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ABSTRACT 

In the searc h f or possibie sites for new nuclear power plants 
in Sweden a site on Bråviken, a narrow fj ord, is being con­
sidered. A numerical hydrodynamic model has been developed 
to predict the probable effects of the waste heat discharged 
into the estuary on the natural estuarine flow. 

The model employs the basic equations of motion and conser~a­
tion of salt and heat with appropriate approximations to make 
predictions. The primary approximation in the model consists of 
considering the estuary as a channel in which cross channel 
effects do not explicitly appear, The along channel motion is 
thus primary determined by the along channel density gradients. 

A number of different cases have been investigated. The ba.sic 
states in the summer and in the winter ha.ve been established in 
order to evaluate effects of heat ed water in two different con­
ditions of thermal stratification . For each of these seasons 
two different intake configurations have been considered: a 
surface intake anda bottom intake . The outlet is located at the 
surface . The above situations have been considered for several 
wind conditions: no wind, a 5 m/s constant wind tending to 
transport water inta the estuary, anda 12 m/s time dependent 
wind which gradually builds up blowing out of the estuary, 
changes direction and then dies away . A series of experiments 
with various runoff ~alues at the head of the fjord have been 
conducted. 

With the construction of a bottom intake located at the depth of 
about 40 meters there will be little noticable effect on the 
circulation, temperature or salinity fields in the. estuary in 
the summer. However in the winter the bottom intake offers only 
a partial improvement over a surface intake . During the winter 
the heated water would cause chang_es of as much as 50 % in the 
natural state. The surface intake would cause changes which some­
times are almost twice as big. The problem arises because the 
10°Che~ted water creates sizable horizontal density gradients 
which are sufficient to counteract the weak natural flow . 
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1. INTRODUCTION 

There have been proposal,s in Sweden to increase electrical energy 
production by building Wore nuclear power plants. These plans 
include proposals to build reactors at new sites as well as at 
existing ones. This study has been initiated as part of an 
investigation inta the environmental.impact of a nuclear power 
station plarmed for a new site near Tunaberg on Bråviken. Brå­
viken isa fjord~like estuary on the East coast of Sweden about 
200 kilometers south of Stockholm . 

Thermal power plants employ various sources to produce heat 
which is converted, iri a steam turbine, to electrical energy. 
The efficiency level of such energy production runs between 
thirty andforty percent. The remaining sixty to seventy percent 
of the heat isa waste product of electrical energy production · 
and must be disposed ofin the environment. The proposed nuclear 
power station at Tunaberg is designed to dispose of the heat 
inta water drawn from Bråviken estuary . The heated water is re­
turned to the estuary at· a point several kilometers from the 
intake. The site is investigated fora power plant with six aggre­
gates wi th a heat . rejection of 12 500 MW. In one month"' s t ime, 
a volume of water equal to the total volume of Bråviken would 
pass through the reactor condenser stage and be r eturned to the 
environment with a temperature 10°c higher than it had upon 
entering. Such waste heat, deposited into the estuary, may be 
considered as thermal pollution in the sense that it constitutes 
a thermal stress on the ecology of the estuary . The mast obvious 
stress is that due t 'o extreme temperature s . A recent (Kylvatten­
effekter på miljön. Ehlin et. al. 1974. Statens Naturvårdsverk 
Publikationer 1974:25) study of temperature stresses at a thermal 
power station found that wind driven currents could trap outlet 
water in a small bay and cause temperature rises of over 10°c 

· _ within several hours. Such thermal stress is very detrimental 
t o the biological life of the estuary. 

Thermal pollution of the magnitude that results from nuclear 
power plants is not merely a passive pollutant. The heated water 
effluent constitutes a huge excess of buoyancy located near the 
outlet . A circulation can be dr iven by the large horizontal 
density differences. The so called "estuarine" circulat ion in 
an estuary is driven by heat and salt gradients along the estuary . 
These gradients are maintained by natural sources of buoyancy 
such as runoff and solar radiation . Thermal pollution could 
change, perhaps favorably as well as unfavorably, the natural 
circulation. · rn addition to the weak density driven circulation, 
there are currents associated with surface wind-stresses . The 
wind driven currents have by far the larger amplitude and are 
highly time dependent. However, they have ver y little net effect 
on the average conditions in an estuary. The transport of 
nutrients and oxygen to the deeper waters of the estuary is 
largely dependent on the slow estuarine circulation. The estuarine 
circulation is influenced to same degree by the wind driven 
currents but to a , greater extent by fluctuations in buoyancy 
sources. This study is intended to make pr edictions of the effects 
of the planned reactor on the estuarine circulation as well as 
the possible thermal stress imposed on the ecology of the estuary. 
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Once the "cooling" water is re-introduced inta the estuary, 
the heat it contains is either mixed with and advected in the 
waters of the estuary, or is lost to the atmosphere. Usually 
the outlet i s designed to mix the heat with the ambient water 
as rapidly as possible by using a hi gh velocity jet . Sometimes 
a submerged diffuser is used to enhance the turbulent mixing 
of a rising buoyant plume . This type of enhanced mixing is in-

. tended to reduce the overtemperature. The overtemperature is 
the temperature rise above the natural level due to the heated 
water effluent. The near field, that is , within a kilometer or 
so of the outlet, is dominated by mixing processes associated 
with the outlet jet . By vigorously mixing the heated water with 
the surrounding water, the exchange to the atmosphere is highly 
reduced . Atmospheric exchange processes are strongly dependent 
on the temperature . In some power plant designs, the philosophy 
has been to enhance exchange to the atmosphere , making it the 
immediate recipient of the excess heat. Cooling towers are 
designed for this purpose. Enclosed bodies of water, cooling 
ponds, are used as well, to provide a large surface area for 
exchange to the atmosphere. The use of the estuary as a heat 
recipient is very different from the use of a cooling pond. In 
the case of the estuary, the water is to be the ultimate reci­
pient and stora.ge place for the heat . In order to take advantage 
of the large heat capacity of the seas, it is necessary to have 
a free exchange cif water containing the waste heat with the 
great volume of sea water available. It is important to deter­
mine whether a site chosen for basically industrial reasons is 
appropriate for the disposal of excess heat. In addition to the 
environmental considerations, there are those of plant efficiency . 
If the estuary becomes stagnated fora period of time, then the 
excess heat will not be transported to the sea . Instead , it will 
be recirculated through the plant reducing the efficiency of the 
energy production. Variable wind driven currents could contri­
bute to recirculation during the time wind drives flow from the 
outlet to the intake. Since the design of the Tunaberg plant is 
based on the idea of using Bråviken and eventually the whole 
Baltic as a heat recipient, it is important to understand whether 
this premise is feasible . 

This study cancerns itself with scales which are related to the 
far f i eld , that is, those scales associated with natural mixing, 
advection and atmospheric transfer processes . The q_uestions are 
therefore; what effect does the excess buoyancy have on the circu­
lation of the estuary and how large an exces s temperature can 
be expected in various parts of the estuary under reasonable con­
ditions? 

There are s everal approaches which can be taken to answer these 
q_uestions . One possibility is the construction of a physical 
model of Bråviken which extends offshore into the undisturbed 
Baltic. The model should end at the point in the Baltic where 
the flow is independent of the heated water effluent. Along these 
lines, a model of the limited area around the intake- outlet region 
has been constructed . However, it does not cover any of Bråviken 
itself and has three of it s four sides open to non interactive 
water . The boundaries are located in a region where the flow is 
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st ill influenced by the heated water plume. This model cannot 
hope to answer the q_uestions above . ¼'hat it may do is show how 
effective the outlet jet is·in mixing the heat with the ambient 
water . It is an approach. to nearfield problems but i s not con­
cerned with the ultimate fate or impact of the heat. To study 
that, a physical model covering a much larger area would be 
nec essary . A model in which details ·of topography have been 
sacrificed for extended coverage would be more appropriate and 
useful in answering the broader q_uestions. 

A computer "jet" model of the leffluent has been used to estimate 
the overtemperatures in the plume . But again, it is for use in 
the near field only and assumes that currents act only to in­
crease mixing of the heat and to advect heat from the nearfield 
region . It_ does not attempt to answer any questions about the 
ultimate fate and influence of the heat . 

A two dimensional finite difference grid numerical model has 
been employed in the present study to predict the large scale 
circulation .and heat transport in Bråviken due to the heated 
water. It should be emphasized that the scales and processes 
considered here are those of the environment and not those of 
the outlet jet. It is assumed that the engineer has accomplished 
his goal and effectively mixed the heated water into the estuary . 
The smallest horizontal scale considered in the numerical model 
is on the order of a kilometer. This is about the maximum distance 
from the jet in which jet induced mixing and entrainrnent dominate. 

