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1. Introduction  

Installing hydraulic structures to regulate water levels in 

waterways typically causes downstream turbulence via 

hydraulic jumps. This turbulence develops different bed 

configurations, including scour holes and sedimentation 

regions. Many trials have been applied to minimize turbulence, 

mainly by installing stilling basins downstream. Previous 

studies proved that installing obstacles on the apron 

downstream of sluice gates increases bottom friction. This 

increased friction decreases jump characteristics and local scour 

holes by reducing energy losses.   

Both numerical and experimental models were employed to 

enhance the efficiency of downstream hydraulic structures. 

Several researchers have focused on the role of baffle blocks 

and stilling basins. For instance, Aydin and Ulu [1] used 

Computational Fluid Dynamics (CFD) to study the effect of 

different types of baffle blocks placed on a stilling basin 

downstream of an ogee weir. The performance of the modeled 

geometries was evaluated based on flow characteristics and 

downstream bed morphological changes in stilling basins. They 

reported that triangular baffle blocks with vertical upstream 

faces were the most effective. Also, using baffle blocks with a 

sill reduced the scour from 80% to 90%. Rdhaiwi et al. [2] 

applied research on the C-type trapezoidal piano key weir. They 

demonstrated that incorporating a stilling basin significantly 

reduced the maximum scour depth by 63.4% relative to 

configurations without a basin. The stilling basin altered the 

morphology of the scour hole, creating a more elongated profile 

and increasing the distance between the weir toe and the 

maximum scour location by 20.4%. The flow conditions, 

particularly the discharge rates, and the tailwater depths were 

identified as critical parameters influencing scour development, 

emphasizing the importance of these factors in the hydraulic 

structure design. Building on this, Fatima et al. [3] conducted 

CFD analysis of a USBR Type III stilling basin. They found 

that increasing wall convergence angles by up to 2.5° 

significantly improved energy dissipation by up to 14.5%, 
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whereas modifying impact blocks yielded an additional 2% 

improvement. They maintained stable post-jump Froude 

numbers between 0.6 and 0.78, demonstrating optimal 

performance when combining 2.5° wall convergence with 

modified friction blocks. These findings provide valuable 

design parameters for enhancing the efficiency of stilling basins 

through geometric modifications. Abdelmonem et al. [4] 

experimentally studied the effect of using a pendulum sill 

downstream of the sluice gate. A cylindrical steel sill with a 

constant diameter of 3 cm was used. The location of the 

pendulum sill, the discharge flow, and the gate opening were 

varied during the experimental work. The experimental results 

showed that the optimum location of the pendulum sill was in 

the first half of the hydraulic jump. Ashour et al. [5] conducted 

a physical study to investigate untested geometries of curved 

dissipaters with 21 different angles of curvature and 

arrangements. The tested shapes are evaluated by assessing 

their efficiency in dissipating the kinetic energy of water. 

Generally, the results showed that the dissipators were more 

effective at dissipating energy when the curvature was opposite 

to the flow direction. Also, the energy loss ratio increased with 

the increase of the curvature angle (θ), up to (θ= 120°), then it 

decreased again. Abdel Samad et al. [6] conducted an 

experimental study using a semi-circular sill with various 

heights and positions under different flow conditions. The case 

of a flat floor without a sill was also examined as a reference. 

The influence of the semi-circular sill on the dimensions of the 

scour hole is evaluated. The study found that using a single line 

of semi-circular sill yielded the most significant reduction in 

scour geometry, ranging from 71% to 88%, under the operating 

flow conditions. Fošumpaur et al. [7] presented experiments to 

describe the boundary condition for designing new fiber 

concrete dissipators based on the measurements performed on 

reinforced block ramps. The study concluded that the fiber 

concrete significantly improved the resistance of the reinforced 

block ramps.  

