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 َثزج يخرصشج

ذسرخذو أحٕاض انرٓذئح تشكم ػاو نرشريد انطالّ انٓيذسٔنيكيح انضائذج ػُذ ذصًيى انًُشآخ انٓيذسٔنيكيح يصم 

انسذٔد ٔانمُاطش ٔانٓذاساخ ٔيا إنٗ رنك نًُغ حذٔز انُحش أسفم ْزِ انًُشآخ ٔتانرانٗ ذعُة إَٓياسْا ٔصيادج 

ل ٔاألتؼاد انًخرهفح ألحٕاض انرٓذئّ انًصاحثّ ػًشْا اإلفرشاضٗ. ذشكض ٔسلح انثحس ػهٗ دساسح ذؤشيش األشكا

نحذٔز انمفضِ انٓيذسٔنيكيح انًغًٕسِ أسفم يعشٖ فرحح تٕاتح انًُشؤ انًائٗ نرؼظيى كًيح انطالح انًشررح ٔذمهيم 

انُحش.  تشكم ػاو ، يثحس ْزا انثحس انخصائص ٔانًؼاييش انشئيسيح نهمفضج انٓيذسٔنيكيح انًغًٕسج يصم ذثذيذ انطالح 

هٗ طٕل حٕض انرٓذئح ٔطٕل انمفضج ، تاإلضافح إنٗ ذٕصيغ انسشػاخ، ٔسـشػح انسشياٌ انمشيثح يٍ انماع ػهٗ ػ

طٕل حٕض انرٓذئح ، ٔيشكهح انُحــش ػهٗ طٕل يعشٖ حٕض انرٓذئح.  سيرى فٗ ْزا انثحس إخرثاس ْزِ انخصائص 

 تٕاتح انًُشؤ انٓيذسٔنيكٗ. في حٕض ذٓذئح يضٔد تثشكح راخ أتؼاد يخرهفح ٔػهٗ أتؼاد يخرهفح يٍ 

) ، G) ، إسذفاع فرحح انثٕاتح( Qذى إظشاء شًاَيح ٔأستؼيٍ إخرثاس, نكم إخرثاس يٍ ْزِ اإلخرثاساخ ذصشف سشياٌ (

  conjugate and) ، إسذفاع أػًاق انًياِ انًرشافمح ٔانًرسهسهح y1( vena contractaإسذفاع انسشياٌ ػُذ  

sequent  )2انًصاحثح نهمفضجy )طٕل انمفضج انًغًٕسج ، (Lsj ٔسـٕف يرى حساب ليًح أسلاو فشٔيذ انًصاحة (

يرش  26يرش ٔطٕل  1.0.  ذى إظشاء انثشَايط انرعشيثي ػهٗ ًَٕرض يؼاد ذذٔيشِ تؼشض Vena- Contractaنم   

مفضج نرش/ شاَيح . ذى ذطٕيش يؼادالخ إحصائيح نشتظ طٕل ان 90إنٗ  60يرش يغ يذٖ ذصــشف يٍ  1.2ٔػًك 

ا ، ذى انحصٕل ػهٗ يطاتمح ٔاضحح نهُرائط يٍ ذحهيم طٕل انمفضج  انًغًٕسج تانًؼايالخ انًسرمهح األخشٖ . أخيش 

 ٔانسشػح ٔذى ذحذيذ أفضم ذصًيى نحٕض انرٓذئـح. 

  

  

 ABSTRACT 

Stilling basins are in common use when designing heading-up hydraulic structures such 

as dams, barrages, spillways, etc.  This paper focuses on studying the effect of different 

locations and dimensions of stilling basin pools with the submerged hydraulic jump 

downstream the hydraulic structure sluice gate. Also, this research investigates the main 

characteristics and parameters of the submerged hydraulic jump such as the energy 
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dissipation along the stilling basin and the length of the submerged hydraulic jump, in 

addition to the velocity distribution, the near-bed velocity decay along stilling basin, and 

the scour downstream the stilling basin. These characteristics will be tested in a pool-type 

stilling basin with negative and positive steps downstream of the sluice gate.  

