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Presented in this paper are the findings of experimental investigations
carried out for the determination of scour reach behind three vents
regulator due to a drowned and free hydraulic jumps over a partially
rigid apron extended to an erodible sand basin. The study is performed in
two categories; the first isto find out the sum of the lengths of rigid apron
behind the gates in addition to the length of scour hole formed
downstream, while the second is to find the minimum length of rigid
apron behind the gates to prevent erosion downstream it. Both categories
are carried out under the conditions of symmetrical and asymmetrical
under-gated regulations. A trapezoidal channel with 1:1 side slopes and
0.0001 longitudinal bed slope was used. A model of regulator with three
vents and two piers was selected to study the influence of some relevant
parameters on the scour reach of rigid apron behind sluice gates. The test
parameters were the head difference between the upstream and
downstream water levels relevant to the uniform water depth (ranges
from 0.004 to 1.2), the flow rate and the gate opening height. The mean
diameter of the soil particlesin the sand basin was kept constant at 0.502
mm. From the comparison between the results of both the studied
categories, it is found that the minimum length of rigid apron to prevent
scour (Ls) is greater than the sum of the lengths of rigid apron and that of
scour hole formed behind it (L+Xg). Analysis of the results revealed the

dependence of the evaluated minimum scour length on the studied
parameters. Some empirical relations in dimensionless forms concerning
the scour reach against some reliable parameters were obtained and
compared favorably with other relations and the existing onesin the field.

KEYWORDS: Regulator, Scour Length, Symmetrical and
Asymmetrical under-gated flow.

INTRODUCTION
Local scour phenomena downstream of hydraulic stras and around flow
obstructions constitute an important fietd research because of itiequent
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NOMENCLATORS

The litter-symbols introduced in this paper areirted where they first appear and

are summarized as follows:

Symbol Definition Symbol Definition

A,B,C Parameters. S Longitudinal bed slope.

D Mean diameter of erodible Vp Velocity of flow at the bed.
material.

Dg Maximum scour hole depth. X Length of scour hole.

Fe Froude number. Y Water depth upstream the

gates

F Friction coefficient. Y Normal water flow depth

Downstream the gates.

G Gravitational acceleration. Yw Specific weight of water.

H Head difference between upstrea Shear stress at the bed due|to
and downstream water levels. water flow motion.
Opening height of the gates. I; Critical Shear stress.

L Arbitrary length of rigid apron P Water density.
behind the gates (L< Ls).

Lg Minimum length of rigid apron M Water viscosity.
behind the gates to prevent scour.

Q Water flow rate. & Parameter.

Re Reynolds’ number.

occurrence in engineering applications. Typicalnepdes of these are found at the
base of outlet heading-up structures such asnsfilbasins [1, 2], sluice gates [3, 4],
around bridge piers and abutments [5-9] and sulmgpipelines rest on sea or
channel bed [10, 11]. Most investigations on thealscour of alluvial channels near
rigid aprons are based upon examination of topdyragy scour holes produced by
different hydraulic conditions [2, 7-12]. Few emgal formulas were found in the
literature for finding the scour length. The mamtibus one is that proposed by Bligh
[13] in the following form:

L, =CVH Q)

where Lg is the floor length behind the piers of regulaimrmprevent scour, H is the

maximum working head difference between upstreach downstream water levels
and C is a parameter depending of the bed matétass the values from 8-10 for silt
and sand range). Using velocity distribution apphodor determining this scour
length, Ismail and Shalsh [4] found (in metric shithat:

Ly =53Y; @)



ESTIMATION OF THE MINIMUM FLOOR LENGTH BEHIND.... 1161

where Y1 is the upstream water depth. Also, Eldardeer [binfl the method of

regulation of flow downstream (under, over and leetm) the gate of the regulator has
important effect on the length of scour. He found the following dimensionless
formula:

Losv, = AlgH° )

where Y, is the downstream normal flow depth, and A andr& parameters that

depend on the method of regulation (A=6.65 and1B73 for under-gated regulation).
Flow characteristics of classical drowned wall ye¢re analyzed by number of
researches among of them are shown in referenge$2[415-17]. Most of these
investigations concluded that the length of théerobf submerged hydraulic jump is
longer than that of free one, consequently the rslamgth may be largely extended in
case of submerged jump. Attempts to verify theselte will be investigated in this
study. Rajaratnam [18] analyzed the problem of srged hydraulic jump by
considering it to be the case of plan turbulentlyetl In a low head regulators a
deeply submerged jump is liable to form downstredutine controlled gates [3, 19]. In
accordance, a considerable part of kinetic enangyater escapes from the drowned
jump where it is dissipated in the form of erosamtion causing in some cases serious
troubles. For these control works, the experimemgsdarches indicate that serious tail
erosion problems are generally associated withutiter-gated regulation rather than
the other types of regulation [14, 20]. Experiméataalysis of local scour behind the
heading-up structures utilizing the end sills agt@s energy dissipator were performed
by many researchers [3, 4, 20, 21].

