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EFFECTS QE. CONDENSER gOOLING WATER ;:;:;DI::o:;S~CHAR=::.;;:GE;::. 

FROM PROJECTED ~ §.. KING GENERATING ~ .Q!i ~ ,:,;.:TE;;H:;,.PE;,;RA;;;;.;,;;.T,;;.;T.ffi;,;;;E;,;;;.S 

IN LAKE ST~ CROIX 
~.....- ......... ~ 

INTRODUCTION 

The Northern states Power Company plans to build a thermal power plant 
near the st. Croix River at Lake st. Croix between Bayport and Stillwater~ . 

Minnesota~ at the location shown in Fig. 1. The plant is to be known as the 

Allen S. King Generating Plant. Operation of the plant requires water for 

condenser cooling which will be drawn from nearby Lake St. Croix. After use. 
this water with a higher temperature will be returned to the lake at a loca
tion downstream from the intake. 

At the request of Northern States Power Company~ the st. Anthony Falls 

Hydraulic LaboratorY$ University of Minnesota5 has studied effects of the 

withdrawal and return of condenser cooling water on water temperatures in 

Lake st. Croix. This report pres·ents the results of the stUd;~'! including 

mainly information on isotherms at the lake surface for summer . 'and winter 
. . ' :, :J~: 

conditions and possible limits of ice· cover. Also pres.ented·:ar.e temperature 

profiles in depth and time required for warm water to spread. In addition, 

a little information is given on flow of sewage water released from the still. 

water municipal sewage plant into the lake and on flow conditions near the 

cooling water intake. Results were obtained by analytical methods based on 
model tests. 

Basic data for the study were obtained largely from a booklet dated 

August 21, 1964, and later reVisions thereof prepared by the Northern States 

Power Company and entitled "Allen S. King Generating Plant Unit No.1, Oak 

Park Heights, Hinnesota. u These data were supplemented by other information 

obtained from the power companyp by a meeting with the Minne,sota Department 

of Health on October 26, 1964, and by a report of the Minnesota Department 

of Conservation dated November 9, 1964, dealing with water temperatures and 

flows in the st. Croix .River. Climatological data when required were ob
tained from various publications of the U. S. Weather Bureau, and the lake 

geometry was obtained from the 1932 soundings of the U. S. Army Corps of 
Engineers supplemented by soundings taken during 1964 by a firm engaged by 

the power company. 



Fig. 1 -'Location of Allen S. King Generating 
Plant Showing Limits of the Hodel (148B443-4J). 
Lake St. Crou. is from 20 to 40 ft deep from 
just below the highway bridge at Stillwater to 
the upstream constriction at Hudson. 
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This study has been under the general direction of Professor Edward 

·Silberman with technical supervision by Dr. Heinz stef.ano Professor C. E. 

Bowers also participated in the technical aspects of the study. Messrs. 

Warren D~hlin, A. C. Young, H. S. Chang, and J. R. Riis provided technical 
assistance. 

THE NATURE OF THE PROBLEM 

It is proposed to circulate approximately 700 cfs of condenser water 

from the lake through the Allen S. King Generating Plant during summer and 

to raise the temperature of this water 170 F. During winter~ only about 400 

cfs will be circulated, but its temperature will be increased by 300 F. In 

a possible tu~ura expansion of the plantp 1500 cfs will be raised 170 F 

during the summer months. The basic problem is to determine how the added 

heat will affect the maximum temperatures in Lake St. Croix during summer 

and the ice cover during winter. 

Ultimately, all heat from the condenser cooling waters will be dis

sipated to the atmosphere. Th~ first question to be resolved concerns the 

mechanism by which this dissipation will be accomplished. The following 

mechanisms are possible: 

1. The cooling water mixes with the flow in the st. Croix 

River and is carried away by the river. Cooling is largely 

by dilution at first, the entire river flow becoming a few 

degrees warmer than normal. Heat rejection to the atmos

phere proceeds at a slow rate as the flow proceeds downstream 

because of the small temperature excess at the water surface. 

This type of cooling is exemplified by the existing Northern 

states Power Company Riverside Plant on the Mississippi 

River in north Minneapolis. 

2. The cooling water mixes very little with the river water 

but rather, due to its smaller density, forms an overriding 

warm layer at the surface. This layer spreads over the 

lake surface much like oil over water at a speed that is 

large compared to the river speed. Hence, the warm water 

may move upstream and recirculation is possible. However, 

heat rejection to the atmosphere proceeds much more rapidly 
than for the case of mixing because of the higher surface 
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temperatures. This mechanism is only possible at low 
river speeds and low injection speeds pf the ,condenser 
water; high river speeds promote turbulenoe and mixing. 

This type of cooling is exemplified by the cooling pond 
technique used widely in the Southwestern United 'States [lJ* 

,as well as in other areas. 

3. Combinations of the above twp methods occur wherein there 

'is some d~ution by mixing and "some cooling by ponding'. 
The Northern states Power Company Blackdog Plant on the 
Minnesota River near Bloomington app~~rs to be in this 

olass~ 'but more typical examples, are, described, in a French 
paper [2J. The flow mechanism has been analyzed in detail 

by Bata [3J. 

It was at first believed that the 'projected plant on Lake St~ Croix 
would operate by the third mechanism. Preliminar,y'studies ~ere based on 
this assumption and the model study described subsequently was at first 

designed with this mechanism in mind. H~wever, as, the study progressed and 
the model operation was observed, it became apparent that during critical 
periods of low flow it is the second mechanism, cooling by ponding, 'by whioh 
heat will be rejeoted to the atmol'1,phere. The reasons for' this conclusion 
are outlined in the following paragraphs. .' 

The hottest natural water' surface temperatures oocur on Lake st. ,Croix 

during late July and early August of eaoh.year. Thus, heat addition from 
the generating plant will be most objectionable at this time. River flows 

are, usually low during this period, the monthly mean falling ,below 2,000 ofs 

about 30 per cent of the time in August. With the ~own oross section of 
Lake st. Croix, 2,000 cfs corresponds to only about 00015 ips average velo. 

,city. Thus, the river in this region is aptly called Lake St. Croix. The 
~ velocity is so low that the water,surface remains essentially level at about 

675 ft MSL as determined by the Red Wing Dam about 30 miles downstream • 
. \. 

The outlet from the proposed generating plant to Lake st. Croix will 

be by a wide, shallow surface canal or, alternatively, through the bay near 
Bayport. Veloqity in the c~al at its outlet would be of the order of 0.25 

* Numbers in brackets refer to the List of References. .' 
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fps in the first-stage development and about 0.50 fps in the ultimate plant. 
For discharges through the bay, velocities will be only about one-fourth of 

the canal velocities. Thus, warm water will be discharged near the lake sur
face and~ with the small rj~er velocity and not ver,y large canal or bay velo
city, there will be only a little mixing. (See Appendix C.) The warm water 
will float because of its leGser density. Obse~ations in the model study 
described later support this conclusion. Even though the~e may be some mixing 
with the lake water negr the outlet, the mixture will simply form a somewhat 
thicker, warm, float:5.ng layer of only slightly less maximum temperature than 
would have formed without mixingp and this layer will then spread over the 

lake surface. 

Caloulations described in Appendix C show that the spreading velocity 

of the warm lay3~ is of the order of 0.)0 fps near the outletp twenty times 
the average river flo~~ velocity. Hence, under midsUll'lnler conditions, the warm 
layer can be expected to spread almost as if there were no river flow at all. 

The problem then becomes the typical cool:i.ng pond situation desoribed above 
as the second mechanism, and the aotual river now has little influence on 
cooling. 

At larger river flows, there will be more mixing and, because of dilu

tion, maximum temperatures vd.ll be less than those calculated from the cool

ing pond situation. (The inoreased temperature will also persist further 
downstream, of oourse, and will not reach as far upstream.) The cooling 
pond situation is thus the cl~itical one and has been chosen for detailed 
study. In faot, to obtain the worst possible situation the study has been 
carried out in detail foY.' !l,el"O .flow in the z'j'\1'a1' as well as for .flows as 
large as 2,000 cfs. 

The winter situation in January is very similar to the summer situ
ation. Low flows o.f the order of 2,000 cfs or less may be expeoted about 
50 per cent of the time and the lake will aot like a cooling pond. Cooling 
pond oalculations may then be used to estixna.te the loca.tion of open water 
areas, and this has been done in the report. Of course, when the river 

discharge increases, the open area will shift dOTJ.nstream in the same manner 

as the warm water areas shift downstream in surarrlsr. 

Once it was determined that the critioal heat dissipation problem was 
largely a cooling pond problem. it was possible to divide the study into two 
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independent steps. First, the hydromechanic flow problem was studied in a 

hydraulic model to obtain flow patterns. Then~ the heat transfer to the air. 

was calculated separately and this calculation was applied to the flow pat

terns to obtain surface isotherms. These two steps are described in the two 

following sections. 

THE MODEL STUDY 

The purpose of the hydraulic model study was mainly to determine the 

surface flow patterns produced by the spreading of hot water over Lake st. 

Croix. It was also possible to use the model to estimate depths of the hot 

water layer and times for the hot water to progress from one position to an

other on the lake surface, but these purposes were secondary and are better 

accomplished by direct calculation as will be discussed later. 

To model the flow patterns, it was decided to build a geometric model 

of the Lake St. Croix area from downstream of the Stillwater bridge to just 

upstream of the railroad bridge at Hudson. The model was limited to this 

reacht This was done first, to avoid making the model. acale tcip··small Q+ miles 

is involved her~); seconqly, .the~e would be little point to modeling a longer 

reach because the riVer is narrower and shallower at the Stillwater bridge 

and much narrower at the railroad bridge in Hudson; velocities at these con

stricted regions would be large enough to raise a ques'::'ion as to whether or 

. not the warm layer would remain stratified if it reached this far. The model 

could not answer this question and could not reproduce the flow if mixing 

occurred; hence~ there was no use in extending the model beyond these points. 

The area that was modeled is indicated on Fig. 1; Fig. 2 is a photo

graph of the model showing key structures. A distorted scale was used. A 

1/500 horizontal scale was chosen to accommodate the model in the area avail

able, while a 1/30 vertical scale was needed to assure that the stratified 

~urface layer would be thin compared to the depth of water in the model, a 

requirement that will become apparent from further discussion. A submerged 

intake structure and an outlet canal for the condenser cooling water were 

incorporated in the model in accordance with the design plans for the power 

plant. The model was constructed so that the condenser discharge could flow 

either to the bay or through the canal directly to the lake. More detailed 

information on the construction of the model may be found in Appendix A. 
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The method of studying flow patterns in stratified flow which is used 

in this model study has been previously used by other investigators. Barr 

has been particularly aotive in this field and his 1959 paper [4J is typical 

of this type of study. Barr used heated and oold water in the investiga

tions for the paper referred to in order to obtain stratified flow, but both 

he and other investigators have generally found it better to use fresh and 

Salt water for this purpose. In the present study, since it is mainly flow 

patterns which are being sought in the model, it matters not how the strati. 

fication is produced. The model discharge flow rates were so large that the 

use of heated water was impracticable in this case and only the fresh and 

salt water combination was available. (Even when hot water is used in the 

model to represent the surface layer, it is not possible to model the cool

ing beoause so many factors other than flow rate become important; the wind 

speed, relative humidity, sun, 3nd other factors cannot be modeled satis

factorilyat the same time.) Hence, in the model, cold heavy water was re

presented by brine or salt water while warmer, less dense water was repre. 

sented b,y fresh water. To facilitate photographio data recording, the fresh 

water was dyed red with a vegetable dye. 

