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Introduction increases the minimum pressure, which occurs in the
The human life is largely affected by the newotherwise cavitating region. It was after publighhis
technological achievements in the recent decadesesults that the use of deflectors in spillway ahh
Construction of huge and massive structures, sech aams for flow aeration was rapidly increased. The
offshore structures, skyscrapers, and high dams aresults of pressure measurements made on the Libby
some examples of these developments. High dams diam sluiceway presented by McGee (1988) appear to
play an important role in sustainable developmentscorroborate Peterka’'s conclusion (McGee, 1988).
Therefore, a great amount of investment and ressurc McGee'’s results showed reduced pressure fluctuation
are usually spent to complete these huge structureand increased minimum pressures with forced aeratio
Accordingly, the design of the related structurashs
as, spillways, tunnels and hydro-mechanicalAeration of flow will reduce the fluid density and
equipments have been the main subjects for manncrease its compressibility. Injection of air als
investigations. Cavitation tendency, hydrodynamicincreases the mean pressure and reduces the iptehsi
forces, and aeration of flow are the main aspe€ts @ressure fluctuations, resulting in reduction of
these studies. In high dams, high flow rates am thcavitation risks (Kavianpour, 1997; Kavianpour, 200
resultant velocities can be experienced over th&lakhaei and Kavianpour, 1999). In the near field o
spillways or through the outlet tunnels. Accordyng the aerators, cavitation risk reduces due to theease
the threat of damage due to cavitation erosionn the mean pressure and reduction of the interudity
increases. Once damage is initiated on the syrfacpressure fluctuations. Therefore, aeration of fliow
catastrophic damage is accelerated by the combinemltlet works such as, spillways of high dams and
action of cavitation and impingement attack. bottom outlet conduits is recommended as an efkecti

and relatively easy way to eliminate cavitation
The high velocity flows on the surface of spillwegrsd  damages.
inside outlet tunnels, associated with intense sumes
fluctuation, may cause the local pressures to droE . R

xperimental Investigation

significantly - (Kavianpour, - 2003; Khosrojerdi and In order to study the effects of inflow condition the

Kavianpour, 2003). As a result, the cavitation maymagnitude and distribution of hydrodynamic pressure

tend_ tooceur (KaV|an_pour,_1997, l\_lar_aygna_n anqluctuations, a set of experiments was performed at
Kavianpour, 2000). A dimensionless similarity index Water Research Institute of Iran. Figure 1 shows a
called index of cavitation or cavitation number isschematic view of the experiment'al setup. Wates wa
usually used to quantify the level of cavitatiordats supplied by a pump with the capacity of '150 liter p
ten_dency of occurrence. The cavitation numinyrig second into a head tank (2.4i8nx2.65m), placed on
defined by. a stand of 1.3 meter height. The depth of waténiwi
the head tank was controlled using a by-pass vake.
P~Py (1) test section consisted of a circular pipe, 28.8ioeter
0-5,0U2 in diameter and 7 meter long, which was conneated t
where P,p and U are respectively the pressure, théhe tank. Within this pipe, aerators in the forh o
fluid density and the flow velocity, and, & the vapor ramps of different heights and angles were fixed to
pressure of fluid. Accordingly, cavitation will aag if ~ check the effects of their geometry. Upstreamhef t
the indexo is lower than a critical value,. The ramps, a set of plates were also placed insidepifie
critical value for conduits and spillways has beerfo provide the required depth for the entering fitaw
suggested as 0.2-0.25 (Falvey, 1990). the ramps. They were made of plexy-glass to viseal
the flow condition. It should be noted that thewil
velocity inside the pipe was a function of the dept

Literature Review ) water within the head tank, which was controlled oy
Research on pressure fluctuations has been comductg,

g h ) =1 y-pass valve. Therefore, by adjusting the by-pass
by many investigators. It is known that the inj@etof | 2 and by fixing the plates to manage the defth
air into the flow will reduce the cavitation damage ¢, entering the ramps, it was possible to detaemi
Peterka (1953) used venturi-type cavitation apparat the Froude number of flow. Table 1 shows the flow
to show that for 2 percent air concentration, aslj@t¢o depths and the geometry of the ramps used in this
the boundary, cavitation damage was greatly reducegtudy_

He also realized that for 6 to 8 percent, it watuaily
eliminated (Peterka, 1953). Based on laboratory

measurements, Peterka also suggested that enteiined
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Figure 1- A schematic view of experimental setup.

