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ABSTRACT

The scope of the study conducted is to verify apiihtze
a low inflow Froude number stilling basin at Hvammu
Hydro Electric Project, in southern Iceland, in laygical
model. The model is built according to Froude sionile
with a scale ratio of 1/40 and represents the ambrdlow
area to the spillway, the spillway, downstreanlistlbasin
and a discharge channel conveying the flow backh&
original river channel. The quality of the rock ditions
downstream of the stilling basin is expected tgbed and
therefore the effect of a shorter and less expensiiing
basin is investigated. In total 4 stilling basimdéhs were
tested at various operating discharges to ideasfyects of
performance for the basin and downstream chanmslulis
indicate that a too short basin has limited cajighid form
a hydraulic jump and produce turbulent kinetic gyefor
energy dissipation. A longer basin forms a more
conventional hydraulic jump and is better abledadie the
extreme fluctuations of forces before returning flwav
back to the riverbed. Furthermore, with decreasitiling
basin length a fluctuating component is measurethat
downstream end of the stilling basin indicating sp@ut
of the hydraulic jump.

INTRODUCTION

Landsvirkjun is planning the construction of thneewer
plants in the lower section of the Thjorsa Rivevakhmur
Hydro Electric Project (HEP), Holt HEP and Urrids$o
HEP. All three will be run of the river power planith
small intake ponds. Hvammur HEP is the uppermost
project of the three utilizing the head betweervaiens
116 m a.s.l. and 84 m a.s.l. The design dischasge i
310 ni/s providing installed power of approximately
80 MW and energy generating capacity of 665 GWHhth w
two Kaplan turbines.

A gated spillway is proposed to bypass floods agliate
pond elevation. The gated section of the spillwaygee

shaped with a crest elevation of 107 m a.s.l. andpped
with three 10 m high and 12 m wide radial gates. A
concrete stilling basin downstream of the spillway
dissipates excess energy and protects the dampihay
from erosion. The design assumes a hydraulic jufprin
within the basin for all gate openings and dischargp to
the design flood, Qo (2150 ni/s). The water is routed
back to the original river channel downstream ef skilling
basin by a 50 m long excavated channel with a hyidra
control at the end to ensure necessary tail whegkivater)
elevation to support the formation of a hydraulimp in
the stilling basin. The design criteria states tiet gated
structure must pass the design flood without angatge to
the spillway and the flow in the downstream disglear
channel shall be subcritical for all conditions.

The inflow Froude number is 3.3 for the design dlo@he
design of a short and efficient hydraulic jumplisti basin
for Froude numbers below 4-5 is challenging becahse
jump that forms is weak, with low energy dissipatiand
high degree of fluctuating components. For low dnfl
Froude numbers the USBR recommends stilling bagin |
with chute blocks and a sloping end sill. (USBR871p

In this study, a physical model is built accordtng-roude
similarity with a scale ratio ofA = 1/40 to study the effect
of stilling basin length and properties of the wégkiraulic
jump that forms in the fluctuating system. The e¢ger
removed in a hydraulic jump is dissipated with gatien
of large scale turbulence and the resultant coieref
turbulence to heat. In view of this and in an dffto
quantify the flow behavior and hydraulics of thetgyn, the
measured fluctuations of pressure and velocityused to
quantify the turbulence characteristics of theesyst

Based on preliminary investigations, the qualitythaf rock
downstream of the stilling basin is believed to dmod.
Therefore the effect of a stilling basin shorterttgenerally
recommended in the literature is investigated, eakiced
length of the basin will contribute to less constion cost.



All values in this article are prototype values.

METHODS

The model study was conducted in the hydraulics
laboratory of the Icelandic Maritime Administraticiuring

a 6 month period. The gated structure and stiliagin are
made of industrial plastics and the stilling badias
plexiglas side walls. The topography of the modemiade
out of fiber reinforced mortar.

Figure 1 — Overview of the physical model of Hvammur HEP in
the laboratory.

The discharge in the system is regulated with twmps
with frequency inverters. Two reservoir tanks, one
downstream and one upstream, collect the waterhnsic
circulated in a closed loop as is shown in Figure 2

The three spillway gates are operated at equal iogen
(interlocked operation) for all flow scenarios istigated.
The gates regulate the discharge up to approxignatel
1500 n/s but for higher discharges the spillway enters a
transition regime to un-gated flow which stabilizas
around 1600 rits. A control section is constructed 50 m
downstream of the stilling basin end sill to ensueeessary
tail water depth to prevent sweep out of the juifipree
discharges were investigated, 1050/sm(annual flood,
gated regulated flow), 1650%a (50 year flood, un-gated
flow) and 2150 rifs (1000 year flood, un-gated flow).