The model was operated by 'pumping salt water through the lake to 

represent the river flow, b,y withdrawing water (usually brine) at ~he sub .. 

merged plant intake at the specified intake rate, and by returning colored 

fresh water at the same rate through the outlet. A control weir at the 

downstream end of the model was manipulated to maintain the lake surface at 

675 ft MSL elevation during operation of the model. 

River discharges of 0, 700, 1300, and 2000 cfs were initial:y chosen 

for study after consideration of the hydrologic data outlined in Appendix B. 

The results obtained for these discharges showed that there was little in

fluence on flow patterns due to flow rate and that results for intermediate 

discharges could be obtained b,y interpolation between the maximum and mini

mum discharges. Later experiments were confined to 0 and 2,000 cfs river 

discharges. Condenser discharge rates used in the study were based on the 

plant design mentioned earlier and were 400, 700, and 1500 cfs. The 400 cfs 

rate (corresponding to 395 cfs in the plans) applies to one-pump operation 

during cool weather, the 700 crs rate (corresponding to 660 crs in the 

plans) applies to two-pump operation during warmer weather, and the 1500 

ofs rate to a possible future expansion of the plant. 
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A discharge scale ratio of 1/12,000 was applied to the condenser dis. 

charge so that turbulent flow would be guaranteed in the outl.et cross section 

of the bay and the discharge canal for the 400 cfs condenser rate. The dis

charge scale ratio for the river flow was properly about 1/25,000, but it was 

not very important and 1/12,000 was also used for this ratio in some of the 
experiments. 

The soale ratios between lllOdel and p~,ototype are listed in Table I 

and are completely analyzed in Appendix C. 

Model tests were conducted for several oombinations of river and con

denser flow rates. The oombinations fow whioh heat loss caloulations were 

eventually made are shown in the last column of Table III~ but a few other 

combinations were also tested. In the model tests, condenser outlet water 

was discharged to the bay in the first set of experiments and directly to 

the lake through the excavated canal in subsequent experiments as shown in 

.Table III. In the experiments with discharge through the' canal, a narrow 

canal cross section was used at first, but the experiments reported upon 

herein are based only on the use of the wide canal with a surface width of 

about 330 ft. 

In all the experiments it appeared that the lighter water, on reaching 

the lake, formed a thinning, wedge-shaped l~er over the salt water. The 
lighter layer spread over the lake in all directions, the exact pattern de

pending somewhat on the flow in the river. The fresh water layer was quite 

thin compared to the depth of the lake and mixed very little with the heavier 
bottom water except in the immediate vicinity of the outlet and the intake. 

The spreading patterns were observed photographically at short tim.s inter

vals from the beginning of each test. Figures 3a and 3b illustrata the 
spreading for two separate flow conditions; each pair of pictures shows 

two successive photographs taken near the oanal outlet as the dyed, fresh 

water spread OVer the olear, salt water in the lake. A oomposite picture 
showing the dye fronts oorresponding to Fig. 3a as time progresses may be 

seen in Fig. 4. The fronts seen in Figs. 3 and 4 are lines of constant 

density in the model. They separate fresh water from salt water at the 
surface. SUch lines were plotted for each model test from photographs like 

those shown in Fig. 3 without actually making composite pictures like Fig. 

4. (The resulting plots are similar in appearance to Charts 1 through 30, 



Fig. 3 - Spread of Derisity Front near the Canal 
Outlet in the Model. 

3a (Photo Nos. 148 .. 333 and .. 334) 
River Flow 
Condenser Flow 

o cts 
400 efs 

3b (Photos Nos. 148-449 and -450) 
River Flow 2000 efs 
Condenser Flow 1500 cfs 
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but with fewer lines since many of the lines in the charts have been obtained 
by interpolation.) 

Most of the model experiments were made using a brine solution with a 
specific gravity of 1.01 compared to the fresh water. However, some addi
tional experiments were made using a solution with a specific gravity of 1.04~ 
The photographs of the flow patterns show no difference in the shapes of the 
fronts for differing specific gravity with the flow rates held constant. It 
was thus concluded that the pattern of spread would be independent of the 
choice of density scales. (However~ the thickness of the layer and the time 
scale do depend on the time of relative density as discussed in Appendix C.) 
This is an ~nportant fact which makes it possible to represent the varying 
density on the lake surface due to cooling by a surface layer of constant 
density in the model. A siniil~r resali was found by Barr [4]. 

It is thus apparent that the dye fronts of Figs. ) and 4, which are 
lines of constant density in the mod01, represent lines of constant density 
in the prototype and~ thus, isotherms, on the lake surface. The differences 
between model and prototype are that each line of constant density in the 
model has the same density, while in the lake each line has a greater density 
than the previous one because, of cooling at the lake surface; alsog the times 
involved in going from one line to another are not proportional in model and 
prototype as discussed in Appendix C. An additional assumption involved is 
that local mixing between the upper layer and the rest of the fluid is of the 
same relative intensity at a given point in the model and prototype, Since 
it is shOim in Appendix C that ,. the mixing is small ever;-;rwhere away from the 
intake and outlet, the latter is not an important assumption. 

Photographs like those in Figs. 3 and 4 also showed that t.he 2:'lmJ pat
tern was little influenced by flow rate (only the time was affect.od) 'N'ithin 
the ranges used for the model study. This is well illustrated by comparing 
Figs. 3a and 3b, which are for flOl-J' near the outlet with extreme re.:>:lges in 
discharge. Further from the outlet, small differences in pattern become ap
parent as the flow rate varied over the complete range, but the changes were 
still small enough that patterns associated with intermediate river discharges 
between 0 and 2000 cfs could be obtained by interpolation. 

Once the flow patterns and lines of constant density were obtained from 
the model photographs, the surface temperatures on Lake st. Croix were 



Fig. 4- - Composite Picture of Density Fronts (Photo Nos. 
148-6.25 and -660). The upper photcgr-aph has been produced 
by montaging photographs like those shot-V!! in Fig. 3. The 
phokg!'aphs cover the entire t:.me reqt4i:::'ed foJ.~ tho front 
to spre&d fl~om the outlet to the limits of the model. The 
lower photograph Sh()1~S the successive density fronts more 
clearly, t.he backg:'ound ha.ving be6n PL1i:l.tac! out.. Th.e river 
flow is 0 cfs and the condenser flow is 400 cfs. 
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determined by oalculatingthe heat loss from the lake surface. This step is 

disoussed in the next section of this report and the final results are then 

presented in Charts 1 through 30 and 33 and are discussed in the last section 

of the report. 

In order to have an appreciation of how accurately the model represent~ 

the aotual warm water flow in the lake, phenomena which have not been repre~ 

sented adequately in the model have to be taken into account. The two most 

important of these are mixing due to turbulence at the interface between the 

warm and cold water and wind effects. The criterion for intensity of mixi~g 

at the interface in a stratified :flow is the Richardson number which is dis

cussed in Appendix C. For Richardson numbers smaller than unity [5J, mixing 

tends to become important. Small Richardson numbers may occur in the intake 

and outlet regions and, hence, it m~ be expected that the :flow in this im. 

mediate vicinity may not be correctly represented in the model. In fact, it 

is ,shown in Appendix C that there is likely to be more relative mixing in the 

model at these locations than there is in the actual lake. With the except1.on 

of these two. locations, however, the Richardson number is easily shown to be 

of ~he order of unity or larger, and mixing is not an important phenomenon in 

the spreading of wa~ water, at least as long as there is a temperature dif,. 

ference of a few degrees between the cold and warm water. Therefore, the 

spreading patterns of the warm water are relatively unaffected qy mixing and 

are adequately represented in the model. 

Wind effects may be twofold; besides creating surface waves and thereby 

mixing the surface and lower l~ers, the wind also changes the surface slope 

of the lake through surface friction. The mixing associated with waves is 

counter-balanced by additional cooling as a.:'scussed in t.he next seci·'~l..o:r.o Sur

face friotion tends to shift the warm water in the wind dlreot.bn, co,J:l.ine; at 

the same time, and "pUes up" warm water on the lake shore. 'I!::) lip:,l1.ng up" 

of surface water may set up large-scale circulations in the lck~ slllee the 

"piled up" water needs to return,upwind at a lower level. Thu.s, warme~~ WAters 

may be brought beneath the surface during strong winds. Fortunately, the 

'plant intake is so favorably located with respect to the lake topography that 

these returning currents will not bring surface water to the intake until it 

has been greatly cooled by evaporation from the wind at the lake surface and 

by dilution in the lake interior. 
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Not only were flow patterns obtained from the model study, but also an 
attempt was made to verify the theoretical law for thickness and spreading 
velocity of the surface layer as disoussed in Appendix C. To this end, the 
time from the beginning of flow was reoorded for each flow photograph like 
those shown in Fig. J; thus, the plotted flow pattern oharts showed a time 
interval from one flow pattern to another. By multiplying the time intervE',l 
between two pattern lines by the known discharge from the condenser and divi,~ 

ding the result by the surfaoe area contained between the lines, an average 
thickness was obtained for the layer in the model. (The calculation is 

carried out in Appendix E.) This calculation was possible because it was 
observed in the model that the colored water layer spread in approximately 
the same pattern throughout its thickness. (This calculation assumed no 

mixing. If mixing was so great as to entrain 50 per cent more flow--an 

unlikely res~t--the calculated thickness would also have increased approxi
mately 50 per oent.) Some typioal thioknesses in the 'model measured in this 
manner are shown in column (2) of Table II, where they are compared with cal
culations by the method of Appendix C, shown in column (4). 

The thickness of the strati:f'ied layer in the model was also obtained by 
the use of electrical conductivity probes. These probes measured the vari~ 

ation of salt concentration with depth~ Two ~~cal recordings are plotted 
in Fig. 5, where depths are shown at prototype scale 'but shotild be interpreted 

as prototype depths with oauticn for the reasons explained below. The graph 
on the left represents a point about a mile from the canal outlet near the 

I 

Wisconsin side of the lake; it,shows a thin, constant density layer of'less 
than one-foot thickness followed b,1 a mixed layer of muoh greater density 
and of about 5-ft thickness and, finally, the original salt water at about 
9-ft depth. It must be understood that in the model, fresh water of. coup;t,ant 
density is being continually added at the water surfaoe, whereas w:i.::.h. the 

zero river flow, salt water is being withdra~ at the same rate from cl:'.e bot
tom. Thus, as time goes on, the fresh water layer penetrates deepe)~ In the 
model. By the time the data of the left graph of Fig. 5 were taken, fresh 

water equivalent in depth to ) ft over the lake surface had been added to 

the model. However, in the prototype, the surface water is being cooled as 
it spreads so that warm water penetration will reach an equilibrium condition 

at a lesser depth than indicated by this graph. 



Fig~ 5 - Salt Concentration Profiles as Measured 
with Conductivity Probe (148:8443-.59). The two 
lines on ea.chgraph res1l1.t beca.use fresh water 
from the surface layer clings to the probe as it. 
is lOwered· into the •.. salt water . and salt water ... 
clings to the probe as it is raised into the fresh 
water. The true profile lies somewhere between 
the two lines. . 
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The right graph of Fig. 5 was obtained near the canal outlet; this shows 
m~ch turbulence near the surface with a rapid increase in density until the 

I water reaches its original salt density at 6 ... f't depth. As expltl.ined in Ap,~ 
pendix C, this iniM.al depth is probably too great in the model because of 
excessive mixing. 

Although the depths cannot be interpreted too literallys the qualite,~ 
tive picture given by the records in Fig. 5 probably represents quite well 1';11:-> 
situation that will be encountered in Lake St. Croix during operation of the 
plant. This model result is similar to results found in a model study by 
Hamada [12J. (It should be explained that the double lines in the graphs of 
Fig. 5 are produced by fresh water cljnging to the probes and insulating the~ 
as they are traversed downward, whUe some salt water clings to the probes a,s 
they are raised. Also, the probes were only traversed far enough to reach the 
original salt water and were not traversed to the bottom of the lakeo) 

As Table II shows~ the methods of Appendix C can be applied with some 
success to calculating the thickness of the stratified layer in the model, 
especially away from the outlets. On this basis, it was assumed that the 
same methods could be applied to obtain the thick~ess a~d spread velocity of 
the warm water on I .. ake St. Croix. Typical calculations for the prototype 
have been carried out in Appendix E and are 'also tabulated in Table II. 

