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HYDRAULIC CHARACTERISTICS OF SUBMERGED FLOW
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ABSTRACT

Recently, the non-prismatic stilling basins attracted many researchers due to their effective dissipation
of excess energy. Radial stilling basins are characterizing with symmetric flow patterns that in turn
minimize the expected damages of the erodible bed dewnstream the stilling basins. In this research,
the submerged flow in radial stilling basin was provided with negative step and an end sill was
analyzed both theoretically and experimentally. The effects of various parameters such as
submergence, relative height of sill, relative height of step and inlet Froude number were presented
and discussed. The experimental study is conducted on 30 cm wide, 45 cm deep and 12 m long open
channel. The theoretical study utilized the one-dimensional momentum and continuity equations. The
developed equations are verified using the obtained experimental data. Also, prediction models to
estimate the length of jump are developed using the dimensional analysis and statistical methods. The
models are calibrated and verified using the experimental data.

INTRODUCTION

The presence of a negative step or a sudden drop in the bed of the channel is sometimes
necessary and cannot be avoided based on the topography of the land where the channel is to be
constructed. The effect of constructing sudden drops in radial stilling basins were not well investigated
yet to the best knowledge of the authors. However, the effect of the drop on the flow characteristics in
rectangular prismatic channels was studied in horizontal channels by Hager {1985), Hager and Singer
(1985}, Hager and Bretez (1986) and Ohtsu and Yasuda (1991). The B-jumps at an abrupt drop was
sludied {Hager, 1985). 1t was found that the relative energy dissipation became insignificant when
Fi=8.0, and the maximum energy dissipation oceur for relative drop height equal to 2.5. Also, the
positive and negative steps in horizontat channel were investigated, Hager and Bretez (1986). They
derived analvtically the relationships between A-jump and B-jump. Moreover the transition from
supercritical to subcritical flow at an abrupt drop was studied, Ohtsu and Yasuda (1991). Latcron, the
hydraulic jumps at positive and negative steps on sloping floors were studied by Negm (1996) and a
prediction mode! for computing the sequent depth ratio of the hydraulic jump was developed.
Recently. the effects of negative step on pressure fluctuations at the bottom of a hydraulic jump was
imestigated. Armenio et al {2000).

Accepled March 3, 2003.



C.20 A.M. Negm, G.M. Abdel-Aal, MM. Elfiky & Y. Abdalla Mohamed

On the other hand, different types of sills may be used to produce forced jumps. The effect of
the sill on the jump characteristics depends on factors such as the sill configuration, silt location and
sill spacing when more than one sill was used. Several investigations dealt with the effect of siit on the
hydraulic jump characteristics when the sill was constructed beneath hydraulic jump e.g. Rajaratnam,
(1967), Ohtsu et al. (1991), Hager and Li (1992) and Ezzeldin et al. (2000). Other studies on the effect
of vertical sill on the jump and different classification of jumps due to presence of sill could be
reviewed in Hager (1992). One of these classifications of the forced hydraulic jump due to vertical sill
was given by Hager and Li (1992). They classified the jump over vertical sill into A-jump, B-jump,
minimum B-jump and C-jump. The A-jump was corresponding to the classical hydraulic jump, which
was characterized by the maximum sequent depth ratio for the free jumps. They stated that A-jump in
which the jump characteristics were not influenced by the presence of sill {or weak effect was
presented) as the sil! was found at the end of the surface roller and thus it was outside the effective
zone for the sill to affect the jump flow. The effect of end sill in radial stilling basins was investigated
by Negm et al. (2002a). They found that, theoretically and experimentally, the sill decreased slightly
the relative Jength of jump and increased slightly the relative energy loss.

The characteristics of the submerged jump in rectangular channels were presented and
discussed by many investigators e.g. Goivanda and Rajaratnam (1963). Numerical investigations on
submerged jump in rectangular channels include those of Long et al. (1991} and Ma et ai. (2002). A
systematic investigation on transition from supercritical to subcritical flow for submerged jump below
an expanding outlet was conducted Ohtsu et al. (1999). The submerged radial jump was investigated
theoretically and experimentally by McCorquodale and Khalifa (1980).

The present research aims to investigate the combined effect of both negative step and end sill
on the hydraulic characteristics of radial submerged hydraulic jump.

DEVELOPMENT OF THE THEORETICAL MODELS

Figure 1 presents a definition sketch for submerged hydraulic jump in radial basin which is
provided with a negative step and an end sill with sloping upstream face and vertical downstream face
as recommended by USBR (1958).
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Fig 1 Definition Sketch showing the formation of submerged hvdraulic jump
in radial basin contaimng a step and an end sill
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All the variables are defined at the end of this research. Both the 1.D momentum and continuity
equatiens are used to develop a theoretical design model for computing either the submergence ratio
or the sequent depth ratio (in terms of the other onej of the submerged hydraulic jump formed in radial
stilling basin provided with a negative step and an end sill. The development of the model is carried
out using two control volumes, each of them takes place at the beginning of the jump, one of them
cnds at the end of the jump (assuming no effect of the end sill) and the second ends at the end of the
basin (to evaluate the effect of sill).