Table 1- Characteristics of flow depth and aeratogeometry

Angle of Ramp
Water 5 Degree 10 Degree
Depth Height of Ramp (Cm) Height of Ramp (Cm)
(Cm) lcm 2cm 3cm lcm 2cm 3cm
4 cm 4.46 3.6 2.07 11 8.71 7.4
7cm 3.33 3.05 114 7.14 6.25 6.45
10 cm 1.8 1.31 1.2 3.15 35 5.58

Downstream of the test section, the exiting jetsewe Results and Discussion
discharged into a basin, 7.2 meter long. At theé @h The statistical parameters such as the mean, the
the basin, a control valve directed the water iato maximum and the minimum values were obtained for
collecting channel, 1 meter wide, at the end ofclwha  pressure fluctuations in each experiment. The
sharp-crested weir was fixed to measure the digehar procedure was repeated for different velocities and
depths of flow entering the ramp. The geometry of
Pressures fluctuations were measured using pressumerator in terms of the height and the angle ofpram
transducers (type: PDCR800, 750mbar) with effectivavere also included to this study. The measured
diameters of 10 millimeter. A set of pressure tefas  pressures were made non-dimension with respebito t
fixed along the centerline and on the wall of thygep mean pressure and the flow velocity in the forms of
just downstream of the aerator (Figure 2). The qunes

. - Vet = Pmax~ Pmean 2
taps were arranged in four rows along the centeiin U2 (2)
the pipe with a vertical and longitudinal distarafel’5
millimeter. The pressure taps were then fixed te th . p = Pmin ~ Pmean 3)
pressure transducers, using plastic tubes (PVQ) avit u?/2g
internal diameter of 8 millimeter and maximum lengt RMS
of 2 meter (Lopardo et al., 1987). The output sigmd ~ C'P = U229 (4)
the pressure transducers were then collected by af s U</<g

data acquisition system. By controlling the head of )

water within the tank and the depth of flow entgrihe ~ Wh€rePmax Pmin, 8NdPmean represent the maximum, the

ramps, the experiment was repeated for differaw fl Minimum, and the mean values of pressure in meter,

and geometry conditions. respectively. Alsol is th_e entering mean flow velocity
to the ramp an®MS(m) is the root mean square value
of pressure fluctuations.
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Figure 2- The arrangements of aerator and pressurtaps.

Figure 3 shows typical results of the measuremiamts performed inside a high pressure conduit as shawn i
a ramp 1 centimeter in height with two differenoktle  Figure 5, with and without aeration (Kavianpour,

numbers: Er = U/\/ﬁ whereh is the depth of flow 1997). In his experiments, air was only forceamber

i ) . the flow through lower nappe of the jet by fixed
entering the ramp. The vertical axis represér@soot . 4t0rs (Figure 5). Further experiments, were
mean square value of pressure fluctuatioiss and the o qcted on a chute spillway, so that, air wasnat
honz_on@al axis stands for the_ relative distancelLj. 5 enter the flow through upper nappe or free serfa
In this figure,Lp denotes the distance from the aerator 4o ation and also by lower nappe through fixedtaesa
Also, Lj is the length of the reattaching zone jUSthavianpour, 2000).
downstream the aerator, which was measured bytdire
visualization (Figure 5). According to figure 3et
maximum value ofZ’p for Froude numbers of 4.7 and
8.6 are equal to about 0.035 and 0.015, respegtivel
Therefore, it is concluded that the maximum valfie o
C’p reduces as the Froude number increases. The sal
results can also be achieved from the Equatiorms4 t significantly small compared to the previous

Equation 3 indicates thaC’p is a function of flow —goynerimental investigations for a chute spillway
velocity and thus, increasing the flow velocity Iwil (Kavianpour, 2000). Therefore, it can be concluthed
result in reducingC’p.  Similar conclusions have been present results is located between the previeas
reported in previous investigations (Kavianpou9Z0  j, estigations. According to Figure 4, the maximum

. - . value ofC'p downstream of ramps in a closed conduit
Figure 4 shows the variation of the maximum rootyng on g chute spillway, are respectively 0.065 and
mean square values of pressure fluctuati@p)(with 4 55 However, the present result shows a maximum
Q. value of 0.045 foC’p, which is about 2.2 times of that

w reported for a chute spillway and 0.7 times of that

and water discharges, respectively. The figuraains rePortedin a closed conduit.
the results of previous investigations (Kavianpour,
1997 and 2000). A wide range of experiments were
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In the present investigation, the distance betwiben
upstream plates, which are used to fix the depfloof
entering the ramp, and the position of ramps wateq
small (Figure 2). Therefore, it was reasonablectept
8 observed) that the process of surface aeratien

aeration ratio 8 = , WhereQ, and Q,, are the air
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Figure 3- Variations of pressure fluctuations withFroude number on the centerline of the tunnel (B=tm).
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Figure 4- Variations of Maximum pressure fluctuations with aeration ratio.