Daneshfaraz et al. [8] investigated the effect of screens as 

energy dissipators. The experiments were conducted using 

screens with porosities of 40% and 50%, as well as single- and 

double-screen arrangements. The tested supercritical Froude 

numbers ranged between 5 and 18. The results outlined that 

using double screens with 40% porosity has the highest energy 

dissipation. Additionally, single screens with 50% porosity 

exhibit the minimum bed scour for a constant level of energy 

dissipation. Abbas et al. [9] studied experimentally the effect of 

different shapes of baffle blocks installed on stilling basins at 

adverse and horizontal slopes on the characteristics of the 

hydraulic jump. The experiments were conducted for initial 

Froude numbers (Fr1) ranging from 3.99 to 7.48. The study 

concluded that using a baffle block reduced the sequent depth 

ratio, jump length, and roller length, and increased the energy 

dissipation ratio. Elnikhely [10] studied experimentally the 

effect of cylindrical blocks with different diameters, lengths, 

and arrangements fixed on the back slope of the spillway on the 

scour hole parameters downstream of the spillway. The results 

identified the optimal block arrangement and dimensions that 

reduced relative scour depth by 34.2%. Ibrahim [11] 

experimentally tested oriented vanes on stilling basins to reduce 

scour and silting downstream of sluice gates. Using various 

configurations and flow conditions  ,a formula has been  

developed to predict the erosion patterns. Dashtban et al. [12]  

found that baffle blocks in circular stilling basins enhance 

hydraulic jump stability and performance. The experimental 

results show that increased obstruction and subsequent radius 

ratios significantly influence jump characteristics. The study 

established that circular hydraulic jumps are considerably 

shorter than classical jumps and derived validated relationships 

for predicting the sequent depth ratio and energy loss. These 

findings provide practical design guidelines for implementing 

baffle blocks in circular stilling basins to optimize hydraulic 

jump behavior. 

Aamir et al. [13] applied experimental research. The results 

showed that roughened stiff aprons can reduce maximum scour 

depth by 70-83% compared to smooth aprons, primarily due to 

the increased decay rate of submerged wall jets. The study 

established that scour depth decreased with larger sediment 

size, sluice opening, and apron length, whereas Froude number 

increased. Tailwater depth showed a distinctive U-shaped 

relationship with scour depth. An empirical equation 

incorporating apron roughness effects was developed to 

accurately predict maximum scour depth, addressing a 

significant gap in existing predictive models. Using a validated 

numerical model. Hojjati and Zarrati [14] demonstrated that 

scour hole profiles downstream of stilling basins are 

significantly influenced by Froude number and bed material 

size, while establishing that the upstream profile of the scour 

hole can be expressed through dimensionless parameters 

independent of time and material size. The study revealed that 

oscillating hydraulic jumps produce longer scour holes than 

steady jumps, providing crucial insights into the relationship 

between flow conditions and scouring patterns. The research 

developed a practical method for calculating long-term 

maximum scour depth across various hydraulic parameters 

through comprehensive numerical and experimental analyses, 

providing a valuable tool for engineering applications in stilling 

basin design. 

Helal [15] conducted experimental studies to investigate the 

effect of a single line of floor water jets on scour-hole 

parameters downstream of a Fayoum-type weir. The outcomes 

demonstrated that using a single row of floor jets at 40% of 

apron length reduced the maximum scour depth by 90% 

compared to the floor without water jets. Amin [16] conducted 

a physical study to investigate the effect of using double lines 

of floor water jets with different downstream spillway 

arrangements. The results indicated that the maximum 

reductions in scour depth ranged from 5% to 68%, and in scour 

length from 49% to 76%. Helal et al. [17] numerically studied 

the performance of five lines of floor jets with different jet flow 

discharges in submerged hydraulic jumps. Computational fluid 

dynamics (CFD) modeling was used to simulate the 

submerged-jump characteristics. The outcomes showed that the 

bed water jets increased the efficiency of the submerged 

hydraulic jumps by up to 85.4% and reduced the submerged 

jump length by up to 59% relative to the non-jetted system. 

