Figure 38. A photo from the experiment site at the intake of spillway 4 at H/D = 2.73.

Figure 39. Velocity vector field captured by the PTV system at the intake of spillway 4
at H/D = 2.73. The red line shows the shape of submerged part of the top of the
spillway.
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At H/D = 2.73 it was reasonable to check the average velocity-radius profiles as the
swirls at the intakes started to show the typical characteristics of strong vortices. The
profiles are presented in Figure 40. As it can be seen, the profile for vortex at the intake
of spillway 3 has the typical characteristics of Rankine vortex profile (quick rise until
the core radius and then slower fall, Figure 11), which can be interpreted so that the
vortex is fully formed. However the vortex at the intake of spillway 4 does not show

this kind of behaviour, which means that it is not yet well defined.
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Figure 40. Velocity Profiles for vortices at the intake of spillway 3 and 4 at H/D = 2.73

Bubble entraining and full air core region

The vortex at the intake of spillway 3 continued to intensify between H/D = 2.73...3.27,
mainly maintaining the trash pulling core stage. As the water level started to approach
H/D = 3.27, some air entraining started to happen for longer time periods and finally the
vortex was able to maintain the full air core stage. The freshly developed air core and its
surface flow velocity field are presented in Figure 41 and Figure 42. The velocity
vector field has mainly the same characteristics as the earlier velocity vector fields;
vortex position about the same and more intense flow between the vortex center and the
intake structure. The intensifying phenomenon is now more pronounced. The vectors
that have the highest velocity are headed very closely to tangential direction and are
located much closer to the center compared to the ones that are on the other side of the

vortex.
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Figure 41. A photo from the experiment site at the intake of spillway 3 at H/D = 3.27.
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Figure 42. Velocity vector field captured by the PTV system at the intake of spillway 3
at H/D = 3.27. The red line shows the shape of submerged part of the top of the
spillway.
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Vortex at the intake of spillway 4 transformed into stable dimple stage between H/D =
2.73...3.27. Occasionally it was able to pull some tracers in, but these intensity boosts
did last only for few seconds. It continued to manoeuvre from the rightmost corner of
the spillway to approximately 25 meter away from the corner (prototype scale),
although movement was a lot slower at this interval. The highest intensity was observed
usually around the place Figure 44 shows the vortex in. As the vortex moved farther
from that place intensity was dropped until the whole vortex disappeared. As Figure 43
is showing, the flow lines created by the swirl developed to smoother state compared to

earlier stages.

Figure 43. A photo from the experiment site at the intake of spillway 4 at H/D = 3.27.
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Figure 44. Velocity vector field captured by the PTV system at the intake of spillway 4
at H/D = 3.27. The red line shows the shape of submerged part of the top of the

spillway.

Average velocity profiles around the vortex centre at H/D = 3.27, as presented in
Figure 45, have both now similarities with Rankine vortex. The vortex at spillway 3 has
now about 0.2 m/s faster maximum velocity and about a meter larger core radius. As

both of these quantities affect the intensity of the vortex, this means that the vortex has

gained strength.
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Figure 45. Velocity profiles for vortices as the intakes of spillway 3 and 4 at H/D =
3.27.

Pressure variation in the vortex core has important effect on the variation of velocity at
the core centreline. The pressure gradient along the axis is much larger than the gradient
along the outside region of the core by an amount proportional to the square of the
circulation. The strengthening of pressure and velocity differences along the axis is

evident compared to those outside the core (Figure 46).
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Figure 46. Internal pressure variation of the vortex for spillways 3 and 4 at H/D = 3.27
in experiment 2.
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After H/D = 3.27 maximum intensity of the vortices at the both intakes continued to
grow, but the stability was decreased proportionally with the intensity increase.
Especially the vortex at the intake of spillway 3 started to act very randomly as the
water level approached the maximum storage level (H/D = 3.67). Sometimes it
remained even 30 minutes (300 minutes in prototype scale) below bubble entraining
stage. The intensity seemed to be closely related to the position of the vortex. Maximum
intensity was usually obtained very close to the centre of the intake. When the less
intense stages of vortex were observed, the vortex was positioned farther from the
intake. The biggest reason for this is most likely that the vortex core has to stretch much
farther into the intake when it is positioned far from the intake and so has to use more
energy to maintain the longer core. One way to get rid of the air entraining vortex
problem would be to control the position of the vortex farther from the intake by some

floating surface structure.

