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I. INTRODUCTION 

The thermal-hydraulic model study reported herein was conducted to 
study why a nonuniform temperature distribution in front of the screenhouse 
of the Prairie Island Nuclear Generating Plant occurs when warm water is 
recycled, and how the temperature distribution could be made uniform. The 
study was conducted for Northern States Power Company (NSP) in cooperation 
with Stone and Webster, Inc., Denver, Colorado. 

When the original skimmer wall cooling water intake for the Prairie 
Island Plant was studied in a physical' model at the St. Anthony Falls 
Hydraulic Laboratory in 1971, it was already observed, that recycled warm 
water and incoming cold water would not fully mix. (See External 
Memorandum No. M-128, "Model Studies on Cooling Water Intake Channel of 
Prairie Island Nuclear Generating Plant," 1971.) 

The plant is located on the' west bank of the Mississippi River, 
approximately seven lI1iles north of Red Wing, Minnesota, as shown in Fig. 1. 
The power plant has two generating units with a total capacity of 1150MW. 

Northern States Power Company (NSP) completed the modification of the' 
intake and discharge for the circulating water system at the Prairie Island 
Nuclear Generating Plant in January, 1984. The modification allows the 
plant to be operated either in a once-through circulation mode of 
Mississippi River water or as a fully or partially closed-cycle system 
with cooling towers. The general site plan is shown in NSP Drawing 
No. NF-92702. 

The intake canal between the recently completed intake screenhouse and 
the older existing screenhouse is approximately 700 ft long. The 'intake 
screenhouse is located on the northeast side of the intake channel. This 
structure contains traveling water screens, a deicing system, and bypass 
gates. The details of the intake screenhouse are shown in NSP drawing Nos. 
NF-92703 and NF-92706. 

The screenhouse is located on the southwest side of the intake canal. 
This 'structure contains four circulating water pumps for Units 1 and 2. 
The details of the screenhouse are shown in NSP drawing NF-38350. 

The recycle canal returns the warm water from the plant discharge via 
either the cooling towers or a bypass back to the intake canal. The 
recycle canal is about 500 ft upstream from the screenhouse and 300 ft west 
of the intake screenhouse. The warm water from the recycle canal is 
discharged at about a 90Q angle to the cold water from the intake 
screenhouse. 

River water temperature at Prairie Island varies from about OQC in 
winter to near 27 QC in summer. The temperature rise of the cooling water 
is up to 2SQC. 
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Fig. I. Map of Prairie Island Plant site. 
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Temperature surveys conducted in April, 1983; and on February 2, 1984, 
showed poor mixing downstream from the confluence of the intake and recycle 
canals. The field surveys also showed that the warm water was concen
trated at the west side of the screenhouse intake while the cold water was 
concentrated at the east side of the acreenhouse intake. Consequently, the 
cooling water supply to Units 1 and 2 has experienced some uneven tem
perature distribution. This creates undesirable operational conditions at 
the plant. 

A' three-dimensional hydraulic model study was required to investigate 
a method for improving the temperature distribution in the intake canal. 
The results of the model study provided the basis for the final design of 
structures needed in the intake canal. 
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II. OBJECTIVES AND SCOPE 

The objective of the intake model study described herein was to obtain. 
data for use in the design of modifications to the intake and/or recycle 
canals which will minimize the temperature variations at the screenhouse 
intake. The scope of the study was as follows: 

1. Design, construct, and operate a hydraulic model of the intake 
canal and a portion of the recycle canal to accurately model 
the existing intake system. 

2. Calibrate the model. 

3. Test the model and investigate modifications as required by the 
client including, but not restricted to, such aspects as: 

a. The temperature distribution (horizontal and vertical) in 
the intake canal. 

b. The flow pattern (magnitude and direction of the velocity) 
in the intake canal. 

c. c The temperature distribution (horizontal and vertical) at 
the mouth of the screenhouse intake. 
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III. MODEL DESIGN 

A. Requirements for Similarity Between Model and Prototype 

Hydraulic modeling requires simulation of the dominant forces for the 
phenomena under investigation. Complete similarity between the prototype 
and model requires geometric (linear scale), kinematic (velocity scale), 
and dynamic (force and acceleration scales) similarity. 

In the case of a warm water discharge into cold water flow, gravity, 
buoyancy, and intertial forces are dominant. Friction (viscous) forces 
also need 'to be considered. However, it is not possible to simulate 
simultaneously all forces in a thermal-hydraulic model because not all of 
the scaling requirements for the constituent phenomena are compatible. The 
similitude requirements for modelling of thermal discharges are dependent 
upon the objectives of the model study. In this study, the simulation of 
the stratified flow and mixing are most important. 

The principal similitude requirements for flows, of the type investi
gated in this study may be summarized as follows: 

1. Geometric similarity 

Geometric similarity requires that all model and prototype 
lengths be scaled to the same ratio. In an undistorted model, scale ratios 
in the horizontal and vertical directions are equal. The length scale 
ratio, L , is given by 

r 

L .. L /L 
r m p 

(1 ) 

Subscripts r, m , and p are used to denote ratio, model, and prototype, 
respectively. 

2. Similarity of gravity force 

The basic requirement for dynamic similarity between two stra
tified flows is satisfied if the model and prototype have the same den
simetric Froude number, i.e. 

in which 

Fr .. Fr /Fr .. 1 
r m p 

Fr .. V(Ap/p gL)-1/2 , where 
a 

(2 ) 

v is a characteristic flow 

velocity, L ,is a characteristic length, Ap is the density deficiency of 

the Warm water, p is the density of the cold water, g is the acceleration 
due to gravity. a It is desirable to maintain the same relative density 
difference in the model and the prototype, i.e. water temperatures in model 
and prototype are kept identical or adjusted so that the density 
differences Ap are identical. 
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The scaling laws for velocity, flow rate, and time for an undistorted 
model scale are obtained from equations 1 and 2. 

v =: (L )1/2 
r r 

(3) 

Q = r 
(L )5/2 

r 
(4) 

and t = (L )1/2 
r r 

(5) 

in which Q is flow rate, and t is time. 

3. Similarity of viscous forces 

The ratio of inertial to viscous forces is equal in model and pro
totype if the Reynolds numQer ratio, Re , is unity, i.e. if 

r 

Re = Re IRe = 1 
r m p ~6) 

where Re = VL/v , in which v is the kinematic viscosity. It is 
impossible to preserve both densimetric Froude and Reynolds similarity in 
an undistorted model using water. Model Reynolds numbers therefore had to 
be considerably smaller than prototype values. In this model, however, 
mixing processes had to be modelled, and therefore turbulence in the water 
had to be artificially increased by vertical strips the size and 
distribution of which was established by model calibration. 

4. Similarity of the boundary roughness 

The bottom friction facor, f, depends upon the Reynolds number 
of the ambient current and the relative roughness of the boundary, i.e. 

f = f (Re, kId) (7 ) 

in which d is the local depth of flow, k is the boundary roughness, and 
Re is the Reynolds number for the ambient flow. The exact simulation of 
the relative bed roughness in an undistorted model is usually impossible. 

Exact modelling of bed shear was not important in the Prairie Island 
model because headlosses and water surface slopes were very small and did 
not affect water depths at all. 

The effect of beds hear on turbulent mixing was simulated by the addi
tion of vertical strips. 

Interfacial Friction Factor 

Interfacial friction between warm and cold layers depends on both 
Richardson and Reynolds numbers in a complex way. The similitude of 
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interfacial friction cannot be exact because Reynolds numbers were 
substantially different in model and prototype. This deficiency was 
corrected by model calibration using vertical strips. 

Wind Stress Friction Factor 

The wind shear stress on the water surface can be of the same 
magnitude as bed shear. Wind effects were not simulated; only calm 
conditions were considered in the model. 

5. Similarity of heat dissipation 

The heat loss by surface cooling in this study was calculated and 
found to be very small; its exact simulation was not necessary. 

B. Scaling of the Prairie Island Intake and Recycle Model 

After examination of the modeling criteria and the available space, it 
was concluded that the Prairie Island intake and recycle model should be 
constructed at a 1:30 undistorted geometrical scale and operated with den
simetric Froude numbers identical to the prototype for dynamic similarity. 
Roughness should be artificially increased. to compensate for low Reynolds 
number turbulence. 