The present development is based on the following assumptions: {a) the flow is radial and
steady, (b) the liquid is incompressible (¢} The channel is horizontal and has smoath boundaries, (d)
hydrostatic pressure distribution at the beginning and at the end of the jump, (&) uniform velocity
distribution at the beginning and at the end of control volumes (values of the kinetic encrgy correction
factor and the momentum correction factor, ccand 3 were equal to unity) and () the effects of air

entrainment and turbulence ate neglected.

The momentum equaticn has the form of equation (1) when applied to the control volume 1-3;
.8
PI“P2+2P55‘“§+Psr+Ps(=lQ(V2—V|) (0
4

[n which Pyand P; are the hydrostatic pressure forces at the vena contracta and at the end of the control
volume respectively, P, is the channel side pressure force, Py is the pressure force acting on the step of
height k at a radial distance r; and depth of flow y,, Py is the pressure force on the sitl, Vyand V; is the
velocities at vena contracta and at the end of the control volume respectively, Q is the discharge, 7 is the
specific weight of water, g is the gravitational acceleration and B is the angle of divergence of the radial
basin. The pressure forces are given in Table 1 for both control volumes 1-2 and 1-3,

Table | Pressure forces and symbols at the considered control volumes -2 and 1-3,

Foreesior Control volume 1-2 Control volume -3
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Substituting from Table 1 using quantities of CV 1-3 into equation (2), then dividing by
(y1,y%5in 8/2) and simplify to obtain: |
S24SY, (b, — 1)+ Y. (b, 1)K, —(r=1DKZ —b, Y2 + 2(Y,K +0.5K3) r

(2)
+2b,Z, Y3 +Z2b, b, Zo (Y + Ys2) - 2FF (1/(b, Y, ) 1) = 0

. b k z 2
mwhich, S=22 b =2 r=b k=5 v =L 222y, =0y, =02,
Y, B L b ¥y Y Y, Y
Y, =22
2

The solution of equation (2} leads to

0.25A% — K As+(1-DK2+b, Y2 -2(Y.K, —0.5K2)r
S=-0.5A«+ =1 s 5 ) (3)
~2b,Z, Y3 ~boZZ +b,Z, (Ygp + Yep )+ 2K (14D, Y,) -1)

In which,
A.=Y,(b, -1) _
[f there is no step (K,=0), equation (3) tends to the one developed by Negm et al. (2002a) as:

025AY + Y2 -2b 2 Y, -b.Z  +b,Z,(Y, +Y,
S=_0.5A. + 251} +rY. LY - b2 b Z (Y, +Y,,) @
+ 2R (4b,Y, ) - D)
and if there is no end sill (Z,=0, CV 1-2) equation (3) becomes, Negm et al, (2002b):
2 2 2 2
0.25A% -K Ae+ (r-DK; +1, Y, ~2(Y,K, +0.5K )
S=—0.5A4 + « 2) " s ) (5)
+2F (/. Y,) -1

Similarly, if both K,=0 and Z,=0, equation (3) tends to the equation derived by McCorquodale
and Khalifa (1980) in the form:

S=-0.5A+ + \/o.zsAE +1,Y2 + 2FF (/5. Y, )-1) (6)

Equation (3) could be rearranged to yield a third degree polynomial in Y, as follows:
b, Y2 -(S+ K. )b, -1)Y2 - [S? + 2F + 2(Y, K, + 0.5K2)r-(1-K2 +
2b,ZY; + Z2b, - b Zo(Ye; + Y 1Y, + 2F(1/b,) =0

Which will take the form of equations (8) and (9) for the cases of only end sill and only negative
step respectively

b, Y2 - S(b, -1)Y2 —[S? + 2F +2b,ZY 3 + Z2b, -b, Z,(Ys) + Y2 ]Y,
+2F(1/b,) =0

6 YD - (S+Ko)r, -YE ~[$% + 2FF +2(Y,K, +0.5KD)r- (r-DK2]Y,
+2F (1) =0

Also. equation {6) could be put in the form
VY-S Y] - [T < 2R 1Y, < 2R (1) =0 (10

g

(8)

9
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THE RELATIVE ENERGY LOSS
" The energy loss through the hydraulic jump is obtained by applying the energy equation

between section 1-3 as follows:

2

— VI-
E.—k+y3+g _ (1)

VZ
Ez=2+ys;+2—j' ' (12)

By dividing equations (J 1} and {12) by v;, and using continuity equation that leads to equation (13)

E Z,+ Y, #0.5E (1/Ab,Y,;)
—L:].f s3 I( () 3)) (13)
E, K, +85+0.5F
For K=0.0, equation {13) becomes, Negm et al. (2002a):
E __Z+Yy +05E IAb, Y, ) ' 14
E, S+0.5E . : ()
For 7,=0, equation (13) becomes, Negm et al. (2002b):
2 1
EL_)_ Y +OSEIOAY)) as)
E, K, +S+05F
for both Z,=0 and K,=0, equation (13) assumes the same form due to (McCorquodale and
Khalifa, 1980).
o2 2
E‘_'-:] _ Y, + 0.5 (ll(zroY“) ) (16)
E, S+ 0.5E
RELATIVE LENGTH OF JUMP

On the other hand, the use of the dimensional analysis indicated that the length of jump ratio
{Ljfy1} of the submerged radial hydraulic jump formed in radial basin with step is a function of the F,
S, K, rand Z, as follows

L.
= =f(F,S.K,,1,Z,) (17
Yy

The function fis to be determined based on the experimental data.

