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ABSTRACT 

Cooling water discharged from a power plant <luring winter 

conditions can forma mixture which is denser than the 

ambient cold water. The cooling water then sinks to the 

bottom . Such sinking plumes have been recorded <luring 

plume surveys outside power plants discharging in brackich 

or fresh waters. 

A three- dimensional matematical numerical model is used 

to describe the sinking plume. The model runs show that 

the turbulence in the ambient water affects the sinking 

considerably. In rough weather conditions with strong 

turbulence the cooling water is well mixed from the surface 

to the bottom. A vertical wall (thermal bar) separates am­

bient water from cooling water. The warm water does not go 

very far from the outlet. During periods with low wind 

velocities (little turbulence in the ambient water) the medel 

simulates both the initial floati11g plume, the sinking and 

the final soreading along the bottom. 

Three runs are presented. One with straight coast and flat 

bottom. In this model configuration tests with different 

mixing coefficients were performed. The next run presented 

shows the small changes that occur when a simple bottom 

topography is introduced in the model. The final case is 

one with a complicated coastline and bottom topography. 

The model is shown to be a valuable tool in the process of 

judging the frequenecy and duration of sinking plumes and 

the size of bottom area outside a powerplant that will be 

affected by cooling water. 
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PHYSICAL BACKGROUND OF SINKING PLUMES 

Pure water has its maximum density at a temperature of 4°c. 
This density equals one g/cm 3 by definition of the unit 

gram. One cubic centimetre of water of higher and also lower 

temperature than 4°c is lighter than one gram. With in­

creasing salinity the temperature of the density maximum of 

sea water decreases . At salinities of over 17 °/oo it drops 

below o0 c. 

The temperature of the freezing point decreases with in­

creasing salinity at a slower rate than the temperature of 

the density maximum, and at a salinity of 24.7 °/oo both 

temperatures are equal at - 1.33°c (figure 1). This property 

of water is very important for the heat exchange in the 

oceans. It also determines the behaviour of cooling water 

plumes in fresh or brackish waters. Water, initially of 10°c, 

that is discharged into ambient waters at freezing tempera­

ture, will sink down towards the bottom, when it is cooled 

t oa level around the temperature for maximal density. The 

range, in which sinking can be expected, decreases with 

salinity. No pronounced sinking can be observed for salinities 

above about 15 °/oo, even if the temperature and salinity 

distribution indicate instability according to the condition 

for static stability: 

1 dp = 
p dz 

Fig 1 
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In fact instability associated with vertical overturning 

of water masses is more complicated, as heat conduction, 

friction and diffusion retard the motion and tend to 

stabilize it (Turner 1973). Neumann has indicated (Neumann -

Pierson, 1966) that neutral stratification in the oceans can 

occur only when the vertical density gradient reaches a 

certain negative value or when: 

1 ap ds + ! ap dT > A · K 
-P as dz p aT dz - conS t . 

p2gh4 

where A and K are turbulent viscosity and turbulent heat 

conductivity respectively, and h is the thickness of the 

layer, where the negative density gradient occur. The 

constant is of the order 10 3 in the oceans. 

Suppose fora moment that one knows A and K. A = K = 0.001 m2 /s, 

the ambient water has the temperature o0 c and the salinity 

8 °/oo, which gives the density p = 1.006400 g/cm 3 • Part of 

a cooling water plume has the temperature 2.5°c (p = 

= 1.006441 g/cm 3 • The density difference is 4.1 • 10-s g/cm 3 • 

The formula 10 3 • AK >----gives (if ~z ~ h) that the thick-
p2gh4 

ness of the unstable layer has to be of the order of magni­

tude of meters, before convection starts. 

The Baltic Sea hasa salinity anda winter temperature strati­

fication that allows sinking cooling water plumes. Examples of 

this is given in the next section. The driving forces are weak, 

and the process can be disturbed by small natural density 

differences between the intake an the outlet area. "False" 

sinking plumes can for example be created on the west coast of 

Sweden. 
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OBSERVATIONS OF SINKING PLUMES 

When the ambient temperature is low, the wind is weak, 

the sea state calm and the current weak, well defined 

sinking plumes have been observed. One example from out­

side Simpevarp is shown in figures 2 and 3. A few hundred 

meters outside Hamnehålet a remarkably well defined core 

of 6°c cooling water was observed.· The sinking area was not 

larger than 100 min diameter and the maximum temperature 

at the bottom 6°c. This means that the water in the center 

of the core was somewhat lighter than the ambient water 

of o0 c. The areas with an overtemperature of 1°c or more 

at the bottom werevast and could not be totally surveyed. 