The model was also used for a brief study of sewage flow from the Still-I 
water outlet into Lake st. Croix. ' This model study is described in Appendix G. 

; 

HEAT TRANSFER ~'ROM THE LAKE SURFACE 

Having determined the shapes of the surface isotherms on Lake st. Croix 
in the model study ~ :the next step was the establishment of the temperatl'.re 
value on each isotherm. Prediction was accomplished using the methor'!.s 0f 
cooling pond calculations [13, 2]. These methods are well established Hnd 
will only be outlined in this report as they apply to the Lake st. CX'o-i.:.:~ 
situation. 

The discharge of heated water 'into Lake st. Croix upsets its natural 
heat balance~ The natural balanee may be inferred from the report of the Min. 

- nesota Department of Conservation dated November 9, 1964, which is discussed 
in Appendix B. It should be observed that the natural heat balance is a 
statement of average conditions measured during daytime hours. Lake surface 
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temperatures fluctuate about their average values from day to night and from 

day to day. The m~imum surface temperatures, on the aVerage~ occur during 
late July and early August. During this period, tAmperatures at 10-it depth 
will be of the order of 20 F less and at the lake' botto~ 4,0 F less than thliJ 
surface temperatures. 

Once the plant is in continuous operationll a new heat balance will 1->0 

established.. Th:i.s new balance involves a surface water tempe:'ature suffi
ciently higher 'than the natural state so that the eXCeSs hent enAlr'gy added 
by the ,condenser.' cQoling water will be dissipated to th(? atm.osphere. Unde;:> 

the cooling pond conditions that exj.st in Lake st. Croi."'{~ it. il;; only neces
sary to cQIculate the increase ·in surface temperature rcqu:~..re1 to dissipate 
this excess 'heat; it is not necessary to recalculate the entire natural heat 
balance of the lake. 

Having taken no credit for cooling by dilution in accordance with the 
earlier statem.ent of the problem, it can be", shown that' the excess heat is' 

dissipated through the lake surface mainly by radi8tion~ conduction, conveo': 
\ 

tion, and evaporation. These phenomena are related '(,0 we,ter temperature, t' 

air temperature, relative humidity, and wind speec'!.. 'Ill/) necessary climatolog
ioal data are summarized and discussed in Appendi."i: B. ~ehe methods of Throne 

[13J and Mandelbrot [2J 1'1hich have been used in tMs r9port permit the cal
culation of an excess heat transfer coefficient from the data. It turns 
out that a large fraction of the heat transfer is associated with evapora
tion and thus the water pressure in the air or dew point temperature (which 

is obtained fro~ air temperature and relatJ~e humidity) is an important 
parameter. Bec~use of the great heat capacity of water, the calculations 

refer to average oonditions and are superl.:mposed on the average natura.'. lake 
conditions. In order to obtain results from the calculations which rar,Nf.1f.mt. 

extreme conditions in the summer months, the basic data have all beer> t.a.:r.l'm 

on the conseX'Vative side o Thus, the intake water temperature has been r,'1ken 
at 800 F (oorresponding to a surface temperature in the natural lake of about 

830 F), the wind speed has been taken at a low value of 6 mph9 and the dew 
point temperature has been arbitrarily set at a high value of 800 F. For 
winter conditions, the intake tem.perature was set at 350 F, w1nd ~peed at 
10 mph, arrl dew point temperature at 90 F. 

The method of calculating the heat transfer coefficient from the data 
is outlined in Appendix D. The coeff;i.cients are 10.) and 5.75 BTU/br, ft2, 0 F 
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for summer and winter .respectively. The temperature difference· is ,t6 be 

~easured between the surfa¢e water temperature and the dew point. It should 

be observed that by taking the dew point temperature at 800 F in summer, 
. which is practioally equal to the highest natural temperature in the lake, 
. all the heat transfer calculated in this manner is eXcess transfer beyond . 
that which occurs in the natural lake. 

Using these ooefficients,it WaS then possible to calculate the heat 
dissipated through the surface area between the condenser outlet and any given 
isotherm determined in the model study. The dissipation was measured in terms 
of the still unknown temperature difference between the outlet and the given 
isotherm. This dissipated heat must just balance the loss in heat content of 
the condenser water due to the unknown temperature drop as the heated water 

moves across the lake surface. Thus~ the temperature drop could be calculated 
and the temperature value of each isotherm could be specified. The method 
is outlined in some detail in Appendix D and finally leads to the formula 

KS 

e 
.. Ci"C 

Here~ T is the temperature of. the given isotherm which is to be determined, 

To is the condenser discharge temperature (80 + 17 = 970 F in summer and 
35 + 30 = 650 F in winter), TD is the dew point temperature known from the 
climatological data, S is the surface area between the condenser outlet and 

the given isotherm determined from the model, K is the additional surface 

heat transfer coefficient given in the previous paragraph, C is the con
denser disoharge rate in cis, ~ is the unit weight of water in lbs/ft3, 
and c is its specific heat in BTU/lb. 

Using the above formula, temperature values were placed on each iso
therm determined in the model study. Lines showing isotherms at equal in
terval spacings were then interpolated from the original computations. These 
final isotherms are shown on Charts 1 through 30 contained in Appendix H. 
The charts also show the basic data used in their evaluation. Table III 

shows how the charts are grouped and gives some further information about 

them. vlith condenser discharge through the excavated canal, isotherms were 

computed for river flows of 900, 1200~ J.500~ and 2000 cfs as agreed in con
versations with the Minnesota State Board of Health, as well as for 0 cfs. 
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Sinds model experiments were conducted at only 0 and 2000 efs and results 
were found to be very simUar. the same isotberm patterns could be used for 
prediction at intermediate values of river disohargeb 

The surfaoe temperatures given on. the oharts extend to only 2 ft or· 
less in depth before they begin to deorease. This is shown by oomputations 
in Append~ E based on the method outlined in Appendix Cp the results being 
,tabulated in ool'U1'lln (6) of Table II. From Fig. , and similal" data obtained 
by others in model studiesp it is estimated that the temperature gradient 
will extend to a depth of the order of , ft before normal lake conditions are 
appro aohed , The gradient is produoed both b.1 molecular heat conduotion and 
by mixing due to turbulenoe at the interfaoe. 

If there is oonsiderable mixing near the canal outlet where it dis
charges into Lake st. Croix, the effective warm water layer will have a 
greater discharge rate and lower temperature .. than assumed in the calculatJ.ons 
with no mixing. To investigate the effect of mixing, an additional caloula .. 
tion was made assuming that at 0 cfs river flow a condenser water flow of 
1500 crs at 97° F would entrain an equal quantity of lake water at 800 F; 
this is a very high. mixing rate. The isotherm oalculations were then oarried 
out. with To = 88.,0 F and the resulting isotherms are shown in Chart 33 in 
Appendix H. These isotherms may be compared with those in Chart '20 for no 
mixing. The thickness of the spreading layer was calculated for this condi
tion (in Appendix E) and the results are displayed in Table II where they 
may be,compared with the results for the same :flow without mixing. 

Associated wit~ the surfaoe cooling. a oertain quantity of water is 
evaporated. This has been calculated and found to be ,about 20 cfs when the 
plant is heating 1500 ofs b,y 170 F and there is no mixing at the canal outlet. 

Some assessment should now be made of the ef:feots of other factors 
different from those used in the calculations for heat transfer. Since con. 
servative values have been used fOr all the sUmmer oalculations, variations 
will generally tend to produoe more favorable conditions and smaller surface 
temperatures. Wind is 'probably the largest variable. Increased wind speeds 
will increase evaporation and cooling at the ·surface. However, winds greater 
than the 6 mph used in the calculations are likely to produce waves on the 
surface; waves increase surface area and cause a thicker mixing zone so that 
the temperature gradient extends to greater depth. Both factors are 
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favorabie in that they reduoe surface temperature, the former by increased 
dissipation to the atmosphere and the latter by dilution. From another view~ 
point, the m~ing may be looked upon as an unfavorable effeot because it 
brings warm surface waters to greater depth; it must be noted, though~ that 
the warm surface waters are materially less warm than they would have been 
without the excess wind. On the other hand, winds less than 6 mph would re
duce surface cooling. When such conditions occur, the surface temperature 
may increase, but only slowly because of the great heat capacity of water. 
Relatively calm periods last for a day or less at a time, and to maintain the 
average wind of record following periods should have stronger winds which will 
then reverse the temperature trend. Similarly, there are brief periods with 
.relative humidity higher than the values used in the computations. Many of 
these are accompanied b,y rain which has a temperature less than that of the 
water surface. Whether or not there is rain, periods of high relative humid. 
ity are followed by periods of low relative humidity to maintain average 
values, and arty tendency for the surface temperature to start rising during 
one period should be oounteracted during the following period. 

It is b~lieved that the climatologioal data chosen for the computations 
are sufficiently conservative to enoompass the normal variations desoribed 
above and that, therefore, the computations represent the maximum tempera
tures likely to be found at any given isotherm. It is apparent from Appendix 
B that if the normal or average o~imatological data for July and August were 
used in the computations, the surfaoe temperatures would drop oonsiderably 
more rapidly than shown in the charts. As a mater of faot, results of com
putations with a more reasonable dew point temperature of 7,.,0 F rather than 
800 F are shown for comparative purposes in Charts 8, 9, 2,~ and 26 and may 
be compared with Charts 3» 6, 14, and 24, respectively, to see the effect of 
a small decrease in dew point temperature. 

No attempt was made to represent extreme oonditions in calculating the 
winter isotherms, Charts 27 through 30. Hence, increased winds oan be ex. 
pected to decrease surface temperature by evaporation but to increase it some. 
what by mixing with war.mer water beneath the surface. The opposite is true 
of decreased winds. The winter calculations are simply intended to represent 
average conditions at the coldest part of the year. 
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CONCLUSIONS 

The combined results of the model study and calculations of heat loss 
are depicted in Charts 1 through 30 and 33 contained in Appendix fl, and these 
are the main results of the study~ Table III lists these charts. 

The first group of nine charts deals with disoharge of the oondenser 
water t~ough the bay under midsummer conditions. The next group ofseven~ 
teen charts deals with discharge directly to the lake through the excavated 
canal shown on the charts, also under midsummer conditions. The next set of 
two oharts is for discharge directly to the river under midwinter conditions, 
and the last set of two charts is for discharge through the bay under midwinter 
conditions. Chart 33 is an additional chart showing the effect of mixing at 
the canal outlet. 

In the first seven charts fo~ discharge through the bay and in Charts 
10 through 24 for direct discharge to the lake, predictions have been made 
under rather conservative oonditions and should be looked upon as surface 
temperatures that are not likely to be exceeded (barring looal anomalies which 
exist in all lakes). Under the conditions for which the charts were computed, 
these surface temperatures extend to about a one-foot depth (see Table II). 
(Because of the nature of the assumptions, the calculations for thickness of 
the warm layer are muoh rougher than those fOr the surfaoe isothermsp but 
even if the calculation is in error b,y 50 per cent, there is no need for con~ 
cern. ) 

Beneath the warm surface layer there is a thermocline or temperature 
gradient to a depth of the order of 5 ft (except in the immediate vicinity of 
the condenser intake and outlet, where the warm layer may be thicker). The 
temperature gradient is given qualitatively by the density gradient obtained 
in the model study and shown. in Fig. 5. Beneath the thermooline, normal lake 
temperatures should prevail. This is an idealized picture, of oourse, and is 
subjeot to the many vagaries of nature which are also found in a natural lake. 