Erryanto and Dermawan [18] investigated double sills in 

stilling basins for roller-compacted concrete (RCC) gravity 

dams as an innovative energy-dissipation solution, with the 

Froude number at the spillway toe determining hydraulic-jump 
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behavior. Hydraulic modeling demonstrates the effectiveness of 

double sills in reducing the flow energy and maintaining 

subcritical conditions downstream of steep chutes. The research 

provided practical design insights to enhance stilling basin 

performance and prevent scour downstream of RCC dam 

structures. Saleh et al. [19] conducted experimental and 

numerical studies to optimize the dimensions and geometry of 

a labyrinth weir, employing it to minimize adverse hydraulic 

effects over weirs. The outcomes indicated that the labyrinth 

weir with a 60° crested angle increased the energy dissipation. 

Tuna and Emiroglu [20] experimentally studied the scour 

parameters downstream of cascades. Three different flow 

regimes are examined. The findings indicated that the flow type 

on the stepped chutes was a significant factor in the formation 

of scour holes. Lower scour depths are observed in the nappe 

flow regime than in the transition and skimming flow regimes. 

Also, the measured velocity at the end of the stilling basin 

increased with the chute channel base angle.  

Al-Husseini et al. [21] studied the effect of upstream sluicegate 

and chutes in a stepped cascade weir on energy dissipation 

experimentally. Muhsun et al. [22] employed both experimental 

and numerical models to identify an appropriate crest depth 

position for estimating the flow rate over a curved Crump weir 

under ten different slope conditions. The estimated flow rates 

were subsequently compared with measured data and those 

obtained from Computational Fluid Dynamics (CFD) 

simulations. Al-Husseini et al. [23] used an experimental and 

numerical model to study the scour downstream of a sharp-

crested weir. The research concluded that the optimal design is 

inclined weirs with a 120° angle to mitigate scour around 

hydraulic structures.  

While previous studies have investigated various energy 

dissipation methods, a comprehensive analysis of how the 

height and orientation angle of submerged baffle piers interact 

to affect hydraulic performance was still lacking. Therefore, the 

present study aimed to address this gap by experimentally 

investigating the effects of systematically varied baffle-pier 

geometries on energy dissipation, velocity distribution, and 

downstream bed configuration. The objective was to identify an 

optimal pier arrangement for maximizing stilling basin 

efficiency.   

 

2. Dimensional Analysis 

A large number of flow and sediment variables were considered 

in the investigations of the flow pattern, the flow characteristics, 

and the local bed configurations downstream of the sluice gate 

with a stilling basin equipped with baffle piers fixed on its 

surface; these parameters were listed as follows: 

The flume width, B; the stilling basin length, Lf; the gravity 

acceleration, g; the flume bed slope, So; the baffle pier height, 

Ph; the baffle pier width, Pw; the baffle pier distance from the 

sluice gate, Pd; the baffle pier angle with respect to flow 

direction, Pθ; the median particle diameter, d50; the flow 

discharge, Q; the tailwater depth, yt; the gate opening height, yg; 

the upstream water head, Hup; the water dynamic viscosity, μ; 

the water density of the flow, 𝜌; the water surface tension, σ; 

the soil particle density, 𝜌s; the energy dissipation efficiency, η; 

the hydraulic jump initial flow depth, y1; the hydraulic jump 

sequent flow depth, y2; the hydraulic jump length, Lj; the mean 

longitudinal velocity, V; the hydraulic jump initial velocity, V1; 

the hydraulic jump sequent velocity, V2; the maximum velocity 

at any cross section downstream the apron, Vm; the maximum 

scour depth, ds; the maximum scour length, Ls; the longitudinal 

distance measured from the apron toe to a given location along 

the flume, X. 

η =
E2

E1
                   (1) 

Where E1 and E2 are the initial and sequent specific energies, 

respectively. 

