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Blue Lake Waste Water Treatment Plant Outlet looking downstream 
in summer of 1983. 

Blue Lake Waste Water Treatment Plant Outlet looking upstream in summer of 1983. 



Effluent from the Blue Lake Waste Water Treatment Plant into 
the Minnesota River near Shakopee, Minnesota (MI 20.6) on 
February 16, 1983. 



River bank at the submerged outlet of the Seneca Waste Water 
Treatment Plant. Paddle marks axis of underground pipe. 





Upwelling effluent from the submerged outlet of the Seneca 
Waste Water Treatment Plant into the Minnesota River. 

The Minnesota River cut-off downstream from the Seneca Waste 
Water Treatment Plant Outlet. 





Effluent from the Seneca Waste Water Treatment Plant into 
the Minnesota River near Cedar Avenue Bridge (MI 6.7) on 
February 16, 1983. 





SUMMARY 

Eight field surveys, forty five laboratory experiments, and several 
types of analyses have produced information to understand and predict the 
mixing of the Seneca and Blue Lake WWTP effluents with the Minnesota River 
to a reasonable degree. Both discharges are from submerged pipes, 7 ft and 
6.5 ft in diameter, respectively. The mean annual discharge rates are at 
present on the order of 23 to 25 cfs and at velocities on the order of .6 
to .8 fps. 

The behavior of the effluent plume is described by its trajectory, 
width, and maximum and average concentration as a function of distance 
from the point of discharge. These characteristics depend very strongly on 
river flow. 

Within the first 100 ft downstream from the outlet, the effluent is a 
weak jet which is best evaluated by field data. The dilution at 100 ft is 
given in Fig. V-7 for several river flow rates above 1300 cfs. The dilu
tion at distances up to 700 ft from the discharge can be found in Figs. 
V-5 and V-6. 

No field observations exist for lowe.r river flows, but data have been 
collected in a laboratory channel about 1/100' the size of the Minnesota 
River near the Seneca outfall. The main geometrical parameters and outlet 
densimetric Froude numbers were matched. Reynolds numbers were much 
smaller in the channel than in the river. Dilution observed in the 
laboratory for flow rates from 650 cfs to 9700 cfs are reported in Fig. 
VII-24 for a distance of 100 ft from the outlet. Those at distances of 300 
ft, 700 ft and 1500 ft are graphed in Figs. VII-25 to VII-27. 

The transverse spreading of the effluent within the first 100 ft from 
the outlet is driven by a weak jet momentum, transverse mixing by river 
turbulence, and buoyancy of the plume. In summer, the effluent has nega
tive buoyancy and sinks. Densimetric Froude numbers based on pipe diameter 
and discharge velocity can be as low as 1.2. The smaller the river flow, 
the more the effluent plume tends to spread out on the bottom of the river. 
Figure VI-3 illustrates this behavior. Below river flows of 10,000 cfs, 
the effect of buoyancy on spreading is very recognizable in the summer. 

The gradual transverse spreading of the effluent plume with distance 
from the outlet is illustrated for several Minnesota River flows down to 
1390 cfs in Figs. V-3a, b, c, and V-4a, b, c, d, and e. 

The dependence of the transverse spreading process on river flow and 
effluent buoyancy is more specifically shown in Fig. VII-15 to VII-18. 
Each figure shows the width of the effluent plume at a specified distance 
from the outlet (100 ft, 300 ft, 700 ft, and 1500 ft, respectively). The 
maximum width occurs at the bottom of the river in all these cases. 
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An analytical model which predicts the width and the maximum con
centration of the plume as a function of distance from the outlet and of 
river flow is the virtual point source model described in Section VI. The 
concept is illustrated in Fig. VI-1. The coordinates of the virtual point 
source are given in Table VI-9. They are a function of river flow, 
discharge orientation, and discharge location. The model assumes ver
tically well-mixed conditions, steady-state flow, and constant depth. The 
diffusion equation VI-l is solved with the mean downstream velocity U and 
the transverse turbulent diffusion coefficient D which can be estimated 
from the equation D = C u*H, where u* is the shear velocity = {TIp and H 
is the mean river depth. T is the shear stress at the river bed. The 
solution (Eq. VI-3) takes into consideration bank effects and has been 
graphed in Fig. VI-8. A coefficient C = 0.43 was found from concentration 
field data and C = 1.85 from width of plume field data. The difference is 
caused by buoyancy which reduces mixing by stratification and increases 
transverse spreading. For a non-buoyant effluent a typical value of C 
would be 0.6. Further analysis of the field and laboratory data could be 
made to quantify this buoyancy effect. Mixing zone extent based on a hori
zontal mixing zone (nonbuoyant) model with a C value of 1.85 for various 
river discharges is shown in Table VI-10. 

The limitation of the virtual point source model is that it ignores 
buoyancy effects. It is therefore not applicable at very low flow rates. 
The limit of applicability is probably about 2,000 cfs river flow. In the 
range from 2000 to 10,000 cfs the point source model is acceptable but 
buoyancy effects are significant. Above 20,000 cfs buoyancy effects of the 
effluent can be ignored. Below 1,000 cfs river flow the sinking of the 
effluent becomes the major factor in determining the effluent mixing zones. 
At such very low river flows the effluent discharge very clearly flows 
along the bottom of the impounded river, spreads across the entire river 
bed within a short distance from the outlet and even begins to appear 
upstream from the outlet. The result is a stratified river flow as 
described and analyzed in Project Report No. 214. The distance required to 
vertically mix that stratified river to within 10 percent of the completely 
mixed river excess concentration is given by the expression 

where the vertical turbulent diffusion coefficient D is a function of 
the strength of the stratification expressed through tKe densimetric Froude 

-1/2 number FDO = u(ap/pegH) ,where ap is the density difference between 

strata and H is the mean depth. The relationship between 
was given in graphical form in Report 214. 

D 
v 

and 

The estimated lengths required for complete vertical mixing at 
extremely low Minnesota River flows are given in Tables VIII-l to VIII-4. 
A summary of the estimated distances required to achieve mixed river con
ditions to within 10 percent is given in the table below. This information 
is extracted from Table VI-lO and Tables VIII-l to VIII-4 in the text. 
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TABLE. ESTIMATED DISTANCES (xgO ) REQUIRED TO ACHIEVE UNIFORMITY 
OF CONCENTRATIONS IN A RIVER CROSS SECTION TO WITHIN 
10 PERCENT OF FULLY MIXED CONDITIONS: 

x90 (miles) 

River Flow (cfs) Average Summer 
Effluent Density 

Extreme Summer 
Effluent Density 

Seneca: I:lp/p = 0.00053 I:lp/p = 0.0015 

22,600 2.1 2.1 
4,560 3.0 3.0 
1,000 1.3 2.0 

500 2.6 3.9 
300 4.1 5.5 

Blue Lake: Ap/p = 0.0011,3 Ap/p = 0.002 
~ .. ~ ... 

22,600 1.3 1.3 
4,560 1.7 1.7 
1,000 1.2 1.4 

500 1.6 3.1 
300 3.1 4.1 

The variations in the summary table lire caused .as follows: at high 
river flows (larger than 20,000 cfs) vertical mixing is much more rapid 
than horizontal mixing in the river. The effluent spreads horizontally by 
transverse turbulent diffusion. As flow rates diminish, transverse tur
bulent diffusion is slowed down and the mixing zone increases somewhat in 
length (4,000 cfs). At river flow rates below 10,000 cfs buoyancy causes 
sinking of the effluent and drives it across the river bottom tp the oppo
site side of the river. At less than 1,000 cfs, river flow buoyancy driven 
transver spreading is so strong that within less than 300 ft the river has 
become stratified. In that case transverse spreading is faster than ver
tical mixing. The increased rate of transverse spreading reduces the 
mixing zone length (1,000 cfs) compared to a nonbuoyant flow. As the river 
flows decrease to extremely low values (500 cfs, 300 cfs) vertical mixing 
also becomes very slow because the river is impounded.. Even though the 
density stratification is very weak, available turbulence generated by bed 
shear is not sufficient to mix the stratified river quickly when river flow 
is as low as 500 cfs or 300 cfs. The mixing zone again becomes longer. At 
these extremely low river flows navigation will have an appreciable effect 
on. mixing of the river as shown in our Mississippi River studies. 
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I. OBJECTIVE 

The objective of this study is to provide qualitative and quan
titative information on the mixing of the SENECA and BLUE LAKE Waste Water 
Treatment Plant (WWTP) effluents in the Minnesota River under summer flow 
conditions. The location of these two WWTP outfalls is shown in Fig. 1-1. 

II. MIXING ZONE CONCEPT 

An "effluent mixing zone" can be thought of as that portion (volume) 
of the river necessary to achieve dilution of the effluent water to spe
cified levels of concentration. The size of the mixing zone can be 
observed by lines (surfaces) of equal concentration (isopleths) or equal 
temperature (isotherms) as illustrated in Figure II-I. The concentrations 
e.g. of chloride or temperatures used are excess values over and above 
those in the river upstream from the discharge. As effluent water and 
river mix, excess concentrations or excess temperatures diminish. Tbe 
size, shape, length or width of the mixing zone depend on the value of 
excess concentration or temperature chosen as the limit of the mixing zone. 

Excess concentrations can be specified in two substantially· different 
ways: (a) as a fraction of the excess concentration at the. discharge or 
(b) as a fraction of the excess concentration after complete mixing has 
occurred. If the main interest is in the rates at which an effluent 
becomes diluted, specification is made inform (a). If the main interest 
is to know how long it tiike.s until an effluent is completely mixed with a 
river, specification is made in form (b). The size of a mixing zone spe
cified by (a) is usually much smaller than that specified by (b). 

A mixing zone model describes the location of the isopleths as a func
tion of river and outlet channel geometry •. river flow, and effluent flow 
conditions. The development of the model takes into consideration the pro
cesses listed in the next section. 
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Fig. II~l. Schematic view of a mixing zone below an effluent 
outlet into a river. 

3 



III. METHODOLOGY OF MIXING ZONE ANALYSIS 

A pipe discharge such as that from the SENECA and BLUE LAKE WWTP into 
the Minnesota River interacts with the river flow in several ways before 
the two become fully mixed. Among the flow and mixing processes generally 
to be considered are: 

(a) Jet effects due to the momentum of the discharge. 

(b) Lateral displacement of river flow by the effluent input. 
Conservation of mass requires that the streamlines in the river 
are displaced towards the center to make room for the effluent 
flow rate in the river. 

(c) Downstream advection by the river flow. 

(d) Transverse turbulent mixing and secondary flow in the river. 

(e) Buoyant spreading caused by the density difference between 
effluent water and river water. The density depends on water 
temperature and total solids content. 

(f) Vertical turbulent mixing by the river due to ~d shear. 

(g) Mixing by tow boats and barge traffic. 

To facilitate the analysis it can be considered that some of the above 
processes occur in sequence. Schematic subdivisions of the mixing regimes 
downstream from a shore located effluent source are shown in Figs. 111-1 
and 111-2; these figures present alternatives. Th~ sequence shown in Fig. 
111-1 is typical for a nonbuoyant or weakly buoyant discharge. For 
strongly buoyant flow, the sequence shown in Fig. 111-2 is more 
appropriate. 

Effluent models are usually subdivided into a NEARF1ELD and a 
FARF1ELD. In the nearfie1d the mixing and dilution are influenced by 
effluent conditions. In the farfie1d, the mixing is passive and imposed 
by the river conditions. The nearfield is represented by Region 1 in Figs. 
111-1 and 111-2; the farfie1d is given by Regions 3 and 4. Region 2 is a 
transition and will be incorporated into the nearfield. 

To analyze the SENECA and BLUE LAKE mixing zones the following 
approach was taken: 

(a) Compile data on site conditions and determine which mixing pro
cesses are dominant. 

(b) Study the mixing zones in the field (summer of 1983). 
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(c) Develop analytical models and fit them to the 1983 field 
data. 

(d) Conduct a laboratory study for conditions of low flow which could 
not be observed in 1983 and combine information with theoretical 
models. 

(e) Combine all theoretical, field and laboratory information into 
models to predict the mixing zones. 

Information produced by these separate efforts will be covered in the 
following sections. 
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IV. SITE CONDITIONS 

1. WWTP Outlet Characteristics 

The outlets of the SENECA and BLUE LAKE WWTP are located on the right 
(southern) bank of the Minnesota River at river miles 5.5 and 20.5, 
respectively (Fig. 1-1). A detailed description of the river geometry is 
given in St. Anthony Falls Hydraulic Laboratory External Memorandum No. 

"184, by G. Farrell et al. [1983]. Aerial photographs of the two sites and 
downstream river reaches are shown in Figs. IV-1a and IV-lb. The discharge 
is from a submerged pipe in each case. 