Using the oalculated thickness of the warm layer and its assooiated 
velocity, it has been determined that for the flow conditions of Chart 3 
(1500 cfs plant discharge and. no river flow), for example, more· than 12 hours 
would be required for warm water entering the bay to return to the region of 
the intake; but, by this timet the water will have cooled to the normal sur
face temperature and there will be no problem. On the other hand, for direct 
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~t~ol:arge to the lake the chart for the corresponding flow is Chart 20 and 
"",I:lj ': 

calo~ation shows that the warm surface waters will have returned to the 

vicinity of the intake at a temperature of about 900 F after only about 
2-1/2 hours (see Table II). 
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oompare their results with the present calculations. The lake studied had 

about 2000 acres of surface (comparable to Lake St. Croix between the Still. 

water bridge and the railroad bridge above Hudson) but was only about 16ft 

deep on the average. The reservoir was fed by a stream of only 17.3 cfs 

average flow, of which up to 2.5 cfs was withdrawn for municipal use. The 
o condenser water flow was about 300 cfs maximum heated about 10 F. Unfor .. 

tunately~ measurements were on a yearly basis; during a 363 day period selected 

for study, 1.3 x 109 Kwhr of power was generated (compared to about 5.25 x 109 
Kwhr for the Allen S. King plant if operated continuously at a 600 megawatt 

rate). The average temperature rise of the entire lake was measured as only 

1.40 F and the report states that the rise was twice as great in winter as in 

summer. This rise Was verified by calculation by a method somewhat similar to 

the method used in the present report. 

Charts 27 through 30 show limits of possible and probable ice cover in 
midwinter. These ice cover charts should be looked upon as giving rough 
estimates under average conditions; they represent neither minimum nor maxi

mum possible ice cover. The ice cover was estimated by first computing iso
therms during midwinter assuming that there was no ice Cover. The isotherms 

were determined from model runs with 400 cfs plant flow. The ice cover was 

then assumed to form between the 39 and 320 F isotherms and is so indicated 

in the charts. Since both the model studies and the calculations were per

formed without ice cover, the results are not as refined as those for midsum

mer but should give a satisfactory estimate of the ice cover. 

Questions may arise as to the effect of strong winds, boat motions, or 

precipitation on the predicted isotherm patterns. All of these factors will 

have some influence~ of course, but they were not studied in the model. 
strong winds will increase the rate of evaporation and also the surface 

area by generating waves; by this mechanism~ winds would increase surface 

cooling. Winds also tend to promote mixing through wave action and this 

would slow down surface cooling and thicken the warm layer, but at a lower 
temperature level. The net effect should be no worse than that predicted on 

the charts. The thicker warm layer could cause the plant to draw slightly 

warmer intake water when the discharge is directly to the lake, and this 

should be guarded against by proper intake design. 

Mixing by boat traffic will be largely confined to the upper warm layer 
where it will make little difference anyway. Over a small areap mixed water 
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oould become slightly oooler than the surfaoe water and sink to form an inter
mediate layer between the warm water and colder water on the bottom. 

Precipitation is likely to have two effects. It will cause some mixing 
at the lake surface and it will also influence the inooming river water. Since 
rainwater is generally colder and heavier than the surface water in summer, 
the river water during or following'heavy rain is likely to plunge to greater 
depths on entering the lake (rather than remain near the surface as it would 
under ordinary sUll)Xller conditions) and to become available for direct with
drawal at the plant intake or to replenish the cold bottom water in the lake. 
This is a favorable effect which far outweighs any thickening of the surface 
layer by mixing. 

An additional factol' that wa.s considered was the effect of;, mi:dng at 
the point of warm water discharge to the lake. An extreme situation involving 
the entrainment of 1.500 ofs of lake water at 800 F by 1.500 cfs of condenser 
water at 970 F with no river now was analyzed. The results are sho'l'tm in 
Chart 33 and in Table II and may be compared with the results for no mixing 
in Chart 20 and Table II.. It is apparent that with mixing th,e maximum temper ... 
atures are much reduced, but so is the rate of cooling, The greater thiokness 
of the warm layer also beoomes apparent, but the spreading time does not 
change Significantly. 

A final phase of the study ooncerned the influence of the plant intake 
on the sewage discharge from Stillwater. A model study was undertaken for 
thi,s purpose and details are given in Appendix G. Since sewage lighter than 
the river now would noat past the intake without effect, only the case of 
heavier sewage was studied. The model showed that some sewage may be drawn 
into the intake. Howeverp the total sewage discharge (of which only a part 
would reach the intake) is less than 7 cfscompared to an intake of 700 cfs 
at the plant during summer. The model also indicated that removal of some 
sewage at the plant intake would reduce the tendency for sewage to find its 
way to the beach area at Bayport if the oooling water is disc~arged directly 
to the lake and not to the b~. 



TABLE I 

MODEL-PROTOTYPE RELATIONSHIPS 

Model-Prototype Scale Ratios . 
Numerical Value." 

~ Parameter §ymbol Range No~mal Value# 

Pre-assigned Ratios 

1. Horizontal distance, b or :x: x* 
.2. Verticel distance, h or y y* 
'). Relative density differance, ~ (k) p 

p * 
4. Condenser discharge, C C* 

Ratios Fixed b~ Use ot Water in Model 
, II-I'·' - .-

5. Average density, p p* 
6. Kinematic iTiscosi ty,' v v* 

Derived Ratios (see Appendix C) 

7. -Cross sectional areas, S S* = x*y* 

q* = C*/x* 
8. Condenser discharge per unit 

width, q = ~ 

9. 
10. 

11,. 

12. 

Canal or bay mean velocity, v = ~ 
Thickness of warm water layer, d 

Spreading speed of warm layer, 
U -9. 

- d 

Time of spreading, 
. x 
t=

u 

1/500 

1/,)0 

{:3/1 } __ 40/1 

1/12,000 

1/1 

1/1 

1/15,000 

1/24 

13. 

14. 

River velocity, V =~ 

River discharge, Q = VS Q = q 1!J(k)1/3 x y 
* * p* ** 

15. 

16. 

17. 

Densimetric Frouds number, 
\l 

Frt, = /"' Ii' . 
vg.· . .E.B.. d 

River Frouae number, Fr = V ,-
"/gh 

t 
Canal or bay Froude number, Fr = 

Fr = 1 1 
6.* 

Jih 
v 

20/3 

5/1 

1/25,000 

10/3 
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rrAB1.E ! (Continued) 
MODEL~PROTOTYPE RELATIONSHIPS 

Model-Prototyp9.Scale Ratios 

perived Ratios (see Appendix C) 
(Cont. ) 

18. Canal or bay Reynolds number; 
Re';:;:£!! . Sv 

19. River Reynolds n~ber, lie::::·~ 

Numerical Value 
Range Normal Value 

1/24 

1/50 

INormal values refer to a ratio {~)* =5, whioh WaS most frequently used . . p 
in the model test. It correspond$ toa brine density of 1.01 in the model and 
a.n average vTarm water density in,tne 1r~ke of 1. 002. 



TABLE II 
THICKNESS OF WARM WATER LAYER AND TIME OF SPREAD IN MODEL AND PROTOTYPE 

MeallUl'ed in Computed for Prototype Re,llultll Scaled 
/' Model Model Com2uted for Protot~e from Model 

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) 

Spreading Time for Flow 
to Reach 1so-

Thicknf;Jss Thickness Thickness Vf;Jlocity Time for thel'lll (Ba/3ed 
Time of Warm Time of Warm Isothel'lll of Wal'lll of Warm Flow to Thicknes/3 on Normal 
Since Water at Since Water at Tempera_ Water at Water Reach (Based on Ap/p from 
Start Front Start Front ture Front Front I/3otherm Local Ap/p) Table I) 

t d t d T d uf t d t 
~ ft ~ ft OF ft f2S hrs ft hrs 

River Flow, Q = 0 ef/3, Conden/3er Flow, C:= 400 cfs (Prototype) [See Chart No. 10J 

0 0 97 2.91 0.46 0 
17.3 0.300 3·9 0.135 96 0·79 0.26 0.3 3.8 1.44 
34-.6 0.078 12.9 0.0lJ.6 94 0.5:3 0.20 0.8 
57.7 0.026 39.8 0.034 92 0·4-7 0.17 1.1 1.1 2·9 
75,0 0.033 55.6 0.028 90 0.4-1 0.16 1.5 
86·5 0.033 66.7 0.033 88 0.40 0.13 2.1 

103·8 0.041 79·7 0.031 86 0,4-7 0.12 2.9 0.47 4.8 
121.1 0.034-, 92.1 0.030 84- 0.60 0.12 4.1 
138.4- 0.027 106.3 0.024- 82 0·77 0.10 6.8 1.00 8.6 
155.7 0.025 121.0 0.022 81 0.70 0.07 10.1 

River Flow, Q = 0 efs, Condenser Flow, C := 1500 cfs (Prototypf;J) [See Chart No. 20J 

""; 0 0 97 6.40 0·78 0 
17·3 0.107 10·3 0.288, 96 1.07 0·31 0.4 
34.6 0.052 30·3 0.061 94 0.78 0.25 1.0 1.37 1.4 
.51.9 0.072 44.7 0.060 92 0·75 0.22 1.6 
69.2 0,067 60.5 0.061 90 1.08 0.24- 2.7 0.78 2·9 
86.5 0.064 76·9 0.061 88 1.00 0.21 4.1 1.16 4-·3 

103·8 0.060 94.6 0.061 86 1.05 0.18 .5.8 1.20 5.8 
121.1 0.062 111.5 0.060 84- 1.21 0.17 8.8 1.21 8.6 
138.4 0.063 128.3 0.061 83 1.28 0.15 10.9 1.35 10.1 

RiVer Flow, Q := 0 cfs, Conden/3er Flow, C = 1500 ef/3 + 1500 cfs of Lake Water [See Chart No. 33J 

88.5 10.0 1.00 0 
88 1.66 0.271 0·55 
86 1.80 0.24-0 3.52 
84 1.91 0.212 7.96 
83 2.19 0.197 11.34 
80 



I' TABLE III 

LIST OF CHARTS 
/-

Chart pew Po~nt Condenser River FlO1rT Model 
~ iemp- I .OF now. cfs crs Stuq.y 

:'" L:;: : ;.' 

~lSob.ar~,e to Bay dur~ng MidSl.l1lImer, 80° F Intake and 970 F 

tl .:~ 
s, Discharge Temperatures f'" 

i 
, 

;1 

1 I,' /80 400 0 Yes 
2 ," 80 700 0 Yes 
3 80 1.500 0 Yes 
4 1'1. 80 400 1300 Yes ,~ ::, 

.5 80 700 1300 Yes 
6 80 1500 1300 Yes 
7 80 700 2000 Yes 
8 75.5 1500 0 Yes 
9 75.5 l.500 1300 Yes 

Discharge Direct1Yoto Lake during Midsummer, 800 Intake and 
22 F Discharge TemEeratures 

10 80 400 '0 Yes 
11 80 /.t·oo 900 No 
12 80 400 1200 No 
13 80 400 1500 No 
IJ.,j. 80 !WO 2000 Yes 
15 80 700 0 Yes 
16 80 700 9')0 No 
17 80 700 1200 No 
18 80 700 1500 No 
19 80 700 2000 Yes 
20 80 1500 0 Yes 
21 80 1.500 900 No 
22 80 1500 1200 No 
23 80 1500 1500 No 
24 80 1500 2000 Yes 
25 75.5 400 2000 Yes 
26 75.5 1500 2000 Yes 

Discharge D1reotlYoto Lake during Midwinter, 350 F Intake and 
I 65 F Discharge Temperature's I 

27 9.0 400 0 Yes 
28 9.0 400 2000 Yes 
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~ 

29 
30 

31 
32 

33 

TABLE III (continued) 

LIST OF CHARTS 

Dew Point Condenser. River Flow 
Temp. of Flow~ cfs cfs 

Discharge to Bay during Hidwinter, 35° F Intake and 
65° F Discharge Temperatures 

9.0 
9.0 

!too 
!too 

o 
2000 

Stillwater Sewage Plant Flow of 6.72 efs 

o 
700 

2000 
2000 

Model 
S~udy 

Yes 
Yes 

Yes 
Yes 

Discharge Directly to Lake during Midsummer, 80° F Intake and 
88.50 F Discharge Temperatures 

80 3000 o No 
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APPENDIX A 

Description of the Model 

The size of the model was based on a 1/500 horizontal scale ratio which 

was fixed by the available space in the Laboratory and a 1/30 vertical scale 

ratio, which was chosen to obtain sufficient depth for the study of stratifi

cation in the approximately 35 ft deep lake. The model represents approxi'

mat ely 4 miles of lake; the width of the lake in this stretch is greater than 

half a mile. 