E1 = y1 +
V1

2

2g
          (2) 

E2 = y2 +
V2

2

2g
            (3) 

f (
B, Hup, Lf, g, V, V1, V2, Vm, Lj, So, yt, y1, y2 , Q, yg,

Ph, Pw, Pd, Pθ, d50, ds, Ls, ρ, µ, σ, ρs, η, X 
) = 0     (4) 

In this study, B, Hup, Lf, 𝜌, So, d50, Pw, and Pd are kept constant 

throughout the experimental program. Therefore, they are 

neglected in (4). The balanced time for scouring and silting 

geometries was fixed for all experiments. Using π-theorem and 

applying the properties of dimensional analysis, it yields; 

f (
Ph

yt
, Pθ,

X

y2
, η,

V

√gy
,

ρQ

Bμ
,

ρV2B

σ
,

ds

yt
,

Ls

yt
,

Lj

y1
,

Lj

y2
 ) = 0               (5) 

But 
V

√gy
 is the Froude number, Fr; and 

ρQ

Bμ
 is the Reynolds 

number, Re, and 
ρV2B

σ
 is the Weber number. 

Using π-theorem and applying the properties of dimensional 

analysis, it yields; 

f (

Ph

yt
, Pθ,

X

y2
, η, Fr =

V

√gy
, Re =

ρQ

Bμ
,

We =
ρV2B

σ
,

ds

yt
,

Ls

yt
,

Lj

y1
,

Lj

y2

) = 0                 (6) 

The effects of viscosity and surface tension are assumed to be 

secondary, since the flow is primarily gravitational in an open 

channel. Therefore, the impact of Reynolds and Weber 

numbers, Re and We, can be neglected. Hence, (6) may be 

written in the following form: 

f (
Ph

yt
, Pθ,

X

y2
, η, Fr,

ds

yt
,

Ls

yt
,

Lj

y1
,

Lj

y2
) = 0          (7) 

Clarifying (7), a distinction must be made between the 

independent and dependent variables in this dimensionless 

functional relationship. The independent variables are Ph, Pθ, yt, 

and x. These parameters constitute controllable experimental 

conditions that were systematically varied throughout our 

investigation. Conversely, the dependent variables are Lj, y1, y2, 

Fr, ds, and Ls. These parameters respond to changes in 

independent variables and characterize the resulting hydraulic 

performance and bed morphology. The dimensionless 

groupings in (7) were derived using the Buckingham π theorem 

to maintain dimensional homogeneity and to represent the 

fundamental physical relationships governing flow and scour 
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phenomena downstream of sluice gates with baffle-pier stilling 

basins. 

 

3. Methods and Materials 

The experimental runs have been conducted in the laboratory 

flume at the Hydraulics Research Institute (HRI) of the National 

Water Research Center, Egypt. The flume has a length of 24.5 

m, a width of 0.74 m, and a depth of 0.7 m. The flume depth 

increased to 0.95 m in the region where the bed material is 

located. The water feeds the flume through a recirculating 

system using a centrifugal pump that supplies water from the 

storage tank to the head tank. The head tank has a gravel box to 

ensure uniform flow distribution at the flume inlet. All parts of 

the flume, except the 2.25 m side walls, are constructed of 

bricks. The side walls are made of Plexiglass to allow visual 

observation and facilitate measurement of hydraulic jump 

characteristics. A gate valve is fitted on the main pipeline to 

control the flow rate supplied directly before the head tank. Fig. 

1 shows a schematic of the flume used. 