Figure 2 shows the layout of the Prairie Island intake and recycle 
model. The water level at the intake canal is controlled by the 
Mississippi River which in turn is controlled by Lock and Dam No.3. The 
operating river level ranges from a maximum elevation of 678 ft to a mini
mum elevation of 672.5 ft. A normal water elevation of 673.5 ft was main
tained during most tests. 

The entire length of the intake canal and a portion of the recycle 
canal were modeled with a scale ratio of 1: 30. An undistorted model was 
designed with an area extent sufficient to correctly represent the geometry 
of the intake screenhouse and screenhouse so that the flow pattern due to 
the excavation at both locations was correctly simulated. 

The model was designed for operation with warm and cold water 
representing the recycling water and the river water. Prototype cold water 
flow and warm water flow rates which could be modeled ranged from 150 to 
1410 ds and from 0 to 1260 cfs, respectively. Identical densimetric 
Froude numbers exist in model and prototype conditions. At a ~:30 
geometrical scale ratio without distortion, flow parameters were scaled as 
follows: 
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Model PrototYEe 

Depths 1: 30 

Areas 1; 900 

Velocities 1: 5.48 

Flow rates 1: 4930 

Residence times 1: 5.48 

River water temperatures in model and prototype could not be controlled. 
Recycled water temperatures were therefore adjusted to give identical 
,density differences (between warm and cold water) in model and prototype. 
The prototype Reynolds number for the section 8~9 (Fig. 2) of the intake 
canal for flow velocity and depth of 1 fps and 8.S ft, respectively, was 
700,000, which was in the fully rough turbulent regime, and the 
corresponding model Reynolds number was 6,000, which well exceeded laminar 
flow conditions. ' 

9 



IV. MODEL CONSTRUCTION 

A. Model Layout 

The model layout requires a horizontal coordinate system. The control 
points were the coordinates of the structural components indicated on NSP 
Drawing Nos. NF-38600-1Hl and NF-93703-J. All other coordinates were based 
on distances scaled off the above drawings. 

After completion of the concrete work of the model, recent soundings 
of bed profile in the intake canal became available (NSP Drawing No. 
NF 78Y073). They showed deposition along the southbank between the recycle 
canal and the screenhouse. These were added to the model. Where the 
soundings showed lower elevations than the design drawings, no changes were 
made and the design conditions were kept. 

Photographs of the model are reproduced in Figs. 3 and 4. 

B. Intake and Recycle Canals 

The intake and recycle canals were shaped with sheet metal contours 
following the toe of the canal bank slopes. The invert and bank slopes 
were shaped with compacted sand overlaid by 2" to 3" of lean concrete. 
Bottom irregularities were formed with fine gravel using paint as a binder. 
The invert and banks were painted with roughness material (fine gravel) 
being added in the process. 

C. Stuctures 

The intake screenhouse and screenhouse were modeled according to the 
drawings provided by NSP. The models were constructed primarily of wood 
with the piers being clear pine planed to a ± .005" tolerance. The intake· 
screenhouse and screenhouse inverts were set at EI. 648.5 ft and EI. 660.0 
ft, respectively, according to NSP drawings Nos. NF-92722F and NF-38350-14F. 

D. Model Flow System 

Flow into the intake canal originates in a head box behind the intake 
screenhouse. This flow is pumped from the laboratory's Mississippi River 
water supply to the intake screenhouse headbox. The supply piping contains 
a set of orifice meters to monitor flow rates from the intake screenhouse 
into the intake canal. 

Flow is withdrawn from the intake canal through the old screenhouse 
model. Water surface elevations are maintained by a weir box downstream 
from the old screenhouse. Flows entering the weir box are pumped from a 
sump below the weir crest. 

Flows pumped from the weir box sump can be: 
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Fig. 3. View of m.odel from SW towards NE. Flow is towards screenhouse in 
foreground (center). River intake screenhouse is in background. 
Recycle canal enters from right. 

Fig. 4. View of model from NW to SEe Flow is from upper left (river 
intake screenhouse) to lower right (screenhouse). 
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a. Completely discharged to waste, thus simulating 100% 
inflow from the intake screenhouse with no recycle canal 
discharge. 

b. Partially or completely diverted to the recycle canal 
headbox simulating partial or complete recycled flows. 

Tlow rates from the recycle canal are monitored by an orifice meter in the 
supply piping. 

To increase the temperature of the discharge from the recycle canal, a 
heat exchanger is provided. Flows from the weir box pump can be partially 
or completely diverted through the heat exchanger. The flows are heated by 
steam tak.en from the laboratory heating system. A water temperature 
control system is provided. Inflow water temperature can be controlled 
to within ~ O.SoC. 

Model design was begun in early January and model construction 
completed by mid-March. 
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V. INSTRUMENT ION 

A. Flow Measurement System 

The flow into the model intake screenhouse and screenhouse, and the 
flow from the recycle canal, were measured separately by orifice flow 
meters which were calibrated using the Laboratory weighing tank calibration 
facility. Flow rates could be measured accurately to the nearest 0.01 cfs. 
Water surface elevations, local bed elevations and depths of flow were 
measured with point gages. 

B. Temperature Measurement System 

Temperatures were measured by an array of 11 Yellow Sp'ring Instrument 
thermistors, No. 427 (banjo type) with a time constant of 3 seconds, 
mo'unted on a moveable stainless steel frame. A YSI telethermometer, No. 
46, was used to read the temperatures. 

The location of the measuring sections for the temperature surveys 
were defined as follows (Fig. 2): 

A. Upstream face of the screenhouse (11-12) 
B. Beginning of the 90° bend at the screenhouse (8-9) 
C. Midway between sections A and B 
D. Discharge point of the recycle canal into the intake canal (6-7) 
E. Downstream face of the intake screenhouse (1-2) 
F. Midway between sections Band E (4-5) 
G. Midway between E and F at about 45° to intake screenhouse (3-4) 

Thermisters were also installed in each of the head boxes and in the 
withdrawal system of the intake screenhouse. An equilibrium water 
temperature representing the integral surface heat exchange effects of the 
laboratory atmosphere was read in a water tank, 1 square feet surface area 
and 2 inch deep. Dry and wet bulb air temperatures were measured with a 
sling-type psychrometer. 

c. Flow Visualization System and Overhead Photograph System 

Red and blue dyes were used for the. flow visualization study. 
Injection tubes were separately placed in the intake screenhouse and the 
upstream end of the recycle canal. 

Overhead cameras for color and black and white photography were 
installed on the ceiling above the model and could be operated by remote 
control. 35 mm color slides and 4xS" black and white photos were taken. 

Video tape recordings were made from the travelling carriage which 
spanned the entire width of the model. 
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VI. PRELIMINARY EXPERIMENTS 

Immediately after completion of the contruction, the model was 
operated for several different conditions. In each case flow patterns were 
photographed using dye injection~ and temperatures were measured in the 
prescribed cross sections. The purpose of these experiments was to provide 
a basis for model calibration, to verify that the model could be operated 
as desired, and to obtain a first impression of the nature of the flow and 
mixing under different inflow conditions. 

Typical Test Conditions were as follows: 

Flow Rate Temperature 

Prototype Prototype Model 

River Intake 700 cfs 

Recycle Canal 700 cfs 

These conditions were simulated in the model with the following 
results: 

a) Intake water temperatures differed across the intake 
screenhouse as in the prototype. Water tempertures were 
higher in the western part of the intake. 

b) The preferential stratified flow pattern of the cold water 
towards the eas t side of the intake screenhouse and of the 
warm water against the bank opposite (north) of the recycle 
canal could be clearly seen. Figs. 5 and 6. 

c) Flow separation of the cold water from the northern bank 
was clearly visible at the bend where the original straight 
section and the new converging section join each other. 

d) A separated flow region (eddy) existed at the westerly end 
of the intake canal. A flow separation of the recycled water 
occurred at the end of the recycle canal near the southerly 
bank east of the intake house. 

e) The cold water wedge reached into the end of the intake canal. 
Internal waves and mixing were apparent near the toe of the 
wedge. 

