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During investigation of vortex formation, the headpoo1 elevation above
the be11mouth was measured using a conventional point gage. A capacitance
wave probe was used to measure the change in headpoo1 elevation with
respect to time because of the difficulty in stabilizing the head pool ele
vation; the instability is described later in this section. The probe was
located upstream of the be11mouth such that it would not disturb the vortex
formation.

The shape of the be11mouth outlet, as described in the Bureau of
Reclamation, Design of Small Dams, is given by the equation

2 2
x + Y -=1

(.5D)2 (.15D)2
(14)

where x = horizontal distance, y = vertical distance, D is the diameter of
the conduit. In this case D = 6 inches. This equation closely simulates
that of a jet discharging into air. This design streamlines the intake
such that the be11mouth minimizes head losses and prevents zones where
pressures below vapor pressure could develop causing cavitation. This
be11mouth shape was chosen to correspond with a common shape found in the
field, although the authors believe that the be11mouth shape will not
significantly influence free surface vortices.

3. Hydraulic Performance of the Experimental Flume

The hydraulic performance of the flume was found to be acceptable.
Prior to the installation of the rock crib, metal screens were used in an
attempt to stabilize the flow in the transition zone. This procedure did
not appear to work. The flow would find the cracks between the metal
screens and small jets would form, causing nonuniformity in the flow.
After spending two weeks taking velocity profiles upstream of the test sec
tion for various configurations of screens, the screens were discarded and
a 6-inch rock crib was used in their place. This proved to be a very
acceptable method. The velocity profile given in Table 2 was taken with a
hot film anemometer. Twenty velocity measurements were taken at each loca
tion, and a numerical average was then calculated to give a temporal mean
velocity at each location. The hot film anemometer was calibrated with a
Laser Doppler anemometer.

There appears to be some random scatter in the velocity profile given
in Table 2. A possible cause for this scatter is that the number of
samples taken was not large enough to produce an accurate temporal average.
Overall, however, the small velocity difference of ± .02 ft/sec is almost
negligible, and therefore the flow can be assumed to be uniform.

In order to evaluate the performance of the guide vanes in predeter
mining the approach angle, photographs of dye streak1ines were taken at two
depths and two values of flume discharge. Samples shown in Photos 6 and 7
illustrate the flow separated at the leading edge of one wall, and
suppressed boundary layer growth, as anticipated, at the other wall. A
small separation zone was formed at the second wall due to resistance to
the flow on the outside of the headrace walls (Photo 5). This separation
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TABLE 2. Measured Velocities in Vortex Flume Downstream from Rock Crib (ft/s)

Distance :j :j
from Flume <t: ;:;
~. -Bottom D1stance from Walls Catwalk

11/2 1 1-1/2 2 2 1-1/2 1 1/2 I-~------

2.8 .0619 .0462 .0843 .0910 .0810 .0664 .0776 .0664

2.6 .1000 .0641 .0675 .0765 .0720 .0551 .0619 .0641

2.4 .0866 .0933 .0709 .0641 .0574 .0484 .0327 .0596

2.2 .0664 .0978 .0697 .0619 .0450 .0349 .0293 .0630

2.0 .0507 .0866 .0574 .0484 .0383 .0260 .0383 .0619

1.8 .0215 .0753 .0406 .0417 .0428 .0338 .0406 .0529

1. 6 .0484 .0596 .0372 .0293 .0462 .0349 .0518 .0450

1.4 .0540 .0462 .0249 .0226 .0372 .0406 .0574 .0327

1.2 .0540 .0484 .0204 .0215 .0249 .0439 .0462 .0551

1.0 .0293 .0338 .0282 .0260 .0103 .0439 .0406 .0417

.8 .0316 .0349 .0428 .0271 .0136 .0394 .0619 .0417

.6 .0293 .0574 .0349 .0237 .0013 .0192 .0596 .0450

.4 .0226 .0394 .0383 .0136 .0394 .0148 .0563 .0574.
•2 .0293 .0394 .0372 .0282 .0641 .0933 .1135 .0832

Bottom .0428 .0372 .0327 .0125 .0866 .1314 .1348 .1112



Photo 6. Separation past leading edge of movable wall. Note
how well the dye streaklines followed the vanes.

oSID = 3.34, F = 2.33, vane angle = 15 •

Photo 7. Suppressed boundary layer growth on opposite wall.
Note stagnation region in front of wall. SID =

o5.27, F = 2.63, vane angle = 15 •
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zone was rapidly suppressed and limited in scope, however, and was not
believed to have a significant impact upon approach circulation.