The geometry of the model was obtained by applying the model scales to 

depth soundings by the U. S. Army Corps of Engineers taken in 1932 and verified. 

by Gorman~Anderson? Civil Engineers and Land Surveyors, Minneapolis, in the 

summer of 1964. Intake and outlet structures were modeled according to draw

ings NF ... E5577-P1B, NF~E5577~PlO, 'SK"'1NL-E5577-P4, and SK. NL-E5577-P5 fur
nished by Northern States Power Company~ The original intake structure is 

reproduced in the model. This is a~ open channel excavated 32 ft below lake 

level at its mouth, 66 ft wide on the bottom, and pa.rtiallY obstructed by a 

skimmer wall across the entrance -vrl. th a bottom opening of l5-ft height. The 
.. 

purpose of the skimmer wall is to draw in water from the bottom of the lake 

where it is coldest, rather than from the lake surface. A wider intake struc

tUre was designed subsequently but is not represented in this model. Flow neal' 

the intake cannot be modeled in any event in this distorted model. 

Two outlets were provided. In the first tests, there was an open chan

nel, 15 ft deep and 40 ft wide on the bottom, leading into the bay south of 

the generating plant. Later, another open ohannel 10 ft deep and 330 ft "'ride 

at the surface leading directly into the lake at a point approximately 1450 ft 

downstream from the intake was added. Each of the outlets was tested sepa

rately. The Stillwater sewage treatment plant outlet, which discharges about 

6.75 cfs, was also represented in the model. 

Construction of the model follo't-led customary procedures. Starting with 

a water-tight basin, 51 ft by 17 ft, templets giving the contours of the lake 

bottom were inserted and, after addition of a few contour lines between the 

templets, the model was molded in perlite-concrete, a mixture of perlite, ce

ment, and water. Figure A-l ShOl,YS a stage in this process. The finished sur

face of the concrete was sealed lilth several layers of epoxy paint. The model 

filled with water is shown in Fig. 2. 



Fig. A-l 

The Model Under Construction (Pho.toNo. 148-41) • 
. This· photograph is taken looking upstream from Hudson. 
It shows the distorted scale of the model and-the lake
like nature of this stretch of the St. Croix River. 
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Circulation and pumping facilities were provided to meet the operating 

requirements. A layout of the various circulation systems is shown in Fig. 

A-2. The brine was premixed to the desired specific gravity in a channel on 

a floor below the model floor and pumped to the head end of the model. Brine 

was returned to the storage tank from the discharge end of the model by passing 

under a skimmer gate where much of the fresh water was removed and wasted. It 

was possible to continue the model in operation for about half a day without 

significant change in specific gravity of the brine. 

The specific gravity of the brine Was selected as 1.01 compared to 

fresh water as a minimum value. This made it unnecessary to be concerned 

about specific gravity variations in the model produced by small temperature 

differences. 

" 
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Fig. A-2 

Model layout showing 'experimental arrangement 
, (148B-44J ... 15). River nowiis -produoed by pumping salt 
water from the brine storage tank to the upstream end 
(left end) of the model. The effluent flows over the 
adjustable control weir at the downstream end (which 
maintains the water level at 675 ft MSL), around and 
over the water drain line, and returns to the brine 
tank througb the brine drain. Water is p1llIlped from 
the lake through the intake at the specified oonde~ 
ser now rate and may be returned to either the brine 
drain or'the water drain. Fresh water is'returned'to 
the lake at the same rate by gravity through the canal 
or'the bay. The fresh water.so returned is.skimmed 
from the effluent and wasted through the water drain 
by adjustment of the skimmer gate. 
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APPENDIX B 

Hydrologic and Climatological Data for the Model Study 

Descriptions of the hydrology of Lake st. Croix in connection with 

the projected Allen S.King Generating Plant may be found in various reports 

and letters as outlined in the introduction to this report. It appears from 

these reports that the sources of information on flow in the st. Croix River 

are the U.S, Geological Survey and Northern States Power Company records at 

St. Croix Falls and Somerset (Apple River)~ Wisconsin. Temperature recordings 

were made by the Minnesota Department of Health and the Northern States Power 

Company. 

Lake st. Croix is an artificial lake formed in the St. Croix River by 
a dam at Red Wing in the Mississippi River, of which the St. Croix River is a 

tributary. Pool elevation is controlled at Red Wing and usually kept at 675 
ft MSL. Flow into the lake is regulated at the st. Croix hydroelectric plant 

and the Somerset hydroelectric plant on the Apple River, both operated by Nor

thern States Power Company. Under low flow conditions Lake st. Croix is about 

35 ft deep and 3000· ft wide. 

From the duration curves of monthly mean flO1\TS it appears that the 

smallest flow rates in Lake st. Croix at Oak Park Heights occur during August. 

According to the duration curve for this month the monthly mean flow exceeds: 

900 cfs 

1500 cfs 

2000 cfs 

.100 per cent of the time 

90 per cent of the time, and 

70 per cent of the time 

Maxim1.l1r). surface water temperatures occur on Lake St. Croix during July 

and August each year. August mean daily water temperatures near the surface 

range between 64° F and 840 F. According to the report of the Minnesota De

partment of Conservation dated November 9, 1964, a water temperature of 80° F 

at the surface will be exceeded 3 per cent of the time during August and 8 

per cent of the time during July. At 10 ... ft depth 800 F will be exceeded only 

0.5 per cent of the time during both July and August. The report further 

shows that during these summer months temperatures at the lO-ft depth will 

be of the order of 20 F less and at the bottom, 40 less than the surface tem

peratures. 350 F is the minimum water temperature measured during midwinter 

at StillHater and Prescott. 
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Fo~ d6mputational purposes, in order to be on the conservative side, 

it ~as assumed that the water taken out of the lake would have a temperature 
o ' 0 

of 80 F during midsummer and a temperature of 35 F during midwinter. These 
values were informally agreed to in discussion with'the Minnesota State 

Board of Health. 

Climatological data were required for surface cooling computations. 
Air temperature measurements were available at Stillwater, Minnesota and Hud

son, Wisconsin, but humidity and wind measurements were also needed. The clo

sest point for which suchinformatiQn was available was Minneapolis-St. Paul 

International Airport, about 30 miles from the plant site. Normal values 

based on the 1931 to 1960 period were found in VlLoca.l Climatological Data, 

Minneapolis-St. Pal,ll Minnesota" for :).963 published by the U.S. Weather Bureau. 
Pertinent values are: 

January July August 

Daily maximum temperature, OF 22.2 84.7 81.8 
Daily minimum temperature, OF 2.5 61.2 59.1 
Daily average temperature, OF 12.4 73.0 70·5 
Relative humidity at 6:00 A.M. 76 89 90 
Relative humidity at noon 67 59 60 
Mean hourly wind velocity, mph 10.5 9.4 9.2 
Prevailing ldnd direction NVJ S SE 

These data 1.rere . supplemented for July and August by studying the daily records 

for 1963 at the Minneapolis-st. Paul International Airport on file at the U.S. 
1::Teather Bureau Office in Minneap,olis. The latter records showed that the low

est daily average wind was 9f the order of 6 mph and this lower figure was 
used rathe.r than the long-time ave~age in order to obtain conservative condi

tions for the summer computations. For l.rinter computations, the mean wind 

was rounded off to 10 mph and this figure was used. 

The dew point temperature is required for the calCUlations and this was 

obtained from the air temperature and relative humidity using tables from the 

Handbook of Chemistry and Physics (page 2142 of the 1952-53 edition). The fol
lowing values were obtained for dew point temperature from the above tabulated 

values: 



From daily tempe~ature maximum and noon 
relative humidity 

From daily tempe~atu~e minimum and 6;00 A.M. 
~elative humidity 

Average of above 

January 

12.9° F 

0 
-3.3 F 

4.80 F 

July August 

68.90 F 66.70 F 

57.80 F 56.10 F 

63.4° F 61.40 F 

Again, the mean data were supplemented for July and August by studying daily 
Weather Bureau records for 1963. Using the few highest daily temperatures and 

relative humidities led to an average high de'w point temperature of 75.5° F 

(cor~esponding to 74 per cent relative humidity at 8.5° F air temperature). 

The latter figure was rounded to 800 F (corresponding to 86 per cent relative 

humidity at 850 F air temperature) in order to obtain conservative values in 

the summer months and to simplify computations as explained in Appendix E. 

For the winter computations? the dew point temperature was taken at 90 F 

rather than the average 4.80 F during January to allow for the frequent for. 

mation during winter of a nearly saturated air layer near the surface. This 
layer insulates the open water surface to some extent and the increase in dew 

point temperature is a rough method of allowing for this factor in the calcu .. 

lation. 



APPENDIX C 
Model~Prototype Relationships 

As stated in the text, the model was a distorted one with the horizontal 

and ver~ical scales chosen as 1/500 and 1/30, respectively. In addition, the 

condenser discharge scale was chosen as 1/12,000. Since 1~ater was used in the 

model, the average density and Viscosity in model and prototype are nearly the 

same and do not enter into the modeling. LJowever, it is still possible to 

choose arbitrarily the difference in density between the lighter surface layer 

and,heavier bottom layer, ~p. The relative model density np/p was selected 

as 0.01 for most of the model experiments, although a larger ratio was used 

for some experiments. Since ~p/p in the prototype varies from about 0.003 

for a temperature difference of 97° to 8Qo F between layers to about 0.001 for 

a difference of 870 to 800 F, it is seen that the relative density scale varies 

over the surface of the model. 

All other model-prototype relations must be determined from these 

arbitrarily chosen ones using suitable equations describing the physical re

lationships. All of the ratios, both assigned and calculated? have been dis

played in Table I and will be explained in this appendix. 

In ordinary hydraulic models, it is desirable to maintain the river 

Froude number, itffiu 16, Table I, identical in model and prototype. In this 

studys however, wherein the stratified current created by the warm water is 

being modeled, it is the densimetric Froude number, item 15 [6J, which must 

be maintained constant. This has been done in this. study. The average river 

~roude number ratio of 3.33 simply means that the lake surface slope is greater 

in the model than in the prototype in order to scale average river velocities 

at the same scale as spreading velocities (item 13). Since the lake velocities 

are so small an~vay, the larger slope has no bearing on the problem. In the 

discharge canal~ where the Froude number scale is twice as great as in the 

river (item 17)9 the raain influence is on mixing as will be discussed later. 

