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Abstract: Pressure fluctuation is one of the critical flow characteristics, which causes major problems in
hydraulic structures. This research is based on experimental studies conducted at Water Research Institute of
Iran on pressure fluctuations in two flip bucket spillway models with different geometrical characteristics. In
this work, pressure fluctuations on the middle, right and left sides of the flip buckets have been collected within
a range of Froude Numbers from 5 to 12. The study at final stage completed with statistical analysis of pressure
fluctuations and determination of maximum and minimum pressures. It was found that the rms values of
pressure fluctuations (C’p) increases within the location of -0.2<x/r<0.2 and -0.2<x/r<0.25. Along the flip bucket
spillway, with increasing Fr, the values of C'p decreases. Also, C'p reaches the minimum values in the beginning
of the bucket, but increases at -0.2<x/r<0, while approaches the bottom of the bucket. The coefficient of
fluctuations experiences a reduction in the region of 0<x/r<0.1 and 0<x/r<0.15.
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INTRODUCTION In this paper, the impacts of dynamic pressure on flip

Flip bucket spillways among the most important completed through conducting experiments with different
components of a dam that affects its required geometry and hydraulic features of flip bucket spillways.
functioning.. Sudden variations of flow geometry Due to the fact that pressures fluctuating are stochastic or
accompanying by high velocity flow may result in random in nature, physical model studies are also
turbulence and sever pressure fluctuation. Historical accomplished by statistical methods [1].
experiences show that intense flow turbulence and the  Literature Review
resulted pressure fluctuations in stilling basins and Bowers et  al.  (1964)  presented  some  data on
spillways of high dams may cause serious damages to the damages caused by pressure fluctuation on hydraulic
structures. The destructive effects of pressure jump  at  Karnafouly  Dam.  Vasilive  (1967)  published a
fluctuations on energy dissipaters may also lead to paper  on  full  range  of  statistical  parameters  applicable
structural vibrations. to hydraulic jump. Random characteristics of dynamic

Reported damages to chutes and energy dissipaters pressure  on  the  bottom  of  stilling  basin  were studied
have attracted the attention of many investigators on the and  described  by  Schiebe  in  1971.  He  indicated  that
importance of pressure fluctuations in the design of the root mean squares (RMS) of pressure fluctuations in
structures such as, hydropower systems and spillways. two experimental channels of different scales were
Karnafuly Dam is one of the examples for such damages. identical. These studies, were  conducted  on  the  basis
In the first year of its operation, as a result of the 20% of Froudian  Models.  Reach  and  Loster  (1971)
designed flood, sever damages to the chutes and the presented a  particular  technique  for measuring velocity
stilling basin were observed. Consequent studies by the fluctuations in hydraulic jump by means of hot film
Board of Investigators indicated that major cause of anemometer. They showed that input flow is one of the
damages was intense pressure fluctuation and the important factors in determining the intensity of
resulting cavitation phenomena. In Iran, cavitations fluctuation. Abdol Khader and Illanco (1974) developed
phenomena induced by dynamic pressures caused previous studies on hydraulic jump in a new range of
serious damages to Karuon Dam spillway. Froude Numbers [2].

