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Abstract: A study of scour downstream of free hydraulic jump in stilling basin of stepped spillways was carried out.
This paper employed an experimental study to investigate the stepped spillway with the movable bed material of
Dsy = 3.1 mm. The effect of the contraction ratio of the stepped spillway was highlighted. Different downstream
divergent angle was studied to minimise the scour depth, the results showed that the relative scour depth was reduced
by 23% for divergent angle is equal to 170°, different shapes of buffer in stilling basin were also studied to reduce the
scour depth where the considered buffer decrease the relative scour depth up to 84%. This study was simulated by Flow
3D program to analyse the scour hole formed using velocity vectors at the bed. The simulated results well agreed with

the measured data.
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INTRODUCTION

Stepped spillways ensure that water does not overflow and
damage or destroy the dam. The engineering in Greek designed
overflow stepped spillway: ie., an over stepped spillway in
Akarnania built around BC 1300 [CHANsoN 2001]. Many different
baffle block shapes have been investigated by Pererxa [1978].
Prrar [1989] investigated square conduit, pipe drops, and
rectangular stilling basins to determine the sump and stilling
basin invert elevations using three explicit equations with
(multiple) nonlinear regression techniques. BORMANN and JULIEN
[1991], based on two-dimensional jet diffusion and particle
stability, studied scour downstream of grade control structures.
Er-Masry and SarHAN [2000] used a single line of angle baffles for
minimising scour downstream heading up the structure. DARGAHI
[2003] studied experimentally the development of scour profiles.
CuansoN and GonzaLez [2004] investigated stepped spillways for
embankment dams. AzamatHuLLA ef al. [2006] successfully
applied soft computing modelling (artificial neuron network —
ANN) to predict scour parameters downstream of ski jump type
spillway. Orivero and ComunieLLo [2009] provided novel results
on the scour processes downstream of positive-step stilling basins
considering both equilibrium and time-dependent conditions.
NAJAFZADEH et al. [2014] used a group method of data handling

(GMDH) to study scour depth downstream of a ski-jump bucket.
KoocHak and Bajestan [2016] indicated the roughness height of
the apron increases, a significant reduction in the scour depth
occurs. There are many experimental formulas for local scour due
to hydraulic jump in stilling basins, e.g. Novak [1961], BAGHDADI
[1997], DarGAHnr [2003], Aytac and GUNAL [2008]; ABDELHALEEM
[2016; 2017]. AwaD et al. [2018] investigated Minimising Scour of
Contraction Stepped Spillways. This paper investigated the
contraction of stepped spillways, which increase the scour
downstream. Minimising this scour using divergent angle in the
downstream spillway or buffers on stilling basins with different
shapes were investigated to define the best shape to improve the
performance of spillways and minimise the corresponding
downstream scour.

MATERIALS AND METHODS

EXPERIMENTAL STUDY

The experimental work was carried out in the hydraulic
engineering laboratory, Faculty of Engineering, Zagazig Uni-
versity, Egypt. The flume dimensions were 65 cm depth, 16.2 m
length and 66 cm width, as shown in Figure 1. Stepped spillways
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Fig. 1. Laboratory apparatus a) laboratory flume, b) divergent angle,
¢) shape of buffer in basin models; source: own elaboration

of 4 steps of 32 cm height and 54 cm width, installed on a stilling
basin of 120 cm. The discharge measured at the weir was installed
downstream of the flume, the used buffers with different
dimensions and downstream divergent angles (Fig. 1). In all
tests, the used bed material has a median size D5, of 3.1 mm
[ABDELHALEEM et al. 2020]. The required time for each test, in
which the relationship between d, and d; ,.x was plotted against
the time, Figure 2 found that a quasi-equilibrium of maximum
scour depth was achieved after 14 400 s, where 90% of the
maximum scour depth was achieved. So, each test was carried out
over 4 h. The details of experimental conditions are listed in
Table 1.