The downstream water depth was adjusted by a tilted steel 

tailgate installed at the flume end. The bed levels and water 

depths were measured with a point gauge and verified with a 

leveling device. The gauge was mounted on a moving carriage 

to cover the flume length and width. The sluice gate model was 

made of a steel plate 0.008m thick to prevent deformation under 

upstream water pressure. The sluice gate model had a width of 

0.74 m and a height of 0.5 m. The downstream apron was 1.2 

m long and 0.74 m wide, covering the flume width. To create 

the required roughness, 15 symmetrical steel baffle piers, each 

0.1 m wide, were used. The baffle piers were arranged 

symmetrically in 5 rows and three columns to cover the middle 

0.6 m of the apron. However, the first and last 0.3 m of the apron 

were flat without baffle piers; Fig. 2 shows the dimensions of 

the apron model used and the angles employed. The apron was 

followed by 0.25 m of bed material with median size d50 = 

0.442 mm and bulk unit weight γb = 1.92 g/cm3. The gradation 

of the used bed material was characterized by the geometric 

standard deviation, σg = (d84/d16) = 0.5; thus, σg = 2.06. The 

bed material filled an area of 0.74 m in width and 2.0 m in 

length in the flow direction. The bed material was adjusted to 

be at the same level. Fig. 3 shows a schematic diagram of the 

flow pattern and bed configurations downstream of the sluice 

gate. 

Many parameters were included in the experimental program; 

the ranges of the variables used are tabulated in Table 1. 

3.1. Justifications of Parameters Assumptions 

After several trials of the experimental work, the current study 

makes assumptions regarding the dimensions of the sluice gate 

model, the discharge, the tailwater depth, the baffle pier height, 

and the baffle pier angle of orientation. The parameter 

assumptions are: 

• The sluice gate height was 0.50 m to allow freeboard for 

the flume to prevent water overtopping, considering the 

case of the tested maximum flow discharge; Q= 40 Lit/s.  

• The minimum baffle pier height, Ph= 6 cm, because lower 

heights do not affect the flow pattern, especially for the 

case of minimum tested discharge; Q= 20 Lit/s. However, 

the maximum height of the baffle pier is Ph= 12 cm, as for 

longer Ph, the effect of air-water aeration is considered 

primarily for tests of discharge and tailwater depth of Q= 

40 Lit/s and yt= 18 cm, respectively. 

• The baffle pier's angle of orientation Pθ ranged between 45 

° and 135 ° because the tested angles out of that range 

showed insignificant effect on bed configurations 

compared to the referenced case without baffle piers in the 

case of minimum tested flow conditions.  

• The minimum operated tailwater depth, yt= 18 cm, where 

lower values led to a complete movement for the bed 

material because of Q= 40 Lit/s due to the remarkable 

increase in the near-bed velocity. However, insignificant 

remarks in bed configurations are noticed for tested 

tailwater depths yt higher than 24 cm, especially for Q= 20 

L/s. 

3.2. Experimental Program 

The test program consisted of 90 experimental test runs, using 

ten different models (3 heights of the baffle pier with 3 angles, 

in addition to the model of smooth apron). Each model was 

operated under 3 flow discharges and 3 tailwater depths. To 

systematically investigate the impact of baffle pier 

configurations on flow characteristics and bed morphology, 

these ten distinct models were designed with a factorial 

approach. The first model served as the control case, featuring 

a smooth apron with no baffle piers (Ph=0 cm, Pθ= 0°). This 

baseline allowed for direct comparison with the modified 

designs. The other models explored a structured combination of 

baffle pier heights (Ph) and inclination angles (Pθ). Three 

different pier heights were tested (6 cm, 9 cm, and 12 cm), and 

for each height, three inclination angles were examined (45°-

forward-leaning, 90°-vertical, and 135°-backward-leaning). 

This parametric design enabled a comprehensive assessment of 

how both the height and angle of baffle piers, individually and 

jointly, affect hydraulic jump characteristics, energy 

dissipation, scour patterns, and downstream sediment transport. 
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Figure 1. Definition sketch for the used flume: (a) elevation; (b) plan.

 

Figure 2. The used stilling basin: (a) dimensions; (b) baffle piers angles.

Figure 3. The schematic diagram for the flow pattern and bed configurations. 
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Table 1. The range of variables in the experiments 

Parameter Symbol Value Range Unit 

From To 

Discharge Q 20, 30, 40 20 40 Lit/s 

Baffle Pier Height Ph 6, 9, 12 6 12 cm 

Baffle pier angle of inclination Pθ 0o, 45o, 90o, 135o 0o 135o degree 

Tailwater depth yt 18, 21, 24 18 24 cm 

Gate opening height yg 1.6, 2.4, 3.1 1.6 3.1 cm 

 

Figure 4. Locations of velocity and bed profile measuring points 

To investigate the water-surface profile, water levels were 

recorded at 10 cm intervals along the mid-channel, starting just 

downstream of the sluice gate and extending to 2.0 m 

downstream of the stilling basin toe. The velocities were 

measured at 9 locations along the mid-channel, as shown in Fig. 

