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ABSTRACT

Steps may be constructed in stilling basins based on land topography and design requirements for the purpose of
increasing the energy dissipation and reducing the length of hydraulic jump. This paper aims to investigate the
effect of a negative step located in radial stilling basin on the discharge of a free flow gate conditions. The effect
of both step height and position downstream the gate is investigated experimentally by analyzing large series of
experimental data. The data are collected using a laboratory flume of relatively large dimensions (30cm wide,
45cm depth, and 15 m long). A diverging channel reach with fixed length and constant divergence angle is used.
The effects of Different relative height and relative positions of negative step on the coefficient of discharge and
the relative energy loss through the gate are also investigated experimentally. The dimensional analysis was
used to correlate the discharge coefficient to the other relevant flow and step parameters. It is found that the
presence of negative step down stream the gate in a radial stilling basin has a remarkable negative effect on the
discharge coefficient and remarkable positive one on the energy loss through the gate. Dimensionless general
equations in terms of the flow and step parameters for computing the coefficient of discharge of the sluice gate
is developed using the multiple regression analysis. The obtained predictions of the discharge coefficient using
the developed equations are compared to the experimental data. The developed equations proved good reliability
and high accuracy.
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ARACTERISTIQUES DE L'ECOULEMENT LIBRE EN DESSOUS DE VANNES MURALES
DESSOUS AVEC BASSIN D'AMORTISSEMENT RADIAL PAS NEGATIF

RESUME

Cette mesure du papier dans quelle mesure, le Génie Industriel (IE) des techniques, sont appliquées dans les
petites et moyennes entreprises (PME) de gérer la productivité, de diagnostiquer les raisons de facilité
d'utilisation de techniques a faible IE. Il décrit un grand nombre de définitions pour les PME et leur role
important dans I'économie égyptienne. Ainsi, un questionnaire a été congu pour établir la base factuelle sur
I'utilisation de techniques d'IE dans les PME régionales en Egypte. Les résultats du sondage ont été analysés
pour diagnostiquer le pour cent de I'applicabilité de ces techniques et leur relation avec le type d'industrie et le
volume de l'entreprise. Le mix d'activités a été choisi pour embrasser les secteurs de la fabrication et le
commerce séparément et pour déterminer si des groupes d'affaires différents ont des approches différentes pour
I'utilisation des meilleures techniques IE pratique. Le questionnaire avait plusieurs sections avec des questions
choisies afin d'examiner I'utilité des techniques d'IE que chaque question a plusieurs choix et le gestionnaire
responsable peut choisir un de ces choix. Le questionnaire n'a pas été le seul moyen de recueillir des données,
mais aussi I'observation directe pendant pres de deux jours dans chaque entreprise industrielle et quelques
heures pour les entreprises commerciales dont les propriétaires acceptent de partager dans le questionnaire. Une
feuille Excel a été congu pour l'analyse des données recueillies et d'obtenir les tableaux représentés. Enfin, les
résultats du questionnaire ont été analysés afin de déterminer les principales causes de difficulté d'appliquer les
techniques d'IE dans les PME.

MOTS CLES: techniques de IE, petites et moyennes entreprises, la prévision de la demande, la planification des
installations, le transport, I'étude la méthode, la mesure du travail, planification de la production et le contréle, controle
qualité, et de la maintenance...
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1 INTRODUCTION

Gates are used to control and regulate the
discharge of flow at the entrance of irrigation
canals. The gates disturb the flow and create
non-uniform flow conditions upstream and
downstream of the gate. The flow from these
gates may be free or submerged depending on
the tail water depth. The flow characteristics
beneath the gates have been studied extensively
theoretically and experimentally by many
researchers, e.g., Henery [10], Henderson [9],
Rajratnam and Subramanya [21], Swamee [25],
Ohatsu and Yasuda [20], Rajratnam [22]. Many
others investigated the effect of constructing
sills under sluice gates. Some of these studies
dealt with the free flow, Ranja Raju and
Visavadia [23], Ranga Raju [24], Abdelaal [1],
Negm et al. [14, 17]. While other dealt with the
submerged flow, El-Saiad et al. [5, 6], Negm
and El-Saiad [15] and Negm [16]. Other studies
dealt with the effect of gate or sill configuration
on the flow below the gate, (1995).
Characteristics of flow below gates without sill
in non-prismatic channels were studies by
Negm et al. [18, 19] for free flow and by
Ibrahim [11] for submerged flow. On the other
hand, the hydraulic jump characteristics in non-
prismatic channels were investigated by many
investigators, Arbhabhirama and Abella [4],

Khalifa and Mcorquodale [12], France [7], and
Abdel-Aal [2, 3]. It was found that the radial
basin was more effective in dissipating the
energy than the rectangular one. Therefore, it is
preferred to use the radial basins to ensure more
safety of the hydraulic structures against failure
and to be more economic. This study
investigates the discharge characteristics of
gates upstream of radial diverging stilling basin
with the presence of a vertical negative step for
free flow conditions to provide more
information about the effect of the step
parameters Z/G and L/G on flow below free
sluice gate. Using multiple regression analysis
dimensionless equations are developed for
predicting the coefficient of discharge for free
sluice gate.