As already noted, the horizontal scale 'VIas chosen to fit the model to 

the available area and the ve~tical scale was chosen mainly to insure that the 

total depth in the model would be great compared to the stratified layer on 

top. The discharge scale was then chosen to assure that there would be tur

bUlent flow in the bay or canal with the minimum condenser flow of 400 cfs. 
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At th:l,.s flow, the bay Reynolds number governs and is approximately ,5 x 104• 

By- it'tilm i~ :th Tlibie I, with the condenser discharge ratio of 1/12 9 000, this 

makes the bay Reynolds number just over 2000 which is the minimum for turbulent )( 

flow. Thus? with the scale ratios chosen? the condenser flows into the lake 

will always be turbulent and the mixing in this region will be appropriate to 

turbulent flow as it would be in the prototype. 

It is out of the question to make the river flow turbulent in the model 

at the low river flow ra.tes under study, but this is unnecessary anyway. Ob

servation,'shovJs that mixing at an interface, in the absence of large-scale 

turbulence which is the case in 'Lake ,st. Croix, is determined by the magnitude 

of the Richardson number, Ri [5 J • Forcond:1, tions defined in the sketch 

(C .. l) 

u 
~ water denSity = p 

h 

water density = p + pl'. 
·1 •• ; .... ........... , • ..... : ................ /J •••• _ • ••••••• ~ ••• 'J. \" ••• ;t. : ............. ~~'I!..;..; .. ~~ ~ ~,t •• _, , ::;~: •••• : I .... .' .•• :;:::t!I. 1 •••••• : ... ·;··:·:: .. :·::·~_···~ .. ·rt: ••• ;{;:.P.·.: ";,-,-.; 

where g is the acceleration of gravity, d is the thickness of the upper, 

moving layer, u is the average speed of this layer and &12. is the ratio of 
p 

the density difference between the layers to the average density (called rela-

tive denSity difference). It is apparent that the Richardson number can be 

written in terms of the densimetric Froude number as 

Ri 1 = ---z 
Frt, 

where (C-2) 

According to Ellison and Turner [5J for the situation being considered, 

entrainment or mixing approaches zero as Ri approaches unity (Frl'.~,l) and 

is large for small Ri (Frl'.» 1). Minami [7J gives a similar result for 

eddy mixing coefficient, showing that it decreases with Ri3/ 2• 
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Thus, ~th Fr6 ~l 
p~e~~"t1v ~~~~ this is the , 

c .. ; 

there should be little mixing. It will be shown 

caSe throughout moat of the lake surface. Near the 
,oondetiser o~tl~t or intake, however, larger values may be expeoted. Mixing can 

,I , 

only be averted in these key areas bw judioious widening of the struotures to 
reduce veloqities. It may be noted at this point that the outlet canal in the 

most recent ~esign (Drawing NF .. 30556 by Northern States Power Company) has a 

depth of 10 f,t and an average velocity of about 0.5 fps for 1500 ofs oondenser 
flow. In the' canal 6p/p ~o.oo; if the temperature is 970 F compared to a 

,l 0 
lake surfaoe temperature of 80 F. Thus Fr6~O.5. However, the warm water 
will float somewhat at the ohannel exit so that d will be smaller than 10 ft 

and u larger than 0.5 fps, making Fr6 closer to unity or even a little 
larger. In any event little mixing need be antioipated at this point in the 
prototype exoept that due to large~scale turbulenoe at the immediate outlet. 

On the other hand, in the model it the condenser flow fills the oanal, u is 

about 5/4 x 0.5 fps, d is 10/'30 ft, and ~ is usually 0 .. 01. Henoe, 
Fr6~2.0 and will even be larger when it is oonsidered that the stratified 
layer is partially floating and does not fill the canal. More mixing may then 
be expeoted in the model than in the prototype oanal and depths of the strati
fied layer near the outlet are likely to be too great in the model. This will 

limit direot transfer of thickness data from model to prototype. 

To obtain the velocity u, it is neoessaT,V to resort to developments by 

several investigators, perhaps best stated in papers by Abbott [8, 9J. Barr 
has also investigated this problem in a number of papers of which reference [6J 
is, perhaps, typical. It can be shown that in twe-diroensional flow, a thin 

surface layer of lesser density floating on a deep lower fluid will move with 

a front velocity uf given by 

u =kJg!¥ld f p 
(C-3) 

where k is a dimensionless coefficient close to unity [8, 9J. (Barr [6J 
works with the so-called dam burst analogy where in place of d the total 
depth. h is used and k is then near 0.5, but d~h/4.) Abbott 9 s develop
ment is conoeived on the basis that the lighter fluid spreads as a series of 

overriding waves at wave speed in fluid of reduced gravity g~'.' The coeffic-
p 

ient k is supposed to take acoount of friotion and entrainment of ambient 
fluid. The same result may be obtained by a direct application of the momentum 
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and QOhtihuity equations on the assumptions that (a) there is no entrainment, 
(b) th~~ij is no interfacial friction, and (c) there is zero average velocity 

. ·l: 
in the lower fluid. Elcperiments indicate that k S 2 [9 J whereas theory gives 
k~l. 

It is now possible to assume that the stratified layer will follow be~ 
hind the front at the same velocity uf--that is, u ~ ufo This is true if the 
front remains of oonstant shape as it moves and contains the s~e fluid always. 
Observation shows that this is closely but not exactly true, there being some 
entrainment of fluid at the front with a mixed layer left trailing behind to 
form an intermediate layer between the top and bottom layers. It is this mix
ing at the front which reqUires more inflow from behind that has been used to 
explain the faot that k;> 1 [6]. Normally, friction would be expected to re. 
duce k below unity, but with the intermediate layer aoting as a buffer, fric~ 
tion does not have too much influence. (Abraham and Squarer [10, 11J made a 
literature survey of work done on interfacial friction, but apparently more 
research is required, particularly for turbulent flow. For laminar flow, com
putation showed that interfacial friction would be very small compared to 
momentum. Probably the same is true in the present case.) Experiments show 
that the zero velocity line in a stratified flow is below the zero 6p/p line 
[12J. 

With u;:: uf from Eq. (C"3), Fr6 = k by Eq. (C-2). Since k~l, the 
previous assumption of little mixing appears to have been correct. Abbott [9J 
shows that in three-dimensional flow, as on the lake surface, k <1 and the 
assumption of little mixing is even more likely to be correct. 

Using Eg. (C-3) for u, it is now possible to oalculate the thickness 
of the warm l$Yer from d = q/uwhere q is the discharge per unit width. 
Thus, 

(C-4) 

and 

t..; 2 6 u= k qg.eQ 
. p (C-5) 

Here, q = C/b where C is the condenser discharge and b is the canal or 
bay width in the two-dimensional case and is the length of the front of the 
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sp~eAdidg'layer in the three-dimensional case, The time to reach any given 

f~~ht position is given by 

n 

t =: [ Llt. 
i == 1 l. 

It is now possible to caloulate model-prototype relations from these 

formulas. This has been done assuming that the k .. ra.tio is unity and the cor~ 

responding results are tabulated in lines 10 through 19 of Table I. Note that 

it was not necessary to make an assumption for the absolute value of k--it 

was only necessary to aSl:/ume that the k ... values '!tJere the same in model and 
prototype. 

To obtain the rive~ discharge ratiO, it waS assumed that the velocity 

scale for spreading of the stratified layer should be the same as the mean 

river velocity in order to obtain the correct spreading pattern (line 13 of 

Table I). The discharge scale (line 14 of Table I) then follows. However, as 

already noted in the report, the river discharge is so small that it hardly 

affects the pattern and strict adherence to this riVer discharge scale ratio 

was not necessary. Hence, for many tests runs, especially the earlier ones~ 

a uniform discharge scale of 1/12,000 '!tras used for both the condenser flow and 

river flow. 

Some numerioal values in the model and prototype are cited below for 
reference. 

Quantity 

Average river velocity at 2,000 cfs 

SPbeading velgcity of heated water at 
97 F over 80 F bottom water for l-ft 
thickness 

Reynolds number for river flow at 2000 cfs 

Protot;:me 

0.016 fps 

0.31 ips 

50,000 

~ 

0.010 fps 

0.15 ips 

1,000 



APPENDIX E 
C~lculations of Thiokness and Time of Spread 

Th~o~n~ss, spreading velocity, and spreading time were calculated by 
the methods Q~ Appendix C. The computations were carried out first for model 

conditions and the computed results were compared with measurements in the 
model to ver1f.y the relations used. Two computations are outlined in Table 

E-l and thet'esults;,'e:r~ a,sselllPted'in1able' II. As may be seen in'Table,II, 

if the area near the outlet cQul~ be excluded, computed and measured values 

of thickness and time compare reasonably well. Thus, it was concluded that 

the basic assumptions of the oowpu1;.ationa1, method--namely, that mixing and 

friction at the interface 'Wereunimports,nt to the spreading of the stratified 

layer exoept near the outlet,~a~pear to be verified. 

Similar computations were then carried out for prototype conditions 
taking into account the deorease in temperature with distance from the outlet 

shown in the charts of Appendix H. The computations are shown in Table E-2 

and are also summarized in Table II. The first two computations in Table E-2 

are for equivalent conditions to those represented in Table E-l for the model. 

The last computation in Table E .. 2 represents an assumed condition wherein 
there is sufficient mixing at the outlet that the 1500 efs of condenser flow 

water at 970 F entrains an equal volume of lake water at 800 making a total 

discharge of 3,000 cfs at 88.50 F. 

Attention should be dra~~ to the fact that the decrease in temperature 
and corresponding inorease of density in the warm water layer as it spreads 

from the outlet produces two effects not exactly compatible in model and 

prototype. First, the method of oomputation implies that the temperature 

distribution displayed by the surface isotherms is constant throughout the 

thickness of the warm water layer; that is, in a given cross section the iso

therms are assumed to be vertical lines~ Because of the increase of density 

with distance in the prototype, it must be eXpected that the isotherms will 

actually become inclined as the warm layer progresses. Furthermore, the veri
fication of the method of computation using quantities measured in the model 

relates to a relatively large density difference. The method of computation 
may become less reliable as the edges of the spreading area in the prototype 

are reached because of the smaller density differences. 



E-2 

tn ttl/!) Mthputations, Eqs. (C-4), (C-.5), and (c-6) of Appendix C "rere 

used fbr thickness, velOCity, and time of travel of the stratified layer, 

respectively. In the equations, k ~ 1 was used. For this reason, as 

well as those given in the preceding paragraph, the computed results should 

be considered rough estimates only. The computational steps used in Tables 

E-l and E-2 are self-explanatory. Front lengths in the model computations 

were measured from photographs like those in Fig. ) taken at approximately 

equal time intervals. In the prototype computations, lengths were measured 

from the interpolated isotherms shown in the charts of Appendix H. 

The model-prototype relationships given in Table I, lines (10) and 
(12), have been used to estimate the thickness of the warm layer and its 

time of spread in the prototype. These results are displayed in columns 

(9) and (10) of Table II and may be compared with the calculated results 

in columns (6) and (8), respectively. The latter results are probably the 

more reliable for the reasons explained in Appendix C, but the comparison is 

not unreasonable, especially for the second flo'!,.T. 



(1) (2) 

Den
Front sity 
~ --L 

1 const 

2 const 

3 const 

4 const 

5 const 

6 canst 

7 canst 

8 const 

9 const 

10 const 

1 const 

2 const 

3 canst 

4 const 

5 const 

6 const 

7 canst 

8 canst 

9 const 

0) 

Relative 
Density 
Differ-

ence 
Mili. 

