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I. INTRODUCTION 

This report describes a hydraulic model study conducted for INDECO 
of Minneapolis, Minnesota. The objective of the model study was to first 
determine whether vortices detrimental to hydro turbine operation would 
occur at the plant intakes and, second, to propose methods to eliminate 
these vortices if they do occur. The study spanned a time period from 
April through August, 1983. 

II. PROTOTYPE CONDITIONS 

The Rapidan Dam is located near Mankato, Minnesota, on the Blue Earth 
River. Originally built by the Northern States Power Company in 1910 for 
hydroelectric power generation, the facility was abandoned in 1966. The 
site is currently under redevelopment for hydropower with larger axial-flow 
hydroturbines retrofitted into the existing powerhouse. 

An overall site plan, a plan of the dam, and a section through one 
turbine unit are given in Figs. 1, 2, and 3. The redevelopment calls for 
two 2.5 MW turbines, half the number originally installed and with a 
greater total capacity. Each intake will therefore pass a significantly 
higher flow at greater velocities, but maintain the same submergence 'and 
approach conditions as the previous smaller units. 

The existing powerhouse consists of four intake bays, the rightmost 
two of which (looking downstream) will house the new 9.75 ft diameter 
intakes with a 1.5 ft radius bellmouth lip. The flow will travel from the 
intakes through a 25 ft diameter segmented elbow and the axial flow 
hydroturbines. The two turbine units are identical with a design maximum 
flow of 620 cfs. Turbine intake No. 1 is located in the rightmost bay 
(when looking downstream), and turbine intake No.2 is located in the adja
cent bay to the left. 

The two intake bays studied are each 16 ft wide and are separated by 
2 ft wide, 19 ft long piers. Each bel1mouth lip is designed to be 14.4 ft 
below the spillway crest and 23.5 ft below ,the maximum pool elevation. 

The approach to the intakes is a wide, shallow channel which has been 
heavily silted in over the life of the dam. The channel bottom is 
currently only about 4 ft below the spillway crest. Limited dredging will 
be undertaken around the hydroplant intakes to provide a smooth flow 
transition. 



III. HYDRAULIC MODEL DESIGN AND CALIBRATION 

The Rapidan hydropower facility under development is relatively small 
(5 MW), and the construction costs do not justify a comprehensive hydraulic 
model study as is common for larger installations. A more limited model 
study was therefore designed, emphasizing the parameters most important to 
the flow conditions at the intakes. The model included the two proposed 
intakes, nearly all of the four existing bays, the left reservoir bank, and 
a portion of the dam spillway and upstream river bed. 

A 1:11.7 Froude scaled model was built. The scale was chosen so that 
viscous effects of the approach flow in the river would not significantly 
alter the results when scaled up to prototype. The worst case condition 
exists when the reservoir water surface is at its minimum elevation at 
spillway crest. The model was therefore designed to closely simulate the 
left reservoir bank when the water surface elevation is at spillway crest. 
The model boundaries are indicated in Fig. 2. 

The model floor was constructed of wood, 16 ft x 16 ft, with a section 
near the intake which sloped down to the bellmouth lip elevation to simu
late the dredged portion of the reservoir. This floor area allowed ade
quate development length for flow establishment since the water depth over 
the floor was shallow. 

Ri ver water was supplied by a pump to the model through a 12-inch 
pipe. The inflow emptied into a rock crib assembly, where three of the 
four walls were rock cribs, which stabilized the flow. The inflow was 
controlled by a valve and an orifice meter. 

The two intakes were vertical 1-1/2 inch radius bellmouths followed by 
la-inch piping, a 90° elbow, and an abrupt contraction to 6-inch piping 
where the orifice meters were located. The outflow was controlled by 
valves on the 6-inch pipes. Since the outflow was a crucial parameter, 
flow measurements were made using a calibrated orifice meter. 

The model layout is given in Figs. 4 and 5, and shown in Photos 1 and 

It was important for the intake approach flow pattern in the model to 
be similar to that of the prototype. A potential flow analysis was there
fore undertaken to estimate and compare model and prototype approach flow 
patterns. 

An electric analog device was first used to plot the streamlines of 
the approach flow. The river boundaries were determined by studying an 
aerial photograph taken when the water surface was near spillway crest. 
The resulting streamlines are given in Fig. 6. 

The electric analog was then used to plot streamlines of various pro
posed model designs. The results for the 16 ft x 16 ft floor model, given 
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in Fig. 7, indicate an adequate simulation of prototype streamlines. 
Comparison of Figs. 6 and 7 shows that the similarity is good, especially 
near the intakes. The approach conditions of the model are actually 
slightly worse than the prototype, which was desired in order to make the 
model results conservative. 