Forty-eight tests were carried out. For each test, the flow discharge (Q), the gate opening 

height (G), the thickness of the flow at vena-contracta (y1), the conjugate depth of the 

jump (y2), the length of the submerged jump (Lsj), and Froude number at vena-contracta 

(Fr1) were calculated.  The experimental program was conducted on a re-circulating 

flume with 1.0 m wide, 26 m long, and 1.2 m deep, with a range of discharges range from 

60 to 90 L/s.  Regression analyses were performed, and equations were developed to 

correlate the length of the submerged jump with the other independent parameters. 

Finally, clear matching of results from the length of jump and velocity analysis was 

obtained and the optimal design for the stilling basin pool was identified.  

  

Keywords: heading-up hydraulic structures, submerged hydraulic jump, sluice gate, 

Froude number  

1. INTRODUCTION  

Stilling basin provides means to absorb and dissipate the energy from the hydraulic 

structure discharge and protects the canal bed from scour. Stilling basin is one of the 

elements that cause a reduction of inflow velocity and energy. It is a very necessary 

element constructed downstream the hydraulic structures especially downstream low 

head structures, like barrages, weirs, dams, to dissipate the energy from these structure 

discharges and protects the canal from scouring which consequently protect the structure 

from failure.   

Stilling basin is a short segment of a floored channel constructed downstream the gate 

where the flow downstream the hydraulic structure gate is supercritical flow and the 

hydraulic jump is formed. In this case, the supercritical flow, before reaching the canal 

bed, turns into a subcritical flow and great energy is dissipated; therefore, possible 

damage to the canal bed occurs.  

Ali A. M. and Mohamed Y. A., [1], studied experimentally the effect of different shapes 

of stilling basins of a regulator on the length of the submerged hydraulic jump, velocity 

profiles along the apron, and local scour downstream the regulator floor. Chen J. et al, 

[2], conducted a 3-D numerical simulation for water flow in a stilling basin with multi-

horizontal submerged jets using two different turbulent models called VOF RNG k-ɛ and 

Mixture RNG k-ɛ turbulence models. The results showed that the mathematical 

simulation could be used effectively to study the water flow and energy dissipation 

problems.  It was found also that the mixture model covered a region about 18% larger 

than calculated by the VOF model. Abdelhaleem F. S. and Helal E., [3], studied 

experimentally the effect of using three different shapes of corrugated bed on 

characteristics of a hydraulic jump and downstream local scour for a wide range of 

Froude numbers ranging from 2.0 to 6.5. The results of the study confirmed the 

effectiveness of corrugated beds for energy dissipation downstream hydraulic structures 
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and decreasing the depth and length of the jump and thus reducing the stilling basins 

cost. Abdelhaleem F. S., [4], conducted an experimental study to predict the scour 

geometry downstream a Fayoum weir type and to minimize the scour using a row of 

different heights and positions semi-circular baffle blocks with different flow conditions. 

Pourabdollah N. et al, [5], studied experimentally and analytically the hydraulic jump 

characteristics on different adverse slopes, bed roughness, and positive step heights for 

Froude numbers ranging from 4 to 10.  It was deduced that the decrease in sequent depth 

ratio and the increase in the relative energy loss were 33 and 27.41% more than those in 

the classic jump. Perez J. F. M. et al, [6], conducted experimentally on a physical model 

the characterization of the hydraulic jump profile and velocity distribution in a stilling 

basin. The free surface profile and velocity distribution of the developed hydraulic jump 

within the stilling basin structure were analyzed. It was found relevant variations for the 

hydraulic jump shape and the maximum velocity positions within the measured vertical 

profiles when compared to classical hydraulic jumps.    

The present study aims to study the best design of stilling basin pool where it will 

investigate the effect of different locations and dimensions of stilling basin pools from 

regulator gates and study its effects on the characteristics of the submerged hydraulic 

jump, velocity profiles along the basin, and local scour downstream stilling basin floor. 

Experiments were conducted employing a wide range of Froude numbers, different 

tailwater depths, and different stilling basin locations and dimensions.   