No attempt was made to measure the vertical current. The 

cooling water flow from the nuclear power station was 

22 m3/s. The waste heat discharged was only 11 GWh/day. 
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Fig. 2 Surface and bottom temperatures outside Oskarshamn Power Plant 
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Fig. 3 Example of a sinking plume during calm weather conditions 

Another example of a sinking plume from outside Karlshamns­

verket is shown i figure 4. The arnbient temperature was 

around l.s0 c and the temperature in the sinking core 4°c. 
The depth in the sinking area is only 5 - 10 m. No velocities 

were measured. 
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Fig. 4 Sinking cooling water outside Karlshamn Power Plant 
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Temperature surveys outside the thermal power stations during 

the winter frequently give as a result another type of 

temperature pattern. The cooling water is well mixed from 

the surface to the bottom when the initial jet mixing is 

finished. An example of such a "plume" is shown in figure 5. 

The wind was north 11 - 16 m/s and the ambient temperature 

was 1°c. The waste heat discharged was 49 GWh/day. 
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Another "diving" cooling water plume can be observed when 

the salinity of the intake water is higher than in the out­

let area. The mixed, warm but slightly saltier cooling water 

is denser than the ambient water and dives below the surface. 

Normally it finds denser ambient water at a few meters depth 

andcontinues to spread at this depth. An example is shown 

from outside the unclear power station Ringhals at the 

Swedish West Coast (figure 6). 

N Ledskär -
5 Led skär ,,, 

B--~--.--------~-----a '-":~;iiiiii•sl 0 0.5 1 km 

-----4,5 

Fig. 6 Sinking due to different density in the intake and outlet area 
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MODEL EQUATIONS 

To make three-dimensional studies of the sinking plume 

we used a model which was ori ginal1y developed at the 

Oceanographic inst. (Inst flir Meereskunde), University 

of Hamburg. The model is fully three-dimensional as 

opposed to quasi- three- dimensional models or multi layer 

models. True three- dimensional l ity means that t h e model 

solves the following set of equations for each grid cell 

without any integration over layers etc. 

~ + au+ au+ au 1 ~ + fv + AD 
a 2 u 

+ AS 
a 2 u 

u - V - w = at ax ay az p ax 8x 2 av 2 
.J. 

a [1v ~] + -
a z az 

-f 

av+ av av av 1 aP fu + AS 
a 2 v 

+ AD 
a 2 v 

u + V + w = - -- + 
at ax ay az a ay ax 2 aY 2 

+ a 
[Av 

av] 
az az 

1 ap 
0 = - g 

p az 

aw au av = az ax ay 

aT aT +Vi_'.!'. + w aT a 
( K i_'.!'.) + u = at ax ay az az v az 

1.0058 8 10- 6 (T - 2 
p = P (T) = - . 2. 5) . 

where u, v, w are velocities in the x direction, neg . 

y - direction and neg . z-direction. 

p is dens ity 1 fis the coriolis parameter 

AD is the eddy viscosity coefficient for terms of the type 

a 2 u a 2 v -- + -- (divergence) 
ax 2 ay 2 

AS is the eddy viscosity coefficient fo r terms of the type 

a 2 u a 2 v -- + -- (shear) 
ay 2 ax 2 

¾isa variable vertical eddy viscosity coefficient . 





¾isa vertical eddy diffusivity coefficient. 

P is pressure 

t is time 

T is temperature 
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It is assumed that heating due to compression or cooling 

due to expansion is negligible. The so called adiabatic 

temperature changes is thus not taken into account. The 

model is intended to be used for convection problems in 

shallow (depth < 50 m) water and is not to be used in 

deep ocean where the adiabatic temperature changes can 

be of importance. 

The density is everywhere very close to the value = 
1.0000 g/cm3 • The deviation ~P is therefore omitted in 

the intertia terms. It is of primary importance in the 

buoyancy term. Neglecting ~Pin the intertia term is the 

so called Boussinesq approximation. Phillips (1966) showed 

that it is also valid when treating convection problems. 