The vortex at the intake of spillway 4 never fully reached the air-entraining stage, which
can be explained by the average position of the vortex. It stayed farther from the intake
than its counterpart at the intake of spillway 3. The two most likely reasons for this is
that firstly nothing was obstructing the flow away of the intake and the swirling motion
could occupy much larger space than the swirling motion at the other intake, and
secondly the vortex at the intake of spillway 3 seemed to gather most of the surface
flow in its vicinity including the water bouncing back from the dam side. Both of these
statements can be observed in Figure 47. The velocity vectors at the upper left corner of
the figure are headed towards the dam instead of the vortex at the intake of spillway 4,
whereas the velocity vectors in the upper right corner are headed straight towards the
vortex at the intake of spillway 3. Other interesting observation in the vortex at the
intake of spillway 4 was that it was never able to form a fully circular core like its
counterpart at the other intake, which suggests a strong decay of vorticity when water
turns away from the water-reservoir bank boundary. This can be easily observed in a

velocity profile of the vortex, which is taken parallel to the intake (Figure 48).

It was also noted that there was some clear connection between the intensity of the
vortices at the both intakes. When the vortex at the intake of spillway 3 grew larger, the
vortex at the other intake seemed to diminish and other way around. Most of the time it

was the vortex at the intake of spillway 3 that gathered most of the given total energy.
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Figure 47. Free surface flow field in the vicinity of the intakes. Intake 3 is the left one
and intake 4 is the right one. Dam is on the left side of the picture. Situation captured at
H/D =3.67 in experiment 2.
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Figure 48. Velocity profile for the vortex at the intake of spillway 4 at H/D = 3.27.
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Differences in vortex formation with different control gate openings

Differences in vortex formation with different discharges through spillways were
studied by controlling the gates inside the pressurized part of spillway tunnels. The
vortex development stages at different relative submergence levels are presented in
Figure 49. As it can be seen in the figure, closing the gates 50 % reduces the discharges
so that the vortices are transformed to more intense stages one to two H/D steps later.
The main concern is off course the intake of spillway 3, where the most intense vortices
were observed. The observed difference in vortex stages at that intake is not so big, but
it can be concluded from the results that vortex-wise it is better to operate with as slow
discharges as possible. However there might be some long scale problems with the
spillway surface structures after the control gates if the gates are operated with small

openings for long time periods, as the smaller gate opening tends to raise flow

velocities.
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Figure 49. Vortex development with different control gate openings. Experiment 1 was
done all spillways open and control gates 50 % open. Experiment 2 was done all
spillways open and control gates 100% open.
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Differences in vortex formation with only one spillway pair in operation

Development of vortices was also studied with one spillway pair closed and the other
pair open (i.e. spillways 2 and 3 closed and spillways 1 and 4 open). This setting would
cut the total discharge of operating spillways to half and so by reducing the surface

flow, should affect the formation of swirls at the intakes.

When spillways 1 and 4 were closed and spillways 2 and 3 operating (experiments 5
and 6) observed results (Figure 50) were totally different compared to the observed
results of spillway 3 in the experiments in which all the spillways were in operation
(Figure 49). First of all, vortices developed to trash pulling stage (stage 4) one or two of
H/D steps later, and secondly, they were never strong enough to develop a stable full air
core vortex. Some air entraining was observed with the control gates fully open, but it
was always intermittent. Quite surprisingly vortices in both experiments seemed to
reduce their intensity after H/D = 3.40, which can be also seen in the Figure 50, as the

vortex in experiment 6 drops back to trash pulling stage (stage 4) at H/D = 3.67.