14 



Fig. 5. Overhead cold (river intake) water flow pattern. Flow 

is mostly along the bottom of the model. 

Fig. 6. Overhead view of warm (recycled) water'flow pattern. 

Flow is mostly along the surface of the model. 
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VII. MODEL/PROTOTYPE COMPARISONS AND MODEL CALIBRATION 

The model was operated for conditions encountered on February 2 and 
March 29, 1984. Northern States Power Company (NSP) gave data from which 
the following information on operating conditions was assembled: 

Withdrawal Rate from River (cfs) 

Withdrawal Water Temperature e'C) 
3 Wi,thdrawal Water Density (g/cm ) 

Recycle Flow Rate (cfs) 

Recycle Water Temperature (DC) 
3 

Recycle Water Density (g/cm ) 
3 

Density Differential (g/cm ) 

Waterstage, Dam No. 3 (ft above MSL) 

Unit 1 withdrawal temp (DC) 

Unit 2 withdrawal temp (DC) 

Air Temperature (DC) 

Wind Speed (mph) 

Wind Direction (deg.) 

2/2/84 

720 

0.7 

.999911 

480 

25.1 

.997048 

0.00286 

673.9 

8.7 

12.7 

0.5 

9.3 ± 2.7 

256 

3/29/84 

500 

3.1 

0.999994 

700 

29.7 

0.995766 

0.00423 

674.2 

10.19 ± .25 

17.25 ± 1.35 

1.2 

12 

325 ± 25 

NSP staff took water temperature measurements in Sections 1-2, 3-4, 
4-5, 6-7, 8-9, 9-10, 11-12 (Fig. 2) at dept,h intervals of 1 m. Horizontal 
spacing of temperature profiles was on the order of 30 ft. Water tem
perature data were made available on blueprints No. 8630(two prints). 

(1) Experiments for February 2, 1984 Conditions 

The laboratory model was operated first for the flow conditions 
reported for February 2. ' The model was operated under densimetric Froude 
number similarity. River water intake temperatures were natural river 
temperatures and could not be controlled. They ranged from 1.5°C to 3.1°C. 
To achieve identical densimetric Froude numbers in model and prototype, 
recycled water temperatures were selected such that identical or nearly 
identical Ap values were achieved in model and prototype. Recycled water 
temperatures were within 3°C of those in the prototype. 

It was found that the temperature distributions measured in the model 
and those observed in the field differed in two main features: a cold 
water upwelling region on the north bank and a very large and vertically 
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well-mixed eddy at the westerly end of the intake canal. It proved 
impossible to reproduce these features in the model by changing roughness 
and vertical mixing. Vertical metal strips, screens and rocks were placed 
locally in the model without achieving the desired effect. 

The origin of the upwelling at Prairie Island is not clear. In lakes 
and reservoirs upwelling is associated with offshore winds. The wind 
reported for Prairie Island was 9.3 mph ± 2.7 mph from 256 () (WSW) • The 
crew which took the water measurements indicated that it was a windy day, 
and that the water surface was rough. 

A second set of water temperatures was measured on March 29, 1984. 
Neither the upwelling nor the well-mixed eddy were found. Winds were at 12 
mph from NNW. 

An estimation of representative bed shear (Sections 8-9) of the 
cooling water canal and wind shear stress on the water surface indicates 
that at wind speeds of 20 mph, bed shear and wind shear are of the same 
magnitude. A wind effect on the surface flow pattern would therefore be 
expected at such wind speeds. 

The February 2 data set was not used after the March 29 data became 
available. One important reason was that on February 2, water temperatures 
in Section 11-12 (in front of the screen intake house) had been measured 
only to a depth of 1.5m. The stratification in front of the intake was 
therefore unknown. A second reason was that no flow rates had been 
measured on February 2. The values given were typical values for the 
operation in preceding days and weeks. 

(2) Model Calibration for March 29, 1984 Conditions 

The model was operated for March 29,.1984, data. To enhance vertical 
mixing in the model, vertical roughness strips (metal-strips ,." I" wide, 4" 
high) were placed randomly at an average distance of 12". This made water 
tel!lperature distributions across the screen intake and in other sections 
much more similar in model and prototype. Refinements in roughness 
distributions were then made to achieve the best possible match between 
prototype and model water temperature (calibration). 

To calibrate the model, it also was necessary to increase the cold 
water river intake flow to 550 ds and to reduce the recycle flow to 650 
cfs, respectively, to maintain the proper ratios of cross-sectional areas 
occupied by warm and cold water. This was justified in light of the 
accuracy of flow rate measurements in the prototype. 

The purpose for the addition of roughness strips in the model is to 
enhance vertical mixing by inducing a wake action. This is necessary 
because Reynolds numbers in the model are much less than those in the pro
totype, e.g. in Section 8-9 at a prototype velocity of 1 fps, mean water 
temperature of 16()C, and depth of 8.5 ft. 
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Re ... 
p 

(1)(8.5) 

(1.2)(10-5) 
= 700,000 

In the model, scaled at 1:30 geometrically, and at a temperature of 31°C 

(1)(8.5) 
Re = ------~~~~----=-= 

m (110 (30)(0.85)(10-5) 
6,000 

The model study was designed with the assumption that heat loss 
through the water surface is negligible. Heat loss through the water sur
face has been estimated for prototype and model in two different ways: 

(1) by estimating heat flow in Sections 4-5, 8-9, 9-10 and 
11-12 and comparison to total heat input. 

(2) by using surface heat transfer equation based on 
equilibrium temperature. 

Computations are shown in Appendix I. 

It was concluded that both in the model and in the prototype the sur
face heat losses were only on the order of 1 percent of the total heat 
flows and therefore negligible. 

(3) Model/Prototype Comparisons 

The March 29, 1984, field data were used for model/prototype com
parisons exclusively. Model and prototype had to be operated at different 
temperatures because model inflow temperatures could not be controlled. 
Identical density differentials were maintained. To make prototype/model 
comparisons, the following quantities were used: 

(a) Cross-sectional plots of isotherms in seven sections. Model tem
peratures were transformed to prototype temperatures using. excess tem
perature concentrations, e.g. a 10 DC isotherm in the prototype with 
TR 1 = 29. re and TRi = 3.1 DC corresponded to a 1 re isotherm ecyc e ver 
in the model with TR 1 = 30.7 De and TRi = 12.2 De. In the model ecye e ver 
TRiver is the uncontrolled intake temperature and TRecycle is deter-

mined from Froude similarity. 

x - 12.2 
30.7 - 12.2 

10 - 3.1 
= =-=--=--=-29.7 - 3.1 gives x = Ire 

(b) Average temperatures in the left and right half of Section 11-12 
(Face of scre~nhouse intake, Fig. 2). Model temperatures are adjusted 
as described under (a). 
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(c) Averages of temperatures in all vertical profiles of section 11-12. 

Cd) Thickness of the warm water layer just downstream from the intake 
screenhouse (Secion 1-2). 

Ce) Existence of a cold water wedge at the end of the recycle canal 
(Section 6-7). 

(f) Arithmetic mean temperature in all cross sections. 

Model temperatures are adjusted for (b) to (f) as described under (a). 
Results for the March 29, 1984, prototype conditions and the May 4, 1984, 
model experiment are given on the following pages. 

(a) Isotherm plots 

Prototype temperature data and 10()C and 20PC isotherms are given in 
Fig. 7. :Model temperature data and equivalent isotherms are given in 
Fig. 8., 

(b) & (c) Averages of vertical temperature profiles in Section 11-12, 
and left & right half averages. 