The turbulent heat and momentum exchange are modelled 

using eddy viscosities and turbulent heat conduction 

coefficients. The dependens of these coefficients on grid 

spacing, density and velocity gradients will be discussed 

in sections "HORIZONTAL MIXING" and "VERTIKAL MIXING". 
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MODEL FRAMEWORK 

The grid 

To study a heated water plume a model with high resolution 

is needed . The very strong temperature and velocity gradi­

ents in the plume must be adequately represented,or the com­

puted mixing will be wrong. On the other hand the model must 

include areas of water, which is not influenced by the hea­

ted water at all. This leads toa grid,where the gridsize is 

changing in space. In the plume the gridsize is smal¾ and 

close to the boundaries a bigger gridsize is used (figure 7). 

Fig. 7 An example of a mesh with variable gridsize. 





The grid is staggered. The indexing is done in the fol­

lowing way: 

u. 1 . k 1- , J, 

V .• k 1,J, 

V •. 1 k 1,J- , 

T ,P. . k+l 1,J, 

11 

The surface lies between uk = 2 and an artificial uk = 1 , the 

undisturbed surface, z = O, being defined at the level of 

wk = 1· 

The bottom is taken into account by prescribing the depths 

in the pressure points (h) and calculating the depths in p . 
the velocity points (hu, hv). 

% = min [ hp (x + 6:) , hp (x 62x)J 

hv = min [h (y + ~) h (y - ~)] 
p 2 ' p 2 

u, v,T are calculated only where the depth of the calcula­

tion level is less than hu, hv, hp respectively. 
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Boundary conditions 

The prescribed condition at the boundaries of the model 

is very important . Bottom stress, heat loss to the atmos­

phere, wind stress etc. are examples of boundary conditions. 

Using a stretched grid the open boundaries are that far 

from the outlet that all transports can be assumed to be 

out of the area under consideration 1 and the velocity to be 

small. The upwind scheme used for advection does not need 

any boundary conditions in this case. The error made by 

using u, v, = 0 as boundary values for the viscous terms is 

negligible. 

There is in the model no explicit diffusion of temperature, 

unless for unstable density stratification. That is because 

using upwind differences is accompanied by numerical diffu­

sion of the order of K = u~x (1 - ut:,,t:,,xt) or K ~½ ut:,,x (Roache 

1972). For the pressure term the water level at the boundary 

is prescribed . 

The bottom boundary condition for temperature is: No diffu­

sion, no advection through the bottom. The condition at the 

surface is the same. In an earlier study of sinking plumes 

(Bark 1978) is shown that the heat loss to the atmosphere 

does not change the picture of the sinking plume to any ex-

tent. There are two reasons to support this result. 1) The 

plume area exposed to the atmosphere is small compared with 

a floating plume. 2) Sinking plumes occur at fairly weak winds. 

The heat loss is thus smaller than in the average case. The 

heat loss to the atmosphere is thus neglected in this study. 

At the bottom and at the side walls a no slip condition is 

used. 

Wind influenced currents are not studied in this report. 

Wind stress is therefore equal to zero. 
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Salinity is i ntroduced in the medel for the only reason of 

controlling the change of the density with temperature. No 

salt s inks o r sources exist in the medel and the salinity is 

everywhere 8 °/oo , which isa probable value for winter con­

ditions i n the central Baltic from the surface down to about 

30 mat l e a st . 

The boundary conditions at the power plant outlet areas 

follows. I n a 50 m wide and 2 m deep open section in the 

coastlin e water is f l outing out at a rate of 36 m3 /s. The 

water i s 11 ° c. The medel boundary condition tries to simu­

late the o peni ng of the narrow fjord Hamnefjärden (see map 

fi gure 18). The r eal outlet is situated on the south shore 

of that f jord . However, heated water is most of the time 

ful l y mixed i nside the little fjord and is going out into 

the Balti c a s a surface flow of a two layer flow at the 

mouth o f the f j ord . 
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Horizontal mixing 

· For the horizontal mixing of momentum two coefficients are 

introduced in this model. One ASHEAR for the terms of type 

~ (A :) , where u is the velocity perpendicular to the 

y-direction. The other ADIV for the terms of type 
3 3V ay (A ay), where vis parallell to the y-direction. There is 

a possibility in the medel to use different values for 

ASHEAR and ADIV" In this study no serious tests have been 

carried through to conclude the importance of this. In most 

of the runs ASHEAR = ADIV = Const = 0.04. 

The two constant coefficients ASHEAR and ADIV define 

in the medel the value of the horizontal eddy viscosity through 

the formula 
= L'it • AH 

t.L . 2 min 

where A8 isa variable horizontal eddy diffusion coefficient, 

~t is the time step and L'.L . is the minimum grid size at the min 
grid cell under consideration. For L'it = 20 sec L'.L = 50 min 

the central part of the plume the formula gives 

ASHEAR • t.L 2min 
AH = L'it = 5 m2/s. 