L 4
L 4
L 4

0 7200 14400 21600 28800 36000 43200 50400 57600
Time (s)

Fig. 2. Relative scour depth versus time for Q = 0.03 m3-s—1; source: own
study
SIMULATION USING FLOW 3D MODEL
NUMERICAL STUDY
« Software equations of Flow 3D program

Continuity equation at three dimensional (x, y, z)
coordinates is given by:

Table 1. Parameter ranges

Parameter Unit Range
Discharge (Q) m’s™! 0.015-0.0352
Slope angle of the spillway («) ° 30.65
No. of stepped spillway (N) - 4 steps
Enlargement stilling basin length mm 1065
(Le)
Length of stilling basin (L) mm 1200
Distance of buffers from spillway mm 255
(L)
Height of buffers (h;) mm 40
Wide of buffers (b,) mm 300
Medium stones size (Ds) mm 3.1
Upstream flow depth (H,) mm 378-435
Upstream Froude number (F,) - 0.018, 0.085
Source: own elaboration.

o G e A + 5 (0A,) 5 (w0A) =T ()

where: u, v, w = velocity components in the coordinate directions
(x, y and z) directions, A,, A, and A, = cross-sectional areas of
flow in the coordinate (x, y and z) directions, p = density and
Psor = the source term and vy is the volume fraction of the fluid.
Three-dimensional momentum equations are given by:
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where: P = the pressure of fluid, G,, G, and G, = the body
acceleration in the coordinate direction x, y and z, and fx, fy and
fz = the viscosity accelerations for coordinate x, y and z.

The control volume of fluid, in the case of a free water
surface, f is shown to have a value between 0 and 1. Applying

function f to the equation:

OF 1[0
_+_

0
— FAw)| =
ot vy [Or (FA.w)| =0

(PAw + 5 (FAD) + 5 6

« Steps to solve a problem using Flow 3D software:

- prepare the 3D model of spillway using AutoCAD 3-D soft-
ware;

— save this file as silt out (STL) file;

- upload the file of STL file in Flow 3-D program, defining the
problem in the software and checking the final mesh;

- choose the basic equations which can be solved;

— define the fluid characteristics;
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- define the boundary conditions, where it is notable that this
software has a wide range of boundary conditions (Fig. 3);

- initialise the flow field (Fig. 4);

- adjust the output;

— select the calculation method and solution formula after adjust-
ing the control parameters;

— start the calculation and get results (Fig. 5).

Fig. 3. The boundary of the contracted spillway with divergent angle was:
inlet = discharge (Q), outlet = pressure (p), two sides and bed = wall (w)
and up water = symmetry (s); source: own elaboration

i

Fig. 4. Grid and axis of buffer for contracted stepped spillway; source:
own elaboration

Fig. 5. Water flow through contracted stepped spillway with divergent
angle 6 = 170° by Flow 3D program; source: own elaboration

DIMENSIONAL ANALYSIS

The maximum scour depth downstream stepped spillway d; .«
can be expressed as a function of the following independent
variables as shown in Equation (6) (Fig. 6).

dSmuz = f(?/hyc, Y2, Y, B, H, b, h,bs, 0, ha, Ly, Lo, Le, b,
anvlaUQaUt7HO7C7p7D507M7a’g) (6)

But some of these variables were constant as B, H, p, Dso, i, &,
so Equation (6) can be written as:

dS’ﬂL(L(I,‘ = f(C7 07 UU? p7 H07g) (7)

By applying the Buckingham theorem and choosing p, H,, and g,
as repeated variables, Equation 7 can be written in dimensionless
form as follows:

A

AU S rw
. . A
o _Fow e S
—
direction i R R F
L] o -
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Fig. 6. Definition sketch of the experi-
mental models: a) elevation, b) plan,
c) considered buffer shapes; source: own

Shape No. 1 shapeNo.3  elaboration

Shape No. 2

ds max __ ds max __ Ca
To_fTa_f(BvevFO) (8)

where d; ,.x = maximum scour depth in flume, y; = the primary
water depth of hydraulic jump, y, = critical water depth ( ¢ i;),
q = specific discharge (%), Q = the discharge rate in the channel,
y, = the sequent water depth of hydraulic jump, y, = the
downstream water depth in the channel, B = channel width,
H = the spillway height, b = the spillway length, h; = the step
height, b, = the step width, 8 = slope angle of side wall in
spillway, h; = the buffer height, L, = the distance between the
buffer place and the start point of enlargement, L, = the distance
between spillway and the buffer place, L, = the length between
the start point of enlargement and the end of stilling basin,
by = the buffer width, v, = the upstream velocity of the spillway,
v, = the velocity at the beginning of the free hydraulic jump,
v, = the velocity at the end of the free hydraulic jump, v; = the
downstream velocity of the channel, H, = water depth in
upstream of spillway, C = side wall width, p = the density of
water, D5, = medium stones size, ¢ = the dynamic viscosity of
water, « = the spillway slope angle, g = the acceleration due to
gravity, C, = step width of spillway (B - 2C), F, = Froude number
of flume in upstream of spillway.

