease in the percentage of oxygen satura%ion.

The Vistula waters at the point of heated waters discharge
were rather highly polluted. Above the power plant BOD; ranged
from 3.1 to 15.2 mg/1 0, and COD from 12 to 29.4 mg/l O,.In the
cross-section below the power plant BOD5 varied from 2.5 to 16.4
mg/l O, and COD from 10.0 to 33.4 mg/l”0,.Such small changes did
not aliow for drawing conclusions about™the direction of chan-
ges in water quality caused by heating. Other parameters of che=-
mical water pollution such as chlorides, phosphates, pH, suspen-
ded solids, nitrogen compounds and phenols did not undergo any
serious changes under the influence of heating.

Investigations carried out in 1968 and 1969 {23) showed si=
milar results. At the conclusion of investigation it was stated
that the discharge of heated water from the Skawina power plant
did not cause any essential changes in the chemistry of the Vis-
tula waters.

Investigations were conducted on the effect the discharge
of heated waters from the power plant in Ostroleka upon the wa-
ters of the Narew River (24). There are two power plants in
Ostroteka: power plant A with a power capacity of 80 MW, and
power plant B with a power capacity of 600 MW. They work by an
open cooling system. Ostrpz¢ka B power plant was set opened in
1972 and it reqnires 25 of water per second.Investigations of
the influence of heated waters on the quality of the Narew River
waters were carried out in 1972 and 1973. In 1973 the average
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power out put of the power plant was 313 MW, and at maximum it
was 545 MW. When the flow of the Narew River amounted from 41
to 215 w’/s, the watex consumption for cooling purposes of the
power plant equalled from 8 to 37 % of river-flow.

The temperature of water in the cooling circuit of the po-
wer plant increased on the average by 8.7 OC. The largest diffe-
rence between the temperatures of heated waters discharged from
the power plant and the waters of the Narew River was 21 ©C.
Just below the discharge of heated waters the temperature of the
Narew River waters increased maximally by 8 ©C. The temperature
of the river water decreased quickly and at 1.5 km below the po-
wer plant the increase of temperature did not exceed 2 ©C.

The passing of water through a cooling system of turbine
sets of the power plant caused small decrease of oxygen concen=-
tration; in extremes only by 2.2 mg/l O,. Yet, at the same time
the increase of temperature inereased tﬁe percentage of oxygen
saturation.

Heating of water very often caused minor decrease
of BODS, although there also appeared instances of small incre-
ase of BOD5.

In the thermal water as well as in the river water below
the power plant a clear increase of nitrite concentration was
observed. Other determined compounds of water like nitrates,
phosphates, turbidity colour, pH, odor and dry residue did
not undergo any essential changes.

Generally speaking, the discharge of heated water from the
Ostroleka power plant caused small changes 1n the chemical com-
position of water and it did not cause the deterioration of its
quality.

11



SECTION &
CHARACTERISTIC OF STUDY OBJECT

AREA

The area of the Vistula River catchment along the stretch
between Puia and Warsaw is equal to 27609 kh?,which means 33%
of the totalw{asin from the source to Warsaw (Fig. 1). The part
of the catchment mentioned above is situated in three natural
regions: Maropolska Highland, Lubelska Highland and Mazowliecko=~
Podolska Lowland. Highland Krakowsko-Cze¢stochowski, Swigtokrzy-
skie Mountains and Roztoccze - Country.

The main part of the area has small differences in eleva-
tion. Higher hills, more than 300 m above the sea level are only
in the high Pilica and Wieprz basins. The elevation lower than
200 m a.s

Some larger left-bank confluences are: Zagozdzonka,Radomka,
Pilica, Czarna, Jeziorka, and right bank: Kuréwka, Wieprz,Okrze]
ka, Wilga, Swider.

The Vistula river within the section between Putawy and
Warsaw at the distance from 372th km to 509th km is exploited
as a source of water supply for both the communal and industrial
purposes and it is also used as a receiver of waste water from
the plants situated in its drainage area. The most important
uses are: the intake of drinking water for the City of Warsaw
(at 509.8 km) and the intake of water for industrial purpose by
the power plants of Siekierki (504.6 km) and Kozienice (426.0
km) and also by the Nitrogen Plant in Pulawy.

The most important sources of waste discharged directly in-
to the Vistula River and indirectly through its tributaries are
presented in tables 1 and 2.

Intensive exploitation of the Vistula River as a receiver
of waste from towns and industrial centers situated along the
river between Pulawy and Warsaw, has a big influence on the gua-
lity of the Vistula River waters., Taking into consideration a
permissible pollution standard, the waters of the Vistula River
ire of no use for any economic purposes at about 50 % of its all

ength,
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Table 1. The most important sources of waste water
discharged directly into the Vistula River

Places km of the River Kind of waste water
Putawy 371.5 municipal
378.1 municipal and indus-

trial (from the Ni=-
trogen Plant)

Deblin 392.5 municipal
393.4
Kozienice 426.5 industrial {thermal
water)
Géra Kalwaria 476 .0 municipal
Warsaw-Siekierki 504 .6 industrial (thermal
watexr)

The Kozienice power plant is situated at 55°F km downstream
of Putawy on the left bank of the Vistula (at the 425th km from
the source).

The first 200 MW unit was put into operation in November
1972. 4 units were constructed in 1973 and 2 units in 1974.
The construction was finished in February 1975 and then the po-
wer plant reached the designed capacity of 1600 MW.

The station operates with a once - through cooling system.
The inteke is located 0.7 km upstream of the outlet. Both, the
intake and the ou%let are open channels. The condenser of one
unit needs 8.35 m’/s of water, which %s heated by 7.5 °C. In
other words the Plant requires 66.8 m°/s to operate with the
full capacity of 1600 MW. '
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Table 2. The most important sources of waste water
discharged into the Vistula tributaries

km of Vistula Kind of waste

Places Tributaries river water
Kepica Wieprz 391.7 industrial
Stawno municipal
Darzowo municipal
Pionki Zagozdzonka 424 ,7 municipal
Kozienice industrial
-City municipal
Radom Radomka 431.2 municipal
Garwolin Wilga 450 .1 municipal
industrial
Zelechéw Wilga municipal
industrial
Warka Pilica 462.5 municipal
Karczew Swider 490.0 municipal
Otwoock " . 490.0 "
Jézeféw " 490.,0 "
Swierk " 490.0 radioactive
Piaseczno Jeziorka 493 .7 municipal
n 493 .7 industrial
Konstancin " , 493.7 municipal
industrial
Tarczyn " 493 .7 municipal
industrial
Gréjec " 493 .7 municipal
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METEOROGICAL AND HYDROLOGICAL CONDITIONS IN THE VISTULA
RIVER BASIN BETWEEN PULAWY AND WARSAW

Alr Temperature

. The air temperature  data collected at Putawy, Radom and
Zelechbéw meteorological stations are given in table 3,4.

There are average and maximum values from the period 1951-1970
compared with the corresponding ones from 1971-1975, It can be
seen that the monthly, semiannual and annual averages for both
periods are close to each other. The averages from the winter
semiannuals, of the 1971-1975, are however much higher than the
values from the period of 1951 to 1970. The averages from the
summer semiannuals of the 1971-1975 period are similar to the
values from 1951 to 1970. The max. values observed in 1971-1975
were lower than mex. values observed during the 20-year period.
In other words, the max. values observed during the months cri-
tical for cooling process were not much higher than the average
values observed during 1951-1970.

Water Temperature

The average monthly values observed at 7.a.m. at the profi-
les: Putawy, Krélewski Las and Warsaw of the Vistula River are
given in table 5. There are also the values for the Koémin pro-
file of the Wieprz River and BiaXobrzegi of the Pilica River.
The periods of observation are: 1951 - 1970 and 1971 - 1975.
The satisfactory agreement between long term average tempera-
ture and average temperature for the period 1971 - 1975 can be
seen from the table. A small water temperature rise (1°C) above
the long term average was observed in 1975.

The max. temperature observed during summer months of the

period 1973 - 1975 was lower than that observed during the 20~
year period by about 3°C (Table 6).
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Table 3. Comparison of monthly average air temperaturs values at some meteorclogical stations within TVistula
basin between Pulewy and Warsaw for period 1951 to 1970 with those in each year of period 1971 to 1975

- - 2 o > B -

- crmmcm—- Ansmmmn -

Name Year Mounths

o or cmean ccon cmom- cmma= B L e cunmesme=== Winter Sumzer Yeer

station period XI XII I I I1r v v VI viI VIII % X XI-IV V-X  XI-X

1 2 b 2 &) E 4 3 8 1w 17 12 I3 1z 177 78 77

Pulawy 1951-1970 2.7 «0.6 =2.3 2,2 0.5 3.0 13,2 17.4 18.5 17.5 13.5 5,5 0.9 14,8 £.5
1971 5.0 1.0 2.8 ~0,2 0.0 2.1 15,5 16.4 18.3 13.6 11.3 3.1 1.2 12,0 7.2
1972 2.4 2.9 =7.6 =0,2 3.8 8.3 14,2 17.8 20,9 17.4 11.9 5.2 1.6 14.7 2.2
1972 4,2 =0.2 2.7 1.3 3.6 7.9 13.2 16,2 18,0 17.6 15.2 5.5 2.4 14,1 e.2
1874 1.¢ =0.7 =1.2 2,5 4.4 7.2 21,6 14,8 15.3 18,1 13.8 5.6 2.4 12.5 2.9
1975 3.5 2.1 2,5 1.0 4.7 7.4 15,2 16.5 19.4 18.5 15,6 8.0 2.5 15.5 8.5

Radom 1951-1970 3,7 1,1 3.7 -2,6 0.7 7.3 12,8 17.1 18.2 17.4 13.5 S.3 2.7 2.5 7.5
1971 5.3 0.6 ~=3.4 -0.1 0,3 7.3 15.2 16.0 18.6 19.4 11.2 8.1 1.8 14.7 z.1
1972 2.2 2,6 =7.3 -0,6 3.8 7.7 13.8 17.2 20,3 17.0 11.5 6.0 1.4 12,2 .2
1973 4,2 0.4 =2,6 1.0 3.4 7.3 12,9 16.0 17.7 17.6 13.2 5.4 2,2 2.0 2.2
1974 1,5 «0,6 1,2 2.2 4.4 7.0 11,3 14,8 16.1 18,2 13.4 6.2 2.2 13.23 7.8
1975 3.4 2.2 2,4 -1,0 4,3 6.9 14,5 16,0 19,2 18.1 15.6 7.2 3.0 15,2 e.

Zelechéw 1952+1970 3.3 -1.8 =4.7 -3.4 1.1 6.9 12.1 16.2 18.2 16.3 12,4 8.1 c.2 14.1 7.4
1971 4.2 0.4 =3.5 -0.9 =0.7 7.2 15,0 15,7 18.3 19.0 10.6 7.6 1.1 12,2 7.2
1972 1.8 2.6 =8.2 -1,0 3.0 7.6 13.8 17.3 20.3 17.0 11.6 5.5 1.0 14.2 7.5
1973 3.9 -0.5 =3,C 0.9 1.7 7.9 13.7 17.6 18.8 18.6 12,5 6.0 2,2 12,5 5.3
1974 1.2 -1,5 ~1.¢ t,7 3.8 6.3 11,0 14,2 15.7 17.8 13.1 6.2 1.8 13.0 7.2
1975 3.0 1.7 2.0 1,4 4.1 6.6 14.8 15,9 19.0 18.0 15,1 7.6 2,7 15.0 2.9
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Tadle 4. Comparison of averages of moathly max,snd yearly max.air tempsrature values at some metsorological etations within

cwwm

Vistula basin between Puzawy and Warsaw for period 1931-1970 with those in each year of pericd 1971 to 1975
- Ldadad TXET T
Months
Name Year Winter Summer Year
ot pericd XI XI1 II 111 v v vII VIII  IX X KI-IV Vet KIX
"'”"W“E__ 2 3 e 5 8 4 8 10" =11 - & b - 15 oo
Pulawy average max,.
1951 ~ 1570 8.8 z.s 1.9 3.1 8,4 17.4___ 22.2 21.8_ 26.5_____ 26.1 _  23.0 17:3 __.8.7._...23.3___.15:0_
nax. 19 9,5 22,3 27.0 20.5 31.6 33.1 34.4 31.9 27.0 27.3 34.4 4.4
L1983 o 1970 .(19591.-.-[.--.4.-&22 z.zsggaz /19687 $ioGn) /19837 __ /19377 f1381/  /1982/ [1951/ _ [1¢63/ ——
asx, 1971 15.1 7.4 8.8 9.8 20,3 19.8 28.8 27.6 33.0 33.8 24,7 20.6 22.3 32.2 33.¢
1972 15.1 10.3 2.9 9.1 16,8 22.8 28,8 30.4 31.7 29.9 25,5 17.2 22.8 21.7 21.7
1973 13.0 12.8 6.2 7.3 20.0 22.6 28.8 29,0 27.8 30.7 28.5 22,0 22.5 30.7 30.7
1974 8.6 7.4 5.1 14,6 23.4 21.6 23.6 25.7 29,0 31,1 25.7 13,8 22.4 31.1 3.1
1978 14.2 10.5 9.4 7.5 17.0 22.4 27.2 28.4 30.5 29.0 26.8 23.4 22.4 33.5 30.5
Radon average max,
1981 - 1970 9.3 2,8 1,3 3.2 7.8 17.2 20,2 25.5  26.9 26.0 23,0 _17.1 7.0._..23.3 ___i5.3_
nax. 19.5 8.0 6.3 15,3 23.2 27.9 29.7 31.5 34.3 35.1 31,7 25.1 27.2 235.1 6.1
1951 - 1970 [A269/ 1937/ [1988/ [A98B/ /19687 __ _/1968/ _/1953/ ___[3851¢ /1981/ __ /1982/ [1951/ _ (1£53/ e e
nax. 1971 15.0 9.5 2.3 10.0 20.4 20,1 23.4 26,7 32,7 33.2 23.8 20.3 20.4 2.2 33.2
1972 14.3 9.2 1.8 9.2 16.8 20.6 25,2 29.2 31.4 29.9 25.2 15.8 20.5 31.4 21,4
1973 13.6 11.8 6.6 8.6 ~20,2 22,8 26,9 28,9 28,2 30.4 23,5 22,9 22,0 30.4 33.4
1974 10.7 . 6.8 5.6 16.6 23.4 22,9 23,2 25,4 28.4 32.2 25,2 13.8 22,4 22.2 2.2
1975 13.3 10.2 9,2 7.3 17.9 21,7 27.4 29.4 20.9 28.6 28.1 22.6 21,7 30.5 30.¢
Zelechéw &verage max.
1951 . 1970 11.0 3.5 =0,4 3.1 8.9 18,3 23.1 26.5__ 27.7 23.0 23.4 17.5 S.3 23,8 ___1%.2
nax, 4 12,1 7.8 8.6 21,1 27.6 29.9 33,1 36.4 39.2 21.7 23,6 27.5 35.4 33.4
1961 ~ 1970 11955/ 1959/ [1959[ /1958/ /19838/ /1055/ _/1958/ /1959/ /1089/ /19527 _/1985/ __[1952/ — e
BaxX ., 1971 12.7 6.6 7 1 8.1 18.1 18.9 27.9 26.9 32,4 33.4 22,5 19,2 18.9 33.4 33.4
1972 13.4 7.9 1,7 8.6 16.1 23,2 26.1 30,1 32.7 29.4 26,1 16,8 23,2 32.7 32.7
1973 12.9 10.8 4.9 7.2 19.4 18,7 25.2 28.9 28,7 30.7 27.3 21.3 19.4 30.7 30.7
1974 9.2 5.8 4,2 12,8 21,7 21.2 23.7 24,7 27.7 31,2 25.8 13.3 21,7 31,2 31.2
1978 12.4 8.8 8.7 5.7 16,2 20.7 27.0 28,7 30.8 29,2 27.2 22.8 20.7 30.8 30.8

S e . et cm i —————
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Table 5, Comparison of monthly average water temperature values of Vistula and i1ts oconfluents for pericd
1951-1970 with those in each yeaxr of period 1971 to 1975

River Period or Months
e Hinter Summer Year
5&“59 year m——— e teladainiatndnt sttt S e A AT T T e AAne o~ -
X1 XIX I II 111 v v VI viI VIII IX X XI-IV V=« X XI - X
4 2 3 z 2 S z i M e ¢ LT i =2 i B St - A
Tistula-
- Pulauy 1511070 5.2 1.5 0.5 0.6 2.2 7.3 14.9 19,0  20.2 19.5 11,1 10.2 3.2 16.6 9.9
1371 6.1 3.1 0.2 2.1 2.5 9.3 15.1 18.8 19.2 20.5 14.2 10.8 3.9 15,4 10.1
1972 4.5 3.2 0.6 0.2 4.0 9.3 14.5 1.0  20.9 18.8 13,7 7.1 3.7 15,7 °.7
1973 4.4 1.2 0.2 0.7 2.5 7.5 14.7 17.2 18.2 18.2 14,2 7.8 2.8 15,0 2.0
1874 1.8 0.2 0.2 1.2 3.5 8.0 12.¢ 14.6 15.3 18.6 15.7 5.6 2.5 14.6 8.6
1975 1.6 3.0 2.7 1.7 £.2 8.2 15.9 17.8 20.6 20.1 17.7 10.5 4.5 17.1 10.2
vistula 19511970 4.5 1.2 0.4 0.5 2.3 8.9 15.1 19.3  20.3 19,4 15.2 9.2 3.0 16.5 9.2
~rédlevski
Las 071 5.6 2.3 0.2 1.6 2.4 9.5 15.2 18.9 19.9 20.5 13.1 8.9 3.7 16.2 2.0
2972 3.3 2.9 0.5 0.2 3.9 9.2 15,4 13.5 22.1 10,7 14,0 7.6 3.4 15.4 .2
1973 5.2 1.8 0.2 1.1 4.2 2.4 15.2 18.5 20.3 20.1 15,2 .6 3.6 15.3 10.0
1874 £.9 0.2 0.5 3.2 5,2 2.5 14.4 17.0 18.3 20.5 16.9 3.6 3.5 15.9 e.n
1975 4.5 3.1 2.8 1.7 G.2 8.5 15.9 19.0 21.6 21.1 18.2 10.8 4.5 17.9 11,2
vistula 19513970 2.6 1.3 0.4 0.5 1.9 8.5 15.1 19,7  20.7 19.9 15.5 9.9 2.9 15.8 °.8
-warszaa 1971 5.8 2.8 0.1 1.4 2.3 9.4 16.4 19,4 20.2 21.0 12.0 2.0 3.6 16.5 10.2
1572 3.8 2.8 0.3 0.2 3.3 n.2 15.3 12.5 22.1 19.9 14.2 7.3 .3 15,4 2.9
1973 5.0 1.5 0.1 0.9 4.1 9.1 15.1 18.3 20.1 19,9 14.7 8.4 3.5 16.1 2.3
1974 2.5 0.1 0.4 3.0 4.3 9.2 14.1 15.9 17.8 20.1 15.6 8.5 3.3 15.6 c.5
1875 3.3 3.0 2.9 1.4 5.7 . 8.5 15.6 12.8 20.2 21,1 18.2 10.8 4.2 17.7 10.2
Vieprze 19511970 4.5 1.1 0.4 0.4 1.9 2.6 14.0 19.2 20.2 19,1 14.9 9.0 2.8 16.3 2.6
Kogmin 1971 4.2 2.3 0.2 0.¢ 1.3 8.2 15.8 18.5 19.6 19,5 12.5 8.3 3.2 15.8 9.5
1872 3.8 2.8 0.5 0.2 2.6 3.3 15,5 13.3  22.0 c.5 12.3 7.2 3.4 15.2 9.5
1273 4.3 1.3 0.1 0.9 3.8 2.3 14,5 18,0  20.2 19.1 14,0 C.0 3.5 15.7 9.6
1974 2.4 0.2 0.3 1.7 4.7 8.7 13.2 16.3 17.6 12,3 15.7 7.6 3.0 15.0 2,0
1275 3.0 2.4 2.3 0.6 5.1 8.1 15,7 17.2 20.0 19,8 16.5 9.5 3.7 15.0 10,2
Pilica- 1951-1970 4.5 . .3 0.4 - 8.5 13.9 18.2 19.0 19.1 12.9 8.9 2.3 15.5 0.2
Sialobrzegi -
1971 5.4 2 1.8 2 9,1 15.4 17.7 13.9 19,0 12.3 8.3 3.5 15.3 S.4
1972 3.5 4 0.4 1 8.4 14,5 18.0 21.1 18.7 13.2 7.1 3.3 15.4 9.4
1973 4.9 0 1.4 5 8.9 14.0 17.3 19,3 18.6 14,0 74 3.5 15,1 2.4
1972 2,2 4 2.4 1 8.2 12.9 16.1 17.2 19.0 14.9 7.6 2.9 14.6 3.5
1375 3.2 4 1.1 6 7.4 15.2 17.6 20.1 13.5 15,5 9.3 3.6 16.4 10.0
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Table 6. Comparison of monthly max.and average of max.

water temperature for May

to September of period 1951-1970 with those in each year of period 1971-1975

River Year or Months
gauge period
v vi VIl ViIil IX
U S 2 z DU S 5 & A
Vistula- aax
=Pulawy 1951 - 1970 19.1 22,9 24,1 22.8 19,5
nax, 23.5 25.4 27.3 26,6 23.1
1951 - 1970 71058/ /19637 /19517 /1963/ /19517
max,1971 21,2 22.2 21.0 21.8 22.5
1972 17.9 23.2 25,2 22,3 18,2
1973 18.1 20.8 20.8 21,0 19.1
1974 24.9 18,0 19,3 21.9 19,9
1975 21.1 21,8 23.6 22,3 20.7
Vistula- nax.
-Erflewski Las 1951 - 1970 19,3 23.3 24,2 22,9 19.4
max, 23.2 25,7 26,5 26,1 22.4
1851 - 1870 /1958/ /1968/ /19517 71963/ /19517
max,1971 21,5 22,4 24.7 25,1 17.7
1972 19,3 23.3 26.3 23.5 19.1
1973 10.7 23,7 22.9 22,3 20.3
1974 16.6 20.4 21,2 23.2 20.8
1975 21.8 23.4 24,5 23.6 21.4
Vistula- nax,
—Warsaw 1952 - 1970 19.8 23.2 23.9 22.9 19.6
nax. 24.5 25.2 26.0 26.3 22.0
1951 - 1970 71958/ 71963/ /19587 /19G3/ /19637
max. 1771 21,7 23,1 25,0 25.5 17.3
1972 19,0 23.2 25,7 22,9 19.4
1973 18,6 23.9 22,9 22,9 19.7
1974 18.5 20.2 20,2 22.9 20.2
1975 21.6 23.3 22,7 23.5 21,7
Wiepre- nax.
-Koémin 1951 « 1970 18,0 21,9 22.2 21.3 17.7
max. 22,0 25.4 26.3 25,2 21.3
1931 - 1970 71963/ /196G6/ 71959/ /1952/ /1951/
max, 1971 20,7 21.,¢ 24,1 23.9 16,7
1972 1e.9 23.1 25,1 24,0 18.9
19073 17.8 23,3 22,9 23.1 18.8
1974 15,7 19.8 20,0 22.1 19.5
1975 21,2 22,5 22,7 22,8 19.6
Pilica- max.
-Bialobrezegi 1951 - 1970 18,3 21.2 22,6 21.0 17.5
mox. 22,2 24,3 25,6 23.2 19,9
1951 - 1970 /10587 /1968/ 71959/ /1963/ /1968/
max, 1971 20.5 10,9 23.9 24,1 16.3
1972 18,7 22.1 24.9 22,13 10,1
1973 17.0 22,7 22,1 22,3 19.1
1974 15.9 19.0 19.9 23,1 10,9
1975 19,2 22,6 22.8 22.6 19.6

bl Y
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The Typical Rates of Flow in the Vistula River

The typical rates of flow for: monthly semiannual and an-
nual intervals are given in tables 7,8 and 9. These tables were
elaborated for the 20 years period from 1951 to 1970 and the pe-
riod of 1971 to 1975. The data were collected in 3 gauges ins-
talled at Vistula (e.i. Pulawy, Deblin and Warsaw).

