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Asstract. This study presents the results of experiments on the effect
of roughness height on the performance of hydraulic jump type stilling
basins. The length of jump is taken as the main criterion for the length
of the stilling basins. The experimental work is conducted on a large
laboratory flume to minimize side wall effects. Non-dimensional
empirical formulae are developed to compute the length of the
hydraulic jump in terms of the roughness height ratio and the
approaching flow Froude number. Design curves and equations are
also provided for field applications.

It is generally known that hydraulic jump primarily serves to dissipate the excess
energy of flowing water downstream of hydraulic structures, such as spillways and
sluice gates. A hydraulic jump may occur when a supercritical flow under a sluice
gate transferred into a subcritical stream of sufficient depth downstream. While
doing so, it generates considerable disturbances in the form of large scale eddies and
a reverse flow roller resulting in energy dissipation. Fig. (1) is a schematic sketch of
a typical hydraulic jump downstream of a sluice gate with a roughened bed. Out of
many devices adopted for energy dissipation below hydraulic structures, stilling
basin having hydraulic jump is the most common one. In the design of stilling basin,
the iength of jump, L; - a distance from the front of jump (toe) to the end of the roller
(the largest extent of the surface separation zone) must be known. Dimensional
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considerations with experimental evidence have shown that the jump length is a
function of flow and roughness parameters. The basic similarity parameter is the
approaching flow Froude number. While the roughness parameters include type and
shape of roughness, way of arrangement, height of elements, hy, and its density, L. In
practice, the stilling basin is seldom designed to conform to the length of free
hydraulic jump because such a basin would be too expensive. Baffles and sills are
commonly used as devices to stabilize the hydraulic jump in the stilling basins
USBR (1958) and Visher and Hager (1995). The use of roughened stilling basins in
horizontal channels is also reported by Hager (1992). Mohamed Ali (1991)
concluded that the length of hydraulic jump is clearly reduced by using cube
roughness elements for Froude number up to 10. The use of roughness is to increase
the turbulent motion of the high velocity of flow and the shear action of the roller.
Consequently, the energy dissipation is increased and the jump length is reduced.
Many studies dealing with the effect of roughness elements on the hydraulic jump
include the works of USBR (1958), Rajaratnam (1968), Leutheusser and Schiller
(1975), Gill (1980), Ranga Raju et al. (1980), Hughes and Flack (1984), Abdelsalam
et al. (1986), Hammad et al. (1988), Ohtsu et al. (1991), Negm (1993), Negm et al.
(1993a, 1994), Alhamid (1994) and Alhamid and Negm (1996). The studies of
Abdelsalam et al. (1986), Negm et al. (1993b) and Alhamed (1994) proved that the
most efficient roughness is the rectangular one when arranged in a staggered way
with density equal to or about 10%. The review of literature showed that little
information regarding the effect of height of roughness elements on the length of
jump has been reported, see e.g. Hammad ez al. (1988). Thus the present study was
planned to investigate experimentally the effect of cube roughness height in
staggered arrangement with fixed density of 10% under different flow conditions on
the performance of stilling basins. The length of jump is taken as the main criterion
during the discussion of the results.

Dimensional Considerations

Fig. (1) shows a definition sketch for the free hydraulic jump formed on rough
bed downstream of sluice gate. Based on the dimensional analysis, the following
non-dimensional functional equations can be written for the length of jump on the
roughened bed:

h
Li/y) = fi (Fi.1, y_l: D (1)

where L; is length of jump for rough bed, F; = Q/(by Y 2g) is the Froude number at
or near vena contracta, y; is the initial depth of jump at vena contracta and y, is the
downstream depth after the jump, hy, is the height of roughness element, I is the
roughness density, (I = aN/bLg), a is the plan projected area of the roughness
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element, N is the number of the roughness elements, b is the width of the flume Ly is
the length of the roughness and ¢ is the shape factor. Defining C as the ratio
between the length of jump on the rough bed to the length of jump on the smooth bed.
L; L;
L =CL(E) (2)
M - Y1
CL is the jump length conversion factor, 1, is length of jump for smooth bed.
Knowing that the length of jump on smooth bed is a function of Fj, C_ can be
expressed as follows:

h
CL = f2(F, L y—‘l’ B) s 3)

In the present study, the staggered rectangular roughness is adopted with
constant density of 10% based on previous studies of Abdel-Salam er al. (1986) and
Negm et al. (1993c). Therefore the shape effect and the effect of the density on the
length of jump can be ignored. Also, it is known that the sequent depth ratio is a
function of hy/y; and F;. Thus for constant I and ¢ Eq. (3) becomes:

h
CL=fFL=2 e @)
Y1

‘V1 Ln j

o 1

10

Fig. 1. Definition sketch for free jump formed on a rough bed.