2 THEORETICAL BACKGROUND

Fig. (1) shows a typical definition sketch for
free flow below sluice gate in radial stilling
basin with negative step at different positions.
Applying the principles of dimensional analysis,
the following functional relationship for
coefficient of discharge of the free gate, Cg, can
be proved as:

Cq = f(L/G, Z/G, H/G, Fg) (1)
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Fig. (1): Definition sketch for free flow below gate US horizontal radial stilling
basin with negative step
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And the discharge coefficient (Cy) of sluice gate
for free flow (Fig. 1) is computed based on the
following equation:

Q
Co= —— 2
" Gby2gH 2

Where C; is the discharge coefficient of sluice
gate, G is the gate opening height, H is the
upstream water depth over vena-contracta, b is
the width of the flume at the gate location, Q is
the discharge passing through the flume, g is the
acceleration due to gravity, Z/G relative height
of step, L/G is the relative position of step, and
Fg is the Froude number under the gate.

Also the relative energy loss through the gate
referring to (Fig. 1) is computed as follows:

E|_ :El - E2 (3)
E: = V%/2g + Hy )
E,= V22/2g +d,; (5)
E|_/E1 =1- (EZ/E]_) (6)

Where E; is the energy head upstream the gate,
E, is the energy head downstream the gate at
vena-contracta, E is the energy loss through the
gate, and Vi, V, are the velocities of flow at
sections 1 and 2 as shown in Fig. (1).

3 COLLECTION OF EXPERIMENTAL
DATA

The experimental work of this study was
conducted using a re-circulating adjustable
flume of 15.0 m long, 45 cm deep and 30 cm
wide, Habib (2002). The discharges were
measured using pre-calibrated orifice meter
fixed in the feeding pipeline. The tailgate fixed
at the end of the flume was used to control the
tail-water-depth of flow. The radial basin was
made from a clear prespex to enable visual
inspection of the phenomenon being under
investigation. The model length was kept
constant at 130 cm and the angle of the
divergence was kept constant to 5.28° such that
the expansion ratio is 1.67. The model was fixed
in the middle third of the flume between its two
side-walls as seen in Fig. (1). A smooth block of
wood was formed to fit well inside the basin
model extending from upstream the gate by 5.0
cm to the position where the drop was desired.
The wood was painted very well by a
waterproof material (plastic) to prevent wood
from changing its volume by absorbing water.
Different heights of the negative step (2.5, 3.5,
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4.5, and 5.5) are used at a different position of
(0.0, .25, 0.5, and 0.75) of the basin length. The
range of the experimental data were as follows:
Froude numbers (2.0-6.0), Z/G (0.4-2.75), L/G
(0.8-25) and H/G (2.9 — 19.5).

Each model was tested using five different gate
openings and five discharges for each gate
opening. A typical test procedure consisted of a
gate opening was fixed and a selected discharge
was allowed to pass then the tailgate was
adjusted until a free hydraulic jump is formed.
Once the stability conditions were reached, the
flow rate and water depths upstream and at the
vena contracta downstream of the gate were
recorded. These steps were repeated for
different discharges and different gate openings
and so on till the required ranges of the
parameters being under investigation were
covered.

4 RESULTS AND DISCUSSIONS

4.1 Discharge coefficient of the sluice gate

The discharge below sluice gates is directly
proportional with the discharge coefficient. So,
the discharge coefficient is taken as an indicator
to study the effect of the different parameters on
the discharge. The case of flat bed (case of no
step) is taken as a reference for the study to
obtain the effect of the presence of sudden drop
(negative step) on the discharge of the gate.

4.1.1- Effect of relative height of negative step

The variation of Cy4 with Fg for different values
of relative step position (L/G) is shown in Figs.
(2) and (3). It is observed that the values of Cq
decreases with the increase in Z/G for the tested
ranges of Fg and H/G for the different values of
L/G. It is observed also that the presence of step
reduces the values of C4 with respect to the flat
bed case. i.e. the maximum values of Cy are
attained at Z/G = 0.0 (case of no step) for all the
tested range of Fg and H/G.