The symbols for the flowrates are as follows:

- SWQ - the annual maximum mean dally flow for the period of
observation,

~ WQ - the highest flow in: year, halfyear, month
- 8SQ - the average annual ¥low for the period of observation,
SQ - the average flow in: year, halfyear, month

- SNO - the annual minimum mean daily flow for the period of
observations,

NQ - the lowest flow in: year, halfyear, month.

In the period of duration of the project the flows were obser=-
ved as follows: ‘

1973 - The annual average flow was lower than the logg term
average; at Warsaw the values were equal to 495 and 580 m’/s,
respectively. The difference was caused by low flows in the mon-
ths: 11 to 2 and 9 - 10. During summer months 6 - 8 the average
value was similar to the average from the long term period.

1974 - Annual average flowrate at the Warsaw cross-section
was higher than SSQ 96 m>/s whereas semiannual summer average
flow was higher by 479 m>/s. During summer months low flows we-
re also far higher than SNO. However, during winter the halfye-
ar flows were lower than the long term average.

1975. - The annual average flow at Warsaw was higher than
$SQ 241 m’/s. The average flows for several months were also
higher than long term average values.lLow flows were not obser- -
ved close to SNQ during the whole year.

21
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Table. 7. Comparison of Vistula flowrates in each ysar of period 1971 to 1973 with characteristic data for period
1991 to 1970 at Pulawy gauge

e ==

Qualifi- Noathe Wianter Summer Year
oation of
flow XI X1 I II It Iv v vI Vil viil X X XI = 2V VaxX XTI - X
1 2 k<) 2 ) [ o . ) 10 1% 12 13 ¢ 18 18
SNQ 1951-70 810 707 518 1115 1701 1637 1003 1223 1495 1001 487 481 2187 2272 2958
NQ 1974 749 739 1450 920 1850 758 663 569 1480 308 272 252 1880 1480 1550
1972 267 690 529 430 415 698 1070 787 930 4190 739 615 698 4190 4190
1973 611 489 261 1320 1040 1010 898 777 3860 1890 221 239 1320 3860 3860
1974 244 841 1690 730 A57 264 840 6180 1910 1750 385 ‘3540 1690 5180 5180
1978 2040 1080 1830 528 872 1760 843 1180 2670 1290 430 754 2040 2670 2670
S8Q 195170 387 319 477 675 854 522 564 521 427 277 272 503 429 47 471
5Q-1971 578 544 592 873 712 492 A70 392 482 211 197 208 599 327 462
1972 199 455 269 284 268 365 505 338 409 874 551 386 308 811 409
1973 382 314 189 A35 613 594 288 460 862 478 171 193 420 422 421
. 1974 198 273 477 568 301 209 394 390 913 852 264 1270 338 797 568
1975 939 747 853 376 403 862 582 741 772 578 338 374 694 564 629
S$NQ 1951=70 226 228 196 253 334 396 T 316 2684 252 239 193 198 181 172 138
NQ 1972 452 380 282 499 338 309 309 205 247 153 1850 166 282 153 153
1972 179 192 184 201 182 188 270 188 228 240 396 290 154 188 154
1973 270 1885 133 176 407 407 265 296 386 191 147 173 133 147 131
1974 173 148 180 348 240 184 224 417 530 72 205 301 148 205 148

1978 832 628 508 279 272 5§12 443 485 304 384 238 222 272 222 222
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Table 8. Comparison of Vistula flowrates in each year of period 1971 to 1973 with oharacteristic data for period
1951 = 1970 at Dgblin gauge

——— oo 3 L e e GO EL L LD ELE L LY P

2:3::‘;1 - ‘ _Nonths o . Winter Summer  Year
_flow X1 XII 1 u 111 1V v Vi VII YI1I x x XI-I' VX XIeX

1 4 3 -3 D b 7 ) 9 10 11 12 I3 14 IS pe:

SWQ 195170609 755 636 1242 1926 1711 942 1302 1833 a7 522 485 2483 2240 3180

wQ 1971 833 881 1728 1096 1848 . Q03 780 666 1764 365 324 300 1848 1764 1848

1972 250 746 520 495 441 746 1180 802 1039 3830 804 655 746 3830 3830

1973 600 476 270 1380 1150 1120 638 842 3729 1630 226 243 1380 3720 3720

1974 240 700 1690 823 525 307 900 4950 1820 1630 431 3690 1690 4950 4950

1975 2030 1260 1700 604 565 1660 982 1200 2110 1430 470 1133 2030 2110 2110

85Q 195170 353 402 370 544 757 908 571 ‘594 550 450 288 300 556 446 504

8Q 1971 689 648 706 802 844 595 560 467 575 251 235 244 714 390 . 50

1972 224 468 299 318 314 397 546 353 437 864 600 444 337 541 440

1973 413 346 210 472 658 650 400 481 871 497 189 209 457 442 450

1974 216 250 522 656 361 235 415 31410 968 605 314 1340 377 842 611

197‘5 1080 833 972 460 453 912 632 789 7684 652 382 418 789 610 698

SNQ 195170 245 231 221 308 330 520 551 315 267 253 211 223 175 189 145

NQ 1971 539 452 336 583 403 368 368 340 294 182 186 198 336 182 182

1972 209 232 165 243 238 238 312 206 245 254 458 359 165 206 188

1973 313 170 154 214 458 472 284 316 395 211 170 190 154 170 154

1974 198 156 198 417 292 203 245 480 590 426 248 352 156 245 156

1978 733 714 682 366 354 517 470 512 362 404 287 275 354 278 275
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Table 9. Comparison of Vistula flowrates i eaoh year of pericd 1971 to 1973 with oharsoteristio deta for period
1951 = 1970 at Yarsaw-Hadwilandwka gauge

Qualifi- Nonths
cation of Winter __Sunmmer Year
flow X1 X1 1 11 11 1v v vi vi vin Ix x Xt-IV VeXx  x1-x
X 2 3 2 13 B ? ) 9 10 11 12 13 12 18 18
©1931-70 694 832 827 1090 1922 1894 1162 1338 1528 1126 648 538 2447 2236 3030
"w'% 1971 889 833 1630 1280 1780 1090 766 600 1370 349 316 313 1780 1370 1780
1972 294 720 563 8503 503 806 1110 584 980 3210 1000 762 806 3210 3210
1973 638 524 344 1150 1180 1130 677 012 2430 1520 245 257 1390 2430 2430
3974 298 763 1740 805 605 364 861 4010 1850 1640 524 3080 1740 4010 4010
1975 2160 1350 1830 663 663 1820 1040 1210 2040 1920 577 883 2160 2040 2160
$SQ 193170 419 480 398 584 828 1060 €63 682 895 518 366 350 624 530 580
% 1974 686 670 694 890 910 700 699 488 531 269 261 277 757 405 679
1972 259 493 346 370 359 444 630 449 608 863 728 . 529 279 618 499
1973 483 399 265 534 773 732 473 544 797 531 204 220 528 463 495
1974 264 322 804 764 430 278 437 1350 1090 737 387 1450 440 209 676
1975 1340 1030 1240 580 538 1050 705 814 802 790 469 479 967 77 821
SNQ 195170 304 281 249 336 445 615 433 389 336 323 270 276 204 245 184
NQ 1971 5668 441 382 692 389 503 446 404 340 210 223 236 382 210 210
1972 240 271 181 301 274 277 392 319 310 72 5785 438 181 310 181
1973 376 180 186 2468 880 548 377 392 442 245 182 207 180 182 180
1974 230 189 236 532 352 238 271 520 761 532 319 470 169 271 169
1978 907 919 789 458 438 582 535 862 442 518 348 3268 438 326 3286




SECTION 5
HYDROTHERMAL STUDY

THEORETICAL BACKGROUND OF METHODS FOR EVALUATION OF COOLING
PROCESS IN RIVERS

The applied models can be classified as follows (25 ):
1. based on the total energy budget;
2, based on the additional heat budget;

3. based on the assumption of an exponential-type decrease of
water temperature up to the equilibrium temperature value
and evaluation of the heat exchange coefficient from the heat
budget;

4, based on the same assumption and evaluation of the heat ex-
change coefficient from the empirical formulas;

5. based on the empirical relationships, where hydrological and
meteorological parameters determined from the statistical cal-
culation are included.

 In order to test the applicability of the methods for the
evaluation of the cooling process in Polish rivers the results
of computation by some of them were compared with calculated
data,
The following methods were tested:

- elaborated by "Energoproject" Desing Office belonging to the
1-st group;

- Edinger-Polk’s belonging to the 4-th group;
- Jaworski?s belonging to the 5-th group.

Energoproject methods (26)

This method is based on the total energy budget. Water
temperature in the rivers downstream of the heated waters dis-
charge is computed on the basis of the quantitative heat balan-
ce equation. The following conditions are assumed:

1. The cross-section for which computations are done is located
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relatively close to the discharge and therefore heat losses
into the atmosphere can be neglected.

2. Mean temperature in heated stream is higher than mean tempe-
rature in cross-section.

3. The heated water discharge is lower than the rate of flow.
4. The interface between the heated and fresh water is the iso-
therm with fresh water temperature.

The following relationships were formulated in order to
calculate the average temperature in the heated stream:

Q- 01+ T+ Qp(T i+ 0))

Tc =
(Q - Oz)ﬁ + 0,

and the average temperature in the cross-section of the river:

Tayw = Ty + ﬁ(TC - TN)

Coefficient determines the composition phase of the heated
stream §0,) and fresh one (Qy -Q,); (B <1).

Values of the coefficient can be taken from the "Energo-
project® report, where the graph of the function is included:

(3=‘P(:zs ;()

Jaworski?’?s method

Jaworski prepared his method on the basis of the investi-
gation carried out in the Nowa Huta vicinity on the impounded
section of the Vistula affected by the heated water discharge
(27) . He prepared the empirical model for determining the mean
temperature in a cross-section with the accuracy of 0.3 ©C.

The input data are taken from the standard hydrological and me-
teorological network observations. Because the model which was
tested different conditions - Narew Riwer, Ostroieka vicinity;
San River downstream Stalowa Wola; and undefined river in USA -
gave satisfactory results  according to the author’s statement,
it was also checked for the stretch of Vistula River downstream
of the Kozienice power plant.
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rmula describing the average temperature in the cross-sec-
t the distance x 1is following:

10+(x=70) @, \° 3?7
Pav= Toax* Ky = [ 0.0437( ) - 0.1 ]
Q*V,, 0
k, = 0.0024 + Q,T,QC - 0.26
0
6 =-B 11,4 -0.16 T
8 n
Ty TTg+ (1= V1T = 6+ T,
9.2
Q

he term k_, describing the uncontrolled underground flux
t from th¥ discharge cheannel is negligible in the Kozleni-
e because there exists only the short concrete channel.

r - Polk?’s method (28)

ost of rivers in Poland are free-flowlng. Therefore,assum-
ne dimensional model with uniform temperature distribution
ss-sections, beginning from the source, gives poor infor-
about the real distribution in the river, for the reason
he mixing process is not included in it.

he effect of the mixing process is, however, included in
inger-Polk method. This method is based on the three -
ional energy conservation equation.

Q a+v§-§-+w _3_£=§.§_+_@_(DQ_S)+
x

4 C X

ot
W
~
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After reduction to & one-dimenasional form, with the assumption
of a steady state condition of the flow, one may obtain the fol-
lowing solution:

k o Xy
T1 = Ty + Gp- exp (- —= )

<?-Cp-v e« h

For steady - state condition the equation may be reduced to the
two-dimensional form:

u o _ 9 (b ST) £ e

3 3 \ Y3/ Sne
where three mechanisms are included: advection, dispersion and
heat exchange. If one assumes that D_ = const the equation has
a solution: J
1/2 2
T =T+G-2(§;s- .exp-—l-o
Xyy N" "p g 4§

. exp | - L(§-5,)]
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The reflection from the discharge side bank is taken into consi-
deration.

The temperature distributions after one- and two-dimensio-
nal models were computed for that report.

Least square optimization were applied to évaluate the ma-
gnitude of the heat exchange coefficient:

i K

6, - 6_exp| - X ::%;>min
:EE: ( 1 p c.v h

{=1 p

The obtained values were used to determine the theoretical tem~
perature distributions according to the above relations.

METHODOLOGY

‘The detention time graph had to be prepared to carry out
the thermal chemical and biologlcal study properly. The graph
was used to determine the exact moment of taking samples and
temperature measurements at several rates of flow. The tracer
study was carried out to evaluate the existing velocity of the
plume. That was done for the section between Putawy and Warsaw
in 1971 to 1973. The standard data collected by the Institute
in gauge profiles were also used in the elaboration of the graph,
4s a result, the function between veloclty of tracer plume and
rate of flow were formulated and then the time of flow between
the source and sampling profiles was obtained.

The temperature measurements were carried out on the stre-
tch between the Kozlienice power plant and the G6éra Kalwaria pro-
file (Fig.2).

The following studies were carried out:

- expedition-type survey

- periodical survey

- everyday record of water temperature in selected cross-sec-
tions.

The expedition-type survey included:

1. Observations af temperature of natural and heated waters
(intake and outlet).
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2. Measurements of the temperature and velocity distribution in
the cross-section of the outlet channel.

3. Measurements of the temperature and velocity distribution in
the cross-section at the distance of 100, 300, 1000, 9100,
12800, 35500 and 50800 m downstream of the heated waters dis-
charge.

4, Power plant operational capacity record.
5. Meteorological data records

Periodical synoptic surveys included only the temperature and
velocity distribution measurements in 1000 m profile downstream
of the discharge and the observations mentioned in points 1, 2,
by Do

Fresh and heated waters temperature (p.1)were measured at O.4 m
below the surface by mercurial thermometers with the accuracy
0.1 deg. Measurements of the temperature distribution (p.2 and
3) in the cross-section were made by thermistor sensors, with
the same accuracy. Temperature was measured in the profiles in
each cross-section. The distance between profiles were: 20 m in
the heated water stream and 50 m in the fresh water. In each
profile the temperature was measured at 0.1 m and O.4 m below
surface, at every full meter and 0.1 above the bettom. The velo-
city distributions were measured by current meter type "Ott"
(W.Germany ) according to the Polish hydrological survey standard

Everyday record of water temperature was collected in three
selected cross-sections with the distance from the discharge:
1000 m (Wilczkowice ), 15500 m (Tarnéw) and 39400 m (Krélewski
Las) respectively. Measurements were carried out at the depth of
O.4 m below the surface in three points: close to the banks and
in the midstream by Bzgrcurialoghermometergd The data were col-
lected everyday at 7 “a.m; 12” noon and 6 "p.m.

There were also pictures made by using the infrared imagery

technique. There were three series of pictures made, covering
the whole river stretch.
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RESULTS

The Kozienice power plant capaclity increased from O to 1600
MW during the time the project was belng carried out. The month-
ly and annual mean, maximum and minimum of the operational capa-
city during 1973 to 1975 are given in table 10. The annual mean
capacity in 1973 was 370 MW, in 1974 - 810 MW and in 1975 -
1150 MW. During summer months, the plant operated with lower ca-
pacity than the annual mean. The maximum of the daily mean capa-
clty was recorded in November and December, 1975 (1520 MW).

17 expedition type surveys were carried out during 1973-
1975 (1973 - 6 surveys, 1974 - 6 and 1975 - 5). Locations of the
tested cross-section are shown in Fig.2. During the first year
the stretch of only 12800 m was observed because of the small
capacity of the plant. The stretch was enlarged to 35500 m in
the last one. The obtained results are shown in table 11 and
some of them (summertime) in figures Enc. 1, 2, 3, 4, 5, 6.

The results of periodical surveys are noted in table 12.
The daily observations of water temperature in three Vistula
profiles are given as monthly averages in table 13, fig. 3.
Table 14, 15 and 16 show the results of the temperature evalua-
tion by theoretical models,

A study of the water surface temperature distributions by
the infrared imagery was carried out. This study was made down-
stream of the heated water discharge from the Kozienice power
plant 3 times by using the thermoprofile THP-1 installed in an

airplane:
September 3.1975 420 _ 420 p.m
September 3.1975 6% - 6°7 p.m
September 4.1975 507 . 517 a.m

The flights were at the elevation of 800 m above the surface of
the river with the speed of 290 km/h. The infrared pictures were
made by the Vaisal camera. An interpretation of the pictures is
given in table 17 and in fig.4.

The time of movement of water particles detention time
from Putawy to the subsequent profiles along Vistula up to War-
saw in function of the water level at Putawy gauge cross-section
is shown on the graph (Fig.5).
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Table 10. Monthly max. average and min. generating capacity of Kozienice Power plant

in each year of period 1973 to 1975

T S S e S em R G S5 A A S R S SR S5 SR D S SR e G Te s e S S AP W ) e EA G R G G G e S e s  om W an OY P e e G S S G A e A5 SN AN G B G5 G S0 M A D 4% G0 &n IR D W G0 MR S5 S5 MR S G SN S G S5 G0 S0 AR S R G 48 Sn A G 6D

Year Qualifi- ' Months Year
catioq 6 S et T
capacity S § S § § S 1 v VI VII  VIII-  IX X XI XI1

N SO S NN SR TS Y OO - SO SO (MO SO SN S £ SO

1973 89 80 130 230 310 370 380 440 480 560 740 640 370

1974  Average 780 640 660 660 770 790 790 880 880 980 950 970 810

1975 1120 1240 1140 1200 1040 1090 1010 1060 1100 1210 1260 1330 1150

1973 100 100 200 400 400 530 580 580 600 960 960 910 960

1974 Max 940 920 750 790 960 990 960 1160 1160 1150 1210 1160 1210

1975 1330 1500 1470 1470 1270 1280 1190 1270 1270 1430 1520 1520 1520

1973 40 33 72 110 170 180 190 200 330 200 380 320 33

1974 Min 400 520 540 380 500 380 360 570 550 500 560 540 360

G S e ST ND D G S D e G D e R G GRS G G R A T G G e Gn e G G S A Y A S M A . S A S P om SR A S e R e R AR PR L, o e e e me e Gm e e e S L G P Em B e e e et S We e e N A e v e =
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Table 11, Characteristio parsmeters of Kosienice power plant cooling system during expedition-type surveys

ahe

Dat x N 8 ) R T Q % % v Q
e c h n c Q nax av,
T 2 3 s 3 ) 7 11 12 13 12 16
outlet ohaanel 200 63 63 25 11.8 9.2 8.2 8.2 4.77 100 0,08 0.03 4,77
4.26-27, 100 200 330 45 104 8.8 2.0 0.3 60.9 11 0.90 0.53 554
1973 300 100 391 99 243 1.5 0.4 0.2 152 33 1.10 0.73 460
1000 100 390 180 202 0.8 0.3 0.2 327 71 1.17 0.61 460
9100 200 442 168 258 0.8 0.3 0.1 155 34 0.84 0.60 455
outlet ohannel 200 - 16.8 4.5 4,4 4.4 13.1 100 0.13 0.10 4 13.1
5.7+9, 100 200 324 49 193 4.5 1.8 0.2 51,7 12 0.99 0.79 431
1973 300 200 392 50 256 1.9 0.8 0.4 69.5 16 1.03 0.72 434
1000 200 385 76 239 0.9 0.4 0.2 169 40 1,09 0.68 2 423
9100 200 570 150 548 0.2 0.1 0,0 435 a2 0.86 0.71 421
outlet channel 370 65 65 32 14.2 8.4 8.2 8.2 14.6 100 0413 0.11 14.6
5.17-18, 100 ' 370 310 70 164 8.2 1.2 0.4 104 30 0,83 0.58 346
BTV 2 300 350 392 122 219 2.2 1,0 0.4 134 38 0.89 0.50 352
1000 350 365 115 281 1.8 0.8 0.4 223 64 1,02 0.73 348
9100 360 470 355 395 0.9 0.3 0.3 354 90 0.64 0.70 393
outlet channel 400 66 66 27 23.5 6.6 6.5 6.5 19,6 100 0.16 0,12 19.6
7.17-18, 100 : 400 411 56 175 6.3 3.9 0.5 65,9 i1 0.80 0.62 599
1973 300 485 390 105 162 1.8 0.6 0.3 270 44 0.78 0.65 613
1000 400 420 20 199 1.3 0.6 0.3 131 21 0.99 0.70 623
9100 450 623 280 331 1.3 0.6 0.3 319 50 1.20 0.77 638
7.26-27, outlet channel 600 65 65 25 18.68 11.4 1,2 15.1 100 0.15 0.09 15,1
1973 100 ' 600 399 69 183 10.7 1.7 217 36 1,37 0.69 602
300 510 306 102 135 2.3 1,3 102 17 1.04 0.86 600
1000 570 420 140 198 1.6 0.7 239 40 1.04 0.67 598
9100 510 605 210 332 1.4 0.6 322 52 1.11 0.80 617
12800 510 445 260 211 1.2 0.7 372 59 1.10 0.67 630
Qutlet ohannel 400 65 65 - 24,3 9,0 15,0 100 - - 15,0
8.6-7, 100 - 400 412 98 242 9.0 252 46 0.89 0.78 547
1973 300 400 374 106 1566 2.6 205 38 0.95 0,60 539
1000 400 420 150 212 2.1 130 24 0.89 0,65 541
9100 400 569 408 377 2.0 486 84 0.89 0.67 578
12800 400 438 306 227 1.8 473 77 1.01 0.72 611
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Table 11. (sontiaued)