Figures 23 and 24 give sketches of the streaklines at two vane angles.
These streaklines indicate that the guide vanes performed their function
very well, and that guide vane angle is a good representation of approach
flow angle.

B. Experimental Procedure

Preliminary experiments indicated that there existed many different
types of vortices at the intake contingent on the flow and submergence of
the intake, which confirmed observations in the literature. It was there
fore expedient to use some sort of classification scheme to describe the
vortices observed. Durgin and Anderson [25] used the scheme shown in Fig.
25. This scheme rates the strength of a vortex by a visual observation of
the surface activity above the intake, and represents the full range of
possible surface activity.

For a vertical intake, however, it was found that some of these types
of activity were difficult to identify separately. In most intake con
figurations there are other phenomena present besides intake withdrawal
which can cause Type 1 (surface swirl) and Type 2 (surface dimple) acti
vity. In the experimental vortex flume, for example, separation of the
approach flow around the leading edge of headrace walls produced both of
these types of activities independent of the intake operation. Type ° (no
activity) was therefore rare, and Types 1 and 2 were relatively common,
with no relation to free surface vortex formation. These types of surface
activity were, therefore, not incorporated into the visual observations.

It was also difficult to distinguish between Type 4 activity (vortex
pulling trash) and Type 5 activity (vortex pulling air bubbles). The tran
sition between Type 4 and Type 5 activity was momentary at best, and was
therefore not considered descriptive. Thus, Type 5 activity, which
required no addition of confetti to simulate trash, was used to identify
vortex strength.

This leaves three types of surface activity which are believed to be
descriptive of vortex strength in the experimental flume:

Type 3: A continuous dye core reaching into the intake, as
shown in Photo 8.

Type 5: A vortex entraining bubbles into the intake, but with no
coherent air core, shown in Photo 9.

Type 6: A vortex pulling air continuously into intake, shown in
Photo 10, which was identified by an audible noise.

Even though only three types of surface activity are identified as repre
sentative, the classification given in Fig. 25 is retained to avoid con
fusion in the literature. It is also possible that the above observations

49



Fig. 23. Dye streaklines for SiD = 5.02, F = 3.59;
ovane angle set at 15 •

50



P;:SSSSSSSSsSsSsSSSSSS s S SSS1
.-...-.....r--...........-...-----

Fig. 24. Dye streaklines for SiD = 4.39, F = 3.59;
ovane angle set at 30 •
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DYE CORE

VORTEX PULLING
TRASH BUT NOT AI R

VORTEX PULLING
AIR BUBBLES
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TYPI:

TYPE

TYPE 0 ~ NO ACTIVITY

TYPE V SURFACE SWIRL

TYPE 2 V .... SURFACE DIMPLE

TYPE

TYPE FULL AIR CORE
TO INLET

Fig. 25. Vortex strength scale used by Durgin and Anderson [25]
for classification of free surface vortices at intakes.
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Photo 8. Dye core vortex, Type 3.

Photo 9. Bubble entraining vortex, Type 5.
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Photo 10. Air entraining vortex.