In order to compare the theoretical with the actual streamlines in the 
model, time-lapse pictures were taken using confetti as a tracer to show, 
surface streaks, as in Photo 3. It can be seen that the theoretical 
results predicted the actual streamlines very well near the intakes. 

Model runs were made at three turbine operating conditions: both tur
bines running at full design flow, only turbine Unit No. 2 running at full 
design, and only turbine Unit No. 1 running at full design. For each of 
these operating conditions, model runs were made at two reservoir eleva
tions: spillway crest (El. 864.1) and at near maximum reservoir elevation 
(El. 872.4). Maximum prototype reservoir elevation is 873.2. 

The model runs indicated that severe air-entraining vortices would 
occur in intake bay No. 1 when both turbines are operating and in either 
intake bay when only one turbine is operating. This was found at both 
reservoir elevations, as shown in Photos 3 and 4. At the lower reservoir 
elevation the vortex was so severe that adjacent water collapsed into the 
air core. These intake flow conditions are entirely unacceptable since the 
highly swirling flow would likely prohibit turbine operation. A flow 
improvement study was thus undertaken to eliminate vortex formation at the 
intakes. 
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IV • FLOW IMPROVEMENT STUDY 

The primary cause of the intake vortices in the original intake design 
is the separation of flow around the leading edge of the piers, which 
creates the source of circulation for the vortex. This separation occurs 
because a large portion of the flow approaches the intakes from across the 
spillway face. The submergence of the intakes was believed to be suf
ficient, given a good approach flow. The flow improvement study therefore 
attempted to eliminate or reduce these separation zones and correspondingly 
eliminate the vortex problems. A secondary objective of the flow improve
ment study was to place as much of the anti-vortex structures as possible 
behind the stop-log slots so that an upstream cofferdam would not be 
required for installation of the improvements. In addition, head losses 
caused by the anti-vortex structures were to be kept to a minimum since 
head losses in a hydropower facility translate directly into a loss of 
power and energy. 

One major problem in the flow improvement study was that the prototype 
is subject to two significant construction constraints as follows: 

• Structure of any significant size cannot be built out in front 
of the existing intakes because the reservoir sediment (more 
like muck) would provide an extremely poor foundation. Even 
submerged groins, constructed with riprap, were discouraged 
because the stability of the submerged mass would be in 
question. 

• 10 ft walls cantilevered from the existing intake structure 
were suggested by the design engineer as a feasible alter
native. These cantilevered walls cannot support significant 
ice loads, however, and therefore must be submerged below 
winter ice levels. 

Many 'alternatives were tested individually and in combination in the 
effort to reduce the vortex problems in the intake bays. These included: 

.. adding a round nose to the front of the piers to reduce the 
tendency for separation, 

• roughness strips on the inside of the piers to impede the 
backflow of the separation zone, 

.. 90l> wedges installed on the back walls of the intake bays to 
break down the circular motion, 

• a small set of guide vanes installed near the front of 
intake bay No.1, 
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• a large set of guide vanes extending the entire length of each 
intake bay, 

• a large plate installed behind the 
bay, first, of 51 percent porosity, 
sity, 

trashracks of each intake 
then, of 38 percent poro-

• a 10 ft long solid wall, cantilevered from the farthest right 
pier at a variety of angles to reduce the crossflow, and 

• a 10 ft long slot ted wall of 50 percent porosity, cantilevered 
from the farthest right pier to reduce crossflow. 

Figures 8 and 9 and Photo 5 give the final recommended design, which 
incorporates the following flow improvement structures: 

1. 2 ft diameter, semicircular additions to the pier noses. 

2. An anti-vortex plate with 2 ft diameter holes to give a 51 percent 
porosity installed directly behind the trashracks. The headloss 
across this plate will force the flow to move in the desired 
direction. The plate should span the entire height and width of 
the trashracks with the holes spaced as evenly as possible without 
being blocked by the I-beam supports. 

3. A 10 ft long solid wall extended at a 90 0 angle to the rightmost 
pier (looking downstream). The top of the wall is at spillway 
crest elevation. 

4. A 10 ft long slotted wall extended parallel to the rightmost pier. 
The slotted wall consists alternatively of 1 ft spacing and 1 ft 
wide vertical strips. The top of the wall is at spillway crest 
elevation. 

Surface streaklines of the flow patterns for the final design are 
given in Photos 6, 7 and 8 for operation at minimum water surface eleva
tion, and in Photos 9, 10, and 11 for operation at the model's normal pool 
elevation (El. 872.4). 