The reasoning behind this is that turbulence (which causes the 

diffusion) is the motion of time scales shorter than L'it, the 

time step in the medel. It can also be said that it is the 

motion whith length scale less than the smallest grid size at 

the grid cell under consideration. If the time step is changed, 

the turbulence gets another definition-time scale,which in this 

case is taken into account in the formula. More important is 

that if you have a stretched grid, it can be argued that tur­

bulence has different definitions at different locations in 

the medel. In the very large grid cells at the outer corners 

in the model"turbulence"is small eddies up to rather large 

movements. In small cells near the outlet"turbulence"is only 

the small eddies. This is also accounted for in the formula. 
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In the present study this facility is used with cautiousness. 

The grid size in the central part of the model,where the plume 

mixes with the surrounding water, the grid is kept constant 

50 x 50 m. Further out, where the velocity gradients are small, 

the grid size is allowed to grow rapidly. The reason for the 

hesitation to use the formula in the central, important region 

is the following example given by Nihoul (1975) and also tests 

with the medel with different time steps. 

In a tidal model of the North Sea,turbulence can be defined 

as the motion with time scale less than 5 min. A length scale 

to be associated with this time scale can be computed with the 

formula 

1 ~ e: 112 • t 312 , where e: ~10 7 m2 /s 3 • 

The associated length scale is 5 m. The action of turbulent 

eddies smaller than 5 m will then be described via an eddy 

viscosity term. However, the grid size of a medel for the North 

Sea must be much bigger, typically of the order of 5 km. The 

caracteristic time associated with scales of motion of the 

order of a few kilometers is of the order of a day. This is 

of course too biga time-step to be used in a numerical medel 

of this kind. 

In a test with the sinking plume model,where the time-step 

~t was 10 sec instead of the "normal" 20 sec, it was shown 

that the plume was much wider and smoother than in the "normal" 

case. This was obviously depending on the mixing, which in 

this test run was doubelled by the formula ASHEAR = ~t • AH. 

~L2min 
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Vertical mixing 

The vertical eddy viscosity is dependent on the stability 

and on the velocity gradient. 

The formula is found for exarnple in Munk, Anderson (1948). 

If i'\p /öz > 0 (unstable conditions) the formula is not recom­

mended or tested. In unstable conditions Av= A in the model. 

The behaviour of the plume is very dependent on the value 

of A. This dependence is discussed later in the "result" 

section. 

The vertical mixing in the coastal area studied is probably 

wind (wave) generated. No other strong sources like strong 

velocity gradients exist (not even in the plurne itself). A 

forrnula for the wind generated turbulence can be found in 

U Svensson (1979). The vertical eddy viscosity is given as 

a function of wind velocity and depth. In wind speeds less 

than 5 m/s the value is fairly constant from 1 m below the 

surface down to at least 10 m. The eddy viscosity coefficient 

proposed is A = 0.026 • v* 2/f, where v* is the surface 

friction velocity. fis the Coriolis parameter. This formula 

is later on used to relate the mixing toa wind velocity. 

There is in the model no explicit temperature diffusion. 

Kv is zero for most of the time. Only if the density strati­

fication is unstable, it is K = 0.2 • t/i'\P/i'\z 2 , where t is 
V 

time and 0 . 2t is limited to 1000. 
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RESULTS 

Flat bottom 

The first tests at the SMHI with a model of sinking plumes 

were performed in a two dimensional model (one horizontal 

dimension , one vertical dimension) by I Bork (1978). It 

was from the beginning concluded that a fully three dimen­

sional model was needed to desc r ibe areal sinking plume. 

Howeve~ many valuable tests could be conducted with a two 

dimensional model . A heated water plume isa three dimen­

sional problem by its own nature . It is important to describe 

velocity , spreading and mixing in the along-axis direction, 

the spreading and mixing in the d i rection perpendicular to 

the axes of the plume and finally the mixing and in this 

study also sinking of the plume in the vertical direction. 

Moreover the coastline and bottom topography near the cool­

ing water outlet almost always play an important role in 

the plume movements . The topography also needs a three 

dirnensional description. 

A series of tests in the present study was carried out in 

a rnodel with a gently sloping bottom outside the cooling 

water outlet and further out a flat bottorn at 14 rn depth. 