4. At each location, the velocities were recorded at five vertical 

points: at 0.2, 0.4, 0.6, 0.8, and 0.9 of the measured water depth 

at that point. A mesh comprising 57 measurement points was 

used to provide a detailed description of the bed configurations. 

The locations of bed measurements were distributed into 19 

sections along the flume length and three measuring points for 

each section, as shown in Fig. 4. The spacing between 

longitudinal sections was constant at 0.185 m. The spacing 

between sections was dense at the first 1 m of bed material, 

where the location of maximum local scour was predictable; 

thus, the bed profile was recorded at 45/57 measuring points. In 

the second 1 m of bed material, the spacing between sections 

increased to 0.25 m. Hence, only 12/57 points were used for bed 

profile measurements.  

3.3. Run Procedure 

To achieve the objectives of this study, the upstream water head 

was constant (Hup= 0.4 m). Three gate openings were used, yg= 

1.6, 2.4, and 3.1 cm, to convey the flow discharges (Q) = 20, 

30, and 40 Lit/s, respectively. Ninety runs, including nine runs 

with a flat apron (without baffle piers), were used as a reference 

case in the comparison processes.  

After filling the flume with the bed material fitted in place, it 

was accurately leveled to the apron level using a leveling device 

and checked with a point gauge, with an accuracy of ±0.1mm. 

For each test, the apron model was carefully installed in its 

designated position in the flume. The gate opening was adjusted 

using a Vernier caliper. The tailgate was closed, and backwater 

feeding was initiated until the water depth exceeded the 

required tailwater depth. Then, the upstream feeding started. 

The control valve on the main pipeline was gradually opened 

until the required discharge was measured with an ultrasonic 

flowmeter, with ±1% accuracy. The tailgate was progressively 

tilted until the required water depth was achieved, as indicated 

by the point gauge; thus, the test began. After 5 hours, when no 

changes in the bed profile were observed, the water-surface 

profile was recorded at 10 cm intervals, starting just 

downstream of the sluice gate and extending to the end of the 

bed-material area, 3.2 m downstream of the sluice gate, using a 

point gauge and an ordinary scale. The velocity measurements 

were recorded using an electromagnetic current meter (type 

E.M.S.) with an accuracy of ±0.2%. The main pump was turned 

off, and the tailgate was tilted very slowly to avoid affecting the 

bed configurations during flume drainage.  

The bed levels were recorded at the location indicated in Fig. 4 

using a Leica DNA-10 digital leveling device. 

3.4. The Scale Effect 

To emphasize the experimental scale effects, certain parameters 

were excluded from the experimental work because of their 

negligible influence, such as air aeration and cavitation, given 

the presence of baffle piers facing the high-velocity flow 

beneath the sluice gate. Additionally, because the flow is open-

channel, the considered force is gravity; thus, surface tension 

and viscous forces, expressed in Weber and Reynolds numbers, 

may be ignored. 
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4. Results and Discussions 

4.1. Flow Characteristics 

To explore the influence of submerged baffle pier installation 

on the Froude number, taking into consideration the classical 

smooth apron, Fig. 5 was plotted. Froude numbers were 

estimated along the flume centerline in the bed-material region. 

The selected tested apron with baffle piers had Ph= 6 cm and 

Pθ= 90o. The figure was presented for hydraulic flow condition 

of Q= 40 Lit/s and yt= 18 cm. In Fig. 5, notable differences in 

the Froude number were observed across the types of aprons 

employed. At the exact location of the bed material, with 

particular emphasis on the first half-length of the bed material, 

the installation of the baffle piers created obstacles facing the 

jet flow downstream of the sluice gate. Thus, most of the jump 

energy was dissipated, and the water turbulence decreased 

downstream of the apron. As a result, the flow velocity 

decreased; consequently, the Froude number decreased by 

50.86% on average along the bed material for the apron with 

baffle piers compared to the smooth apron.  