RESULTS AND DISCUSSION
EFFECT OF CONTRACTION RATIO

The effect of contraction ratio on local scour depth was
experimentally studied, whereas the relative contraction ratio
(C,/B) was changed four times to be 0.9, 0.8, 0.7 and 0.6. The
relationship between the maximum relative scour depth (d; yax/Ho)
and Froude number (F,) for different relative contraction ratios
are shown in Figure 7. This figure illustrates how the maximum
relative scour depth increases as the Froude number increases.
Increasing the contraction ratio leads to an increase of velocity
and therefore increases the scour. Figure 8 shows the relationship
between d, nax/H, for different relative contraction ratio (C,/B) at
upstream Fy = 0.082, which explains that the lowest relative value
of scour depth occurs at stepped spillway without contraction and
the case of C,/B = 0.6 gives the highest one. Figures 9 and 10
illustrate the scour contour map for bed morphology from
experimental readings and velocity vectors from Flow 3D
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Fig. 7. Relationship between maximum relative scour depth (d; max/H,)
and Froude number (F;) at different relative contracted ratios (C,/B);
source: own study
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Fig. 8. Relationship between maximum relative scour depth (d; max/H,)
for different relative contracted ratios (C,/B) at Froude number
Fo = 0.082; source: own study
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Fig. 9. Scour contour map for bed morphology and velocity vectors for
relative contracted ratios C,/B = 0.9 at Froude number F, = 0.047:
a) section elevation at A-A, b) section plan, c) section velocity at B-B;
source: own study
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Fig. 10. Scour contour map for bed morphology and velocity vectors for
relative contracted ratios C,/B = 0.6 at Froude number F, = 0.047:
a) section elevation at A-A, b) section plan, c) section velocity at B-B;
source: own study

program at Fy = 0.047 for relative contraction ratio C,/B = 0.9 and
C,/B = 0.6 respectively. These figures show that the velocities at
the axis of the channel were higher than the velocities in the two
sides, so the scour hole formed in the middle. Also, by comparing
Section (B-B) in Figures 9 and 10, we find that the values of
velocities in case C,/B = 0.6 are higher than its values for case C,/
B =0.9. Section elevation (A-A) explains the water surface profile
(W.S.P.) using the Flow 3D program and maximum scour hole
using experimental readings.

EFFECT OF DOWNSTREAM DIVERGENT ANGLE

The effect of downstream divergent angle on local scour depth
was studied experimentally where it changed four times to 90°,
135°, 150° and 170° as shown in Figure 11, which explains the
relationship between the maximum relative scour depth (d; max/H,)
and Froude number (F,). This figure shows that the maximum
relative scour depth increases as Fy increases. For lower values of
upstream Fy, the relative scour depth values close to each other,
while for higher values of upstream F, the relative scour depth
values separated to each other because of increasing the
discharge rate. Also, increasing downstream divergent angle (6)
leads to increasing the cross-sectional area and hence decreasing
the velocity, so the scour decreases. The downstream divergent
angles (6) are equal to 135° 150° and 170° reduce relative scour
depth by 5, 12 and 23%, respectively as shown in Figure 12. Scour
contour map for bed morphology and velocity vectors at
upstream F, = 0.08 for the downstream divergent angle (0) is
equal to 90°, 135° and 170° are shown in Figures 13 and 14,
respectively. This is because the velocities in the channel axis are
higher than the velocities in the sides. Therefore the maximum
scour hole was formed in the middle, also increasing downstream
divergent angle (), leading to a decrease in the velocities as
shown in Section (B-B) for the previous figures. Section (A-A)
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Fig. 11. Relationship between maximum relative scour depth (d; max/H,)

and Froude number (F,) for different divergent angles (0); source: own
study
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Fig. 12. Relationship between percentage of scour reduction and different
downstream divergent angle (6); source: own study
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Fig. 13. Scour contour map for bed morphology and velocity vectors for
divergent angle 6 = 135° at Froude number F, = 0.08: a) section elevation
at A-A, b) section plan, c) section velocity at B-B; source: own study

shows the water surface profile resulting from Flow 3D program.
Also, it illustrates the maximum scour depth from experimental
reading.
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Fig. 14. Scour contour map for bed morphology and velocity vectors for
divergent angle 6 = 170° at Froude number F, = 0.08: a) section elevation
at A-A, b) section plan, c) section velocity at B-B; source: own study