-." (PC) 
"vert 

East (f/12) 

5 

T if east' west 

March 29, 1984 Field Conditions 

River Intake Temperature = S.lPC 

Recycle Temperature = 29.7 PC 

Profile No. West (1/11) 

4 3 2 1 

5.0 
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w.s. 
673.5 • 26.0 • 26.1 • 26.1 • 26.1 • 26.2 • 26.2 • 26.0 • 25.6 • 25.6 

670.0 -.-- --

• 4.2 • 3.4 • 3.1 • 3.9 • 4.8 • 5.4 • 5.1 

• 4.2 • 3.7 • 3.4 • 3.1 • 3.4 • 4.6 • 5.2 • 4.8 

• 4.0 • 3.7 • 3.4 • 3.1 • 3.0 • 4.4 • 4.9 • 4.3 
660.0 t \ • 4.0 

• 3.3 • 3.4 • 3.1 • 3.0 • 3.4 • 4.8 • 4.3 

N ~ \ 0 
• 3.9 .• 3.2 • 3.0 • 3.0 • 3.4 • 4.7 • 4.2 

• 4.0 • 3.0 • 3.0 • 3.0 • 3.4 • 4.7 • 4.1 

650.0 J ~ 
• 3.0 • 3.0 • 3.0 • 3.2 • 4.2 • 4.0 

Qintake = 500 cfs 
642.0 

Qrecyc1e = 700 cfs 

#2 #1 

Fig. 7a. Cross section #1 - #2. Water temperatures on March 29, 1984. 
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673.5 -

672.0 -

670.0 -

668.0 -

666.0 -

664.0 -

N 662.0 -

660.0 -

W.s. 

\

_ • 28.3 • 29.0 • 29.2' • 28.4 • 28.6 • 28.6 • 28.3 • 26.8 • 26 .. 1 

----- =-------------~ 
• 27.4 

~ • ~5.......-.J:-1--9-.. 7---•• - 1166 •• ~7 • 974 • 8.35 ~5.10 •. 16.5 .'17 .. 5 __ • 25 .. 2 

~ ~ ~ ~-----------

• 4.6 

.4.4 

Qintake = 500 cfs 

Qrecyc1e = 700 cfs 

.0 3 •8 .. 3.5 

• 3.7 • 3.4 
• 3.6 

"""'- ........ 
• 3.4 

• 3.2 • 3.3 • 4.1 • 4.0 
• 3.8 

• 3.6 
• 3.3 

• 4.0 
..!'3.8 

.3.2 ~ ~----
• 3.2 ~ :4.0.........-

/ ~3.8 

.-3.2 
o 3.2 

#3 #4 

Fig. 7h. Cross Sections 113 - 1/4. Water temperatures on March 29, 1984. 



673.5 -

672.0 -

670.0 -

668.0 -

666.0 -

664.0 -

I\J 662.0 -
I\J 

660.0 -

W.S. 

~. • 28.9 ~.l • 28.9 • 29.5 • 29.3 • 25.0 
20 0 

/" " ~1 e14.2". :3.1 • 11.8 • 14.2 e 16~9 

~'-- ~ "-../ '-- e9.6 ~ 
~13.5 • 6.9 e 6.2 
~ 

• 4.0 
e 3.9 e 7.2 

Qintake 500 cfs 

Qrecycle = 700 cfs 

• 28.8 e 27.5 e 26.5 e 27.6/ 

...... • 23 3 ~ e25.8 e27.3 

.4.5~3.25/ 
• 23.5 

• 4.1 e 3.7 

#5 #4 

Fig. 7eo Cross sections #4 - #5. Water temperatures on March 29, 1984. 



...., 
Vl 

1 ---~-~.~--

W.S. 

673.5 -" • 29.6 • 29.6 • 29.5 • 29.6 • 29.1 

672.0 -

670.0 - • 29.7 • 29.7 • 29.7 • 29.7 

668.0 -

666.0 - Q. 1ntake 
664.0 - ~ecycle = 700cfs 

116 117 

Fig. 7d. Cross sections fl6 - tn. Water temperatures 
on March 29, 1984. 



N 
~ 

673.5 - • 18.1~ • 25.2 • 24.3 • 24.95 

~~ 
• 11.6 • 10.1 • 16.7 • 22.35 • 24.4 

672.0 -

~ 
670.0 -

668.0 -
• 8.0 10.55 • 18.6 • 24.4 

666.0 - " .~ 
664.0 _I Qintake = 500 

Qrecycle = 700 cfs 

• 7.5 • 9.5~ 10.9 

#9 #8 

Fig. 7e. Cross sections #8 - #9. Water temperatures on 
March 29, 1984. 
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N 
\JI 

673~5 -

672.0 -

670.0 -

668.0 -

666.0 -

664.0 -

662.0 -

W.s. 
• 13.5 • 18.55 • 25.0 • 23.25 • 22.4 • 22.4 

Qintake = 500 

Qrecycle = 700 cfs 

• 9.1 • 19.8 

• 6'.909.65 

" .-6.4' 

• 21.05 • 22.4 • 21.5 

• 19.3 • 17.0 • 16.8 
• 16.2 

• 12.55 

.22 02/ 

• 20.6 

119 /110 

Fig. 7f. Cross sections 419 - iFlO. Water temperatures on March 29, 1984. 



673.5 -

672.0 -

670.0 -

668.0 -

666.0 -

664.0 -

a-." 662.0 -
0\ 

660.0 -

658.0 -

W.s. 
• 13.1 • 12.2~22.8 .23.8 .23.45 .22.5 

• 10.8 • 10.1 • 18.85 • 22.4 • 23.3 • 21.6 

~ 
• 9.8 • 8.2 • 16.5 • 19.8 • 17.15 • 15.8 

• 13.2 • 16.5 

Qintake = 500 cfs 
• 6.4 • 7.4 .' 9.8 • 15.5 

Qrecycle = 700 cfs ~ 

1112 

• 8.0 • 8.8 

Fig. 7 g.~ross sections 1112 - 1111. Water temperatures on 
Harch 29, 1984. 
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W.S. 
829.4 

• 29.2 • 29.4 • 28.9 • 29.0 • 29.2 • 29.3 (9 29.2 • 29.3 - • 29.4 
• 29.6 • 29.1 • 29.2 • 29.4 • 29.5 • 29.7 • 29.6 

• 27.4 
!...24.8~' 28.8 • 28.6 • 29.2 • 29.4 • 29.4 • 29.6 

670 -+ \ ~ • 21.8 • 22.2 • 19.6 • 22.8 • 21.3 el2.7' 23.6 -----• 13.1 
• 12.0 • 13.9 • 12.2 • 12.1 • 12.1 • 11.9 .12.2 

• 12.0 
• 11.8 • 12.0 • 11.8 • 12.0 • 12.0 • 11.9 .11.9 

• 11.9 
• 11.9 • 11.8 • 12.0 • 12.0 .11.9 .11.9 

• 11.8 
• 11.8 • 11.8 • 11.9 • 11.8 .11.8 .11.8 

• 11.9 
• 11.8 • 11.8 • 11.8 • 11.8 • 11.8 .11.8 

• 12.0 
• 11.8 • 11.8 • 11.8 • 11.8 • 11.8 • 11.9 

• 11.9 
• 11.8 • 11.8 • 11.8 • 11.8 • 11.8 .11.8 

• 11.9 
N 660 i \ • 11.8 • 11.8 • 11.8 • 11.8 • 11.8 • 11.8 
-...J • 11.8 

• 11.8 • 11.8 • 11.8 • 11.8 • 11.8 • 11.8 

• 11.8 • 11.8 • 11.7 • 11.8 • 11.8 .11.8 

• 11.8 • 11.7 • 11.7 • 11.7 • 11.7 • 11.8 

• 11.8 • 11.6 • 11.6 • 11.8 • 11.8 • 11.8 

• 11.8 • 11.8 '.11.8 • 11.8 • 11.8 • 11.8 

• 11.8 • 11.8 • 11.8 • 11.8 • 11.8 • 11.8 

• 11.8 .11.8 • 11.8 • 11.8 • 11.8 • 11.8 

650 -+ \ 
• 11.8 • 11.8 • 11.8 .11.8 • 11.8 • 11.8 

Q. t k = 550 cfs 1n a e • 11.7 • 11.7 • 11.7 • 11.7 '. 11.8 .11.8 

Q = 650 cfs 
recycle • 11.6 .11.7 • 11.7 • 11.7 • 11.7 • 11.8 

#1 #2 

Fig. Sa. Cross sections III - 112·. Model water temperatures on May 4~ 1984. 
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00 

673.5 

672 

670 

668 

666 

w.s. I 
• 29.9 • 29.1 • 29.2 • 29.2 • 30.0 • 29.8 • 29.0 • 29.4 • 29.2 • 29~4 

• 29.8 • 29.8 • 29.6 • 29.2 • 30.0 • 29.6 • 28.7 • 29.4 • 29.2 

• 29.7 • 29.4. 29.3 • 28.8 • 28.3 • 28.6 • 28.1 .2809 .29.1 

~ ~ 
~27.8 • 19.5~2S.8 ~16.7 • 14.5 0 15.6 0 15.0 -- .-" ~17.4 • 14.2 • 12.3 • 12.3 0 12.1 • 11.9 • 12.2 • 11.9 

/ 
o 12.0 0 11.8 • 11.8 0 11.9 0 11.8 • 11.8 0 11.8 0 11.8 

Q. = 550 cfs \ I 1ntake 0 11.9 • 11.8 0 11.8 • 11.8 • 11.8 0 11.8 • 11.8 0/11.8 

Q 1 = 650 efs recyc e 

113 114 

Fig. 8b. Cross sections 113 - 114. Model water temperatures on May 4, 1984. 