This paper presents the findings of experimentakstigations carried out for the
determination of scour reach behind three ventaslaggr due to a drowned and free
hydraulic jumps over a partially rigid apron exteddo an erodible sand basin. The
study is performed in two categories; the firstadfind out the total length of rigid
apron behind the gates in addition to the lengththef corresponding scour hole
formed downstream, while the second is to find tieimum length of rigid apron
behind the gates to prevent erosion downstrearBoith categories are carried out
under the conditions of symmetrical and asymmettinder-gated regulations.

THEORETICAL CONSIDERATIONS
In the analysis of the problem of scour behindrémulators, the variable parameters
considered are; ¥ = the upstream water depth,, ¥ the downstream normal flow

depth, Q = the flow rate, Vb = the longitudinal bedocity, S = the longitudinal bed
slope, D = the mean diameter of the soil particlethe sand basin, L = the length of
rigid apron behind the gatesg E the minimum length of rigid apron to preventsco

measured from the gatesgXnd @ = the scour hole length and depth respectively
formed downstream the rigid apron having length (Q) = the density of waterf/=

the viscosity of water and g = the acceleratiorgm@vity. Limited variation of this
dimensions appear not to have any considerabletedfeflow pattern [3, 22]. Ali [3]
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concluded that the channel bed slope has weightdfext on the scour reach
downstream of a sluice gate. So, in this studyltmgitudinal bed slope was kept
constant at 0.0001. Then for a given soil mean-diamin the sand basin, the scour-
reach downstream the piers of the regulator LsLeXg) and scour hole depth dd

may be considered to depend upon the other rengg@irameters as follows:

lsor (L+Xgor (dfYp) =¢ (Y1, Yn, Q, Vi, £, K4, 0) (4)
Using the7zi—Theorem, it yields;

t—jor(L;—f)or(dg/Yn):(pl(in, gQT:_’, %’ z_i) o
or

t—:or (L;—:fs)or (AfYn) = 02 (% F.Re, z_i) ©
in which, H = (Y1-Yp) the working head difference,sts = (Fe) Froude number,
Qp n

E:(Re) Reynods’ number, Tp= bed shear stress created on the sand at the
n

beginning of the sand basin due to flow motion. It may be given as [3];
I, = pof V§/8 (7)

where O is the water density (Kg/ﬁ) and f is the friction coefficient that is obtathe
from the following formula [3];

1/4/f = 2.0log(126Y,,/D) (8)
and 7 = critical shear stress obtained from shields diag[19]. It may be expressed
(in N/m2) as:

7o = (G ~ Dy D (©)

where G is the specific gravity of soil particles in sabdsin, yW(N/mS) is the

specific weight of waterg£ is a parameter varies in a range from 0.04 to[23]L
The flow over sand bed exposed to erosion is edsumbdulent rough. Consequently,
Reynolds’ number effect on scour prediction is &tpeé to be insignificant [3, 16, 24,
25]. In open channel, Powel [26] found that thevgyastarts to affect the flow
resistance when Fe equals to 2.49. Rouse [27] lexi¢laat the importance of Froude
number appears only when roll waves develop to farrstate of unstable flow.
Furthermore, Ali [3] disclosed that the scour léngf solid apron behind the sill
located downstream a sluice gate under conditiosubimerged hydraulic jump was
independent of Froude number. Hence, Eqn. (6) reduces to;

Ls  L+Xs __(H T
Wor( Y, ) or (ds/Yn)—tps(Yn, (10)

Tc
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MATERIALS AND METHODS

CHANNEL: The investigations reported herein were condudtec sloped-bed
channel of trapezoidal cross-section as showrignl. The trapezoidal cross-section
has 0.84 m bed width, 0.6 m depth and 1:1 sidesslophe total length of the channel
is 18.5 m. The longitudinal bed slope was kept tortsat 0.0001. The uniform water
flow depth could be adapted by means of a tailgat&lled at the channel end. The
flow rate was regulated by a gate valve locatedthen feeding pipeline and was
measured by a calibrated V-notch. Water depths et levels were measured by
point-gauges. The velocity was measured by a edédrPitot-tube.