—&=Experiment 5, spillway 3 = Experiment 6, spillway 3
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Figure 50. Vortex development with different control gate openings; experiment 5 was
done spillways 2 and 3 open and control gates 50 % open; experiment 6 was done
spillways 2 and 3 open and control gates 100% open.
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The observed results at spillways 4 when spillways 2 and 3 were closed (Figure 51)
were also quite surprising if compared to the observed results of spillway 4 in the
experiments in which all the spillways were in operation (Figure 49). In experiments 1
and 2, there was only some surface swirling H/D = 3.27 and even with the control gates
fully open the vortex never intensified to constantly air bubbles entraining stage. Now
the vortices developed quickly to trash pulling stage (stage 4) quickly after critical step
of H/D = 2.73 (i.e. water flows over intake roof) and with the gates fully open the
vortex was even able to pull some air in. Similar phenomenon as in experiments 5 and 6
was observed during experiments 3 and 4; vortices seemed to lose their intensity at the

highest water levels.

Other interesting observation during the experiments 3 and 4 was that there were nearly
all of the time two notable swirls; other being the intense one and other the weak one.
Observed results reported in Figure 51 are all collected from the more intense one. The
weaker one was observed to intensify after the critical water level of H/D = 2.73, which
could explain the drop back to trash pulling stage (stage 4) for two steps after H/D =
2.86 with the control gates fully open (experiment 4).

—&=Experiment 3, spillway 4 = Experiment 4, spillway 4
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Figure 51. Vortex development with different control gate openings; experiment 3 was
done spillways 1 and 4 open and control gates 50 % open; experiment 4 was done
spillways 1 and 4 open and control gates 100% open.
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6.3.2. Strength of free-surface vortex

The strength of free surface vortex can be explained in terms of circulation. Magnitudes
of maximum circulation at different relative submergences were calculated out of the
free surface velocity data obtained using the PTV system. The results obtained were
compared to the observations, and the effects of quantity of discharge, surroundings of

the spillways and location of spillways on magnitude of circulation were evaluated.

Effect of quantity of discharge on the strength of vortex

The influence of quantity of discharge (which was controlled by control gates inside the
spillways) to the vortex strength was notable; circulation trend for control gates 100 %
open increased almost constantly with only small fluctuations, reaching the highest peak
at relative submergence (H/D) of 3.67 for spillway 3, which is the maximum storage
level of the reservoir. This experiment was repeated three times to confirm the trend.
Naturally some minor differences existed between the results, but the main increasing
trend remained the same. The reported magnitudes of circulation at the intakes of
spillways 3 and 4 at different relative submergences are the weighted average values of
the results from all four experiments (Figure 52). Reducing the gate opening by 50 %,
the swirl velocities and ultimately circulation strengths decreased about 50 % of the 100

% gate opening values, reaching its peak strength at relative submergence of 3.40.

Similar results were obtained with other experiment settings (Experiments 3...6). The
circulation trends for experiments 5 and 6 (spillways 2 and 3 in operation) are presented
in Figure 53. The circulation trends for experiments 3 and 4 (spillways 1 and 4 in
operation) are presented in Figure 54. Both of these figures show the same around 50 %

increase in circulation between 50 % and 100 % gate openings.
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Figure 52. Circulation trends for different control gate openings. Experiment 1: all
spillways open, control gates 50 % open. Experiment 2: all spillways open, control
gates 100 % open. Both trends are from the intake of spillway 3.
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Figure 53. Circulation trends for different control gate openings. Experiment 5:
spillways 2 and 3 open, control gates 50 % open. Experiment 6: spillways 2 and 3 open,
control gates 100 % open. Both trends are from the intake of spillway 3.
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Figure 54. Circulation trends for different control gate openings. Experiment 3:
spillways 1 and 4 open, control gates 50 % open. Experiment 4: spillways 1 and 4 open,
control gates 100 % open. Both trends are from the intake of spillway 4.

These results support the observations explained in section Formation of Free surface
Vortex (page 64), where we suggested that one way to avoid high circulation and
consequently harmful vortices at spillway intakes is keeping the spillway control gate
openings as low as possible. However it has to be remembered that closing the gate will
increase the downstream velocities after the control gates, which may be very harmful
for spillway channel structures. Further research should be conducted to clarify this

matter.

