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Prediction of Scour Potential Distributions in a Shallow Plunge Pool
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Abstract] ] Because a failure to provide enough plunge pool depth can create a risk to the structural sta-
bility of the spillways or dams, many researchers have proposed experimental formulas for claculating ulti-
mate scour depth under jet issued from spillways and pipe culverts. For the design purposes of a plunge
pool, scour potential distribution is important as much as the ultimate scour depth is. In this study scour
potential distributions near the jet impinging point on a porous plane which can simulate a real cohesionless
movable flat bed has been measured. Experimental results showed that scour potential distributions are geo-
metrically similar to each other provided the angle of jet impact was the same. Statistical analysis of exper-
imental results showed that scour potential distributions for the design purposes of a plunge pool could be
expressed by a single equation within a range of this experiment. The proposed formula for the prediction
of scour potential distributions agrees well with experimental measurements.
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Introduction

Many researches of the flow characteristics
of jet impinging on a flat plane have been
carried out in the heat transfer field and in
the aerodynamic field. Even though studies
about jet impingement on a flat surface pro-
vide good insights on impingements of a jet,
a common problem of these researches is that

the experiments were performed with smooth
flat bed. This boundary condition differs to
the bed boundary conditions of a real plunge
pool. It is also clear that the effect of bed
surface roughness and the porosity of bed
boundary can not be ignored. Engineers often
encounter hydraulic structures which do not
allow a deep tailwater depth. Therefore, stud-
iles of the scour potential distribution were
carried out to aid the design of plunge pool
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bed with shallow tailwater depth under jet is-

sued from spillways and pipe culverts.

Literature Review

Schauer and Eustis(1963), Kamoi and
Tanaka(1972), and Beltaos(1976) measured
flow characteristics of two dimensional jet im-
Beltaos(1974)
systematically studied flow properties with

pinging on a flat surface.
rectangular and circular jet at different im-
pingement angles. Beltaos and Rajaratnam
(1974) found that velocity profiles were simi-
lar for 1I/H less than 0.95 and that static
pressure distributions of the impingement re-
gion were similar. 1/H is the ratio of jet trav-
el length to the distance between jet exit and
Beltaos(1974)
dimensionless wall shear stress for inclined
and Tanaka(1972)

shear stress with hot film probes and found

bed surface. derived

jet.  Kamoi measured
that distribution of wall shear stress on a
plane had two peaks near the stagnation
point depending upon the angle and height of
impingement. Wu and Rajaratnam(1990) dis-
cussed the effects of boundary roughness and
characteristics of a circular turbulent wall jet

growing on a rough boundary.
Experiments
Dimensional analysis 1s applied to find the

which

scour. The experiments were performed with

dimensionless parameters influence
a circular submerged jet in a rectangular
channel. Taraimovich(1978) found that jet im-
to 46°

for wide lower plunge pool (4 < the ratio of
river width to tallwater depth < 75). There-
fore, this study was performed with the angle

of jet impact 28.5° and 45°. An idealized

pact angle usually ranged from 25°

model of jet impinging into cohesionless po-
rous flat bed was proposed by Son et al.
(1993). The significant variables used in their
model are shown in Fig. 1. The adopted sig-
nificant variables were nozzle diameter(D,),
average flow velocity at nozzle (U,), angle of
jet impact on talwater surface(d), width of
plunge pool (B), tailwater depth (H), density
of water(p), kinematic viscosity of water(y),
diameter of bed material(D,) and the sub-
merged sphere weight (W.= (p,—)gaD*/6).

Imaginary
Bed Level

Figure 1. Schematic diagram of experiments

By selecting Dn, p and U, as the repeating
variables, Son et al.(1993) developed the fol-

lowing dimensionless terms.

. 3
psp 0 5%2 =f,(D,/D,, H/D,, X/D,, B/D,,

v/U.D,, 8) (D

Son et al.(1993) found in their experimen-
tal works that Eq.(1) could be reduced as
Eq.(2) or Eq.(3). They confirmed Albertson
et als (1950), Hartung and Hauslers (1973),
and Maynords (1988) studies that the effect
of Reynolds number on the jet diffusion is
negligible.