— - -’ R g 1B B r— - P~

Q
B c
Date X N 8 8¢ e Ta Bnax ® av. Oav, Q 'a" % Vnax Vav. Ynax Q
! o S St e, S et WA SO B SR | Ot | St v S SR SRS
outlet channel 685 60 €0 31 9.8 9.6 9.5 9.5 25.4 100 0.26 0,22 27.0 25,4
4.0h, 300 685 528 108 176 3.8 1.4 0.8 157 53 0,80 0.56 0.0 294
1974 1000 685 342 216 216 2.3 1.2 0.8 195 71 0.75 0.51 12.0 274
9100 no obser 525 409 583 2.3 1.3 0.8 211 69 0.81 0.63 0.0 303
eeeeeeen.32800_____ ¥ations . 500 __ 490 __S82.___ 15 :3.....1.2...264 92 0,00 _0.04__ 0.0 _28%..
outlet channel 790 56 56 31 8.0 9.6 9,6 9.6 25,1 100 0.30 0.24 0.0 25.1
A.17-18, 300 740 312 148 205 2.8 1.7 1,3 157 76 0.75 0.44 60.0 200
1974 1000 790 350 220 281 3.1 1.8 1.5 159 82 0.73 0.42 80.0 193
9100 740 354 254 340 1.7 1,1 0.5 20,5 45 0.77 0.54 0.0 200
12800 740 456 252 645 1.5 0.9 0.4 99 50 0.78 0.62 0.0 199
————— 22600 790__ _ __600, 600__ __509 I 0.9__ 0.6 0,6 452 __ 100 ..0.83__ __0.64_ ___ 0.0 __ -
outlet channel 600 58 58 27 13,2 9.6 9.6 9.6 19.3 100 0.21 0.15 0.0 19,3
5423 300 600 311 130 179 1,7 1,2 0.7 164 53 0.80 0.56 0.0 308
1974 1000 575 353 188 354 1,9 1.4 1.0 199 75 0.82 0.50 78.0 266
2400 575 528 416 513 1.3 1.0 0.7 227 72 0.95 0.58 162.0 316
9100 575 466 252 424 1.6 0,9 0.8 252 90 0.76 0.54 00 252
12800 575 402 256 423 0.8 0,4 0.2 134 53 0.92 0.68 0.0 261
.......... 35800__ 600______194_ ___145 23 0.2 0,4 _ _0_ 230 __ . _ .6 __ _0.96 __ 0.86___ 550 __348 __
outlet channel 740 74 74 22 18.9 10.5 10.3 10.3 28.2 100 0.21 0.11 59.0 28.2
7 2428, 300 905 499 140 220 7.4 1.2 0.5 450 42 1,22 0.95 0.0 1070
1974 1000 905 409 172 150 2.5 0.8 0.3 311 30 1.23 0,98 0.0 1050
9100 740 506 315 508 1.6 0.3 0.2 768 76 1.32 0.90 0.0 1010
36500 750 408 207 133 0.7 0.3 0,2 742 53 2.03 1.13 0.0 1400
outlet channel 970 63 63 20 23.0 9.4 9.2 9.2 35.4 100 0.38 0.18 23 .0 35.4
8.6-7, 970 267 180 98 2,5 1.0 0.9 463 87 1,14 0.73 c.0 530
1000 970 420 380 218 1.5 1.0 0.8 521 Q0 1.11 0,72 0.0 582
1974 9100 900 498 380 316 1.6 0.9 0.8 464 92 1.21 0.64 170.0 503
12800 900 440 360 244 1,6 0.9 0.8 471 88 1,06 0.67 0.0 533
35500 785 418 33s 219 0.5 0.4 0.3 551 o1 1.26 0.76 270.0 608
outiet channel 875 64 64 24 22,8 8,6 8,2 8.2 40.6 100 0.38 0.23 20.0 40.6
8.19-21, 300 875 390 a3s 188 3.1 0.8 0.6 460 83 0.86 0.69 0.0 557
1974 1000 875 434 365 232 2.4 0.9 0.7 476 80 1,00 0.74 0.0 594
9100 1160 498 320 320 2.0 1,2 0.7 333 58 1.11 0.74 130,0 573
12800 1160 435 260 256 1.6 0.8 0.6 435 77 0.88 0.77 0.0 566
35500 1005 438 380 261 0.3 0.2 0.1 328 55 1,12 0.80 90.0 592
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Tadls 11. (continued)

-y

Q
B e
Date X N 8 Be " Ta ®nax 9% av. L % Q. % Voex Vv, Yaox Q
S 2 3 2 ] B ? ] 8 o G ¢ St ¢ SRS ¢ 12 15 s
outlet channel 1030 76.8  75.5 28 12.0 o7 8.5 8.5 43.1 100 0.30 0.47 45 43.1
1000 1030 423 303 187 2.9 0.8 0.6 507 74 1.01 0.70 8 684
357, 4000 1010 475 395 253 .1 0.8 0.5 541 62 1.15 0.93 8 773
1 12800 1110 449 449 185 1.9 0.4 0.4 915 100 1.17 0.82 9 915
973 35500 1270 393 393 146 1.4 0.4 0.4 1025 100 1.33 0.93 8 1025
50800 1270 479 479 211 1.0 0.3 0.3 1040 100 1.28 0.92 7 1040
outlet chennel 1050 72 72 26 19.0 9.4 9.2 9.2 49,8 100 0.36 0.23 47 49.8
300 1050 257 140 106 2.8 1,0 0.8 411 79 0.95 0.75 5 523
3.21-24, 1000 1050 409 223 189 2.3 1.2 0.6 317 58 1.07 0.65 s 580
. 12800 1120 447 382 274 1.9 0.9 0.8 511 90 1.04 0.75 s 570
s 35500 1240 390 380 187 0.7 0.6 0.6 608 100 1.03 0.72 12 608
£0800 1210 309 212 124 0.2 0.1 0.4 286 s7 1.52 0.82 7 682
outlet channel 1160 82.5  92.5 26 21.5 8.5 8.4 8.4 52.9 100 0.43 0.2 30 52.9
8.5-7, 300 1160 424 109 241 1.8 1.8 0.6 271 a1 1,17 0.89 0 664
1975 1000 1160 424 190 172 2.9 1.3 0.6 330 45 1,04 0.67 0 732
12800 1150 448 233 233 1.6 0.7 0.5 487 70 0.99 0.81 0 700
35500 1160 392 392 151 1.0 0.4 0.4 705 100 1.12 '0.68 0 705
50800 1150 340 340 149 0.5 0.3 0.3 704 100 1.09 0.76 o 740
outlet channel 1240 49,56 49,5 18 21,0 9,2 8.9 8.9 52.8 100 0.40 0.30 35 52.%
8.19-22, 200 1240 189 97 66 3.4 2.3 1.8 275 64 1.02 0.73 47 432
] 1000 1240 390 a3s 186 2.2 1.3 1.4 403 87 0.95 0.51 0 451
973 4000 1240 485 363 266 2.0 1.2 0.8 330 76 1.08 .49 0 432
12800 1170 416 416 270 1.7 0.7 0.7 429 100 0.95 0.67 0 429
35500 1160 396 396 214 0.8 0.5 0.5 482 100 0.93 0.66 85 482
50800 1160 320 320 148 0.5 0.3 0.3 533 100 1.04 0.77 210 533
outlet channel 1230 60,0 60,0 22 21,6 8,5 8,4 9.4 53,4 100 0,47 0.33 a7 53.4
9.2-5 300 1230 247 95 103 5.6 2.1 1.1 218 53 0.90 0.69 30 408
223, 1000 1230 414 210 122 2.8 1.3 1.1 265 63 0.94 0.51 1 419
1975 4000 1240 498 273 218 2.4 1.0 0.9 424 85 1.08 0.75 50 495
12800 1240 451 386 361 1.8 0.8 0.7 294 84 1.10 0.82 6 494
35500 1170 264 264 68 0.7 0.3 0.3 47 100 0.97 0.66 64 471
80800 1190 312 312 139 0.5 0.3 0.3 497 100 0.95 0.71 7 497
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Table 12. Characteristic parameters of oooling process during periodiocal aurveys

—~——————-

/]
B ¢
Date x N 8 B e Tn Onax 8 av, O,v, Q 5" % Vmax Var: Ynax Q
SRS S 2 3 1 z 2 4 8 8 10 11 12 13 13 1E 12
4.18.1973 outlet channel 200 63 63 28 9.2 5.4 5.2 5.2 11,2 100 0.13  0.08 45 11.2
1000 200 380 70 204 9.2 1.9 0.6 0.2 172.3 29 1.33  0.84 5 594
. 3
5.29.1973 outlet channel 400 66 66 35 17.5 9.6 9.4 9.4 15.0 100 0.14 0.12 15 15.0
1000 400 308 55 215 17.5 1.8 0.8 0.2 93.1 29 0.98 0,74 5 321
6.12,1973 outlet channel 400 60 60 21 20.0 8.2 8.1 8.1 12.2 100 0.10 0,07 37 12.2
1000 400 410 80 206 10.0 1.2 0.6 0.2  226.8 28 1.18 0.99 20 809
6.26,1973 outlet channel 400 60 60 28 21,2 9.2 9.0 9.0 14,2 100 0.15 0.11 48 14,2
1000 400 345 85 303 21,2 1.5 0.8 0.3  119.1 34 1.0 0.89 5 350
8.21.1973 outlet channel 600 55 55 26 20,7 10,4 10.4 10.4 20.7 100 0.22 0.18 3 20.7

1000 600 400 150 301 20.7 1.5 0.6 0.3 122.3 47 0.79 0.49 160 260
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Tadle 2. (oontinued)

Date X N B [:] B . Q _
¢ ; Ts Onax .c, av, © av, e -Qg % Vaex Vav, Ymax Q
11.,16.1973  outlet channel ::r‘::: 57 57 23 2.3 17.6 17.5 17.8 11.4 100 0.19 0.08 0.0 11.4
1000 tions 417 228 300 4.4 2.7 1.3 124 49 0.85 0.43 0.0 251
1.21.197% outlet channel 950 65 65 24 1.4 17.0 16.9 16,9 17.4 100 0,13 0.10 35.0 17.4
1000 950 417 300 205 4,6 1,2 0.9 457 78 0.82 0.72 0.0 611
2.,21.1974 outlet channel 800 64 64 23 3.8 13.1 12.9 12,9 13.7 100 0,13 0.08 34,0 13.7
1000 800 428 380 206 3.8 0.5 0.4 555 a5 0.98 0.78 0.0 649
3.14.1974 outlet channel 740 60 60 29 4.7 14.5 14.4 14,4 15.8 100 0.18 0.13 0.0 15.8
1000 740 386 220 304 3.8 2,3 1.1 137 49 0.94 0.57 0.0 281
5.29.1974 outlet chanuel o956 63 63 24 16.9 7.6 7.3 7.3 41,2 100 0.30 0.25 54.0 41,2
1000 955 428 190 228 2,2 1.2 0.3 175.6 28 1,07 0.78 0.0 620
———e - -
7.12.1974 outlet ochannel 975 64 64 22 17 4 10,2 9,6 9,5 32,0 100 0,25 0,17 54.0 32.0
1000 976 420 210 198 2.6 1.2 0.4 237 29 1.40 0.91 0.0 812
9.2#.:‘97‘ outlet channel 1020 59 59 22 18.2 6.8 6.7 6.7 41,2 100 0.28 0.26 30.0 41,2
1000 1020 421 385 266 1,6 1.4 1.4 218 -1 0.67 0.34 40,0 230
10,10.1974 outlot chpnnel 1145 a3 93 32 10.3 10.0 9.8 9.8 37.6 100 0.24 0.14 26.0 37.6
1000 4145 440 210 154 4,1 0.7 0.2 329 25 1,27 1,06 0.0 1320
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Table 12. (continued)

- - .- — - - e = - cepana - ——————— - m—yem pw-- [ XYY
Date X N 8 B B T e Q ey v v 4 Q
c n n max c av,, av, c Q n max av, max
B S 2 <M SR S e e AR : ARt MUY (- N ¢ S+ SR - RORE £ MO |- M {- M
12.4.19784 outlet channel 950 64.0 64.0 24 3.6 18,4 18.4 18.4 10.6 100 0.09 0,05 41 10.6
1000 426,0 320,0 167 3.6 3.2 0.8 0,5 617 68 1,01 0.78 10 906
---------- - - - ———— - B e L D iatats
12.19.1974 outlet channel 1020 75.0 75.0 29 1,5 19,6 19,1 19,1 11.2 100 0.08 0.05 44 11,2
1000 430.0 310.0 187 1.5 2.8 0.8 0.6 521 67 1.14 0.76 20 778
4.9.1975 outlet channel 1290 47.0 47.0 17 9.8 10.9 10,.6- 10.6 27.5 100 0.21 0.13 2 27.5
1000 420,0 215.0 162 9.8 2.9 1.1 0.5 335 46 1.00 0.71 15 726
6.3.1975 outlet channel 1220 72,0 72.0 28 13,9 8.2 7.8 7.8 57.2 100 0.45 0.27 3 57.2
1000 424,0 255.0 188 13.9 3.3 1.5 c.9 401 63 0.98 0.65 15 640
6427 .1975 outlet channel 960 83.0 83.0 30 22,2 8.4 8.2 8.2 48,2 100 0.39 0.18 77 46.2
1000 429.0 192.0 182 22.2 2.4 1,0 0.5 382 50 1,08 0.67° 15 779
9.17.1975 outlet channel ' 1150 61,0 61.0 26 17.8 8.0 7.5 7.5 45,8 100 0.49° 0,31 37 45,8
1000 193,0 107.0 52 17.8 7.7 2.3 1.4 252 62 1,02 0.75 47 404
~= -~ - - = = - -5 = - = ———
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Fig.3. Variations of Vistula water température

obtalned d<Lrom

averages from 3 observations a day:

at 7°° oMoy 12°° noon and 6°° a.m., at st, 4-averages

daily observations

from measurements in three points of river oross-section
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Table 13. Moathly average and max., water temperature at three Vistula oross-section

T e )

::::h _ X_.__: Left bank Midstrean Right bank Dai}z_ugg;fgs - temp)
hour 2,00 7,00 12,00 18,00 7,00 12,00 16,00 162%™ a&ld, rIzRE-G7635.°7P
.o section _
1 2 2 B ? 8 g 107°"1Y 12 13 12 18716
't 1000 17.4 15,4 16.5 16.5 14.2 15.6 16,0 16.8 16.1 15.3 16.1 19.2 '
1973 15500 16,6 15,6 16,4 16,3 15,4 16,2 16,1 16,2 16,1 15,9 16,1 19,0
39400 15.6 14,5 15,5 15.8 14.6 15.6 15.9 15,5 15.3 15.4 15.4 18.8
June 1000 20.5 18.3 19,5 20.3 17.5 19.0 18.1 20.4 19.4 18.2 19.2 23.8°
1973 15500 19.9 18.2 19.5 19.3 18.0 19.3 19.1 19.4 19.0 18.8 19.1 24.1'
39400 19, 18.2 19,3 19.5 18.2 19.3 19,5 19.3 19,0 19.0 19.1 24.3
July 1000 22.1 20.9 20.9 19.3 19.7 19.8 21.8 20,7 19.6 20.7 22.9
1973 15500 21.0 19.8 20.7 20.6 19.7 20.5 20.5 20,7 20.4 20.2 20.4 23.1
39400 21.0 20.1 20.9 21.1 20.0 20.9 21.1 20,7 20.7 20.7 20.7 23.
August 1000 22.2 19.5 21,0 21.3 18,4 19,7 19,9 21.8 20.6 19.3 23.2 |
1973 15500 21,7 19.8 21,3 21.2 19,5 21,1 20,9 21.1 20.8 20.5 20.8 23.6
39400 . 19.0 20,3 20,7 19,8 20,2 20.8 2C.8 20,0 20.2 20.3 23.8,
September 1000 17.2 16.6 17.1 17.3 15.0 15.5 15,5 17.0 17.0 15,3 16,5 22.5
1973 15500 17.0 15,5 16.5 16.6 15.2 16.2 16,3 16.7 16.2 15.9 16.3 23.1
39400 1s. 15,0 15.9 16,1 14,9 15,9 16,1 15.7 15,7 15,6 15,7 22.0,
[]
. $
October 1000 11.5 10.9 11,4 11, 8.2 8.6 8.6 11.3 11.2 8.5 10.3 16.4
1973 15500 10.1 6.8 9.7 9.6 8.4 9.3 9.2 9.8 0.4 9.0 9.4 15.6,
39400 8.8 8.4 8.7 6.8 8.3 8.5 8.7 8.7 8.6 B.5 8.6 14.6,
[]
== 1
November 1000 6. 6.1 6,2 6.2 = - - 6.0 6.2 = - 8.7!
1973 15500 3.9 3.0 3.5 3.4 2.7 3.1 3,0 3,7 3.3 2.9 3.3 7.8]
33400 . 2,7 3,0 2.9 2.7 .2. 2,8 2,9 2.9 2.8 2,8 7.4.
[]
Febru 1000 5.9 4,3 4.5 4.4 2,4 2.5 2.4 5.8 4.4 2.4 4.2 8.1
1974 15500 4.3 3.2 3.6 3.5 2.7 3.1 3.0 4,1 3.4 2.9 3.5 6.2
39400 3.2 3.0 3.2 3.4 '2,9 3.0 3.0 2.2 3.4 30 3.4 5.8
March 1000 8.6 7.4 8,4 8.1 4.5 5.0 5,1 8.4 7.9 4.9 7.1 13.4
1974 15500 7.5 s.4 6.5 6.2 4.7 6.2 5.9 6.9 5.9 556 6.1 11.4
39400 5.3 4.9 5.2 5.3 4,8 5.1 5,1 5.2 5.1 5.0 5.1 10.8,
[}
-
April 1000 12.2 11.1 11,7 12,3 8.7 8.9 9,7 11,9 11,7 9.1 10.9 15.5,
1974 15500 12.0 9.5 11,2 11.0 9.2 10.8 10,7 11.4 10.6 10,2 10,7 15.7,
35400 10.1 9,2 .1 10, 9.4 9,9 10.1 9.9- 9.8 9,7 9,8 14.8:
)
Vay 1000 16.8 15.6 16,5 16.0 13.6 14,5 14,6 16.6 16,3 14,2 15,7 19,9
1974 15500 16,4 14.3 15,6 15.1 13.9 15.2 14,8 15,8 15,0 14.6 15.1 19.4
39400 14.8 14,0 14,8 15.0 13,9 14.6 14,9 14,7 14.6 14.5 14,6 18.4°
o
" “ 1000 21.2 19.5 20.2 20.3 17.5 18.2 18,1 21.1 20.0 17.9 19.7 24.0'
July 15500 19.8 17.5 18.2 17.9 17.6 18.4 1B.0 19.4 17.9 18.0 18.4 22.6)
1 39400 16.5 18,0 18,5 18,7 17,7 18,2 18.5 18.4 18,4 18.1 18.3 21.8,
Augu;t 1000 22.5 21.6 22,2 22.5 19.7 20.4 20.6 22,4 22,1 20.2 21.6 24,7
1976 15500 22,1 19,8 21,0 20.5 19,7 20.9 20.3 21.6 20.4 20.3 20.8 24.0'
39400 20.9 20,1 20.8 21.1 19.5 20.2 20.5 20.8 20.7 20,1 20,5 23.8'
September 1000 18.8 18,2 18.8 18.9 16.8 17.4 17.4 18,7 18.6 17.2 18.2 23.0
1974 15500 18.9 16.9 18,1 7.3 16.6 17,7 17,0 18,2 17.4 17,1 17,6 22.8°
39400 17.4 16.5 17.3 17.5 16.3 17.1 17.2 17.2 17.1 16.9 17.1 22.2;
1000 13.7 - - -, - - - 13,5 = - - -1
O?;—‘;z" 15500 9.6 8.2 8.7 8.3 8.0 8.6 8.2 9.2 8.4 8.3 0.6 12.9'
39400 8.7 - - - - - - 8.6 = - - - !
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Table 13 (continued)

Month x  left bank Midstream Right bdank Daily averages Max. .
— e - temp.
year hour 7,06 12,00 18,00 7,00 12,00 18,00 7,00 12,00 18,00 left wmid. right om::- .
section :
LT T L}
1 2 e 1-"""8 8 i ) ) 10°""11 12 b &) 12 18 18~
November 1000 8.8 9.3 9.3 - - - - - - 9.1 - - - 13.8
1974 15500 5.4 5.8 6.4 4,2 4.5 4.2 4.0 4,3 4,1 5,5 4,3 4,1 4.6 7.7
39400 4.5 4.8 4.8 - - - - - - 4.7 - - - 6.
December 1000 5.8 6,1 6.3 - - - - - - 6.0 - - - 8.4 ,
1974 15500 3.9 4.2 4,0 2.7 2.6 2.8 2.5 2.7 2.5 4,0 2,7 2.5 3.0 6.3 :
3%400 3.1 3,2 3,2 30 3.3 3.2 2.8 3.0 3,0 3.2 . 2,9 3.1 5.4
Jeanuary 1000 6.7 7.3 7.2 - - - - - - 7.4 - - - 11.4
1975 15500 = - - - - - 2.4 26 2.3 = - 2.4 - 8.7
39400 2.6 3.0 2.9 2.6 3.0 2.9 2.4 2.7 2.7 2.8 2.8 2, 2.8 .
Pobruary 1000 4.4 5.0 4,9 « 4,6 4.5 = - - 4.8 - - - 6.8
1975 15500 2.7 3.1 2.9 0.9 1.2 1.1 0.8 . 1.0 2.9 1.1 1.0 1.7 4.5
30400 1.5 1.8 1,9 1,8 1.8 1.8 1.3 1.6 1.6 1,7 1.8 1.5 1.7 3.6
March 1000 6.6 9.4 9.2 7.8 8.4 8.3 = - - 9.1 8.2 - 12,
1975 15500 7.4 7.8 7.7 55 6.3 6,1 5.3 6.0 59 7.5 6.0 5,7 6.4 11.5
39400 6.0 6.5 6.7 6.0 . 6.7 5.8 6,3 6.5 6.4 6.4 6.2 6.3 9.
A;1>r11 1000 12.8 13.8 13.5 - - - - - - 134 o - - 18,3 '
913 15500 - = - - - - 7.9 8,6 85 = - 8.3 < 15,6 |
39400 8.4 9.0 9.1 8.4 9.0 9.1 8.2 8.8 8.8 8.8 8.8 8.6 8.7 15.0 ,

"g" 1000 19.0 20,2 20.1 - - - - - - 19,8 - - - 24.4
1973 15500 17,2 18,1 17,7 16,2 17,1 16,7 16.0 16,9 16,5 17,7 16.7 16,5 17.0 23.6
39400 17.2 18,0 18.1 17,2 18.0 10,1 17.0 17,8 17.8 17,8 17.8 17.6 17.7 23.2

June 1000 = - - - - - - -
1975 15500 19.4 20.4 19.9 18.4 19.4 18.8 18,2 19,1 18.6 19,9 18,9 18.6 19.3 25.5
39400 19.0 19.6 20.0 19.0 19,6 20,0 18,7 19,3 19,6 19,5 19,6 19,2 19.4 - 25,2

July 1000 = - - - - - - - - - - - - -
1975 15500 22.4 23.5 23.2 21,3 22,5 22,1 21.0 22.2 21.8 23,0 22,0 21.7 22.2 26.6
39400 21.6 22,5 22,7 21.2 22.4 22,7 21.2 22,2 22.4 22,3 22,1 21.9 22.1 25.8

August 1000 22.2 23.4 24.4 20.2 23.0 23,7 19.6 20.8 21.6 23.3 22.3 20.7 22.1 26.8
1975 15500 21.9 23.1 22.6 20.8 22.0 21.5 20.6 21.7 21.2 22,5 21.4 21.2 21.7 25.85
39400 21.1 22,1 22,2 21.1 22,0 22,2 20.8 21,6 21,9 -21.8 21.8 21.5 21,7 25.2

September 1000 19.8 20.9 20.9 19,7 20.8 21.0 17.4 18.6 21,9 20.5 20,5 19.3 20.1  24.6
1973 15500 = - - - - = - - - - - 24,0
39400 18,2 19,2 19,4 18,1 19,2 19,4 18,0 19,0 19,2 18,9 16,9 18,7 18,8 23,0

Ootober 1000 13.0 13.4 13.3 12.9 13.2 13.2 10.1 10.0 10.5 13,2 13,1 10.4 12,2 19.0

1975 15500 11.7 12,2 11.5 10.4 10.9 10,5 10.2 10.7 10.2 11,8 10.6 10,4 10.9 19.0
39400 30,8 11.1 11,1 10.7 11.0 11.0 10.5 10,8 11,3 11,0 10,9 10,9 10.9 17.