In addition to these models field work is being done to determine 
what constitutes natural environmental conditions in Bråviken. 
'I'he field work is not in itself a prediction of the impact of 
the proposed reactor, but provides necessary information for 
evaluation of the models as well as providing substance for in­
tuitive predictions. 
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2. BRÅVIKEN 

2.1 Topography 

As part of the study of Tunaberg as a possible site fora nuclear 
power plant, field studies are being perforrned . The measurements 
have been done concurrently with the numerical work and have not 
been available for input to any extent inta this model. However, 
existing routine field measurements near Bråviken have provided 
the basis for model idealizations. 

The general topography of Bråviken (Figure 2.1) has been adapted 
from the Swedish nautical charts. The representation of the topo­
graphy has been simplified somewhat since the numerical model 
does not represent longitudinal scales less than one kilometer . 
The region of major importance is the main channel, as defined by 
the 10 m depth contour, which runs along the north coast of Brå­
viken . The sill is located at Järknö with a depth of about 21 
meters. The maximum depth of the channel is about 50 meters. The 
planned sites of the intake and outlet are shown in Figure 2 .1. 
The sites are adjacent to the deep channel. The large area to 
the south 1.s rather shallow and has many islands. 

The width of the channel perpendicular to the center of the 
deepest part of the channel is of importance to the numerical 
model. Contours of equal width, Figure 2.2, have been taken at 
at spacing equal to the model grid spacing . The grid spacing is 
one kilometer in the horizontal and one meter in the vertical. 
A smoothed width function has been used for the computations. The 
width, b(x,zl, was expressed as a function of the depth, z, the 
maximum depth, h(x}, and the longitudinal coordinate x as: 

b(x , z) :::: b(x,z = 10 meters) · ( 1 - S 1.n z 7T ) 

h(x) (2 .1) 

The variation of volume with depth 1.s plotted 1.n Figure 2.3. 

2.2 Runoff 

The major source of fresh water in Bråviken is runoff from the 
Motala river, entering at the head of the estuary. Figure 2.4 
shows the maximum, minimum and mean fresh water runoff during 
the period 1935-1975, Also shown are the runoff data from 1949 
and 1973, both chosen as years of low runoff . In 1973 , the average 
runoff was about 50 m3 /s and the smallest value was 25 m3 /s. The 
largest runoff value during the entire 40 year period was about 
300 m3 /s. All data points are monthly means. 

Precipitation contributes at the mast about 5 m3 /s over the whole 
estuary. This is balanced over the course of a ;y-ear by evapora­
tion . 

2 .3 Water Level 

Monthly water level variations in Bråviken for 1973-1974 are 
shown in Table 2 .1 . The energy spectra for the time series of 
water level data shows a peak at about 5 hours . Volume transports 
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associated with these oscillations are less than fluctuations 
in runoff and wind driven transports . 

Tabel 2 .1. Water I level, cm 

Month, year Max Min Mean 

December, 1974 67 0 35 
November 36 -12 7 
October 39 -8 10 
September 18 -24 -3 
August 35 -7 10 
July 42 3 22 
June 12 -16 0 
May -1 -47 -32 
April -12 -48 -31 
March -8 -55 -37 
February 17 -18 0 
January 28 -23 3 
December, 1973 68 3 31 
November 73 -27 21 
October 25 -19 -5 
September 34 -22 4 
August 14 -15 1 
July 21 -12 1 
June 16 -22 -6 
May 12 -23 -8 
April 28 -13 8 
-March 17 -22 0 
February 30 - 24 11 
January 18 -44 -12 

2.4 Wind 

The wind frequency diagram in Figure 2 . 5 comes from data taken 
at Studsvik on the east coast near_llråviken. The data indicates 
that the wind is under 5 m/s about 80 % of the time . 

2 . 5 Temperature and Salinity at Baltic Boundary 

Temperature and salinity along a longitudinal section through 
Bråviken are available for August 1973· and November 1973 to cam­
pare with numerical simulation of the natural state (Figures 
5,1, 5. 2, 5 . 28 and 5 .29). The section runs along the deep channel 
of Bråviken from Motala Ström to Grässkären. Dat a taken from the 
hydrographic station at Grässkären, August 1973 and November 1973 
have been used to establish the boundary conditions at the Baltic 
side of the model. The data shown in Figure 2 . 6 are typical for 
SUI!lllier and winter thermal stratification states . 
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3 . MATHEMATICAL FORMULATION 

3,1 Basic Approximations 

The governing hydrodynamical equations express the velocity 
and density fields as functions of space and time. Even in their 
complete form they merely represent approximations to nature. 
Turbulence can be formally represented by an infinite set of 
coupled equations. It is impractical, however, to look for 
solutions to any but the lowest few orders of turbulent equa­
tions . The turbulent equations are often avoided entirely by 
assuming that the turbulence acts in a way analogous to mole­
cular processes. Turbulent diffusion is then represented as the 
product between an eddy coefficient and the mean gradient. The 
understanding of mixing processes in estuaries has proceeded 
only to the point of representing such coefficients as functions 
of the mean fields. The model presented here does not attempt 
ta go beyond this simpl e representation of turbulence. The 
scaling of the basic equations gives an idea of which processes 
predominate. The equation af ve:r:tical motion in estuaries can 
be represented quite accurately by the hydrostatic balance. That 
is ta say that vertical momentum is unimportant. The vertical 
pressure gradients adjusts itself ta the density field. Further­
more, density variations are only important in the momentum 
balance through the hörizontal pressure gradient. The density 
can be considered as a constant when multiplying the accelera­
tions or friction terms . The flow is incompressible making the 
velocity field non-divergent. The vertical velocity enters in 
order to account for divergenc es in the horizontal flow. Ver­
tical flow is essential for t he transport af salt, heat and 
horizontal momentum in estuaries. 

Further simplification of the equations can be achieved by 
applying knowledge of estuarine circulation obtained from field 
observations. It is often observed in long narrow fjord type 
estuaries that the predominant gradients run along the channel. 
The cross channel gradients are much smaller. This is often 
due to the fact that major rivers empty into the estuary near 
the head. Bråviken is of this type. This situation allows for 
a reduction in the number of space coordinates . The salt and. 
heat equations can be avera.ged across the channel. The momentum 
equations along and across the channel can be decoupled by 
assuming that the cross channel velocity is much smaller tha:b. 
the velocity along the channel. This could be viewed as a canal 
model in which the velocity along the channel is accelerated 
or decelerated by width variations, 

The equations remaining, after all of the above simplifications 
have been made, are still non linear and quite difficult to 
solve analytically. The salt, heat and vorticity equations are 
time dependent and non linear. The continuity equation and non­
linear equation of state complete the set of equations to be 
solved. 
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It has been assumed that the barotropic response of the basin 
is independent of the internal density field . That is, the 
water level variations d~e to runoff, rain , atmospheric pressure 
disturbances and wind stress are not influenced by the density 
field. These barotropic responses are used as known forcing 
functions . They are imposed as vertical velocities on a level 
rigid lid . 

3.2 Coordinates and Variables 

A right hand coordinate system is used such that x is directed 
along the estuary, y across the estuary and z down in the direc- · 
tion of the gravitational acceleration (Figure 3 .1) . The width 
of the estuary, b(x, z), isa function of position in the longi­
tudinal and vertical directions . The velocity components u, v, 
w are in the x, y, z directions respectively . The depth , h(x) , 
isa function of the longitudinal coordinate . 

3 . 3 Dynamical Balance 

A Boussinesq dynamical balance is considered along the vertical­
longitudinal plane of the estuary . The density variations do 
not affect the accelerations or frictional terms . The cross 
channel balance can be approximated by geostrophy (Pritchar d, 
1956, Stewart , 19571, in which the pressure gradient adjusts 
itself to variations in the long channel flow . The vertical 
accelerations are negligible and the pressure gradient adjusts 
itself to variations in the density field . The longitudinal 
momentum equation can be written as, 

au + u au + w au = _ ~ + _L (A au} + a (A au) 
at ax az ax ax hax az vaz 

( 3 . 1) 

where TT is the pertubation pressure which remains after the 
hydrostatic pressure due to water of a constant density, p , is 
substracted and ¾, A are the horizontal and vertical eddy0 

viscosit ies. 'l'he coriolis acceleration , -fv, as well as the 
lateral advection of lateral shear , au, are el i minated by 

v­
ay 

making the canal assumption . The cross channel velocity, v, a,nd 
its derivative, av, is negligible at the center of the channel. It 

ay 
is present at the sides in order to allow for acceler ation and 
deceleration of the flow due to width variations . It does not 
contribute to the long channel dynamics, however . 

The cross channel geostrophic balance can be written as, 

fu = aTI 
ay (3 . 2) 

where f is the co'riolis parameter , f = 2S1 sin ~, n = earth,,. s 
rotation rate, ~ = the latitude . The lateral momentum equation 
simply expresses the fact that the lateral pressure gradient 
adjusts geostrophically to variations in the long channel flow. 
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The boundary condition for the vorticity equation on the open 
oceanic boundary is that the vorticity be continuous, 

l!l = 0 
dX 

(3 .9) 

This implies, through continuity, that the vertical shear of 
the vertical velocity isa constant on that boundary . The contri­
bution to the vertical velocity of the density field is zero. 
The vertical velocity is linear with depth and is due to depth 
variations affecting the barotropic flow alone. I n other words, 
the outer boundary is in an oceanic region where the density 
flow is essentially horizontal . 