SAND BASIN: The channel was furnished by a false bed, whialidcbe divided
into four portions. The solid part was made of plaoncrete extended 5.5 meters
from the channel entrance with 200 mm height aldbeeoriginal channel bed. The
last 1.5 meters of this portion was made rectamgnlaross-section with 0.84 m width
and 0.6 m deep. The model of three-vents regulass constructed in this section.
The second portion was a sand basin of 200 mmighhand 3.0 meters long in the
trapezoidal section. The remaining 10.0 metershefdhannel length was a rigid bed
with fixed sand at the surface. The sand surface sedidified chemically so that the
surface texture was remained unaltered [28].

THE MODEL: Three sluice gates and two piers were formed aeiofdthree-vents
regulator. Each gate has 0.24 m wide, 0.60 m heigdt6 mm thickness with sharp
edge. The pier is 60 mm in width, 0.60 m total kan@.38 m of them behind the gates
and it has two 7x8 mm groves to hold the gatesviartcal position. The gates can be
lifted and lowered to give the desired under —gaieehing height.
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Fig. 1: Experimental set up.
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METHOD: The experimental work carried out in two categorieach category was
divided into two cases:

1- Symmetrical under-gated regulation; in this fegan, the three gates having same
opening height.

2- Asymmetrical under-gated regulation, where ohthe side vents was completely
closed while the other two vents were working.

For each of the mentioned two cases, the condibbssibmerged hydraulic jump and
free one were examined.

FIRST CATEGORY: In this category, the experiments were perforntedatermine

the total length of solid floor and the length obsr hole formed behind the regulator.

For this purpose, the model of three vents regulatas fixed in the rectangular

portion of the channel. The rigid bed-length behihd gates was varied to take the

value of (L) followed by the sand basin. The expenmntal procedures were as follows:

1- The three gates were lifted up to give a certaienomg-height, h (case of
symmetrical regulation).

2- The downstream portion of the channel was fillethwiater to a certain limit.

3- The run was started with low rate of flow, thendyrally increased to the required
one.

4- The downstream water depth was adjusted by thgatd! till the formation of free
hydraulic jump just behind the gates and betweenpibrs (case of free jump) or
the formation of a submerged hydraulic jump betwibenpiers (case of submerged
jump) with maximum upstream water depthqfYnot more than 2.2 times the

downstream water depth QY[4].
5- After 4 hours run time [29], the water depths upstn (Y1) and downstream the
gates (Y, the discharge (Q), the gate opening height la) the velocity near the

bed at the end of rigid floor were recorded. Thiee flow was stopped and the
scour hole length (¥ and its depth (g were measured (s€éy. 1).

6- The gates opening or the discharge was changedhanprocedures from 1 to 5
were repeated.

7- For asymmetric flow, the left hand side vent of thedel of the regulator was
closed and same procedures from 1 to 6 were repeate

SECOND CATEGORY: In this category, the tests were performed to fond the

minimum scour reach where no tail erosion is entered on the erodible basin.

Three millimeters steel sheets with 0.86 m wide diffrent lengths were used to

extend the rigid apron length behind the modehefregulator. The test procedures in

this case were as follows:

1- In symmetrical case and for both the formation refefor submerged hydraulic
jump downstream the gates of the regulator, thesgapening (h), discharge (Q),
downstream water depth gY and consequently upstream water depth) (Were

chosen.
2- The rigid apron length behind the model was extdrgtadually, the erosion rate
noticed was decreasing till there was no erosia@oemtered. Then, the minimum
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length of rigid apron measured from the end of gages to the beginning of the
erodible bed (k) was recorded to the nearest 10 mm. At this mortenvelocity

near the bed at the end of rigid apron was measured
3- The gates opening or the discharge was changed steps 1 and 2 were repeated
(at least eight runs were carried out to give walege of working head-difference

(H)).
4- For case of asymmetrical under-gated regulatioe, |¢ft hand side vent of the
model of the regulator was closed and same proesdtom 1 to 3 were repeated.