Photo 11. Viscous dimple which occurred in place of a bubble
entraining vortex, or an air entraining vortex, at Fr < 0.85.



are not valid for inverted intakes, where surface swirls and dimples caused
by intake withdrawal may be more easily identified. The surface activity
Types 3, 5, and 6 were thus used to identify vortex strength in the experi
ments. There was, however, one type of surface activity which this classi
fication failed to identify. This surface activity, labelled a viscous
dimple, is shown in Photo 11. The viscous dimple is a relatively deep
dimple which occurs in place of Type 5 or Type 6 activity at low intake
velocities. At intake Froude numbers, F < 0.85 the viscous dimple occurred
in place of the air-entraining vortex, Type 6. When F ~ 0.45, the viscous
dimple occurred in place of either Type 5 or Type 6 activi ty. This may
indicate significant viscous effects upon vortex formation at intake Froude
numbers less than 0.85 in the flume, corresponding to an intake Reynolds

5number Re = VD/v ~ 10. The implication here is that neither Jain et al.'s
[4] criteria, Re ~ 5x10 4 v/!gD or Dagget and Keulegan's criteria [6], Re ~
3.2x10 4 for avoiding viscous effects in intake vortices is conservative.
The remainder of this section describes the method by which the intake sub
mergence and discharge were determined when each type of activity occurred.

One method of determining the type of surface activity occurring from
a given submergence and discharge is to stabilize the water surface eleva
tion. If the water surface elevation is stable, the inflow into the flume
must equal the outflow of the flume. For weir flow the pool elevation
stabilizes very quickly, but for full pipe flow, as the inflow and outflow
of this flume, a stable pool elevation requires a long stablization period.
This is complicated by the fact that inflow and outflow discharge must be
matched, which involves two independent valves. Matching these valves is
virtually impossible. Consequently, another method was chosen to measure
the submergence and discharge corresponding to a particular surface
activity.

This method is similar to the method used by Blaisdell and Donnelly
[26] and Humphey et al. [17] coined by Blaisdell et al. as "taking data
on the run." Blaisdell et al.' s method requires the water surface eleva
tion to be continually monitored, and allows the water surface elevation to
fluctuate. For a constant inflow, the outflow can then be calculated
easily by adding or subtracting the amount of flow rate coming out of or
going into the storage of the flume, respectively. The amount of inflow
going into or coming out of storage can easily be calculated by using time
rate of change of water surface elevation, multiplied by the surface area
of the flume to give units of discharge. One precaution is that the water
surface elevation cannot change too rapidly because a given time is
required for the large vortex flow structure to develop.

Since the inflow rate to the flume was continuously changing, owing to
the drop in water surface elevation in the flume, as well as the
Mississippi River pool elevation, the inlet discharge was monitored con
tinuously instead of being assumed constant, and noted on the strip chart.
In addition, the strip chart record of water surface elevation was
calibrated frequently. Two people were required to take data for an
experimental run, one person to read off point gage values and identify
surface activity, and another person to monitor the inflow discharge and
make notations on the chart recording. The information noted on the chart
recorder was the upstream manometer deflection, the surface activity, and
point gage reading over time.
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A typical run for a given intake Froude number would begin with clo

sure of the downstream valve such that the water surface elevation would

rise in the flume. Once the water surface elevation was raised to a suf

ficiently large depth, the inflow manometer would be set to a manometer

deflection corresponding to the intake Froude number desired. The

downstream valve would be opened and as the water surface elevation fell,

surface point gate readings would be taken. The surface activity

corresponding to a certain vortex intensity, when it first occurred, would

be noted on the chart recording. The run would continue until a Type 6

vortex entraining air would first occur.

This procedure was found to be relatively fast and reproducible. In

addition, it reduced the many variables to be controlled simultaneously in

the flume. An analysis of the impact of variable water surface elevation

on the results is included in Section IV.C.

C. Results

1. Presentation of Results

The purpose of the experimental study was to initiate development of

design information to assist an intake designer in the avoidance of free

surface vortices. The results are given in Fig. 26 through 36 for various

combinations of approach vane angle and channel length. Each figure may be

segmented into three zones of critical submergence. The first zone is the

submergence versus intake Froude number range in which dye core vortices

will form (Type 3). The second zone is the submergence versus intake

Froude number range in which bubble entraining vortices form (Type 5), and

the third zone is that zone where air entraining vortices form (Type 6).