The vorticity is predicted by the vorticity equations and 
appropriate boundary conditions . The vorticity is added to the 
estuary through wind stressat the surface and frictional stress 
at the bottom. Vorticity is generated internally by horizontal 
density gradients due to heat sources and dilution by fresh 
water . Vorticity is advected by the flow and diffused by tur­
bulent viscosities . 

3.4 Continuity Equation 

The approximation of incompressibility implies that the flow is 
non-divergent . When the continuity equation in three dimensions 
is integrated ac r oss the channel (Pritchard, 1958) and the kine­
matic boundary cond1tions are applied , the following equation 
results , 

8 8 
ax (bu)+ az (bw} 0 (3 .10) 

The continuity equation ( 3 .10) is_ identically satisfied if we 
define a transport stream function , ,, 

bu 
a, = dZ 

bw 
a, 

= +-
dX 

(3 . 11) 

The vorticity is given by the. equation , 

= 1.._ ( l l'.!'..) 
n 8z b 8z 

The stream function is found 
(3.12} and by application of 
The stream. function is given 

(3 .12) 

by vertical integration of equation 
the boundary conditions on the flow . 
on the bottom and at the surface, 
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'I' = 'l'B ( x} 

'I'= '1's(x, t} 

z = h(x) 

z = 0 

10 

(3.13) 

The streamfunction, 'l'B' is zero on the bottom unless there isa 
bottom intake. In that case there isa jump at the intake from 
zero toa constant, representing the intake transport . The 
streamfunction at the surface is due to the runoff transport, · 
meteorological time dependent transports and the reactor cooling 
water intake and outlet system (Figure 3.3). The difference 
between the streamfunction at the surface and at the bottom in 
any vertical column is the barotropic transport (specified) 
through that section. The flow is obtained when equation (3 .12) 
is integrated. The flow depends on the density structure through 
the vorticity generation term in equation (3.4). 

3.5 Salt Conservation 

The salt conservation equation in three dimensions can be 
averaged across a channel of width b(x, z ), (Pritchard, 1958) , 
by assuming lateral homogeneity. The resulting salt equation 
(Figure 3.4) is given by, · 

b le_+ 8(buS) 
8t 8x 

8 (bwS) 
+ 8z = _a_ (bKS 8S) + __L (bKS l§_) 

8x -n 8x 8z v 8z (3.14) 

s s 
where S is the salinity and Kh, K;_;. are the horizontal and 
vertical eddy diffusivities of salt. 

There are no advective or diffusive fluxes of salt through the ­
bottom in the absence of an intake: 

u S = 0 
n 

8S - = 0 
8n 

z = h(x) (3 .15) 

where n indicates the normal direction to the boundary. With a 
bottom intake, the flux is due to the advective flux, wS. 

Net flux=-K8 ~ + wS = (ws). t k, z = h(x) v 8z in a e (3.16) 

At the surface, the net flux of salt is zero in the absence of 
an intake or outlet. 

S 8S 
Net flux= -K - + wS = 0, z = 0 

V 8z (3.17) 

This guarantees that there is no loss or gain of salt through 
the surface even with a water transport (runoff or meteoro­
logical). At an intake, however, the net flux out of the estuary 
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is eq_ual to ( wS). t . At the outlet point the net flux is 
eq_ual to the fllri:ni~t6 the inlet. The time for passage through 
the cooling system is about 2 hours and can be viewed as almost 
instantaneous when compared to the time scales of importance 
in the model. 

The boundary condition at the oceanic side is not obvious. There 
is no clear point at which the effect of the estuary on th'e 
Baltic can be considered to end. If the observed vertical salinity 
distribution is specified, a problem occurs in the regions, of 
outflow where the outgoing water carries a different salinity 
than the one specified. An unrealistic horizontal boundary layer . 
results and the interior solution is greatly in error. Instead, 
only the salinity of the inflowing water is specified. The hori­
zontal gradient of salinity is set to zero in outflowing regions : 

S = S (z, t), u ~ 0 
0 

le_=O u>O 
ax ' 

(3.18) 

The flow at this boundary is determined as a function of depth 
and time from integration of eq_uation (3 .12). 

The predictive eq_uation for salinity states that the time change 
of salinity is due to advection and turbulent diffusion (Figure 
3.4). Dilution by fresh water maintains the horizontal salinity 
gradients . The fresh water söurce isat the surface and so tends 
to stably stratify the estuary . The only destabilizing effect 
is due to the discharge of bottom intake water which hasa 
higher salinity than the surface water into which it is dis­
charged . 

3.6 Heat Conservation 

The heat conservation eq_uation (F[gure 3 , 5) is derived in a 
similar way to the salt eq_uation and is written, 

b 11'._ + cl(buT) + cl(bwT) = 
at clx clz (3.19) 

. T KT where T is the temperature and Kh, vare th~ horizontal, verti-
cal eddy diffusivities of heat . · 

There are no advective or diffusive fluxes of heat through the 
bottom in the absence of an intake : 

u T = 0 
n 

z = h(x) 
11'.. = 0 
cln 

(3 . 20) 

where n indicates the normal direction to the boundary . With a 
bottom intake the flux is due to the advective flux, wT . 
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T oT 
Net flux=-K - + wT = (wT) . t k z = h(x) 

V ciZ ln a e, 
(3 .21) 

At the surface the net flux of heat is ~et in the absence of 
an intake or outlet, 

Net flux= -KT aT + wT 
V oz (3 .22) 

where CP is the specific heat at constant pressure . The net 
source of heat is determined by the difference between the in­
coming solar radiation and the outgoing back radiation, con­
duction and loss due to evaporation. 

A steady state balance fora given Qnet for natural sources and 
sinks of heat is established as a control case ,with no reactor 
cooling water intake . Then, as various intake-outlet configura­
tions are tested, Q~T is found by using the net heat balance 
for an overtemperature (Milanov, 1969). The net heat loss due 
to the overtemperature can be obtained from the relation, 

(3.23) 

where ~T is the overtemperature 

Q~T lS the net loss due to the overtemperature 

~ lS the loss due to back radiation 

Qc lS the loss due to conduction to the atmosphere 

Qe lS the loss due to evaporation 

The relation for the back radiation as a function of temperature, 
is, 

= 8.26 . l□- 11 · 0.97 · 4(273 + T) 3 (3 .24) 

It is independent of wind velocity. The loss due to conduction 
is, 

(3.25} 

where Uwind is the wind velocity in meter/second at 15 meters 
height . It is independent of the temperature. The loss due to 
evaporation is, 

8Q 
e 

aT 
= ( l O + 0 6 \ 42 .167 E , 

· · uwind 1 (235 + T} 2 o (3 .26) 
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where E 
-~ 

is the vapor pressure at o0 c. The units for:~ are 

cal cm 
. -1 -1 min degree 

( 

It has been found (Milanbv 1969) that onl y about 10 % of the 
temperature reduction in the near field zone at certain existing 
heated water discharge points can be_accounted for by loss to 
the atmosphere. The rest is due to mixing with the ambient water 
and advection out of the region . This model cannot hope to 
accurately represent the atmospheric losses in the near field 
zone. The scale of the near field is on the order of 1 kilometer 
which is the horizontal grid spacing. The representation here 
approximates the near field by mixing the heat over one grid 
volume (about 106 m3 ). Atmospheric losses represent an effective 
control on extreme overtemperatures at the surface but do not 
reduce the heat content of the water significantl:y. 

At a surface intake point there is an additional heat loss due 
to the advective flux into- the intake. The net flux at the sur­
face is due to the natural net .radiation, atmospheric losses due 
to overtemperature and intake into the cooling system : 

( 3. 27) 

At an outlet point the net flux is due to the natural net radia­
tion, atmospheric losses due to overtemperature, heat transported 
from the intake and.heat added by the condenser stage of the 
reactor cooling system: 

N et flux = + wT - KT ~ = 
V clz 

(3.28) 

The boundary conditions at the oceanic side is similar to the 
one expressed for salinity: 

T = T (z, t}~ u S 0 
0 

u > 0 
(3.29} 

The predictive equation for temperature states that the time 
change of temperature is due to advection and turbulent diffusion . 

The sources of heat are net solar radiation and heated reactor 
cooling water from the outlet . Both are at the surface and 
represent an excess buoyancy which tends to stably stratify the 
water. In addition, there are losses due toan overtemperature. 
A destabilizing effect can occur when bottom intake water is dis­
charged into surrounding water of a higher temperature (summer 
conditions l. 
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3,7 Eguation of State 

The equation of state for sea water expresses the relation 
between density and temperature, salinity and pressure . In a 
shallow estuary pressure effects can be ignored and the density 
can b~ represented as, 

(3 . 30) 

where crt is defined from Knudsen~s Hydrographical Tables, (1901) . 