EFFECT OF DIFFERENT SHAPES OF BUFFERS

The buffer was placed in the stilling basin so that it consists of
three half-cylinders connected to each other with h; = 0.5k,
b, = 0.45B, and L, = 0.21L,, as shown in Figure 15. The effect of
different shapes of buffers on the scour was investigated
experimentally. The shapes of buffers are changed three times,
as shown in Figure 16. Figure 17 explains the relationship
between the maximum relative scour depth (d; ma/H,) and
Froude number (F,) for different shapes of buffers. This figure
shows that the maximum relative scour depth increases as F,
increases. Also, it can be concluded that shape No. 3 gives the
least values of scour depth. The scour was reduced by 52, 79 and
84% for shapes No. 1, 2 and 3. Figures 17 and 18 show the scour
contour map for bed morphology and velocity vectors for shapes
No. 1 and 3 at F, = 0.08, it could be observed from section (B-B)
in these figures that the least utmost velocity occurs in case of
shape No. 3, so it gives the minimum scour depth.

e \Vithout shape Shape No. 1

e . = ShapeNo.2 «ccoeceen Shape No. 3

ds max/ HO

Fig. 15. Relationship between the maximum relative scour depth (d; ax/H,)
and Froude number (F,) for different shapes of buffer; source: own study
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100 CALIBRATION OF EXPERIMENTAL MEASUREMENTS

c
% 80 Predicting the maximum scour depth (d; pa.x) for the different

=}
3 cases under investigation is important because the ds max is an
5 60 important design factor. Figure 19 shows a comparison between
3 the experimental results for the present study in case of
E 40 divergent angle equal to 170° and shape of buffers No. 3 and
g studies given by Darcanr [2003], ErLnekHiy [2016] and
§ 20 ABDELHALEEM [2017]. It is observed that the empirical of DARGAH!
g_’ [2003] give higher values of d; ymax/H, than those calculated by
0 other equations; this may be due to the variation of particle size
Shape No. 1 Shape No. 2 Shape No. 3 of material (doy). On the other hand, other equations give very

Different shapes of buffer in stilling basin

Fig. 16. Relationship between percentage of scour reduction and different
shapes of buffer; source: own study
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Fig. 17. Scour contour map for bed morphology and velocity vectors for
shape No. 1 and Froude number F, = 0.08: a) section elevation at A-A,
b) section plan, c) section velocity at B-B; source: own study

a)

W.S. P

" ds max=0.016m I

(m)
0.011
0.002
-0.004
-0.01
0 02 04 i} _0.016
c)
g 0s 032
o
+1.03
g 04
N —& 106
B
g L - 097
E - — %044
0

Velocity at end of stilling basin (m.s'1)

Fig. 18. Scour contour map for bed morphology and velocity vectors for
shape No. 3 and Froude number F, = 0.08: a) section elevation at A-A,
b) section plan, c) section velocity at B-B; source: own study

close values of the scour depth obtained from the present study.
Among these equations, ABDELHALEEM [2013] and ELNIKHELY
[2016] equations gave a good estimate of the measured scour
depth.
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Fig. 19. Comparison of measured and computed maximum relative scour
depths (d; ma/H,) with maximum relative scour depth given by other
studies as a function of Froude number (F,); source: own study

STATISTICAL ANALYSIS

The phenomena of this model analyses by using regression
analysis, the correlation coefficients and standard errors of
Equation (9), is (89%, 0.01) respectively, predicted equations for
different simulated models were created as follows:

dH—“x = 0.23 + 0.89F) — 0.14% ~0.0010 (9)

Where limitation of this equation: Fy = 0.018 to 0.085, C,/B = 0.6
to 0.9 and 6 = 90-170°.

The relation between measured and predicted data of the

maximum relative scour is shown in Figure 20. It could be

observed from this figure that the predicted equations express

well the measured data.
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Fig. 20. Comparison between predicted and measured data for maximum
relative scour depth (dy max/H,); source: own study

CONCLUSIONS

1. The maximum relative depth of scour increases with increas-
ing value the upstream Froude number (F).

2. Scour depth increases with increasing value contraction ratio.

3. Increasing downstream divergent angle (6) leads to decreasing
scour hole.

4. The downstream divergent angle (6) reduces relative scour
depth by 5, 12 and 23% for downstream divergent angle (6)
equal to 135, 150 and 170°.

5. The best shape of buffers at the stilling basin is shape 3, which
reduced the scour by 84% compared with the case of without
buffers.

6. The scour reduced by 52, 79 and 84% for shapes No. 1, 2 and 3,
respectively.

7. Flow 3D program can be used for simulating the scour phe-
nomena.

8. The proposed equation for predicting relative scour depth was
well agreeable with the measured data.
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