Noveaber 1000 7.3 7.8 7.6 8.4 8.7 4.5 4.7 4.7 7.6 8,5 4.6 6.9 10.2

1975 15500 5.5 6.0 5,7 3.9 4,3 4.0 3.4 3,9 3.4 65,7 4.1 3,6 4,5 8.6

39400 4.2 4,4 4,4 4,5 4.7 4.3 4,5 4.5 4.3 4.6 4.4 4.4 8.7

Decembex 1000 5.7 6.0 5.8 5.2 6.4 5,3 1.2 1.4 5.8 . 1.3 4.3 5.5

1975 15500 3.3 3.6 3.4 1,5 1.8 1.6 1,0 1,2 1.1 3.4 1.8 1.1 2.0 3.8

39400 1.7 1.9 1.9 1.9 2.1 2,1 1.7 1.8 . 1.8 1,9 3.6
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eV

Table 14.T,, and T, temperature obtained by "Energoprojekt" method for cross-section 1000 m downstream discharge

Q T T
Z e av,
Deate Q Q . r’ Th L ——— -
Survey iodel

I Aty - % 2 < 8 - s - oo
4.,18.1973 577 11.2 0.018 0.228 9.2 5.2 9.5 S.S
4,26 " 460 4.8 0,010 0,215 11.5 8.2 11.8 11,9
5.7 " 434 13.1 0.030 . 0,245 16.5 4,4 18,9 17,0
5.17 " 352 14.6 0.041 0.264 14,2 8.2 15,0 i5.4
329 " 312 15,0 0.040 0.288 17.5 9.4 18,3 18.¢9
6,26 " 353 14,2 0,040 0.257 21,2 9.0 22.0 22,4
7.7 ¢ G22 12,5 0,031 0,245 20,5 G5 24.1 24,23
7.12 » 710 12,2 0,217 0,225 20,0 LA ‘ 20,6 27,3
7.26 " 600 5.1 0,025 0.248 C.6 10.8 19.3 18,3
8.6 n 541 15.0 0,022 0,240 24,3 3.8 25,1 25,2
8.1 " 259 20.7 0.080 0,315 20.7 10.4 21,32 21.¢
11,16 " 251 11.4 0,045 0,265 2,3 17.5 5.0 5.0
1.31.1974 611 17.4 0,023 0.240 1.4 17.0 2.3 3.3 2.2 1
2.21 648 12,7 0,021 0,220 3.9 13,2 4.4 5.0 4.2 4
3.4 0 221 i5.8 0,056 0.2C5 4,7 14.4 7.0 7.2 3 3
4.3 n 274 25,4 0.093 +255 9,8 9.5 11.0 11,2 12,5 he]
417 " 193 25,1 0,130 0.420 9.0 Q.6 10.8 11.5 13,5 2
5.2 " 266 19,3 0.073 0.318 13.2 9.6 14.6 15.2 14,2 12
5.29 ¥ €20 41,2 0.066 0,291 L 1G.9 7.5 18.0 13.4 17. 17
7.12 » 812 32,0 0,039 0,255 17.4 10.2 1.6 1g.8 17.2 17
724 O 1050 22,2 0.027 0,232 ie.9 10.2 19,7 20.0 a0, e
8.5 n 582 35.4 0,061 0.285 23.0 a.2 24.0 24, 22,0 22
8,19 n 594 40.6 0.068 0.2901 22.8 8.2 23.7 24.5 22.3 22
9.2 " 230 41.2 0,179 0.480 18.2 6.8 19.6 20,3 1¢.5 1c
10,10 1320 37.6 0,028 0.237 10.3 10.0 11.0 1.4 19.5 a0

2.4 " 617 10.6 0.017 0.222 . 18.4 4,4 8.0 4.1 2

12.19 521 11.2 0,021 0.228 1.5 19.1 2.3 3.2 2.1 2
4,9 1975 335 27.5 0.002 0,313 9.8 10.6 10,9 12,2 10.3 10.5
5.5 " 684 43.1 0,063 0.285 12,0 8.5 12.8 13.5 12,3 ' 12.5
5.1 " 523 49,5 0,095 0.397 19.0 2,2 20.2 20.9 12,8 =g.¢
6.0 " 401 §7.2 0.143 0.415 13.9 7.8 i5.4 16.2 1s.C 4.6
6,27 " - 392 48,2 0,123 0.376 22.2 8.2 23.2 24.6 22.7 23.1
8.5 . 664 62,9 0.030 0.320 21.5 8.4 22,8 23.3 22.1 22,1
8,19 » 432 52,5 0.122 0.510 21,0 9.9 22,3 23.1 22,1 2,1
9.2 " 408 53.4 0.121 0,475 21.5 e.4 22,8 23.5 22.6 22.5
9,17 * 404 45,8 0.133 0,555 17.8 7.5 20.1 19.2 1e.2 18.6




Table 15, Comparison of Taﬂ,values evaluated by Jaworski’s
method with those calculated basing on surveys

results
Date > Survey Model
4,26-27.,1973 100 11.8 1.4
300 11.7 1.4
1000 11.7 11.4
9100 11.6 1.2
5. 7-9 .1973 100 16.7 16.5
300 16 .6 16 .4
1000 16.7 16 .3
9100 16.5 16 .1
5.17-18.1973 100 14,6 14 .4
300 14 .6 14 .3
1000 14,6 14,2
9100 14,5 14 .0
7.17-18.1973 100 24,0 23.5
300 23.8 23.5
1000 23.8 23 .4
9100 23.8 23.2
7 +26-27 . 1973 100 19.3 18.7
300 18.8 18.7
1000 18.8 18.6
9100 18.9 18.5
12800 19.0 18.4
8. 6-7 .1973 100 25 .0 24
300 .24 .6 24 .3
1000 24,5 24,3
9100 24 .6 24 ,1
12800 24 .8 24,0
40 3-4 0197$ 300 1006 10.“'
1000 10 .6 10,3
9100 10.6 10.0
12800 11.0 10.0
4,17-18.1974 300 10.3 10.0
1000 10.5 9.8
9100 9.5 9.5
12800 9.4 9.4
22600 9.6 9.2
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Table 15 (continued)

Date X Survey Model
1000 14.2 13.6

2400 13.9 135

9100 14 .0 13.3

12800 13.4 13.2

35500 13.3 13.0

1000 19.2 18.9

9100 19.1 18.8

35500 19.1 18.6

1000 23.8 23 .2

9100 23.8 23,0

12800 23.8 22.9

35500 23.3 22,7
8.19-21.1974 300 23 .4 23.1
1000 2345 23.0

9100 235 22.7

12800 - 23 .4 22.7

35500 22.9 22 .4

4000 12.5 23 .1

12800 12 .4 22.9

35500 12.4 22.7

50800 12.3 22 .6

5.21=24 .1975 300 19.8 19.6
1000 19.6 19.5

12800 19.8 19.2

35500 19.6 18.9

20800 19.1 18.8

80 5"7 o1975 300 22.1 21 09
1000 22,1 21.8

12800 22,0 21.5

35500 21.9 21.2

50800 21.8 21.1
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Table 15 (continued)

Date X Survey Model
8.19-22,1975 200 22.5 22.0
1000 22 .1 21.8

4000 21.8 21.6

12800 - 21.7 24 .4

35500 21.5 21.1

50800 21.3 21.0

1000 22.6 22,2

4000 22 .4 22.0

12800 22,2 21.7

35500 21.8 21,4

50800 21.8 21.3




Table 16. Comparison of T, , values evalunted by Fdinger-Polk's method
with those calculated basing on surveys results

Tav.
X e e e e . e o e e 2o K
Date Survey todel
-2 St A . TISIIITIITT
b.26-27 1973 100 11.8 11,6
2627, 300 11,7 11.6
1000 11.7 11.6 0.00001
9100 11.6 11.6
100 16.7 16.7
5. 7-9 .1973 300 16.6 16.6
1000 16,7 16.6 0.15504
9100 16.5 16.5
100 14,6 14,6
5.17-18.1973 300 14.6 14,6
1000 14.6 14.6 0.00577
9100 14.5 14.5
100 24.0 23.8
7.17-18,1973 300 23.9 23.8
1000 23,8 23.8 0.00010
2100 23.8 23,7
100 19.3 19.0
7 .26-27 ,1973 300 18.8 18,9
1000 13.8 18,9 0.01000
2100 18.9 18.9
12200 19.0 18.9
100 25.0 24.6
8, 6-7. 1973 300 24.6 24,6
1000 24.5 24.6 0.01469
0100 24.6 24,6
12600 24.8 24,6
300 10.6 11,0
4, 3-4, 1974 1000 10,6 11,0 0.00364
9100 10.6 ‘10,8
12800 11.0 10.7
300 10.3 10.4
8.17-18.1974 1000 10.5 10.2 0.06571
9100 9.5 9.3
12800 9.4 9.1
22600 9.6 9.0
............... —— ———— e ———— e ——— ———
300 13.9 14,0
5. 2-3, 1974 1000 14,2 13.9
2400 13,9 13.9 0.02561
9100 14,0 13.7
12300 13.4 13.6
35500 13.3 13.4
300 19.4 19.3
7 24226,1974 1000 13.2 19.3 0.02661
0100 19.1 19,2
35500 19.1 19.1
............... e o e e o e e e e —— e ——————————— e o e o
300 23,9 23.7
8. 5-7. 1974 1000 - 2.9 23,6
7100 22,8 23.6 0.01364
12800 23.8 23.6
35500 23.3 23.4
demmmae=- cam—a- e e ot e e e om0 2 e e o 0 e e e ———mmm—mem mtamm—n cmmsm—. e —————
300 23.4 23.5
8.19-21,1974 1000 23.5 23.4
9100 23.5 23.0 0.18307
12300 23.4 22.9
35500 22.9 22.8
1000 12.6 12,6
5. 57, 1974 4000 12,5 12.3
12800 12.4 12,14 0.25245
35500 12,4 12.0
50600 12,3 12.0

- > e ey e g > e
- S e R R E eSS cR eSS c Yt ———n—. - - -
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Table 16 (oo:tinuod)

TBV.
Data X cemcenceracanan ceemesmcaccccacemmma-n - K
Survey Model
L -2 SO R S S

300 19.8 19.7

1000 19.6 19.4

33500 19.6 19.0

50800 19.1 19.0

300 22.1 22,2

1000 22 .1 21.9

8. 5-7. 1975 12800 2240 21,5 1.,16149

33500 21,9 21,3

50800 21.8 21,5

200 2245 22,1

1000 22 .1 21.7

8.19-22.1975 4000 21.8 21,1 0.67133

12800 21,7 21,0

35500 21,5 21,0

50800 21,3 21.0

300 22.6 22.5

1000 22,6 22.2

12800 22,2 21.5

35500 21.8 21,9

50800 21.8 21,5
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Table 17. River water surface temperature 1nterpreted'from
infrared pictures. September 3th 1975, 4,00 a.m.

800

1000

1700

2500

3100

23.0

49

4000

4500

5300

6600

7500

8300

8900

Y T
20,0 23.3
50.0 23.4
80.0 23,4

250,0 23 .4

330.,0 23,2

420.0 22,0

500.0 22.7

595.0 21,7
10.0 23,3
75,0 23.4

130,0 23.3

300,0 22,0

472,5 21,7

500,0 21.7

612,5 21,7
17,5 23 4
7245 23,3

135,0 23,1

400,0 22,0

475,0 21,7

617 .5 21,7

737 .5 21,7
25,0 23,4
75.0 23,0

147 .5 22,0

567 45 21.7

755.0 21.7
20,0 23.2
72.5 23,4

150.0 22,0
20,0 23,
52,5 23.3
97, 5 23,0

145,0 22.0
25,0 23,3
50,0 22,3

127, 5 21,9

402 ,5 21,7

525.0 21,7

637 .5 21,7

712,5 21,7



Table 17 (oontinued)

9400

9900

10300

10700

11300

11900

12500

21,7
23.0

22,8
22,8
21.7
21.7
21.7

23,2
23.2
23.3
23.2
23.0
22.8
21.7
21,7

50
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13200

13500

14000

14400

15000

15700

122.5
180.

300.0
375.0
445 .0

25,0
167.5
322,5
37245
430,0

150,0
222,5
275.0
422,5
495,0

180,0
45,0
422,5
52245
575,0

5,0

52,5
1375
205.0
255.0
287,5
375.0
420.0
462 .5
487 5
662 ,5
755.0

475.0
550.0
597.5
647 .5
680.0
705.0
750.0
822,5
920.0

21,7
22.0

21.7

23,0
23.3
23.3
23,3
23,3
22.7
21,9
21.7
21,8



Table 17 (continued)

Ltk it ol ol Rl el rEmsoeaoae T---------l--- ----- Gnsoeceosseee
X Y T " X Y T
--------- ’—---------P-—'-—----vlli-----'-—-wn--—---q---p---------

272,5 23,3 ! 150,0 22,3
4727.5 23,3 1 225,0 22,3
523 B2 eme e £
. . 300 362,5 21,9
16500 650.0 23.1 405.0 22.3
7375 22,8 |} 480.0 22.3
825 .0 21,9 ¥ 537 ,5 21,9
862 ,5 21,8 600,0 22,0
. 687 .5 21,7
580,0 23,3 ¢
612,5 23.3 o 312,5 22,0
650,0 23,0 ! 412,5 21,7
17300 695,0 23,2 & 21900 495,0 21,7
750.0 23,3 & 575,0 21,7
797 .5 23,2 ¥ 625,0 21,7
850.0 23,2 672 .5 21,7
912,5 23,0 1§ 745 ,0 21.7
967 .5 22,0
1020.,0 21,9 & 312.5 23.0
1100.0 21,8 ! 355,0 22,7
R 22700 475.0 21,8
372,5 23,0 | 562,.5 21,7
450,0 22,7 ! 625,0 21,7
18200 587 .5 22,7 & 730,0 21,7
687,5 22,3 |} 797 .5 21,7
822 .5 21,7 & 930.0 21,7
412,5 22,0 37,5 23,0
612,5 22,0 |} 512 .5 22,0
19200 672,5 21,7 & 23500 675,0 22.3
775.0 21,7 » 825,0 21,
887 .5 21.7 925,0 21,7
[ ]
130,0 23.3 20,0 23,0
350,0 23,2 } 125,0 22,7
475.0 22,0 1 225,0 22,0
19900 597 .5 21,7 » 325,0 22,0
712,5 21,7 ' 24100 355.0 22,0
797 .5 21,7 o 450,0 22,0
n 73705 2107
12,5 23,2 !
100.0 23,2 25,0 22,0
175.0 23,0 , 125,0 21,9
20600 287,5 23,0 220,0 21.9
412,5 23.0 u 24700 350.0 21,8
470.0 22,0 ! 397.5 21,7
525.0 21,7 o 500,0 21.7
580.0 21.7 ! 655,0 21,7
[ ]
| )
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Table 17 (continued)

W m e e - CR Y X T NS . oy an an o0 o W o o D N S R AP R SP R P AR AP G D UD G e o P S Gr Gb &P a0 g @ e &

X Y o R Y T
------------- ----—----n-.---------g---------u---_------r'
. 50,0 22,0 3 112.5 22.3
25400 250,0 22.0 I 175,0 22,0
-355,0 21.7 ] 220,0 22,7
500.0 21,7 § 29900  370,0 22,0
20,0  23.0 54320 2107
. - | | . 'y .
26000 250,0 22.7 % '
355.0 22,7 u - 35,0 21,7
445.0 2109 | | 100.0 2207
512,5 21,9 ! 30500 150,0 21,7
v 245,0 21,7
19213 52.8 & 220.0 2T
225.0 22.3 1 37,5 22.0
27100 370,0 22,0 |} 137,5 21,9
422.5 21.9 ¥ 31600 - 230,0 22,0
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Fig.5.Detention time nomograph on the Vistula
stretch from km 371+700 to km 513+400
as a function of water level at Pulawy

surface elevation

at Putawy gauge
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DISCUSSION

Thermal regime of Vistula water downstream of Kozienice
Power plant

One can see from the obtained results that in all cross-
sections the lateral stratification (two-streams system) exists.
However, the discharge channel was fully mixed -otemperature di-
fference in the cross-section was less than 0.5 "C. The heated
water stream can be easy separated at a distance of 12800 m do-
wnstream from the discharge of the power plant with 6 units ope-
rating. Max. temperature rise at the distance of 1000 m downs-
tream was observed on September 17.1975 and was equal to 7.7 %,
The average in this cross-section was 1.4 %c. . The Plant was
operating then with the capacity 1150 MWjdischarging‘fl% of the
total rate of stream flow equal to 404 m”/s.

In the further stretch of 12800 m downstream from the sour-
ce, the heated water stream is observed on the whole width of
the river. The difference of temperature between the two banks
did not exceed 0.5 ©cC. The averege rise of temperature on the
stretch between the source and the profile of 1000 m downstream
never exceeded 1.5 °C - observation in the cross-section 1000
m, April 17-18, 1974, cagacity 790 MW, heated waters discharge
25.1 /s and flow 200 m¥/s.

The section between the source and the 1000 m profile down-
stream is the zone of intensive mixing and cooling. A smaller
temperature gradient is observed at the last part of the obser-
ved stretch. In the cross-section 50800 m downstream from the
discharge the temperature rise of only 0.3 °c is observed.
That value is close to the accuracy of the instruments. There-
fore, the stretch of the length of 50 km has to be recognized
as affected by the Power plant under existing conditions. The
infrared pictures confirmed that, too.

The influence of heated waters on the ice phenomena in the
river cannot be estimated properly, because these phenomena did
not occur distinctly in the profiles above the discharge..

The critical periods for cooling process are given in ta-
ble 18. The max. water temperature close to the source bank at
the distance of 1000 m downstream occurred on Apgust 11, 1975 at
1200 noon and 6°° p.m. and was equal to 26.8 'C. At the same
time the temperature of fresh water was 22,3 °c, The power
plant opgrated with the 1018 MW capacity and the flow was equal
to 826 m’/s.
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Such high temperatures were not observed in previous years,
because full capacity was not put into operation.

Estimation of the models

The estimation of the models was done on the basis of 17
expedition type surveys and 19 periodical surveys. The results
of computations of the temperature distributions were compared
with measured values, Theoretical and measured values for the
cross-section of 1000 m downstream of the Plant are set together
in table 19. One can see that the Jaworski’s method is less ac-
curate. The average error is 0.4 ©OC for the mean temperature.
0.18 °C and 0.22 °C are the errors for the "Energoprojekt" and
Edinger~Polk methods, respectively. These results can be accep-
ted as satisfactory, however, the max. difference was much lar-
ger 0.8 °C

Rather poor agreement between the computed and measured la-
teral temperature distribution in the cross-sections was obtai-
ned. That may be explained as follows: '

- During observation period the critical conditions did not
occur. The ratio of the heated waters quantity to the rate of
river flow was small and ranged from 1.0 % to 14.3 %

- There were difficulties with proper determination of the cha-
racteristic numbers for each cross-section e.g. area of the
fresh and heated water streams etc , because of complicated
morphometry of the river bed.

- Lack of river training structures.

Summarizing, one can state that at the actual technical
level the last two methods are sasisfactory for determination
of the average temperature in a river cross-section.

- In order to properly determine the lateral temperature dis-
tribution a new model should be prepared. That model should be
probably three -~ dimensional and discreet (river stretch should
be divided into small uniform sections), because a continuous
model offers poor results. As an initial equation e.g. the

Edinger-Polk method or any other solution of the energy conser-
vation law may be applied.
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Table 19, Comparison of mean water temperature value in
Vistula cross-section 1000 m downstream the dis-
charge evaluated by "Energoprojekt" s, Jaworski’s
and Edinger-Polk?’s methods with those obtained
from surveys results.

Mean temperature in cross-section 1000 m

Date —————Enorgorren o R e
Survey jekt’g"p Jaworski’s 7,50
method me thod method
4.26,1973 11.7 11.6 11 .4 11.6
5.7, 1973 16 .7 16 .6 16,3 16 .6
5.17,1973 14 .6 14 .5 14,2 14 .6
7.17,1973 23.8 23 .7 23 .4 23.8
7 .26,1973 18.8 18,9 = 18.6 18.9
8.6, 1973 24 .5 24 .5 24 .3 24,6
4.3, 1974 10.6 10.6 10.3 11.0
4.17,1974 10.5 10.1 9.9 10.2
5.2, 1974 14 .2 13.8 13.6 13.9
7 24,1974 19,2 19.2 18.9 19.3
8.5, 1974 23.8 23.5 23.2  ©  23.6
8.19,1974 23.5 23.3 23.0 23 .4
5.5, 1975 12.6 12 .5 12.2 12.6
5.21,1975 19,6 19.8 19,5 19.4
8.5, 1975 22.1 22,1 21.8 21.9
8.19,1975 22.1 22 .1 21.8 21.7
9.2, 1975 22.6 22.5 22.2 22,2
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SECTION 6
" HYDROCHEMICAL -STUDIES

EFFEC1S OF THE HEATED WATERS DIQCHARGE ON THE VISTULA WATER
QUALITY ’

Methods

The hydrochemical investigations of the Vistula water and
its tributaries were carried out on the stretch of the river
from Putawy to Warsaw (fig.6, tabl.20).

Usually the samples for the investigations were taken from the
left bank of the Vistula River at places of distinct current.
Only at station No 2 the samples were taken at the right river
bank. At stations in the vicinity of the thermal water dischar-
ge from the power plant, namely at stations 3, 4 and 4a the sam-
ples were taken at three points in cross-section (the left bank,
the middle and the right bank). After June, 1974, the samples
were taken occasionally at three points in cross-section at ot-
her stations too.

The samples for investigations were taken once or twice a
month. The samples were taken first at station 1, and during
the next two or three days according to the rate of water flow
the sampling continued up to station no.9.

In order to observe the changes in the Vistula water qua-
lity close to the power plant Kozienice for twenty four hours
a day, samples were taken every two hours.