The figure also showed that the Froude number decreased with 

increasing bed material, regardless of the installed apron type. 

This was explained by the fact that the jump energy was 

partially dissipated in the region where the apron was installed. 

Part of this energy was conserved in the flow and gradually 

dissipated as the bed material was transported downstream. 

These findings were significantly highlighted for the smooth 

apron.  

Figure 5. Froude number downstream aprons with and 

without baffle piers 

4.1.1. The hydraulic jump characteristics 

Measurements of water depth across the hydraulic jump were 

verified using several methods, with particular emphasis on the 

initial and subsequent depths. Firstly, by visual observation 

through the plexiglass flume side walls, where standard scales 

were fixed at 5 cm intervals, starting from the sluice gate and 

ending at the end of the bed material. The measurements of the 

ordinary scales were checked utilizing a leveling device. The 

sequent depth, y2, was also calculated using (8), Fang. [24]. 

y2

y1
=

1

2
[−1 + √1 + 8Fr1

2]                              (8) 

The jump length was initially measured during the experiment 

by placing a steel rod with a thread at one end on the water 

surface. When the free end of the thread stopped moving, the 

location of the sequent depth was recorded and measured. The 

horizontal distance between the initial and subsequent depths 

was recorded as the jump length. Because of the inaccuracy and 

expected errors in measurements using the steel rod with a 

thread, a current meter was used to trace the positive and 

negative flow velocities. The horizontal distance between the 

location of zero velocity and the initial flow depth, y1, was 

considered the hydraulic jump length.  

To explore the influence of the baffle pier angles on the 

dimensionless hydraulic jump length, Lj/y2 under different 

initial Froude numbers Fr1; Fig. 6(a) was plotted for Ph= 6 cm, 

Q= 40 Lit/s, and yt= 18 cm. It was found that the Lj/y2 slightly 

increased with the increase of Fr1 regardless of the tested angle. 

This was caused by the rise in the hydraulic jump initial 

velocity, V1, so Fr1 increased, and the water turbulence and the 

jump characteristics were accentuated.  

For constant Fr1, Fig. 6(a) illustrates that the Lj/y2 decreased by 

employing an apron with baffle piers compared to a smooth 

apron. The installation of baffle piers increased apron friction, 

thereby dissipating more energy and reducing the jump 

characteristics. The figure demonstrates that an apron with a Pθ 

= 45 ° tilt angle has the shortest Lj/y2 for a given Fr1. This is 

reasoned by the 45 ° baffled piers that were pointed against the 

flow direction, which developed air-water aeration to improve 

the effectiveness of the used apron for the energy dissipation 

and, consequently, limiting the jump length. By contrast, the 

apron with a tilt angle of 135 ° showed the highest Lj/y2 among 

the angles tested. From a numerical perspective, the Lj/y2 

decreased by 30.29%, 24.09%, and 11.91% on average for 

aprons with 45 °, 90 °, and 135 °, respectively, when 

considering the smooth apron.  

Fig. 6(b) shows the influence of the baffle pier height, Ph, on 

the relative jump length Lj/y2. The figure was presented for Q= 

40 Lit/s, yt= 18 cm, and Pθ = 45ᵒ. The selected angle was 

recommended for use because of its significant effect on Lj/y2, 

as discussed in Fig. 6(a).  

Fig. 6(b) displayed that the higher baffle piers have a greater 

effect in decreasing Lj/y2, where employing an apron with Ph= 

12 cm effectively decreased the Lj/y2 between 42.55% and 

47.30% compared to the smooth apron. These outcomes, 

ascribed to the increase in baffle pier height, are attributable to 

the rise in the obstacle facing the turbulent flow, which 

dissipates more energy and consequently reduces the jump 

length.  