A good example of these zones are shown in Fig. 33 for 30 0 vane angles

. and 6 ft canal wall length. The lines drawn are envelope curves defined as

that curve which encompasses most, if not all, observations, of a par

ticular type of vortex. It should be pointed out that there are two types

of data shown in this figure. The first type of data given by unshaded

symbols were taken using the procedure outlined in the previous section.

The shaded data points were taken using a procedure which stablized the

water surface elevation in the flume. The water surface elevation of the

supply pool became stable during the summer and this led to the ability to

stablize the water surface elevation in the flume, with very small changes

in the downstream value. The data indicate that the assumption that a slow

change of water surface elevation does not affect the formation of vortices

lead to a persistent error in critical submergence. This is easily seen

from the envelope curves for bubble entraining and air entraining vortices

in Fig. 37. The submergence requirement envelope curves for the bubble

entraining vortices and the air entraining vortices are higher for the

steady stage data. When compared to the scatter in the measurements,

however, this error is not exceedingly large.

The dye core vortices did not show this difference between the two

types of data. This result is significant since it means the envelope

curves developed from the less tedious "on the run" measurements are a true

indication of the minimum submergence required to avoid dye core vortices.
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Fig. 38. Difference between actual measurements and envelope curve values
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These curves dictate the minimum submergence necessary to prevent the for
mation of vortices at a given intake Froude number for similar approach
flow conditions and upstream intake wall lengths. The scatter in the data
points below the envelope curves was expected, since many authors' results
have indicated this same discrepancy. Thus, the scatter is not specific to
these results.

2. Error Analysis

The discovery that the "on the run" measurement technique lead to a
consistent error in the critical submergence envelopep for the Type 5 and
Type 6 vortices was discouraging, but it does not entirely invalidate the
results for these vortex types. An analysis of the 30° vane angle, 6 ft
canal wall length data was made to estimate the significance and magnitude
of this error.

An envelope curve relating dimensionless submergence and Froude number
was drawn for the bubble entraining and the air entraining data points, as
shown in Fig. 29. Using these envelope curve relationships, the difference
in dimensionless submergence from the calculated envelope curve to the
actual data point was calculated, signified herein as b.s/D. Two plots,
shown in Figs. 37 and 38, were made relating the difference in dimen
sionless stage IJ. SiD to the corresponding value of the rate of change of
water surface elevation, dH/dt, for bubble entraining and air entraining
vortices. From these curves it appears that a relationship between IJ.S/D to
dH/dt does not exist _5or a dH/dt of greater than 2xl0-3 ft/sec. For a
dH/dt of less than 10 ft/sec, however, the scatter around the line IJ.S/D
decreases; finally, at dH/dt= 0, SiD values greater than any of the "on the
run" measurements are observed.

Figures 37 and 38 indicate that envelope curves of Type 5 and Type 6
vortices developed from the "on the run" measurements would give SiD values
which are between 0.2 and 0.4 less than those of the steady data. These
differences are not great considering the nature of the envelope curves and
the scatter which exists in both the steady and "on the run" data.
Figures 26 through 36 should thus give accurate estimates of critical sub
mergence to avoid Type 5 and Type 6 vortices if between 0.2 and 0.4 is
added to the SiD measurements taken on the run. The authors also believe
that the envelope curves for the Type 3 vortices in Figs. 26 through 36 are
accurate, with no required adjustment due to an unsteady water surface.

An error analysis was also undertaken in an attempt to explain the
scatter of the data obtained in Figs. 26 through 36. An estimate of the
errors incurred during measurement is necessary as well as the factors
which were beyond the control of the research. The primary sources of error
were in the measurement of discharge and the water surface elevation at
which a particular type of vortex occurred.