High accuracy ultrasonic sensors measure the digeha

the system and manual gauges are used to verify the
upstream pond elevation. Pressure sensors at sariou
locations in the pond are used to measure the pond
elevation and monitor stability.

A Sontek Acoustic Doppler Velocimeter (ADV) measire
the three velocity components. ADV's are capable of
reporting accurate mean values of water velocityhiree
dimensions (Garcia, Cantero, Nino, & Garcia, 2005,
Zhu, & Rajaratnam, 2002). Each measurement last§do
seconds at 5 Hz, collecting 300 data points. ThevAD

which is down looking and has a blind zone of 50 from
the sensors probe (Sontek, 1997), does howeverstane
limitations. Because of the blind zone, measureman¢
limited to a depth exceeding 2 m (prototype defrttin the
surface. Also, in complex flow regimes with highr ai
entrainment, such as in a hydraulic jump, the imsgnt’s
capability to accurately resolve flow turbulence
uncertain. The ADV resolution is however believedbe
sufficient to capture a significant fraction of thebulent
kinetic energy of the flow (Nikora & Goring, 1998Ry
filtration of the acquired time series the data dam
corrected for spikes in the data caused by air leshib the
sampling volume. Measurements with the ADV are made
along the center line of the stilling basin and detrkeam
channel. ADV data processing and filtering is daviéh
USBR’s WIinADV32 software (Wahl T. L., 2000). Becau
the sampling volume in the laboratory model is teda5

cm (model value) below the probe of the ADV and
fluctuations of the water surface in the stillingsin, the
topmost zone in the system has no measurement data.
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Figure 2 — Overview of the modeled area: 1) the three gate
spillway; 2) stilling basin for energy dissipatior8) excavated
downstream channel to ensure necessary tail watergofirol
section to ensure a hydraulic control for all fleenditions.

High accuracy pressure sensors (0.05 % full seake)lso
flush mounted to the stilling basin and downstrednannel
invert to measure fluctuations of pressure at lidtervals.
Data is collected at 10 Hz along the center linethef
structure.

The root-mean-square of the turbulent velocity tflations
about the mean velocity is computed for use inrdgténg
turbulence intensities and levels of turbulent kmenergy.
The RMS value is equal to the standard deviatiothef
individual velocity measurements. The RMS turbuéefar
each velocity component is calculated as:
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wherei is the direction of the velocity component relativ
to the ADV probe, RMS is the RMS value for the
component andh is the number of samples (Wahl T. L.,
2011).

Turbulence kinetic energy (TKE) is defined as mkiaetic
energy per unit mass associated with eddies inukemi
flow. The turbulent kinetic energy is characterizgdroot-
mean-square (RMS) velocity fluctuations in the
longitudinal, lateral and vertical directions. Geaily, the
TKE is quantified by the mean of the turbulence nmalr
stresses:

e =2+ () () e

where TKE is turbulent kinetic energy per unit massl

\/ﬁ, \/ﬁ and\/ﬁ are root mean squares of the velocity
fluctuations in the longitudinal, lateral and ved
directions, respectively (Urban, Wilhelms, & Guéiv
2005). Turbulence intensity in a plane identifigd is:

@ v, ®

where U,, is the mean value of velocity in plane

and [(V,")? is the root mean square of the turbulent

velocity fluctuations in plane

The layout of the system is shown in Figure 3. The
difference in the coordinate system defining thidirsy
basin length between USBR and this study is 7 rB5An
long stilling basin in this study thus correspotal& 62 m
long stilling basin according to the USBR conventio
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Figure 3 — Overview of the model coordinate systegisEthe
total upstream energy, yis the pre jump depth,,yis the
conjugated depth of the hydraulic jumpywys the corresponding
tailwater elevation in the downstream channgl.iZ the stilling

basin invert elevation and:£is the end sill height. Bis defined
as the length of the stilling basin.

For each of the three discharges investigated itgldata
is acquired at 5 elevations within the stilling ibaand at 3
elevations for each section in the downstream ctlafour
stilling basin lengths are tested, as is summarizetiable
1.

Table 1 — Description of layouts tested to optimize stijlibasin
length (B). For all cases the spillway crest elevation is 107
a.s.l., stilling basin floor elevation ¢Zis 100 m a.s.l. and end sill
elevation (£¢ is 103.1 m a.s.l.