The following relations define crt(S, T) 

(T - 3 , 98) 2 • (T + 283) 
ET = 503 . 570 (T + 67.26) 

Cl = S - 0.030 
1.8050 

G = -0.069 + 1 . 4708c1 - o . 00157oc1 2 + o . 0000398c1 3 
0 

~ = T(4.7867 0 . 098185T + 0 . 0010843T2 ) . 10-3 

BT = T(l8.030 0 . 8164T + 0 . 01667T2 ) . 10-6 

Gt, = ET + (cro + 0 .1324)(1 - ~ + BT(cr0 - 0.1324)) (3 . 31) 

3 . 8 Scaling 

The dimensional variables can be replaced by products of a 
scale anda non-dimensional variable , 

t ➔ t t ' 
0 

x+ L ' X 

z ➔ H ' z 

u = u I u 

U H I w . ' w =--- w = w 
L 

(3 . 32) . 
s = s s' 

0 

T = To T ' 

b = B b' 

u n' n = -
H 

Q = p CPWT 0 . 0 
Q' 

A P u 
· V 0 

T I T = 
H 
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The time scale, t , is determined by the advection time 
0 

t 
0 

= 
L 
u (3.33) 

The eddy diffusivities and viscosities have been taken as con­
stants for this study and will appear in non-dimensional con­
stants. 

3.9 Non-dimensional Equations 

The non-dimensional salt eq_uation is (dropping the '), 

b le_+ _L (ubS} + _L (wbS} 
3t 3x 3z = € 3 ( b le_) + €Ö 3 (b le_) 

3z 3z 3x 3x 
(3.34) KS 

where s = __ v_ 
H•W = ratio of the advective time scale to the 

diffusive time scale. 

H2 ~ 
0 = 

KS 
- ratio of the horizontal mixing to the vertical 

12 
V 

mixing . 

The non-dimensional ~oundary conditions are the same as before 
except for (3.16) which becomes, 

3S 
wS = s z = 0 3z' 

The heat eq_uation is derived in a similar way, 

3T 3 3 
b a-t + ax (ubT) + ~ (wbT) = € ~ (b 3T} + so 3 (b ~) 

3z 3z 3x 3x 
(3.35) 

where the non-dimensional numbers are the same as before. This 
implies that salt and heat diffuse in the same way. It is not 
possible to go further with the mixing assumptions until more 
experimental work is performed in Bråv.iken. The surface heat 
condition without an intake becomes in non-dimensional form, 

Net flux = + wT - s ~; = Qnet 

With an intake, the surface boundary condition for heat becomes, 

Net flux (3.37) 
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except at the intake point where it is 

clT 
Net flux =+wT - E clz = Qnet - Q6T + (wT\ntake 

and at the outlet where it becomes 

Net flux = + wT - E clT = Q - Q + I wT I + Q 
clz net 6T intake reactor 

(3 .39) 

The non-dimensional vorticity eq_uation is 

lD.. + u l!1. + an 
clt clx w ~ (3 . 40) 

where Pr = the turbulent Prandtl number = the ratio of the 
viscosity to the eddy diffusivity (of sal t or heat)= A /K 

V v' g • H5 • o 
Ra = the estuarine Rayleigh number = ______ s_~ where 

K A · 1 2 

os is the ot scale factor 
-3 

10 
V V 

The product of s 2PrRa is the inverse internal Froude number, 

. H g . (J 

s 2PrRa = ---..-8-­
U 

.:..1 
= Fr (3 .41) 

and is the ratio of the advective time scale to the internal 
vorticity generation time scale. The vorticity boundary condi­
tions in non-dimensional formare , 

n = T 
w 

z = 0 at the surface and 

z =hat the bottom 
(3 .42) 





SMHI 17 

4. NUMERICAL METHOD 

4.1 The Grid 

The set of non-dimensional equations and their boundary condi­
tions isa predictive system and can be numerically integrated 
intime from a known initial field. The variables are defined 
on a grid and finite difference approximations to the equations 
are written. The grid used consists of two staggered grids , one 
on which salinity and temperature are defined and the other on 
which vorticity and streamfunction are defined (Figure 4.1). The 
boundary is defined by the streamfunction grid. The sum and 
difference operators adopted by Shuman (1962), 

s - L (s(x. + llx) _ S(x. _ llx)) (4.1) 
X llx i 2 i 2 

sx - l(s(x. + llx) + S(x. _ llx)J 2 l . 2 l 2 (4.2) 

will be used here . A superscript n denotes the time level. 

4.2 Time Differencing 

The time differencing scheme chosen is the leapfrog. That is, 
the prediction at the n + 1 level is explicitly determined from 
evaluation of the Vqriable at the n - l level, the advection 
and density driving terms at the n time level and the diffusion 
terms at the n - 1 level. For example, the vorticity equation 
has the following time structure, 

n+l n-1 
n 2~/ = -(advection of n)n + (diffusion of n)n-l 

( . . )n + density generation of n (4.3) 

Many explicit and implicit schemes have been investigated (for 
example Grammeltvedt, 1969, Young, 1968, Fisher, 1965, Kurihara, 
1965, et. al.) for the prediction equations with non-linear 
terms, but the leapfrog is still considered the most accurate 
and efficient. A computational mode results since the leapfrog 
is defined on three time levels. In the absence of sufficient 
friction, the computational mode grows and eventually causes 
splitting of the solution at adjacent time steps. This can be 
suppressed by smoothing or restarting at regular time intervals, 
without loss of accuracy or speed. A scheme such as the leapfrog­
trapezoidal in which the computational mode is completely removed 
requires twice as much computation time as the leapfrog with 
periodic smoothing. Other schemes, such as two step schemes or 
implicit schemes, usually have undesirable artificial damping 
of the physical solution . 
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There isa maximum time step for numerical stability of leapfrog 
advection and lag diffusion. The Courant-Friedrichs-Lewy number 
is defined as 

CFL = (4.4) 

and the critical CFL number can be written as 

CFL CRITICAL = (1 - 8At [::z + ~2] )1 / 2 ( 4. 5) 

The stability criteria (Ogura and Yagihashi, 1969) is that the 
maximum time step, 6t, must satisfy the relation 

I 

CFL < CFL CRITICAL (4.6) 

4.3 Finite Difference for Diffusion 

The salt diffusion term is written as 

and the heat diffusion term similarily as 

(4.8) 

The correct no diffusive salt or heat flux boundary condition , 
which holds on the bottom and on the oceanic boundary for out­
flowing water, is 

n-1 n-1 
T =- o, s = 0 z z 

on horizontal boundaries ( 4. 9) 

and 

n-1 o, n-1 
0 T = s = 

X X 
on vertical boundaries (4.10) 

The vorticity diffusion takes the form 

(4.11) 

The oceanic boundary condition is given as 

= 0 (4.12} 
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4.4 Finite Difference for Advection 

The advection of salt and heat is written in the flux form 
(Arakawa, 1966) in orde; to conserve the mean and variance of 
salt and heat. This method is correct as long as continuity is 
satisfied at every grid point (Piacsek and Williams, 1970) . 
Continuity for the grid chosen is identically satisfied every­
where: 

(~) + (-~) = 0 
X Z Z X 

(4.13) 

The velocity is defined at the midpoint between two salinity 
or heat points so that the flux form is 

(4.14) 

and 

(4.15) 

This form of advection prevents non linear instability due to 
aliasing on the grid (Lilly, 1965) . The bottom boundary condition 
req_uiring no advecti've flux in the absence of an intake is 
identically satisfied by the above eq_uation. The bottom intake 
boundary condition is satisfied by the above eq_uation in com­
bination with (4 .9) . 

· . The advection of vorticity is expressed in the Arakawa form 
which conserves vorticity and kinetic energy , 

(4 .16) 

The boundary conditions take the same form as the continuous 
eq_uations . 

4. 5 Advective-Diffusive Salt and Heat Surface Boundary Condi-
tions · 

The surface boundary conditions for salt and heat contain both 
advective and diffusive fluxes . These boundary conditions must 
be consistent with the interior eq_uations. The surface boundary 
conditions on salt and heat , away from the intake and outlet, 
are respectively , 

(4 .17) 

and 

(4 .18) 
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At the intake point the net salt flux, 

n-1 -z n ( -z)n 
- ( i.::Sz ) intake + ( wS }intake = + wS intake (4.19) 

that is, 
n-1 

(sS ). t k = 0 z in a e 

at a surface intake point. 