N 
\0 

673.5 

672 

670 

668 

666 

lV.S. 
• 30.8 • 29.3 • 29.6 • 30.9 • 30.3 • 30.8 • 30.4 • 29.6 • 29.9 • 30.2 • 30.5 

• 28.1 • 28.6 • 30.0 • 29.8 • 30.1 • 30.4 .28.40 29.8 • 29.9 /. 

22.5 • 22.2 • 25.8---27.0 • 28.4 • 28.5 • 26.5 • 29.2 • 29.6/ / 

----=- . / /J • 14.6 • 18.0 • 20.1 • 28.2 • 23.5 • 22.5 ___ • 26.4 ~28.0 

~ /" 
• 12.4 • 13.8 • 14.5 • 16.8--O-15.8--!..14.6. 12.8 • 12.6 

Qintake = 550 cfs 
• 12.1 • 12.4 • 12.6 • 13.6 • 12.3 • 12.1 • 12.1 

Qrecyc1e = 650 cfs 
• 12.4 • 12.2 • 11.8 • 11.8 • 11.9 • 11.9 

//5 //4 

Fig. 8e. Cross sections #4 - #5. Model water temperatures on May 4, 1984. 
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w.s. I 
673.5 + • 31.8 • 31.8 • 30.8 • 29.4 

672 

670 

668 

666 

-
• 31.7 • 31.6 • 30.8 

1 • 31.7 • 31.4 • 30.6 

• 29.5 • 31.4 • 30.4 

• 29.0 • 28.6 
-I- Q. t k = 500 cfs 

.~ 

1n a e ~ • 17.6 • 21.5 

-I- Qrecycle 

116 

./ 
= 650 cfs 

Fig. 8d. Cross sections #6 - #7. Model water 
temperatures on May 4, 1984. 
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673.5 

672 
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668 

w 

------ ---- ---- ----------

101.8. / 
• 18.5 ~ • 25.6 • 29.2 • 29.1 a 28.6 

~6.8 • 21.5,,\24.8 • 28.6 • 29.0/ 

• 16.0 • 20.2 • 23.8 • 28.1 • 28.8 

o 15~ • 18.2 • 2;:6 • 27.5 .2S:4 

Qintake = 550 cfs 
~16.8 • 20.1~25.5--/ " :/ Qrecycle = 650 cfs 

""'"-- • 21.1 

#9 #8 

Fig. Be. Cross sections #8 - #9. Model water temperatures on 
May 4 J 1984. 
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w.s. 
673.5 -+ - • 23.2 • 26.9 • 26.6 

/ 
• 26.9 • 27.2 826.8 

• 19.8 

672 -I- \ • 17.9 

670 

\ 
• 23.0\. 26.0 • 26.1 

• 22.4 • 24.8 • 25.9 

• 22.0 • 24.0 • 25.3 

• 26.9 • 27.0/ 

• 26.6 • 26.8 
/ 

• 26.0 • 26.2 

668 

~ 
8 20.2 • 20.6~25.0 • 25.4/ 

Qintake := 550 cfs o 18.0 • 23.6 

666 4 Q 1 = 650 cfs recyc e 

119 

Fig. 8f. Cross sections 119 - 1110. Model water temperatures on 
May 4, 1984. 
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• 23.4 

• 2804/ • 19.2 ~25.8 • 27.6 • 28 .. 1 

" • 20.6 • 28 .. 3 . 
• 18.3 • 24.8 • 27.2 • 26 .. 4 

• 19.5 • 28.2 

" • 17.7 • 22.8 • 26.3 • 26.2 / 
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~17.8 ...-:--

Q. t k = 550 cfs • 16.4 
1nae ~ • 18.20 19.0 • 22:1 

Q - 1 = 650 cfs • 16.4 . I recyc· e 
. • 16.6 • 18.0/20.4 
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........... • 15~ 17.0 

Fig. 8g. Cross sections 1111 - 1112. Model water temperatures on 
May 4, 1984. 
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T T vert - Riv 
TRec - TRiv 

t t 
east~ west 

~t 

Vertical No. 

Weight 

T (OC) 
vert 

T T (Oe) 
east' west 

Tvert - TRiv 
TRec - TRiv 

t t east' west 

.28 .21 .50 .60 

.31 
.51 

.20 

Model Test on May 4, 1984 

River Intake Temperature = 11.8°C 

Recycle Temperature = 31.8°C 

5 4 3 2 1* 

5 8 10 9 9 4 

18.4 18.8 21.3 23.4 24.8 28.3 

1----t--...........j.1 _I -~---Iol 

19.9 24.1 

4.2 

.35 .48 .58 .65 

.42 .62 

I 

.20 

*Verticals #1 and #6 are not directly in front of the intake. 

(d) Thickness of warm water layer in Section 1-2. 
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Prototype: 
Model: 

3.5 ft 
3.5 ft 

(e) Cold water wedge, Section 6-7. 

Prototype: 
Model: 

'" 1.5 ft thick 
1 ft thick 

(f) Arithmetic mean temperatures and concentrations in all cross sections 

T ( OC) 
mean 

T - T mean River 
T - T Recycle River 

Protot;n~e Model Test Protot;ype Model Test 
3/29/84 5/4/84 3/29/84 5/4/84 

Section 1-2 7.7 15.0 .17 .16 
3-4 13.0 21.5 .37 .48 
4-5 17.6 22.2 .55 .52 
6-7 27.1 28.0 .90 .81 
8-9 15.5 23.6 .47 .59 
9-10 16.6 23.2 .51 .57 

11-12 15.1 22.5 .45 .54 

Average 18.6 22.5 .49 .52 

In conclusion, the model was calibrated for 500 ds intake/700 ds 
recycle flow as measured on March 29, 1984. The temperature difference 
between the westerly and easterly half of the screenhouse was reproduced to 
within a 0.01 dimensionless temperature differential (equivalent to 0.01* 
(31.8-11.8) = 0.2°C). The isotherm plots for several cross sections in the 
forebay had very similar stratification patterns, including location of the 
cold water wedge and warm water layer thickness a-t' the river intake 
screenhouse. 
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VIII. MODEL STUDY OF FLOW CONTROL STRUCTURES 

TO IMPROVE TEMPERATURE DISTRIBUTION AT THE SCREENHOUSE FACE 

A. Causes of Non-Uniform Water Temperature Distribution in Front of the 
Screenhouse 

Model experiments using different colored dyes for cold river water 
and warm recycled water clearly showed the reason for the uneven tem
perature distribution in front of the screen intake. Low velocities and 
large temperature differentials between warm and cold water cause a complex 
stratified flow pattern previously illustrated in Figs. 5 and 6 with the 
following main features: 

(a) The warm water recycling flow lifts off from the bottom near the 
end of the recycle canal. A cold water wedge is apparent at that 
location. The recycling warm water flow then traverses the 
entire intake canal as a surface buoyant jet, making a slight 
turn to the west. It impacts the northern bank and follows it in 
a westerly direction towards the screenhouse. 

(b)' The cold water inflow from the river tends to take a 
southwesterly flow direction towards the south bank of the 
intake canal, where a separated flow region has been created by 
the recycled warm water jet. On its way the cold water flows 
along the bottom exactly at right angle to the warm water flow. 
Once at the southern bank, the cold water takes the shortest path 
into the east end of the intake. 