0.01 

0.01 

0.01 

0.01 
0.01 

0.01 

0.01 
0.01 

0.01 

0.01 

0.01 

0.01 

0.01 

0.01 

0.01 

0.01 

0.01 

0.01 

0.01 

(4) 

Length 
of 

Front 
,b 

--..1L 

0 .. 6 

4.3 

9.4 

12.65 

9.8 

10.5 

11.4 

16.3 

18.6 
18.8 

0.6 

13·7 
16.1 

14.0 

15·3 
14.3 
14.8 

15.2 

14.0 

(5) 

Unit 
Discharge 

q = c/b 
cfs/it 

0.0555 

0.00774 

0.00354 

0.00263 
0.00340 

0.00317 

0.00292 
0.00204 

0.00179 

0.00177 

0.208 

0.00912 

0.00776 

0.00893 

0.00817 

0.00874 

0.00845 

0.00822 

0.00893 

TABLE E-l 

THICKNESS AND TIME OF FLOW FOR THE MODEL 

Calculated Results 

(6) 

Thickness 
of Layer 

d 
(Eq. C-4) 

it 

(7) 

Front 
Velocity 

uf 

(Eq. C-5) 
fps 

(8) 

Average 
Front 

Vel::, city 
u f 

fps 

(9) 

Surface 
Area 

Between 
Fronts 

~S 

ft2 

(10) 

Average 
Length 

of 
Front 

b 
it 

(11) 

Average 
Spacing 

of 
Fronts 

iSX=~ 
b 

ft 

(12) 

Time 
Inter

val 

&=~ 
uf 

sec 

(13) 

Total 
Time 

t 
~ 

River Flow, Q = 0 cfs, Condenser Flow, C = 1/30 cfs (400 cfs Prototype) 

0.212 

0.0571 

0.0339 

0.0279 

0.0330 

0.0314 

0.0298 

0.0235 
0.0215 

0.0213 

0.262 

0.136 

0.104 

0.094 
0.103 

0.101 

0.098 

0.087 

0.083 

0.083 

0.199 
0.120 

0.099 

0.0985 
0.102 

0.0995 

0.0975 
0.085 

0.083 

1·9 
7.4 

29·3 
17.5 
11.5 
14.1 

16.8 

21.1 

22·9 

2.45 

6.85 

11.03 

11.23 

10.15 

10.95 

13.85 

17.45 

18.7 

0.78 
1.08 

2.66 

1.56 

1.13 
1.29 

1.21 

1.21 
1.22 

3·92 
9.0 

26.87 

15.84 

o 
3·92 

12.92 

39.79 

11.08 55.63 

12.96 66.71 

12.41 79.67 

14.23 92.08 
14.70 106.31 

121.01 

River Flow, Q 0 cfs, Condenser Flow, C = 1/8 cfs (1500 cfs Prototype) 

0.512 

0.0638 

0.0572 

0.0628 

0.0593 
0.0619 

0.0606 

0.0594 

0.0628 

0.406 

0.143 

0.136 

0.142 

0.138 

0.141 

0.139 

0.138 

0.142 

0.275 

0.1395 

0.139 
0.140 

0.1395 
0.140 

0.1385 

0 .. 140 

20.16 7.15 

41.76 14.9 

30.08 15.05 

32.32 14.65 

33.92 14.8 

36.00 14.55 

35.04 15.0 
34.4 . 14.6 

2.820 

2.803 

1.999 
2.206 

2.292 

2.474 

2.336 

2.356 

10.25 

20.09 
14.38 

15.76 

16.43 

17.67 

o 
10.25 

30·34 
44.72 

60.48 

76.9l 

94.58 
16.87 111.45 

16.83 128.28 

(14) 

Total 
Time 

t 
~ 

o 

17·3 
34.6 

57.7 
75.0 
86.5 

103·8 
121.1 

138.4 

155.7 

o 

17·3 
34.6 

51.9 

69.2 

86.5 

103.8 

121.1 

138.4 

Measured ResUlts 

(15) 

Time 
Inter

val 
~t 

~ 

17·3 

17·3 

23·1 

17·3 
11.5 

17·3 
17.3 

17·3 

17·3 

17·3 

17·3 

17·3 

17·3 

17·3 

17·3 

17·3 

17.3 

(16) (17) 

Average 
Average Thick-
Thick- ness 
nessd 

C !;,tIM Col (6) 
~-11 

0.300 

0.078 
0.026 

0.033 

0.033 
0.041 

0.034 

0.027 
0.025 

0.107 

0.052 
0.072 

0.067 

0.064 

0.06 

0.062 

0.063 

0.135 
0.0455 

0.0309 
0.0305 
0.0322 

0.0306 

0.0267 
0.0225 
0.0214 

0.2879 

0.0605 

0.0600 

0.0611 

0.0606 

0.0613 

0.0600 

0.0611 



(1) 

Iso
them 
Temp. 

T 
~ 

97 
96 

94 
92 
90 
88 

86 
84 
82 

,81 
80 

97 
96 
94 
92 

90 

88 

86 

81J. 

83 
80 

88.5 
88 
86 

81J. 

83 
80 

(2) 

Density 
p 

gm/cm3 x 103 

993·75 
991J..0 

991J..3 
994.7 
995.0 

995·35 
995·1 
996.0 

996.3 
996.5 

996·7 

993.75 
991J..OO 

991J..3 

991J.·7 
995.0 

995·35 

995·7 
996.0 
996.15 

996.7 

995.28 

995·35 

995·7 
996.0 

996.15 

996.7 

TABLE E-2 
THICKNESS AND TIME OF FLOW COMPUTATIONS FOR THE PROTOTYPE 

Relative 
Density 
Differ-

enoe 
Ap/p 

x 103 

(IJ.) 

Length 
of Iso. 
therm 

b 
---.fL 

(5) 

Unit 
Dis. 

oharge 
q = C/b 
cfs/ft 

River Flow, Q = 0 ofs, 
2·97 300 1.33 
2.72 1970 0.205 

2.1J.1 3750 0.107 
2.01 1J.900 0.082 
1.71 6260 0.064 

1.36 7500 0.053 
1.00 6900 0.058 

0.70 5700 0.070 
0.40 5270 0.076 
0.20 81j.1j.0 0.0Ij.7 
o 

(6) 

Thickness 
of Layer 

d 
(E:q. c-4) 

ft 

Front 
Velooity 

uf 
(Eq. C-5) 

fps 

(8) 

Average 
Front 

Velooity 
iif 
fps 

Surface 
Area 

Between 
Isotherms 

AS 
ft2 

(10) 

Average 
Length 
of Iso
therms 

p 
---.fL 

Condenser Flow, C = 400 ofs (See Chart No. 10) 

2.91 0.1J.58 0.360 0.1J. 1135 
0.786 

0.525 
0.1J.71 
0.413 

0.399 
0.1J.72 
0.601 
0.766 

0.261 
0.201j. 

0.171J. 
0.155 

0.133 
0.123 
0.116 

0.099 
0.695 0.068 

0.233 
0.189 
0.165 
0.11j.1j. 

0.128 
0.120 

0.109 
0.084 

1.16 

1.12 
1.24 
2.0 

2·76 
3. 24 
5·92 
6.76 

2860 

4325 
5580 
6880 

7200 
6300 
51j.85 

6855 

River Flow, Q = 0 cfs, Condenser Flow, C = 1500 cfs (See Chart No. 20) 

2·97 
2.72 
2.1J.1 
2.01 

1.71 
1.36 

1.00 

0·703 
0.552 
o 

300 
4600 

7900 
9100 
5700 
7200 

7750 
71J.70 
7750 

5.00 

0·326 
0.190 
0.165 
0.263 
0.208 

0.1935 
0.201 

0.1935 

River Flow, Q = 0 cfs, 

1.1J.3 300 10.0 
1.36 6675 0.1J.50 

1.00 6960 0.431 

0.703 7400 0.405 

0.552 6950 0.1J.32 
o 

6.40 
1.07 
0.78 

0.75 
1.08 
1.00 

1.05 
1.21 
1.28 

0.782 

0·305 
0.245 
0.220 
0.21j.1j. 

0.208 
0.184 
0.166 

0.151 

0.51j.1j. 

0.275 
0.232 
0.232 
0.227 
0.196 
0.175 
0.158 

1.80 

4.61J. 

1J..32 
6.72 
7.08 
9.00 

IIJ..56 

9.16 

21J.50 
6250 
8500 

71J.00 
6450 

7500 
7610 
7610 

Condenser Flow, C = 3000 cfs (See Chart No. 33) 

10.0 1.00 

1.66 0.271 
1.80 

1.91 

0.21J.0 
0.212 

2.19 0.197 

0.636 

0.2/55 
0.226 

0.201J. 

4.1J.0 
18.60 
26.00 

17.76 

6820 

7180 

7175 

(n) 

Average 
Spacing 
of Iso
therms 

6x=~ 
---.fL 

353 
405 

259 
222 

291 

383 
514 

1082 

987 

735 
742 
508 

908 
noo 
1200 

1910 
1200 

1260 

2730 , 

3620 
2480 

(12) 

Time 
Inter

val 
Ax/iif 
..l!!:L 

0.27 
0.48 

0·38 
0.37 
0.56 
0.83 

1.19 
2.76 

3. 26 

0.38 

0.75 
0.61 

1.09 
1.35 
1.70 

3·03 
2.11 

0 • .55 
2.97 
1J..1j.Ij. 

3.38 

(13) 

Total 
Time 

t 
hrs 

o 
0.27 

0.75 
1.13 
1.50 

2.06 

2.89 
IJ..08 

6.81J. 
10.10 

o 
0.38 

1.03 
1.64 

2·73 
4.08 

5.78 
8.81 

10.92 

o 
0.55 

3·52 
7.96 

11·31J. 
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APPENDIX F 
Some Notes on Intake struoture Design 

The sketoh shows a hypothetical .oross section through an intake struo~ 
ture for the proposed the~mal plant on Lake st. Croix. Based on model studies 
oonducted at 11assachusetts· Institute of Technology [1,5], partially verified by 
experience of the O.s~ Tennessee Valley Authority [16J, it is possible to . . 
seleot the dimensions of the struoture so that minimum drawdown of the warm 
surfaQe water will ocour. 

skitnm.eX' wall 
d. warm water (densit 

From rere~enoe [15J 

where for not more than 1 per cent withdrawal, f is given b.1 a chart as 0.83 
foX' h /a = ,.0, 0.77 foX' h la = 2.0, ~nd 0.61 foX' h /80 = 1.5. It is .appar-r r r 
.ant that C/b is a unit discharge which mu~t not be exceeded to avoid mixing 
at the interfaoe. 

The above equation may be applied to estimate the required dimension~ 
',. 

of the intake at the p~oposed power plant. It is estimated that d will be 
of the order of .5 it and hr of the order of 24 ft. If the warm water above 
the intake is at 900 F and the oold water at 75° F, Ae = 0.002; while if . ' p 
the warm. wat~r is at 83°. F and the ·cold wateX' at 750 ' F, ~ = 0.001. Then pcs-
.sible widths. b are given in the following table based on an ultimate intake 
oapacity of 1500 cfs • 

. Widths b, ft for C = 1500 cfs 

a, ft .-7 = 0.002 -7 == 0.001 

8 111 157 
12 120 170 
16 151 214 



APPENDIX G 
Sewa.ge irJiter Flow 

The Stillwater sewage treatment plant disoharges, on the a.verage, 6.75 
ors of waste water into Lake st. Croix at approximately 4,600 ft upstream from 

the cooling water intake Df the proposed Allen S. King generating plant. There 

was some concern that the waste water would be drawn into the plant intake and 

pumped to the vioinity of the BaypDrt beaoh which lies near the exit Df the 

bay. The Stillwater sewage outlet was therefore represented in the model and 

a brief study was made of the sewage flow pattern with and without the plant 

in operation. More extensive tests were originally planned but these were 

curtailed when it became apparent that direct discharge to the lake was fea

sible; with direct discharge less adverse effects would be expected than with 

the originally planned discharge through the bay. 