Effect of water-reservoir bank boundary and intake surroundings on the strength

of vortex

The shape of the water-dam or water-reservoir bank boundary close to the intakes had
obvious influence on the strength of vortices. As water was flowing into the reservoir it
took naturally the shape of the dam and reservoir bank boundaries. Because the banks of
the reservoir were slanted (Figure 55), the water-reservoir bank boundary at the free
surface moved farther from the intakes when the water level was set to higher levels. It
can be seen also in the Figure 55 that as the water level is rising higher, widening

channels are formed behind the intake structures allowing water to flow through them.

86



Both of these changes seemed to affect the vortex pinning position (i.e. the position,

where the vortex was most likely observed at a certain water level).

Figure 55. Water-reservoir bank boundary around the intake of spillway 3.

At the intake of spillway 3 the pinning position of the vortex was located at the dam-
side corner of the intake until the relative submergence reached value 2.67 (the roof of
the intake, Figure 56). This was experienced in all of the experiments, in which the

spillway 3 was in operation.

Figure 56. Vortex pinning position at the intake of spillway 3 at H/D = 2.60.

After water was able to flow above the intake roofs, the pinning position quickly
changed closer to the centreline of the intake and also farther from the mouth of the
intake. As water level rose, the water-reservoir bank boundary moved farther from the
intake and the channels started to widen behind the intake structures, the pinning

position started moving slowly towards the reservoir bank side with the evading
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boundary. The movement was mostly stable until the relative submergence reached the

value around 3.40. The movement is presented in Figure 57.

Figure 57. The change of vortex pinning position with rising water level. Left: H/D =
2.73, centre: H/D = 3.13, right: H/D = 3.40.

After relative submergence level of 3.40, there did not seem to be any constant pinning
position anymore and the vortex started to move randomly farther from the intake losing
a lot of intensity later moving back closer to gain the lost intensity back. Sometimes the
vortex moved so far from the intake that it disappeared completely and a new vortex
started to develop closer to the intake. The random movement is presented in Figure 58.
It has to be noted that the movement presented in Figure 58 is not the most extreme

case; sometimes the vortex manoeuvred really close to the back of the other intake.

Figure 58. Randomly changing vortex pinning position at H/D = 3.67 at the intake of
spillway 3.

The change of pinning position of the vortex core was observed to have a strong effect

to vortex strength (circulation). This was noted in every experiment with spillway 3 in
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operation especially at the relative submergence level of 2.67 (roof of the intake), after
which the vortex quickly moved near the centreline of the intake and gained a huge
boost in its strength. Other relative submergence levels of interest about this matter are
the levels after 3.40; the strength of the vortex started fluctuating a lot, which can seen
in experiment 1 (all spillways in operation, control gates 50 % open, Figure 52) and
experiments 5 and 6 (only spillways 2 and 3 in operation, Figure 53) as a reduction of

the strength of vortex.

In experiment 2 (all spillways open, control gates 100 % open) the trend in vortex
strength was somehow different. Vortex gained the similar strength boost after the
relative submergence level of 2.67, but the vortex strength was not growing after water
started flowing behind the intake structures between relative submergence levels of
3.00...3.40 (Figure 52). After relative submergence level of 3.40, vortex started to
maneuver as in other experiments with spillway 3 in operation, but it gained some major
strength boosts when it returned near to the spillway centreline, which can also be seen
in Figure 52. It has to be noted that the magnitudes of circulation presented in these
figures is the weighted average of the all consequent results so it means that the
maximum and minimum strengths are a little bit different especially in the highest water

levels.

The changes in the free surface area has obviously a significant effect on the vortex
strength; larger free surface area means that the swirling motion has to distribute over
larger area; while the total amount of energy grows higher with rising head, the
magnitude of local circulation may reduce because of the larger effect of growing free
surface area. The other main strength-affecting factor is that the vortex had to re-adjust
its pinning position when the water-reservoir bank boundary moved farther. When the
pinning position moved farther from the intake, vortex had to stretch its core longer to

reach the intake and simultaneously consume more energy to do so.