  

2. EXPERIMENTAL WORK  

The experimental work was conducted in the laboratory of the Hydraulics Research 

Institute (HRI) of the National Water Research Center, Delta Barrage, Cairo, Egypt. A 

flume in general is a man-made open channel constructed over the ground to lead water 

from its source to its desired location. The experimental work was conducted using a 

physical model (flume) with dimensions of 1.0 m wide, 26.0 m long, and 1.20 m deep, as 

shown in Figure 1. The flume consisted of the inlet, exit, feeding system, the bed of the 

flume, the tailgate, and the main body, as illustrated in Figure 2. The flume sidewalls 

along the entire length of the flume were made of glass with steel frames to allow visual 

inspection of the flow patterns. The horizontal bottom of the flume was made of concrete 

and provided with a steel pipe to drain the water from the flume. The tailwater depth was 

controlled by a tailgate (control gate) located downstream of the flume. 

  

  

https://www.sciencedirect.com/topics/engineering/froude-number
https://www.sciencedirect.com/topics/engineering/froude-number
https://www.sciencedirect.com/topics/engineering/froude-number
https://www.sciencedirect.com/topics/engineering/froude-number
http://en.wikipedia.org/wiki/Water
http://en.wikipedia.org/wiki/Water
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Figure 1.  Photo for the Side View of the Employed Flume  

  

3. MEASUREMENTS  

An electromagnetic flow-meter was used for measuring the discharge during the tests. 

The flow velocity profiles were measured at a different cross-section along the stilling 
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basin using an electromagnetic current-meter type EMS, manufactured by Delft 

Hydraulics, Holland. Moreover, an electromagnetic current meter was used to allocate 

the length of the submerged jump by tracing the positive and negative values of the flow 

velocity on the water surface layer. The zero-velocity point represented the length of the 

submerged hydraulic jump to the sluice gate. Different designs were experimentally 

tested. For each design, six different gate openings and different flow conditions were 

tested. Typical conditions used for experimental work for this research paper are 

provided in Table 1. Also, sketches for the studied cases are illustrated in Table 2. The 

discharge was 90 L/s, the flow velocity was measured at six cross-sections along the 

stilling basin. The first cross-section was located at a distance of 0.5 m downstream of 

the gate. The velocity profiles were measured at five points depth at relative distances 

from the surface 0.2, 0.4, 0.6, 0.8, and 0.9 of the total water depth.  

  

4. METHODOLOGY  

The research plan investigated the effect of selecting the location of the stilling basin 

pool at distances 30, 40, and 55 cm of a pool downstream the gate structure. The 

resistance of the pool on the energy dissipation and increasing or decreasing the scouring 

generated by the hydraulic jump were observed to determine the best location for the 

pool.   

  

Table 1. The Experimental Program  

Case  
Location 

L1, cm  

Length 

Lp, cm  

Depth 

d, cm  

Discharge 

Q, L/s  

Gate  

Opening G, 

cm  

Tailwater 

Depth yt, 

cm  

Submergence 

Ratio Sg  

A  ---  ---  ---  90  7 : 12  24.0 : 28.0  0.41 : 2.07  

B  30  70  15  90  7 : 12  23.5 : 28.5   0.41 : 2.13  

C  40  60  15  90  7 : 12  24.0 : 28.5  0.41 : 2.50  

D  55  45  15  90  7 : 12  26.0 : 28.5  0.64 : 2.45  

E  40  60  10  90  7 : 12  25.0 : 29.0  0.47 : 2.36  

F  40  60  5  90  7 : 12  24.0 : 28.5  0.41 : 2.35  

G  40  80  15  90  7 : 12  25.0 : 28.0  0.74 : 3.04  
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Table 2. Sketches for the Experimental Cases  

Case A  Case B  Case C  Case D  Case E  Case F  Case G  

              
 After selecting the optimal location of the pool, the optimal dimensions of the pool were 

investigated concerning the cost, energy dissipation, and efforts of excavation by fixing 

L1 (the distance from the gate to the beginning of the stilling basin) and changing Lp (the 

length of the pool) to 80, 70, 60, and 45 with the stability of d (the height of the pool); 

and thus the optimal length of the pool was determined. Then, the height d was changed 

to 15, 10, and 5 cm to determine the best height.  
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5. TEST PROGRAM  

Eight different designs were conducted in the flume to reach the optimal stilling basin 

pool design concerning the maximum dissipation energy, the minimum scouring depth, 

and the best velocity decay distributions. For each design, six different gate openings 

were studied leading to different upstream and downstream water levels, different 

submerged ratios, different vena-contracta depths, and different  

Froude numbers. Forty-eight tests were carried out. For each test, measurements were 

recorded for the flow discharges, the gate opening height, the conjugate and sequent 

depths of the jump, the jump length and height, and Froude numbers were also 

calculated.   