DETAILS OF EXPERIMENTAL STUDY

The experimental work of this study is conducted using a recirculating adjustable flume of

12.0 m long, 45 cm deep and 30 cm wide. The discharges are measured by using pre-calibrated orifice
meter fixed on the feeding pipeline. The tailgate at the downstream end of the flume is used to control
the tail water depth of flow for each run. The radial basin is made from a clear prespex to enable visual
inspection of the phenomenon being under investigation. The model length is kept constant at [30 cm
and the angle of the divergence is kept constant at 5.28° with an expansion ratio of 1.67. A sill of 1:1
upstream slope and vertical downstream face is fixed at the end of the basin. A smooth block of wood
is formed to fit well inside the basin model extending from upstream the gate by 5.0 cm to position
where the step is desired. A fixed height of the negative step (drop) of 2.5 cm is used. Different
daltions of the slep are tested under the same flow conditions (r=r, [.16r,, 1.33r, and [.5r))
Juwnsiream from the gare opening respectively. The model is fixed in the bed between the two side-
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walls of the flume as shown in Fig. 1. A smooth baffle block of wood is formed to fit well inside the
basin model extending one side of the model 1o the other side at the end of the basin to simulate the
end sill. The wood is then well painted by a waterproof material (plastic) o prevent wood from
changing its volume by absorbing water. For each model three heights of the sill are tested, viz: 3, 4
and 5 ¢m. The range of the experimental data are as follows: Q (4 lit/s - 11 lit/s), Froude numbers (2.0-
7.0}, submergence ratio (3.5 — 10.0), Y, (¢.0-12.0), r, (1.4- [.67), relative height of step K, (0.0-3.5)
and relative height of the sill, Z, (0.0 to 3.5},

Each model is tested using five different gate openings with five discharges for each gate
opening. The measurements are recorded for several submergence ratios for each discharge. The total
numbers of runs were 430 in the presence of an end sill and 239 runs without end sill. A typical test
procedure consisted of the following steps:(a) a gate opening is fixed and a selected discharge is
allowed to pass. (b} the tailgate is adjusted until a submerged jumnp is formed. {c) once the stability
conditions are attained, the flow rate, length of the jump, water depths upstream and just downstream
of the gate in addition to the tail water depth and the depth of water above the step are recorded. The
length of jump is taken to be the section at which the flow depth becomes almost horizontal (d) the
position of the tailgate is changed to obtain another submergence ratic and then step (c) is repeated. (€)
step (d) is repeated several times then the procedure is repeated for another discharge till the required
discharges are covered {f) the whole procedure is repeated for another gate opening and so on till the
range of the experimental data were covered.

ANALYSIS AND DISCUSSION OF RESULTS

WATER SURFACE PROFILES

A typical dimensionless water surface profile for the hydraulic jump (HJ) in radial basin (RB)
with a negative step (NS) positioned at r=1.33 and an end sill (ES) of relative height Z2,<2.92 at
particular initial Froude number of F; = 3.05 and submergence ratio of § = 6.62 is presented in Figure
2.1t is alsp shown in the figure the profiles for smooth bed (Z,=0.0, K,=0.0), step only (r=1.33), and
end sill only (Z,=1.71).
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Fig. 2 Experimental dimensionless water surface profiles
for submerged radial hydraulic jump at F;=3.05

All profiles show similar trend of variation of the dimensionless depth with the dimensionless
longitwdinal distance. The high water surface just downstream the gate which is decreased rapidly and
siarted to increase gradually till the water surface showed insignificant variation and became
practically horizontal at the end of the HI. The imteresting observations from the shown figure are
summarized as follows:
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- The negative step (NS) case (r=1.33, F|=2.99) produces higher water surface profile (WSP)
if compared with (a) smooth bed case, (b) ES case, and (c) both NS and ES. The presence
of an ES at F{=3.05 and Z,=2.92 produces lower water surface profile than that due to the
effect of end sill.

- It was observed that the smooth case showed lower WSP than negative step cases that was
due to the effect of negative step.

The case of ES only showed lower WSP compared to all other presented cases (S=7.14 and
Ze=171 at Fi=3.05.

RELATIVE DEPTH RATIO

Two typical relationships between the experimental relative depth of the HI (Y,) with the
initial Froude number (F,) when the ES has an average relative heights of Z,=1.5( 1.1 - 2.0) & Z,=2.75
(2.1 - 3.5) and the NS is [ocated at r=1.33 for different submergence ratios, § are presented in Figures
3a and 3b. Shown also in the figures the values due to the theoretical equations, equation (9) and
equation (7) for the cases when only a NS is installed in the basin and when both a NS and an ES are
installed in the basin, respectively. These figurcs showed similar trends in both relative heights of the
ES. In each case, the increased of the submergence increases the relative depth of jump remarkably
when the Froude number is kept constant, Also, the depth ratio increases with the increase of the
Froude number at constant submergence. Theoretically the presence of EN has little effect on the
relative depth ratio of the jump with tendency of an increasing effect at lower submergence when the
Froude number is relatively high (e.g. $=4 and F,=7.0). Equation (%) which is developed based on CV
1-2 (neglecting the effect of ES) fits the data reasonably well and the deviation between equation (7)
and equation (9) is small (about 1% at 5=6.0 & F,=4 as an example) and could be neglected. Similar
results were concluded by Negm et al. (2002z) regarding the effect of ES on hydraulic jump formed in
radial basin without step. Also, Hager and Li (1988) stated that if the sill is located near the end of the
HJ in rectangular basin, it produces insignificant effect on the jump properties.
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Fig. 3 Theoretical relationship between Y, & F, for differeni S at r=1.33, (a) Z,=1.5 and (b) Z,=2.73.