On February 16, 1983, Gary Durland and Heinz Stefan inspected both 
outfall sites and observed effluent flows and ice covers. The SENECA WWTP 
outlet is located on the outside of a slight river bend ('" 30°) approxi
mately 3/4 miles downstream from Hwy. 36 (Cedar Avenue) bridge. The 
84-inch outlet pipe was fully submerged. About 15 ft from shore a boil on 
the water surface marked the emergence of the discharge. There appeared to 
be no jet effect at all. Upstream from the outlet there was some open 
water along the southern shore, due to a stream discharging into the river 
about 300 ft upstream. The WWTP effluent opened the ice cover much more 
and very distinctly. Maybe 1/3 to 1/2 of the river width was open water 
below the outfall. As a wind started to blow downstream, the near shore 
open water remained very calm, while near the ice the water showed more 
ripples, possibly an indication of the spreading of the effluent which in 
winter is warmer than" the river water. On the ice surface a curvilinear 
trace of an earlier and wide spreading pattern appeared visible. 
Downstream from the outlet is a straight and constant width channel which 
cuts off a river meander. There was no flow into the meander. In the 
distance, half the river seemed to be open water and half ice covered. 
Photographs were taken to illustrate the situation. 

The BLUE LAKE outfall site is also located at the outside of a sweeping 
river bend. The banks are steep and about 15 ft high. The outlet pipe was 
flowing almost full. Only the upper one ft of the pipe was visible. The 
discharge is at an angle of about 60° into the river. There is a very weak 
jet effect illustrated by a separated flow region about 15 ft wide and 10 
ft long along the bank. The flow reattaches to the shore within about 200 
ft. The effluent was darker than the river water and foam appeared on it. 
Both of these were tracing the flow. The darkness disappeared within maybe 
100 to 150 ft; foam continued. In addition, the ice cover was an indicator 
of the spreading pattern. About 1/4 to 1/3 of the river width was open 
water one hundred feet below the outlet. About 200 to 300 ft downstream 
the open water occupied about 3/4 the river width, but reduced back to 
about 1/3 of the width further downstream. Photographs were taken to 
illustrate the situation. The river appeared shallow, with branches 
sticking out of the water surface at various places. 

The angle a. between the river bank and the pipe axis, the pipe 
diameter D, the elevation of the pipe, and typical values of flow rates 
are given in Table IV-I. 
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Fig. IV-Ia. Minnesota river at outfall and downstream of 
Seneca Plant. 





Fig. IV-lb. Minnesota River at outfall and downstream of 
Blue Lake Plant. 





TABLE IV-l. SOME CHARACTERISTICS OF THE SENECA AND 
BLUE LAKE WWTP EFFLUENT OUTLETS 

Location, River Mile 

Mean Annual Discharge (cfs) 

Pipe Diameter (ft) 

Discharge angle (0) 
(relative to bank) 

El. River Bottom (ft AMSL) 

El. Pipe Bottom (ft AMSL) 

El Pipe Top (ft AMSL) 

Mean Annual River Flow (cfs) 

Estimated W.S. El. at mean annual 
river flow (ft AMSL) 

Mean River Surface Width (ft) 

Mean Discharge Velocity (ft/s) 

Mean River Velocity (ft/s) 
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From the information in Table IV-1, 'it can be easily determined that 
under normal summer flow conditions jet effects are very weak because of 
the low discharge velocities. Lateral displacement of the river flow by 
the effluent is small because the discharge rate is only a small fraction 
of the river flow. 

Under normal flow conditions the dominant processes will therefore be 
transverse turbulent mixing, transverse buoyant spreading, vertical tur
bulent mixing, and downstream advection. Mixing by tow boats and commer
cial barge traffic will have significance in the navigable portion near the 
SENECA PLANT. 

Under extreme low flow conditions (e.g. 10 year, 7-day low flow) the 
situation is, however, very different from normal flow: the downstream 
advection is very slow; the discharge is a slow jet into an almost standing 
water body in which depth is controlled by the backwater from Pool No. 2 in 
the Mississippi River; buoyancy effects are very significant. 

2. Hydrology of the Minnesota River 

There are a number of discharge measuring sites maintained on the 
Minnesota River by the U. S. Geological Survey. The station nearest the 
Blue Lake and Seneca outfalls is station number 05330000 near Jordan. This 
station has a catchment area of 16,200 square miles compared to the total 
ca tchment area of 16,900 square miles at Fort Snelling. Hence, average 
flows at Jordan will be a good indicator of those occurring at the out
falls. 

The discharge data at Jordan were obtained from the U. S. Geological 
Survey water data reports. Table IV-2 gives monthly average flows for the 
21 years 1961 - 1981. Figure IV-2 shows a plot of this data. Discharge 
decreases significantly from the beginning to the end of summer. Sep§ember 
is the driest summer month with an average flow of just under 2000 ft Isec. 

Average values are a crude indicator of flows. How flows vary about 
the average is shown by the flow duration curve which gives the percentage 
of time that any flow is equalled or exceeded. The duration curve f03 the 
five months, May - September, is shown in Fig. IV-3. A flow of 600 ft Isec 
is equalled or exceeded about 90 percent of the time. The duration curve 
for the month of September only is als0 3shown. It can be seen that 90 per
cent of the time a flow of 400 ft Isec is equalled or exceeded in 
September. 

For environmental considerations the very low flows are of par
ticular interest. The minimum mean flows over seven days were extracted 
from each year of data for the 46 years, 1936 -1981. The data are shown in 
Table IV-3 and are plotted in Fig. IV-4. The line through the points 
corresponds to a log-Pearson III statistical distribution and fits the data 
well. The return period scale on the plot indicates the frequency of 
occurrence of3 the various flows. For example, a seven-day low flow of 
about 170 ft Isec can be expected to occur once every 10 years on an 
average. 

This- figure is based on the minimum flows occurring at any time in a 
year and includes winter and summer low flows. The flows for separate 
xxx 
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TABLE IV-2. MONTHLY AVERAGE FLOWS AI JORDAN FOR TWENTY-ONE YEARS, 1961-1981 

Year Oct Nov Dec Jan Feb Mar AJ2r Mal Jun Jul Aug SeE 

1961 1241 798 642 445 459 4127 6431 4942 3060 1703 2344 818 
1962 861 1219 662 485 410 1088 24760 10330 7903 12230 5979 4350 
1963 2431 1508 779 543 507 2533 3608 3849 5545 5929 5184 1783 
1964 1573 1170 713 451 502 813 4037 8455 2400 1309 656 3131 
1965 1718 873 584 440 394 680 44860 15630 12610 5514 1626 1606 
1966 5292 2449 2550 1195 3462 8280 10561 5989 3767 2525 1089 799 
1967 1092 795 573 497 499 5291 11730 4355 8858 6364 1080 637 
1968 427 438 381 194 212 591 1234 1222 2416 4929 8457 4253 
1969 16030 7643 2991 1228 1388 5625 48210 15230 6526 8260 1983 661 
1970 530 607 592 653 666 1308 7025 6302 5262 2349 913 684 
1971 2638 7072 4131 1591 1148 11300 13100 4571 8747 6352 1329 659 

w 1972 767 3600 2219 1106 713 6439 9481 11070 11920 5809 3887 2006 
1973 1756 3853 1674 2028 2285 12920 9874 9407 5773 1696 791 572 
1974 2175 2428 2142 1105 1149 3700 6502 5012 8603 1754 747 398 
1975 314 401 449 296 416 717 9752 11970 10070 4710 805 495 
1976 404 516 564 425 682 3118 3669 1231 633 348 245 183 
1977 197 205 158 149 184 3235 2120 1163 2443 892 424 368 
1978 1078 1716 1593 955 605 4335 13110 7575 6763 4572 2008 1050 
1979 707 443 393 297 457 3327 24830 14240 7540 8264 13910 11020 
1980 2956 7029 3714 2006 133 4384 7076 2692 8952 2108 1271 1286 
1981 958 874 626 440 638 1069 1459 2389 4435 6760 5082 3465 

Total 45145 45700 28129 16529 18109 84880 263429 147624 134226 94377 59810 40216 
Average 2150 2176 1339 787 862 4042 12544 7030 6392 4494 2848 1915 
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TABLE IV-3. LOWEST ANNUAL SEVEN-DAY MEAN DISCHARGE, IN CFS, 
IN MINNESOTA RIVER NEAR JORDAN, MINNESOTA 

Year Year 

1936 143.0 1961 380.0 
1937 145.0 1962 373.0 
1938 179.0 1963 484.0 
1939 264.0 1964 389.0 
1940 88.6 1965 380.0 

1941 273.0 1966 871.0 
1942 408.0 1967 487.0 
1943 650.0 1968 185.0 
1944 600.0 1969 942.0 
1945 340.0 1970 476.0 

1946 291.0 1971 547.0 
1947 607.0 1972 319.0 
1948 320.0 1973 1117 .0 
1949 394.0 1974 421.0 
1950 169.0 1975 256.0 

1951 186.0 1976 356.0 
1952 1030.0 1977 142.0 
1953 266.0 1978 318.0 
1954 386.0 1978 259.0 
1955 331.0 1980 1300.0 

1956 224.0 1981 380.0 
1957 233.0 
1958 604.0 
1959 189.0 
1960 299.0 
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months can be analyzed as above to get the low flow relation for that 
month. The data at Jordan have been so analyzed in a report prepared for 
the Northern States Power Company [1979]. The reported seven-day low flows 
with a 10-year return period for five summer months are reproduced in 
Table IV-4. The values are well above the annual value because the annual 
value is strongly influenced by the winter low flows. 

TABLE IV-4. SEVEN-DAY, TEN-YEAR, LOW FLOWS AT JORDAN 

Month Flow 

3 
(ft Isec) 

May 1039 

June 825 

July 450 

August 288 

September 24-2 

The low flows will increase downstream due to the inflow from many 
small tributaries. Since these creeks or the river are not gauged 
downstream from Jordan, the low flow values at the WWTP outfalls cannot be 
determined exactly. However, during a longitudinal dispersion study by the 
U. S. Geological Survey [1978] in 1976 a flow of 248 cfs was measured at 
Shakopee while 220 cfs was occurring at Jordan, i.e. an increase of about 
10 percent. Based on this, the low flows at the Blue Lake outfall were 
taken as those _ at Jordan increased by 10 percent. This gave a September 
7-day, 10-year low flow at Blue Lake of about 270 cfs. 

The low flow at Seneca was taken as the low flow at Blue Lake plus 
the Blue Lake discharge. This comes to about 290 cfs. Very low flows at 
the Seneca outfall will be affected by the unsteady withdrawal or discharge 
of cooling water at the Black Dog NSP plant, with its intake located about 
2.2 miles upstream from the Seneca WWTP discharge. Representative flows on 
the Minnesota River can thus be taken as an average summer flow of 4536 cfs 
(mean flow May to September), an average September flow of 1915, and the 
low flows as given above. 
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3. Water Levels of the Minnesota River 

Water levels are required to obtain depth of flow and velocity for a 
given discharge. Usually on a river there is one water level corresponding 
to each discharge so that if the discharge is known, the water level can be 
obtained, and vice versa. This is the case at Jordan, and a rating table 
relating water surface elevation to discharge was obtained from the USGS. 

Downstream of Chaska, however, the water level in the Minnesota River 
is determined both by the discharge in the Minnesota and the water level in 
Pool No. 2 on the Mississippi River. This latter level is determined by 
the discharge in the Mississippi. For the purpose of establishing starting 
water levels at the Minnesota River mouth, it was assumed that average 
summer pool levels prevailed in the Mississippi for average summer flow in 
the Minnesota, average September levels for the average September flow, and 
a minimum pool level for the 10-year low flows in the Minnesota. The 
levels at the Minnesota River mouth were obtained from water surface eleva
tion profiles on the Mississippi supplied by the Corps of Engineers. The 
levels for three discharge situations are shown in Table IV-5. 

The water levels at the Seneca and Blue Lake WWTP outlets for a given 
discharge in the Minnesota River depend on how much the Minnesota River 
level rises from its mouth back to both sites. To check this aspect, the 
USGS hydraulic investigation unit was contacted; they supplied water 
surface profiles along the Minnesota River for various discharges. These 
profiles are shown in Fig. IV-5. During the 1983 surveys at the outlet· 
sites water surface elevations were obtained by relating levels to invert 
elevations (from the construction drawings). The points so obtained are 
also plotted in Fig. IV-5. 

Using these profiles as a guide, the water levels at the Seneca and 
Blue Lake sites were obtained as follows: 

Seneca: The water level at low flow was taken at pool level. The 
profiles show that for this case the Mississippi level extends horizontally 
into the Minnesota River. For the other two flows a small increase (0.3 ft 
and 0.6 ft) was added to the pool level. The resulting levels are shown in 
Table IV-5. During an NSP [1979] study in 1978, river elevations and 
discharges (Jordan values) were measured at the Black Dog power plant. The 
discharges were plotted against the water levels and an average curve was 
drawn through the points. This plot is shown in Fig. IV-6. The levels 
given by this curve for any discharge were in reasonable agreement with the 
levels given above. 
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TABLE IV-s. WATER LEVELS IN MINNESOTA RIVER 

Minnesota Pool Level W.L. @ Seneca W.L. @ Blue Lake 
River Flow @ Mouth of Minnesota WWTP Outlet WWTP Outlet 

(cfs) (ft AMSL) (ft AMSL) 

290 687.2 ~ 687.2 ~ 687.3 

1915 687.7 ~ 688.0 ~ 690.0 

4536 688.4 ~ 689.0 ~ 691.0 

Blue Lake. The levels at Blue Lake for the two higher discharges were 
estimated from Fig. IV-s. The levels obtained during the 1983 SAFHL survey 
at this site appear to be low when compared to levels at Savage as obtained 
from the Corps of Engineers. Estimates of W.S. levels are shown in Table 
IV-5. 