  

6. RESULTS AND ANALYSES  

The analysis procedures were categorized to investigate the length of the submerged 

hydraulic jump, the energy dissipation, near-bed velocity, and the scour downstream the 

stilling basin. The effect of stilling basin pool on the velocity distribution at different 

cross-sections along the stilling basin was also presented.  

6.1  Effect of Stilling Basin Location (L1)  

This design included four cases (A, B, C, and D) where many parameters were analyzed 

and discussed such as the relative energy losses, length of the submerged hydraulic jump, 

and the scour bed downstream stilling basin. The location of stilling basin pool (L1) had 

different values (30, 40, and 55 cm) to get the best location achieving the maximum 

energy dissipation and consequently the less scour depth.  

6.1.1 Length of Submerged Hydraulic Jump  

Figure 3 shows the relation between the relative length of the submerged jump (Lsj/LB), 

Lsj is the length of the submerged hydraulic jump and LB is the stilling basin length, and 

the Froude number (Fr1) for different gate opening for cases A, B, C, and D. It can be 

observed that as the Froude number increased the relative length of submerged Jump 

decreased. Case D with gate opening 11 cm produced the highest value of the relative 

length of the submerged hydraulic jump compared to other cases. On the other hand, 

Case B with a gate opening 7 cm produced a small relative length of the submerged 

hydraulic jump. This means that the bigger gate opening resulted in bigger relative 

lengths of submerged hydraulic jump.   

Regression analyses were performed for the different cases and equations were obtained 

on the figure to predict the relative length of the submerged hydraulic jump knowing 

Froude number Fr1.  

  

  

  



010  

 

Figure 3.  The Relation between Relative Length and Froude Number  

6.1.2 Energy Dissipation  
The energy loss was calculated between cross-section 1, which is located downstream of 

the sluice gate at the location of vena-contracta, and cross-section 2 at the end of the 

stilling basin through the hydraulic jump by applying the energy equation between 

upstream and downstream the stilling basin.  

The energy losses at section 1 (at vena-contracta) were calculated by using the following 

formula: 

E1=
2
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Where: E1 is the energy loss at the beginning of the submerged jump (at vena-contracta), 

Fr1 is the Froude number, Sj is the submergence ratio = (yt-y2)/y2, yt is tailwater depth, 

and y2 is the sequent water depth of the classical hydraulic jump. Also, the total energy 

losses between sections 1 and 2 were calculated by using the following formula, 

Rajaratnam, [7] 
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 Also, the relative energy loss (E L/E1*100) can be given assuming a horizontal apron as: 
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The relation between the relative energy loss and Froude number Fr1 is shown in Figure  
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4. Regression analyses were performed for the different cases and equations were 

obtained on the figure to predict the energy loss of the submerged hydraulic jump 

knowing Froude number Fr1.  

 

 

Figure 4.  The Relation between Energy Losses and Froude Number  

 

6.1.3 Scour Downstream the Stilling Basin  

Figure 5 shows the relation between the relative scour depth Ds/ycalc and the Froude 

number Fr1 for different gate opening of cases A, B, C, and D. Case C produced the 

smallest value of scour depth compared to other cases. On the other hand, Cases A and B 

produced the highest values of scour depth.  Regression analyses were performed for the 

different cases and equations were obtained on the figure to predict the relative scour 

depth of the submerged hydraulic jump knowing Froude number Fr1.  
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Figure 5.  Relationship between Relative Scour Depth and Froude Number  

  

6.2 Effect of Stilling Basin Pool Length (Lp)  

This design included five cases (A, B, C, D, and G). The length of stilling basin pool had 

various values of 80, 70, 60, and 45 cm to get the best length giving the maximum energy 

dissipation and consequently the less scour depth.  

  

6.2.1 Length of submerged Hydraulic Jump  

Figure 6 shows the relation between the relative length of the submerged jump (Lsj/LB) 

and the Froude number (Fr1) for different gate openings. Case D produced the highest 

value of the relative length of the submerged hydraulic jump (Lsj/LB) compared to other 

cases. On the other hand, Case B produced a small relative length of the submerged 

hydraulic jump.  