Figure 3 shows that at the same F|, higher submergence which could be obtained by raising

the tailgate results in an increase in the depth of the HJ. At the same submergence, the relative depth
of HJ increases with the increase of F| because higher value of F; means smaller y, (at the same Q)
which yields higher Y, (y./y,} at the same S (S=y3/y,) as there is always a proportional relationship
between y, and ys under submerged flow conditions.
Figure 4 presents the experimental relationship between Y, and F, of HJ formed at constant § {§=5.0-
5.99) to show the relative effects of no NS & no ES {smooth case), NS only, ES only and NS & ES on
the same relationship. Compared to the smooth case at the same F, it is observed that (i) the higher the
ES, the lesser the relative depth ratio due to the increase in the pressure force as the result of the
presence of sill. This can be also amributed 1o the decrease in the specific energy above the sill
compared 10 thal upstream of the ES and since the incoming flow to the ES is suberitical. the depth of
tline should be decreased.
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(ii) the presence of NS increases the depth ratio of the HJ which can be explained in terms of the
specific energy as follows, since the specific energy just upstream the NS is larger than that just
downstream the NS and the incoming flow to the step is subcritical, the depth of flow and hence the
relative depth of jump increases.

(iii) the presence of ES, when a NS exists, produces lower depth ratio compared to the case of NS only
and the rate of decrease in the depth ratio increases with the increase of the relative height of the ES
but still the depth ratio is more than the smooth case. This effect is mainly due to the combined
effects of NS (increasing effect) and ES (decreasing effect) as explained in (i} and (ii) for each one
separately. .

12 - 12 7
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Fig 5 Experimenta!l relationship between Y, & F, Fig. 4 Experimental relationship between Y, & F,
for different r at $=3.5-3.99 and Z,=2.75. for different Z, at r=1.33 and $=5.0-5.99

Figure $ presents the experimental relationship between Y, and F, at $=6.0-6.99 and Z,=2.75 for cases
where the NS is installed at différent positions. Shown also, the case of ES only and that of smooth
bed (no NS & no ES). This figure confirms that the obtained observations in Fig. 4 which still valid
for different positions of NS rather thar the indicated one in the Figure 5. Moreover, the figure shows
a systematic increase in Y, at constant F, as the NS becomes nearer to the end of the jump.

Near to the end of the jump, the impact of NS on the energy loss became small and hence a small
amount of energy was dissipated. The concluded results is a lower specific energy downstream of the
NS compared to that upstream of the NS and hence yielding higher depth of water leading to higher
depth ratio. The rate of energy dissipation increased as the NS is moved upstream from the end of the
jump yielding a smaller depth ratio because the net specific energy is smaller (e.g. specific energy at
=1.16 <specific energy at r=1.5 at the same S, F, and Z,).

RELATIVE ENERGY LOSS

Figurcs 6a and 6b present the rclationship between E/E, and F, for different submergence
ratios at r=1.33 and average values of relative height of sill Z,=1.5 and Z,=2.75 respectively. It is also
shown in the figures the values due to the derived equation (13} and equation (15) based on CV 1-2
and CV 1-3 respectively. The relationship between E;/E| and I; shows the same trend of variation for
both values of Z,. At particular F|, the E/E, increases with the decrease of submergence. This is
artributed to the smaller volume of water contained in the basin at low submergence which gives morc
chance for roller, eddies and terbulence to develop resulting in more energy dissipation. When the
submergence was kept constant, the rate of energy dissipation increases with the increase of F, due to
created strong turbulence and cddies compared to those created at smallcr Fy. On the other hand, the
theoretical results based on CV 1-2 and CV |-3 showed insignificant variation (within 1% at F,=4.0, §
=6.0) indicating that equation {15) neglected the effect of ES and accounted only the effect of NS
could be used to predict reasonable values for E, 'E, for the Hi formed in radial basin contained a NS
and an ES.
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Figure 7 shows the effect of relative height of silf on the relationship between E\/E, and F, for
a typical value of § = 5.50 (§= 5.0-5.99). The ES produced higher energy dissipation with a higher
rate for high ES followed by the smooth bed then the case of NS combined with ES and the lowest
energy dissipation is due to the case of NS only. The presence of ES forces the jump to form within
the basin and hence most of the roller and turbulence are created within the basin yielding higher
energy dissipation.