At the surface intake point the net heat flux 

or 

n-1 
-( sT ) . = Q - Q ,z · intake net 6T 

(4.20) 

At an outlet point the net salt flux is due to the salt advected 
through the cooling system, 

t n-1 -z n} I -z n I -( i.::S ) + ( wS ) . tl t = + ( wS ) · t k z ou e in a e 
(4.21) 

At the outlet point the net heat flux is, 

( r i.::Tn-1) + ( w'J? )n) = + I ( wTz /: I + Q - Q + Q 
[' z · outlet · intake net 6T reactor 

(4.22) 

4.6 Finite Difference for the Streamfunction 

After each prediction of the salinity, temperature and vorticity 
is made, the streamfunction is obtained by integrating the finit e 
difference eQuation, 

n = 

\j' 

~) 
'tz z 

(4.23) 

from z = h(x) to z = 0 . Then \J'bc ( z} is added to the streamfunction 
to satisfy the surface and bottom boundary conditions 

(4.24) 

(4.25) 
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The function 'I' at the surface and bottom is the correction 
to the solutioRcof (4.23) necessary to satisfy (4 . 24) and (4.25). 
The function '!'be satisfies the equation, 

\ 
4 . 7 EQuation of State 

(4.26) 

In order to simplify numerical computation for the density, 
several approximations to oT have been found. The one chosen 
for use here is shown in Figure 4.6 compared with oT . The 
approximation to Knudsen~s is, 

oT(T, S) = -0.072169 + (T - 0.5)(0.049762 + (T - 0 . 5) 

(-0 . 0075911 + 0 . 000035187 (T - 0 . 5))) + s(o . 80560 + 

+ (T - 0 . 5)(-0 . 0030063 + 0.000037297(T - 0 . 5))) (4.27) 

The form was adapted from Fredrich and Levitus (1972) . The 
original approximation was developed for high salinity, 35 0/00, 

oceanic models . It was found that by shifting the temperature 
0 • . • • • 

by 0.5 Ca better fit occured at low salinities. It requires 
only about one third the computational time of the full ot rela­
tion. 

4.8 The Numerical Procedure 

The procedure to obtain the solution as a function of time can 
be summarized as follows : 

1) initialization of the fields and parameters 

2) time stepping of the salinity equation and application of 
boundary conditions (Figure 4 . 2) 

3) time stepping of the temperature equation and application of 
bouhdary conditions (Figure 4.3) 

4) time stepping of the vorticity equation and application of 
boundary conditions (Figure 4,4) 

5} computation of the streamfunction with proper boundary con­
ditions imposed (Figure 4 . 5) 

6) periodic suppression of the computational mode and computation 
of the averages and variances for output 

7) periodic storage of data for later graphical display 

8) return to 2) until the computation is complete 
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Since steps 2), 3) and 4) are not dependent on knowing other 
variables on the n + 1 level , 

they may occur in any order . 
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5. RESULTS 

5.1 Philosophy of the Model 

The basic questions to be answered are : what effect does the 
excess buoyancy have on the c irculation of the estuary and how 
large an excess temperature can be expected in various parts 
of the estuary under reasonable conditions . A numerical model 
is used to represent the interaction between waste heat and the 
estuarine circulation . It isa controlled experiment. The ,control 
is the numerical simulation of the natural state of Bråviken . 
The heated water simulation is added to the control to predict 
the conditions to be expected in Bråviken after construction of 
the reactor. The results bf these simulations are compared to 
the control in order to evaluate the impact of the plant . This 
is nota comparison with the real natural state but with a model 
of the natural state . In the future a field program should be 
carried out to validate the model of the natural state. 

The natural conditions modelled represent two states of thermal 
stratification: summer with a strong vertical temperature gradient 
and winter with essentially no · vertical temperature variation . 
These two states are established by imposing typical conditions 
on the net surface heat flux . 

For each of these seasons , two different intake configurations 
have been considered : a surface intake, as is planned, anda 
bottom intake . In all cases the outlet is located at the surface 
and on the oceanic side of the intake . Several typical wind con­
ditions have been considered : no wind , a steady wind of 5 m/s 
anda 12 m/s time dependent wind which gradually builds from the 
west, shifts to the east and then dies . A series of experiments, 
under the winter conditions and with varying degrees of runoff, 
has also been conducted . 

5.2 Scales and Parameters 

The computations were carried out on a CDC 6600 computer . Com­
putations at one time step on t he 47 x 52 grid required about 
0 ,4 seconds of computer time . 0ne time step represents about 1 000 
seconds of realtime . The values of paranieters wer e chosen so that 
the simulation of the natural state was an accurate representa­
tion of the field measurements taken during August 1973 and Novem­
ber 1973 . There were no additional data available at the outset 
of the computations to permit further calibration of the model. 
There were no direct measurements of the critical parameters : 
eddy viscosity and diffusivity . The following values were found 
to give equally good cromparisnns with both the winter (November ) 
and summer (August} measurements : 

K = 5 cm2 /s = A 
V V 

K = 5xl06 cm2 /s = A 
X X 
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The other scales chosen were , 

u ::: 10 cm/s B "' 10 5 cm 

H "'10 3 cm T ::: 10°c 

L "' 10 6 cm s ::: 10 o/oo 

The remaining scales were obtained from those above , 

u 10-2 cm/s W=-H = 
L 

'I-' = u B H = 10 9 cm 3/s 

-1 
Q = w T Po . CP = 10 _gcal 

cm2 s 
u 10-2. 1/s n = = 
H 

t 
L 105s = = 

0 u 

The non-dimensional parameters are found to be , 

E: = 0. 5 

c5 = 1.0 

Pr = 1.0 

Fr = 10 . 0 

24 

The solutions given are non-dimensional unless otherwise stated . 
The dimensional values can be obtained by multiplying by the 
proper scale above . The fields of temperature , salt and vorticity 
are non-dimensional. 

A vector flux of each quantity is shown as well . The fluxes are 
defined as follows : 

Salt flux = P (s · (( -~1 ! + (+ l'.K.1 k) 
0 dZ dX 

Advective Salt Flux 

- E: 

Di ffusive Salt Flux 
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Advective ~emperature Flux 

aT --t- as ➔ ) 
- s (öb clx ~ + b az" k) 

Diffusive Temperature Flux 

Vorticity flux = n (ui + wk} - Pr · s (6 :: i + :: k) 

Advective Diffusive Vor ticity Flux 
Vorticity Flux 

where i , k are the unit vectors in the x, z directions . The salt 
and temperature conservation eQuations state that the divergence 
of the salt and temperature is the rate of change of salinity 
and temperature . So , fora steady state , the salt and temperature 
fluxes are non-divergent . The vor ticity eQuation cannot be stated 
as simply because it represents a balance at the center of the 
channel and not a flux integrated across the channel. The advec­
tion and diffusion have been represented as a flux to illustrate 
the relative importance of advection or diffusion of vorticity . 
In a channel of constant width , the vorticity e.Quation can be 
represented in a form analogous to the . salt and temperature eQua­
tions . In general , the advection dominates the salt and tempera­
ture fields while advection and diffusion are of eQual importance 
in the vorticity field . The s cales of the fluxes are , 

Salt flux = _g__ u . B = 104 g 
S 1000g Po s cm 

Heat flux CP T u B 107 cal 
= Po = s cm 

Vorticity flux 

5' . 3 Summer : N.atural Conditions 

The natural summer temperature and salinity fields are shown 
in Figures 5 .1 and 5 . 2 . These sections were taken during 1973 , 
a year when the runoff was relatively low . The experiments were 
conducted with the runoff at 50 m3 /s, an average value for 1973 . 
The other boundary conditions were established from separate 
hydrographic casts taken at the same time (Figure 2 . 6) . The 
salinity of the Baltic was set at a constant 7 0/00 . The tempe­
rature of the Baltic source water was set at 5°c . These values 
correspond well with the temperature and salinity values below 
about 30 meters obtained from the sections (Figure 5 . 1 and 5 . 2) . 
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The computer simulation of the natural summer conditions was 
-3 / 2 obtained using a net solar flux of about 10 cal cm sec and 

a river heat flux of about the same magnitude. The resulting 
isotherms (Figure 5 .3 and 5.6) correspond quite well with those 
of the measurements (Figure 5 . 1) . The surface temperature is 
about 19.6°c and the bottom temperature inside the sill is about 
10°C . 

The salinity (Figure 5 . 4} obtained compares quite well with the 
observed field (Figure 5 . 2). There were no measurements of 
velocity available with which to obtain a vorticity comparison 
(Figure 5.5) . 

5 . 4 Summer : Surface and Bottom Intake with No Wind 

A surface intake and outlet have been added to the simulated 
natural conditions. A volume flux through the reactor cooling 
system, of 300 m3 /sec, has been used for all intake-outlet simu­
lations . This is the proposed cagacity of the cooling system at 
Tunaberg. The water is heated 10 C. The net flux of heat out of 
the reactor cooling system is about 12 500 MW . The temperature 
field shows that the natural isotherms are deeper than before 
(Figure 5 . 7 and 5 .10) and that there. isa heated water plume at 
the outlet . The salinity in Bråviken is shown (Figure 5 .8) to 
decrease slightly indicating a restriction (Figure 5 . 9) in the 
inflow of salty Baltic water. 

With a bottom intake the surface temperature at the outlet is 
decreased (Figure 5 . ll and 5;14). The salinity (Figure 5 . 12) has 
increased slightly above that for the simulated natural condi­
tions indicating a very slightly enhanced estuarine flow (Figure 
5 .13) . . 