There were four sources of error found in the discharge measurement.
The first source of error was in the orifice rating curve. This curve was
calibrated using the in-house discharge measurement weighing tanks, and
estimated to be 0.5 percent. The second source of error was in the reading
of the manometer deflection. As was mentioned in the procedure, the supply
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channel of the water surface elevation was found to be changing with
respect to time; this caused the discharge to also change with respect to
time. This error was estimated to be ± .04 cfs. Besides the water surface
fluctuation, the tank suffered from another error that was not expected.
The plywood used in the construction of the tank was found to be of ex
tremely poor quality, which caused the tank to experience premature
leaking due to the voids in the plywood. This loss was estimated to be
from 0.0 to .02 cfs, since this source of error was always changing with
the head in the tank. These were all minor sources of error as compared to
the error incurred with the measurement of the discharge removed from
storage. This was due to the procedure of taking the data with the stage
dropping with respect to time. The change of stage with respect to time
was accurate to within ± .002 ft/sec, corresponding to ± .21 cfs in
discharge. This results in a total possible error in discharge measurement
of ± .21 cfs, an error in the Froude number of ± .27. This error is not
significant at the higher values of Froude number, but at the lower Froude
numbers it becomes very significant.

There were three sources of error in the stage measurements (water
surface elevation). The first source of error was in the measurement of
the stage itself. This was found to be ± .002 ft of stage. The second
source of error was caused by the wood in the flume, which would swell and
contract in conjunction with successive periods of drying and wetting.
This swelling and contraction caused the level of the top of the be11mouth
to be slightly off, which in turn made the be11mouth lip measurement erro
neous. This caused an error estimated at ± .001 ft. There was also a
human error in measuring the water surface elevation, estimated to be
± .004 ft. This caused the total error in measurement of stage to be less
than ± .005 ft which corresponds to an error of ± .01 in the dimensionless
submergence.

Neither the potential errors in discharge or stage could account for
the scatter in critical submergence measurements. The change in water
surface elevation over time did reduce SID measurements and add scatter;
however, even the steady state data had SID scatter of ± 0.2. The reason
for this scatter is the flow phenomena itself. There is a large range of
SID in which there are two stable forms of flow at an intake with and
without a free-surface vortex. The transition between the two is simi1asr
to the transition between laminar and turbulent flow. Some pulse or
disturbance must "trip" the straight flow into a sWirling flow. If the
swirling flow is the more stable of the two states, an even greater distur
bance would be required to return to the straight, non-vortex flow. Thus,
there are many secondary factors which, within a certain flow region, can
cause the swirling vortex flow to begin. These secondary factors cannot be
perfectly controlled in any experiment or field installation.

3. Analysis of Results

Envelope curves for the critical submergence required to avoid free
surface vortices in the experimental flume are drawn in Figs. 26 through
36. These curves were determined by plotting the data on log-log paper
and developing curves such that there were no anomalies between each of the
plots, e. g. reducing submergence criteria with increasing approach flow
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vane angle or with decreasing wall length. It was found that the data was
adequately represented when each exponent in the envelope equations were
constant for a given wall length. This convention was therefore adopted
for simplicity and coherence. The relatively high envelope curve in Fig.
26 is in order to avoid one of the anomolies given above.

At an intake Froude No. greater than 1.5, there appeared to be no sub
mergence which would guarantee vortex-free flow. There is no indication
as to whether this is a general phenomena or one specific to the experimen
tal facility. The dashed lines in Figs. 26 through 36 indicate that in the
region where F = V/gD ~ 1.5, either envelope curve could be correct. The
authors are not certain of which.

The envelope curves are tabulated in Table 3 and may be best compared
at F = 1.0. These comparisons indicate the following: 1) the submergence
required to avoid free-surface vortices increases with decreasing headrace
length/width ratio, 2) the submergence required to avoid free-surface vor
tices increases with increasing approach flow angle, and 3) the headrace
length/width ratio becomes increasingly important at larger approach flow
angles. This last observation may be seen by comparing envelope curves 9,
10, and 11, and subsequently curves 1, 2, and 3 in Table 3.

Approach flow angle is important because separation around the leading
edge of headrace walls will create the circulation required to form a vor
tex. A long headrace will provide a region for this zone of separation to
reattach to the wall, leaving a straight flow approaching the intake, and
reducing the tendency for vortex formation.