The effects of step position on the relationship between E\/E| and F| could be depicted from
Fig. 8 for average value of Z,= 2.75 (§=5.0-5.99). It is observed that moving the NS towards the end
of basin caused a decrease in the energy loss and vice versa. This is because the NS near 1o the end of
the basin produced higher water depth leading to a reduction in the formed eddies and turbulence and
hence small amount of energy is dissipated. Also, it is shown in the figure, the case of only ES that
produces the highest loss of energy followed by the smooth case.

70 A ?0 -
60 ~ 60 A
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S50 A 50
~ 40 j ~ 4
= -
———  Eqn.{1%) w Ean. {1%)
0 s - - &eun 30 - — e (3
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20 75260 X 5=794-821 Zom1s0 20 4 5=6.0 A 5-50.2-6.20 Zo=2.75
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Fig 6 Theoretical refationship between Ei/E| & F, for different S at =1.33, (a) Z,=1.5 and (B Z,=2.75.
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Fig. 7 Experimental relationship between E /E, & F, Fig. 8 Experimental relationship between E/E, & F,
for different Z, at r=1 33 and $=5.0-5.99. for different step positions and Z,=2.75 at $=6.0-6.5.

RELATIVE LENGTH OF JUMP

The relationship between Lj/y, and F| for different submergence ratios at =1.33 is presented
in Fig. 9 for Z,=1 5. For a particular values of F,, the increase of submergence produces a
corresponding increase in the length of the jump ratio and vice versa; as more eddies and turbulence
are {ormed at low submergence leading to shorter length of jump. Also, at small submergence, the
supercritical jet of flow spreads quickly. Figure 10 prescnts the experimental relationship between
Ljv and F, of HI formed at constant S (§=5.0-3.99} to show the relative effects of smooth case. NS
only. ES only and both N5 and ES on the same relationship. Compared to the smooth case at the same
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F,, it is observed that, the presence of ES when a NS exists, produces lower values of Lj/y, compared
to the case of NS only and the rate of decrease in the Ljfy, is increased with the increase of the relative
height of the ES tut the relative length of jump is still more than the smooth case (no end sill and no
negative step).

Figure |1 presents the relationship between Ljly, and F, for different relative positions of the
NS at Z;=1.5 and Z,=2.75. These figures indicate that if the NS is installed near to the end of the
basin, it produces longer length of jump and vice versa.

9% ] 90 - T
80
80 1
70 -
70 - o
iy o, 60+
- T}
—_ aso i smooth
- 60 - no step Lo=1.5
40 ~ no step Zo=0
50 ﬁ steg Z0=0.00
30 o step Zo=1.50
— - sep Zo=2.75
40 | 20 ] T T L T T 1
1 8 1 2 3 i F 5 6 7 8
i
Fig. 9 Experimental relationship between Ljfy, & F, Fig. 1¢ Experimental relationship between Lj/y, & F, '
for different $ at r=1.33 and Z,=1.50. for different Z, at =1.33 and $=5.0-5.99.
|
| 80 -
70 o
60
=
~ 50 -
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—
- = no step Zo=1.5
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30 4 — =133
=150
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Fig. 11 Experimental Relationship between Ljfy, & F, for
different step positions and Z,=1.50 at $=3.5-3.99.

The prediction of the length of the submerged jump is possible by employing the collected
data to develop empirical equaticns using statistical methods. Several models were tried, the following
one is found to fit the data reasonably well.

L0
LP( L | =cq+erFy #epS+esracyZy + 05K e
¥i

in which e, ¢). ¢. .. ¢y and ¢ are the regression coefficients. These coeflicients were estimated using
the method of least squares based on the data of NS only (239 observations) and these of NS & ES
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{430 observations). The Neural Connection software (]1998) was used estimate the coefficients of
equation (18). Table 2 showed the values of these coefficients using all data (669 observations) for the
two cases, (i) considering the effect of the ES and (ii) neglecting the effect of ES.

Table 2. Coefficients of equation (18)

1 No. of
Case C, C Gy o G, Cs R SEE observatjons,
(1) | 2.766 0.083 | 0.061 0510 | -0.010 | 0.056 | 0.74 | 4.70 669
(i) | 2.760 | 0.080 | 0.061 | 0.525 - 0.031 | 0.72 | 4.50 669

Comparison of equation (18) with an independent set of the measured data (test data set selected
randomly) 1s shown in Fig. 12 for both cases (i) and (ii). The prediction of equation (18) showed fair
agreement in both cases. Also, Fig. 13 shows the comparison between the experimental relationship
(Ljfy, versus F)) and the empirical one for different submergence at =1.33 and Z,=1.5 (1.3-1.9).
Neglecting the effect of Z, in equation (18) yields little deviation compared to the case when the
effect of Z, is considered. This means that etther equation (i) or {ii} could be used to predict the length
of jump in radial basin provided with NS only or NS and ES in comparison with the existence of Z.