B. Concept of Remedial Action 

To distribute cold and warm water uniformly in front of the 
screenhouse it is necessary (a) to force the warm water to flow along the 
south bank and (b) to redirect the cold water to the north bank. 

The first objective is accomplished by placing an impact wall at the 
end of the recycle canal. Through investigation of many design 
alternatives it was found that for highest efficiency the impact wall had 
to be 75 ft long, and that it could be placed 53 . ft to the south of and 
parallel to the emergency water supply line (Fig. 9). 

The movement of cold water along the south shore could be reduced by 
placing two submerged guide walls, each 45 ft long and with crest elevation 
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IMPACT WALL 

INTAKE SCREENHOUSE 

RECYCLE CANAL 

r--="'-r--+----t--- SUBMERGED WALLS 

Coordinates 

A N 594,670 
E 2,356,326 

B N 594,660 
E 2,356,252 

SCREENHOUSE BAYS 
C N 594,694 

E 2,356,035 

D N 594,73J 
E 2,356,009 N" 

E N 594,639 
E 2,356,042 

F N 594,676 
E 2,356,016 

Fig. 9. Location of proposed flow control structure. 
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of 672 ft, in the narrowest portion of the intake canal (Fig. 9). The 
general orientation of these submerged walls was to the northwest. These 
turning vanes would intercept and redirect a portion of the cold water 
layer to the west. 

In order to capture the warm water flow the impact wall had to emerge 
through the water surface» whereas the cold water could be redirected by 
submerged walls. Using two submerged guide walls also left a maximum 
amount of open area in the approach channel unaffected. The walls were 
placed where their foundations would not interfere with the emergency 
supply line • 

. Several different wall and dike configurations were tested (Appendix 
II) in order to arrive at a suitable design. In the process it was found 
that complete mixing of warm and cold water in the approach channel could 
not be achieved with .simple cost effective structures. With guide walls 
installed as described above, the flow in front of the intake will still be 
vertically stratified, but the horizontal temperature stratifications will 
be much weaker and more uniform across the face of the screenhouse. Mixing 
will be completed by the pumps. 

The structures described above were tested for several water stages 
and for several ra'tios of cold/recycled warm water flow rates. Some 
description will be given in the following sections. 

c. Water Temperature Measurements 

To test the effect of structural modifications as well as existing 
conditions, vertical water temperature profiles were taken in each of the 
eight bays of the screenhouse. The temperature data provided the basis 
for computing the effects of intake system modifications on the intake tem
peratures experienced by the cooling water pumps. 

The temperature rake consisted of 10 thermistors spaced at 1.25 ft 
(prototype) intervals. The rake was inserted into each bay 30 ft 
(prototype) downstream from the entrance to the bay. 

The vertical temperature profile in each bay was averaged to provide 
the average bay temperature T The average bay temperatures for the vert 
eastern and western halfs of the screenhouse, which supply the unit 1 and 
2 pumps, respectively, were averaged to provide T west and 

T • The difference, IT t - T t l , gave the absolute horizontal east wes eas 
temperature differential in the screenhousemodel. 

To maintain identical density ratios, the model was operated at 
temperatures different from those in the prototype. To make 
model/prototype comparisons of the effects of the intake system 
modifications, the bay temperatures of the model were again made dimen
sionless: 
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t vert = 
TVert - TRiver 

T - T Recycle River 

The difference between the dimensionless averages of the western and 
eastern halves of the screenhouse, It - t t l = At , yields the west eas 
horizontal temperature differential as a percentage of the true temperature 
difference between the recycle canal and the incoming river temperature. 
Data in Table 1 is typical and was taken after model calibration and 
without any modification structures. 

D. Submerged Vane (Wall) Testing 

A number of experiments were conducted to optimize the performance of 
the submerged walls in the narrow portion of the inlet channel. The walls 
were tested at various lengths and angles of orientation to the approaching 
flow. The results indicated that wall performance was more sensitive to 
angle of orientation than length. 

A dye study of flow patterns around the vanes indicated turbulent 
mixing as well as directional control of the submerged cold layer. To 
maximi:z;e the mixing and directional functions, vane lengths were fixed at 
4.5 feet. Figures 10 and 11 show flow patterns with flow control structures 
in place. 

Investigation of the angle of orientation yielded the results 
indicated in Table 2. Location 1-1 was selected as design choice, Fig. 12. 

TABLE 2. EFFECT OF VANE POSITION ON At 

Vane Position 
1-1 
1-2 
1-3 

Recycle flow 50% 
River Intake 50% 

At 
0:-07 
0.10 
0.10 

Stage 673.5 ft above MSL. 

Further investigation of the turning vanes was carried out to optimize 
the crest elevation. Figure 13 indicates the effect of crest elevation on 
the dimensionless temperature differential, At. To limit At to 5 percent 
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TABLE 1. TEMPERATURE (OC) PROFILES INSIDE SCREENHOUSE BAYS 
(WITHOUT FLOW CONTROL STRUCTURES) 

West Bay Number 

1 2 3 4 5 6 7 

26.9 26.4 26.2 2S.6 24.6 24.2 22.S 

26.4 26.2 26.3 2S.3 24.5 24.0 21.9 

25.5 25.9 2S.9 24.7 24.4 24.0 21.6 

25.7 25.9 25.3 24.1 24.4 23.7 21.3 

25.4 25.6 23.7 23.3 23.5 22.9 20.4 

24.9 25.2 23.4 23.2 23.1 21.7 20.1 

24.8 24.6 22.7 22.7 22.2 20.6 19.0 

24.2 23.3 21.9 22.1 21.3 19.9 18.4 

22.4 22.3 20.2 20.5 19.6 18.6 18.1 

21.2 21.0 19.6 18.7 17.6 17.6 17.5 

24.8 24.6 23.5 23.0 22.5 21.7 20.1 

T = 24.0 west 
T := 20.7 

east 

flT ,., 3.3 

t (dimensionless) vert 

.70 .66 .63 .60 .57 .53 .43 

t = .65 t '"' .47 'tV'est 
flt = 0.18 east 

Qrecycle '"' 600 cfs, T = 31.1 °c recycle 

Qintake = 600 cfs, T = intake 12.5 °c 
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Fig. 10. Overhead view of cold (river intake) water with flow 

control structures in place. 

Fig. 11. Overhead view of warm (recycle) water with flow Control 

structures in place. 
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or less through the inlet stage range 673.3 to 674.7, the vane crest 
elevation was set at 672.0 ft. 

E. Impact Wall Testing 

Testing was undertaken to optimize the performance of the impact wall 
located in the recycle canal outlet. To affect the warm, upper layer flow, 
the crest of the impact wall should extend through the water surface. 

The performance testing involved various wall lengths and angles of 
orientation to the recycle canal. Also, the location of the impact wall 
within the outlet of the recycle canal was investigated. Table 3 
summarizes the results and indicates that the optimum location of the 
impact wall is parallel to and 53 ft south of the 30 inch emergency intake 
pipeline. Optimum wall length is 75 ft. Figure 14 indicates the relative 
locations of the impact wall during performance testing. 

It was established by experiments that the optimum impact wall loca
tion did not adversely affect the optimum submerged vane configuration. An 
overall optimum solution was achieved. 

F. Performance of Proposed Inlet Modification at 

Stages and Flow Rates Different from Design Conditions 

Design conditions gave a bot from 0 to 0.03 at a recycle/cold water 
intake ratio of 50/50, a total flow of 1200 cis, prototype recycle tem
perature on the order of 30°C and a cold water temperature between zero and 
9°C. A ~t = 0.03 represents a temperature differential of less than 1°C. 

Since the mix of recycled and river intake water varies with season, 
several nondesign combinations of recycle and intake flows were investi
gated (see Table 5). The worst performance was found for the very highest 
recycle flow rates. The temperature differential between east and west 
intake halves was reduced by only 45 percent. This would occur in April. 
At all other times the horizontal temperature differential was reduced at 
least 65 percent over present conditions. 

Tests were conducted at stages of 673.5, 674, and 675 with results 
shown in Table 4. When water depths above the submerged structures 
exceeded 2.5 ft (W.S. E1. larger than 674.5) control of the cold water flow 
became doubtful and temperature distributions rather poor (~t '" 0.12). 
This agreed also with Fig. 13. When submergence decreased (W.S. El. less 
than 673.0) performance became also significantly worse. Performance is 
sensitive to water depth above the crest of the submerged structures. 