4.1.2- Effect of relative position of negative step

The variation of Cy with Fg for different values
of L/G at step relative height (Z/G = 0.4, 0.8,
1.0 and 2.0) is shown in Fig. (4). It is observed
that the values of C, decreases with the decrease
in L/G then started to increase with the
continuous decrease in L/G for the tested range
of F¢ for the different values of Z/G. It is
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observed also that the best relative position of
negative step with point of view of discharge
coefficient with the presence of negative step is
at L/G < 6.0. Fig. (5) shows this point clearly
where the best positions were at L/G = 6.0 and
2.0 and the smallest values of Cy4 was at 6.0 <
L/G < 20.

4.2 Relative energy loss through the gate

When the flow passes through the gate some of
the pressure energy converted into Kkinetic
energy i.e. the velocity of flow increases and the
water depth decreases. This change in flow
depth and velocity is accompanied with an
energy loss. So the discharge of the gate is
proportional also with the energy loss through
the gate.

Fig. (6) shows the variation of E_/E; with Cq at
different values of the parameter H/G for the
flat bed case, for different values of Cg. It is
observed that the values of E,/E; decrease with
the increase of Cy4 and increase with the increase
of H/IG for the same Cy value. i.e. E//E; is
directly proportional with H/G and inversely
proportional with Cy.

4.2.1- Effect of relative height of negative step

Taking the previous result in consideration both
the relation between E,/E; and Cy4 w.r.t. Fg is
shown in Fig. (7) for different values of L/G and
Z/G. The variation of C4 and E,/E; with Z/G for
different values of step relative position (L/G) is
shown in Figs. (7 a, b, ). It is observed that the
values of Cy decreases while E,/E; increases
with the increase in Z/G value for the tested
range of Fg at the different values of L/G. It is
observed also that the presence of step reduces
the values of C4 as previously mentioned and
increases the relative energy lost through the
gate with respect to the flat bed case (without

step). l.e. the maximum values of C4 and the
minimum values of E,/E; are attained at Z/G =
0.0 for all the tested range of Fe.

4.2.2- Effect of relative position of negative step

The variation of E./E; with Fg for different
values of L/G at step relative height (Z/G = 0.4,
0.8, 1.0 and 1.5) is shown in Fig. 8. It is
observed that the values of E,/E; increases with
the increase in L/G then started to decrease with
the continuous increase in L/G for the tested
range of Fg for the different values of Z/G. It is
observed also that the maximum energy loss
occurs at 10 < L/G < 20 and the minimum
energy loss at L/G < 6 as shown clearly in Fig.
Q.

5 PREDICTION OF Cp

Nonlinear and linear multiple regression
analysis were used to analyze the experimental
data. Many trials were made with different
variables to obtain the best agreement between
the experimental and the predicted values of Cy.
The results of the best prediction trials are
presented in table (1). Also the predicted values
are plotted against the experimental values and
the residuals are plotted versus the predicted
values as shown in Figs. (10 — 13). The results
of the models showed good agreement between
the experimental and predicted values of C4 (R’
= 0.99 for all models) and R? between residuals
and predicted values are (0.009, 0.004, 0.007
and 0.01) respectively.

It is observed also from the results of the
different trials that the values of Z/G and L/G
have a small effect on the discharge coefficient
compared to the other variables. And the
increase in relative energy loss decreases the
corresponding discharge coefficient.

352



The Egyptian Int. J. of Eng. Sci. and Technology

Vol.14, No. 3 (Sept. 2011)

Table (1) : Predicted Models of Cgq

Model 1 (R = 0.996)

Cy=-0.391 E,/E,

+ 6.457E-04 d,/G

+0.464 Fg?

-0.928 HIG

- 2.539E-04 Z/G

+ 7.150E-06 L/G

+0.974

Cq =exp (-0.391E,/E,

Model 2 (R? = 0.996)

+ 6.458E-04 d,/G
+ 0.464F 2
-0.928 HIG

- 2.539E-04Z/G
+7.150E-06L/G
+0.974)

Model 3 (R? = 0.996)
0.391E, /E;
+0.463 F¢?
- 0.926H/G
- 2.017E-04Z/G
+ 2.237E-06L/G

O
=%
1

Cy=exp (-

Model 4 (R? = 0.994)
0.664E, /E;

+0.784 Fg?