Figure 6 shows the present results for maximumeslu the wall is about 1.7 times of the minimu@ip” and
of C'p, C'p” andC’p* along the centerline and on the about 5 times of the maximu@p. However, on the
wall of the circular tunnel. It is observed th&et centerline, the maximur@'p” is about 1.3 times of the
maximum and minimum intensities of pressureminimum C’'p” and 5 times of the maximu@'p. It is
fluctuations on the wall are higher than those gltre  also observed that the intensity of pressure fhtatas
centerline of the conduit. The variations are moreemains nearly constant for high Froude numbers.
pronounced on the wall, especially for low Froude

numbers. According to the figure, maximuyp* on
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Figure 6- Variations of maximum pressure fluctuatims downstream of ramps with respect to Froude No.
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Figure 7 shows the overall results for various heigof ~ computer program was run to analyze the data. The
the ramps with two Froude numbers. In this figuhe, data acquisition system was also set to collec2819
variation of relative maximum positiveC{p*) and ~data at every pressure taps. Two sets of datahéor

_ angle of ramps; 6=10° (B=2cm, L=4cm) and=10°
minimum  negative C'p ) values of pressure (B=pcm, L=10cm), were analyzed for this
fluctuations with respect to their maximum root mea investigation. B and L are respectively the heightl

) p* the length of the ramp. The position of the severe

square values@'p) are shown in the forms O?_C' 0 pressure fluctuations were selected to check thatee

Figures 8 and 9 show typical results of the energy
spectral and their dominant frequencies. It can be
B observed from the figures that the energy aroumd th
25<CP <35 which confirms that downstream of freduency of 10Hz is about 40 to 50 times of tht f

' the frequency of 20Hz. Therefore, it can be cotetl
aerators in outlet tunnels, the intensity of maximu that the frequency dominant of hydrodynamic pressur
positive values of pressure fluctuations is aboub t downstream of aerators in outlet tunnel is aboddz10
times of the minimum negative values It has beerExperimental investigations of pressure fluctuaion
shown that within the recirculation zones downstrea downstream of gates (without aeration) showed a
of bluff bodies, the intensity of pressure flucioas dominant frequency of about 25Hz to 50Hz

arrange the condition of cavitation so tigitp™>C' p* (Kavianpour, 1997; Kavianpour, 2000), which means
the flow aeration reduces the dominant frequency of

can be recognized (Kavianpour, 1997). However, with,oqre fluctuations. Also, according to the jmes’

flow aeration, the intensity of pressure fluctuato investigations of Kavianpour (1997), injection df a

reduces so thaC'p">C'p~ will change the situation into the flow reduces the intensity of pressure

against cavitation tendency. fluctuations. It can be concluded from the present
investigations that the process of aeration noty onl

As the pressure fluctuations are random in naturggduces the intensity of pressure fluctuations, disio

determination of their dominant frequency will hetg  changes the dominant frequency of hydrodynamic

designers to check the behavior of such structuregressures.

under dynamic pressures. In order to determine the

dominant frequency of hydrodynamic pressures, a

[ 1At
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Figure 7- Variation of C'p+, C’'p-and C’'p downstream of ramps with respect to Froude No.
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Figure 8- Frequency spectra of pressure fluctuatiom downstream of ramps.
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Figure 9- Frequency spectra of pressure fluctuatiom downstream of ramps.
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Conclusion International  Conference on  Hydroscience
In this paper a set of experiments was performed to Engineering Seoul, Korea.

determine the intensity of pressure fluctuation . . .

downstream of aerators in a circular tunnel. Tioelys SKa\gan%oqtr, MAR ?(ZOb(')S), 3 Aeratlors fm SB qttom Omtlg
includes the effects of the flow characteristicsl &me ngh#éls(‘)’ ArthllZn?nerehc;:Lnallra: cience an
geometry of aerators on pressure fluctuations. s&he 9y ! ' )
parameters are arranged in the form of Froude numbeKhosrojerdi, A. and Kavianpour, M. R. (2003),

The results showed that: “Experimental Investigation of Pressure
e the maximum intensity of pressure Distribution in Bottom Outlet Leaf Gates,”
fluctuations occurs on the wall of the conduit Proceeding of 13th Waterpower Conferendaly,

- the relative maximum positive and negative  Buffalo, New York, USA.

values of pressure fluctuations are respectiveI)Lopardo R. A, Lio, J. C. and Henning, R. E. (1987
3 “Modeling techniques for preventing cavitation in

[ [
about 2<C—p <6 and -2.5(:%p <-3.5. . I d
C'p C'p structures submerged in hydraulic jumpg?’

« the dimensionless root mean square value of Congress IAHR Lausanne, Switzerland, pp. 177-
pressure fluctuationsC(p) reduces as the
Froude number of flow increases McGee, R. G. (1988), “Prototype evaluation of Libby

* the dominant frequency of pressure  dam sluiceway aeration systenRfoceedings of the
fluctuations of about 10 Hz, independent of |nternational Symposium on Model-Prototype
the inflow characteristics and aerator  Correlation of Hydraulic StructuresASCE/IAHR,
geometry, was observed downstream of Colorado Springs Co., pp. 138-147.
aerators ) ) .

» the process of aeration reduces the dominaA}'allflhae" M anddKawanpour, Mf R. (1999), IPrelssuEe
frequency  of hydrodynamic pressure uctuathns ownstrﬁzam O. a normal plate,
fluctuations Proceedings of the "2 Iranian Conference on

Hydraulics University of Science and Technology,
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