46 E
80 - N0
2.4 > 4
~— A
-— ?0 .
—_ n &
; E’; A ‘&‘ A t
=42 1 Sosn
a k]
= =
= — Enl o 5 A
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S=30 a 56063 Io=11L9 40
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Fig. 12 Measured Lj/y, versus the predicted values for  Fig. |3 Relationship between In(Li/y;} & F, for
test dala set and different step positions. different § according to equation (18}

CONCLUSIONS
An experimental investigation was conducted to study the effect of submergence, the relative

position of negative step and the relative height of end sill on the hydraulic characleristics of the
submerged hydraulic jump in radial basin. Both the relative depth and the relative length of jump
decrease with the increase of the relative height of end sill while the energy loss ratio increases.
However, the effect of end sill on the submerged radial jump was small for end sills of limited heights
up to Z,=3.5. Installing a negative step near to the end of the basin produces higher relative depth and
longer relative length of jump compared to the negative step when it is positioned near to the
beginning of the jump (near the gate). The energy loss decreases for negative step near to the end of
the basin and increased when the step is constructed near the beginning of the jump. Using an end sill
in a radial basin provided with a negative step causes a slight reduction on both depth and length ratios
white a slight increasing effect on the relative energy loss is observed.

A theoretical suation was developed to evaluate the effect of end sill when combined with a
newative step. Theoretically and experimentally. it was found that the effect of end sill has little effect
on the depth and on the energy loss ratios and the theoretical equation developed for the cases of
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negative steps without end sill could be used to represent also the case of negative step 2nd end sill for
fimited relative height of end sill up to Z,=3.3. For higher values of Z,, the effect of the end sill should
be considered in computing all the characteristics of the hydraulic jump in radiat basins under
submerged flow conditions.
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NOTATION
The following symbols are used in this research:
B width of the channef;
by contracted width of the channel ;
E, total energy at the jump toe;
E, total energy at the jump heel;
E. relative energy loss;
F Froude’s number at the initial depth;
G gate opening;
k height of negative of step;
Ko refative height of step (/'y},
L length of the hydraulic jump;
P hydrostatic pressure at the beginning of the jump;
P2 the hydrostatic pressure at the end of the jump;
P pressure force on side of the channel;
Py pressure force due to the end sill;
Pa pressure force due to the negative step;
Q discharge;
r the relative position step rd/Ty;
r radius at the beginning of the jump ;
rz radius at the end of the jump;
R? coefficient of determination of the regression equation,
i the radius at end of the basin;
G radii of jump ratio {ry'n};
rs radius at the end of the megative step;
§ submergence ratic {y+/v);
Vi average velocity at the imitial depth;
Vs average velocity at the sequent depth;
Yo relative tail water depth {yo/y\);
¥y initial water depth;
5 backed-up water depth just downstream the gate ;
Va water depth at the end of the jump;
¥s water depth above the end of step;
Yu water depth at the end of the basin;
Y relative water depth at negative step (¥/y);
Vs1,¥s2, ¥s3 water depths above the end sill according to Figure 1;

Y, relative depih over the sill where the depth s v (ysifvi);
Y relative depth over the sill where the depth is yo (y2/y1);
Y3 relative depth over the silf where the depth is ysy (yofyi);

Y the geometric mean for water surface profile according to Table 1;
z height of end sill;

Zy relative height of end sill (z'y1);

Y specific weight: and

8 the angle of divergence.



Mansoura Engineering Journal, (MEJ), Vol. 28, No. |, March 2003, C.32
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ABSTRACT

Sometimes. it is necessary to build a subsidiary weir downstream the heading-up structures to
relief the acting head. In the present siudy. waler prevented between the nain and subsidiary
structures was constdered. The boundary element technique using linear elements was used to
analyze the uplift pressure underneath a simple flat floor of the heading-up structure and the
subsidiary weir. Seepage flow and the exit gradients were also considered. Seven cases of the
distance between the heading-up structure and the subsidiary one had been considered with five
thickness of the permeable layer under the structure. Obtained results were illustrated and
diseussed.

INTRODUCTION

A subsidiary weir is built downstream heading-up structures to relief the acting
head during the various cases of operation. In this study, the water was prevented
upstream the main structure during high water levels period while the water
upstreamn the subsidiary one was on the crest level and its downstream was dry.
Many analytical and experimental studies had been carried out to evaluate the
uplift pressure distribution and exit gradients for different boundary conditions
and floor configurations, Harr [9]. Chawla [4] and Gray and Chawla 8] presented
analytical solutions using conformal mapping technique for a floor founded on a
permeable soil of infinite and finite depths, respectively, provided with finite
pervious inlel and outlet surfaces and a cut-off at any general position along the

Accepled March 13,2003,
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floor, The analysis however: did not. cover the case of very.narrow permeable
portions, which considered in this study with the presence of another structure

such as a subsidiary weir, Fig. 1.

El-Masry [5,6] studied the characteristics of seepage underneath a heading-up
structure with Insufficient pervious length downstream the structure due to the -
presence of lining extended to the end of the canal. El-Masry and Abd-Allah [7]
studied the same present problem for different conditions. They investigated the
case of just after construction, which mean maximum water level upstrean the
main heading-up structure and no water up and downstream the subsidiary one.

The main objective of the study is, to study the development of uplift pressure,
exit gradient and seepage flow, which affect the stability of heading-up structure
and subsidiary one. Influence of changing the distance of the pervious length
between the structures (S) and the permeable soil thickness beneath the floors (T)
to be studied. The target is to develop the curves that express the relationships
between the variables involved in this study.