Regression analyses were performed for the different cases and equations were obtained 

on the figure to predict the relative length of the submerged hydraulic jump knowing 

Froude number Fr1.  
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Figure 6. Relationship between Relative Length of submerged Hydraulic Jump and 

Fr1  

6.2.2 The Relative Energy Losses  
Figure 7 shows the relation between the Froude number (Fr1) and the relative energy 

losses (EL/E1). Cases D and G had the lowest values of relative energy losses compared 

to other cases. On the other hand, Cases A, B, and C had the highest values of relative 

energy losses.  

Regression analyses were performed for the different cases and equations were obtained 

on the figure to predict the energy loss of the submerged hydraulic jump knowing Froude 

number Fr1.  

 

Figure 7. Relationship between Relative Energy Losses and Froude 

Number  

6.2.3 The Scour Downstream the Stilling Basin  

Figure 8 shows the relation between the Froude number (Fr1) and the relative scour depth 

DS/ycalc. Case G produced the smallest value of scour depth compared to other cases. On 

the other hand, cases A and B had the lowest values of scour depths.  
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Figure 8. Relationship between Relative Depth and Froude Number  

  

Regression analyses were performed for the different cases and equations were obtained 

on the figure to predict the relative scour depth of the submerged hydraulic jump 

knowing Froude number Fr1.  

  

6.3  Effect of Stilling Basin Pool Depth (d)  

This design included four cases (A, C, E, and F). The depth of stilling basin pool had 

different values of 15, 10, and 5 cm to get the best depth giving the maximum energy 

dissipation and consequently the less scour depth.  

  

 6.3.1 Length of submerged Hydraulic Jump 

Figure 9 shows the relationship between the Froude number (Fr1) and the length of the 

submerged hydraulic jump. The maximum length of the submerged jump was found at 

Case F where the stilling basin pool depth was 5 cm, while the minimum length of the 

submerged jump was found at Case C where the stilling basin pool depth was 15 cm.  

Regression analyses were performed for the different cases and equations were obtained 

on the figure to predict the relative length of the submerged hydraulic jump knowing 

Froude number Fr1.  
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 Figure 9. Relationship between Length of Submerged Hydraulic Jump and Fr1 

  

6.3.2 The Relative Energy Losses  

Figure 10 shows the relation between the Froude number (Fr1) and the relative energy 

losses. The energy losses accompanied with scouring depth were desirable in Case C, 

although very close to Cases E and F.   

Regression analyses were performed for the different cases and equations were obtained 

on the figure to predict the energy loss of the submerged hydraulic jump knowing Froude 

number Fr1.  

 

 

 

Figure 10. Relationship between Relative Energy Losses and Fr1  
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6.3.3 The Scour Downstream the Stilling Basin  

Figure 11 shows the relation between the scour depth Ds/ycalc and the Froude number Fr1 

for different gate openings for cases A, C, E, and F. Case (C) produced the smallest value 

of scour depth compared to other cases. On the other hand, Case F produced the highest 

value of scour depth.   

Regression analyses were performed for the different cases and equations were obtained 

on the figure to predict the relative scour depth of the submerged hydraulic jump 

knowing Froude number Fr1.  

  

 

Figure 11. Relationship between Scour Depth and Fr1  

7. CONCLUSIONS  

The most important outputs of this study can be summarized as follows:  

1. It was found that for all different gate openings, design C was the best case 

achieving maximum energy dissipation and minimum scour depth.  

2. Design B was very close to design C concerning the amount of energy 

dissipation, but the scour depth was a little more.  

3. Design D gave a little longer submerged jump length than design C but with 

less dissipation energy value and a little more scour depth.  

4. Design C achieved scour depth less than normal case (without stilling 

basin) with 25%.  

5. For applying in prototype, Design C should have a relative length (L1/LB) 

equal to 4, where L1 is the distance between gate opening and beginning of the 

pool and LB is the stilling basin length.  

6. For applying in prototype, Design C should have a relative length (Lp/LB) 

equal to 60%, where Lp is the length of the pool and LB is the stilling basin length.  

7. Design C has an economic application compared to the other investigated 

designs (A, B, D, E, F, and G).  
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