The horizontal eddy viscosity coefficient can be estirnated 

with the theory of Kolrnogorov (Nihoul, 1975): A = s l/ 3 1 4 / 3 , 

where E is the rate of energy transfer between eddies of 

different scales. Lis the length scale of the turbulent 

eddies. 

If the turbulent length scale in the rnodel is~ 50 rn = 
- 6 -8 2 3 

smallest grid size, s is about 10 to 10 rn /s . The 

horizontal eddy viscosity coefficient is then of the order 

of magnitude : 0 . 4 <AH< 2 m2 /s . Two tests were carried 

out. One with AH= 0 . 5 m2/ s and the other with AH= 5 m2/s. 
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The result shows that the plume in the first case is 

narrow with the high velocity reaching far out. The very 

small horizontal mixing does not, however, produce a 

totally unrealistic plume . The sinking took place further 

out from the outlet compared to t he second r un , but neither 

the sinking velocity nor the temperature at the bottom was 

significantly altered by the 10 - fold change in horizontal 

mixing. It is concluded that the model is not very sensi­

tive to changes in the horizontal eddy viscosity coeffi­

cient . The coefficient used during the following tests is 

5 m2 /s . 

The vertical eddy viscosity coefficient is very important for 

the result . The vertical turbulence in the area is presum­

ably caused by wind (wave) mixing. One estimate of the wind 

introduc e d vertical eddy viscosity coefficient is given by 

U Svensson (1979) . 

A = 0 . 026 • V 2 /f 
V * 

f = 1.25 • 10- 4 s -l 

where W is wind velocity in cm/s. A wind velocity of 400 cm/s 

gives A ~ 100 cm 2/s = 0 .0 1 m2/s . 
V 

Wind velocities between 1 and 1.5 m/s produce an eddy vis­

cosity coefficient = 0 .001 m2 /s. In the model test first 

carried out with the intension to study vertical mixing 

the coefficient was 0 . 01 m2 /s . This resulted in a plume, 
where the downward velocity in the front of the plume was 

rather weak (0 . l cm/s). The cooling water mixes down to the 

bottom at 14 m, and no pronounced vertical temperature gra­

dient exists. The horizontal temperature gradient is more 

or less like a vertical wall separating the mixed cooling 

water from the ambient o0 water. The situation in the model 

is similar to the most common observed situation described 

earlier . From the model studies it is concluded that this 
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situation occurs , if the wind velocity is more than 4 m/s, 

the equivalent of horizontal eddy viscosity greater than 

0 . 01 m2/s . 

The next situation studied was an identical case with the 

vertical eddy viscosity coefficient equal to 0 . 001 m2 /s 

(one tenth of the earlier used value) . The result changed 

toa situation comparable to observed situations described 

earlier with weak winds. The run was like all the others 

started from zero . The ambient current was 0 cm/s , the 

temperature was 0 0 c . At time 0 h the pumping started of 
0 0 C water through the outlet . After ~ 2 hours , outlet of 

the heated water of 11 °c started . 

3 

5 

7 

9 ' 1 1 1 

11 ' I i J 

13 

m 

A CUAA ENT 0F 5.0 CM/5 I a A CURAENT 0F 0.050 CM/S 

Fig. 8 A sect i on out from the coast . (centerline) 
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The run was continued for 11 hours totally. At that time a 

quasi-steady state had been reached. The plume continued to 

spread along the bottom with velocities of 1 - 5 cm/s, but 

the temperature and the velocities in the sinking region 

(450 - 500 m from the shore) were not changing significantly 

with time . Figures 8 to 12 show different views of the plume 

after 11 hours from start. The sinking velocities are much 

higher than in the earlier case. 

During the development of the plume as high vertical veloci·­

ties as ~0.7 cm/s were computed. The maximum computed tempera­

ture at the bottom was 3 . 1 °c. This is about 0.5 °c higher 

than the temperature for maximum density for water with the 

salinity 8 °/oo. The sinking water around the high tempera­

ture core hasa temperature around the temperature for 

maximum density . The warm water core, which is only a little 

lighter than the surrounding, is probably dragged down by the 

action of the sinking around. 

3 

5 

7 

9 

11 

13 
m 

500 

i I J 

I ' 

= R CURRrNT IJF 

1000 1500 m 

5. 0 CM/ 5 j O A CIJRRENl 0~ 0 .050 [ M/S 

Fig. 9 A section out from the coast. (100 m north of the outlet) 





21 

It is seen from figure 10 that the sinking does not only 

take place in front of the plume but at all boundaries, 

where cooling water meets the ambient water. The highest 

vertical velocities and the highest bottom temperatures are, 

however, found at the outer edgc of the plume. 