Twice & year, in spring and fall, sampling was synchronized
with the speed of the water flow, which was calculated according
to the nomogram of the flow time for the section from Putawy
to Warsaw and for different water levels at the Pulawy water
gauge (29). During these investigations at each station along

the Vistula river the samples were teken at three points at
cross-section. .

Usually samples were taken from flowing water at 30 cm be=-
low the water surface.
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Table 20. List of localization of the sampling stations

I

No Sampling points g?vgi the Bank
The Vistula River
1 Above Putawy 371.0 left
2 Below Pulawy 381.0 right
3 Above Kozienice power station  426.0 cross-section
4 Below Kozienice power station  428.5 cross-section
4a Below Radomka River mouth 438.0 cross=-section
5 Above Pilica River mouth 455 .0 left
6 Géra Kalwaria 476 .0 left
7 Above Jeziorka River mouth 493.0 left
8 Above Siekierki power plant 504.0 left
9 Warsaw - Czerniakéw 509.0 left
Tributaries %513fR¥§§§
I Kuréwka River mouth 378.1 right
II Wieprz River mouth 391.7 right
III Zagozdzonka River mouth 425 .0 middle
IV  Discharge of heated wa-
ters from the Kozienice
power plant to the chansnel 426 .5
IVa Outlet of heated water
channel into the Vistula
river
v Radomka River mouth 431 .2 right
VI Pilica River mouth 457 .0 right
VII Jeziorka River mouth 493.7 right
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The physical and chemical analyses of the samples covered the following
parameters: temperature, turbidity, color, conductivity, odor, pH, dis-
solved oxygen, BODg, COD, ammonia, nitrite, nitrate and organic nitrogen,
total, volatile ang fixed residue, orthophosphate, total phosphate, and
during the first two years, phenols.

The methods of preservation of the samples and methods of physical and
chemical analysis were performed in accordance with the Analytic Manual For
Determination of Pollution in Surface Waters and Wastewaters, elaborated by
the Institute of Water Economy in 1972 (30), and they are, in a large extent,
similar to the methods suggested by Standard Methods (31).

The water temperature was measured directly in water with the accuracy
of 0.1 °C. Immediately after the samples had been taken, they were fixed
according to the determination: dissolved oxygen - with a solution on man-
ganese sulphate and alkali-iodide-azide reagent; COD - with a concentrated
sulphuric acid; nitrogen compounds, dry residue and phosphates - with
chloroform; phenols - with a solution of manganese sulphate and phosphoric
acid.

The samples were transported daily to the laboratory and stored at Tow
temperature until the time of analysis. The determination performed from
unpreserved samples was made within 24 hours after sampling.

A1l the determinations were performed in two parallel repetitions.
When there was a too large discrepancy between results, a third determination
was made. The average from the two most similar results was considered a
final result. See section on Precision of Analytical Methods (enclosure 7,
in Supplement to this report)..

The analyses were performed in the following manner:
- turbidity, measured with the "Hach" turbidity meter;

- colour, defined on the basis of visual comparison with the scale of
platinum-cobalt standards;

- conductance, measured with the conductivity meter "Radiometer";

- odor, using the organoleptic method, according to intensity scale of six
degrees;

- pH, using the potentiometric method with a pH-meter, Type LBST-8;

- dissolved oxygen, using the modified method of Winkler-Alsterberg;
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- BODg, using the method of dilution;
- COD, with bichromate of potassium two hours reflux;

- ammonium nitrogen, by the colorimetric Nessler method using the "Specol"
photocolorimeter;

- nitrite nitrogen, using the Gress-I1losvay's colorimetric method, with a
photocolorimeter of the "ZAL" type;

- nitrate nitrogen, using the colorimetric method with phenoldisulphonic
acid, with a photocolorimeter of the “"ZAL" type;

- organic nitrogen, using the Kjeldahl method;

- orthophosphate, using the colorimetric method with ammonium molibdate;
- total phosphate, as above, after dry combustion of the samples;

- dry residue, at 100°C, using the weighing method;

- phenols, using the colorimetric method with 4-aminoantypiryn on auto-
analyzer "Technicon".

Results

The research on the water quality of Vistula river and its tributaries
was carried out from January 1973 to December 1975, fifteen to sixteen times
per year. Additionally, twenty four-hour investigations were carried out,
concerning such parameters as: temperature, D.0, BODS, N02, NH3.

A11 results of measurements are provided in a separate U.S. Environ-
mental Protection Agency report entitled the Supplement to "Studies on the
Effects of Heated Waters Discharged from the Kozienice Power Plant on the
physico-chemical processes in the Vistula River and on the Water Quality".
Research Grant No. PR-05-532-5. Basic Data. Warsaw, Poland 1976. This

supplement is available from NTIS; access number same as this report with
suffix "B".

Discussion

The changes of water quality along the Vistula river in the years 1973 to
1975 - A

The evaluation of the water quality changes along the Vistula river is
based on annual average and extreme results of water analyses performed
during 1973 to 1975. (Enclosure 8-99). In the tables 21-23 annual average
values of more important parameters are given.
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Table 21. Averages of results of Vistula river

and

its tributaries water quality measurement

year 1973
Sampl. Tempe.of DO BOD5 COD NHB-N NO,-N NOB-N Org. Residue
sta- water N total
tions  op mg/l 0, mg/l N mg/1
1 9.8 9.3 4.3 26.8 1.30 0.027 0.72 1.91 539
2 10.6 8.6 3.7 25.5 2.08 0.047 0.90 2.44 529
3 9.9 9.7 5.2 25.7 1.40 0.033 0.86 1,80 511
4 B 9.3 4,7 23.0 1.39 0.038 0.86 1.79 514
4ha 10.8 9.4 5.8 26.9 1.39 0.039 0.90 1,90 495
5 9.9 10.1 5.6 28.5 1.40 0.033 0.87 1.55 500
6 9.7 104 5.1 28.7 1.17 0,025 0.77 1.59 465
7 10.4 10.3 4.8 26.8 1.19 0.028 0.76 1.59 473
8 12,0 10.1 5.2 25.8 1.03 0.028 0.73 1.28 475
9 10.2 10.3 4.8 27.6 1.18 0.025 0.75 1.51 473
I 15.8 7.3 6.5 29.6 15.4 0.416 4.9 16.5 558
II 11,8 8.6 5.8 28.7 1.00 0.036 0.58 1,70 37t
111 9.4 7.8 2.5 19.7 0.48 0.048 2.95 1.58 372
IV 22.1 8.5 5.4 25,8 1,30 0.068 0.86 1,47 505
v 9.4 6.9 7.3 36.0 2.75 0.036 0.28 2.28 321
VI 10.2 9.8 3.3 24.9 0.33 0,009 0.33 1,48 293
VII 12.2 7.0 13.3 50.4 0.80 0.111 0.50 1,97 411
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Table 22. Averages of results of Vistula river and
its tributaries water quality measurement

year 1974

Sampl. Temp.of DO BOD5 CcoD NHB-N NO,-N NOB-N Org.Residue
sta- wgter N total
tions 7C mg/1 0, mg/1l N mg/1

1 10.5 9.8 4,0 23.6 1.13 0.026 0.99 1,26 494
2 10.5 9.8 5.0 23.4 1,75 0.048 1,20 1.63 486

3 ~10.0 10.1 4.2 25.9 1,08 0.024 1.10 1.55 486

4 12.1 9.7 4.2 24,5 1,07 0.030 1.00 1.46 490

a 1.1 9.7 4.7 25.6 1,09 0.031 0.99 1.51 467
11.0 10.9 4.8 25.2 1.02 0.031 0.98 1.53 471
10.4 11,0 4.6 23,7 0.82 0.021 0.85 1.47 436
9.8 10.1 4.2 26.0 0.80 0.024 0.99 1.38 440
10.0 10.0 4.6 25.6 0.77 0.025 1.00 1.43 443
10.1 10.2 4.8 27.4 0,78 0,025 0.97 1.36 439
14.7 7.7 86 27.1 12.7  O.444 4.6 10.3 513
I 11,2 7.8 3.8 29.5 0.89 0.033 0.48 1.55 361
III 9.5 7.2 2,0 21.3 0.62 0.106 3.63 1.25 393
v 20.8 8.9 4.7 23.5 1.00 0.055 1.12 1.42 473
v 10.1 6.8 6,0 34.7 2.36 0.050 U.26 1.93 319
VI 10.2 10.3 3.1 23.0 0.43 0.009 0.40 1.25 296
VII 9.7 7.7 9.0 40.0 0.92 0,061 0.86 1.84 425

&
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Table 23. Averages of results of Vistula river and
its tributaries water quality measurement
year 1975

Sampl. Temp.of DO BOD COD NH,-N NOz-N NOB-N Org. Hesidue

2 3

sta=- water N total
tions °c mg/l 02 mg/l N ng/l
1 11.1 9.8 3.5 21.2 0.78 0.027 0.88 0.97 464
2 1.4 9.8 4.1 19,4 1,32 0.051 1.00 1.22 459
3 10.8 10.4 3.6 18.7 0.75 0.037 0.99 0.96 454
4 135 10.1 3.6 18,7 0.76 0.039 1,00 1.02 453

a 12,5 10.1 4,2 20.3 0.82 0.038 0.96 1.11 431
12,0 10.5 3.9 21.2 0.77 0.035 1.00 0.99 447
11.1  10.6 4.0 19.2 0.66 0.030 0.92 1.14 406
11.0 11.0 4.0 19.8 0.61 0.028 0.97 1.21 424
1.1 11,1 4.6 20.7 0.65 0.027 0.95 1.18 435
11.2  11.1 4.4 20.9 0.65 0.028 0.94 1.20 428
15.6 7.6 12.7 22.8 12.9 0.451 4,10 11.0 516

II  11.0 9.6 3.5 24,9 0.49 0,028 0.54 1.27 342

III 10.6 7.7 2.4 18.3 0.61 0.121 4.38 1.07 403

v 22.8 9.3 3.4 17.7 0.76 0.051 1.02 1.08 447

v 10.9 7.1 9.3 33.7 2.29 0.036 0.30 1.90 294

VI 1.1 10.3 3.9 19,2 0,35 0,009 0.37 0.97 288

VII 10.6 6.6 21,1 43.4 0.95 0.064 0.63 1.63 419

&
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The changes of mean water temperature along the Vistula
river are quite similar during all three years. The average
temperature at station No.1 was between 9.8 and 11.1 °C.The lo-
west temperature was observed in 1973. On the stretch upstream
from the Kozienice power plant the temperature of the river wa-
ter was slightly effected by the Kuréwka tributary, whose avera-
ge water temperature was 4 to 6°C, higher than the Vistula wa-
ter temperature. The temperature of the Vistula water downstream
from Kozienice is considerably influenced by discharge from
the power plant and its average temperature was 20.8 - 22.8 °C,
As the power production of the plant has increased in time, the
difference between mean water temperature downstream and ups-
tream from the heated waters discharge point has also increased.
Thus in 1973 this difference amounted to 1.2 ©C, in 1974 to 2.1
OC and in 1975 to 2.7 °C. It was also observed that the 7Tength
of the river stretch influenced by heated waters has increased
as well. Thus the water temperature has reached the natural
temperature level at the distance of 30 km downstream from the
discharge point in 1973, whereas in 1974 this distance equalled
to 65 km., In 1975 it was observed that the minimal mean water
temperature at all stretch downstream from the discharge point
was 1°C higher than mean temperature upstream from the discharge
point.

The minimal and maximal water temperatures changed along
the river course similarly to mean temperatures. The highest
values of temperatures were observed at station 4 in 1974 and

The data concerning-dissolved oxygen concentration show
that the oxygen conditions in the whole river changed during
the years. The lowest average dissolved oxygen concentrations
were observed in 1973 (fig.8). At this time the DO balance was
considerably effected by the waste water discharge through the
Kuréwka river. The decrease of oxygen concentration below this

tributary was higher than below the Kozienice power plant.

~ The best oxygen conditions in the Vistula river were ob-
served in 1975. This is evident from the extreme values of oxy-
gen concentrations as well:

DO concentration mg/l

minimum maximum
1973 6.3 - 7.9 1.8 - 14.8
1974 5.7 = T.b 11.5 = 14.8
1975 6.0 - 8.2 12.0 - 4.4
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During all three years a similar decrease of ave.age oxygen
concentration below the Kozienice power plant was observed,
(0.3 - Cufs mg/l). This loss of oxygen was completed at the dis-
tance of about 30 km downstream from the heated waters dischar-
ge point.

It should be pointed out that during all three years the
oxygen condition in the Vistula water was satisfactory. At all
stations the phenomena of supersaturation could be observed,
sometimes reaching 160 %.

rFrom among the tributaries the water in Jeziorka contained
the smallest amount of dissolved oxygen. Its mean concentration
was from 6.6 - 7.7 mg/l O, and sometimes decreased below 2 mg/l

0,
2 Such low oxygen concentration was observed in Wieprz and
Zagozdzonka as well, but only in 1973.

Good oxygen conditions in the heated water discharged from
the power plant should be noted. The oxygen concentration was
within a scope of 6.6 - 11.5 mg/l Op. The yearly mean values we-
re above 8 mg/l Op. Sometimes even supersaturation was observed.

The BOD; values of the Vistula river show that the concen-
tration of egsily decomposing organic matter was different in
given years. The yearly mean BOD; show clearly that the highest
pollution by organics was in 1973 and the lowest in 1975. The
course of changes of mean values along the river was similar
in all years (fig. 9).
At the river stretch above the Kozienice power plant and down-
stream from the Kurdwka river mouth & considerable BOD; incre-
ase was observed. Yhe water of this tributary was very polluted
2y organics. Maximal value of its BOD; reached 50 mg/l Oz in
975.

Downstream from the heated waters discharge point (station
4) the yearly mean value of BODs decreased in 1973 but it did
not change in the next two years. At the Vistula stretch from
Kozienice to Warsaw one could observe two points of considera-
ble increase of organics concentration. One point was below the
Radomka river mouth, which BODs reached maximal values of 23
mg/l O, in 1975. The next important source of pollution was Je-
ziorka river, which BODg reached 100 mg/l Oz.

The concentration of nitrogen compounds was considerable
in the Vistula river over the period of observation. It concer-
ned organic as well as inorganic compounds of nitrogen soluble
in water.
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Among the inorganic compounds ammonia reached the highest
level of concentration of nearly 5 mg/l N in 1973. The yearly
mean concentration was different in given years. This proves
that the pollution of the Vistula water by ammonia decreased
from year to year. This could be observed along all investiga-
ted points of the river. The changes of ammonia concentration
along the river were similar (fig.10). Distinct increase of am-
monia concentration was always noticed at station 2 which shows
that the main source of pollution by ammonia were the Nitrogen
Fertilizers Works in Putawy. The waste waters from these works
discharged into the Kurdéwka river, caused an increase of ammo-
nla concentration in Kuréwka water. Yearly mean values were be-
tween 12.7 = 15.4 mg/l N. The maximum value reached 23.6 mg/l N.

The concentration of nitrates in the Vistula water was also
high. The average yearly concentration was relatively similar
along the surveyed stretch of the Vistula during all periods of
research. It ranged from 0.72 to 1.2 mg/l N.

The concentrations of nitrate in Vistula water were also
distinctly effected by the wastes discharged from the Nitrogen
Fertilizers Works into the Kuréwka river. From among all inves-
tigated tributaries the Kurdwka river was mostly golluted b%
nitrates. Its concentration ranged from 2.4 to 7.0 mg/l N. The
yearly average values were between 4.1 and 4.9 mg/l N.

The concentration of nitrogen fixed in nitrite compounds
was much lower than in the above mentioned compounds. The con-
centration range was between 0,002 to 0.156 mg/l N during all
periods of research. The yearly average concentrations had simi-
1a7 range for all years and enclosed between 0,021 and 0.051
mg/l N.

The distribution of yearly average nitrite concentration
along the surveyed stretch of the Vistula was similar in the
succesive years (fig.11). The concentration of nitrites was ef-
fected first of all by the Kurdéwka river. The concentration of
nitrites in Kurdwka water sometimes exceeded 1.00 mg/l N. The
yearly mean values ranged from O.416 to 0.451. Such polluted wa-
ter caused almost double concentration of nitrite in the Vistula
river at station 2. Downstream from this station we observed
successive decrease of concentration of nitrite up to station 4.
At station 4 the average annual concentration increased again.
This phenomenon should be considered as the effect of the heated
water discharged from the Kozienice power plant.

The concentration of organic compounds of nitrogen was com-
paratively high. The maximum yearly concentration during all pe-~
riods of investigation reached 5.47 mg/l. The yearly average va-
lues show that the pollution of the Vistula water by nitrogen
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organic compounds decreased from 1973 to 1975. The changes of
yearly average concentrations along the surveyed stretch of the
Vistula demonstrated that the main source of nitrogen organic
compounds was the Nitrogen Fertilizers Works (fig.12).

The above discussed data, as well as the yearly average
results of turbidity, - colour, conductance, residue and pho-
sphate show that the water gquality at Vistula section between
Putawy and Warsaw was better in 1975. During this period we co-
uld observe a clearly polluting influence of the Vistula tribu-
taries Kuréwka, Hadomka and Jeziorka.

The effect of heated waters discharge from the Kozienice
power plant on the Vistula water quality —

The evaluation of the heated water.influence on the Vis-
tula water is based on comparing water quality observed upstre-
am and downstream from the heated water discharge point.

The research on the influence of heated waters discharge
from the Kozienice power plant was conducted during the first
three years of the plant’s work with a simultaneous and cons-
tant increase of the plant?s capacity (fig.13).

In the first year of research the capacity of the plant
equalled from 200 to 870 MW (tabl.24), with the exception of
January when the power plant was not working. In the second ye-
ar the lowest capacity during research was 560 MW, and the hig-
hest 1180 MW (tabl.25¥. During this period only three times did
the power of the plant equal or exceed 1000 MW. In the third ye-
ar, 1975, the capacity of the plant usually exceeded 1000 MW.
The highest capacity during the time of research equalled 1560
MW (tabl.26]). - o C

The intensity of the discharging of the heated water from
the power plant increased with the development of the plant’s
capacity (tabl.24,25,26). In the_first year it equalled, on the
days of_ research, from 4 to 23 m/s, in the second year from 13
to 46 m?/s, and in the third from 19 to 58 m2/s.

The flow in Vistula calculated on the basis of the flow
rate for water gauge Dgblin (393.4 km) was usually typical.
On the average, the river was most poor in water in_1973. The
intensity of flow in 1973 yas between 201 and 875 m?/s (tabl,2y
in 1974 from 260 to 1126 m?/s, and in 1975 from 250 to 1160m3/s
(tabl.2s). | o -
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Table 24. The capacity of power plant Kozienice (N),
Vistula River flow above heated water dis-
charge (@) and in the discharge channel
(QIV’ during the time of water sampling

1973

- 3 3 Ory
Date N MW Q m'/s Qry @ /8 < %
1.31 0 205 0 -
2.14 200 500 4,10 0,8
2.28 210 835 413 0.5
3.21 200 510 4 .51 0.9
4 .25 200 525 7 bl 1.4
5.24 280 290 12.2 4.2
6.13 400 757 14.3 1.9
717 400 660 17.0 2.6
8.8 400 588 15,9 2.7
8.22 580 260 20.7 8.0
9.5 360 195 12,2 6.2
10.24 800 203 20.7 10.2
11.7 800 201 20 .4 10.2
11,21 600 223 20 .1 9.0
12,12 870 237 23.2 9.8
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Table 25. The capacity of power plant Kozienice (N),
Vistula River flow above heated water dis-
charge (Q) and in the discharge channel
(Qpy) during the time of water sampling

1974
Dite N MW Q w’/s 0y w/s 2%1 %
1.3 800 420 20.0 4.8
1,16 900 270 24.3 9.0
2.6 560 450 14,3 3.2
2.21 760 672 16.6 2.5
3.6 800 450 13.0 2.9
4.3 700 284 26.0 9.1
5.7 920 335 26.6 7.9
6.5 760 1280 20.9 1.6
6.26 1000 970 25.8 2.6
7.10 970 690 28.3 4.1
8.7 780 536 24.5 4.6
9.4 1180 356 46 .3 13.0
9.18 900 274 27.3 10.0
10.8 900 1100 37.0 3.4
11.14 1000 927 26.5 2.8
12.4 850 733 20.2 2.7




Table 26. The capacity of power plant Kozlenice (n),

Vistula River flow above heated water dis-
charge (Q) and in the discharge channel
(Q7y) during the time of water sampling

1975
. 3 3 Oy
Dateé N MW Q m”/s Qry w/s "l %
1.7 1260 1120 25,8 2.3
1.21 - 1200 727 19.1 2.6
2.4 1320 538 25.9 4.8
3.1 1330 466 22.3 4.8
4.23 1170 914 44,0 4.8
5.13 1320 661 31.2 4.7
6.3 1400 576 31.7 5.5
6.17 1140 702 30.4 4.3
7.8 1200 788 44 .2 5.6
8.19 1380 434 52.5 12.2
9.16 1020 370 42.7 11.5
10.7 1080 284 41.7 14.7
10.21 1560 466 58.3 12.5
11.14 1100 310 19.9 6.4
12.2 1400 329 26.9 8.2
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In the first year of research the discharge of heated wa-
ters from the power plant Kozienice ranged from 0.5 to 10.2 %
of the Vistula flow, in the second year from 2.5 to 13.0 %,and
in the third from 2.3 to 4.7 % (tabl.24,25,26).

The temperature of the heated water discharged into the
channel ranged from 13.2 to 30 ©°C during sampling time. The dif-
ferences between temgerature of heated water and sampled water
ranged from 5 to 20 OC. The highest differences were observed
in winter time (fig.14). -

The heated water discharged into the Vistula river down-
stream from the 8ower plant affected the temperature by incre-
asing in from O OC to 6.0 °C in relation to the area upstreanm
from the power plant. The highest difference appeared in Decem-
ber, 1975 (£ig.15) .

The concentration of dissolved oxygen in the Vistula river
upstream from the power plant was always high. In the period of
research the lowest oxygen concentration equalled 5.7 mg/l 0O2.
Sometimes supersaturation occurred and reached 142 %. After pas-
sing through the cooling system the concentration of oxygen de-
creased, but sometimes an increase was also noted (fig.14) .

On the basis of obtained results it could be stated that the
higher the concentration of oxygen in inflowing water (station
no.3) the larger the decrease of the oxygen concentration. This
regularity as shown of fig.16,17 , was observed in all years.

Similar conclusions can be drawn by evaluating the diffe-
rences between the oxygen concentrations by means of the sta-
tistical method.After passingthrough the cooling system the ave-
rage decrease of the oxygen amount (A) equalled:

1974 A - 1.16 £ 0.68 mg/1 0,
1975 A - 1.00 ¥ 0.72 mg/1 O,

At the same time the percentage of the oxygen saturation
increased, due to the increase in temperature. The observation
of the changes in oxygen concentration in given years during
the development of the plant did not show the existence of rela-
tions between the changes in oxygen concentration and the capa-
city of the power plant.