The findings on water-dam boundary can be concluded so that a sound design of the
surroundings of the spillway intakes can have a significant effect on the strength of the
vortex appearing at the spillway intakes. More surface area around the intakes and free
flow around the structures seems to be principles with desirable effects. Obviously it

might not be always so simple to design the structures in desirable way, because the size
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of these structures is huge in real prototypes and so even making only minor changes to

nature given structures can raise the total costs significantly.
Effect of the location of spillway on the strength of vortex

The location of the spillway intake constantly influenced the formation of vortex.
Whether the intake is closer or farther from the dam end of the reservoir had an effect
the susceptibility of particular intake to vortex. With all spillways open and control
gates 100 % or 50 % open, spillway 3, which is located closer to the dam end of the
reservoir was highly dominated by vortex starting at relative submergence of 2.67 until
the maximum storage level (H/D = 3.67). Meanwhile at spillway 4, the situation was
quite different; only small swirl with weaker vortex core trying to pull some trashes was
noted at the intake at relative submergence between 3.13 and 3.67. The vortex formed at
the intake of spillway 4 was not steady and constantly moving forth and back along the
water-reservoir bank boundary in front of the intake. Generally, spillway 4 was free of
harmful air entrainment vortices. Figure 59 shows the circulation trend of the two
spillways. As it can be noted in the figure, there is about 50 % difference in the
magnitude of circulation at the highest levels (H/D > 3.27). Lower levels (H/D < 3.27)
were not included in the graph, because the vortex was so unstable that it wasn’t

possible to measure any constant magnitude circulation.
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Figure 59. Circulation trends for experiment 2 (all spillways, control gates 100 %
open).
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When only spillways 1 and 4 were in operation, the circulation trend at spillway 4
changed; early start of vortex formation was noted at relative submergence level of 2.73
with higher circulation compared to when all of the spillways were open. The
magnitude of circulation at the intake of spillway 4 was almost constant. Reducing the
gate opening to 50 % the magnitude of circulation was consequently reduced and the
circulation trend was similarly almost constant. The circulation trends for both of these

experiments are presented earlier in the results chapter in Figure 54.

When only spillways 2 and 3 were in operation, formation of the vortex was mostly
similar to the formation of the vortex with the all spillways open; the intake of spillway
3 was susceptible to vortex at any water level above the intake. However the strength of
the vortex was quite different, reaching its peak at the relative submergence of 3.40 and
reducing after that. The circulation trends for both experiments with 50 % and 100 %
control gate opening are presented earlier in this chapter in Figure 53. All the
circulation trends in experiments with spillway control gates 100 % are presented in

Figure 60.

As it can be seen in Figure 60, the circulation trends of the vortices at the intake of
spillway 3 in experiments 2 and 6 are showing clear signs of reducing and increasing
strengths, which were also observed during the experiments. The circulation trend of the
vortex at the intake of spillway 4 in experiment 4 shows that the vortex is significantly
weaker after the relative submergence of 3.00 than its counterparts at the other intake.
Especially comparing the results of experiments 4 and 6, in which the only difference is
the location of the spillway, gives an idea that the location of the spillway has some
effect on the strength of the vortex. Location of the spillway is a function of the distance
from the dam and so suggesting that the farther position away from the dam (intake of
spillway 4) would be more desirable in terms of spillway intake vortex. However it has
to be noted that some of this difference is obviously related to the surroundings of the

intake discussed earlier in this chapter.

Main reason for higher total strength at experiment 2, in which all spillways are in
operation, is that the total discharge through the spillways is 100 % bigger compared to

the experiments, in which only a pair of spillways is in operation. Momentum transfer
91



from the vortex at the intake of spillway 4 to the vortex at the other intake causes the
quick strength boost after it starts growing at the relative submergence of 3.27. As it
was stated in chapter Formation of Free surface Vortex, there was some obvious

connection between the vortices at both intakes observed during the experiments.
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Figure 60. Circulation trends for all the experiments with control gates 100 % open.
Experiment 6 is showing the trend for the intake of spillway 3 and experiment 4 is
showing the trend for the intake of spillway 4.