-1000 -500 0 500 m 

Fig. 10 A section along the coast· 400 m from the shoreline. 

R CURRENT 0F 5. 0 CM/5 j = R CURREN T 0F 0. 050 CH/5 

Next a really small vertical eddy viscosity was used 
2 

A 0.0001 rn /s. Theoretically this coefficient can be 
V 

valid for very low wind velocities, less than 0.5 m/s. 

The result is very like the case where A = 0.001. The 
V 

plurne is of course not so wide and is reaching 50 m 
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Fig. 11 The p lurne at 6 rn depth. 
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Fig . 12 The plume at the bottom. 
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further out at the surface due to reduced friction. The 

sinking velocity and the temperature computed at the bottom 

has not changed. The reason is that the mixture of cooling 

water and ambient water is the same (maximal density) in 

the sinking region in the two cases . During the sinking 

the downward velocity is not affected by the vertical eddy 

viscosity but more by the horizontal eddy viscosity. 

The next step was therefore to reduce also the horizontal eddy 

viscosity by a factor of 10 Ah= 0.5 m2/s, Av= 0.0001 m2/s. 

This resulted in an unrealistically narrow surface plume, 

which was , after sinking, spreading rapidly at the bottom. 

The only interesting result was that the sinking, which was 

expected to be rapid, instead was computed to be slower than 

before . The sinking core was namely so narrow that the ambient 

water , despite of the small horizontal mixing coefficient, 

was able to slow down the sinking water . The density driven 

sinking was therefore small compared to the earlier cases. 

The result is probably somewhat distorted by numerical dif­

fusion of temperature and momentum,as the plume is not more 

than 3 grid points (150 m) wide . The numerical diffusion is , 

however, not larger than that you can see a marked difference 

between .the cases with Ah= 0 . 5 and Ah= 5 . 

The conclusion drawn by the sets of runs is that the sinking, 

although dependent on especially the vertical eddy viscosity , 

does not increase, as the eddy viscosity gets very small but 

reaches a maximum for A = order of magnitude 0 . 001 . 
V 
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Artificial bottom topography 

Before real bottom topography was introduced in the model 

ene run was made with a long ridge at the flat bottom . 

The ridge goes along the straight coastline about 350 m 

out from the coast . It rises 5 m from the bottom which 

isat 14 m depth . The ridge was placed in this position 

so that the sinking should occur at the seaward slope . The 

intention was to study if the slope would act to increase 

the sinking of the plume . The eddy viscosity coefficients 

,:1ere Ah = 5 rn 2 /s ; 

figures 8 to 12 . 

A = 0 . 0 01 m2 /s as in the run shown in 
V 

The case with the artificial bottom topography was started 

from zero . That is, the temperature was eve r ywhere o0 c and 

the velocities were 0 cm/s . At time equals zero the pumping 

of o0 c water from the outlet starts . After 2 hours the 

heated water (11°c) was turned on . The study was continued 

for 14 hours totally. 

0 500 m 

Fig. 13 A section out from the coast. (centerline) 

= A CURREN T 0F 5.0 CM / S I = A CURAENT 0F 0.050 CM/ 5 





25 

Over the ridge thewarm water flows as an upper layer below 

which a weak undercurrent takes colder water towards the 

coast . Most of the cold water that mixes into the plurne 

however comes from the sides . This is shown in figures , 

13 , 14 and in figure 16 below . 

1500 m 

Fig. 14 A section out from the coast. (100 m north of the outlet ) 

= A CURRENT 0F 5.0 CM/5 l = A CURRENT 0F 0. 050 CM/5 

Right outside the outlet the p l ume , because of its relative 

high velocity (37 cm/s) mixes with the underlying cold 

water . It thereby gets thicker and wider (see figures 

13 and 16) . After ~ 100 m the buoyancy seems to be the most 

important spreading force . The plume from 100 m to 300 m 

gets thinner and wider . Cold wate r intrusion from below 

is still taking place especially in the center of the 

plume , where the horizontal velocity is high (figures 

13 and 15) . 
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-1000 -500 0 500 m 

' i 120j 
::::::;:;:::: 

Fig. 15 A sect i on along the coast 450 m from the shoreli ne . 