-+

The differences in oxygen concentration downstream and up-
stream from the heated water discharge point were distinct but
not very high. Usually a decrease of oxygen concentration could
be observed, but sometimes also a slight increase was noticed.

82



L O : "; _ .'l t"‘l . i - : ll ~ - .v g j' l .l .r' ‘l Av. . “v. ‘r ) . ;. I ”: v | I months .
eIV ! xxnfnnnv VVIVIIVIDIX XXT XU I I xiuv vv1vuvmrxx x1xu
e . 97—l 1975 -

=4
=
=
<
<
<
L
<
=
=)
324
x-
X,

- years

Fig. 14. The differences of water temperature and D.0. concentration
between station No IV and No 3 left bank

o ' L - ' Vo months
O VIR X AR T HE v1v11vnnxxx1xn1 TNV Vi VAV X Xt
e 1973 et 1974 "T_ 1975 “years

Fig. 15. The differences of water temperature and D.O. concentration
between station No 4 and No 3 left bank

83



>
>

14 -
N
&3l

12

mg
-
-

-
Q

(To]

‘Station No 3

6 7 & § 1 T 2 stationNo IV mg/10,

Fig. 16. Changes of D.0. concentration after water
pass through cooling system, 1974

11.-'r /

134 / °

&, o /o

3 mg/!

10-

Station No

6 7 8 9 10 1 12 13 1

Station No IV mg/l 0z
Fig. 17. Changes of D.0. concentration after water
pass through cooling system, 1975

84



The maximal decrease of oxygen concentration at station no. 4
(left benk) reached 2.4 mg/l Oo. The average yearly decrease was
very small and equalled:
1973 - 0.08
197[4‘ - 0008
1975 - 0033

0.20 mg/l 0,
.17 mg/l 0,
0.28 mg/l O,

t+ 1+ 14

Biochemiocal oxygen demand of Vistula water above the Kozie-
nice power plant station no.3, left bank ranged from 0.7 mg/l
02 to 10,0 mg/l O2. The highest BODs was noted in May (1973 and
1974 ) and in August (1975). The maximal values for subsequent
years equalled 8.,1; 10.0; 7.6 mg/l O2.

The changes of the BOD5 of water after passing through the
cooling system varied (fig.18,19). The BOD5 differences intake
water and discharged heated water ranged from minus 2 mg/l Op
to plus 4.4 mg/l Op.

The BOD5 of Vistula water below the heated water discharge
point was from 1.1 to 9.7 mg/l O2. In general, the changes of.
BODs during all years were similar to those observed upstream
from the power plant. The differences between BODs at station
no. 4 and no. 3 (left bank) ranged from minus 2.4 to plus 2.1

The ammonia concentration of Vistula water above the Kozie-
nice power plant was rather high. It ranged from 0.17 to 3.92
mg/l N at the left bank. The same range of ammonia concentration
as in the heated water was observed in the Vistula water below

the power plant. The comparison of ammonia concentration at sta-
tion no.3 and no IVis shown in fig.20.

It should be noted that the concentration of ammonia in the
Vistula water was very changeable, depending on the season ( fig.
21). The lowest concentration occurred in summer and the highest
in winter in the period of low water temperature. Especially high
~ concentrations occurred during the period when the surface wa-
ter of Vistula was frozen. When concentration of ammonia was low,
the heating of water has not caused any increase. At the same
time one could observe that at ammonia concentrations higher
than 2 mg/l N the ammonia concentration downstream from the po-
wer plant decreased.

The concentration of nitrites in the Vistula water above
the power plant was low, with minimal values equalling in the
period of research to 0.001 mg/l N and maximal values to 0.090
mg/l N. In water discharged from the cooling system of the plant
and in the Vistula water below the plant it was possible to
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bbserve an increase of concentration of nitrites (fig.22), which
ranged from 0.002 to 0.134 mg/l N. The differences between sta-
tions No.3 and No.4 ranged from minus 0.014 to plus 0.098 mg/l N.

Downstream from the heated water discharge point the ni-
trite concentration ranged from 0.003 to 0.090 mg/l N. The 4dif-
ferences in relation to station 3 were not so high and equalled
from minus 0.028 to plus 0.042 mg/l N.

Other parameters of the water quality like color, turbidi~
ty, odor, pH, COD, nitrates, organic nitrogen, dry residue, phe=-
nols and conductance did not undergo any visible changes under
the influence of heated waters,

The evaluation of the influence of thermal water discharge
on the quality of Vistula water based on the frequency of occu-
rance of the negative and positive differences of some parame-
ters between stations Wo. 4 and No. 3 (tabl.27).

We can see that only some parameters show the tendency of
change the water quality. In most cases the water heating cau-
sed a decrease of DO concentration and an increase of nitrite
concentration. But the decrease of D.0U. concentration was not
large in comparison with the water temperature increase, so the
water saturation increased sometimes in areas downstream from
the power plant. The BOD; shows some tendency to decrease after
passing the cooling system. For other parameters the changes are
not one-directional, but it could be stated that they don’t de-
monstrate the deterioration theVistula water quality downstream
from the thermal water discharge point.

The hydrothermal study showed the temperature stratifica-
tion in the cross-section ot the river, That is why the compa-
~rison of the water quality at the left and right river bank may
give some information useful for the evaluation of the influence
of thermal water discharge on the water quality. Frequency of
occurance of the negative and positive differences between sta-
tion 4 1 and 4 r is shown below on tabl, 28,

From this table we can see that similarly to the compari-
son of stations No.4 1 and 3 1, the decrease of D.O. concentra~
tion in water of higher temperature was noticed. And in this
case not every time the decrease of D.0O. concentration caused
the decrease of D.O. saturation. The increase of nitrite concen-
tration in the heated stream was very clearly determined in 1975
when the temperature difference was higher. Some decrease ten-
dency of organic nitrogen in the heated stream could be noticed
every year. The frequency of decrease was higher from year to
year, depending on the development of the power plant.
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Table 27. Frequency of negative and positive changes of water quality
parameters upstream and downstream from the power plant

(stations No. 4 1 - 3 1)

D.O D.O. % BOD5 CoD NH3 _§02 NO3 N

+ = + = 4+ = o+ =+ - o+ = 4+ = 4 -

1974 5 40 6 7 8 8 5 10 7 8 12 3 3 41 & 10
n=16
19:;49103687475859678
nN=

where n-the number of measurements
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Table 28. Frequency of negative and positive differences of the water
quality parameters at the left and right river bank of the
Vistula river (stations 4 1 = 4 r)

D.0 D.0. % BOD;  COD NH, NO, NO3  Nirg,
+ - + - + - + - + - + - + - +
1973
n=10 o 9 3 5 2 7 3 7 2 7 4 6 6 4 4
Wk 3 9 5 7 4 8 5 7 5 6 6 6 T 4 5
n=12
1975

n=13 3 8 10 2 7 5 6 6 4 .5 8 2 8 4 5




The same can be noted with nitrite concentration at the left
bank of the river.

In order to draw a more reliable conclusion on the effect
of the Kozienice power plant on the Vistula water quality we
took under the consideration the results of observation made
during the critical periods i.e. of high power production, low
river flow and high natural water temperature. Such situation
occurred every year in JAugust (tabl. 29)}.

These observations show a large D.0O. concentration decre-
ase at station 4. The most evident decrease (1.9 mg/l) was ob-
served in August, 1973. At that time the natural temperature
was lowest in relation to other years and the temperature in-
ctease downstream from the power plant equalled 2.1 ©C.

In 1974, when the natural water temperature was highest and the
temperature increase lowest (0.8 °C), the D.O. concentration de-
crease was hardly observable.

The BOD: changes were similar. The decrease of BOD. was
influenced by parameters in the same way as D.,0O. Thus, %he BODs
decrease amounted to 1.7 mg/l in 1973 and to 0.3 mg/l in 1974,

The nitrite concentration upstream from the power plant
Kozienice was in this case similar. Downstream from the power
plant it changed twice in plus and once in minus. The increase
of nitrite concentration was observed when a higher temperature
increase occurred.

The other tested water gquality parameters such as ammonia,
nitrate and organic nitrogen did not show any significant chan-
ges caused by the heated water discharge from the power plant.

Summarizing, it can be ascertained that the effect of the
Kozienice power plant discharge on the water quality of the re-
ceiver is limited even during the critical period of the year,
to a little D.O. concentration decrease and a nitrite concentra-
tion increase. The same is demonstrated by the results of twen-
ty-four hour investigation carried out in April, 1975 at sta-
tions no.3 1, 4 1, IV and IVa (fig.23), (Enclosure 100).

The flow_of water in the Vistula in that period was high:
1470 - 1590 m?/s. The capacity of the power plant equalled from
1200 to 1600 MW (fig.24). -

The range and average results of the twenty-four hour phy-
sical and chemical investigation are shown in the tabl. 30.
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Table 29. The results of Vistula water investigation
close Kozienice power plant during the cri-

tical periods

Stﬁtion Parameters 8.22.73 87 T4 8.19,75
o

Capacity MW 580 780 1380

‘Flow Q m’/s 285 467 391

3 Temperature: 18.7 21,2 20 .4
4 Temperature: 20.8 22.0 22,6
3 D.0O. mg/l 02 9.9 10.5 12,2
4 D.0. mg/l O, 8.0 10.3 10.8

3 BOD; mg/l O, 8.1 5.7 7.6

4 BOD; mg/l O, 6.4 5.4 6.8
3 NO2 mg/l N 0.029 0.023 0.025
4 NO2 mg/l N 0.037 0.016 0.027
3 NO3 mg/l N 0.77 0.92 0.95
4 NO3 mg/l N 0.87 0.90 1.02
3 NH3 mg/l N 0.34 0.33 0.36
4 NH3 mg/l N 0.42 0.31 0.34
3 Norg. mg/l N 1.39 1.73 1.46
4 Norg., ©8/1 N 1.42 1.43 1,42
3 COD  mg/l 0, 26.9 25.2 30.9
4 COD mg/l O2 27 .0 23.0 26.6
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Table 30, Range and average results of tweanty-four hours investigation of Vistula river
April 15-16, 1975
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As it should be expected, the largest difference of the
temperature was between heated water in channel (station no.IW
and Vistula water upstream from the power plant (station 3).

On the average it equalled to 13.0 ©C. The largest differences
of average results of chemical determination were also between
the same two stations. Some decrease of D.0. was observed, as
well as of BODs, NH3, concentrations, and an increase of NO,
concentration in the heated water.

The high level of the Vistula water flow during the inves-.
tigation caused a very small increase of water temperature down-
stream from the water discharge point, in spite of high capacity
of the power plant. Thus, a decrease of oxygen concentration in
the Vistula river downstream from the power plant was low,

The differences between other parameters were also not essential,



Mathematical Model of Water Quality Changes under the
Influence of Thermal Water Discharge

Introduction

The main purpose of this discussion is to find the Dbasic
relations between heated waters discharge and the change of the
water quality at the longitudinal and cross-sections downstream
from the power plant Kozienice. Two mathematical models were
proposed., The first is shown below in a general form:

where: y, = KC concentration difference of the i-th substance
be%ween the stations upstream and downstream from
the power plant, or = C, cancentration difference
of the i-th substance be%ween the left and right ri-
ver bank downstream from the discharge point,

1 =1,2, ees s s e 6

X4 = q/Q the ratio of heated waters discharge to the flow
rate in the vicinity of the power plant,

x, = AT, = an lncrease of the water temperature below the
po%er plant in relation to the waters upstream from
the power plant :

X4 = ’l‘3 = water temperature upstream from the power plant.
After thoroughly analyzing the parameters influencing the change

of water quality, it was decided to examine another model charac=-
terized by the following parameters:

yi = fi(x1 ’X2,xB,X#) (2)

where: X49XyyX4 &S above

X, = C = average concentration of the i-th substance
ugﬁtream, or

X, =Q° C31 load of the i-th substance upstream from the
power” “plant. '

The work has been divided into two parts. The first was devoted
to an attempt at defining the character of functions 1 and 2
for each of the six water quality parameters. The second dealt
with the approximation of functions for three and four variables.
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The realization of the first group of tests was based on compu-

ter programs prepared in FORTRAN : APROX - 3, FUNCT - 3.

Input data. The input data have been obtained from the mea-
surements at two cross-sections of Vistula, upstream and down-
stream from the power plant. At three points of each cross-sec-
tion the following parameters were measured: BOD;, dissolved
oxygen, ammonia, nitrates, nitrites and organic gitrOgen, as
well as water temperature. There were sSix measurements. The flow
rate was calculated by means of rating curves. The data showing
the capacity of the power plant and the rate of the thermal wa-
ter discharge during the days of the water quality testing were
collected as well.

Preliminary assumptions. It has been determined that the
stream of heated water reaches the area downstream from the po-
wer plant at the left river bank. Therefore, it was assumed that
an essential influence of the temperature on the change of the
water quality parameters can occur only at the left river bank.
An already calculated measurement was adopted as an average con-
centration value at the cross-section in all cases when the re-
maining two measurments were missing. It has been decided that
the final form of functions (1) and (2) will be as follows:

ACi = f1i(q/Q) + fZiLAIh)+ fBi(TB) (1a)

CFEi = g1i(q/Q) + gai(ATh)+ g3i(T3) (1D)
and; ,

(rCi = g11(q/Q)+g2i(AT4)+g31(T3)+g4i(x4) (2b)

The character of the partial functions £ and 8 3 was determi-
ned on the basis of analyzed relations b%éween ACi or <5Ci
and each of the independent variables.

The calculation procedure

Relation between the concentration change at the cross-sectional
areas downstream and upstream from the power plant Kozienice and
the factors characterizing the influence of the heated waters
discharge. This problem was solved in three stages.

1. Selection of factors which have an essential effect on the

change of water quality. It was determined that the following
factors influence the water quality downstream from the power
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plant: capacity (N) of the power plant, flow rate (Q), the rate
(@) of the heated water discharge, temperature (T3) in the cross
sectional area upstream and the temperature (T,) “downstream
from the power plant. The.computer program FUNCT - 3 was used
in approximating the following relations:

3¢y, Acy =2, (W) (3)
8¢y, Acy = £ (Q) | ( 4)
d¢Cyy AC, = £; (T5) (5)
dc,, Acy = £, () (6)
dcy, Acy = £, (AT) (7)
Sci, Ac, = £, (q/0) (8)

For the determination of the character of partial function the
procedure FUNCT - 3 was used, which for each relation (3) =~ (8)
evaluates seven basic functions:

y=a&+0Db (9)
y = a/x+ b (10)
y = 1/(ax+b) (14)
¥ = x/ (ax+b) (12)
y = a log(x)+ b (13)
y = bvx® (14)
¥y = b exp (ax) (15)

2. Then an appropriate type of partial function is chosen.

For each function (9) -(15) an approximation of relations between
water quality parameters and factors characterizing the influen-
ce of thermal water discherge (3) - (8) is made. The coefficients
of regression and linear correlation were calculated. The analy-
sis of correlation coefficients allowed for the choice of the
most proper function. The correlation coefrficients and coeffi-
clents of linear regression were calculated with the help of the

FUNCT - 3 program.
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The algorithm of that program is as follows:

one of the seven

form: if the ge-

i
o pm o O

we .o - L 1)

= log b
= Inb

“oe
W w o w o W
]

(16)

(17)

a Choice of function character — in this case
functions (8) -~ (15)
b Conducting the function to a general linear
neral form of the relation can be:
Y =AL + B
then for y:
y‘—'a/X‘i'b ,Y:y‘ ;X=1/X ;A:a
y=1/1ax+b) 3 Y=1/y ; X =x s A= a
y=x/lax+b) 3 Y=1/y ; X =1/x ; A=0D
y = & log(xkb; Y =y s X =1logx ; A=a
y = bx? 3 Y=1logy; X=1logx; A=a
y=bexplax); ¥Y=1ny ; X =x ; A= a
¢ Calculation of regression coefficients for each of functions
{9) - (15):
NPOM
%(xi- X)-(¥,- 1)
A = Trom -
y (x4 -X)
5
B=Y -
and linear correlation coefficients:
NPOM
2lxg-X) (Y, - )

(18]

9x1 = 1__

NPOM , NPOM '
\/z (x,-X)2 \/ > (1,-3)2
i
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where: __

X = average value of the transformed independent varia-
bles,
Y = average value of the dependent variables,
NPOM = number of measurements,

Ky, 1,2,3 40eeveeee. 6 - the number of variable according
to functions (3 - 8)

1, 1,2,3 ¢veee... 7 - the number of regression function
{9 - 15)

The calculated correlation coefficients have been presented as
follows:

Q419 ?12’ cececevsna ?17 Q4 max
?21, Q229 ..........927 0, max
(DKL) = {eteernneenernanncnneennns —=, /Q; max
eesccccssssssscssssssascnse 8)4 max
Cecessesecssessesessonans 5 max
V612 Qpas eevccreeece ?67 Qg mex

The choice of appropriate partial functions was based on fin-
ding in a given row of the (Q..] matrix a maximal vslue of cor-
relation coefficient. The num% r of index corresponds to the
number of assumed function (9) «15) . Because of very small dif-
ferences (3) -(8) between the correlation coefficients for linear
function ¢ ., and all the remaining coefficients, it was finally
decided tha% partial functions are of linear character. The de-
termination of which relations (3) -(8) will be included in the
first model and which in the second was done by comparing maxi-
mal correlation coefficients and by choosing the three largest
consecutive coefficients. This condition was met by the follo-

wing functions:
fi (q/Q), fi(ATu) ’ fi(TB)
The following final form was thus proposed for model 1:

Jy = 854 + 8449/Q + azj_A'L'l+ + a34 Ty (19)

and for model 2:

Iy = byt v440/Q + bZiAT4+ by T3 + byyX, (20)
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The calculation of coefficients of regression surface for
functions of many variables —

Approximations of the functions indicated by the formula
(19) and (20) are obtained by the help of the APROX-3 computer
program. The algorithm of this program is as follows:

1) Calculation of terms of correlation matrix

]T=(g1k) (21)
where:
correlation coefficient 9 ik 18 calculated from the for-
mula:
NPOM
gik = - {22)
NPOM .« dlx,) » di(x.)

i J

2) The formulation on the basis of correlation matrix and ave-
rage deviation of the variance-covariance matrix

2
6 go]aG 62, ee 0 ee0 ey ?1361 GJ
qu‘ 62 61,62 ,o.oocooo-ooo'?zjsz Gj

?‘11 6361, 932 6362, secessssny GJ

where:

NPOM 2

2 (x4, %)
Ei= g1k T (24)

NPOM

3} Coefficients of regression are calculated

b, = 01d (25)
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321
Do = ,Ug- 1Z=1bi Uy (26)

where: 4
ij

Vou's

minor value of the matrix 37

average value
i - 1’2,3 orTr i = 1,2, XEXYX) "‘

the number of a consecutive parameter of water
quality

=]
]

The determination of relation between the increase of
concentration at cross-section -

The general form of this relation has been formulated abo-
ve (19) and (20). The algorithm of calculations is shown in po-
int 2, and calculations were realized with the help of the
APROX-3 and FUNCT-3 computer programs.

The value Ci is calculated from:

where:
C41L - concentration of the i-th substance at the left
river bank below the power plant
C - concentration of the i-th substance at the right

ip river bank above the power plant

The determination of relations between the increase of
concentration at longitudinal section and the discharge
of heated waters -—

The outline of calculations was presented in the part devo-
ted to the algorithm of the FUNCT-3 program. The value ACi used
in approximating the function was calculated from:

Ac, = Ty = Cyuyy, (28)
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where: ,
C31 = average concentration value of the i-th substance
upstream from the power plant

641L= average concentration value of the i-th substance
downstream from the power plant

The values of regression coefficients calculated by means
of the APROX-3 program are given in table 31,

Table 31. Regression coefficients for model 2

egres- o D.0 BOD; Ammonia Nitrite Nitrate g'{%ggégn
_ficient
bo =3 .601 0.462 0.503 0.062 0.014 0.526
b4 0.117 0.029 =0.003 ~0.001 0.0207 0.0162
b2 -0.021 =0.052 =C.003 -C.0008 <0,0019 -0.0007
b3 0.00001 0.0001 =C.0001 0.0002 «=0.,0004& 0.0006
b4 -0.216 0.222 0.017  0.0095 =0.0095 -0.1553
Conclusion

The analysis of relations between the changes in concentra-
tion of given parameters of water quality and factors characte-
rizing the influence of heated waters has shown that these rela-
tions are weak. In tabl. 32 we can see variance coefficients for
different parameters of water quality and types of mathematical

models, (Vi).

| /[NPOM 2'
2laCy = 3
V., = —
1 yxpow - Ac,

{29)

The calculated coefficients are characterized, first of all, by
the degree of reality in representing the relations by a propo-
sed mathematical model. In the case when variance coefficlent

equals zero we can assume that the proposed model represents the

105



Coefficients of variance

Table 32,
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reality ideally. In our case the comparison of variance coeffi-
clents for a given parameter of water quality has helped in de-
termining which model is the best,

On the basis of calculated variance coefficients it can be
stated that for BOD5 parameters, for dissolved oxygen and nitri-
tes the correlation”between the obtained results is average.For
water quality parameters such as nitrates, organic nitrogen and
ammonia it was observed that correlations in the described mo-
dels are weak. It is also worth marking that in the case of four
variable function in which the fourth is the load of the subs-
tance, upstream from the power plant the variance coefficient
decreases.

Thus it seems that the proposed mathematical model 2 cha-
racterizes better the occurring phenomena than model 1., The final
form of the model 2 can be written as follows:

Jg = Dog* bgy® Q/Q + byt AT+ byt Toab, e Tyue Q@ (30)

under the condition that it is applied only for such parameters
as the changes in BOD: and the changes in concentration of dis-
solved oxygen and nit¥ites.

‘The analysis of regression coefficients shown in tabl.31 shows
that the model given in the formula 30 has the character of mean
deviation function i.e. even with large changes in the three va-
riables q/Q,AT4 and Ty the changes of y, are small. Only in the
- case of changes of the " fourth variable C3; Q the value of y. is
very sensitive. The comparison of regresg}on coefficients fo
the model referring to oxygen shows that the changes in the amo-
unt of oxygen depend on the value of q/Q, on the temperatureAT4
and, in a smaller degree, on the temperature upstream from the
power plant T,. En the case of BOD. the above comments are iden=-
tical, with this difference that tge changes in BOD; depend also
on the load of organic compounds upstream from the Bower plant.
The analysis of regression coefficients for the model describing
the changes in nitrite concentrations shows that the increase in
concentration depends, first of all, on the increase of tempera-
ture.

It can be assumed then, that the given model satisfactorily

presents the physical and chemical conditions caused by the ther-
mal water discharge, which influences the water quality.
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THE EFFECT OF TEMPERATURE ON THE SIZE DISTRIBUTION
OF SUSPENDED PARTICLES IN WATER

Introduction

Downstream from the heated water discharge point from the
Kogienice power plant the Vistula river is used as a source of
water supply. One of its more important users is the Warsaw mu-
nicipal water works. Because of the use of filtration methods
agglomeration of particles suspended in the intaken water is es~
sential. Hence the problem how the heated water from the Kozie~
nice power plant can affect agglomeration of particles suspended
in the Vistula water.