Photos 6, 7, and 8 show that the flow improvement structures were suc
cessful at the minimum water surface elevation. It was observed visually, 
however, that the vortices shed from the pier nose when only turbine unit 
No. 2 was operating had significant strength. Although they did not pull 
trash into the intake and did not cause an intake vortex, prudence leads 
the authors to recommend avoiding this mode of operation when convenient. 
The facility control systems should therefore be designed so that only 
turbine Unit No. 1 operates in the single unit operational mode. 

Photo 9 gives the surface flow pattern when both units are operating 
at normal pool elevation (EL 872.4). Although a significant swirl is 
indicated in intake bay No.1, this swirl is not pulled into the intake. 
This is confirmed by two observations. First, the surface swirl in this 
bay is a forced vortex with low velocities near the center. An intake 
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vortex is a free vortex with the highest velocities near the center. 
Second, flow visualization studies indicated that the surface flow and the 
bottom flow patterns are distinctly different. The bottom flow is relati
vely straight and does not contain the swirl present in the surface flow. 
The bottom flow pattern is, in fact, similar to the flow pattern shown in 
Photo 6 when the water surface is at spillway crest elevation. 

Photo 10 indicates that the surface swirl is dissipated with only tur
bine Unit No. 1 operating. 

Photo 11 gives surface streaklines when only turbine Unit No. 2 is 
operating at normal pool elevation. These streaklines indicate a swirl of 
some strength. This swirl was not sufficiently strong, however, to pull 
trash into the intake or form a dye core vortex. It is still prudent, 
however, to avoid this mode of operation, if practical. 

The head losses resulting from the flow improvement structures and the 
I-beam supports were also measured. When scaled up to prototype, these 
headlosses are: 

Units Operating Reservoir Elevation Head Loss 

Both Spillway Crest (El. 864.1) 0.34 ft, Unit 2 
0.55 ft, Unit 1 

No. 1 Spillway Crest 0.50 ft 

No. 2 Spillway Crest 0.46 ft 

Both Normal Pool (El. 872.4) 0.05 ft, Unit 2 
0.27 ft,' Unit 1 

No. 1 Normal Pool 0.13 ft 

No. 2 Normal Pool 0.08 ft 

The surface swirl shown in Photo 9 will also add some headloss across 
the trashracks, which were not included in this model study due to their 
minimal effect upon flow patterns. Using head loss coefficients from 
manuals and an assumed approach angle of 45 degrees, this additional head 
loss was estimated to be 0.5 inches in the prototype. 
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V. CONCLUSIONS AND RECOMMENDATIONS 

A 1:11.7 scale model of the intakes to the Rapidan Hydroelectric 
Station was built and tested. The model included the two intakes, almost 
all four of the intake bays, portions of the dam, the left river bank, and 
upstream river bed. The model showed the formation of a large separation 
zone off the right pier, and, hence, the formation of a large, persistent 
air-entraining vortex in intake bay No.1. The separation zone of the pier 
second to the right was not as severe, but intermittent trash-pulling vor
tices did form in intake bay No.2. 

To alleviate the vortex problem, the following flow improvements are 
recommended: 

1) Rounding off the pier noses. 

2) Attaching to the back of the trashracks walls 51 percent 
perforated with 2-foot diameter holes. 

3) Extending a solid wall 10 ft into the flow at a 90 0 angle 
to the right pier. 

4) Extending a 50 percent slotted wall parallel to the right 
pier 10 ft into the flow that is made up of 1 ft wide 
vertical strips. 

It is also recommended that turbine unit No. 1 be operated in the 
single unit operational mode due to the better flow conditions in that bay. 
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Photo 1. General layout of the model. 

Photo 2. View of intake area of the model. 
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Photo 3. Run at nunlmum pool (elev. 864.1) showing streak lines and 
the severe vortices that form in the existing configuration; 
both units operating. 

Photo 4. Run at normal pool (elev. 872.4) showing streaklines and the 
severe vortex that forms in the existing configuration; 
both units operating. 
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Photo 5. View of the proposed additions to the intake area to 
improve flow conditions. 
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Photo 6. Run at nQn~mum pool (elev. 864.1) with proposed flow 
improvement structures in place; both intakes operating. 

Photo 7. Run at minimum pool (elev. 864.1) with proposed flow 
improvement structures in place; only Intake No. 1 operating. 

20 



if 

Photo 8. Run at minimum pool (elev. 864.1) with proposed flow 
improvement structures in place; only Intake No. 2 operating. 

Photo 9. Run at normal pool (e1ev. 872.4) with proposed flow 
improvement structures in place; both intakes operating. 
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Photo 10. 

Photo 11. 

Run at normal pool (elev. 872.4) with proposed flow 
improvement structures in place; only Intake No. 1 operating. 

Run at normal pool (elev. 872.4) with proposed flow 
improvement structures in place; only Intake No.2 operating. 
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