= A CURRENT 0F 5 . 0 CM/S = R CURRENT 0F 0.050 CM/S 

At 350 - 400 m from the outlet the mixture of cooling 

... ::ater and the ambient water has reached the temperature 

for maximal density and the water here starts to sink . 

Outside the sinking zone the surface current is directed 

towards land (figures 13 and 16) . Sinking also takes place 

50 to 150 mon both sides of the centerline of the plume , 

where cooling water and ambient water forms a maximal 

density mixture (figures 15 and 16) . The most rapid sinking 

and the highest bottom temperatures are computed in front 

of the plume (figures 13 and 17) . At the bottom the dense 

2 - 3°c water continues to spread in a 3 - 4 m thick layer . 

What is described above is not only valid for the case 

with the artificial bottom topography but is described 

here in connection to the figures for that case . 





500 

1000 

1500 

m 

27 

Comparison between the two runs, where the only difference 

is the bottom topography, shows that the slope in the run 

in figures 13 to 17 increase the sinking somewhat. Vertical 

velocities in the two cases are about the same (max 0.6 -

- 0.7 cm/s) . The temperature at the bottom is during the 

development of the topography case as high as 3 . 3°c, which 

is 0 . 2°c higher than without bottom topography. If this 

small difference is due toa small acceleration of the 

vertical flow or a blocking of the horizontal flow is not 

clear . The suspicion is, however, that the most important 

effect is just the blocking of the horizontal flow at the 

bottom . The sinking water can only flow seawards and can 

not be sucked landwards and into the outgoing plume . 
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Fig . 16 The plume at the surface . 
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Fig. 17 The plwne att he bottom. 
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Bottom top.Q.graph.y of the SimpevarP. area 

The heated water from the nuclear power plant at Simpevarp 

north of Oskarshamn is ejected in a small fjord. In the 

mouth of the fjord the heated water is entering the 

Baltic as an outgoing surface layer. The coast is rather 

ragged with small bays and skerries. The 10 m depth line 

goes, however , close to the coast, so that the outlet is 

in relatively deep water, as can be seen from the naviga­

tional chart (figure 18). 
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Fig. 18 Bottom topography of the Simpevarp area. 
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An area wi th shallow water ~ 1 km from the coast prevents 

deep water to flow eastward. This shallow ridge is just 

outside the east boundary of the rnodel but is included in 

the model topography as a shallow outer boundary. In 

figure 19 a rnore detailed depth chart is shown together 

with the model view of the bottom topography. 
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Fig. 19 Detailed depth chart and mode! view of the bottom 

topography. 
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The run with real bottom topography was again started from 

rest with o0 c water of 8 °/oo salinity in the Baltic . After 

2 hours of pumping o0 c water the heated water was turned on . 

The mixing coefficients had the same values as those in the 

run with artificial topography , e . g . the vertical eddy 

viscosity equals 0 . 001 m2 /s . The horizontal eddy viscosity 

coefficient A = 0 . 04 · ~L 2 min , where ~L min is the 
H ~t 

smallest horizontal grid length in the cell under considera­

tion , and ~t is the time step ( = 20 s) . 
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= R CURRENT OF 5.0 CM/5 R CUR~ENT OF 0. 050 CM/ ~. -
Pig . 20 A section out from the coast . (centerline) 
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For the grid cells close to the outlet this rneans 

0 . 04 · 50 2 
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In a grid cell in an outer corner of the rnodel the horizon­

tal eddy viscosity coefficient AH equals 

A = 0 . 04 · 300 2 2 = = 180 rn /s . 
H l'lt 

0 500 1000 1400 m 
I 

♦ 

- R CUFH,rn T !JF 5.0 CM/S ! = R CURREIH DF 0.050 CM/S 

Fig . 21 A section out from the coast. (1 00 m north of t.he outlet) 
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It should be pointed out that in the medel area of interest 

(around the cooling water plurne) the grid size and the 

horizontal rnixing is not significantly changed . 

The center line figure 20 shows the three different zones 

of the plurne . 1) In the " jet" zone, where the plurne is 

growing deeper , the vertical velocity at the centerline 

is downwards . So far the plurne spreading is prohibited by 

the coast line . 