Investigation of this problem was carried out in two ways:
in the natural river habitat and in the laboratory. In the first
ease observations were made in the area of the heated water dis-
charge station 3, 4, 4a, IV ; in the other-samples of the Vis-
tula water which were being kept for a given period of time at
a given temperature were analyzed.

Research on the size distribution of suspended particles
was carried out by means of the Coulter Counter.

~.
~
~

Up to now the Coulter Counter has beenwidelyused in such
fields of sclience as biology and geology 32, 33, 34 , whereas
in water investigation it has been mainly applied in oceanogra-
phy. The published works making use of the Coulter Counter dealt
with such problems as determining the size distribution of sus-
pended particles in surface water, depending on the distance
from the shore and the depth of water reservoirs, and on the wa-
ter current distribution 35, 36, 37, 38 .

In the accessible bibliography no publication on the effect

of water temperature on the size distribution of suspended par-
ticles has been found.

Materials and methods

The principle of the measurement of suspended particles
by means of the Coulter Counter -~

The Coulter Counter, Model B, Coulter Electronics Inc.,
Hialeah, Florida, USA, was wsed in this research.

The Coulter Counter is an electronic device measuring the

size and the number of particles suspended in an electrolyte by
means of the conductance method. Its diagram is shown on fig.25.
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Two electrodes 9 and 10 placed in electrolyte 3 are sepa-
rated from each other by an aperture tudbe 1, with an aperture 2
in its lower part. There is a current of constant voltage bet-
ween the electrodes. By means of a pump the electrolyte is made
to flow through the aperture. When a suspended particle appears
in the aperture, resistance between the electrodes changes,which
results in an impulse - a short-lasting change in the voltage of
the system. The amplitude of an impulse is proportionate to the
size of a particle. After passing the main amplifier 12 the im-~
pulse passes to threshold circuit (discriminator) 13, which sen-
ds only the impulses of a given amplitude to the counter. On re-
peating the analysis of the same sample at different levels of
discrimination we obtain a curve of distribution of given sus-
pended particles.

The vacuum system is supplied with a mercury manometer,
which allows for a constant flow of a given volume of the ana-~
lysed sample (50, 500 oxr 2000 microliters) through the apertu-
re.

. Calibration of the instrument is done by means of mono .~-
sized particles placed in electrolyte. Plastic spheres or pol-
len of appropriate plants are used here. The electrolyte should
now be the same as the one used for testing a sample. The par-
ticles whose diameter equals to 5 - 20 percent of the aperture
diameter are best for calibration. The calibration constant k
is computed from the formula:

v

kK = ——
I‘Act

L

where:
V - volume of calibrating material, /um3

I - aperture current setting
A - amplifier setting
t;- lower threshold setting

This calibration constant is valid as long as no changes
are made except in I, A, and t;. Any given comblnation of dial
settings will represent a Spec§fic particle volume and may be
determined by the formula:

v=ko«I«A-. tL
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The particle diameter 4@ equivalent to a sphere volume 1s cal=-
culated from the formula:

3

Accurate results of particle measurement by the Coulter
Counter can be only obtained when particles pass through the
aperture one by one. However. it was proved that multiple pas-
sages are inevitable. The most frequent of coincident passeges
are double ones. And that is why they were taken into account
in the final adjustment of measurement results.

Such coincident passages of the suspended particles analy-
zed with the Coulter Counter make the result of the counting
too low. They also cause some displacement of the size distri-
bution curve; this means that the impulses which have been coun-
ted are below a given threshold setting.

Because of the coincident passages some correction is ne-
cessary to introduce to the obtained results. Coincidence cor-
rection factor is calculated as follows:

b = 2,5(_2_)3 . (22)
100 v

where:
' D = aperture diameter in /on

v counted sample volume in ,um3

Hence the coincidence correction n"is counted and added to the
average results taken from the counter n?’:

- 2
n"=p( n? )
1000

In practice, in order to retain an overall accuracy of re-
sults (about 1 %), the coincidence corrections should be about
10 %. Therefore, an optimal number of particles in a sample of
a given volume and for a given aperture diameter has been de-
termined by testing. ’
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Procedure

The samples of water from Vistula were fixed by a 4 % so-
lution of sublimate added in quantities of 2 cm?/l1 and stored
for 24 hours at room temperature.

All solutions of reagents added to a tested sémple were
firstfiltered through a membrane filter (procedure repeated
twice/. '

Before the commencement of the analysis the thoroughly mi-
xed samples were filtered through a plankton net no.25 net mesh
(diametexr ca.55‘um) applying a vacuum water pump. Thus that sus-
pension whose 8ige exceeded the required size for used aperture
( 100 /um) was removed.

After filtering the samples for laboratory investigation
they were put in beakers and placed in thermostats regulated
for temperatures of 5, 10, 20, 32°C. Two tests were conducted:
one for samples kept in thermostat for 15 min. and the other
kept there for:5 hours.

Immediately before counting the particles such an amount
of a 25 % solution of sodium chloride was added as to give a
concentration of electrolyte in the sample of 1 %.

: The measurements of suspension by means of the Coulter
Counter was made according to the instructions provided by its
producers (39). The apparatus was calibrated with polystyrene
particles of 18.04 /un diameter with the following parameters:

tL = 26
I =1
A =2

The calibration constant thus calculated equalled k = 58.7

The sample volume, programmed with a mercury manometer
equalled to 500 l. This, at aperture diameter of 100 fum gave
a coincldence coaistant "p" of 2.5.

The precision of the applied method is given in enclosure
7. _
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Results
The results of measurements are given in Enclosures 101 -
109 and they contain the following data:
- number of suspended particles in 500 Jjul of a sample
0’ = average from 3 reading
n = n’ after including the coincidence correction
(v.Materials and Methods).
- extremal size of given distributions of counted particles:

V = particle volume in /um3 (v.Materials and Me-
thods)
d = particle diameter calculated from particle

volume in /um.

- weigh percentage of pérticles, grouped above & given boundary
of size calculated on the basis of results n, V

Wt = ZiAn) ¥
where:
An = difference in the amount of particles in consecu-
tive pairs of results,
V = average particles size in a given distribution

Example of calculation:

n v . An v (An)V 2An)V wt %
0 188000 3
1 14100C 141x10 141 3.4
94000
4 70500 287 " 423 10.3
5 47000
16 35250 564 " 987 24 .1
21 23500
176 17.625 3108 " 4095 100
197 11750

A set of all enclosures included in a separate part of the
work entitled the Suplement to "Studies on the Effects of Heated
Waters Discharged from the Kozlenice Power Plant on the physico=
chemical processes in the Vistula River and on the Water Quality®
Research Grand No. PR-05-532-5, Basic Data. Warsaw,Poland 1976.
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Discussion

Influence of the heated water discharge on the suspended
particles in the Vistula river —

The research on the influence of heated water discharge
from the Kozienice power plant on the size distribution of sus-
pended particles in Vistula was conducted at temperatures diffe-
rences of water wupstream and downstream from the power plant,
equalling from 1.6 to 6.0 ©C (tabl. 33 ). The difference between
the right and left river bank below the power plant also reached
6 °C. On the other hand, the heating of water in the power plant
reached 18.1 OC in relation to intake water from the river.

The spectrum of suspended particles obtained on the basis
of the results embraced particles of volume greater than 18 /um%
or of a 3.3 ol diameter.

The total amount of particles in suspension, gepending on
a sample, was between 11 and 83 thousand in 0.5 cm” of water.
Particles of volume exceeding 18784 um’ (33 éum diameter) eit-
her did not occur at all, or occurred “much les§ often than par-
ticles of smaller size.

The differences between the total amounts of particles 1n
samples from stations influenced by heated water (4 1, 4al, IV)
and from stations not influenced by heated water (3 1, 4 r) had
either a positive or negative sign (tabl.34, 35, 36). Absolute
values of these differences do not depend on temperature,

It can be noticed, though, that there is a certain regula-
rity of changes of total amount of suspended particles in rela-
tion to seasons. From October on there is a clear decrease of
the amount of particles at all stations. This decrease exceeded
50 % of all particles observed in summer months. This points to
a considerable influence of water organisms on the amount of su-
spension in the Vistula, which was proved recently by biological
research,

The difference between parallel results for stations influ-
enced b{ heated water and not influenced by it (4 1 - 3 lj4al -
31; 41 ~4m; 41 ~41r; IV -3 1), on the basis of the Stu-
dent test at changeability level of 5 % should be considered
as unessential. ‘

A comparison of the number of particles in the Vistula wa-
ter in periods of highest temperature differences between hea-
ted and unheated water was done (between stations No 4 1 - 3 1;
4 1 - 4 r)i.e. in 9.1, 10.21, 11,11 and 12.2 1975. The incre-
agse of temperature exceeded 4 O,
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Table 33, Temperature of Vistula water during the sampling
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Table 34. Changes of total number of suspeaded solid (5.2 - 33 /um)
along the Vistula river
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Pable 35. Changes of total number of suspended solid (5.2 - 33 /um)
across the Vistula river
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Table 36. Changes of total number of suspended solid
52 = 33 am 1in Vistula water after pas-
sing through cooling system

Date Stations Difference
31 IV IV -31
9, 16. 75 36242 30165 - 6077
10. 7. 75 14388 22996 + 8608
10. 21, 75 10748 15730 + 4982
11.:11., 75 12311 22102 + 9791
12. 3. 175 15294 13958 - 1336

The curves of percentage of particles of a given size in sam-
ples from stations 3 1, 4 1, and 4al had similar shape, Only in
two cases were the curves closely adjacent to each other (Fig.
26, 27). In the two remaining cases we could observe a certain
dislocation of the curves in relation to each other (Fig.28,29).
Clear differences in relation to the curve for station upstream
from the power plant were marked in curves for water in the dis-
charge channel and for water at station 4a. Taking into conside-
ration that the curve for water in the discharge channel was pla-
ced interchangeably higher or lower in relation to the curve for
station 3, it should be supposed that the temperature was not
the only decisive factor shaping the spectrum of suspension.

In the case of curves for stations 3 and &4 (Fig.28, 29) we
can notice a larger or smaller displacement of the curve scale
for stations being under a direct influence of heated water.
This dislocation is especially clearly seen on Fig. 28 and po-
ints to a decrease of dispersion of suspension in heated water.
Thus, at station 4 1 suspended particles of diameter exceeding
10 mam constituted 47 %, and particles of a diameter exceeding
20 {um 12 %, while at station 3 1 the amount of particles of
analogous sizes was 39 % and 8 %.
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Influence of temperature on the suspension in water —

The results of laboratory tests gave a spectrum of suspen-
sion in water covering also particles larger than 18784 ,um’.
The general number of particles in suspension could be eétima-
ted as several thousand in 0.5 ml1 of water.

Fifteen minute test — The fifteen minute test was conduc-
ted twice with two different samples of surface water. Three
samples of the same type of water were incubated. The measure-
ment of suspension was done separately for each sample ( enclo-
sures 110 - 117). Averages from the total number of counted par-
ticles are given in tabl. 37.

Table 37. Fifteen minutes test: average of total number
of particles

Sample No 5 °¢ 10 °¢ 20 °c 32 °¢
1 25826 49032 50190 50848
2 68439 53192 49969 62861

Starting with the number of particles in the temperature
of 20°C in both cases, a certain increase in the amount of par-
ticles was noticed when temperature was increased. A decrease
of temperature caused a decrease in the amount of particles in
one case, and an increase in that amount the other,

The analysis of the size distribution of incubated parti-
cles (15 min. test) has not shown any decided influence of wa-
ter temperature on suspension.

Five-hour test — The five-hour test was conducted six ti-
mes with six different samples of water. Two samples were tes-
ted in three parallel repetitions (samples 5 and 6). The measu-
rement of suspension was done separately = for each sample (enclo-
sures 118 - 130). Total number of particles are given in tabl.38.
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Table 38. Five hours test: total number of particles

Sample No 5 °cC 10 °c 20 °c 32 °¢
1 80414 43363 55371 -
2 79659 37419 36140 39024
3 35602 44652 20877 43532
4 47165 33056 49521 33947
5 % 56109 59241 46209 43218
6 * 42523 39108 40561 27379

X

averages from 3 measurements

Starting with the number of particles in 20 °C it can be
noticed that in most cases the total number of particles incre=
ased when the temperature decreased down to 5 ©C: only in one
case did the amount of particles decrease, which, however, did
not exceed the boundary of error of measurement. When tempera-
ture increased, the total amount of particles showed a tendency
to decrease.

The influence of temperature on the size distribution of
particles in water is illustrated by curves of wejght pexrcenta-
ge of particles above a certain size ( £1g.30, 31). On these
curves it shown that an increase in temperature caused a decre-
ase of number of particles larger size. Particles of a diameter
above 10 /o constituted percent :

temp. 5 °c ¢ 72 - 80
temp.10 °C : 65 - 75
temp.20-°C : 50 - 69
temp.32 °C : 30 - 35

The results of research conducted on the influence of tem-.
perature on the amount and size distribution of suspension par-
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ticles by means of the Coulter counter have shown what follows:

In the period of research the total amount of particles of
a 33 - 33.0 /om giametrin Vistula river equalled from 11 to 80
thousand in 0.5 cm” of water.

The heating of Vistula water by the Kozienice power plant
did not influence unequivocally the total amount of particles in a
given semple of water. The differences in the amount of parti-
cles in water downstream and upstream from the power plant equ-
alled from -72.000 to +11.000. Most often the increase of suspen-
gion amount was noticed in the heated area of the river.

A high decrease more than 40 % of the amount of particles
in autumn and winter was noticed in relation to summer, and it
was caused by a considerable influence of water organisms.

The analysis of percentage of particles above a given size
in samples of heated and unheated water did not point to unequivo-
cal differences. In some cases we could notice a tendency of in-
creasing the number of larger particles in heated water.

The results of laboratory tests have also not shown a defi-
nite dependence of the size distribution of particles on tempe-
rature. In some cases one could observe a decrease in the amount
of larger particles in higher temperatures.

Conducted tests have confirmed the usefulness of the Coul-
ter Counter in the research on the water suspension. At the same
time it should be stated that the methodology of this type of
tests requires certain improvement especially in the field of
preservation and storage the water samples.

THE INFLUENCE OF TEMPERATURE ON THE BIOCHEMICAL PROCESSES
OCCURRING IN THE VISTULA RIVER

The aim of the investigation was learn the biochemical
changes and the changes in the water quality resulting from
them in extreme temperatures, which could not be observed in
field investigations on the influence of the heated water from
the Kozienice power plant on the quality of water in Vistula.

Materials and methodology

The laboratory investigations on the biochemical processes
in relation to temperature were conducted in the wide range of
temperatures from 4 to 40 °C. '
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A sample of Vistula water, after homogenizing and preparing
in apprOp;%ate temperature, was placed ina series of bottles of
ca. 300 ¢ capacity and tightly stoppered, without leaving a
single bubble of air under the stopper. In the case when in tes-
ted temperature the oxygen saturation was greater than 100 %,
the excess of oxygen was removed. The bottles were then placed
in thermostats in which temperatures were kept a few degrees
apart, within the range from 4 to 40°C, during five 24-hour pe-
riods or longer. In these samples at the beginning and then eve-
ry day the following parameters were checked and marked: dissol-
ved oxygen, ammonia, nitrites,nitrates,organic nitrogen and pH.
Consecutive measurements were done by methods described on page
60.

Research results

Oxygen proocesses —

Several series of tests on the changes in the oxygen amount
in Vistula as caused by occurring bioochemical processes of decom=-
position of various organic compounds at different temperatures
were conducted. The results show that a decrease of oxygen con-
centration in water due to the processes of blochemical decom-
iosition of organic substances was very clearly dependent on

emperature. Several measurements were done which, in spite of
a fairly large irregularity can enable us to see the character
of the process,., It is illustrated on figure 32, showing oxygen
consumption and on figure 33 showing changes of BODs of the Vis-
tula river. At 4 OC biochemical processes practically stopped;
at 10 °C oxygen consumption was also small and during the next
five days it did not decrease below 4 mg/l Op. At 20 °C this 1i-
mit was exceeded in three days. At 30 ©C in %our days the water
was practically deoxidized. Within the range of temperatures up
to 30 © an increase of temperature was accompanied by increase
of oxygen consumption. In 40 ©C oxygen consumption decreased
again. It can be explained by a slow-down of microbial activity
which 1s responsible for biochemical decomposition of organic
substances and a decrease of oxygen intake.

The results show that the rate of oxygen consumption in wa-
ter which depends on biochemical processes 1s variable and depen-
dent on the quantity and quality of polluting substances and al-
S0 on water micro-organisms; it varies among different samples
of water taken from different places of the river and at diffe-
rent times. .
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Nitrification —

Several measurements of nitrification processes in Vistula
were done.During investigations of the effect of temperature on
changes of ammonia concentration two cases were observed: the
first for ammonia concentration within the range of several mg/l
and the second for concentrations within the range of hundredths
of mg/l. In the first case (fig.34) a considerable decrease of
ammonia concentration occurred. Dependence on temperature was
clearlg marked. The lowest decdrease occurred at the temperature
of 4 °C, and the highest at the temperature of 20 ©C when the
ammonia concentration decreased down from 2.6 to 0.3 mg/l N.

At the temperature of 30 ©C the speed of ammonia oxidation was
subject to a repeated decrease, and at 40 °C the process was
agaln as slight as at 4 ©C.

The obtained results prove that the nitrificatlon process 1s
clearly dependent on temperature.

The initial concentration of nitrites in the tested water
was always small, below O.1 mg/l N. The changes in the nitrite
concentration were largely dependent on temperature (fig.35,
tabl.39). At low temperatures of 4 and 10 ©C the amount of ni-
trites remained at an almost unchanged level. A considerable in-
crease in the concentration of nitrites was observed in tempera-
tures of 20 and 30 °C. However, at the temperature of 40 °C we
could see that the nitrification procéss stopped and concentra-
tion of nitrites remained at the same level throughout the pe=
riod of incubation. The curves illustrating the increase of ni-
trites in the temperatures of the temperatures of 200 and 30°
point to an acceleration of the process of involving of nitrites
during incubation. In some cases a decrease of the amount of ni-
trites after four days of incubation was observed, which points
to an oxidation of nitrites into nitrates.
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Table 39, Changes of nitrite concentration in Vistula
water., March 1974. The initial concentration
of ammonia = 3.8 mg/l N

Temp. Nitrite concentration, mg/l N
°c 0 0.7 1,7 2.7 3.7 4.7
1 0.032 0,039 0,047 0,034 0,040  0.035
10 0.032  0.037  0.041 0.043  0.054  0.058
20 0.032  0.048 0,059 0,120  0.308  0.950
32,5 0.032  0.055  0.160 0.512  0.43 X 1 14X%
40 0.032  0.038  0.048 0.051  0.059  0.070

x) increase of nitrate 0.05 mg/l N
xx}inc:cease of nitrate 0,07 mg/l N

Discusgion

Determination of k, constant changes in various temperatures —

The samples of water with low ammonia concentration were
chosen for calculations. In such cases BOD; was caused only by
the process of oxidation of organic carbon” compounds. The possi-
bility of calculation of k4 constant with the help of wvarious
methods has been checked. }he classic method of Reed Thierault
(40) was chosen as the best one in this case.

The results for the waters of the Vistula were as follows:

-1

)
Date Temp. C k. d Q4

J anuary 10 0.097

1973 20 0.146 1.041
30 0.216
March 14 0.102
0 0.12

1973 20 0.160 1.024
30 0.202
June 10 0.065
20 0.083

1974 30 0.108 1.025
40 0.136

=1
The averaged and rounded k1(2000)= 0.1 ¢
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Determination of the rate of nitrification in different
temperatures -~

The water from the 'Vistula river near Kozienice was inves-
tigated; it was heavily polluted with ammonia in winter. In la-
boratory investigations, during incubation, the most signifiocant
changes at various temperatures were observed in the case of ni-
trites involving. The following relationship was used for defi-
ning the rate of nitrification: »

J4

108—_—'30(1 t-a1 (1)
A"y,‘
where:
Y4 = the concentration of nitrites in water after incu-

bation in mg/l N

initial ammonia concentration in mg/l N
time

o4 - ammonia oxidation rate factor

a, - constant of the process of nitrification

ot b
t

The above presented data served as the basis for the graphs on
which the time t is shown on x-axis and y-axis contains the

expression log g (£1g.36) . The marked points formed nearly

1
A-y4
straight lines, the slope of which indicates the value of <X 4.

The results are presented in tabl. 40. A distinct dependence of
o{4 factor on temperature has been observed. For easier evalua-
tion of temperature influence on L, values, the ratios of of,
values at different temperatures to this vaiue at 32.5°C were
calculated. This particulate temperature of reference was chosen,
because of its presence in all series,

Average results are presented below:

temperature °C 10 20 25 27.5 30 32,5 35 40
oL
t

% 51 143 131 123 111 100 8 48

These values marked on the graph (£1g.37) have shown that the
maximum eCappears near 20 °C and at higher temperatures £ de-
creases.,
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Table 40. Results of nitrification process study

Temp. P t. A
Period Station ¢ a~? d  mg/l Ny
4
10 0.19
3 074 below Pulawy 20 0055 5 07 205
32.5 C.34 5.6
10 0.23
3071} below KOZienicQ' 20 0054 4,9 2.7
32.5 0.40 4.7
40 0.26
10 0.15
307“' belcw KOZienice &0 0063 506 308
32.5 0.37 5.0
40 0.12
6.74 below Kozienice 10 0.24 9.2 2.5
20 0.53 3.4
32.5 0.47 2.5
25 0.54 - 6.5
2,75 upstream Putawy 27.5 0.66 6.2 1.7
32.5 0.60 6.2
37 -
30 0.66 4.4
2.75 Czerniakébw 32.5 0.59 4.6
35 0.48 5.2
25 0.68 5.5
3.75 below Kozienice 27.5 0.49 5.1 1.4
30 0.58 5.0
32.5 0.52 5.7
35 0 .46 5.5
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Consumption of oxygen takes place during nitrification.
The course of this process can be shown as follows:

NOD = 3.22 y4 + 1.11 3, (2)

where:

NOD - nitrogen oxygen demand

¥4 - concentration of nitrites after incubation in mg/1N

yo - concentration of nitrates after incubation in mg/1lN
Because the nitrification at the second stage (oxidation of ni-
trites into nitrates) was very slow and in most cases was not
observed at all, the formula can be shortened into the following

form:

The line showing the consumption of oxygen according to the abo-
ve presented equation has taken the form of the letter S (fig.
38). That graph has a long section resembling a straight line
of the following slope:

3.22 2,303 ¢ A o oC
4

which can be obtained from the transformation of equation:

y _ A . 100Ct"a
1 + 10%t-8
At=-g
Y . 2.3032(a 10 " - 5
at (1 + 107t-2)

When t = t, , which equals half of the time of reaction,
then

dy _ 2.303 .ol 4
dt | t=ty 4

taking into consideration the equation:(2)
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Fig. 38. Oxygen demand for nitrifioation of the I stage
for Vistula water. March, 1974. The inltial
concentration of emmonia A = 3.8 mg/l N
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dNOD _ 2.303 « 3.22 Ol A
dt 4

The slope of a straight line approximates the slope of a curve
the best, when calculated for t = t4, because just this point
is an inflection point of a curve.