RESULTS AND DISCUSSIONS

In order to investigate the relationship betweenghear stress and the bed motion of
soil particles found in sand basin downstream efrégulators, the relative values of
scour length Y were plotted against the relative values of bedashstress

(T, /1.) as shown irFig. 2. The data are scattered without any trend or m®tab

relation. As it is seen, the values dfi(/ T;) do not exceed the unity. This confirms

that no bed motion of the solid particles due te fltow motion over the erodible
materials found in the sand basin behind the ritpdr of length (Ls). So Ls is

considered the minimum length of rigid floor behitite gates of the regulators to
prevent scour. On the other side, if an arbitrangth (L) of rigid floor is chosen (L <

Ls), a scour hole is formed behind this lengthlobif with longitudinal length (¥)

and maximum depth of &I As shown inFig. 3, the relative scour depth (ds/Yn) is
plotted against the relative shear stregg (7. ). From the figure, it is seen that the

scour hole depth depends on the bed shear stréssharnvalues of {,,/7.) are

always greater than the unity. This means thatbda: shear stress due to the flow
motion is greater than the critical one for movihg soil particles in the basin behind
this length (L) of rigid floor. For the given sailze the functional relationship between

dgand 7y, / T, may be expressed in linear form as:

Yn = 015(:2 %)+ 015 (11)

To be of practical utility and due to the importaraf finding out the depth of scour
hole (if it is allowed), the measured values of/Yg,) are plotted against HfyYas

shown inFig. 4. The figure shows the increase of/{t},) values with the increase in
H/Y |, values. This is because the increase of the wyitk@ad difference (H) increases

the flow kinetic energy and consequently the em$aces. The represented data on
logarithmic scales are grouped around a straigktdiving the following relationship;

& = 0807 °%° (12)
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Most investigations on the local scour of alluvdaknnels near rigid aprons are based
upon examination of topography of scour holes pceduby different hydraulic
conditions [2, 7-12]. In the present study, anotiqguroach is considered, where the
scour reach is represented by both the minimunr flength (Ls) to prevent scour
behind the model of three vents regulator or bystina of an arbitrary length (L <g)-

and the length of scour hole formed behind if)(>ror symmetrical flow regulation,
the experimental results of scour reach behindgtdtes of the model of three-vents
regulator represented by the ratiog/({y,) versus the working head difference ratio
(H/Yp) for submerged and free under-gated regulatiores sitrown inFig. 5.
Obaviously, the data for the submerged regulatioistered around a straight line
giving a definite relation between the ratiog(Y;) and the ratio (H/¥). This

relationship may take the following form;
Ls _ H
v EI7EH+ 60 (13)

In the case of free regulation and for the givelueaf H and Y, it is seen from the

figure that the measured reach of scour is shdinan that of submerged regulation.
This may due to the fact that the efficiency of flee hydraulic jump in dissipating
the energy is higher than the submerged one. Thisiemcy increases with the
increase of the working head difference. Also, tta¢a confirm the findings from
previous researches [15, 17] on the hydraulic juatgre they concluded that the
length of the roller of submerged jump is longearthhat of free jump. This roller
increases the intensity of turbulence and consdtyjug¢he erosion factor. The
difference in lgY  ratio is increased with the increase of RAalues. It is found the

percentage decrease ig'Yp (relative to the submerged case) between the sigiehe
and free regulations may be equal to (33 §)/Y

24

Values of Ly Yy)
2N

-
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® Expr. Submerged case
(o) Expr. Free case

OO 1 1 2 ] 1
0.0 0.2 0.4 0.6 0.8 1.0 1.2
Values of (H/ Y,))

Fig. 5: Variation of Lg/Y, with H/Y, for submerged and free under-gated regulations
(symmetrical case).
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If the scour reach behind the gates of the modéhrefe vents regulator is represented
by (L+Xg), In similar way the results fqi(L + Xg) /Y|,) against (H/) are displayed

in Fig. 6. Again, the results from submerged regulationcduistered around a straight
line having the following form:

L+X

(~2) = 95(1) +5.0 (14)
n n

Similarly situated, the values of (LXfor free regulation are less than those for

submerged one. The percentage decrease in (L+Xdjefe regulation found to be

approximately equals to (30 HpY.