- 1.567HIG

- 6.139E-04Z/G

+ 1.435E-056L/G

+0.974 +0.123)
0.70 -
____
- -
-7 L/G= 18
0.60 - _--"
.- - - - ZIG=0.0
— Z/G=04
C o501 — 72/G=06
— Z/G=0.8
0.40 - — 7/G= 1.2
- 7/G=1.4
a
0.30
1 2 3 4 5 6 7
FG
0.70
LIG=7
0.60 4 - == Z/G=00
——— ZIG=04
C — 2IG=05
— Z/G=0.7
0.50 -
— 7/G=0.8
b ——— 7/G=0.0.9
—— 7/G=1.1
— -
0.40 . . . .
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FG
0.70 -
= L/G =2.0
0.60 + =
- - = Z2/G=0.0
— ZIG=05
C 050 / —_— Z/IG=0.7
/’ — 7/G = 1.0
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0.30 . . . .
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Fig. (2): Variation of C4 with F¢ for different values of Z/G at a)
L/G=18,b)L/G=7.0 andc) LIG=2.0
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Fig. (3): Variation of Cy with H/G for different values of Z/G at a) L/G =18, b)

L/G=7.0 andc) L/IG=2.0
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Fig. (5): Relation between C4 and L/G for Fg = 4.0
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Fig. (6): Relation between E/E; and Cg4 for different values of H/G
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Fig. (7): Variation of both E,/E; and Cq4 with Fg for different values of Z/G at
a)L/IG=2,b)L/IG=7and ¢) L/IG=18
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Fig. (8): Variation of E, /E; with F¢ for different values of L/G at a) Z/G = 0.4,
b) Z/IG=0.80,c) ZIG=10and d) Z/IG=15
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Fig. (9): Relation between E,/E; and L/G for Fg = 4.0
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Fig. (12): Results of model (3) Fig. (13): Results of model (4)
6 CONCLUSIONS through the free sluice gate upstream the basin.
The results indicated that:
An experimental investigation is conducted in a - The values of C, decrease with the
laboratory flume using negative steps of increase in Z/G for the tested ranges of Fg
different heights and positions in a radial stilling and H/G for the different values of L/G and
basin to investigate the effects of the step the presence of step reduce the values of Cq
relative heights and relative positions on the with respect to the flat bed case. So the
discharge coefficient and the energy loss maximum values of Cy4 can be attained at
Z/IG=0.0.
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- The best relative positions of negative step
with point of view of discharge coefficient
with the presence of negative step are at L/G
<6.0.
-The smallest values of Cq4 are at the range
6.0 <L/G<20.
- The relative energy loss through the gate
E,/E; is directly proportional with H/G and
Fs and is inversely proportional with Cq, i.e
E,/E; increases with the increase in H/G and
with the decrease in Cg.
- The values of E,/E; increase with the
increase in Z/G for the tested range of Fg for
the different values of L/G. The presence of
step increases the relative energy loss
through the gate compared to the flat bed
case, i.e. the minimum values of E,/E; are
attained at Z/G = 0.0 for all the tested range
of Fe.
- The values of E,/E; increase with the
increase in L/G then started to decrease with
the continuous increase in L/G for the
different values of Z/G.
- The discharge coefficient increases with
the decrease in the relative energy loss.

- The values of Z/G and L/G have a small
effect on the discharge coefficient
compared to the other variables.

Notation

b : Width of the flume at the gate location
(18 cm)

B : Width of the flume at the end of the
basin (30 cm)

Cq: Coefficient of discharge of free sluice
gate

E; : Energy head upstream the gate

E, : Energy head downstream the gate at
vena-contracta

E. : Energy lost through the gate

E\/E; : Relative energy loss through the
gate

d; : initial water depth of free hydraulic
jump D.S. the gate

d, : Tail water depth.

Fs : Froude number under gate

G : Gate opening height

g : Acceleration due to gravity

H : Upstream water depth over vena-
contracta

Hy : Upstream water depth over the bed.
L : Position of step downstream the gate
L, : Radial basin length (130cm)

Vol.14, No. 3 (Sept. 2011)

- The maximum energy loss occurs at 10 <
L/G < 20 and the minimum energy loss
atL/G < 6.

Four dimensionless models in terms of the flow
and step parameters for computing the
coefficient of discharge of the sluice gate are
developed using the multiple regression
analysis. The obtained predictions of the
discharge coefficient using the developed
equations are compared to the experimental
data. And the results of the comparison indicted
that:

- The models 1, 3 of linear form and 2, 4
of exponential form proved good
reliability and high accuracy where the
correlation coefficient between the
experimental and the predicted values
are (R% = 0.99) for all models.

- There is a high reliability between Cgq
and E,/E;.

Q : Discharge passing through the flume
Z : Depth of negative vertical step
0 : Angle of divergence of the basin
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