Water stages at the plant are controlled by the gate setting at Dam 
No. 3 located approximately one mile downstream from the Prairie Island 
Plant. The U. S. Army Corps of Engineers operating curves for Pool No. 3 
impose W.S. elevations between 673.5 and 674.5 (NSP datum) for Mississippi 
River flow rate between 0 and 42,000 cfs. The probability of occurrence of 
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TABLE 3. EFFECT OF IMPACT WALL VARIATIONS ON At 

Diat. South 
Wall Length o~ Emergency Line Angle At 

75' 45' 0 .03 

75 ' 53 ' 0 ,00 

75' 60' 0 .04 

75' 15' 30 0 .10 

75' 15' 45 0 .13 

60' 53 I. 0 .05 
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Fig. 14. Alternative locations of impact wall during testing. 
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TABLE 4. EFFECT OF STAGE ON At 

Stage River Flow % Recycle Flow % At 

673.5 50 50 .03 

674.0 50 50 .01 

675.0 50 50 .1.2 

TABLE 5. EFFECT OF FLOW RATE VARIATION ON At 

Operating Period % Occurrence River Flow % Recycle Flow % 

April 8 13 87 

May-June 15 12 27 73 

June 15-30 4 59 41 

July-Oct. 34 100 0 

Oct-March 41 50 50 

*Not tested 

Note! 1) Stage for all tests 674.0. 

2) % of flows based on 1400 cfs total flow prototype--
1200 cfs model. 

3) Operating % based on NSP correspondence, 24 May 1984. 
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river flows above 42,000 cfs has been determined by the USGS and is on the 
order of 6 percent. 

G. Performance of Flow Control Structures 

of 8 ft and 4 ft Width, Respectively 

In the model, the flow control structures (Fig. 9) were at first simu
lated by sheet metal walls. This would represent approximately 1 inch 
thickness in the prototype. 

The prototype walls will hve a width larger than simulated by sheet 
metal. Experiments were therefore conducted to determine if the width of 
the structures affects the intake temperature distribution significantly. 
In the experiment the impact wall was simulated as 8 ft thick and the sub
merged walls with 4 ft thickness, all other dimensions being the same as 
previously reported. 

At 600 cfs recycle/600 cfs intake flow, the width of the structure had 
no adverse effect on the temperature distribution in the 8 bays of the 
screen house. Data in the same format as in Table 1 are given in Table 6. 
The dimensionless temperature differential between units 1 and 2 was ~t ~ 
0.01, representing a temperature difference of less than O.SoC at this 
particular flow distribution. For sheet metal structures a differential 
~t ~ 0 to 0.03 had been found. 

A difference of 0.01 is within the margin of error of the experiment. 
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TABLE 6. TEMPERATURE (DC) DISTRIBUTION INSIDE SCREENROUSE BAYS WITH 
FLOW CONTROL STRUCTURES OF FINITE WIDTH IN CANAL 

Q. t k = 550 efs; Q 1 = 650 efs In a e . recyc e 

Bay Number T 
West East River 

1 2 3 4 5 6 7 8 20.3 
20.4 

28.8 28.6 28.4 28.6 28.4 28.5 28.8 28.8 
28.8 28.6 28.4 28.6 28.4 28.4 28.6 28.4 20.4 
28.8 28.6 28.4 28.6 28.4 28.4 28.8 28.4 I 
28.6 28.4 28 .. 2 28.2 28.2 28.4 28.6 28.2 
28.4 28.2 28.0 28.0, 28.4 28.4 28.4 27.6 f::,. = 
28.6 28.2 28.0 27.8 28.2 28.4 28.6 27.8 
28.4 28.0 27.7 27.6 27 .8 28.4 28.4 27.6 
28.2 27.8 27.4 27.4 27.4 28.2 28.2 21'.2 
28.2 28.0 27.0 27.4 27.4 28.2 28.4 27.0 
28.0 27.8 26.8 27.0 27.0 28.0 28.0 26.8 

T (DC) 28.5 28.2 27.8 27.9 28.0 28.3 28.5 27.8 
vert I I I I 

T = 28.10 T east = 28.15 west I I 
f::,.T = 0.05 

t vert 0.53 0.51 0.48 0.49 0.50 0.52 0.53 0.48 

I I I I 
(dimen-
sionless) 0.50 0.51 

I I 
At = 0.01 

Stage = 674.00 ft 

High Wall = 75 ft long, 8 ft wide 

Low Walls = 4'5 ft long, 4 ft wide, crest 672.00 rt 
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x. VELOCITIES AND FLOW PATTERNS IN THE VICINITY OF THE PROPOSED 

FLOW CONTROL STRUCTURES 

The proposed flow control structures redirect portions of the flow 
and thereby cause local velocity increases. Scouring of sediment at the 
bottom of the intake canal is possible even at moderate velocity. 
Therefore, the physical model was used to measure flow velocities 
particularly around the edges of the structures. 

Forty-two points were chosen to locate and quantify the accelerated 
flow (Figs. 17 and 18). A Shinozuka micropropeller current meter (Model 
SV-3) was used to perform the measurements. This device has a lower limit 
of 1 inch per second and is well suited for the range of velocities in 
question. At each location, up to three velocities were measured at dif
ferent depths (less in shallow areas), the deepest being approximately .75 
ft (prototype) above the bed. Model velocities were scaled by a factor of 
130 to approximate prototype velocities. 

During the measurements a prototype stage of 673.5 ft was maintained. 
Cold water flow and recycle flow were 600 cfs each. Flow directions were 
determined by dye injection from a hypodermic needle. General flow direc~ 
tions are shown by arrows in Figs. 15 and 16. A sketch of the flow pattern 
near the bed derived from dye traces is given in Figs. 17 and 18. All data 
are listed in Table 7. 

As the data show, expected prototype velocities are less than 2 ft/sec 
everywhere except in the vicinity of the inner end of the southern sub
merged wall where a maximum of 2.4 ft/sec (prototype) was measured. The 
ends of the submerged walls exhibit some degree of flow acceleration while 
minimal acceleration is observed in the region surrounding the impact wall. 

Velocity measurements around the impact wall have also been made at 
1050 cfs recycle flow and 150 cfs cold water intake flow. Results are 
reported in Table 8. Velocities did not exceed 2.2 fps. 

Roughness strips used in the model had little effect on velocity 
measurements. The blocking produced by the strips is small and none of the 
measuring points was in the immediate vicinity of a strip. 
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32 24 
33 30 
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35 54 
36 .75 
37 6 
38 12 
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40 24 
41 30 
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Fig. 17. Sketch of flow patterns around impact wall. 
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Point Depth 

(ft) 

1 8.1 
1 5.0 
1 2.0 
2 8.1 
2 5.0 
2 2.0 
3 8.1 
3 5.0 
3 2.0 
4 8.1 
4 5.0 
4 2.0 
5 8.1 
5 5.0 
5 2.0 
6 8.0 
6 5.0 
6 2.0 
7 8.1 
7 5.0 
7 2.0 
8 7.0 
8 5.0 
8 2.0 
9 7.0 
9 5.0 
9 2.0 