4. Geometry of the Minnesota River 

River geometry data were obtained from the USGS cross section sound
ings on the Minnesota River carried out in 1971. Those surveys were 
carried out for a floodplain delineation study. The sections were taken at 
about one-half mile intervals. The positions of the sections downstream of 
the Blue Lake and Seneca outfal1s are shown in Figs. IV-7 and IV-8. The 
section numbers are the USGS identification. 

The sections were plotted and areas, top widths. and average depths 
were computed. These are shown in Table IV-6. 

Cross-section data were also obtained at both sites during the 1983 
SAFHL field survey. The positions of the cross sections are shown in Figs. 
IV-7 and IV-8. Complete data are given by Farrell et ale [1983]. The data 
from these surveys showed that the river shape is relatively stable at both 
sites, and the USGS data still give a good overall indication of channel 
geometry. Hence the data in Table IV-6 will be used in subsequent calcula
tions. 

5. Mean Effluent and River Water Quality 

The discharges of the treatment plants and the Minnesota River before 
receiving the effluent have different temperatures and contain materials 
measurable e.g. as total dissolved solids (TDS) , chloride in the form of 
CR.- ion, and dissolved oxygen (n.o.) in different concentrations. By 
looking at excess values of concentration above the ambient river values, 
the effluent can be traced. Sewage and river water differ in water quality 
characteristics for the following reasons: 
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TABLE IV-6. GEOMETRY OF THE SECTIONS DOWNSTREAM 
OF THE BLUE LAKE AND SENECA OUTFALLS 

Section No. 

46 
47 
48 
49 
50 
50.5 
51 

Area 

2227.5 
3173.0 
1820.0 
1747.2 
1585.1 
1868.1 
1493.8 

Average Depth 
(ft) 

(Below 686.8) 

8.6 
12.3 

6.4 
7.0 
6.5 
7.3 
7.0 

Width 
(ft) 
(top) 

260 
258 
286 
249 
244 
257 
214 

52 omitted (considered by USGS 

53 
54 

4 
3 
5 
6 
7 
8 
9 

10 
11 

, 

Mean 

Mean 

1622.6 
1636.7 

3341.9 
3337.8 
3062.0 
2853.0 
2592 
323.5 
3001.4 
2382 
2973 

not to be representative) 
7.8 209 
8.8 187 

8.0 240 

11.6 289 
10.8 309 
9.7 316 
8.8 323 
9.7 266 
9.4 344 

11.5 262 
10.3 232 

9.7 308 

10.2 294 
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• Sewage water has temperatures typical of the underground 
sewer system while river water, exposed to the atmosphere, 
follows strongly the seasonal variations. Differences 
can be up to 10°F at times. 

• Dissolved oxygen in the WWTP effluent and the river are 
different because of BOD load, photosynthesis in the river, 
and other oxygen sources and sinks. 

• Total dissolved solids (TDS) are much higher in sewage than 
in river water because of inputs by industrial or domestic 
water users. 

• Chloride in the form of ct- ion is one of the major inorganic 
anions in water and wastewater. The chloride concentration 
(ct-) is higher in wastewater than in raw water because 
sodium chloride (NaCt) is a common article of diet and passes 
unchanged through the digestive system. It may also be added 
by industrial processes. 

• Specific conductance (lImhos/cm) of water depends primarily 
on the amount of dissolved salts in the water and is therefore 
directly related to TDS. (This is not given in the tables but 
was measured during the field surveys). 

5.1. Effluent and River Temperatures (T) 

5.1.1. Minnesota River Temperature 

River temperature is monitored at three stations near the 
effluent sites. These stations are: Station 05330000 near Jordan, station 
05330908 at Burnsville, station 05330920 at Fort Snelling. Locations are 
shown on Fig. I-I. 

The data from these stations were examined to see if there were any 
large variations between the stations. The data at Burnsville is of par
ticular interest as this station is located close to the Black Dog Power 
Plant cooling water outfall and is just upstream of the Seneca outfall. 

Temperature data collection commenced at Burnsville in June, 1980, and 
there are gaps in the records of all three stations. Figure IV-9 shows 
data availability at the three stations for the five summer months. Breaks 
in the lines on the figure indicate that data are not available. 

The mean daily temperatures for the periods July, August, and Sep
tember, 1980, and for June, July, August, and September, 1981, are shown 
in Figs. IV-10 and IV-II. While there is some variation in day to day tem
peratures between the stations, the temperature at anyone station is not 
different from the others on an average. 

The data at Burnsville show a higher variability than the data at the 
other two stations. This may be due to the inflow from the shallow cooling 
ponds at the Black Dog plant which will have a quick response to variations 
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in plant load and weather. The average temperature at Burnsville is not 
any higher than that at Jordan or Fort Snelling. This result is supported 
by temperature measurements for an NSP [1979] study at the Black Dog plant 
outfalls. These measurements show no significant thermal plume during the 
summer months. (A plume does of course exist during the winter.) 

Since there is no material difference between temperatures measured at 
the three stations, it is proposed to use the data from Jordan to represent 
river temperature at the Blue Lake and Seneca outfalls. Mean monthly tem
perature data at Jordan are shown in Table IV-7. 

5.1.2. Effluent Temperature 

Blue Lake. Effluent temperature data for Blue Lake for the five years 
1978 - 1982 were supplied by the MWCC. The temperatures were obtained from 
grab samples at a point close to where the effluent enters the discharge 
pipe. Hence, as the temperatures are not expected to change significantly 
during the short period (approx. 2 hours) in the pipe, those values were 
taken to be the temperature at the effluent actually entering the river. 

Mean monthly effluent temperatures are listed in Table IV-8 and are 
plotted in Fig. IV-12. The effluent is cooler (and therefore heavier) than 
the river water during the months of May, June, July, and August. A tem
perature difference of about 3°C would be reasonably representative of 
average summer conditions. 

Seneca. Effluent temperature data for the Seneca plant were supplied 
by the MWCC for the years 1980, 1981, and 1982. This data was also from a 
grab sample near where the effluent enters the discharge pipe. The data is 
shown in Table IV-9. Average monthly values were computed and are plotted 
for May - September' in Fig. IV-13. (Winter river temperatures, as at 
Jordan, are not relevant for the Seneca site because of the effect of the 
Black Dog Power Plant cooling water discharge.) The effluent to river tem
perature differential is much less strong at Seneca than at Blue Lake. The 
effect could be due to differences in influent temperatures. The Seneca 
influent is about 3°C warmer than the Blue Lake influent in the summer 
months (Table IV-10). The reason for this is not known. 

5.2. Effluent and River Total Dissolved Solids (TDS) 

5.2.1. Minnesota River TDS 

Water quality data was extracted from the STORET compilation 
data books for 1970 - 1980. Data on total solids-TS-(Storet name: Total 
residue) and total suspended solids-TSS-(Storet name: Total nonfilterable 
residue) were examined for the stations, MI-7 at Bloomington, MI-25 at 
Shakopee and MI-64 at Henderson. The data are not continuous but are taken 
on random days at about one month intervals. There appeared to be no 
significant differences in the TS or the TSS data at the three stations. 
Average values have been computed by the MPCA [1982] for TS and TSS at 
Henderson MI-64. These values were taken as being representative of the 
river at the two o,utfalls. Total dissolved solids were computed from the 
relation 
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TABLE IV-7. MEAN MONTHLY TEMPERATURES OF THE MINNESOTA RIVER AT JORDAN (oC) 

Jan Feb Mar Apr May Jun Ju1 Aug Sep Oct Nov Dec 

1977 23.5 

1978 20.0 22.0 25.0 20.0 11.0 5.0 2.0 

1979 2.0 1.5 1.25 7.5 15.5 20.5 25.0 22.0 -- 5.0 1.0 

w 1980 1.0 1.0 1.5 10.0 18.5 26.0 19.0 10.5 4.5 2.0 

1981 2.5 1.5 -- 12.0 16.5 21.0 25.0 23.5 17.1 9.0 5.0 0.5 

1982 0.5 1.0 1.5 16.0 18.5 24.0 22.5 17 .5 

Mean 1.5 1.25 1.5 10.0 17 .3 20.5 25.0 22.9 18.4 10.0 5.0 1.5 



Jan Feb 

1978 5.5 5.0 

1979 5.5 7.0 

1980 7.0 7.0. 

1981 7.0 7.5 

1982 4.9 6.0 
IJ,) 
N 

Mean 6.0 6.5 

TABLE IV-8. MEAN MONTHLY EFFLUENT TEMPERATURES (OC) AT 
BLUE LAKE PLANT 

Mar Apr May Jun Jul Aug Sep Oct 

8.5 11.0 16.0 18.0 20.5 21.0 20.5 15.5 

9.0 11.0 14.5 18.0 20.5 20.0 19.5 15.5 

8.0 12.0 15.0 17.0 20.0 20.0 18.0 15.5 

10.0 11.0 15.0 18.0 20.0 20.2 17.8 14.1 

8.0 10.4 14.4 16.5 20.1 20.0 18.0 15.0 

8.7 11.1 15.0 17 .5 20.2 20.2 18.8 15.1 

Nov Dec 

12.0 8.0 

12.0 9.5 

13.0 8.0 

13.2 8.6 

10.0 9.5 

12.0 8.7 
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TABLE IV-9. MEA.?\! MONTHLY EFFLUENT TEMPERATURESCC) @ SENECA PLANT 

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

1980 17.9 20.3 22.6 22.9 21.5 

1981 17.4 19.7 21.7 15.0 

1982 12.4 11.9 13.6 15.9 18.1 19.3 21.8 21.8 20.1 19.2 18.0 16.6 

Mean 17.8 19.8 22.1 22.4 20.8 

TABLE IV-IO. COMPARISON OF INFLUENT TEMPERATURES (OC) @ BLUE LAKE AND SENECA: 1982 

Jan Feh Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

Blue 
Lake 12 12 11 11 12 15 16 17 17 17 15 14 

Seneca 14 13 13 13 16 18 20 20 19 19 17 15 

Diff. +2 +1 +2 +2 +4 +3 +4 +3 +2 +2 +2 +1 
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TDS = TS - TSS. 

The monthly values are shown below. 

TABLE IV-11. TOTAL DISSOLVED SOLIDS IN 
MINNESOTA RIVER AT 111 64 @ 
HENDERSON (mg/t) 

Month TS TSS TDS 

May 668 108 560 

June 789 478 311 

Jl,lly 706 180 526 

Aug 619 106 513 

Sep 620 88 532 

5.2.2. Effluent TOS 

TDS data were obtained from the samples obtained by the MWCC at 
both plants during February and t1arch, 1983. The data are shown in Tables 
IV-12 and IV-13. 

5.3. Effluent and River Chloride Ion (ct-) 

Data on ct- at Jordan was extracted from the water quality data 
section of the USGS Water Data Reports (Table IV-14). Values are not 
averages, but are representative samples from a single day in the month. 

Data on CR.- in the effluents at Blue Lake and Seneca were obtained 
from MWCC samples taken in February and March, 1983, and are shown in 
Tables IV-15 and IV-16. The effluents have an excess of about 150-200 mg/t 
over background river levels (as at Jordan). 

5.4. Effluent and River Dissolved Oxygen (DO) 

Average monthly values of D.O. at Shakopee have been given by 
l1PCA [1982] and are reproduced in Table IV-17. Dissolved oxygen data for 
the Seneca and Blue Lake WWTP effluent were supplied by the MWCC (Tables 
IV-18 and IV-19). These are averages of grab s'amples taken daily. 
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TABLE IV-12. TOTAL DISSOLVED SOLIDS IN SENECA EFFLUENT 

TDS (mg/R.) 

. March 10-11 787 
9-10 769 
8-9 710 
7-8 569 
6-7 551 
3-4 751 
2-3 739 
2-3 725 

Feb 28 - Mar 1 708 

Feb 27-28 732 
24-25 732 
23-24 710 

Mean 707 .-.,. 

TABLE IV-13. TOTAL DISSOLVED SOLIDS IN BLUE LAKE EFFLUENT 

TDS (mg/R.) 

March 10-11 908 
8-9 811 
9-10 854 
7-8 810 
6-7 852 
3-4 916 
2-3 909 
1-3 939 

Feb 28 - Mar 1 987 

Feb 27-28 1001 

Mean 899 
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1974 

Jan 32 
Feb 25 
Mar 23 
Apr 23 
May 22 
Jun 23 
Jul 32 
Aug 31 
Sep 27 
Oct 45 
Nov 39 
Dec 43 

TABLE IV-14. ct- VALUES (mg/t) IN 
MINNESOTA RIVER AT JORDAN 

1975 

53 
49 
42 
18 
22 
19 
22 
28 
35 
37 
36 
42 

1976 1977 1978 1979 

53 65 
39 75 
17 22 
18 31 
28 28 
29 23 
48 38 
48 38 
58 44 
72 45 
57 46 
68 42 

TABLE IV-IS. 