Vorticity

Spatial distribution in vorticity was calculated to observe changes in vortex shape and
distribution of vorticity and to illustrate differences in total strength of vortex in
different vortex stages. The four figures below are presenting core centred two-
dimensional vorticity contour (top) and two-dimensional vorticity mesh (bottom). It has
to noted that in lower relative submergence levels (Figure 61 and Figure 62) swirl
motion was located so close that velocity data had to be calculated also inside the intake
boundary otherwise the velocity data matrices would have had an irregular shape
(instead of rectangular) and the calculation code would have been too complex to build.
This choice is affecting the vorticity contours and meshes so the weird results at the

lower right corners of the images can be neglected.
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The relative submergences studied are the same as listed in Table 6, although relative
submergences 2.87 and 3.67 were not included, as the results would have been too
similar to the results at closest relative submergences to them to show any significant
difference. The data used was obtained in experiment 2 so also the vortex stages follow

the stages listed in Table 6.

At relative submergence level of 1.67 (570 m) only some signs of swirling can be seen.
Vorticity is not concentrated in one area; instead of that it is spread in many different
weak swirls (Figure 61). At relative submergence level of 2.60 (584 m) vorticity is
concentrated at the corner of the intake (Figure 62). The maximum vorticity is about
100 % larger than it was at H/D = 1.67, but it is still spread widely around the face of
the intake.

At relative submergence level of 2.73 (586 m) vortex has transformed to trash pulling
stage (stage 4). Vorticity is now highly concentrated around the centre of the core, but it
can be seen that the intake structure is still affecting the shape of the vortex as there is
clearly a linear part of the contour in the right corner of the contour image, which is
parallel to the intake structure (Figure 63). Maximum vorticity has grown again about
100 % larger compared to the earlier stage. Full air core was observed at the relative
submergence level of 3.27 (Figure 64). Vorticity is yet again more concentrated and the
effect of intake structure is reduced to negligible magnitude. As it can be seen in the

figure, maximum vorticity is now about 50 % higher than at earlier stage.
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Figure 61. Two-dimensional vorticity contour (top) and three-dimensional vorticity

mesh (bottom) at H/D = 1.67 (570 m) in experiment 2 (All spillways 100 % open).

94



-984

0.1
986
0.05
988
-990 10
-992 -0.05
£ 904
0.1
—996
—0.15
—998
-1000 -0.2
1002 558
8986 8988 8990 8992 8994 8996 8998 9000 9002 9004
x [m]
0.1
0.4 =" 0.05
03]
L 1o
o 02
= _0.05
s
= 10015
> : -01
0. e
_0.15
~01
—980
-985 -0.2
025

x [m]

Figure 62. Two-dimensional vorticity contour (top) and three-dimensional vorticity
mesh (bottom) at H/D = 2.60 (584 m) in experiment 2 (All spillways 100 % open).
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Figure 63. Two-dimensional vorticity contour (top) and three-dimensional vorticity
mesh (bottom) at H/D = 2.73 (586 m) in experiment 2 (All spillways 100 % open).
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mesh (bottom) at H/D = 3.27 (594 m) in experiment 2 (All spillways 100 % open).
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6.3.3. Comparison of the experimental results and design guidelines

Relative Critical Submergence, ?C

The relative submergence, H/D, in experiment was evaluated at each relative critical
submergence using the analytical formulas by Gordon (1970), Hecker (1981) and
Knauss (1987). It was found that even at higher experimental relative submergence
value (H/D = 3.67), no critical values by either of the formulas stated earlier were met
(although the trend converge toward the relative critical submergence by Gordon).
Experiment 2 (all spillways open, control gates 100% open, Figure 52) shows clearly
continuing increase of circulation. The vortex core was strong enough to pull trashes
into the intakes and periodic air bubbles were entrained. Since the maximum storage
water level in the dam (600 m above mean sea level) is below minimum critical relative
submergence established by analytical formulas supported by experimental observation
(Figure 65), the design of spillway intakes at Xiluodu hydropower station did not put
into consideration the effect of vortex formation and therefore the spillway intakes are
not free from problems related to vortex at the intake. Figure 65 below shows the
relationship between experimental results against three analytical formulas for
minimum relative critical submergence set by Gordon (Equation 17), Hecker