Case | A2 | A2.1 | A2.2 | A23

BL(m) | 55 | 45 35 | 25

EXPERIMENTAL RESULTS

Figure 4 shows the mean velocity distribution ie tentral
plane for the 4 lengths tested at the design flitiedharge,
as measured by the Sontek ADV. The figure showistkiga
velocity profile changes gradually from a plane hjet-like

profile within the stilling basin to a standard apehannel
flow velocity profile in the downstream channel.rRbe

longest stilling basin a vertical velocity compohes

apparent immediately downstream of the end silt. the

second longest stilling basin a standard velodibtfile has
developed immediately downstream of the end sitl fom

the two shortest stilling basins the observed atardrom

the longest stilling basin is observed but onlpisger, i.e. a
vertical velocity component immediately downstreain
the end sill. After station 60 a standard distrdnlivelocity
profile has stabilized for all the cases tested.

Figure 5 shows the measured velocity fluctuatidR1$)
for the four basin lengths. Scattering of the datéargest
within the stilling basin and decays downstreanthef end
sill. For 45 m and 55 m stilling basin lengths timean
values are similar, while for the 25 m and 35 nflirstj
basin lengths the average is higher within théirggilbasin,
with an absolute maximum at the end sill, but deway
more rapidly in the downstream channel. The 25 th 2%
m stilling basins yield the lowest measured andraye
values in the downstream channel.
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Figure 4 — Velocity distribution along the central vertigaline for the four basin lengths tested. Datehisven for Q = 2150 Ris
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Figure 6 — Standard deviation of pressure measured in ¢éméral

Figure 5 — Measured RMS values of velocity along the céntra line on the invert of the stilling basin and dowesim channel.
vertical plane. Data is shown for Q = 2150%m The bottom Data is shown for Q = 2150 #s. The bottom legend shows the
legend shows the corresponding stilling basin length corresponding stilling basin length.



Figure 6 showshie standard deviation of measured pres

at the invert of thestructure. The highest measured val

are at top of the end sill for the 2B, 35 m and 5 m

stilling basin lengths while for the 55 m basineak value

in pressure deviation at the end sill in observatrhuch

lower than ér the other three caseThis correlates
somewhato the measured velocity fluctuationsFigure 5.
In the stilling basin the lowe®RMS velocitiesare where
the jet enters the basin, but increakmsards the expecte
location of the hydraulic jumgn the downstream chanr
the pressure deviatiowkecay rapidly for all case

In Figure 7 the longitudinal turbulendetensity is plotte

while Figure 8shows the vertical turbulence intensities.

the two shortest basin®25 m and 35 , a peak in
longitudinal turbulence intensity is observed imiagely
downstream of the end silubfor the 45 m and 55 m bazs
lengths no outliers are detected. The vertical uigntce
intensity scattering is overall lower than the libadinal
one,but in the downstream channel the 55 m stillingirb
lengths has the highest measured values.
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Figure 7 — Variations of normalized measured longitudi
turbulence intensities in the central vertical ptarData is show
for Q = 2150 ni/s.

Figure 9shows a side view of the stilling basin at

design flood. The oscillating waves and instabiliiythe
system can be observed. Up to 3 m wave heightserebd
in the stilling basin for the design flooThe oscillating
behavior and wave height are similar for all casesetd:
For the two shortest stilling basins, the overalfifaulic
character at the end of the stilling basin seensdizate ¢
“sweep out” character of the weak hydraulic jumgp,tlae
incoming jet to tk stilling basin does not have t
necessary  stilling basin length to faciliti
a necessary velocitgduction of the inflow velocity of th
jet before leaving the stilling basin.
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Figure 8 —Variations of normalized measurvertical turbulence
intensities in the central vertical plai Data is shown for Q =
2150 nis.

Figure 9 — Side view of the stilling basin in the ptcal model for
Q = 2150 ni/s for the four stilling basin lengtl



CONCLUSION

The measurement results indicate that a critiozdtion in
the system is at the end sill and immediately ddreasn of
it (5 — 10 m downstream). By decreasing the stllbasin
length,
location. For the two longer stilling basins, 45and 55 m,

no outliers or abnormality in the measurements are

observed at the end sill location while for the tslwrtest
stilling basin lengths, 25 m and 35 m, a differehnaracter
is identified. Immediately downstream of the end si
location, a strong fluctuating component of pressand
velocity is observed for the two shorter stillingsins,
indicating possible erosion potential which migasult in
structural damage or complete failure of the stmecif the
rock quality downstream of the concreted stillinasin is
not high enough. Therefore, by reducing the sglibasin
length to cut down the construction cost, carefsegsment
needs to be made on the downstream rock qualifyadf
the dissipating energy is moved to the downstrelaamicel.
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fluctuating components are observed at this
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