Experimental Set-Up

The experiments were conducted in a 15 m long, 0.53 m wide and 0.7m deep
glass walled recirculating flume. The water depths were measured by means of point
gauges mounted on instrument carriages. The discharge was measured by a
pre-calibrated orifice meter. The roughness elements were fixed to the bed starting
about 10 cm downstream from the sluice gate to allow the jump to begin at or near
the vena contracta. The roughness covered a length of 68.2 cm for density of 10%.
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Fig. 2. Typical distribution of roughness elements for the tested models.

The elements were fixed to the bed by means of a rapid curing activator. Figure
(2) presents a typical arrangement of the roughened bed to show the distribution of
the roughness element over the channel bed. Five models were tested in this study.
One is smooth and the other four are rough with fixed density of 10% using 1.6 cm
square staggered elements in plan on 68.2 cm long roughened bed with heights of
0.8, 1.2, 1.6 and 2 cm. The discharges ranged between 21 1/s and 54 1/s and the
approaching flow Froude number ranged between 4 and 9.5. Different gate openings
were considered in the range from 2.5 to 5.5 cm. The test procedure consisted of the
following steps:

i) The flume was adjusted to horizontal position.
ii) A desired gate opening and a specified discharge were set.

iii) The position of the jump was set by adjusting tail gate and waiting until
stable conditions were attained at the desired location (vena contracta near the sluice
gate keeping the tail gate at the same position for that specified discharge for all the
tests.

iv) The flow rate, the water depths before the jump, y|, and after the jump, y»,
when the water surface reaches nearly equal to the tail water depth were then
measured.

v) The length of jump, L;, was measured in each case from the toe of the jump
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(at the vena contracta) to the maximum surface after the jump.

vi) The procedure was the same faor smooth bed and for all roughened beds
under considerations.

The limitations of this study includes:

1) Length of jump is measured following the definition of USBR (1958).

ii) Downstream gate submergence is avoided ensuring the jump location which
begins at or near the vena contracta.

iii) The data of the length of jumps, L; is presented with a precision of + 0.05 m
owing to violent formation of eddies during measurements.

iv) The Froude number ranges between 4 and 9.5.

Analysis and Discussion of Results

Effect of roughness height on y,/y; and E,/E,

Figure (3a, b) show the variations of y,/y; and E| /E; with F; for different hy/y;
ranging from O to about 0.8 (E denotes for the energy, E; is the energy loss = E{-E,,
with 1 and 2 denotes for sections at beginning and at the end of jump). It is noted
that the roughness height has a very minor effect on these properties of the jump.,
This result corporates with the results obtained by USBR (1958) and Hammad et al.
(1988). Thus, the influence of y,/y; and Ep/E; are not considered for further
analysis.

Effect of roughness height on Ly,

Figure (4) shows the general variation of the length of jump ratio, Lj/y;, with the
initial Froude number, F;, using different roughness height ratios, hy/y;, ranging
from O to about 0.8. It can be seen that the roughness height ratio reduces the
non-dimensional length of jump significantly which is due to large drag effect
resulting from the increase in roughness height. The rate of reduction depends on
both the initial Froude number and the height of roughness ratio. Fig. (5)
demonstrates the effect of roughness height ratio, Lj/y;, at constant values of F,
(Fy =35, 45,55, 6.5 and 7.5). From this figure, it can be noted that, Lj/y;, is
reduced with increasing hy/y; at a remarkable rate. Using statistical methods, it was
possible to obtain the following formula for both the length of jump ratio.
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Fig. 3a, Variation of y,/y, with F for different hy/y,.
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Fig. 3b. Variation of E{ /E; with F, for different hy/y,(notations as in 3a).
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Fig. 4. Variation of Lj/y; with F, for different hy/y;.
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where C,, C| and C, are constants and their values depend on the approaching
Froude numbers. The values of these constants as obtained by regression analysis are
presented in Table (1).