WS/MD = (ps—p)gDsa/(onanz) = fZ(Dn/st



H/D., ) (2)

Wo/M,.= (0:-0)gDy/ (0 U.?) =f:(D./Ds,
H/D,, ) 3)

where, W, ; submerged sphere weight= (7,

7)nD.}/6

M, ; jet momentum at nozzle exit=
oD, U2 /4

M, ; jet momentum acting on a

sphere=po7D.?U,%/4

Sixty-one experiments were carried out to
measure W,/M,(W.,/M, will be named “scour
potential”)for three nozzle diameters (2-inch,
3-inch and 4-inch) six tail water depths (H/
D,=1.83-6.95), and various Reynolds num-
bers. The experimental ranges are summa-
rized in Table 1. The jet travel length of this
research reaches up to 13.5 times the jet di-
Hartung and Hausler(1973) found
that most of jet energy dissipated at a dis-

ameter.

tance of 20 time the jet diameter.

BTk F3 19040 OF 37

Table 1. Experimental Ranges of This Research

Description Experimental Range
Jet Renolds No. 80,000-222,000
Impact Angle of Jet on Plunge | 28.5° -45°
Pool Surface
The Ratio of Jet Diameter to 0.8-1.6
Bed Material Diameter
The Ratio of Jet Diameter to 1.7-13.5

Jet Travel Length

The next four figures (Fig. 2-5) are the
examples of the experimental results for 45°
and 28.5°

impact angle 45° , a clear trough was found

of jet impact angle. For the jet

in the middle of scour potential distribution
curve. Some experimental results of the jet
impact angle 28.5° show slight trough. It
seems that the trough occurs due to an ef-
fect of jet stagnation point on the plunge
pool bed. A steep gradient of scour potential
distribution near the stagnation point Indi-
cates there exist strong turbulences near the

stagnation point.
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Figure 2. Scour potential for H/D,=2.32 (4-inch nozzle, §=45" )
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Figure 3. Scour potential for H/D,=6.53 (2-inch nozzle, §=45" )
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Figure 4. Scour potential for H/D,=2.60 (4-inch nozzle, 9=28.5" )
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Figure 5. Scour potential for H/Dn=>5.24 (2-inch nozzle, 6=28.5" )



Analysis of Experimental Results

Fig.2 through Fig.5 show that the patterns
of scour potential distributions are very simi-
lar for the same angle of jet impact. There-
fore, an attempt was made to see if there ex-
ists a geometrical similarity among the scour
potential distribution curves for each angle of
jet impact.

At first,
were normalized by their max.W,/M,. The

the measured scour potentials
normalization result for #=45° is shown i
Fig.6.

Each distribution was moved by L. in nega-
tive horizontal direction so the apex of nor-
malized scour potential curve passes X/D,=0
and the normalized W,/M,=1. In Fig. 6,
larger H/D, shows the larger dispersed tail
width of the The
scattered tail parts of the distributions could

scour potential curve.
be collapsed into a line by dividing the (X/D,
-L..) with scaling factor (S.). The scaling fac-
tor (S.) was adopted by measuring the dis-

persed tail width of the distribution curve

H27H I 19945 9H 39

along the horizontal line crossing 0.5 of the
normalized W,/M...

The results of normalizing, centering, and
scaling of the data are shown in Fig. 7 and
Fig. 8. The figures show that there exists a
unique scour potential pattern for each angle
of jet impact, e, there exists a geometrical
similarity among the scour potential distribu-
tions for each angle of jet impact. Statistical
analysis showed that scaling factor (S.) and
centering magnitudes (L.) could be expressed
with
squared (r?) equal 0.94 and 0.67, respectively.

as follows correlation  coefficients

S.=1.75-2.570+2.27D,/D,+ 1.10H/D,
-1.50(D,/D;) (H/D,) +0.631(H/D.)Re
+1.306(D./D.)(H/D,)
-0.8426(H/D,)Re

L.=0.337-0.0304H/D,+0.3994(D./D,)

(4)
(5)

For design engineers in civil engineering
practices, a simplified scour potential distribu-
tion shape for any jet impact angles (28.5° —
45° ) will be convenient. The suggested sim-
ple curve shape is shown in Fig. 9.
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Figure 6. Normalized Scour Potential Distribution for §=45"
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Figure 8. Unified scour potential distribution for §=28.5"
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Figure 9. Simplified and Exact Scour Potential Distribution Curves
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Figure 10. Explanation of Two Regions within Scour Hole

Because the point where the maximum
scour depth occurs is varying during the op-
eration of spillways, the plunge pool design
does not require an exact score potential dis-
tribution except at the edges of scour hole.
As shown in Fig. 10, two regions of scour
hole should be considered to predict the scour
hole shape. One is a region where maximum
scour potential governs a scour hole shape.
Another is a region where maximum scour
potential and scour potential distribution gov-
ern a scour hole shape. Fig. 10 1illustrates
which parameters shloud be considered in pre-
dicting a scour hole shape.