The waste water from Stillwater may be lighter or heavier than the lake 

water, depending on its relative temperature, air content, and dissolved or 

suspended solids. If it is lighter, it will float on the surface much like 
the warm water discharged at the condenser outlet and will not be drawn into 

the plant intake. Therefore, there was no need to study flow with lighter 

waste water and only flow with waste water heavier than the lake water was 

stUdied in the model. The heavier waste water flows are also those likely to 

be encountered during summer when the presence of sewage would be most objec

tionable. 

In the model study, waste water flbw was represented by salt water with 

a specific gravity of 1.002 wheras the lake water was fresh water. The first 

test was intended to represent the existing condition without the power plant. 

A 2,000 cfs river flOv1 was modeled. Colored salt water was discharged from 

the Stillwater outlet at 6.75 cfs. Being heavier than the lake water, the 

waste water settled to the bottom and spread across the lake as it moved down. 

stream along the bottom. The spread was due mainly to gravity acting on the 

heavier waste water, but there was also a little entrainment by the river flow. 

Spreading patterns were photographed through the clear lake water and 

the photographs were interpolated to produce Chart 31 in Appendix H. Chart 31 

shows a successive front of the waste water as it moves downstream and is di

luted by the lake water and reduced by bacteriological and chemical actions. 



The :J;iHer p1l.enomena could not, of course? be reproduced in the model. How .. 
ever, if these aotions proceed at a uniform rate across the front, the points 

can be interpreted to represent lines of oonstant sewage concentration. 

After Chart 31 was obtained, the plant was placed in operation at the 

700 ofs condenser flow rate, the river flow remaining at 2,000 ofs and waste 

water flow at 6.75 cfs. Again, photographs Were taken and the fronts seen in 

the photographs were interpolated to yield Chart 32 in Appendix H. Condenser 

water was returned through the canal to the lake and not to the bay in these 

experiments. 

A comparison of Chart 31 and ~2 shows that upstream of the plant intake, 

the operation of the plant has little effect on the waste water spread.. Dif

ferences become notioeab1.e downstrE:(am, however. There are two prominent dif
ferences. First, some of the waste water is drawn into the intake; this is 

only a portion of the total, however, because the waste water has spread all 

across the lake bottom by the time it reaches the plant intake. Some of the 

heavier water passes by the plant intake as can be seen on Chart 32. Bearing 
in mind that the total waste water flow is only 6.75 cfs and that the plant 

intake withdraws 700 cfs, the sewage strength recirculated by the plant is in~ 

deed small. Second, the remaining waste water not withdrawn by the plant 
does not spread back to the Minnesota side; thus, the Bayport beach area is 

left relatively free from waste water flow. In interpreting this last result, 

it must be recognized that the condenser water flow was returned to the lake 

at the same density as the lake water and did not float as it normally would. 

Hence, there was strong interference between this returning condenser water 
flow and the river flow. Qualitatively, however, the result observed in the 

, 
model is probably oorrect. 

Since the waste water concentration in the condenser water is so small, 

no effort was made to trace its course from the outlet. 
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TABLE III 
LIST OF CHARTS 

Chart Dew Point Condenserr Ri vel" FlorlT Model 
. No •. TamE. of Flow, ors ors Stud.y 

Disoharge to Bay dur~ng ~idsummerf 800 F Intake 0 and 97 F 
Disoharge TemEeratures 

1 80 400 0 Yes 
2 80 700 0 Yes 
:3 80 1500 0 Yes 
4 80 400 1300 Yes 
5 80 700 1300 Yes 
6 80 1500 1300 Yes 
7 80 700 2000 Yes 
8 75.5 1500 0 Yes 
9 75.5 1500 1300 Yes 

Discharge Directly to Lake during Midsummer, 80° Intake and 
9Zo F Discharge Tem:eeratures 

i . 

;~~ 
10 80 400 0 Yes 
11 80 /.t·oo 900 No 
12 80 400 1200 No 
13 80 400 1500 No 
II./- 80 !J,OO 2000 Yes 
15 80 700 0 Yes 
16 80 700 9'')0 No 
17 80 700 1200 No 
18 80 700 1500 No 
19 80 700 2000 Yes 
20 80 1500 0 Yes 
21 80 1500 900 No 
22 80 1500 1200 No 
23 80 1500 1500 No 
24 80 1500 2000 Yes 
25 75.5 400 2000 Yes 
26 75.5 1500 2000 Yes 

Discbarge Direotly to Lake during Midwinter, 350 F Intake and 
650 F Disoharge Temperature's 

27 9.0 400 0 Yes 
28 9.0 400 2000 Yes 



29 
30 

31 
32 

33 

Dew POiRt 
Temp. F 

TABLE III (oontinued) 

LIST OF CHARTS 

Conden~el' 
Flow, oi's 

Rivel' Flow 
ei's 

DisohQl'ge to ~ay during Midwinter, 350 F IntQke Qnd 
65 F DisohQrge TemperQtures . 

9.0 
9.0 

1+00 
1+00 

o 
2000 

StillwQter Sewage Plant Flow of 6.25 efs 

80 

o 
700 

3000 

2000 
2000 

o 

~1odel 
Study 

Yes 
Yes 

Yes 
Yes 

No 
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Surface Isotherms in Degrees Fahrenheit 

Assumed Meteorological Datal 
Wind 6 mph from South 
Dew point temperature 800 F 

NORTHERN STATES POWER COMPANY 
ALLEN S. KING GENERATING PLANT 

Predi cted Isotherms on Lake St. Croix 
During Afidsummer 
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I--~ ____ ~_~V_E~~~~~ _OF MINNESOTA , 

D"'''~N He (CHECKED _'I' i ~- 1 Jt..,"~::!:.",R"O"V€~D"-c-=...,..-r--I .",-;:~n __ I ~~~.-IT-9-M -1'10. 1488443-56 



t 
~ 
.!: 
v 
u 
c 

t'i 
is 

a 
o~ 

,~ 

2,500 
---1 

5,000 7,500 
----r 

CHART 23 

Distance in Feet 

10,000 15, 000 17,500 20,000 22,500 25, 000 r- -~ --.,---,--- r--" '-'-"1-- '" "··~--r-- ,.----.-.- .~. 

, ;' , , 

2 500 L--.-.- .-.--J.-
'I ' 

! 

1- Shoreline <, ( 
'7i~EI' 675 " __________ _~__ 

) -\--~- -~~-,-2_~ 
5,000 ~------i-l , / ; 84 I

l",' 

I . /\1 r/'~ 
I :/./ 0 l ,'1500 ofs J 1500 cfl 
I 8~\ ot800F 
~ , ' 

7,500 ~ - - -. - - .• - t-· ... ,;,:! '" 
I / 
I . ~ ______ ~..1. ~. ____ , _. ____ _ 

',. Power plant 

I . 0 I .-. r' o
, ' 

I 

86_J '>, 
84 

,y-,-,\..~ 82,' 0 j' 

/C, 
, " 

Shorel ine ~/ 
EI. 675 ft 

'j , .. ' '0' 

__. ~_ ....... _ ~,J...._ . __ ~. __ .......... 

r: " 
. --+l----::'T¥s-~~/ 

_._~._; __ o ___ .~_J,l·: '~IT 
Surface Isotherms in Degrees Fahrenheit 

Assumed Meteorological Data: 
Wi nd 6 mph from South 
Dew point temperature 80° F 

NORTHERN STATES POWER COMPANY 
ALLEN S. KING GENERATING PLANT 

Predicted Isotherms on Lake St. Croix 
During Midsummer 
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CHART 24 

Wind 6 mph from South 
Dew point temperature 800 F 

NORTHERN STATES POWER COMPANY 
ALLEN S. KING GENERATING PLANT 

Predicted Isotherms an Lake Sf. Croix 
During Midsummer 

SAINT ANTHONY fALLS HYDRAULIC LABORATORY 
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Distonce in Feet 
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Surface Isol,herms in Degrees Fahrenheit 

Assumed Meteorological Datal 
Wi nd 6 mph from South 
Dew point temperature 75.5° F 

NORTHERN STATES POWER COMPANY 
ALLEN S. KING GENERATING PLANT 

Predicted Isotherms on Lake SI. Croix 
During Midsummer 

SAINT ANTHONY FALLS HYDRAULIC LABORATORY 
UNIVERSITY OF MINNESOTA 
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Assumed Meteorological Data: 
Wind 6 mph from South 
Dew point temperature 75.50 F 

NORTHERN STATES POWER COMPANY 
ALLEN S. KING GENERATiNG PLANT 

Predicted Isotherms on Lake SI. Croix 
During Midsummer 

SAINT ANTHONY FALLS HYDRAULIC LABORATORY 
UNIVEASITY OF MINNESOTA 
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CHART 27 
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Surface Isotherms in Degrees Fahrenheit 
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Assumed Meteorol 09i cal Data: 
Wind 10 mph from ~,ort;,west 
Dew point temperature 90 F 

Probable ice cover 

P~ssible ice cover 

NORTHERN STATES POWER COMPANY 
ALLEN S. KING GENERATING PLANT 

Predicted Isotherms and Limits of 
Ice Cover on Lake St. Croix During Midwinter 

SAINT ANTHONY FALLS HYDRAULIC LABORATORY 
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Distance in Feet 
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Surface Isolrlerms in Degrees Far,renheil 
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Assumed Meteorological Data: 
'Nind 10 mph from Northwest 
Dew point templ"rntllrf' 90 F 

Probab lei ce cover 

Possible ice cover 

NORTHERN STATES POWER COMPANY 
ALLEN S. KING GEI'JERATING PLANT 

Predicted Isot"erms and Limits of 
Ice Cover on Lake 51. Croix During Midwinter 

SAINT ANTHONY FALLS HYDRAULIC LABORATORY 
UNIVERSITY OF MINNESOTA 

,~~~~-Hr_·~~~~~~ -~i-~'--\~ROVEC _ 
I CATE 12-11-64 I NO. 148B443-40 
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NORTHERN STATES POWER COMPANY 
ALLEN S. KING GENERATING PLANT 

Predicted Isotherms and Limits of 
Ice Cover on Lake 51. Croix During Midwinter 

SAINT ANTHONY FALLS HYDRAULIC LABORATORY 
UNIVERSITY OF MINNESOTA 
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NORTHERN STATES POWER COMPANY 
ALLEN S, KING GENERATING PLANT 

Predicted ISDtherms and limits of 
Ice Cover Dn Lake St. CrDix During Midwinter 

SAINT ANTHONY FALLS HYDRAULIC LABORATORY 
UNIVERSITV OF MINNESOTA 
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Contours at equal time Intervals show movement of Stillwater sewage along 
river bottom before construction of power plant, sewoge heavier than river water 

NORTHERN STATES POWER COMPANY' 
ALLEN S. KING GENERATING PLANT 

P,..dlctlld Flow P.alt,m of Stillwater 5_0ge 
entering Lake St. Croix 
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NORTHERN STATES POWER COMPANY 
AllEN S. KING GENERATING PlANT 

Predicted Flow Pattern of Stlliwater Sewage 
Entaring Lake 51. Croix 
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CHART 33 

Distance in Feet 
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Surface Isotherms in Degrees Fahrenheit 

Isotherms are computed for a virtual discharge 
of 3000 efs at 88.50 F which is obtained by 
assumed intermixing of plant dischaqbe at out
let with 1500 cfs of lake water at 80 F. 

Assumed Meteorologieal Data: 
Wind 6 mph from South 
Dew point temperature 800 F 

NORTHERN STATES POWER COMPANY 
ALLEN S. KING GENERATING PLANT 

Predicted Isotherms on Lake St. Croix 
During Midsummer 

SAINT ANTHONY FALLS HYDRAULIC LABORATORY 
UNIVE"SITY 01"" MINNESOTA 
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