Sample Date 

Feb 27 - 28 
Feb 28 - Mar 1 
Mar 1 - 2 

3 - 4 
6 - 7 
7 - 8 
8 - 9 
9 - 10 

10 - 11 

Mean 

40 54 
43 43 
14 49 
17 21 
23 24 
22 29 
24 17 
30 23 
37 30 
37 33 
45 32 
50 41 

CR.- VALUES IN 
BLUE LAKE EFFLUENT 

38 

cC (mg/R.) 

300.9 
291.9 
279.9 
264.9 
220.0 
204.0 
205.0 
218.0 
238.0 

24700 

1980 Monthly 
Mean 

37 56 
37 52 
13 30 

26 
29 

20 28 
32 36 
32 38 
33 44 
39 51 
39 49 
48 56 



TABLE IV-16. C~- VALUES IN 
SENECA EFFLUENT 

-Sample Date C~ (mg/R-) 

Feb 27 - 28 219.0 
Mar 28 - 1 200.0 

1 - 2 201.0 
2,- 3 223.0 
3 - 4 209.0 
6 - 7 134.0 
7 - 8 214.0 
8 - 9 198.0 
9 - 10 213.0 

10 - 11 225.0 

Mean 204.0 

TABLE IV-17. MEAN MONTHLY D.O. IN THE 
MINNESOTA RIVER AT SHAKOPEE 

Month D.O. (mg/~) 

Jan 7.7 
Feb 6.7 
Mar 10.2 
Apr 10.7 
May 9.7 
Jun 7.6 
Jul 7.7 
Aug 7.8 
Sep 8.3 
Oct 10.8 
Nov 12 .5 
Dec 12.6 
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TABLE IV-18. DISSOLVED OXYGEN (mg/t) IN BLUE LAKE EFFLUENT 

Year 

Month 1981 1982 1983 Mean 

Jan 13.9 12.6 13.2 
Feb 13.5 13.5 
Mar 12.5 12.5 
Apr 12.5 12.5 
May 11.8 11.8 
Jun 9.6 11.2 10.4 
Jul 9.3 9.2 9.3 
Aug 9.9 9.5 9.7 
Sep 10.1 8.7 9.4 
Oct 10.4 8.8 9.6 
Nov 11.9 11.6 11.8 
Dec 12.2 11.9 12.0 

TABLE IV-19. DISSOLVED OXYGEN (mg/t) IN SENECA EFFLUENT 

Year 

Month 1980 1981 1982 Mean 

Jan 9.0 9.2 9.1 9. I 
Feb 9.6 9.1 9.2 9.3 
Mar 9.1 8.6 9.3 9.0 
Apr 8.8 8.3 9.5 8.8 
May 8.5 7.3 8.0 7.9 
Jun 7.5 7.8 5.4 6.9 
Jul 6.3 7.5 7.0 6.9 
Aug 7.7 7.0 6.1 6.9 
Sep 7.8 6.7 7.0 7.2 
Oct 8.6 7.0 6.7 7.4 
Nov 8.9 7.1 9.5 8.5 
Dec 9.7 7.5 8.8 8.7 
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6. Mean Effluent Buoyancy 

The buoyancy of the effluent relative to the river is mostly 
controlled by water temperature and total dissolved solids of the effluent. 

The strength of buoyancy is indicated by the magni tude of the den
simetric Froude number (Fp) defined as 

F ~ U (g' L )-1/2 
p p p (IV-1) 

with (IV-2) 

where U ~ mean effluent velocity, p 

L effluent length scale (taken as pipe diameter) p 

p ~ water density of the effluent (subscript p) and the 
river (subscript r), respectively, and 

g :;: acceleration of gravity. 

Water densities of both river and effluent are a function of tem-' 
perature and total dissolved solids. The calculations of density are shown 
in Tables IV-20, IV-21, and IV-22. The p values at any temperature were 
obtained from standard tables for fresh water. An increment due to I?S was 
calculated as 0.8 C, where C is the concentration of TOS in (g/cm ). 

The Froude number calculations are shown in Tables IV-23 and IV-24. 
The length scale was taken as the pipe diameter. The velocity Up was calcu
lated from the average monthly plant discharge. 

As can be seen from these tables the Blue Lake effluent is negatively 
buoyant from May through September. The Seneca effluent is positively 
buoyant (i.e. will float to the surface) during September (on the average) 
and negatively buoyant from May through August. 
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TABLE IV-20. RIVER WATER DENSITY 

Month T PT TDS L'lPTDS Pr 

°c g/cm 
3 

mg/2 g/cm 3 g/cm 3 

May 17.3 .99875 560 .00045 .99920 
June 20.5 .99812 311 .00025 .99837 
July 25.0 .99707 526 .00042 .99749 
Aug 22.9 .99759 513 .00041 .99800 
Sep 18.4 .99855 532 .00043 .99898 

TABLE IV-21. SENECA EFFLUENT DENSITY 

Month T PT TDS L'lPTDS Pr 

°c g/cm 
3 

g/2 g/cm 3 
g/cm 

3 

May 17 .8 .99866 707 .00057 .99923 
June 19.8 .99827 .00057 .99885 
July 22.1 .99777 .00057 .99834 
Aug 22.4 .99770 .00057 .99827 
Sep 20.8 .99806 .00057 .99863 

TABLE IV-22. BLUE LAKE EFFLUENT DENSITY 

Month T PT TDS L'lPTDS Pr 

°c g/cm 
3 

g/R. g/cm 3 
g/cm 3 

May 15.0 .99913 899 .00072 .99985 
June 17 .5 .99871 .00072 .99943 
July 20.2 .99819 .00072 .99891 
Aug 20.2 .99819 .00072 .99891 
Sep 18.8 .99847 .00072 .99919 
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TABLE IV-23. DENSIMETRIC FROUDE NUMBERS AT SENECA OUTFALL 

(Pp - Pr)/Pr {gIL U F 
P P p 

(ft/s) (ft/s) 

May .00003 .62 co (neutral) 

June .00048 .33 .58 1.76 sinking 

July .00085 .44 .59 1.35 sinking 

Aug .00027 .25 .60 2.43 sinking 

Sep -.00035 .28 .58 2.06 floating 

TABLE IV-24. DENSlMETRIC FROUDE NUMBERS AT BLUE LAKE OUTFALL 

(Pp - Pr)/Pr {gIL U F 
P P p 

(ft/s) (ft/s) 

May .00065 .37 .82 2.22 sinking 

June .00106 .47 .74 1.57 sinking 

July .00142 .56 .69 1.27 sinking 

Aug .00091 .44 .73 1.66 sinking 

Sep .00021 .21 .74 3.52 sinking 

43 



V. FIELD STUDY 

1. Procedures 

Eight field trips were made to the Seneca and Blue Lake WWTP outlets 
between June 30 and September 14, 1983. Water quality data was collected 
in the vicinity of the outlets on the dates shown in Table V-I. A boat was 
supplied by the MWCC and was handled on all occasions by Mr. Gary Durland 
of the MWCC, who also assisted with the data collection. 

Flow rates encountered on the Minnesota River ranged from near flood 
conditions at 22,600 cfs to normal summer flows at 1390 cfs. The flow 
rates (at Jordan) are shown in Table V-I. The lowest flow encountered 
(1390 ft /sec) is slightly below the September average discharge, but is 
well above what could be considered a representative low flow at these 
sites. Representative values of effluent and river water quality parame
ters on the survey dates are also shown in Table V-I. Comparison with the 
monthly mean values in Section IV shows that all these parameters have 
values that are consistent with the average obtained from the historical 
data. 

It became clear after the first data collection trip that there was a 
considerable amount of nearfield mixing (Regions 1 and 2, Fig. III-3) 
which resulted in very small effluent concentrations a short distance 
downstream of the outfall. In fact, at about 1000 feet downstream, the 
concentrations were too low to be reliably detected by the instrumentation. 
This high mixing dictated the pattern of all data collection surveys. On 
the surveys, attention was focused on the· region just downstream of the 
outfall, with the objective of defining the effluent plume dimensions, and 
of obtaining quantitative dilution data for the effluent. 

The sampling sections at Seneca and Blue Lake are shown in Figs. V-I 
and V-2. The sections were marked by pegs on the river banks. Samples 
were collected at 25, 50, 75, 100, 150 feet from the bank at which the 
effluent is discharged. At each point, data was collected at 0.2 m depth, 
at 1.0 m depth, at every meter thereafter, and at the bottom. Data on the 
following tracers was collected: temperature, conductance, and dissolved 
oxygen (by instrument readings in situ) and total dissolved solids' and 
chloride C1- (by sampling and analysis at the ~~CC laboratories.) 

The water quality data were plotted for each cross section and 
examined for consistency. It was found that chloride, C1- • was not a 
reliable tracer; it was not used in any of the subsequent computations. 
The differences between river and effluent dissolved oxygen were often 
small; therefore, this tracer was not very useful. The three remaining 
tracers, temperature, conductance, and dissolved solids, were consistent 
and therefore considered to be reliable with conductance probably the best 
indicator. A breakdown by survey is given in Table V-2. 
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TABLE V-1. BEPBESENTATlVE VALUES OF EFFLUENT AND RIVER WATER PARAMETERS 

RIVER VALUES EFFLUENT VALUES 

Q T Cond T.D.S. CR.- D.O. Q T Cond T.D.S. CR.- D.O. 
Survey 
Date 

(ft3/sec.) (ft3/sec.) (·C) (\In) (ms/R.) (ms/R.) (mg/t) (DC) (\In) (ms/R.) . (ms/R.) (mg/R.) 

a. BLUE LAKE WWTP 

30 June 11,200 20.9 800 621 19.0 7.0 31.6 18.0. 1616 910 9.5 7.2 

13 July 18,500 25.8 860 689 < 1 6.2 24.6 19.6 1720 963 30.6 6.8 
(TS) (TS) 

~ 
3,350 26.5 940 640 28.7 1763 V1 3 Aug 25.5 8.8 20.8 917 6.5 7.0 

31 Aug 2,950 25.0 650 460 27.0 6.0 28.8 20.8 1650 930 350.0 6.5 

14 Sept 1,310 18.0 770 560 33.0 11.8 24.2 18.0 1800 980 350.0 8.0 

b. SENECA WWTP 

6 Jul 22,600 21.9 640 461 < 1 5.6 26.8 19.9 1240 683 2.5 7.1 

27 Jul 4,600 26.2 900 650 < 1 5.7 27.6 22.1 1300 670 15.0 7.0 

17 Aug 1,760 25.0 800 550 36.0 9.0 25.3 23.7 1300 750 180.0 7.2 
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Fig. V-I. Cross sections sampled near Blue I.ake WWTP outlet into 
the Minnesota River. 
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Fig. V-2. Cross sections sampled near Seneca WWTP outlet into the 
Minnesota River. 
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TABLE V-2. TRACER RELIABILITY 

l- Blue Lake WWTP 

Survey 
Date Temp Condo TDS cr D.O. 

30 June X X X All values Very little 
generally difference 
considered 

13 July X X Total to be Small 
Solids not difference 

reliable. 
3 Aug X X X Small 

31 Aug X X X Small 

14 Sept. X Not X 
Available 

2. Seneca WWTP 

Survey 
Date Temp Condo TDS cr D.O. 

6 July X X X River < 
effluent 

27 July X X Very River < 
small effluent 
differences 

17 Aug X X Small 
differences 

X ~ Parameters considered reliable. 
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All data collected have been reported in St. Anthony Falls Hydraulic 
Laboratory External Memorandum No. 187 (see Stefan et al., [1983]). 

2. Visual Indicators of Flow Patterns 

The effluent from the WWTP plants was readily visible at the 
water surface due to the upwelling turbulence. and also because the effluent 
water often appeared clearer and darker than the river water; the river 
water was often quite turbid. Upwelling was confined to a region of about 
10x10 ft downstream from the pipe exit and there did not appear to be any 
strong jet effects. The effluent disappeared quickly downstream of the 
pipe, either due to plunging because of density differences, or due to the 
mixing with the river water. 

A small amount of foam was usually visible on the water surface at 
Blue Lake. This was moved about by the wind; its position could not be 
taken as being characteristic of the effluent flow pattern. Barge traffic, 
as observed during the survey periods, was very light. Navigation cannot 
be depended on to make any significant contribution to effluent mixing near 
the outlet. 

A separated (recirculating) flow region downstream of the outlet about 
150 ft long and 50 ft wide was generally visible on the surface at the Blue 
Lake site. It is presumably caused by the shape of the bank which pro
jects about 20 feet into the river at the outlet in a gentle, wave-like 
configuration. 

Some observations made in winter were des·cribed in Section 1. 