Table 1. Values of the regression coefficients of equation (5).

Fyq Co (o] C; Remarks
3.5 27.647 —61.049 54.523 Eq. (5)
4.5 37.655 —-52.785 37.885

5.5 47.673 —44.525 21.253

6.5 57.686 -36.261 4.6215

7.5 67.699 --28.006 -12.012




42 Effect of Roughness Height of the Performance ...

70 |

60

50

40

Lilys

30 |

20

/"
[1]]

10

T T
//
1]
<
+
&
+

1 Ll 'l ' Il Ll L L' 1 | Ll L l 1 1

-

0

0.0 0.1 0.2 03 04 0.5 0.6 0.7 0.8
hy/ys
Fig. 5. Variation of Li/y, with hy/y; for different values of F).

80 =
68-4 j p
] w 8071 ® 52 ©
60 1 44
4 b 3
] — 36
52 —381 E
] 1 28
N
_— 20 3
S 44_3 O —46 © b
] j 12 3
86 1 43
] —54 -4 3
28 ] 3
. ] —12'*._.
20 T T T T T _62 R T | R _20-' T 1 ' 1 T
8
2 4p 6 8 2 4p 6 2 4. 6 8
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The variations of C,, C; and C, with F; are shown in Figures (6a, b, ¢) to enable the
use of equation (5) for any value of F; within the experimental range. The
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relationships between C,, C| and C, with F; are straight lines with the following

equations:
Co = 10.0135F; =7.40225 e (6)
C), = 8261 F)—-89.9607 @)
Cy =—-16.6333 F) + 112.737 e (8)
80 . 80 80 - 80 -
{hefys =0, {ho/ys = 0.35 Jro/yr =045 Jhe/ys = 0.65
_ 60 60 80 - 60 3
2 ] . 2 40 3 3 40 3
~ 40 £ = 404 g - N 2 iy aj
] e 20
p (a) ] (b) E c 3
20 TYTTPvrTT 20 rlrl|||1v 0 lll]ll(I)l o 'I'ljll'_('d)
2 6 10 2 6 10 2 6 10 2 6 10
F1' F1 F1 F1

Fig. 7. Measured length of jump ratio versus the predicted using Eq. (5).

The prediction of equations (5) is compared with the experimental data Fig. (7). Fig.
(7) shows that the results of equation (5) agrees well with the experimental data.
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Fig. 8. Relationship between C;_and hy, /y; for jumps on rough beds.
Design Curves and Formula

For the design purposes, Fig. (8) shows the jump length conversion factor C;.
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versus hy/y; at density of 10% with staggered rectangular roughness for average
flow conditions. In general the effect of roughness height ratio on both Li/y; is
significant compared to the smooth bed case. The following design formula for Cy_is
obtained using statistical methods:

hy, hp
CL=1.01103 -0.85578 W + 0.3453 3/-; ............... 9)

Conclusions

1. The analysis of results proved that the length of free hydraulic jump over
roughened bed downstream of the sluice gate is function of the approaching flow
Froude number, F}, and roughness height ratio, hy/y|, for particular roughness shape
at constant density of roughness.

2. The roughness height ratio, hy/y, reduces signifiantly the jump length at a
gradually rate compared to the smooth bed. The range of h/y; = 0.5 to 0.6 is
recommended for design.

3. The jump length conversion factor, C, has been presented so that it is easy to
calculate the jump length under the effect of roughness height for the optimal
roughness density. The experimental range of this study is as follows:

=10%,0 < hy <0.85,4 <F; <9.5.

Notations

a : plan projected area of one roughness element.
b : width of the test flume.

Co,-C, : Regression constants.

CL : jump length conversion factor.

F, : Froude number of approching flow before jump.
hy : height of roughness element.

[ : roughness density.

Lio : length of jump for smooth bed case.

L; . length of jump for rough bed case.

Lr : length of roughness.

N : number of roughness elements.

Q : discharge passing through the flume.

\7 : initial depth of jump.

\Z) : sequent depth of jump.

@ : shape factor.
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