In the present study, the Boundary Element Method (BEM) as a numerical
technique was used to analyze the practical problem of seepage under simple flat
floors of heading-up structure and the subsidiary one. The ratio between the up-
stream head on the subsidiary structure (H,)and the head on the main one (H,)
was considered to be constant and expressed as 0.4 (H,=0.4H,). The middle
surface length between floors (S) varied from half to double the head (H,) with an
interval of 0.25. Different perméable layer thickness under the floor (T) was
considered as: 0.80, 1.00, 1.20, 1.50 and 2.00 of the head (H;). To define the
considered domain (D), the inlet surface length (L) was assumed equal to the
length of the first floor (L)); end surface length (Z) was assumed 1.5 L,. Length of
subsidiary floor (L;) was assumed to be half the length L,. Soil beneath the
structures was assumed to be homogeneous and isotropic with permeability
coefficient (K). Herein, variables were allocated along the middle surface length
(S) besides the thickness of soil layer (T), while other parameters were kept
constant. Inflow upstream the main structure (Q;,), inflow upstream the subsidiary
structure (Q;»), middle surface outflow (Q,,) and end surface outflow (Q,;) were

computed and illustrated, Q is the flow per unit length.
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MATHEMATICAL IDEALIZATION OF THE PROBLEM

A typical two-dimensional problem of flow through the fully saturated porous
media 1s shown in Fig. 2. Using principles of continuity of incompressible flow
and Darcy's faw, the goveming equation of seepage in a two-diimensional flow
domain (D} can be described by Laplace equation (1).

=0 ,in D (1)

in which: )
h = (p/y + y) is the potential head, and
pfy : is the pressure head, while y: is the elevation head.

For a confined domain of seepage flow, there are two types of boundaries:
I. A prescribed head on the upstream and downstream permeable surfaces
(A-B, C-D and E-F),
2. A prescribed flux on boundaries (B-C, D-E, F-G, G-J and J-A).
The boundary conditions on A-B, C-D and E-F can be described by the following
set of equations:

h =1L, on A-B (2-a)

h =1L on C-D (2-b)

h=0 on E-F (D.S.is dry) (2-¢)
The boundary conditions for the impervious boundaries can be described as:

dh

3a° 0 3)

Where
oh/dn  is the hydraulic gradient in the direction perpendicular to the
boundary surface.

BOUNDARY ELEMENT FORMULATION

In the boundary element method, the boundary of a flow region was divided into
several linear segments connected by nodal points as shown in Fig. 2. The heads

and the gradients on the boundary nodes were denoted as {h} and {ch/On},
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respectively. The value of head or gradient at any point on a line segment between
two nodes could be obtained by using interpolation functions (N) and {M} , Paris
and Canas[12], as follows:

h=(N) {h} : (4)
ah o [on]
dn _<M){8nj ()

where

{ Yand { } represent a row vector and a column vector, respectively. In this
presentation, (N) is chosen to be as (M), both being linear functions using Green’s
theorem, the volume integral of the Laplace equation can be reduced to a boundary
integral, Brebbia [3]:

a(x) h(x) rj{c (c,x) g—: (¢} - Flg,x) h((;)} ariz) (6)

where

h(x) is the potential at x, G (L, x)and F ({, x) represent the potential head
and gradient at field point { due to a unit concentrated source at source point x
(i.e., the fundamental solution), respectively. For two dimensional problems,
Brebbia [3]:

Glgx)= 5';1[{] =lg-+ (7)
F(Q.x)= il;*aq;‘ (8)

Using the rigid-body analogy, Banerjee and Butterfield [1], the value of & can be

evaluated by:

] xinD
afx)= l—f F(G,xJr(g) xon (9)

0.5 xonl andTissmooth

Substituting the interpolation functions into eq. (6). The relationship between
leads and gradients at the boundary nodal points of a given domain i1s given by:

dn

(1] 1) =[u1{@} (o)
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In the above, the matrices [H] and [G] are obtained from:

(]=15] fa (=)} - [{F(x~.0)} (N(2)) ar () (1

(6= [ {6 (0) JN))ar ) (12)
in which:

o : is the Kronecker delta, x™ : is the point of node m,

 : is the field point on the boundary surface I and
{N(L)) : is the interpolation function.

In a boundary value problem, either gradient or potential head is known for a
given node on the boundary. Therefore, eq.(10) gives a set of simultaneous
equations that can be solved for the unknown variables. The boundary element
method which has been outlined for a homogeneous flow domain is fairly standard
and can be found in the literature, [1,2,10,11].

The use of linear elements on the boundary leads to a problem at corner points,
which have two values for the head h and the nonmal derivative 8h/0n depending
on the side under consideration. At these points, it is essential to select which of
the two variables h or dh/dn will be prescribed. As 8h/n can not be defined, one
generally will choose to prescribe h. This however, does not produce a very
accurate compuled value for the derivatives at the corners. This problem does not
occur in finite elements due to the way in which the natural boundary conditions
are prescribed and the fact that the solution is also approximated in the domain,
l.e. errors tend to be more distributed. To avold the corner problem, it is
considered that, there are two points very near to each other but belong to different
sides Fig. 2. At one node, h condition is prescribed while &h/én is prescribed at the

other one.
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RESULTS AND DISCUSSION