3. Effluent Plume Shape 

In all surveys, the effluent, as identified by the tracers, stayed 
close to the bank (on which the discharge was made) and close to the river 
bottom. It tended to spread more on the bottom of the river than on the 
surface. Essentially the effluent followed the pattern of a negatively 
bouyant (sinking) effluent plume. The spreading and dilution of the 
effluent was predominantly by transverse turbulent mixing with some trans
verse flow due to density differences. 

The positions of the edge of the effluent plume and of its point of 
maximum concentration were extracted from the data by visual examination. 
Plume shapes are shown in Figs. V-3 and V-4. The plume drawings finish at 
about 700 feet downstream since water quality could not be reliably 
measured downstream of that point due to the low concentrations. The 
plume, of course, does continue downstream. 

Two general conclusions can be drawn from an inspection of Figs. V-3 
and V-4; (1) the effluent at Seneca tends to spread more across the river 
than that at Blue Lake (due to the fact that at Seneca, river velocities 
are less than those at Blue Lake) and (2) the plume shape at each site 
varies with the river discharge. At high discharges the plume is confined 
to the area close to the river bank and is mixed rapidly. At low dis
charges the plume spreads out more across the river and is more persistent 
downstream. 
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Fig. V~4a. Effluent plume. 
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Fig. V-4c. Effluent plume. 
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Fig. 'V=4d. Effluent plume. 
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To determine whether the effluent was strongly or weakly buoyant, den
sities of effluent and river water were determined from temperature and 
dissolved solids data and outlet densimetric Froude numbers were calcu
lated. Values are shown in Tables V-3 and V-4. The densimetric Froude 
number values, in the range from 1.25 to 2.77, indicate that at the point 
of discharge buoyancy is significant. If rapid dilution occurs due to a 
strong crossflow of the river in front of the outlet, buoyancy effects will 
be reduced quickly to insignificant levels. This appeared to be the case 
at the high river flows. 

4. Dilution 

As a measure of dilution, the dimensionless excess concentration was 
calculated as 

c - C 
C' = r 

C - C 
P r 

(V-1) 

where C is a concentration measurement in the effluent plume, C is the 
concentration in the effluent pipe. and Cr is the river referEfnce con
centration taken upstream from the discharge site. The highest value of C 
in a cross section corresponded to the minimum dilution at any point of the 
cross section. If three water quality parameters had been measured (Table 
V-2) three dilution values could be calculated. The average value was 
retained, and is reported herein. A sample computation is shown in Table 
V-5. The average dilution can be similarly calculated from the average 
concentration in a cross section. 

The averaged (over the different tracers) values are shown plotted 
against the distance downstream from the outfall in Figs. V-S and V-6 for 
the Seneca and' Blue Lake sites. It can be seen that the data at the two 
sites are qualitatively different. The Blue Lake data falls off slowly 
near the outlet, then more rapidly as the distance increases. At Seneca, 
on the other hand, concentrations falloff quickly near the outlet, and 
then the rate of dilution slows downstream. 

The concentrations at 100 feet downstream were extracted from these 
figures (Table V-6) and plotted against river discharge in Fig. V-7. As 
shown, there is good correlation, particularly at Blue Lake, between ini
tial dilution and river discharge. 
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TABLE V-3. DENSITIES OF RIVER AND EFFLUENT WATERS 

River Water Density 

Survey 
Date Temp PT TDS l\PTDS Pr 

°c g/cm 
3 

mg/t g/cm 
3 

g/cm 3 

30 June 20.9 .99805 621 .00050 .99855 
13 July 25.8 .99685 640 .00051 .99736 
3 Aug 26.5 .99666 640 .00051 .99717 

31 Aug 25.0 .99707 460 .00037 .99744 
14 Sept 18.1 .99858 560 .00045 .99903 

6 July 21.9 .99786 461 .00037 .99823 
27 July 26.2 .99674 650 .00052 .99726 
17 Aug 25.0 .99707 550 .00044 .99751 

Seneca Effluent Density 

Survey 
Date Temp PT TDS l\pTDS Pr 

°c g/cm 
3 

mg/t g/cm 3 
g/cm 3 

6 July 19.9 .99825 683 .00055 .99880 
27 July 22.1 .99780 670 .00054 .99834 
17 Aug 23.7 .99740 750 .00060 .99800 

Blue Lake Effluent Density 

Survey 
Date Temp PT TDS l\PTDS Pr 

°c gm/cm 
3 

mg/t gm/cm 3 
gm/cm 3 

30 June 18.0 .99862 910 .00073 .99935 
13 July 19.6 .99831 910 .00073 .99904 

3 Aug 20.8 .99803 917 .00073 .99876 
31 Aug 20.8 .99803 930 .00074 .99877 
14 Sep 18.1 .99858 980 .00078 .99936 
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TABLE V-4. OUTFALL DENSlMETRIC FROUDE NUMBERS 

Densimetric Froude Numbers at Seneca Outfall 

Survey (Pp - Pr)/Pr {g'L U F 
Date p p p 

(m/sec) (m/sec) 

6 July .000571 .10932 .212 1.94 
27 July .001083 .15056 .22 1.45 

'17 Aug .000491 .101398 .20 1.98 

Densimetric Froude Numbers at Blue Lake Outfall 

Survey (P p - Pr)/P r {g'L U F 
Date p p p 

(m/sec) (m/sec) 

30 June .000801 .12478 .29 2.33 
13 July .001684 .18094 .226 1.25 

3 Aug .001590 .17604 .264 1.50 
31 Aug .001333 .16098 .265 1.64 
14 Sept .000330 .08013 .222 2.77 
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TABLE V-5. EXAMPLE OF DILUTION CALCULATIONS FROM DATA DOWNSTREAM 
FROM THE OUTLET. THE DATA IS FROM THE BLUE LAKE WWTP 
SURVEY OF 31 AUGUST 1983. 

Sample* C - Cr m 
Station Parameter Outlet River Maximum C - Cr p 

(C ) p (Cr ) (C ) m (percent) 

MI 20.45 Temperature 69.4 76.6 75.0 22.2 

(lOO.ft) Conductivity 1643 673 932 27.0 

dIs TDS 920 450 569 25.3 

MI 20.4 Tempera ture' 69.1 77 .1 76.4 8.75 

(300 ft) . Conductivity 1661 650 734 9.1 

TDS 950 450 500 10.0 

MI 20.3 Temperature 69.4 77 .3 77 .0 3.8 

(700 ft) Conductivity 1653 650 690 4.0 

TDS 

*(For temperature, C is the sample minimum temperature). 
m 
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Average 

(percent) 

24.8 

9.3 

3.9 



TABLE V-6. NORMALIZED MAXIMUM EXCESS CONCENTRATION 
AT 100 FT DOWNSTREAM FROM THE OUTFALL 

Survey 
Date 

30 June 

13 July 

3 Aug 

31 Aug 

14 Sept 

Survey 
Date 

6 July 

27 July 

17 Aug 

(a) Blue Lake WWTP 

C - C m r 
C - C 

P r 

.15 

.07 

.26 

.24 

.49 

(b) Seneca WWTP 

C - C m r 
C - C 

P r 

.14 

014 
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River Discharge 

(cfs) 

11,200 

18,500 

3,460 

2,950 

1,390 

River Discharge 

(cfs) 

22,600 

4,600 

1,760 



,......, 
.j.J 

~ 
OJ 
CJ 
H 
OJ 
p, 

'-' 

~ 
0 

'M 
.j.J 

C1I 
H 
.j.J 

~ 
Q) 
CJ 
~ 
0 
u 
CIl 
CIl 
Q) 
eJ 
~ 

r.:Ll 

a 
~ 

'M 

~ 
;:;:: 
'\:I 
Q) 
N 

'M 
.-I 

C1I 

~ 
0 z 

100 

50 

20 

10 

5 

1 

10 

1983 (]760 cfs) 

(22,600 cfs) 

100 1000 

Distance from Outfall (ft) 

Fig. V-5. Maximum concentration decrease downstream from 
Seneca WWTP outfall. 

63 



,-... 
+J 
s:: 
Qj 
(J 
1-1 
Qj 
~ 
'-' 

s:: 
0 

• .-1 
+J 
III 
1-1 
+J 
s:: 
Qj 
(J 

s:: 
0 

c.:> 
C/l 
C/l 
Qj 
(J 
M 

P'I 

IE! 

~ 
• .-1 
M 

~ 
"t:I 
Qj 
N 

• .-1 
~ 
III 
IE! 

'"" 0 z 

100 

50 

20 

10 

5 

1 

10 100 1000 

Distance from Outfall (ft) 

Fig. V-6e Maximum concentration decrease downstream from 
Blue Lake WWTP Outfall. 

64 



J:: 
0 

• .-1 
01.1 
<'d 
1-1 
.w 
J:: 
Q) 
u 
J:: 
0 

U 

til 
til 
Q) 
U 
~ 

rz:I 
0-

J:! U1 

~ 
-.-I 
~ 

~ 
't:I 

Q) 
1);1 

• .-1 
...-I 
Cl! 
13 
1-1 
0 

1Zi 

0.5 

0.4 

\ 
0.3 

\ 
\ 0 

0.2 

> ) 

+ SENECA "-+-
0.1 • 0 

01 ••• , • , , , , , ••• iii i i 

1,000 5,000 10,000 15,000 

Ri~er Disch~rge ft3/sec 

Fig. V-7. Normalized excess maximum concentrations at 100 ft downstream of the discharge 
point as a function of river discharge. 



VI. ANALYTICAL POINT SOURCE MODEL FOR HIGH RIVER FLOWS 

i. Theory 

The point source model of the Seneca and Blue Lake WWTP effluent into 
the Minnesota River described in this section is a horizontal mixing zone 
model, 1. e. all parameters are assumed uniform in the vertical. The 
discharge is considered to come from a vertical line located at a virtual 
outlet positioned as shown in Fig. VI-l. At normal and high river flow 
this model is appropriate for the description of the farfield mixing (Fig. 
VI-I). The assumptions underlying the formulation and use of a point 
source model have been summarized by Stefan [1982], where it is also shown 
under what restrictions the 2-D advection-diffusion equation can be reduced 
to the steady-state form 

o "" - U ~ + D a2c 
ax al 

where C(x,y) ~ the concentration (ML-3) • 

U = mean river flow velocity (LT- i ), 

x coordinate in the main direction of river river (L) 

y coordinate transverse to river flow. 

D mean transverse turbulent diffusion coefficient 

(VI-i) 

The solution of this equation is to be sought for 0 < y < B , B being 
the width of the river and x) O. The boundary conditions are 

For reasons explained later the source will be placed at x = 0, y = Yo 
x = 0 is a distance x upstream from the actual outlet. 

v 

The solution, which could be derived using the method of images, is 

c C ... 
o 

I 

n=-oo 
{exp [ - (y' - 2n ~ y' )2 /4x' ] 

o 

+ exp [ -(y' ~ 2n + Y'0)2 /4X']} 
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where c 
o 

fully mixed river value of C. 

and W = effluent discharge MT-1 

Q = river flow rate r 

Xl = x D 

UB2 

y' = ylB 

y' = Y IB o 0 

, B mean river width 

This solution can be evaluated to find the nondimensiona1 mixing zone 
length x', e.g. the length at which the concentration C is within a cer
tain percentage of the fully mixed river concentration C. This o expression for C contains the four known parameters W, Q , Band H 
(river depth) and the three unknown parameters xv' Yo' and D. 

r 

As explained by Stefan (1982) the transverse turbulent diffusion coef
ficient D describes the mixing due to the turbulent characeristics of the 
river and only plays a role downstream of local mixing at the outlet. D 
is frequently expressed in the form 

(VI-4) 

where u* is the river .shear velocity, H the river depth and C a coef
ficient specific to each river reach and typically has a value of about 
0.6. 

The coordinates x , y encompass the local mixing at the outlet and 
allow the turbulent dlffu~ion model (Eq. VI-1) to be applied from the 
effluent (virtual) source. 

The field data were analyzed to determine values for the parameters 
xv' Yo' and D. 

2. Parameter Estimation 

Field data give the correct parameter values for use in the turbulent 
diffusion model only if data can be obtained sufficiently far downstream 
from the outlet so that river turbulent mixing mechanisms are dominant. At 
the Seneca and Blue Lake sites little data could be obtained far downstream 
due to the high dilution in the nearfield. In fact most data relate to the 
region between 100 ft and 700 ft downstream from the outfall. 

Because of the likely influence of local outlet mixing the parameters 
estimated from the field data in the following sections are best 
interpreted as order of magnitude values only. 

68 



2.1 Estimations of Transverse Turbulent Diffusion Coefficient (D) 

2.1.1. Estimation from dilution data 

The decrease of the maximum concentration with distance downstream 
from a point source on the river bank is given by 

C Q B 
max ..l.. c;- = Qr 

exp - ( !ij- ) 

I 4nDx 
-U-

where Cmax = maximum excess effluent concentration 

Hence 

C effluent concentration at discharge point 
QP effluent discharge 

Qr river discharge 

B river width 

x = distance from point source 

U mean river velocity 

D transverse mixing coefficient 

K loss coefficient in first order sink 

D 

Q B 2 C 2 

[~] [c:ax ] 
U 

4nx exp (-2Kx/U) 

(VI-5) 

(VI-6) 

The calculations of D for Blue Lake and Seneca assuming K = 0 are shown in 
Table VI-l. The value of D/Hu* is also given in those tables where H 
is the river depth and u* is the shear velocity. It can be seen that 
there is considerable spread in the data. 