10 5.6 
10 2.0 
11 4.3 
11 2.0 
12 8.1 
12 5.0 
12 2.0 

~ 

TABLE 7. VELOCITY DATA AT 600 CFS RECYCLE FLOW AND 
600 CFS RIVER INTAKE FLOW 

V Point .Depth V :L'oint Depth 

(ft/S) (ft) (ft/s) (ft 

1.2 13 8.1 1.3 26 5.2 
1.8 13 5.0 1.4 26 2.0 
1.7 13 2.0 1.4 27 4.3 
1.8 14 8.1 1.2 27 2.0 
1.9 14 5.0 1.3 28 7.7 
1.8 14 2.0 1.4 28 5.4 
1.8 ·15 8.1 1.2 28 2.4 
1.8 15 5.0 1.2 29 7.7 
1.9 15 2.0 1.3 29 5.4 
1.7 16 8.1 1.2 29 2.4 
1.8 16 5.0 1.2 30 5.4 
1.9 16 2.0 1.2 30 2.4 
1.6 17 8.0 < 1.0 31 5.4 
1.8 17 5.0 1.0 31 2.4 
2.1 17 2.0 1.1 32 5.4 
1.5 18 8.0 2.4 32 2.4 
1.9 18 5.0 2.4 33 5.4 
1.8 18 2.0 2.4 33 2.4 
1.4 19 8.0 2.1 34 2.4 
1.4 19 5.0 2.2 35 2.4 
1.4 19 2.0 2.2 36 8.4 
1.4 20 8.0 1.8 36 5.4 
1.6 20 5.0 1.9 36 2.4 
1.7 20 2.0 2.0 37 8.4 
1.4 21 8.0 1.7 37 5.4 
1.7 21 5.0 1.3 37 2.4 
1.6 21 2.0 1.5 38 8.4 
1.4 22 8.0 1.4 38 5.4 
1.6 22 5.0 1.2 38 2.4 
1.8 22 2.0 1.8 39 8.0 
1.8 23 8.0 1.2 39 5.4 
1.1 23 5.0 1.5 39 2.4 
1.1 23 2.0 1.6 40 6.8 
1.7 24 8.0 1.2 40 5.4 

24 5.0 1.3 40 2.4 
24 2.0 1.4 41 5.4 
25 7.4 1.1 41 2.4 
25 5.0 1.4 42 2.4 
25 2.0 1.6 

ss 

V 

(ft/s) 

1.3 
1.5 
1.2 
1.5 
1.1 
1.3 
1.4 
1.1 
1.2 
102 
1.0 
1.2 
1.1 
1.8 
1.2 
1.3 
1.2 
1.2 
1.4 
1.4 
1.1 
1.1 
1.1 
1.3 
1.4 
1.5 
1.1 
1.5 
1.6 
1.1 
1.4 
1.4 
1.1 
1.3 
1.5 
1.1 
1.4 
1.4 



TABLE 8. VELOCITY DATA AT 1050 CFS RECYCLE FLOW 
AND 150 CFS RIVER INTAKE FLOW 

Data Scaled 
Point Depth Scaled 

28 7.7 1.4 
28 5.4 1.4 
28 204 1.5 
29 7.7 1.5 
29 5.4 1.7 
29 2.4 1.7 
30 5.4 1.7 
30 2.4 1.8 
31 504 1.7 
31 2.4 1.8 
32 5.4 1.7 
32 2.4 1.8 
33 2.4 1.7 
33 204 1.8 
34 2.4 2.2 
35 2.4 2.1 
36 8.4 1.1 
36 5.4 1.1 
36 2.4 1.1 
37 8.4 1.9 
37 5.4 2.0 
37 2.4 2.0 
38 8.4 1.8 
38 5.4 2.0 
38 2.4 2.1 
39 8.0 1.7 
39 5.4 2.0 
39 2.4 2.1 
40 6.8 1.7 
40 5.4 1.9 
40 204 2.1 
41 5.4 1.7 
41 2.4 1.8 
42 2.4 1.8 
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XI. CONCLUSIONS 

The eause of the nonuniform water temperature distribution in front of 
the sereenhouse of the Prairie Island Power Plant has been identified and 
documented in a thermal-hydraulic model study. 

The proposed correction (Fig. 9) is based on minimum modifications to 
the intake canal. Through e~tensive testing a satisfactory performanee has 
been developed with only three walls placed in the intake canal. 

The effects of variable flow rates and stages 
further reduced if other modification were added. 
e~periments conducted with other configurations 
modifications would have to be e~tensive. 

could conceivably be 
However, e~ploratory 
suggest that these 

The performance of the submerged structures is sensitive to crest 
elevation more than any other parameter.' The crest should not be lower 
than 672.0 ft above M.S.L. 
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APPENDIX I 

Surface Heat Loss 

(a) Heat Flow through Model 

Since velocity distributions had not been measured, uniformity of 
velocities was assumed. The arithmetic mean of the water temperatures in 
each section was calculated. Also a mixed water temperature was calculated 
from 

Qintake Tintake + Qtecycle Trecycle 

Qintake + Qrecycle 

For March 29, 1984, heat flows were as follows: 

T 
mix 

18.6°C 

T mean' Sect:ion 4-5 17 .6 
8-9 15.5 
9-10 16.6 

11-12 15.1 

Average T 16.2°C mean 

All T values are less than Tmix mean suggesting that the recycle flow 

rate may be less than the given value of 700 cfs. 

For model test April 20, 1984: 

T mix 23.0°C 

T mean' Section 4-5 22.4 
8-9 22.7 
9-10 23.8 

11-12 23.9 

Average T 23.2°C mean 
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(b) Surface heat loss equations 

The surface heat transfer equation 

Hloss = KA(TS - Te) 

was applied with the following values for March 29» 1984 field conditions. 

Bulk coefficient 
of surface heat 
transfer 

Water surface 
temperature T .. 25°e 

s 

Equilibrium 
temperature 

T = - 4°e (estimated from air temperature & 
e typical relative humidity) 

Surface area A := 172,000 ft 2 

9 =1 
H = 1.1 * 10 BTU day loss 

By comparison the heatflow through the canal is 

The same 

H flow 

Surface heatloss 
Total heatflow 

conditions modelled 

K .. 

= QRec(TRec - TRiver)Pc 

= 1.8 * lOll BTU day-1 

= Hloss = 0.6 % 
Hflow 

in the laboratory environment 

93 BTU ft 
-2 

day 
-1 °F-1 

T := 29°C 
s 

T e 

A 

H loss 

H flow 

H loss 
H flow 

"" l8°e 

= 191 ft2 

351,000 BTU day -1 
:: 

25 * 106 BTU day 
-1 

::: 

= 1.4 % 
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APPENDIX II - Testi~g of Early Proposed Modifications 

Indicated in the Tech~ical, Quality Assurance, and Administrative 
Requirements letter submitted to St. Anthony Falls Hydraulic Laboratory in 
February, 1984, were several proposed modifications (Section II, Para. c, 
Items 1-7) to the Prairie Island intake system. Several of these 
modifications were briefly investigated to determine their merit as 
solutions to the temperature distribution problem~ Those tested are 
described below. Their locations are shown in Fig. AII-l. 

Ite. 2*. A north/south wing wall. extending from the north bank, 
parallel to the inlet screenhouse and 15 ft west of the top of the inlet 
screenhouse discharge slope (Fig. AlI-1, Item 2). 

Ite. 3. A skimmer wall extending from bank to bank across the recycle 
canal, south of the canal exit. The bottom of the wall extended 4.5 ft 
(prototype) below the water surface (Fig. AII-l, Item 3). 

Item 4. Two wing walls extending from the north and south bank of the 
inlet (Fig. AII-l, Item 4). 

TABLE AII-l. Early Proposed Modification - Effects on 6t 

Item Stage River Flow % Recycle % At 

2 674.0 50 50 .16 

3 674.0 50 50 .16 

4 674.0 50 50 .14 

All items indicated above were tested individually for a total flow of 
1200 cfs with the results summarbed in Table AlI-l. The original At 
without structural modifications was 0.20. The i.provements shown in Table 
AII-l are therefore much smaller than those achieved by the flow control 
structures proposed in Chapter VIII. The reasons for the relative inef
ficiency of the structures described in this appendix is that they were 
located to increase mixing of the flow rather than redirecting it. Early 
model experiments showed that the stratification could not be destroyed 
without adding energy to the system. 
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Flow patterns for three of the modifications are shown in Figs. AII-2 
to AII-7. The wingwalls, all of which emerge through the water surface, 
deflect the cold water flows significantly, but do not produce a uniform 
temperature distribution at the screenhouse face. The skimmer-wall had 
the least effect on flow patterns. 
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Fig. AII-2. 

Fig. AII-3. 

Overhead view of the effect of a north/south wing wall 

downstream from the intake screenhouse on the cold 

(river intake) water flow. 

Overhead view of the effect of a north/south wing wall 

downstream from the intake screenhouse on warm (recycled) 

water flow. 
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APPENDIX III 

OPERATING CURVE OF DAM NO& 3 
I 

CORPS OF ENGINEERS 
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