Oxygen balance in river waters depends on the rate of oxy-
gen consumption and on the rate of reaeration. If the rate of
oxygen consumption does not depend on time what applies for the
time interval in which the curve of oxygen consumption is appro-
ximately a straight line oxygen concentration aims to the bala-
nce defined by the expression:

2.22 » 2,303 st & _ . . 2,303
4

it results from the formula for the rate of reseration

4D _ 5. 303 ky* D

at

Finally, oxygen conditions aim to the equilibrium when oxygen
deficit is equal to:

0.805 « A +OX
ko

For example,in the water of concentration equal to 3.8mg/1N-NHa 1
D.0O. deficit is as follows (conditigns k= 0,51 a5 X = 0.15 4~
at 109C; 0.63 at 20°C; 0.37 at 32.5°C: 0712 at 40°C)

temp.°C D mg/l 0,
10 0.9
20 3.8
32.5 2.2
40 0.7

Taking into consideration a possible influence of heating on ni-
trification and oxygen balance in the Vistula river, three per-
10ds can be distinguished: a) in winter when water temperature
is close to 0°C and water is covered with ice; b) in summer when
natural water - temperature is about 20°C; c¢) in autumn and in
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spring when water temperature is about 10 °c.

In winter the discharge of heated water may cause an lncre-
ase of water temperature in the river by several degrees and re-
lease a certain section of river from ice cover. The investiga-
tions show that at temperatures up to 10°C the process of nitri-
fication is very slow; both a decrease of ammonia concentration
and of oxygen consumption in the process of nitrification are
rather small.

Simultaneous diminuation of an ice cover improves the aeration
conditions in the water of a river.,

In summer the influence of heating upon nitrification will
also be small, which is due to two reasons: 1) in this period
the ammonia concentration in waters of the Vistula river near
Kozienice is usually very small, 2) heating of water by several
degrees above 20 OC will not affect oxygen coansumption in a lar-
ge extent because ol factor has its extreme at 20 ©OC.

The largest influence of heating on the process of nitrifi-
cation may appear in spring and in fall. In such periods the am=-
monia concentration may be high, an increase of temperature by
several degrees within the range of temperatures from 10 °C to
20 OC respectively can accelerate this process. It can also ca-
use a more rapid oxidation of ammonia and can accelerate oxygen
consump tion. .
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SECTION 7

THE METHOD FOR PERMISSIBLE RIVER WATER
TEMPERATURE CALCULATION BASED ON THE
OXYGEN CRITERIA

CRITICAL OXYGEN DEFICIT CALCULATION

Excessive organic pollution load discharged into the river
can cause a harmful oxygen deficit in the receiver water. The
temperature increase accelerates oxygen uptake process and can
cause additional oxygen depletion. The oxygen balance in the ri-
ver may be controlled by means of either reduction of organic
load discharged into the river or reduction of heat discharged
from the power plant.

Oxygen deficit can be calculated from the following equa-
tion:

~kqt -k, t -k, t

-1 %)+, - 10 (1)

(10

which is a transformed Streeter Phelps’a equation,
where:

k4 - oxygen uptake rate coefficient

k2 - reaeration rate coefficient
I - final BOD
Do - initial oxygen deficit

The time t,., corresponding to the critical, i.e. maximum oxygen
deficit can " be calculated from the equation: :

t =

1 kK, k,lk,=lk ) D
- log/ -2 - 22 1 °) Y
cTr K. =k

2=k

- 2
k1 k1 A Lo
where:’
Lo - initial BOD of the river wvater after mixing with
wastes.
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The following data are necessary for the calculation:

Do - initial oxygen deficit at the cross-section of ri-
ver, in which the waste waters are fully mixed with
river water ,

L° - total initial BOD
k1, ka’ 61’ 92

Do and Lo can be calculated from the equations:

Dr . Qr + Dw e G

D, =~ Y- mg/1 0, (3)
Qr + Qw
BOD_» Q_+BOD_. Q
BOD5 pyxed = —= "= mg/1 02 (4)
Qr+ Qw
where index "r" denotes river water
and "w" denotes waste water.
The final BOD ( Lo) is related to BODs:
L = ,BOD5 mix (5)
o - -5k1
1 -« 10

The calculation of oxygen deficit for different temperatures and
values of BOD; allows for the determination of the maximum per-
missible temerature of river water in relation to minimum oxy-
gen concentration required. Such & calculation consists of the
subsequent approximations which require many calculations.

An attempt to formulate a direct relation enabling permissible
temperature calculation, was made to simplify the necessary com-
putations.

FORMULATION OF OXYGEN CRITERION RELATION ENABLING
PERMISSIBLE TEMPERATURE CALCULATION

On the base of Streeter Phelp’s equations, the equations
for direct calculation of permissible temperature as function
of organic load and tolerated minimum oxygen concentration are

suggested.
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The temperature rgnge from 25 °C to 35 °C was considered.
The temperature of 35 “C is & maximal temperature permissible
for other reasons than oxygen conditions, e.g. for the protec-
tion of biocenosis of a river. Temperature of 25 ©C is the natu-
rai river water temperature often occurring in summer time in
Poland.

The simplifying assumption was made, that the temperature
during the biochemical decomposition of organic matter in the ri-
ver is constant. It is roughly true if the temperature of river
water depends on the natural climatic conditions only, but in
the case of heated water discharge from power plant such assum=-
ption does not correspond to the real situation,In fact, the tem-
perature below the power plant decreases along the river course
due to the mixing of heated water with river water and to trans-
ferring of heat into atmosphere.This continuous decrease of tem-
perature complicates the calculations, so the simplifying assum-
ption was made, that the river water temperature is constant
along the river section under consideration, and that it equals
to the temperature of water at the point of thermal water dis-

" charge with assumption of full mixing. In fact, the temperature
in the vicinity of heated water discharge 1s higher, and down-
stream is lower than the temperature in such a way assumed,which
approximates this assumption to the average real temperature.

In following part of paper the equations were deducted for
two cases: 1) 100 % saturation of river water with oxygen at
the initial point of the river section under consideration and
2) with assumption of initial oxygen deficit.,

Case No 1

If initial oxygen deficit Do equals to zero, the Streeter-
Phelps equation

-k2/k2-k1 -k1/k2-k1
k D k,- k
2 0 2 1
Doy = o2 N -l
k1 Lo k1
is transformed to
] 2 _ -f/f=-
Dcr = LO(I(—) = Lo « T ‘(6)
1
~f/f=1

where fékz/kt.@he term Loof is discontinuous when f = 1,
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o

In such a case
_ . -f/f=1
Dcr = %iq L° £

0

()

If C denotes minimum oxygen concentration requested at the cri-
tical point, the following condition must be satisfied:

C. -C2D

5 (7)

cr

where Cs denotes solubility of oxygen in water at a given tem-
perature.

The formulas (6) and (7) may be rearranged:
-£/f£-1
CS - CE=L° « £ £ #£1

Cg - C?LO/e £ =1

For meaximum permissible temperature calculation we can consider
the equation:

I =
Cs - C = Lo f (8)
The term £~1/%-1 may be approximated:
if 0.5 <f<2.5 if 2.5<£<10
4 f+1 £+1.,5969

The value of oxygen concentration in water in equilibrium with
air at temperature T is approximatively given by Hatfield’s (41)
equation:

c o Q.678(P - /M) (10)

8 T + 35

where:
P - atmospheric pressure, mm Hg
- water vapor pressure, mm Hg

T - temperature, °c
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We can replace this equation by an approximated one:

) 0.678(P- muq)
0.678(P- up) 55  0:678(P- ) (1 T-BO)
s = = = - —— ]
T - 30 + 65 1 4 £=20 65 65
65

T+ 0.678(P- uy) 95 - 0.6718(3-/%)

= - +
65° 652

This may be written as:

0.678 (1>1uT )
e

Cs =a-°+ T+ Db where a = =
65

. 95 « 0.678(P- ug)
) 65° |

As ,u, depends on the temperature, the calculation & and b as
conétgnts follows to some error. This error may be neglected,

if we draw the straight line aT+b through two points at the ends
of temperature range under consideration, i.e. corresponding to
25 OC and 35 ©°C. Concentration of oxygen at saturation of water
with air amounts to 8.33 and 6.95 mg/l, respectively.

The equation of such straight line is:

C. - C C - C/ 6.95 - 8.33
cg =1 21,1 -—2.p4c,=1. +
T,- Ty T,= Ty 35 - 25
8033 - 6.95
+ ®* 35 + 6,95 = « 0,137 T + 11,745
35 - 25
C. = = 0,137 T + 11,745 {(11)

8
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From equations 9 and 11 and 8 we can deduct:

if 0.5sfs2.5

c 037 T+ 11745 = C =L o 2 o — (12)
4

if 2.5 <f <10

L e 0.884 (13)

+1e

The parameter £ depends on temperature as follows:

(7-209)
k . 0.
_ f2(000)° %2 (1)

) 7209
k1 ¢200c) * 4 (

£

For the best approximation of £ as linear function of T, the
reference temperature equal to 300 is most appropriate.
Denoting f30° as fo

" o 10
p - —2(209 (%2
0 =
k9 (209 94
The values of 6, and ©, have the form of 1 + x, where x is a

small number of“several hundredth (e.g. 04 = 1.047), so we can
approximate the term 02/01 as follows:

OIO
[3¥)

1

The accuracy of such transformation is given below for typical
values of 6, = 1.024 and 04 = 1.047 -

02 1.024
_—- = 0.978
04 1.047

1 + Ga - 61 = 1 + 10024 - 100“‘7 = 00977
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The difference does nof exceed 0.001.
S0 the term 92/01 can be written as:

o
-é—%’;.'1+oC, where o = 6, = 8, (15)
1

and equation (14) as
T-30
©,

f(T)= £, (-5-1- (16)

f(T)= f0(1 +°C)T-30

The term (1 + djT'BO can be replaced by Newton’s series expan-
sion:

£p)= £, [1 +oC(T;30)+e62(T£30)+oCB(TSBO)-a- ceeeeeee]

For the typical  values of about 0.03 and temperature in the
range from 25 ©°C to 35 ©C, all terms in the series except

1+ d(T;BO), may be neglected. So
£0p)% £,[1 +«(z-30)] (17)

The following example shows the accuracy of such approximation
if the temperature amounts to 25 ©OC and o« equals from
1,024 - 1,047 = - 0.023

(1 + T30 = 0.97777 = 1.123

1 + £(2-30) = 1 - 0.023(-5)= 1.115

The error equal to 0.74 % may be neglected. If temperature co-
mes closer to 30 ©°C, the error will be lower,

Substitution of equation (12) into (17) if 0.5<£<2.5
follows -to the following equations:
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- 0,137 T + 11,745 - C

3.1 1 1
4 %1+ £ [1 +(D-30)] el

or:

2 ° L 1 ’. 1
o £Lf (T=30)
4 1+ o 1 4 o)

1¢fo

- 00137 T + 11.7“’5 - C

quo (T-30)

As the term is much smaller than 1, (at the typical

1+ f, values £ = - 0.023, T-30<5, £<2.5

o« fo(T-BO)
1 + fo

< 0.08

we can replace equation (18) by the approximate one:

3 1 o(fo(T-JO)
-0.137T+11.745-C.§—-Lo (1-—-———)

4 1+fo 1 + fo
Rearranging of the last equation follows to

0,75 L
C - 11745 + ——= (1 + £ + 30L2)
(1 + f()z

g =
0.75 L L f
20— - 0.137
(1 + fo)
0.75 L
11.745 - C - 71——-;—)—2-(1 + £+ BOonO)
+
T, = 9 (19)
0.75 Lol o £,
00137 - 2
(1 + fo)

144



Analogically, substitution of equation (13) to (17) follows to:
at 2.5 <f<10

0.8847
© 1,5969 + £ [1 +L(T-30)]

- 00137 T + 110745 - C = L

and approximating as formerly

0.8847
- 00137 T + 110745 - C = LO -
1.5969 + fo

0.8847 oL +£_+TeL,  0.8847 £, +L_+30
+
(1.5969 + £,)° (1.5969 + £ )2

0.8847 Lo

- 11,745 + C + 5 [1.5969+Ff +30L« £ _]
(1.5969+¢£ ) © ©
T. =
d 0.8847 <ol + £ ¢ L
- Ob137 + (1 2
5969 + fo)
0.8847 L,
11,745 = C = —————2—5 (1.5969+£ +L + £ * 30)
(1.5969+f0)
T, =
d C.8847 oCo £+ L,
00137 -

(1.5969 + £, )2
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0.885 I

11,745 - C - . (1.597+f + €+ £ * 30)
(1.597+:f.’°)2 ° o
Ty = (20)
0.885K+ £ o L
0,137 - o0

(1.597 + fo)2

Case No 2 1initial oxygen deficit is not equal zero

The exact equation describing permissible temperature based
on Streeter Phelps’a equation would be very complicated if the
initial oxygen deficit was unequal zero. So, the formal opera-
tion is applied, consisting of the assumption that at a certain
point t,, lying upstream from the initial considered part of the
river a complete BOD occurs (Lq), greater than L, and a deficit
equalling zero (fig.39). According to the Streeter Phelps equa-
tion at the starting point a deficit is formed which is equal to
the former initial deficit, and L4 decrease to Ly. At the assump-
tion that at point t4; (upstream from the initial point of the
river section under consideration) oxygen deficit equals zero
and total BOD equals L4, the oxygen curve below the starting
point runs in accordance with the Streeter Phelps curve, analo-
gically as at the assumption that total BOD and oxygen deficit
at starting point are equal Lo and D,.

It should only be assumed that:

1

5 |
Ly = Lo|1 - (2-1) - 2]TE (21)
o
L
o]
Then
1. e=f/E-1
Dcr = Ly i for £ £ 1
1
Dyp = Ly © — ‘ for £ = 1

In such a case we calculate the permissible temperature from
formulas 19 and 20, substituting value L4 instead of Lg.
However, in the case when the initial deficit i1s large in com-
parison with Lo’ the oxygen curve on the considered part does
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not have a minimum, which occurs above the initial point between
to and t1. This occurs in the case when critical time calculated
from:

1 k D, ky-k 1
or - og 2 (1. o ey T
k- Ky Ky L, kyq k- ky

el el -2 el g5 elel -2 (o)

o

has a negative wvalue. Thus the calculation of oxygen deficit for
a given sector is justified when t, .>0, or:

— o Lot - 22 (2 - 1)]}>o

ky £-1 L

in the case when £>1 we can omit A

ky £-1

e[ - 22 (e - ]}

TR Y P IO Y PR Fan



Analogical calculation for £<1 also leads to the condition:
Do L
Lo f

and for £ = 1 the expression for tcr is discontinuous, but con-
vergent to the limit:

t =liml-'—-1——log i‘[‘l .o (f..1)]}=__.1___.(1 ___39)

cr L 2.3 ky L

f—*‘l k1 f-1 o

0

condition tcrzo thus leads to the condition:

1 D
2
2.3 ky

thus 1= —=2 s which is an equivalent to the former condition

o
22
f Lo

Substituting for £ an expression from equation 17 we obtain

D 1
2 <

Ly £,[1 +«(1-30)]

The solution of inequality depends on the sign of the expression
1 +o{(T-30) . In the considered range of temperature from 20 to -
35 °C it can be written that -10< T=304£ +5. The value ={ is usu-
ally negative and much higher than -0.2 (which is confirmed by
all accessible data).
Thus:

oL (1=30})>=0.2 ¢ 5

L (T=30)> -1
1+ o(T=30)> 0
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In such a case:

D 1
inequality -2 <
Ly, £ [1 +d-30)]

can be transformed into (at the assumption o{<0):

ps 2ofoTo

-eﬂDofo

+ 30 °C
Critical oxygen deficit will occur only when the value T will
be higher than
Df,-1,
-J(Dofo

+ 30 °cC (22)

In a special case when £ = O, £ is unchangeable, thus the condi-
tion for the occurrence of critical deficit is:

1 D L
—z —2 F —L>7 (23)
fO LO DO

This is the first of the two conditions for temperatures. If
from this condition it follows that T 35 ©C, this means that
in the Vistula in the range of temperatures even up to 35 ©C
the oxygen deficit greater than the initial one will not occur.
In such a case it should be stated that heating of water even
up to 35 O°C does not cause oxygen deficit in the river and that
the oxygen conditions cannot be a criterion for determining a
permissible temperature in the river. -

If the temperature calculated from the formula 22 will be
lower than 35 O9C, a second condition should be calculated from
formulas 19 and 20, substituting L4 as in equation (21) instead
of L_:

(v

a_

D, -
Ly = Lo[1 - (£=1) —] for £ # 1
o]
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D /L
or: Ly = Lo e 0 O for £ = 1

This expression is in a slight degree dependent on £, and for
this reason, for simplification, in the place of f(T)'fo= f30°C
was adapted.

Summarizing, the calculation of the permissible temperature
of water according to the oxygen criterion is as follows:

Initial data:
Lo - totél BOD of water at the beginning of the considered

sector (in the case of wastes, after assuming a full
mixing with the river water) in mg/l 0,

BOD5 (5)
L = = 5
0" 4 _ 40=2K1

D~ initial oxygen deficit at the mixing point in mg/l 0,
kq and k, at 20 °C

k2 can be calculated from the formula:
Oed
U b
where:

U - velocity of water flow in the river in m/s

H - depth of the river in m

k4~ should be calculated from the results of tests
04 and 92

Additional calculations:
10
k. 2]
g = 2209 ( 2) (25)
k1 (209) 94
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| D, 11E, |
L1=L[1-(f-1)—-] ‘ for £ £ 1
o] o L
o
D /L ,
L1=Lo-e°° . for £ = 1
Calculation of condition 1:
Df -1
T, = =22—2— 4 30 °C (22)
-L D():f.’o

If T1235°C, the critical deficit-at the considered sector does
not ‘occur. Oxygen conditions in this area are better at the ini-
tial point. If T4 <35°C then the temperature should be calcula-
ted according to condition 2.

Calculation of condition 2:

0.75 Ly (1 + £, + 30L2 )

11 .7"‘5 - C - : 2
(1 +2)
Ty = (19)
0.75 Ly £,
T+ £
for O0.5sf<2.5; and
0.885 Ly

11.745 - C - [1.597 + £ + 30 £]

(1.597+£) 2 o
Ty = : (20)
00137 - -

(1 597 + £ )@

for 2,5 £ <10

From the point of view of oxygen criterion the permissible tempe=-
rature should be higher one :aim'ong"l'1 and Tz calculated,
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EXAMPLARY CALCULATION OF PERMISSIBLE TEMPERATURE

Oxygen deficit and permissible temperature of heated water
in the Vistula downstream from the Kozienice power plant was
calculated.

Initial data:

D, = 1.37 mg/l 0, e.g. 15 % saturation at 20 °C

k4 (a00c) = 0+13 kp poogy = 0+515 64 = 1.0245 6, = 1.024;
BOD5 of the river in the range 2 - 10 mg/l 0,3 L=0.

Calculation of oxygen deficit and critical time

The changes of the factors kg and k, at different tempera-
tures in relation to © values assumed are as follows:

Factor Temperature °c

20 25 30 35
k4 0.10 0.1126 0.1268 0.1427
k2 0.51 0.574 0.047 0.728

The values of oxygen deficit and critical time for different
temperatures calculated on the basis of formulas 1 and 2 are
shown in tabl. 41,

Calculation of permissible temperature

10

ko o) G2y
f = B —501
° k 0
1 (20°¢) 1
L1 calculated from the formula:
A
D_1-f,
Ly = L0[1 - (£ - 1)-2-]
(o]
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Table 41. Oxygen deficit and critical time
Vistula river water at various temperatures

values for

No 1 2 3
BOD; mg/l O, 2 4 6 8 10
L, mg/l0, 2.92 5.85 8.77 11.70 14.62
t oy - - 0.643 1.033  1.212
20 °c D_, n.0 X n.o 1.48 1.809  2.168
c - - 7 .67 7.341 6,982
tor - - C.570 0.917  1.077
25 °c D, n.o. n.o. 1.48 1.809  2.168
c - - 6.84 6451 6.15
top - - 0.5068 0.815  0.956
30 °c D, n.o. n.o. 1.48 1.809  2.168
c - - 6.12 5.79 5443
top - - 0.450 0.724  0.849
35 °c D, n.o n.o 1.48 1.809  2.168
c - - 547 5.14 4.783

x) n.0. - not observed
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obtaining results:

BOD; mg/l O, 6 8 14
L, 8,77 11.70 14.62
Ly 11,25 13.72 16.46

The calculation of the permissible temperature begins with the
checking of condition 1, having in this case (when < = 0) the
following form L_ /D - £ » O, For all values L_ from 8.77 to
14.62 this condifiofl 1s®fulfilled. For BODj5 e§ualling 2 and &
mg/l O, the calculations were not done, because at this level
of poliution the critical deficit does not occur. Because con-
dition 1 does not provide any restrictions of temperature the
condition 2 was calculated from the formula 29, which in this
case, when « = O has the following form

0.885 Ly
£,+1.5969
0.137

11.745 - C -

The results of calculation of T, for different degrees of pol-
lution (L,) and different permgssible dissolved oxygen concen-
trations (&) are shown in tabl. 42

Table 42. Permissible temperature Ty values,calculated
for Vistula river water

No L1 C T

d_
6 31.09

1 11.25
7 65 20.14
7'.0 21 040
3 16.46 5.0 33.36
6.5 22 .41
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The obtained results of permissible temperatures are shown on

a graph (fig.40), on which we can see the dependence of oxygen
concentration on temperature calculated according to the Stree-~
ter Phelps formula tabl.41 . Within the range of temperatures
of 25 - 35 OC a large agreement was obtained.

From these graphs it can be seen that with the assumed oxygen
deficit D, - of inflowing water, at BOD: = 10 mg/l O,, the water
temperatu?*e can arise up to 33 OC withou% a decrease 8T oxygen
below 5 mg/l O,. Because the Vistula pollution in the vicinity
of Kozienice r%rely exceeds BOD; = 10 mg/l 05, 1t can be stated
that in present situation the eistula water~will not be subs
ject to lethal oxygen deficit.
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354
36~
331
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3~
30-
29+
28
57, 1-BODz=6
26 2-BODg=8
251 38-BOD =10
24

23
22-
7
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. , ° n.o. gg/l 0,
A 5 6 7 8

Fig.40. D.0O. contents at oritical point depending
on temperature of Vistula river water below
Kozlenioce power station, caloculated for va-
rious pollutant levels.

k4 p00c = 015 04 = 1.0245 D) = 1.37 mg/l O,
kz éooc = 0.51;@2 &= 1.024;

The straight lines are drawn acoording to the

equation 29 , and points "o" are marked aoc-
cording to the table 41. :
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