2.1.2. Estimation from spreading data 

The value of D can also be derived from the rate of transverse 
spreading using the relation 

or 

2 
C1 

2D 
U X 
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TABLE VI-I. TRANSVERSE MIXING COEFFICIENTS OUTFALL 
CALCULATED FROM MAXIMUM CONCENTRATION DATA 

Distance C D D m 
2 --

Survey Date Downstream C (ft /sec) u* H 
(ft) P 

BLUE LAKE 

30 June 1983 100 

300 .068 .05 .015 

3 August 1983 100 

300 .083 .2 .2 

31 August 1983 100 

300 .0875 .21 .24 

770 .038 .49 .57 

14 Sept 1983 100 

300 .157 .15 .36 

500 .079 .49 1.18 

Avg. = 

SENECA 

6 July 1983 100 

200 .084 .032 .006 

27 July 1983 100 

300 .085 .08 .07 

17 Aug 1983 100 

300 .185 .04 .1 

600 .087 .18 .45 
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D (VI-B) 

2 
where 0 = va7'-ance of the concentration distribution in the transverse 
direction. do /dx measures the rate of transverse spreading of the 
effluent plume with distance downstream. It can be determined from con
centration measurements in two cross sections far enough downstream from 
the outlet, so that only the turbulent mixing by the river itself is at 
work, and outlet effects (nearfield) are not included. Figure VI-2 shows a 
schematic cross section through the plume generated by the Blue Lake 
effluent. In this case buoyancy and turbulent mixing act together to 
determine the plume shape. An estimate of horizontal mixing effects 
including buoyancy can be obtained by vertically averaging the excess con
centrations on any vertical line in the cross section. An example for con
ductances at Blue Lake is shown in Fig. VI-3. It can be seen that the 
curves follow a nearly Gaussian shape with the maximum concentration at the 
bank. In the Seneca plots the maximum concentration moved towards the 
river center. This is due to the dense effluent moving down the sloping 
river bed as well as the projection of the outlet pipe. 

Computed 
An example is 
and x exists 

2 
o values were plotted against distances from the outfall~ 
given in Fig. VI-4. A reasonable correlation between 0 

as required by theory. 

Transverse turbulent diffusion coefficients calculated from standard 
deviations are shown in Table VI-2. 

2.2. Estimation of Virtual Outlet Location 

The point source model assumes that the source does not contribute 
momentum to the flow but merely "provides" the contaminant which is then 
passively mixed according to the conditions· imposed by the river. It is 
therefore applicable only in the farfield of the mixing zone. Because of 
the intense local mixing effects at the pipe outlets and for about 100 to 
300 ft downstream from them, the origin of the point source model 
(diffusion model) is not the pipe outfall, but rather a "virtual origin." 
The distance of the virtual origin from the real outlet incorporates the 
effect of the local mixing and initial momentum and buoyancy. This concept 
is illustrated in Fig. VI-1. Depending on the relative magnitude of local 
mixing and river turbulent mixing, the virtual origin may be either 
upstream (local mixing more intense then river mixing) or downstream (local 
mixing less intense than river mixing) of the real outfall. 

2.2.1. Longitudinal distance Xv between virtual outlet and 

real outlet 

(a) Estimation from dilution data 

The position of the virtual origin was calculated from the 
measured maximum concentrations by considering that for a point discharge 
in uniform flow the concentration must decrease proportionally to 1/1i:. 
The distance Xv is given by 
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TABLE VI-2. TRANSVERSE TURBULENT MIXING COEFFICIENT 

2 
D FROM a VERSUS x PLOTS 

2 

Survey Date 
dO" U D D 
dx 2 u* H 

(ft/sec) (ft /sec) ( - ) 

BLUE LAKE 

30 June 0.67 2.37 .79 0.25 

13 July 9.34 3.17 14.8 2.95 

3 Aug 3.147 1.18 1.86 1.82 

31 Aug 1.39 1.08 .75 .83 

14 Sept 2.706 0.54 .73 1.78 

Avg. = 

SENECA 

6 July (data not reliable - high discharge) 

27 July 8.57 1.3 5.57 4.89 

17 Aug (data not reliable) 

75 

1.85 



(VI-9) 

where the subscripts 1 and 2 refer to two positions downstream. A is a 
constant which incorporates the effect of tracer decay and is given as 

A = exp (VI-I0) 

where K is the rate coefficient for tracer loss. If the tracer is con
servative, A = 1. 

The calculations of Xv for Blue Lake and for Seneca with A '" 1 are 
shown in Table VI-3. 

(b) Estimation from spreading data 

2 
Computed a values are plotted against ~istance from the outfall in 

Fig. VI-4. A reasonable correlation between a and x exists as required by 
theory. Projecting the line back to the x-axis gives the position of the 
virtual origin xv' The values computed from each survey are given in 
Table VI-4. 

2.2.2. Transverse distance Yo from bank to virtual outlet 

The Seneca WWTP outlet has a 7 ft diameter pipe and projects about 20 
ft from the bank into the river under normal flow and about 50 ft under 
high flow as observed in the summer of 1983 (see Fig. VI-5). The river 
bank around the outlet, which is on the outside of a river bend, appears 
somewhat set back, probably due to bank erosion. The discharge is perpen
dicular to the river flow. 

The Blue Lake WWTP outlet has a 6.5 ft diameter pipe, and is set on 
the bank, slightly protruding into the river and heavily protected against 
erosion. Discharge is at an angle estimated to be about 60° to the river 
flow. 

Jet and buoyancy effects at the Seneca and Blue Lake outlets are 
important only at low flows. The choice of the "irtual source location 
will depend on local conditions. Therefore, the estimation was made 
separately for each outlet site .• 

Seneca WWTP Outlet 

An estimation of the position of the virtual source involves estima
tions of the lateral distance from the bank in addition to the streamwise 
distance from the actual disposal site. 

The lateral distance y in turn, consists of two lengths. The 
o 

length that the disposal pipe extends into the river (Yo i ), and the 
p pe 
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TABLE VI-3. DISTANCE (xv) FROM OUTLET TO VIRTUAL ORIGIN 

(Calculations based on maximum dimensionless concentrations) 

Survey Date x C C2 xC 2 x v 

(ft) (-) (-) (ft) (ft) 

BLUE LAKE 

30 Jun 1983 100 .144 .0207 2.07 -42 (dis) 300 .068 .0046 1.39 

13 Jul 1983 130 .0545 .00297 3.86 
(-1495 (dis») 300 ( .02025 .00041 .123 ) 

3 Aug 1983 100 .259 .067 6.7 -77 (dis) 300 .083 .0069 2.07 

31 Aug 1983 100 .27 .0729 7.29 -76 (dis) 300 .0875 .00766 2.30 
550 .048 .00229 1.259 -193 (dis) 

700 .038 .0014 1.01 -279 (dis) 

14 Sept 1983 100 .557 .31 31.0 
-82 (dis) 300 .157 .0246 7.39 

500 .079 .0062 3.12 -232 (dis) 

700 .067 .0045 3.14 +11 (u/s) 

Avg. = - 100 ft 

SENECA 

6 Jul 1983 100 .138 .019 1.9 
+17 (u/s) 300 .084 .00706 2.11 

27 Ju1 1983 100 .138 .019 1.9 
(u/s) 300 .085 .0072 2.17 +23 

17 Aug 1983 100 .264 .0697 6.97 
+92 (u/s) 300 .185 .0342 10.26 

600 .087 .0076 4.56 -214 (dis) 

Avg. = - 20 ft 

77 



TABLE VI-4. DISTANCE (xv) FROM OUTLET TO VIRTUAL ORIGIN 

2 (Calculations from Variance cr ) 

(a) Blue Lake WWTP 

Survey Xv (ft) 
Date 

30 June 350 (u/s) 

13 July - 40 (d/s) 

3 Aug 180 (u/s) 

31 Aug 600 (u/s) 

14 Sept 120 (u/s) 

Avg. = 240 ft 

(b) Seneca WWTP 

6 July (no result) 

27 July 0 

17 Aug (no result) 
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length due to the lateral displacement of the effluent because of the 
momentum of the jet (Yo jet)' see Fig. VI-6. 

(VI-ll) 

As the river discharge Qr increases, so does the river stage; thus, 
the length that the pipe extends into the river increases with discharge. 
The cross-sectional area that is occupied by water overflowing the outlet 
structure is first multiplied by 0.8 to account for the boundary layer 
(region of retarded flow) and then divided by the mean river depth. The 
resul ting length is considered to be the effective extension of the pipe 
into the river. This calculation procedure is facilitated by the accom
panying Figure VI-7. The graph represents the stage versus discharge curve 
and the stage versus the cross-section area above the outlet structure (the 
shaded area in Fig. VI-5). For example, the graph indicates that a river 
discharge of Qr = 4,500 cfs corresponds to a stage qf 689.8 (ft), which in 
turn corresponds to a cross-sectional area of 95 ft. For this stage the 
mean river depth is 12.6 ft. Therefore 

95 ft2 
YOpipe = 0.8 12.6 ft = 6.0 ft (VI-12) 

The estimation of YOi t is based on experimentally derived trajec
tories of round turbulent J~ts in cross flow (see Pratt and Baines [1967]). 
Two extrapolations are required to use these results. Firs t in the above 
mentioned experimental study the ratio of the jet velocity to the cross 
flow velocity, was no less than five whereas in the present study the ratio 
can be as small as 0.5. Second, in those experiments the jet was "well" 
submerged in the cross flow, whereas in the case of the treatment plant I s 
effluent into the river, ,the jet is close (up to a few inches at times) to 
the free surface. In Pratt and Baines [1967] the trajectory of the jet 
centerline is given by 

0.28 
( of) = 2.05 ( ~R ) (VI-13 ) 

where x is the streamwise direction, y the lateral direction, D the jet 
diameter, and R as defined above. 

Some field measurements indicate that the effluent jet does not retain 
its structure more than 40 diameters downstream of the outlet 0 We may 
therefore consider that the jet has "forced" the effluent, and thus the 
source, a lateral distance YO jet given by: 

( YO jet 
DR 

) ( 40D 
... 2.05 DR) 

c 
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The virtual point-source model was used to investigate three cases: a 
high river flow, a five month average and a September average flow. In 
Table VI-s the value of y'o is calculated for each of the above cases. 

The seven day, 10-year low flow cannot be studi'ed by this model 
because the jet analysis indicates that the effluent reaches the opposite 
bank at a point not too far downstream. Thus, for such low streamflow, the 
approximation of vertically well mixed conditions is not appropriate and a 
different method of analysis has to be applied. This is covered in Chapter 
VIII. 

Blue Lake WWTP Outlet 

The only difference, compared with the Seneca site, is that the 
effluent is disposed very close to the bank. Therefore only the jet effect 
has to be accounted for, i.e. Yo = YOjet' Numbers are given in Table VI-6. 

2.3. Summary 

The final values of three parameters x, y , and D were selected 
partly on the basis of the field data estimatls an~ partly on the basis of 
judgement of what should be reasonable values for these sites. 

2.3.1. Transverse Turbulent Diffusion Coefficient 

A C value of 1.85 as given by the Blue Lake field data (based on a 2 

versus x plots) was used in the point source model since it gave results in 
agreement with field measurements and was applied to both sites because the 
Seneca data was in~dequate. The transverse turbulent diffusion coefficient 
is then given as (see Tables VI-7 and VI-8) 

D = 1.85 u* H (VI-IS) 

where u* is the river shear velocity and H the river depth. 

2.3.2. Virtual Outlet Location 

The selected virtual outlet coordinates are shown in Table VI-9. 

3. Estimates of Mixing Zone Lengths 

The virtual point-source model was used to investigate six river 
flows. Estimates of the mixing zone length as a function of the flow were 
computed using Eq. VI-3. A graph of this equation for y' = 0.15 is 

o presented' in Fig. VI -8. The parameters needed for the evaluation of Eq. 
VI-3 can be found in Tables VI-7, VI-8 and VI-9. The results are sum
marized in Table VI-IO. 