5.5 Summer: Surface and Bottom Intake with a Time Dependent Wind 

An experiment was conducted with a time dependent wind whose 
maximum was about 12 m/s. It was imposed as a sinusoid with a 
period of six days followed by fourteen days of no wind (Figure 
5.19) . The wind blew from the west for the first three days .and 
then from the east for the next three. This meant that the flow 
was out of Bråviken for the first three days and into Bråviken 
for the next three days . 

The results are shown at a time fourteen days after the wind has 
stopped. With a surface intake the surface temperature and plume 
temperature are much higher (Figure 5 .15 and 5.18) than with no 
wind or in the natural case. During the period of time in which 
the wind drives heat into Bråviken, the temperature rises rapidly 
(Figure 5 .19) . The recovery of Bråviken is quite slow after this 
because the runoff transport is so much smaller than the wind 
transport which trapped the heat in Bråviken. The wind transport 
is typically 10 to 20 times the runoff of 50 m3/s . As before , the 
salinity decreases slightly (Figure 5 . 16) due toa decrease in 
the estuarine flow (Figure 5 .17). Vertical profiles reveal the 
influence of the disturbance on the density and velocity field 
(Figure 20). The surface temperature is seen to increase by about 
3°c(Figure 20 a, b, c) . The . salinity returns to almost the same 
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values as before the storm (Figure 20 d, e, f). The flow remains 
reduced in the upper five meters (Figure 20 g, h, i). The strong 
vertical shear in the flow due to the wind can be seen in the 
velocity profile. With a, bottom intake the wind disturbance has 
little effect onBråvikeh. The temperature field after fourteen 
days (Figure 5.21 and 5.24) is virtually the same as before with 
the bottom intake and no wind (Figure 5.11). There has been a 
slight inflow of saltat depth (Figu~e 5.22) . The flow is as be­
fore (Figure 5.23). The time curves for the mean values (Figure 
5.25) show that the effects of the disturbance pass quickly. 

The vertical profiles (Figure 26) reveal that the temperature, 
salinity and velocity all return to normal quite rapidly. The 
range of_surface temperatures (Figure 26 a, b, c) during the 
wind event is about as great as with a surface intake but the 
maximum is less and the recovery faster. The salinity range due 
to the wind transport is much the same with a bottom intake as 
with a surface intake. The surface salinity (Figure 26 d, e, f) 
is higher with the bottom intake due to the outlet of high 
salinity bot.tom water at the · surface. The velocity at the sur­
face (Figure 5.26 g, h, i) is not as restricted as with a surface 
intake and promotes the rapid flux of excess heat out of Bråviken. 

5.6 Comparison. of the Summer Cases 

The vertical temperature, salinity and velocity for the five 
summer cases investigated have been plotted (Figure 5.27) for 
comparison. The profiles for the time dependent winds have been 
plotted fora time fourteen days after the wind ceases. It is 
clear that the vertical temperature distribution is only affected 
by a surface intake (Figt1re 5,27 a, b, c). The temperature rise 
at the outlet is about 3° higher with no wind than the natural 
state and about 9° higher fourteen days after a strong wind 
system has passed through the region. 

The salinity of the upper 20 meters is increased due to the 
bottom intake (Figure 5,27 d, e, f-). The cooling system removes 
bottom water of a higher salinity than the surface water and 
returns it to the surface. The salinity with a surface intake is 
reduced . This is due to the buoyant heated water plume restricting· 
the natural supply of salt from the Baltic. 

The estuarine circulation (Figure 5.27 g, h, i) is increased 
slightly by the bott om intake in the summer. However, the natural 
flow is severly restricted by a surface intake. 

The surface intake creates a severe thermal stress and has an 
adverse effect on the natural estuarine circulation in Bråviken 
during the summer. The bottom intake produces no noticable thermal 
stress and slightly enhances the natural circulation. The enhanced 
circulation would increase oxygen renewal in the deep waters of 
Bråviken and generally have a beneficial effect on the estuary. 

5,7 Winter: Natural Conditions 

The natural winter temperature and sa~inity fields (Figure 5.28 
J arid 5,29} show a reasona'ble correspondence to the same boundary 

conditions established for the summer. The major difference 
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between the winter and surnmer sections are: 

the lack of vertical temperature stratification in the 
winter, and 

a smaller salt dilution in the winter . 

The simulation of natural winter conditions was established using 
a runoff of 50 m3/s and no net surface heat flux. Later in the 
winter a net loss occurs resulting in surface temperatures of 
2°c. However , no sections were available for this part of the 
year for comparison . The temperature field (Figure 5,30, 5. 33) 
was almost isothermal at 5°c . The salinity field (Figure 5.31) 
campares well when it is remembered that the source salinity used 
as a boundary condition was a bit lower than that found from the 
section . The boundary conditions for the summer and winter cases 
were set to the same values in order to evaluate the effect of 
solar heating on the estuarine circulation. By comparing the salt 
fluxes in the summer (Figure 5. 4) and winter (Figure 5.31) it can 
be seen that the estuarine circulation is slightly greater in the 
summer due to natural longitudinal temperature gradients . This is 
difficult to establish from the salinity data (Figures 5.2 and 
5.29) alone . The region of gr eater dilution in the surnmer is due 
to the reduction of vertical mixing due to thermal stratificat ion . 
This model studies only constant vertical mixing . 

The vor ticity (Figure 5. 5) in the surnmer is larger than in the 
winter (Fi gure 5. 32} . This isa direct measure of the increased 
estuarine circulation in the surnmer . 

5,8 Winter : Surface and Bottom Intake with No Wind 

A surface intake and outlet have been added to the simulated 
natural winter conditions . The reactor heating is as before for 
the surnmer case . The temperature field (Figure 5.34 and 5.37) with 
surface intake shows a rather extensive heated water plume . As 
before , the heated wat er restricts the estuarine circulation (Fi­
gure 5. 36) which causes an increased dilution of salt water (Fi­
gure 5.35) . The effect of the surface intake is more obvious and 
pronounced in the winter than in the summer , due to the slower 
natural flow out of Bråviken at the surface . 

The bottöm intake provi des little relief from the heated water 
plume . The temperature (Figures 5. 38 and 5.41) is QUalitatively 
the same and only slightly less in magnitude than with the surface 
intake . The salinity (Figure 5.39) is higher than with the surface 
intake . The cooling system with a bottom intake pumps salty bottom 
water to the surface . The circulation (Figure 5. 40) is not re­
stricted as much as with the surface intake but the restriction 
is still considerable . 

5.9 Winter : Sur face and Bottom Intake with a Time Dependent Wind 

The same time dependent wind that was used in the surnmer cas e was 
applied to the winter simulation ; a 12 m/s wind blowing from the 
west three days which then shifts to the east for three days be­
fore dying out . Fourteen days after the wind has stopped the 
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surface intake has produced (Figures 5.42, 5,45) an enlarged 
plume due to the trapping of heated water in Bråviken. The wind 
transports that trap the heat are of an order of magnitude 
greater than the estuarine circulation which tries to advect 
the heat out into the Baltic. The result is that it takes longer, 
by an order of magnitude, for the natural circulation to flush 
out Bråviken than it took for the wind to drive up the tempera­
ture (Figure 5.46). The higher wind induced surface temperature 
restricts the flow (Figure 5.44) and increases the salinity 
(Figure 5,43) over the levels obtained without wind. 

The vertical profiles (Figure 5.47) intime illustrate the slow 
recovery of Bråviken from a wind disturbance. The temperature 
difference at the surface is almost one degree (Figure 5.47 a, 
b, c). The salinity profiles (Figure 5.47 d, e, f) show a faster 
recovery than was seen with heat because there are no salt 
sources to compare with the reactor heat source. The velocity 
profiles are dominated by the wind currents (Figure 5. 47 g, h, i). 

The results obtained with a bottom intake in the winter with a 
time dependent wind are much the same as those obtained with a 
surface intake. The temperature plume (Figure 5.48 and 5.51) is 
not as extensive as with the surface intake but is larger than 
the plume obtained under conditions of no wind and with the 
bottom intake. The reasons are the same as those with the surface 
intake. The salinity (Figure 5.49) is much the same as without 
wind (Figure 5.39). The circulation (Figure 5.50) is slightly 
greater than with no wind. The recovery time is much faster 
(Figure 5.52) with a bottom intake than with a surface intake. 
The bottom intake removes the effects of recirculation through 
the heating system. It does not prevent wind trapping of the 
surface plume, however. The vertical profiles (Figure 5.53) show 
lower temperature levels obtained (Figure 5,53 a, b, c) with the 
bottom intake as opposed the surface intake (Figure 5.47 a, b, c) 
anda wind. The salinities with the bottom intake are generally 
higher (Figure 5.53 d, e, f) than the salinities with a surface 
intake (Figure 5,47 d, e, f) although the range during a wind 
event is about the same. The wind driven velocities dominate 
again (Figure 5-53 g, h, i). 