(Equation 21) and Knauss (Equation 18).
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Figure 65. Relative submergences and corresponding Froude numbers for experiment 2
and critical relative submergences obtained from analytical formulas.
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In trying to regulate the downstream flow, experiment 1 (all spillways open and control
gates 50 % open). A significant reduction of swirl and vortex strength was noted. The
experimental relative submergence surpasses those obtained from analytical equations
by Gordon (Equation 17), Hecker (Equation 21) and Knauss (Equation 18) under the

same condition of Froude number (Figure 66).
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Figure 66. Relative submergences and corresponding Froude numbers for experiment 1
and critical relative submergences obtained from analytical formulas.
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7. Summary and conclusions

The formation, strength and shape of free surface vortex were studied using particle
tracking velocimetry in a reduced scale model of Xiluodu hydropower dam. The effect
of intake submergence, location and surroundings were chosen as the basis of
discussion. The formation process was presented using surface flow velocity field
pictures taken with PTV and photographs taken simultaneously with PTV during the
experiments. The impacts of affecting factors on the formation are analysed and
explained in detail. The vortex strengths at different intakes at different relative intake
submergences were studied by calculating the changes in magnitude of circulation.
Spatial distributions of vorticity were calculated to see the real shapes of the vortices.
The obtained data was also compared to the vortex free intake design criteria to analyse

the proposed intake designs.

Although the dam side of the reservoir was designed to allow water to flow smoothly
with low approach velocity into the spillway intakes, vortices at the intake still formed
even under low approach velocity. With the flood peak operation conditions (all
spillways open, control gates 100 % open), harmful air-entraining vortex was formed at
the spillway intake closer to the dam, whereas the other spillway intake remained free of
the harmful air-entraining vortices. Pinning position of the vortex at the spillway intake
closer to the dam changed with the rising water level, which had a clear effect on the
strength of the vortex. As the water level rose closer to the maximum storage level, the
vortex became unstable and started manoeuvring randomly forth and back making it
difficult to predict its strength accurately. Slanted bank of the reservoir was the main
cause behind this phenomenon; as the water level rose, water-reservoir bank moved
farther giving the vortex more free surface to use. Thoughtful designing of the
surroundings of the intakes can have a desired reducing effect on vortex strength.
Whether this is more cost-effective than using special anti-vortex devices is beyond the

scale of this study.

Changing the operation conditions, such as control gate openings or fully closing one
pair of the spillways, had a significant effect on vortex formation and its strength.
Reducing the discharge through spillways by closing the control gates by 50 % naturally

reduced velocity inside the spillway and consequently reduced the strength of observed
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vortices. The intake of spillway closer to the dam was still susceptible for air entraining
vortices when all of the spillways were open and this setting was used, but the strength
of these vortices was slightly reduced. Fully closing a pair of spillways (the spillways
closer to the dam or the spillways farther to the dam) had more significant effect on the
formation and the strength of the vortices; the vortices at either of the intakes never
reached constantly air-entraining stage even with the spillway control gates 100 % open.
Operating only one pair of the spillways control gates 50 % open totally diminished the
air-entrainment problem. Using these operation conditions, especially operating only
one pair of spillways, under low flood conditions can be the key factor reducing the
occurrence of harmful air-entraining vortices. However this may not possible during the
high flood conditions so using some kind of anti-vortex devices should be considered.
And it has to be noted here that using too small control gate openings may cause the
water flow too quickly after the gates, which may be harmful for the spillway structures.

Further studies have to be conducted to conclude this matter.

Under flood peak operation conditions (all spillways open, control gates 100 % open),
the measured intake relative submergences never reached the critical submergences
suggested by Gordon, Hecker and Knauss, which basically mean that the intakes are
always under threat of harmful air-entraining vortices. Whether this was intended or not
in the original design is yet unclear. Raising the submergence of the intakes would be
helpful in this matter, but doing that would affect many other considerable things
including the flow conditions in the reservoir, stresses to the control structures and
especially the construction costs of the spillway structures. Anyhow the circumstances
given by nature has to be taken into account when designing this kind of structures, so it

may not be even possible or cost-effective to place these structures at lower levels.
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