The point source model is valid for non-buoyant flows, but it also 
provides a valuable approximation when the buoyancy is weak. Under low
flow conditions the effluent is usually buoyant. Therefore, the mixing 
zone estimates from the pointsource model should be applied to very low 
river flows only when conditions in the field are such that the effluent is 
nonbuoyant. 
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TABLE VI-5. DISTANCE OF VIRTUAL ORIGIN FROM RIGHT 
.BANK AT SENECA WWTP OUTLET 

7 day/10 yr Sept. 5 Month 
Low Flow Low Flows Average Average 

Q (cfs) 290 750 1300 1915 4536 

Stage 687.2 687.3 687.3 688.5 689.8 

D p (ft) 7.0 7.0 7.0 7.0 7.0 

u (ft/s) 0.6 0.6 0.6 0.6 0.6 p 

B (ft) 294 294 294 294 294 

U (ft/s) 0.1 0.25 0.25 0.6 1.22 r 
A* (ft2 ) 30 30 30 60 95 

H (ft) 9.9 9.9 9.9 11.6 12.6 

Yo pipe (ft) 2.4 2.4 2.4 4.1 6.0 

R = u /U p r 6 2.4 2.4 1 0.5 

Yo jet (ft) 146 76 76 40.3 25 

Yo (ft) 148 78 78 44 31 

y' 0.50 0.27 0.27 0.15 0.10 
0 

*Shaded area in Fig. VI-6 
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Q (cfs) 

B (ft) 

U (ft/s) r 

U (ft/s) p 

D (ft) p 

R = U Iu P r 

y (ft) 
0 

Y'o (ft) 

TABLE VI-6. DISTANCE OF VIRTUAL ORIGIN FROM RIGHT 
BANK AT BLUE LAKE WWTP OUTLET 

7 day 110 yr Sept. 5 Month 
Low Flow Low Flows Average Average 

290 750 1300 1915 4510 

240 240 240 240 240 

0.15 0.38 0.54 0.71 1.15 

0.7 0.7 0.7 0.7 0.7 

6.5 6.5 6.5 6.5 6.5 

4.7 1.8 1.3 0.98 0.45 

114 57 45 37 21 

0.48 0.24 0.19 0.15 0.09 
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240 
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0.18 
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0.05 



Q (cfs) 

U (ft/s) r 

H (ft) 

S (-) 

u* (ft/s) 

D/C (ft2/s) 

2 
D (ft /s) 

Q (cfs) 

U (ft/s) r 

H (ft) 

S (-) 

u* (ft/s) 
2 

D/C (ft Is) 

2 
D (ft /s) 

TABLE VI-7. COMPUTATION OF THE TRANSVERSE TURBULENT 
DIFFUSION COEFFICIENT FOR SENECA 

7 day/10 yr Sept. 5 Month 
Low Flow Low Flows Average Average 

290 750 1300 1915 4536 

0.10 0.25 0.44 0.60 1.22 

9.9 9.9 9.9 11.6 12 .6 

0.16x10 -6 1.0x10-6 3.1x10 -6 4.7x10 -6 17x10-6 

0.0072 0.018 0.032 0.042 0.084 

0.071 0.18 0.31 0.48 1.1 

0.131 0.33 0.57 0.89 1.95 

TABLE VI-8. COMPUTATION OF THE TRANSVERSE TURBULENT 
DIFFUSION COEFFICIENT FOR BLUE LAKE 

7 day/10 yr Sept. 5 Month 
Low Flow Low Flows Average Average 

270 750 1300 1915 4510 

0.15 0.38 0.54 0.71 1.15 

7.5 8.2 10.0 11.0 16.0 

0.52xlO -6 -6 2.9xlO . 4.6xlO -6 6.8xlO -6 llx10-6 

0.011 0.028 0.038 0.050 0.075 

0.084 0.23 0.39 0.55 1.20 

0.155 0.424 0.71 1.01 2.2 
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22.0 
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TABLE VI-9. COORDINATES OF THE VIRTUAL OUTLET 

Q 
(ds) 

BLUE LAKE 

290 
750 

1,300 
1,915 
4,540 

22,600 

SENECA 

290 
750 

1,300 
1,915 
4,540 

11,600 

Distance from 
Right Bank 

Yo (ft) 

110 
60 
50 
40 
20 
10 

150 
80 
50 
40 
30 
30 

Distance Upstream 
from Outlet Pipe 

Xv (ft) 

200 
200 
200 
200 

o 
o 
o 
o 
o 
o 

TABLE VI;"lO. POINT SOURCE MODEL ESIMATES OF 
MIXING ZONE LENGTH 

Q y' D , 
x 90% x90% 0 x 90% 

(ds) (ft2 /s) (ft) (mi) 

SENECA 

290 0.50 0.131 0.08 1.98 X104 3.75 
750 0.27 0.326 0.26 1.99 x10~ 3.77 

1300 0.18 0.574 0.30 1.99 x10 1t 3.76 
1915 0.15 0.894 0.30 "1.74 x10 3.30 
4536 0.10 1.95 0.30 1.62 X104 3.03 

22600 0.10 8.88 0.30 1.11 X104 2.10 

BLUE LAKE 

290 0.48 0.155 0.10 1.56 x10~ 2.96 
750 0.24 0.424 0.28 1.55 X104 2.93 

1300 0.19 0.711 0.30 1.31 x10 2.94 
1915 0.15 1.01 0.30 1.21 X104 2.30 
4540 0.09 2.24 0.30 8.87 X10 3 1.68 

22600 0.05 9.53 0.31 7.07 x10 3 1.34 
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VII. SINKING PLUME LABORATORY MODEL FOR LOW RIVER FLOWS 

1. Introduction. 

At Minnesota River flows below about 1300 cfs the waste water effluent 
plumes will discharge into a very slowly moving backwater of nearly 
constant depth (WS. El. ~ 687.2). Buoyancy effects can then become very 
significant. Typically the effluent plume will sink to the bottom of the 
river or spread out over the entire river width. 

Since this behavior could not be studied in the field during the 
summer of 1983, a laboratory experiment was conducted to obtain some infor
mation on the sinking plume. In the experiment the river was simulated as 
a rectangular channel at a scale of 1:100. Sewage effluent was simulated 
by cold tap water--the river by warmed tap water. Flow rates and tem
peratures were scaled according to Froude similarity. 

2. Model Development 

The first step in the construction of the physical model was to choose 
an appropriate scale. Two criteria determined the choice of a geometrical 
scale. First, the model had to be sufficiently deep to allow six or more 
temperature measurements 0.2 inches apart in a vertical temperature pro
file. Second, the width of the river had to be modeled in the laboratory 
flume. The river width at the Seneca WWTP outlet is approximately 260 
feet. The laboratory flume is 24 inches wide, but 5.5 inches are used in 
the construction of a side channel for the plant outlet structure. The 
maximum possible scale based on full river width and full channel width is 
1: 170. Based on a river depth of 12 to 15 feet, the model river depth 
would be 0.85 to 1.06 inches. Consequently, the whole river width cannot 
be modeled at an acceptable depth and only a portion of the river width is 
modeled. For an acceptable depth, a scale ·of 1:100 was chosen resulting in 
a model representing 60 percent of the total river width. 

Once the scale was chosen, other river parameters were scaled by den
simetric Froude similarity. The densimetric Froude number is the square 
root of the ratio of buoyancy and inertial forces which are the most signi
ficant forces in most open channel flow conditions. 

The laboratory channel was a rectangular flume and no attempt was made 
to model the exact river cross section. The actual river section is a 
straight, dredged section with steep banks and large width relative to 
depth. A rectangular straight laboratory flume, therefore, captures the 
main features of the real river. 

The laboratory channel was 50 ft long and 18.5 inches wide with 
fiberglass placed on the underside of the channel bottom and styrofoam 
placed on one sidewall for thermal insulation. The second side wall was 
made of 1/4" glass and left uninsulated for observation. 
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A schedule of model experiments was chosen to observe transverse 
spreading at flow rates of 6800 cfs to 12,000 cfs in the river. The 
experiments were to concentrate on the lower flow rates where transverse 
spreading was expected to be most significant. The plant discharge was 
estimated to be fairly constant at 22 cfs. 

The density difference between the plant discharge and the river water 
required for a plunging flow was induced by using lower temperature water 
for the plant discharge. Initially, model experiments were planned with 
temperature differences ranging from 2.5 to 10.0°F. Later, lower tem
perature differences were used in low flow cases and temperature dif
ferences of up to 23°F were used for higher flow experiments. 

3. Equipment and Operation of the Laboratory Model 

After analysis of the requirements for the model, a laboratory flume 
was modified to meet the model criteria. The five main components of the 
model are a metered channel flow, a metered plant inflow, a method of 
heating or' cooling one of the inflows, a method of recording temperature 
profiles, and a downstream control to maintain a certain water level. A 
drawing of the modified flume is presented in Fig. VII-I. 

The head of the channel contains a V-notch weir for metering the chan
nel inflow and heating devices to raise the water temperature of the chan
nel inflow. The heating coils are situated behind a wide weir to keep the 
coils covered for all flow rates. The channel inflow then passes into a 
head tank section with an outflow through a V-notch weir. The water eleva
tion in the head tank was correlated to channel flow rate by calibrating 
the weir. The weir calibration curve is presented in Fig. VII-2. 
A long triangular weir was placed downstream of the V-notch weir to uni
formly distribute the flow across the full channel width. The heating 
coils had sufficient capacity to raise the water temperature 10°F for low 
to average flow rates. For high flow rate experiments, water could be 
drawn from a steam driven heat exchanger. Temperature differences of more 
than 20°F could be achieved with th~ heat exchanger even at high flow 
rates. 

The plant effluent in the model was supplied from a constant, head tank 
containing one cubic foot of water. Outflow to the model was through an 
orifice cut into a sliding panel. The position of the slide below the 
water level and the size of the orifice determined the plant outflow rate. 
The orifice was calibrated to 2.2*10-4 cfs (0.374 ~/min). Since the plant 
discharge was taken as essentially constant, the orifice only had to be 
calibrated before the first model experiment. The orifice discharge was 
conveyed to an outflow pool behind the side channel wall. The relatively 
large pool area provided a damping effect for any fluctuations of flow from 
the constant head tank. Outflow to the channel was through a 2 inch long 
pipe 0.069 feet in diameter, representing a 7 ft diameter discharge pipe 
(such as at Seneca WWTP). The pipe extended into the inflow pool and ter
minated flush with the channel side wall (nonprojecting outlet pipe). The 
model, therefore, simulates a full flowing pipe discharge into the main 
channeL 
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The downstream control structure had to provide water levels approxi
mately the same as the stage discharge relationship on the Minnesota River. 
The Minnesota River stage-discharge relationship was taken from Fig. IV-6. 
A wide, broad-crested weir was found to give an acceptable stage-discharge 
relationship for the full range of flow rates. A comparison of the esti
mated river stage-discharge relationship and the channel stage-discharge 
relationship is presented in Fig. VII-3. The outflow weir was raised after 
the first six experiments to more closely match the prototype. Conse
quently, early experiments have a slightly lower velocity ratio for the 
same discharge. 

The use of a weir outflow presented the possibility of a backwater 
storage of colder, more dense water behind the weir. Consequently, a 
skimmer plate was situated a short distance upstream of the weir. All of 
the denser water would flow under the skimmer wall and over the weir 
insuring the removal of any unmixed water from the plant discharge (see 
Fig. VII-1). 

Temperature monitoring of the inflows was provided by the placement of 
remote thermistor probes. The plant discharge temperature was monitored by 
a probe at the entrance to the discharge pipe. The temperature in the main 
channel was monitored by a probe set on the channel bottom downstream of 
the V-notched weir and upstream of the triangular flow distribution weir. 
A third remote probe was placed in the water supply pipe to the plant 
discharge constant head tank. Its temperature reading was compared to the 
plant discharge temperature to determine when the plant discharge tem
perature had reached a steady temperature state. YSI model 401 thermistors 
with a 7.0 second time constant were used for the remote probes. Tempera
ture readings were taken with a six channel YSI Model 46 temperature meter. 

Vertical temperature profiles in the flow field of the effluent' were 
taken using three small temperature probes each set in a support tube and 
mounted on a single point gage support. A diagram of the temperature probe 
rack is presented in Fig. VII-4. YSI model 427 probes with a 0.3 second 
time constant were used on the ,temperature profile rack. The probes were 
spaced 0.2 inches apart. A rod mounted on the back of the rack placed the 
lowest probe 0.2 inches off the channel bottom. With the .2 inch spacing 
of the probes six to seven point temperatures could be recorded. Tempera
ture profile readings were taken with the same YSI Model 46 meter used for 
monitoring the remote probes. 

The operation sequence of the model was as follows: steady state 
flows and constant temperatures from both water supplies were established. 
Once temperature and flow rate were steady, dye was added to the plant 
discharge to make the effluent plume visible. Vertical temperature 
profiles were then taken across the plume downstream from the outlet at 
distances depending on the shape of the plume. Temperatures were recorded 
by hand from the temperature meter readings. In cases near the outlet 
where the temperature was fluctuating, the temperature was averaged over 
ten independent temperature readings. 
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4. Model Experiments and Results 

The model was operated for prototype flow rates varying from 255 to 
9700 cfs. Emphasis was placed on discharges less than 2000 cfs. Data was 
collected for all low flow rates with temperature differences of 2.0 
degrees Fahrenheit or greater. For higher flow rates, temperature fluc
tuations from the heat exchanger made data collection difficult and most 
were recorded photographically to visually evaluate the extent of trans
verse spreading. Photographic records were made for all low flow rates 
except one. Each model experiment is characterized by two parameters: a 
densimetric Froude number and a river to discharge velocity ratio. The 
densimetric Froude number is similar to the standard Froude number except 
the gravity term is modified by the difference in density between the plant 
discharge and river water: 

F = U (g' L )-1/2 
p p 

g' = g 

where Ln is the diameter of the discharge pipe and U is the velocity of 
the discharge. The velocity ratio (Up/Ur ) presents the effect of varying 
discharge as a dimensionless number. Since the plant discharge is 
constant, a higher channel flow produces a lower velocity ratio. A list of 
the model experiments, Froude number, and velocity ratios is presented in 
Table VII-l. 