5.10 Comparison of the Winter Cases 

The vertical temperature, salinity and horizontal velocity for 
the five winter cases investigated have been plotted (Figure 
5.54) for comparison; The profiles for the time dependent winds 
have been plotted fora time fou~teen days after the wind ceases . 
The temperature increases in all cases over that in the natural 
state. The surface intake with and without wind causes the 
greatest temperature rise (Figure 5,54 a, b, c). 

The salinity is decreased most by the surface intake with and 
without wind (Figure 5.54 d, e). At the outlet there isa slight 
salinity increase due to the bottom intake (Figure 5.54 f). 

The estuarine circulation is restricted in all winter cases 
(Figure 5.54 g, h, i). The greatest reduction of the natural 
flow is by the surface intake. The circulation can be reduced 
to almost nothing. 
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Adverse affect on the circulation and possibilities of thermal 
stress in the winter occur for both the surface and bottom in­
takes. The bottom intake hasa somewhat smaller effect than the 
surface intake . 

( 

5.11 Surface Intake in the Winter for Various Runoffs 

During the winter season thermal stresses as well as restriction 
in natural flow are likely to occur even with a bottom intake . 
It is of interest to investigate what effect a stronger natural 
flow would have on the overtemperature under the most severe con­
ditions, surface intake in the winter . This is the same as con­
sidering a reactor with a much smaller cooling system . The im­
portant measure here is the ratio of the r unoff to the cooling 
water transport . The estuarine circulation is more or less pro­
portional to the runoff . As runoff increases , dilution of salt 
increases and the horizontal density gradient increases . This , 
in turn, drives a st r onger estuarine flow, permitting a more 
rapid transport of heat out of Bråviken . 

A series of experiments with runoffs of 50 , 100 , 150 , 200, 250 
and 300 m3 /s were run without an intake as a control (Figures 
5. 55, 5.56, 5. 57) . As the runoff increases, the temperature in 
the shallowest parts decreases (Figure 5. 55) due toa slight 
river cooling . The salt dilution (Figure 5. 56) increases rapidly 
with runoff . As the dilution increases , so does the vorticity , 
or the estuarine circulation (Figure 5. 57) . The vertical profiles 
further illustrate this behavior (Figure 5. 58) . The estuarine 
circulation increases about 2. 5 times for an increase in runoff 
of about 6 times (Figure 5. 58 g , h , i) . 

A surface intake was added and compared with the control . In 
order to isolate the effect of the increased advective transport 
of heat out of Bråviken due to increased runoff, lOsses to the 
atmosphere were ignored . In all previous reactor cases, losses 
to the atmosphere were considered . A comparison of Figure 5. 59 
a, in which there were no losses , -with Figure 5.34, with losses 
and the same runoff , shows the effect of atmospheric losses on 
the overtemperature . As the runoff increases the plurne decreases 
(Figure 5. 59 a , b, c, d , e, f) . The salinity with an intake is 
generally lower than without (Figure 5. 56 a , b, c , d , e , f ; 
Figure 5.60 a , b, c , d , e, f) . 

However , the increased dilution due to increased runoff is about 
the same with and without the intake . The vorticity (Figure 5.61 
a, b, c., d, e, f) for a large runoff and a surface intake ap­
proaches the values obtained with no intake . The vertical pro­
files (Figure 5.62 a , b , c , d , e , f , g, h, i) further illustrate 
that increased runoff removes much of the influence of the heated 
cooling water . 

5.12 Comparison of Results with Field Measurements 

As a part of the study of Bråviken as the possible site for a 
nuclear power plant, hydrographic measurements were made . Most 
of the measurements were made in the region near the planned 
outlet. No measurements were made at the sill of Brå-





SMHI 31 

viken. There were two stations at Lönö, a few kilometers outside 
the sill. There exist two channels at Lönö. 

I 

Estimates of the volume ·transport have been made (E Bergstrand , 
personal communication) from these measurements, Table 5.1 . 
There isa general correlation betwe~n wind and transport. How­
ever, when all data are averaged it is impossible to determ.ine 
the runoff with any certainty . Fora typical numerical experiment 
with a time dependent wind , the maximum transport in at the 
bottom is about 1 300 m3 /sec . The transport out at the surface 
is this plus the runoff . The observed transport during strong 
winds was of this order of magnitude . 

Some vertical profiles of measured velocity are included to show 
that the magnitude and curvature of the velocity sections agree 
with the numer ical experiment . These profiles (Figure 5,63) can 
be compar ed with any of the numer ical pr ofiles fora time depen­
dent wind . It ha s not been possible to ~ompare temperature and 
salt profiles . What is important to campare in so far as salt and 
heat are. concer ned, are the changes during variable wind condi­
tions and not the mean profile . However , data intime were too 
incomplete to make this comparison . 

Because the measurements available to date are too incomplete to 
make detailed comparisons with the numerical data, a field pro­
gram, designed to measur e water , salt and heat transports as a 

· function of changing •external conditions , is necessary to properly 
calibrate the model , 

In comparing the profiles of heat and salt from data with the 
numerical experiments one feature is lacking in the numerical 
results . The sharpness of the real halocline-thermocline is not 
well represented , This is due to the fact that a constant eddy 
mixing has been used . Further model development has taken place 
to include mixing dependent on stratification . The results com­
pare favorably with the natural pycnocline. It is not likely that 
this new development will alter any of the qualitative results 
presented here . 
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Table 5,1 
Transport values calculated from weekly current measurements 
at two stations in the mouth of Bråviken (positive transport 
is out of the bay) 

Date 

1974-04-03 
04-10 
04-17 
04-24 
05-01 
05-08 
05-15 
05-21 
05-29 
06-05 
06-12 
06-19 
06-26 
07-04 
07-10 
07-17 
07-24 
07-31 
08-07 
08-14 
08- 21 
08-28 
09-04 
09-11 
09-18 
09-25 
10-02 
10-09 
10-16 
10-24 
10-30 
11-06 
11-13 
11-20 
11-27 
12-04 
12-11 
12-18 
12- 27 

1975-01-08 
01-08 
01-15 
01-22 
01-30 
02-05 
02-12 
02-19 
02-26 
03-05 

Transport, m3/s 
Above main Below main 
pycnoc l ine pycnocline 

-1023 
+664 
+518 
-920 
-958 
+727 
+533 

-1083 
+767· 

+1919 
-540 
+156 
-944 

+1131 
+888 
+374 

+2008 
+2017 
+1818 

+348 
-654 

-1198 
-1110 
+1213 
+1914 

-10 
+919 
-166 
+856 
+362 
+148 

+1042 
+1051 

+273 
+220 
+552 

+1181 
+1298 
+2223 
+1244 
+1322 
+1272 
+2055 

+826 
+2287 
(Ice) 
+1644 
+1419 

-36 

+1648 
-373 
+146 
+552 
+463 
-619 
-752 

+1493 
-1273 

+834 
-202 
-153 
+194 

-1297 
-395 
-219 

-1726 
-2490 
-1747 

-25 
+824 
+816 

-60 
-2234 
-2629 

+361 
-1777 

+276 
-1444 

-812 
+272 

-1095 
-1164 

+291 
-128 
-832 

-1543 
+731 

-3143 
-1163 
-1585 
-1545 

-216 
+462 

-2596 
(Ice) 
-1866 
-1463 

+265 

Wind at 10 m above 
sea l evel , m/s 

E 4 
w 4 
NW 2 
NE 2 
NE 10 
NW 11 
N 10 
SE 8 
ssw 5 
w 9 
NNE 10 
W 2 
SE 9 
W 2 
NE 1 
SE 2 
w 5 
w 5 
NW 7 
w 5 
SE 5 
E 4· 
- 0 
wsw 2 
W 10 
s 5 
NW .. 11 
NE 8 
N 2 

N 5 
N 5 
sw 1 
sw 7 
N 7 
S 2 
s 4 
sw 5 
NW 4 
WNW 5 
W 5 
NW 5 
W 5 
wsw 9 
ESE 9 
W 5 
sw 2 
W 9 
w 8 
- 0 
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Date 

1975-03-12 
03-20 
03-26 
04-02 
04-09 

3 Transport, m /s 
Above main Below main 
pycnocline ( pycnocline 

-40 +1158 
+77 -18 

-619 +596 
+1780 -2005 

-185 +290 

L = +31560 L = .:..29007 
Mv = +595 Mv = -547 

33 

Wind at 10 m above 
sea level, m/s 

NE 4 
N 4 
E l 
W7 
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6. SUMMARY AND CONCLUSIONS 

6.1 Summary of the Results 

A numerical model has been developed to predict the effect of 
a planned nuclear power planton the circulation of Bråviken 
estuary . Thermal waste in the form of heated water is to be 
discharged from the plant . The heated water isa source of buoy­
ancy which can change the natural circulation. The numerical 
model uses the basic laws of hydrodynamics to predict the estua­
rine flow . The model prediction of the natural flow is used a s 
abasis against which results from diff'erent heated water pre­
dictions are compared. Field work specifically designed to estab­
lish the validity of the prediction of that natural state was 
not included in this study. Field data was taken in another study 
in order to ascertain natur.il conditions near the intake-outlet . 
That project was intended to provide information fora nearfield 
hydraulic model . However, a few of the measurements from that 
study have been used to make a preliminary comparison with model 
results. To the extent that comparisons can be made, the numerical 
model represents the essential features of the known estuarine 
flow in Bråviken . Future field work may indicate _areas of improve­
ment in the model. 