Comparison between the predicted scour reach remess by (/Y and that
represented by((L +Xg)/Y,) found respectively from Egs. (13 and 14) for
submerged under-gated regulation is showRign 7. It is clearly seen that, for same
H/Y , value, the value of Y, is greater than the corresponding value of (L+X%g).
the scour reach is safely represented by the mimirscour length to prevent scour

(Ly).

In practice, flow downstream regulators may be asginc under-gated regulation
when: 1) One or many vents are working while theeeht are closed. And 2) There
is a lock beside the regulator. To investigatedfiect of asymmetrical regulation on
the scour reach behind these regulators, the defd Iside vent of the model was closed
while the others were working. ShownHiys. 8 and9 are the plotting of the contour
lines of the developed scour hole for both the segtnical and asymmetrical
regulations respectively.

24
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0.0 \ 2 ! ) )
0.0 0.2 0.4 0.6 0.8 1.0 1.2

Values of (H/ Y,)

Fig. 6: Variation of the measured values of ((L + Xg) /Y},) with H/Y|, for submerged
and free under-gated regulation (symmetrical case).
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symmetrical under-gated regulation.
\\ !
3

A\

\\

0.0

’ 0.
/7
,/ 3 // Q
/,// 6
- // /
——]

X
1 1 1 ! 1 |
0.0 40 80 120 160 200 240 cm

A\
Rigid apr.
WA

&\&..

Fig. 8: Contour lines of the movable bed showing the scour hole profile behind rigid
apron of length, L = 0.60 m for symmetrical under-gated regulation (H = 0.16, Q = 21
Lit/s and hg =32mm).

Keeping the ratio H/), the discharge, Q and the floor length, L consti&ig seen that

for asymmetrical regulation the scour hole deptd &ngth are greater than those
measured for symmetrical regulation. Also, the paiticles are accumulated forming a
hill in downstream of the closed gates. This mag tluthe increase of the amount of
turbulence with the formed reverse currents. Mareeoand for both symmetrical and
asymmetrical regulationsjg. 10 shows the plotting of Ls/Yn values versus the ealu

of H/Yp. In similar way shown irFig. 11 the correlation of (L+¥/Y ) versus H/Y,.

For both relations, it is observed that the asymigadtregulation increases thedl )
values by about 10% more than the symmetrical oae(b+XdY ) values by about

20%. So, asymmetrical under-gated regulation is reebmmended as a working
regulation otherwise its effect must be taken intmsideration during the design
process.
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Fig. 10: Comparison between the variation of Lg/YR, with H/Y[, for synmetrical and
asymmetrical under-gated submerged regulations.

Moreover the present results ongflare depicted ifrig. 12 showing the variation of
(LdYp) values against (H/Y) values together with the predicted results oDEtdeer

[14]. Apparently, the scour length obtained frora thovable bed presented herein is
found to be about 3.6 times that predicted fromublecity distribution method [14].
This means that the erosion depends on the amdutirioulence which is not
represented by the direct measurements of the itieldistributions. Also shown in
Fig. 12 the existing scour lengths for six barrages foondhe River Nile designed
previously.
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These data are quoted from Ali [3]. The scour readf Assiut and old Esna barrages
have been taken after the recent remodeling ofettstsictures for the protection
against the tail erosion noticed downstream ofitjie floor [3]. It is seen that present
results on Ls are in agreement with the existingsdior the mentioned structures.
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Fig. 11: Comparison between the variaton of ((L+Xg)/Yy)with H/Y, for
symmetrical and asymmetrical under-gated submerged regulations.
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Fig. 12: Comparison between Ls predicted from the present study, velocity distribution
[14] and that found at existing structures [3] for symmetrical under-gated regulation.
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CONCLUSIONS

The findings from this research may have practaggplication and the following
conclusions may be drawn:
1- Scour reach — represented by)(lor (L+Xg)- downstream of a multi-vents

regulator is found to be function of the workingabedifference (H), the
downstream normal flow depth gY, the submergence of the under-gated

regulations and the method of regulation (symmaitioc asymmetrical).
2- The minimum floor length ¢ downstream of the gates of regulator to prevent

scour is longer than the sum of floor length (Lg &nd the length of scour hole
formed behind it ().

3- Asymmetrical under-gated regulation is not reswmnded as a working
regulation otherwise its effect must be taken iodmsideration during design
process.

4- Depth of scour hole gl formed behind an arbitrary length of floor (L )L

depends on the bed shear stresses due to flow nmatid the working head
difference (H).
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