bucket spillway have been studied. The studies were
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Narayanan in 1980 by calculations showed that there turbulent flow [15]. Vatandoust et al. in 2007 studied on
is a relationship between pressure fluctuations and hydraulic models of flip bucket spillway of Sahand Dam
cavitation phenomena in stilling basin [3]. The results of and indicated the maximum coefficient of pressure
measurements conducted in 1982 and 1988 by Lopardo fluctuation in the bucket. They showed that the highest
and his colleagues on the physical models and prototype risk of cavitation related to the dynamic pressure [16, 17].
of stilling basins confirmed Narayanan’s calculations. The Borghei and Zarnani in 2008 studied the impact of the
measurements proved that the incidence of cavitation geometry of the jet on pressure fluctuations in
phenomenon in stilling basin, as a result of intense plungepools [18]. In 2008, Jijan etal. studied the pressure
pressure fluctuation is also possible, even if the mean fluctuations in hydraulic jump [19]. Farhoudi et al., in 2010
pressure is above the vapor pressure[4,5]. Narayanan in indicated the trend of changes and variations in pressure
1984 conducted a number of experiments and maintained fluctuation in the chute block of stilling basins type SAF
that the intense pressure fluctuations increases the risk of with Froude Numbers. The results showed that the degree
cavitation [5]. He reported the most likely case of of submergence in hydraulic jump has a decreasing impact
cavitation in the shear layer, which is separated from the on pressure fluctuations [20]. Kerman-nejad etal in 2011
edge of the gate. Lopardo and Narayanan compared the studied dynamic pressures due to impact of a ski jump out
results of pressure fluctuation and probability occurrence of a flip bucket downstream of a chute spillway model.
of cavitation phenomenon and reported that appearance The results showed that pressure coefficient is highly
of cavitation bubbles depends on the time that pressure sensitive to horizontal and vertical distances to impact
is below the vapor pressure of fluid. If the instantaneous location as well as to the impact angle. [21].
pressure is more than0.2 % of total time, the incidence of The above mentioned studies showed the importance
cavitation  is  more  likely.   Furthermore,   the   mean  time and demands for continuous attention of pressure
required for appearance of cavitation bubbles was fluctuations in hydraulic engineering. On the other hand,
provided by Blazjewski [6]. Armeino et al. (2000) also these studies point out that although the previous studies
conducted a number of studies on the effect of apron on on different conditions such as stilling basins and
pressure fluctuations in stilling basin [7]. Claudio and spillway of high dams are remarkable, but less information
Lopardo, in 2001 presented their work on cavitation can be collected on this phenomenon over flip bucket
caused by fluctuation in currents with highly turbulence spillways. Therefore, systematic information is collected
hydraulic jump. In this paper, they examined the through experimental investigation on scaled models at
destructive impacts of turbulent on pressure fluctuations Water Research Institute of Iran and the results are
with probability occurance of 0.1%. The study was presented here.
conducted on physical model of Arroyoito Dam [8].

The results of Kavianpour on chute spillway, which MATERIALS AND METHODS
conducted between 1997to 2002 indicates that through
the flow aeration, the intensity of fluctuations is Measurements of dynamic pressures on two bucket
decreased. Meanwhile, the average pressure increases, spillways are made for this investigation. The first flip
which consequently leading to greatly reduction of bucket which is called case1, provides the ratio of r/b=0.5
cavitation risk.  Experiments of Kavianpour also indicated (r is the radius and b the width of the bucket) and the
that with increasing aeration ratio higher than 5%, the slope spillway of 36.4% (at entrance to flip bucket). The
intensity of pressure fluctuation decreased and the second bucket which is called case2, provides r/b=1 and
skewness and kurtosis together with the dominant an entrance angle of 24% to the bucket Figure 1 shows
frequency of pressure fluctuations were changed. He schematic shape of flip bucket spillway. In this paper the
concluded that a certain changes in the flow structure Measurement of pressure fluctuation includes the
happen with flow aeration [9-12]. He also conducted collection and recording of data for a certain period of
systematic studies in 2003 and 2005 on stilling basins and time in along the flip bucket. These measurements were
plunge pools to improve our knowledge on pressure completed by means of precise instruments, including
fluctuations and its variation with input flow condition pressure transducers, amplifiers, filters and data recording
and geometry [13, 14]. and displaying systems. Finally, the collected data were

Vollmer and Kleinhans in 2007 studied on the analyzed to determine the statistical characteristics of the
estimation of force resulted from pressure fluctuations in pressures.
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Fig. 1: Schematic shape of flip bucket 

Due to the fact that dynamic pressures caused by
current turbulence in hydraulic structures are random data
in nature, the characteristics of the phenomenon were
studied through statistical analysis. Thus, power density
function as well as probability distribution were
completed for this study. In this regard, mean and root
mean square together with statistical different parameters
like skewness and kurtozis of data were calculated. In this
analysis, non-dimensional forms of root mean square
values  were determined with respect to flow velocity
V  as follows: Fig. 2: Variation of C'p with x/r (first case)1

Maximum and minimum values of pressure
fluctuations are important for design tasks. The values
consequently show the maximum upper and lower
deviation of pressures from the mean values. The results
are presented in non-dimensional forms as follows:

Fig. 3: Variation of C'p with x/r (second case)

In this equation, p± refers to the maximum positive upstream  is  negative,  but  to  the  downstream is
and negative values of pressures compared to the average positive.   The   vertical   axis   represents   the  coefficient
value so that,  and . Also, P of  the  pressure  fluctuations.  The  figures  showmin

and P  refer to recorded maximum negative and positive increasing  trends  for  C'p  along  the  bucket. Itmax

values for each signal in a particular point and  refers to decreases  with  increasing  the  Froude  number.
mean value of each recorded signal of pressure in that According to the figures, in the upstream and downstream
particular point. sections of the bucket, some extremes are noticeable close