In this study, thirty-five runs were computed using the boundary element method.
For the considered study, the following parameters were considered:
. Relative distance (S/H,) varied from 0.50 to 2.0(0.50,0.75, 1.0, 1.25,
1.50, 1.75 and 2.00). '
2. Relative thickness of the permeable layer (T/H,) changed from 0.8 to 2.0
(0.8,1.0,1.2,1.5 and 2.0}.
From the obtained results, Figs. 3 & 4 were plotted to show the relationship
between the relative discharge (Q/KH,) and both of the relative thickness of.the
permeable layer (T/H,) and the relative distance (S/H;). Figure 3 shows that,
increasing the relative thickness of the permeable layer increases the upstream
inflow (Q;) and decreases the downstream inflow (Q;y). Increasing the separate
distance, S, increases the downstream inflow and decreases the upstream inflow.

From Fig.4, itis observed that, increasing the permeable layer thickness increases
the downstream out flow (Q,») while the flow seeps downstream the first floor
decreases. Increasing the separale distance, S, increases the out flow downstream
the first floor, (Q,), while the final out flow that seeps at the rear of the
downstream structure, Q,;, decreases. For the considered cases, the computed
error between the summation of the inflow discharge, (Q; = Q; + Q;2) and the total
out flow (Q, = Q1 + Qy2) 1s considered good as the error is not more than 0.30%.

Figure 5 shows the distribution of the computed inflow-outflow seepage discharge
for two cases of S=H,, T=0.8 H,, and S=2H,, T=2H,. From these figures, it is
observed that, the separate length, S, is divided into outflow and inflow portions at
point O, that point lies at about 0.55 S apart from the downstream end of the first

floor.

Figure 6 shows the variation belween Q/KH; versus 5/H; for T=0.8 H,. In this
figure, inflow-outflow curves are represented with the summation of them. From
these curves, it is clear that, the summation of the inflow discharge ZQ; is
coincided with the outflow one, £Q,.
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The computed uplift pressures that acting upon the main and subsidiary structures
for one case of the separate distance, S = H;, for all the considered thickness of the
permeable layer, T/H, which are illustrated as shown in Fig. 7. From this figure, it
is clear that, changing the relative thickness of the permeable layer has no effect
on the distribution of the uplift pressure.

The influence of the relative thickness of the permeable layer on the exit gradient
at the separate distance, S, is illustrated for the case of S/ H;=2.0 as shown in Fig.
8. From this figure, it is clear that, changing the relative thickness T/ H, , has no
considerable effect. On the other hand, Fig.9 shows the illustration of the
hydraulic gradient at exit (downstream the first floor) for the case of T/ H,=2.0.
From this figure, one can observe that, increasing the distance S, increases the
values of exit gradient. From these Figs. 8 & 9, it is observed that, the distribution
of exil gradient curve can be divided into two portions, the first one that lies
downstream the first floor, the second lies at the distance upstream the second
floor. The point that divided the two portions was found to be at about 0.55 S
measured from the downstream end of the first floor. These two portions represent
the outflow and inflow gradients, respectively.

Hydraulic gradients at the rear exit surface downstream the second floor are
represented as shown in Fig. 10. Considering the case of T/ H, = 2.0, changing the
relative distance S/H, = 0.5 to 2.0, the obtained hydraulic gradients are itlustrated.
At the second floor end, the exit gradients tend to have an infinite value.

As aresulit of the computed cases, equipotential lines are plotted for three cases as

shown in Fig. 11.
CONCLUSIONS

Characteristics of seepage underneath a heading up structure and a subsidiary one
was studied numerically using the well-known Boundary Element Method.
Spacing between the structures and the permeable layer thickness were
considered. Thirty-five cases were considered taking into account the above

tentioned parameters,
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According to the present study, it can be concluded that:

* [or the cases studied, the presence of the subsidiary structure divided the
outflow discharge into two parts, downstream the first floor and downstream
_the rear one.

» The separate distance between the heading-up structure and the subsidiary
one have been divided into two portions, one belongs to the outflow discharge
downstream the first floor, and the second belongs to the inflow discharge
from the prevented water upstream the subsidiary structure.

= The outflow portion of the separate distance is about 0.55 its total length.

= [ncreasing the permeable layer thickness leads to the following:

- increasing the inflow upstream the first floor,

- inereasing the outflow downstream: the rear floor,

- decreasing the inflow upstream the second floor, and
- decreasing the outflow downstream the first floor.

* The separate distance between the heading-up structure and the subsidiary
one had a reverse influence comparing with the thickness of the permeable
layer for inflow-outflow discharge.

* The permeable layer thickness had no a considerable effect on the uplift
pressure under the floor of the structures.

* The hydraulic gradient for the separate distance between the structures
represents the inflow - outflow portions.

* Increasing the separate distance increases the exit gradient.

* Equipotential lines have been illustrated as a result of the present solutions.

« More future studies considering shorter and longer separate distance between
the structures and the effects on seepage streams should be accomplished.
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Fig. 2 Idealization of the problem.
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Uplift pressure %

QiKH

Fig. 6 Inflow- Outflow versus S/H, for T/H, = 0.80.
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Fig. 7 Total uplift pressures on the first and second floors
For the considered cases of T/H,, (S=H,)
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