The data was analyzed for the width of the plume (extent of 
spreading), trajectory of the effluent plume, and the minimum and average 
dilution in a cross section. The spreading was determined from the data 
and from the photographic record. The edge of the plume was taken from the 
data to be the point where the temperature 0.2 inches from the bottom was 
within 0.2 to 0.3 degrees of the surface temperature. This corresponds to 
the visual edge of plume delineated by the dyed effluent. 

4.1. Width and Trajectory of Plume 

In each cross section the trajectory was taken as the distance from 
the side wall to the point where the lowest temperature had been recorded. 
Plots of plumes and trajectories are presented in Figs. VII-5 through 
VII-13. Figures VII-5 to VII-10 show trajectories and plumes for sets of 
experiments at the same river discharges, but with different densimetric 
Froude numbers, representing different degrees of buoyancy of the effluent. 
The figures indicate a strong relationship between extent of spreading and 
Froude number. The spreading and trajectory increase with decreasing 
Froude number for a constant dis·charge. For low discharges, the plume can 
spread across the full width of the channel within less than a 500 ft 
distance. 
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TABLE VII-1. LIST OF MODEL EXPERIMENTS PERFORMED 

Froude 
Q River V IV Number 

p r 

255 8.03 3.89 
300 6.54 1.01 
340 5.79 1.00 

560 3.55 1.08 
650 2.57 
650 2.57 5.23 
650 2.57 2.69 
670 2.96 1.31 

1140 1.96 1.91 

1300 1.53 1.87 
1300 1.53 1.32 
1300 1.53 1.18 
1300 1.57 1.09 

1700 1.20 2.61 

2000 0.84 
2000 1.05 3.54 
2000 0.84 2.06 
2000 0.81 1.23 
2000 1.03 1.20 
2000 1.05 1.16 

2400 0.87 2.63 

2900 0.72 1.13 

3200 0.69 2.24 
3200 0.69 1.54 
3200 0.65 2.65 

4200 0.53 1.06 

4400 0.53 1.21 
4400 0.53 1.09 

4600 0.51 1.36 
4700 0.51 
4700 0.51 2.93 
4700 0.51 1.40 
4700 0.50 1.29 

6000 0.38 1.18 
6100 0.38 3.16 
6100 0.38 1.81 
6200 0.39 0.96 

6300 0.37 2.55 
6300 0.37 1.15 

7900 0.31 2.80 

8000 0.30 2.53 
8100 0.30 1.01 
8100 0.30 1.10 
8500 0.31 0.80 
9700 0.26 1.12 
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The effect of river flow rate on spreading at constant Froude number 
is presented in Figs. VII-II to VII-13. The results illustrate the strong 
dependence of spreading on flow rate. Extensive spreading is found at low 
flow rates and very little spreading at higher flow rates for the same tem
perature differences. This behavior is observed in all three plots. 
Identical transverse spreading rates will occur at different flow rates, if 
the buoyancy is stronger at the higher flow. This is illustrated in Fig. 
VII-14. At a given level of buoyancy the width of spreading is strongly 
dependent on river flow rate. 

The visual width of the plume has been plotted versus river flow for 
four cross sections in Figs. VII-15 to VII-18. The experiments have been 
grouped by similar Froude numbers. Spreading decreased for increased flow 
rate, the effluent being carried downstream faster than it can spread 
across the channel. Experiments with lower Froude number (higher tem
perature difference) showed more spreading. At low flow rates and low 
Froude numbers, the plume quickly spread across the entire channel, and in 
some cases spread upstream of the outlet. For these runs, it is unknown 
how quickly the opposite bank would be reached in the prototype because 
only 60 percent of the river width was modeled. The effect of prematurely 
reaching the wall may be to increase concentration within the plume in the 
laboratory model. At high flow rates, the plume never reaches the oppo
site bank, the width being nearly constant with respect to distance 
downstream. At high flow rates, the Froude number dependency is greatly 
dampened, and the spreading approaches the limiting case of a non-plunging 
effluent. 

4.2. Maximum Concentration in the Plume 

To evaluate the effect of mixing on the dilution of the effluent with 
distance from the outlet, a parameter defined as a dimensionless excess 
concentration 

was calculated for each cross section, where Tmin is the minimum tem
perature recorded in the cross section and Tp and Tr are the plant and 
river reference temperatures, respectively. 

Figures VII-19 to VII-22 illustrate the progressive dilution 
downstream of the outlet for several discharges. On each figure. two or 
more Froude numbers are given.. The data indicate that a higher rate of 
dilution near the outlet is achieved· at lower Froude number. Further 
downstream concentration is nearly constant with distance. Figure VII-23 
shows the difference in dilution for different flow rates. but similar 
Froude numbers. Lowering the river flow rate had an effect similar to 
decreasing the Froude number. Dilution downstream from the outlet is less 
for lower flow rates. 

Concentration waS plotted versus prototype river flow in Figs. VII-24 
to VII-27 and grouped by densimetric Froude number. Each plot is for a 
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specific cross section. Higher flow rate caused greater dilution. 
Concentration increased with increased Froude number. The Froude number is 
inversely proportional to the difference in temperature between the plant 
and river. The spreading of the plume was greater for the higher tem
perature differences, which exposed the plume to a greater surface area of 
river water. Thus concentration was higher for the higher Froude number. 
For higher flow rates, concentration is nearly constant with respect to 
distance downstream. At downstream cross sections, the Froude number and 
flow rate dependency are lessened. 

4.3. Average Concentration in the Plume 

Temperatures in the plume were averaged, with the plume being defined 
as that area in which temperature was at least 0.2 degrees Fahrenheit below 
ambient river temperature. Average dimensionless excess concentration was 
calculated in the same manner as maximum dimensionless excess con
centration, substituting the average temperature for the minimum tem
perature. Figures VII-28 and VII-29 show average plume concentration 
versus distance downstream for similar Froude numbers with varying flow 
rates. In all cases, average plume concentration decreases rapidly in the 
first 100 feet, and stays nearly constant thereafter. For high Froude 
numbers, (Fig. VII-13) average concentration in the plume is unmeasureable 
for all flow rates by 1500 feet downstream from the outlet. When the 
Froude number is lower (Fig. VII-12), average plume concentration remains 
at a detectable level for at least 1500 feet downstream, except when flow 
rate is very high. 

Figures VII-30 to VII-33 show average plume concentration with respect 
to velocity ratio at four cross sections. The curve shapes are the same as 
the analogous maximum concentration plots. 

Overall, the extent of spreading and the rate of dilution are heavily 
dependent on a combination of densimetric outlet Froude number and velocity 
ratio. The spreading increases with both lower Froude number and lower 
velocity ratio. Changes in Froude number have a more pronounced effect on 
spreading at lower river flow. The rate of dilution near the outlet is 
increased with lower Froude number. For a given flow rate, the dilution 
downstream of the outlet is approximately the same for Froude numbers 
between 1.0 and 2.0 (typical of conditions found in summer of 1983). 
However, the minimum dilution downstream increases with decreasing river 
flow for the same Froude number. 

5. Comparison with Field Results 

Several laboratory results closely matched the flow conditions in the 
Minnesota River during the summer 1983 field surveys (Figs. VII-34 and 
VII-35). In both cases, the transverse spread of the plume observed in the 
laboratory matches reasonably well the edge of plume estimated from the 
river data. 

The use of densimetric Froude number modeling in the laboratory causes 
large differences between the Reynolds numbers in the model and prototype. 
The Reynolds number Re = UH/v (H = depth) in the model ranged from 100 to 
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3500. Turbulence in the channel was low and the flow appeared nearly lami
nar at low flow rates. Reynolds numbers for the prototype were three 
orders of magnitude larger. The effect of Reynolds number can only be 
determined in this case by comparison of model and field data. The simi
larity between field data and laboratory data suggests a weak influence of 
the Reynolds number on spreading rates. The use of laboratory data to pro
vide information on spreading at very low river flow rates therefore 
appears justified. 
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VIII. ANALYTICAL STRATIFIED FLOW MODEL FOR VERY LOW RIVER FLOWS 

Below 1,000 cfs river flow the sinking of the effluent becomes the 
major factor in determining the effluent mixing zone. The effluent 
discharge clearly follows the bottom of the impounded river, spreads across 
the entire river bed within a short distance from the outlet, and even 
upstream from the outlet. The result is a stratified river flow as 
described and analyzed in St. Anthony Falls Hydraulic Laboratory Project 
Report No. 214. The basic concepts, equations and parameters needed for 
the application of a vertical mixing zone model have been summarized in 
Chapter XII of that report. 

The vertical mixing zone model predicts that the real distance 
required to have concentration, over a cross section, within 10 percent of 
the fully mixed river is equal to: 

where U is the mean river velocity 

H is the mean river depth 

D the vertical turbulent diffusion coefficient. 
v 

is calculated as Dv = Cu*H, where u* is the friction velocity 
= IgHS and C is given by Figure VI-l of Report 214. 

This model can be applied to the Minnesota River for the estimation of 
complete vertical mixing at low river flows. The necessary computations 
for the Seneca and Blue Lake WWTP outlets are presented in Tables VIII-I 
and VIII-2. They are based on mean summer density differences between 
effluent water and river water (~p influences directly the values of Dv)' 
It is also necessary to consider what will happen under the most adverse 
summer conditions, i.e. when ~p becomes large. Those estimates are pre
sented in Tables VIII-3 and VIII-4. 

The estimated x a-values should be measured from the point where the 
effluent has sprea~ across the entire river width rather than from 
the outlet itself. The laboratory data of the width of the effluent plume, 
summarized in Figs. VII-17 and VII-18, indicate that the distance between 
the outlet and the beginning of the farfield is small compared to XqO' It 
is therefore safe to consider :&:90 to be a good estimate of the aistance 
from the outlet to the region of complete vertical mixing. 
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TABLE VIII-l. VERTICAL MIXING COMPUTATION 

Qr H B 

(ds) (ft) (ft) 

300 9.9 294 

500 9.9 294 

1000 9.9 294 

U = Q /BH r r 

U r 

(ft/s) 

0.103 

0.172 

0.344 

.; gHS 

F' = U / I/:,.p/p gH 

0.3 Qr 
x = 

90 Cu* B 

SENECA, AVERAGE SUMMER STRATIFICATION 

S 

0.170x10 -6 

0.474x10 -6 

1.89x10 -6 

/:,.p D 

u* F' C. -L x90 p u*H 
(ft/s) (ft) 

0.007 0.00053 0.250 0.002 21,900 

0.0123 0.00053 0.418 0.003 13,900 

0.0245 0.00053 0.836 0.006 6,920 

U n 2 0.275 2 

S = ( 1.4: H2/3) = ( 1.49 ) 

/:"p/p from Table IV-23, the mean 
of June, July and August 

C = D /u*H from Fig. VI-1, p. 50, v Report 214. 

TABLE VIII-2. VERTICAL MIXING COMPUTATION, 
BLUE LAKE, AVERAGE SUMMER STRATIFICATION 

Q H B U S u* 
/:,.p 

F' C x90 r p 

x90 

(mi) 

4.1 

2.6 

1.3 

x90 

(ds) (ft) (ft) (ft/s) (ft/s) (ft) (mi) 

300 8.1' 240 ,0.154 0.499x10 -6 0.0114 0.00113 0.284 0.002 16,400 3.1 

500 8.2 240 0.254 1. 33x10 -6 0.0187 0.00113 0.465 0.004 8,360 1.6 

1000 9.0 240 0.463 3.90x10 -6 0.0336 0.00113 0.809 0.006 6,200 1.2 
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Q 

(cfs) 

300 

500 

1000 

TABLE VIII-3. VERTICAL MIXING COMPUTATION, SENECA, 
STRONG STRATIFICATION 

6p 
D 

F' C 
v - =- x90 x90 p u*H 

(ft) (mi) 

0.0015 0.149 0.001 29,200 5.5 

0.0015 0.249 0.002 20,900 3.9 

0.0015 0.492 0.004 10,400 2.0 

TABLE VIII-4. VERTICAL MIXING COMPUTATION, BLUE LAKE, 
EXTREMELY STRONG STRATIFICATION 

6p D 
Q F' C 

v - =- X90 x90 p u*H 

(cfs) (ft) (mi) 

300 0.002 0.213 0.0015 21,900 4.1 

500 00002 0.350 0.002 16,700 301 

1000 0.002 0.608 0.005 7,440 1.4 
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