RESULTS AND DISCUSSION could be observed within the range of -0.2<x/r<-0.1 and

Figures 2 and 3 indicate the variations of the values second case, the second point is seen in the range of
of C'p with x/r along in the center of the two cases of flip 0.2<x/r<0.3.
buckets. The horizontal axis refers to dimensionless ratio Figures 4 and 5 show the variation of maximum
of  distance from the bottom of  bucket  x  to  its  radius  r. pressure  fluctuations  with the dimensionless ratio of x/r.

The ratio x/r from the bottom of the bucket towards

to the bottom of the bucket. The preliminary extreme point

the second one is seen within the0.1<x/r<0.2. For the
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Fig. 4: Variation of C'p with x/r (first case) Fig. 8: Variation  of  C'p with entering Froude number+

Fig. 5: Variation of C'p with x/r (second case) Fig. 9: Variation of C'p with entering Froude number+

Fig. 6: Variation of C'p with x/r (first case)-

Fig. 7: Variation of C'p with x/r (second case) Figures 8 and 9 indicate the variation of C'p with entering-

The extreme points in the upstream and downstream 11 are also present the variations of C'p with Froude
sections  are seen within the ranges explained for Numbers and Figures 12 and 13 show the variations of
previous figures. According to the figures, it is observed C'p with entering Froude Number. In these figures, the
that  the  variations  of C'p    are   compatible   with   C'p. horizontal axis    represents   the   Froude   number   and+

(first case)

(second case)

Fig. 10: Variation of C'p with entering Froude number+

(first case)

Figures 6 and 7 show the variation of maximum negative
fluctuations of pressure C'p . The values of C'p  presented- -

in those figures inspite of C'p follow decreasing trend.+

The values of C'p are also less than C'p , which show the- +

positive nature of the pressure fluctuations and their role
in decreasing the risk of cavitation. However, their
impacts on structural design should also be mentioned.

Froude Number of flow for the two cases. Figures 10 and
+

-
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Fig. 11: Variation of C'p with entering Froude number C'p is minimum at the beginning of the bucket, but+

(second case) increases as approaching its bottom section. After

Fig. 12: Variation of C'p with entering Froude number 1. Toso, J.W. and C.E. Bowers, 1988. Extreme pressure-

(first case) in Hydraulic jump stilling Basin.. Jornal of Hydraulic

Fig. 13: Variation of C'p with entering Froude number macroturbulece of Hydraulic jump. In proceeding of-

(second case) the 1982 Coventry Internationl conference on

the vertical axis shows the coefficients of pressure pp: 109-121.
fluctuations. Figures8 and 9 indicate that with increasing 5. Lopardo, R.A., 1988. Stilling Basin Pressure
of Froude number, fluctuations decreases. The value of fluctuation. In proceeding of the 1988 Colorado
the C'p along the bucket is decreased, but in the range of International symposium on model Prototype
0.1<x/r<0.2  extreme  values of fluctuations are recorded. correlation of Hydraulic structure, pp: 56-73.
The values of C'p  are located within the range of 0.01 to 6. Blazjewski, R., 1981. Disscution of the paper+

0.08. cavitation induced by turbulence in stilling Basin By
Figures 12 and 13 represent the variation of C'p which R. Narayanan. Journal of Hydraulic Engineering,-

express the minimum pressures leading possibly to the 107(2): 234-245.

occurrence of cavitation phenomenon. A comparison of
the figures shows that the values of C'p  are lower than-

C'p and includes a smaller range of irregularity between+

-0.01 to -0.05.The values of C'p  increases with Froude_

number.

CONCLUSION

It is concluded from the present results that the
intensity  of  pressure  fluctuations reduces with
increasing  the  Froude  number  of  flow.  The  value  of

passing  the  middle  area  0<x/r<0.1   in   the   first  case
and 0<x/r<0.15 in the second case, the fluctuations
increases. At the end of the bucket, the fluctuations
decrease. It was observed that variations of C'p  are+

consistent with C'p, in the case of C'p  the variations-

almost show a reveres trends. However, in general, with
increasing the Froude number, the minimum and maximum
pressures decrease. 
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