200 0 200 m 

= Fl CU!~HE!'i r OF = q CU~PtliT Ur O.r:i''iU CM/S 

Fig. 22 A s ect i on along the coas t 450/ m from the s horeline . 
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2) In the "buoyancy" zone , where the main force is the 

buoyancy force , which makes the plume wide (as the coast­

line now allows for that) and thin, the vertical velocities 

are upwards . When the mixing goes on , the ternperature in 

the plume comes close to the temperature for maximal 

density and 3) the zone of sinking water comes into 

play . The sinking takes place on both sides and in front 

of the plume , but it is rnost pronounced where the plume 

reaches deep water . The vertical velocities computed is 

below 0 . 5 crn/s . The maximum ternperature at the bottom is 

computed to be 3°c . This is about the same bottorn tempera­

ture that is computed in the cases with a rnore even bottom 

topography . F igures 20 to 24 display the plurne and the 

velocity field . 
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Fig . 23 The plume at the surface . 
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0 500 1000 1400 m 
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Fig. 24 The plume at the bottom 8 hours after the model start . 
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Fig . 25 The plume at the bottom 10 hours after the model start. 

Figures 24 to 27 show a tirne evolution of the ternperature 

field at the bottorn. 8 hours after the model start the 

water begins to spread along the bottorn . The flow at the 

bottorn is blocked by the two shoals (see also figure 19) . 
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After 10 hours the bottom temperature at the sinking spot 

isa little higher, and the spreading continues. Figures 

26 and 27 show a quasi steady state with no change of 

temperature in the sinking region; the spreading along 

the bottom, however, continues. 

500 1000 1400 m 
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200 l 
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Fig . 26 The p lume at the bot tom 12 hours af ter the model start. 
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Fig. 27 The plume at the bottom 14 hours after the model start. 
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THE SPLITTING OF THE PLUME ALONG TWO AXES 

The temperature pattern in figures 15 and 16 show an odd 

bifurcation. The plume has divided into two, and the 

highest temperatures are found along two diverging lines 

at the surface . This phenomena hasa lotto do with the 

theory of smoke plumes in a cross flow (Turner, 1960). 

In Fischer et al. (1979) one can find pictures of buoyant 

laboratory plumes in a cross flow, where the bifurcation 

is clearly seen. 

The splitted maxima isa result of a vortex around the line 

of maximum temperature or concentration. This vertical 

circulation pattern can be seen in figure 15. Two vertical 

eddies with rising water in common at the centerline can 

be traced. The theory fora jet in a cross flow can not be 

directly adapted for this case with quiescent water. Stefan 

et al. (1975) have pointed out experimental results, where 

secondary motion with upwelling along the centerline seems 

to exist in heated water plumes without cross flow. Stefan 

expects such flow to occur especially when the width of 

the plume is ~twice the depth. In other cases more than 

two vortices can develop. The grid spacing in this model 

does not allow more than two vortices in the plume, as 

the plume is not more than ~200 m wide. The bifurcation 

in the computed results may therefore be extra pronounced. 
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CONCLUSIONS 

Model studies of sinking plumes are carried out in a three­

dimensional circulation model . Cooling water from a nuclear 

plant is ejected into the Baltic Sea of o0 c and 8 °/oo 

salinity. To get good predictions of temperatures and 

velocities in the plume , an exact knowledge of the vertical 

mixing is needed . It is shown that the velocity and tempera­

ture pattern of the plume is critically dependent on the 

vertical eddy viscosity coefficient used. A correct descrip­

tion of this vertical mixing does not jet exist. 

However, approximate formulas to compute vertical mixing 

parameters from wind and from the density stratification 

and velocity shear are used. Thereby limits can be set for 

conditions, <luring which sinking can occur. 

The cooling water can become denser than the arnbient 

water if the arnbient temperature is below 2 - 3°c (for 

fresh water 4°C). A pronounced sinking with a high­

temperature core can persist, if the wind is around 

1 - 2 m/s. If the wind velocity is higher, the plume isa 

diffuse one with slightly increased temperature from the 

surface down to the bottom . The plume does not reach far 

out from the outlet . 

Bottom topography interacts with the sinking, so that 

higher sinking velocities and higher temperatures at the 

bottom have been computed for cases with complicated 

bottom topography than those for cases with flat bottom. 

The few observed real sinking plu~es have all been measured 

<luring calm wether conditions, which underpin the theoret­

ical results. Observations of sinking plumes under ice 

are more numerous . This is explained by the fact that the 

turbulence under ice is believed to be weak. 
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The result of the computations shows that it is possible, 

in the three-dimensional model, to determine the extension 

of the geographical area that can be affected by sinking 

cooling water. It is also possible to forcast the time 

periods (% of the year, duration) when sinking will occur. 
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