The natural conditions modelled represent two states of thermal 
stratification : summer with a strong vertical temperature gr adient 
and winter with essentially no vertical temperature variation . 
These two states are established by imposing tY})ical conditions 
on the net surface heat flux . 

For each of these seasons, two different intake configurations 
have been considered : a surface intake, as is planned, and a 
bottom intake . In all cases the outlet is located at the surface 
and on the oceanic side of the intake . Several typical wind 
conditions have been considered : no wind, a steady wind of 5 m/s 
anda 12 m/s , time dependent wind which gradually builds from 
the west, shifts to the east and then dies . A series of experi­
ments, under the winter conditions and with varying a.mounts of 
runoff, has also been conducted . 

In the surnmer , a thermocline is developed due toan excess of 
incoming solar radiation . The surface temperature reached is 
about 19.'6°c while the bottom temperature in the inner basin is 
about 10.1°c . Table I contains the mean values of salinity and 
temperature inside the sill as well as the net transport inta 
Bråviken at the sill . The percent change from the "natural state" 
is given in parentheses . The average-temperature change is 
greatest, +28.6 %, with unfavorable wind conditions and a·surface 
intake . However, with a bottom intake the average temperature 
change is less than 3 %. The surface intake receives water at 
about 20°c and the outlet returns it at about 30°c. This large 
increase in temperature causes a decrease in the basic estuarine 
circulation approaching 30 %. In contrast, the bottom intake 
receives water at about 5°c and the outlet releases it at the 
9urface at about 15°c which is below the ambient temperature . 
The estuarine circulation is slightly increased (1 - 2 %) . 
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In the winter there is little natural temperature stratification . 
Salinity stratification is maintained , as in the sumrner , by sub­
surface Baltic water flowing in under the more brackish water 
leaving at the surface . ~he runoff largely determines the salt 
stratification . Table II shows the winter values of mean tempera­
ture and salinity and net transport into Bråviken . The salinity 
change fora surface intake is on the order of 5 %. This isa 
salinity change of about 0 . 3 0/00 . For the time dependent wind 
it may be twice as much . The average temperature of the inner 
basin can change by almost +50 % with a variable wind and ,a sur­
face intake . This is due to recirculation when the wind transports 
heated water from the outlet to the intake . The estuarine cir­
culatioii can be reduced to almost nothing (-93 ,2 %) . With the 
bottom intake, the situation is somewhat better but the estuarine 
circulation can still be decreased to one half of its natural 
state . Temperature increases ar e still q_uite significant at about 
30 %. The salinity change is reduced to one half of that for the 
surface intake . 

The winter conditions have been used fora series of runoff 
experiments with and without a surface intake . In this series , 
losses to the atmosphere were not considered so that the effect 
of increased runoff alone could be studied . Table III sumrnarizes 
the results . Salinity decreases as runoff increases . The effect 
is about the same with or without the intake . The difference 
between the natural and surface intake salinity is from 6 % to 
8 % for all runoff values . The change is less than 0, 5 ppm . It 
should be noted, however, that this change is not small when the 
range of salinity , 5· - 7 ppm for the lowest runoff , is considered . 
The change in mean salinity is almost 25 % of the range of salin­
ity . However , as the runoff is increased the range increases un~ 
til it is about 1 - 7 ppm . A change in mean value of 0 . 3 ppm means 
a change of only 5 % of the natural r ange . The difference in the 
mean temperature with and without the intake r anges from +71.8 % 

· with the lowest runoff to +4.4 % with the highest runoff . The 
decrease in the estuarine circulation r anges from -72 . 0 % at low 
runoff to -15 , 3 % at high runoff . The highest value of r unoff 
comes from data taken during the last 40 years and is eq_ual to 
the circulation through the cooling system of the proposed reactor. 

6 . 2 Conclusions 

With the construction of a bottom intake located at a depth of 
about 40 meters , there will be little noticeable effect on the 
circulation , temperature or salinity fields {n Bråviken during 
the summer . In the summer the vertical heat stratification and 
the natural estuarine circulation make it possible to inject 
heated cooling water into the environment with little effect 
because the heated water discharged at the ,surface is below 
the ambient temperature . 

However, in the winter the bottom intake offers only a partial 
improvement over a surface intake. Dur ing the winter the heated 
water would cause, considerable disruption of the natural circula­
tion, temperature and salinity of Bråviken. The bottom intake 
could cause changes of as much as 50 % in the natural state . The 
surface intake would cause changes of almost twice as much. The 
heated water causes sizable horizontal density gradients which 
are sufficient to counteract the weak natural flow . 
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The winter situation is improved if the runoff is large compared 
to the cooling water circulation . However, the reverse is true 
for the planned Tunaberg plant . The runoff can be as low as 
25 m3/s while the plant discharge is about 300 m3/s. Time depen­
dent wind experiments suggest that the average winter temper ature 
and circulation are strongly affected for several weeks after a 
storm of a few days duration . The effect of a series of such 
storms would not only provide considerable environmental stress 
but would also tend to accumulate the effects if they occured 
within several weeks of each other , causing disruption of the 
natural conditions beyond those previously indicated . 

As a recipient of heated cooling water from a large thermal power 
plant, Tunaberg does not seem to be a favorable site . The plant ~s 
location on the deep channel into Bråviken makes disturbance · 
of the natural estuarine flow in Bråviken very likely . 

Further studies with an integration of field experiments and 
model studies would be advisable to more critically determine 
the suitability of this site . The model has been further 
developed to include vertical mixing which isa function of 
the flow and density stratification . 

Field measurements should be carried out together with 
numerical experiments using the more realistic form of verti ­
cal mixing . 
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Table 6 .1 . Summer conditions , runoff = 50 m3 /s 

Salinity o/oo 0 Transport in m3 /s Case Temperatur e C 
(% ll) (%( ll) ( % ti) 

No intake, -r=0 6 . 58 (0 . 0) 13 , 53 (0 . 0) 569 . (0 . 0) 

Surface intake, -r=0 6 . 50 (-1.2) 15 .14 ( +11.9) 428 . (-28 . 3) 

Bottom intake, ,=0 6. 60 ( + . 3) 13 . 78 , (+1 . 8) 571. ( + . 4) 

Surface intake , T ( t) 6 . 47 (-1.8) 17 . 40 (+28 . 6) 439 , (-22.8) I 

Bottom intake, T (t) 6 . 61 ( + .. 5) l3 ,92 (+2 .9) 583 . (+2 . 5) 

Table 6 .2 . , Winter conditions , runoff = 50 m3/s 

Case Salinity o/oo Temper atur e oc Transport in m /s 
(% ll} ( % ll-) ( % ll) 

No intake, ,=0 6 . 46 (0) 4 ;61 (0) 279 , (0) 

Surface intake, ,=0 6. 20 (-4 . ol 6. o4 ( 31. o l 19 ., (-93 . 2) 

Bott om intake , ,=0 6. 29 (-2 . 6) 5 . 56 (20 . 6) 140 . (-49 . 8) 

Surface intake , T ( t l 6 .12 (-5 , 3) 6 . 78 (47 .1) 75 . (-73 .1) 

Bottom intake, T ( t) 6 . 26 (- 3 .1) 6 . 06 (31.5} 197 , (-29 . 4) 

Table 6. 3 . Runoff ser ies, winter 

Salinity Temperature Tr ansport 

Runoff No intake Su:rface ( % ll} No intake Surface ( % ll) No intake Surfs1,ce ( % ll} 
intake intake intake 

50 6 . 46 6 . 08 (- 5 , 9) 4 . 61 7 ,92 ( +71_.,_8) 279 . 78 . (- 72 . 0) 

100 6 .16 5, 73 (- 7 . 0} 4 . 95 6 . 81 (37 ,6 ) 416 . 202 . ( -51. 4) 

150 5 . 91 5. 44 (-8 . 0} 4 . 28 5 -55. (29 , 7) 470 . 316 . (- 32 . 8) 

200 5 , 71 5. 28 (-7 . 5} 4 . 08 4 . 72 (15 , 7} 521. 402 . (-22 . 8) 

250 5 , 54 5 .18 (:-6 . 5) 3 , 96 4 . 27 (7 . 8) 559 . 464 . (-17 . 0) 

300 5,39 5 , 03 (-6 . 7) 3 . 86 4.02 (4 . 4) 588 . 498 . (-15 . 3) 
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