Weibull, Gaussian, revised Type 1, Type 2
and Type 3 distribution curves (Benjamin
and Cornell, 1970) were applied in regression
analysis to find optimally simplified scour po-
tential distribution curve, Statistical analysis
showed that the revised Type 1 distribution
has the highest correlation with normalized
scour potential distribution regardless of the
angle of jet impact. The average correlation
coefficient squared (r?) of 61 regressions 1s
0.9794.

(W./M..)/Max.(W,/M,;)=m3 ml exp [-ml
(X/D;m2)—exp(-m1(X/D,-m2))] (6)

The results of multiple regression analysis
are

In(m1)=0.0816+H(-0.381+0.277 +0.308D)
+D(-0.186-0.358Re-0.338 § H
+0.452 9 Re) (7)

m2=1.22+D(0.892-0.209H) +0.244 H
+6(-3.05-0.378 D Re+0.695 Re) (8)

m3=0.924+2.95D-1.68 § D Re+0.648 Re’
+H{1.39+6(-1.24+2.16D-0.6Re)
~-1.83D+0.364Re+0.0570 H} (9

where, ml, m2, m3, ; the coefficients of Eq.
(6)
D :ratio of nozzle size to gravel size
(D./Ds)
H :ratio of pool depth to nozzle size
(H/D,)
Re : Reynolds number at nozzle exit di-
vided by 1.0x10°.

Comparisons and Conclusions

Actual scour potential distribution can be

calculated by multiplication of the maximum
scour potential to Eq.(6). Son(1993) proposed
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Figure 11. An Example of Estimated and Measured Scour Potential for §=45"
(3-inch nozzle, H/D,=4.443, and Reynolds No.=9.19x10")
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Figure 12. An Example of Estimated and Measured Scour Potential for §=28.5"
(4-inch nozzle, H/D,=3.45, and Reynolds No.=1.874x10°)

equations for the prediction of maximum
scour potential. The next two figures (Fig.
11-Fig. 12) show the comparisons of raw ex-
perimental measurements of scour potential
with predicted scour potential curves. “L.S.
Eq.” in Fig. 11 and Fig. 12 stands for the
least square equation. “Upper 90 percent”
stands for the upper 90 precent prediction

values of maximum scour potential. As

shown in Figs. 11 and 12, developed formulas
for the prediction of scour potential distribu-

tion agree with experimental measurements.

1. Regardless the flow charateristics of jet,
scour potenial distributions could be expressed
with a single curve for the same angle of jet
impact. In other words, the scour potential
distributions are geometrically similar to each
other if the angle of jet impact was the
same.

2. The jet dispersion, magnitude of distribu-

tion and a point where the maximum scour



potential occurs depends upon tailwater depth
and the ratio of jet size to the bed matenal
size. The existence of jet stagnation point on
the plunge pool bed was observed and strong
turbulences near the stagnation point were
found from experiments. A jet generates
maximum scour potential downstream of the
point where the extension of jet centerline in-
tersects the bed level.

3. Within the experimental range (jet im-
pact angle ; 28.5° and 45° ), the scour po-
tential distributions for engineering design
purposes could be expressed with a revised

Type | distribution curve.
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NOTATIONS
The following symbols are used in this
paper.
B =Plunge pool width ;

D. =Nozzle diameter,

D, =Sphere diameter;

H =Tailwater depth ;

1 =Travel length of jet ;

M, =Total Momentum of jet at a nozzle
exit ; .

M, =Momentum of jet acting on a projected
area of sphere normal to jet direc-
tion ;

U, =Velocity of jet at nozzle

W, =Submerged weight of sphere ;

X =Axis along bed level ;

Y =Axis normal to bed level ;

8 =Agle of jet impact (radian) ;

v =Kinematic viscosity of water ;

o =Density of water ; and

o, =Density of bed material.
(H4=:10/22)