The envelope equations are valid for intake Froude Numbers as low as
0.25. Below this value the required submergence is assumed to be constant.
A further examination of the envelope equations indicates that the dimen
sionless submergence required to avoid free-surface vortices is greater
than 2.0 in all circumstances. This indicates that the data compiled in
Fig. 19 may not be entirely applicable to vertical intakes, where SiD ~ 0.7
and F';; 0.5 is indicated as a relatively safe region for vortex-free
intake operation.

The ultimate purpose of the envelope curves is to develop design cri
teria for intakes to avoid free-surface vortices. The envelope curves
developed herein are not applicable to all intakes but are restricted to
intake configurations similar to that of the experimental flume. The
intake must be a vertical configuration with an approach channel. The
length/width ratio of the channel and the angle of the approach flow into
the channel may then be compared with the experimental measurements to find
the appropriate envelope curve for critical submergence. Other aspects of
the intake, such as bellmouth shape and the channel width/intake diameter
ratio, are believed to be less important and should not greatly change the
minimum submergence requirements.

If the intake submergence requirements cannot be met, anti-vortex
devices must be considered. The type of anti-vortex device which will work
for a given intake cannot currently be predicted, however, without a
hydraulic model study.
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TABLE 3. Envelope Equations for Critical Submergence to Avoid
Dye Core Vortices (Type 3) in Experimental Flume

Approach Flow Headrace
Vane Angl,e Length/Width Envelope Equation

1 0° 1.13
S 3.60 (F)·12
D -

2 0° 2.25
S 3.42 (F) .09- =D

3 0° 3.56
S 2.14 (F) .04
D =

4 7.5° 1.13
S 3.85 (F) .12
D

5 7.5° 2.25
S 3.45 (F)·09
D

6 15° 1.13
S 4.16 (F) .12- =D

7 15° 2.25
S 3.99 (F) .09
D

8 15 ° 3.56
S 3.10 (F) .04
D

9 30° 1.13
S 7.00 (F) .12
D-

10 30° 2.25
S 4.59 (F) .09
D

11 30° 3.56
S 3.54 (F) .04
D
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It is apparent that the design criteria developed herein is very
limited in application. It is, however, the first experimental program
directed specifically towards intake design criteria and should be the
beginning of a number of experimental programs on design criteria for hori
zontal intakes, vertically inverted intakes, further work on vertical
intakes, and finally, and on the effectiveness of various anti-vortex
devices in each of these configurations. The results of such experimental
programs would enable more realistic intake designs, reduce the prevalent
need for model studies, and provide basic information on the primary para
meters in vortex formation.
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v. SUMMARY AND CONCLUSIONS

1. The purpose of the study was to compile and develop intake design cri
teria to avoid free-surface vortices at hydropower intakes.

2. Literature information on vortex formation at field and model intakes
is first compiled and presented to give "intake guidelines" for design
engineers. A plot of dimensionless submergence versus intake Froude
number is presented for the installations in Fig. 19.

3. The plot is divided into two regions: 1) a region where intake vor
tices are unlikely and a model study is not required except with
extremely poor approach conditions, and 2) a region with a good possi
bility of intake vortices, where a model study is recommended.

4. Region 2, where intake vortices are a good possibility, is very large,
encompassing many hydropower facilities. This is because minimum
intake submergence to avoid vortex formation is highly dependent upon
approach conditions, which are site specific.

5. In order to add some clarity to this limited design criteria, an
experimental study was undertaken which focused upon typical intake
approach conditions. Most intakes have a headrace to avoid high cir
culation near the intake, so the experimental study simulated appraoch
conditions with a headrace or approach channel of varying length and
width.

6. The experiments were limited to vertical bellmouth intakes. The ten
dency for vortex formation is enhanced by separation around the
leading edge of the headrace channel walls. A long, narrow headrace
will reduce the tendency for vortex formation.

7. The headrace length/width ratio is increasingly important with
increasing approach flow angle.

8. The submergence required to avoid free-surface vortices was greater
than 2.0 for all the arrangements considered. This indicates that the
data compiled in Fig. 19 may not be entirely applicable to vertical
intakes, which may require a greater submergence than horizontal
intakes.
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