Table 2 summarizes the influence of baffle piers installed on the 

smooth apron on jump characteristics. The table was provided 

for Ph = 12 cm, Q = 40 L/s, at different tailwater depths and 

baffle pier angles. The table confirmed Fig. 6(a) findings that 

baffled piers improved stilling basin efficiency regardless of tilt 

angle. The baffle pier of Pθ= 45ᵒ presented the optimum 

inclination angle where the maximum reductions in Lj/y2 were 

recorded for the tested tailwater depths. Also, for constant Pθ, 

the baffle pier installation was slightly functional by increasing 

yt. 
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Table 2. Effect of baffle piers angle on the relative Length of 

Jump Compared to the Smooth Apron. 

Baffle piers 

angle 

yt (cm) 

%Reduction in Lj/y2 for Q= 40 Lit/s, 

Ph=12 cm 

Pθ =45ᵒ Pθ =90ᵒ Pθ =135ᵒ 

18 45.39 39.23 27.02 

21 45.50 39.97 27.89 

24 47.25 40.75 28.54 

 

 

 

Figure 6. Dimensionless hydraulic jump lengths for baffle 

piers with different (a) angles; (b) heights. 

4.1.2. The energy dissipation efficiency 

Fig. 7 was plotted to assess the adequacy of the stilling basin 

with baffle piers in dissipating the jump energy. By applying 

dimensional analysis, the parameters listed in (7) can be used to 

study energy dissipation at the hydraulic jump. The relationship 

between the initial Froude number, Fr1, and the energy 

dissipation efficiency, η, for different baffle-pier angles and 

heights was presented. Fig. 7 is plotted for Q = 40 L/s and y_t 

= 18 cm. The figure confirmed the findings discussed in 

subsection 4.1.1, in which installing a stilling basin with baffle 

piers, regardless of angle and height, effectively improved the 

flow characteristics of the hydraulic jump and increased the 

stilling basin efficiency. Fig. 7 demonstrated that the energy 

dissipation efficiency, η, was inversely proportional to the 

initial Froude number, Fr1. To illustrate this, the findings from 

Fig. 6 may be employed: it concluded that Lj/y2 increased with 

Fr1, thereby decreasing the energy dissipation efficiency due to 

the installation of the stilling basin with baffle piers, as shown 

in Fig. 7. 

 

 

 

Figure 7. Energy dissipation efficiency for baffle piers with 

different (a) angles, (b) heights. 

Fig. 7(a) is plotted for Ph = 6 cm, focusing on the influence of 

the baffle piers’ angles, Pθ. The figure examined the superiority 

of baffle piers with Pθ = 45 ° compared with other tested angles. 

The figure indicates that the stilling basin with Pθ = 45 ° 

increased the energy dissipation efficiency, η, between 30.19% 

and 45.36%, for the same range of Fr1, when a smooth apron 

was used.  

Regarding the baffle pier height, Ph, Fig. 7(b) shows that Ph 

significantly affects the energy dissipation efficiency, η. The 

figure is presented with Pθ = 45 °. The figure demonstrates that 

η increased with the increase of Ph for constant Fr1, where the 

maximum η is achieved for Ph= 12 cm. Installing a baffle pier 

with Ph= 12 cm increased η between 45.64% and 59.55% 

compared to the smooth apron for the same range of Fr1. 

Based on the experimental data and employing the multi-

regression analysis corresponding to the different flow 

conditions, several models, an empirical (9) for the energy 

dissipation efficiency, were developed and presented as 

follows: 

η = exp(0.577 ∗ (
Ph

yt
) − 0.0928 ∗ Pθ − 0.242 ∗ Fr1 + 0.482)       (9) 

where: Coefficient of multiple determination (R2) =0.8558, 

Standard Error of Estimate (SEE) = 0.0424, Pθ (in Radian). 

4.1.3. The velocity distribution downstream of the apron 

Fig. 8 shows the vertical-velocity distribution at the end of the 

stilling basin for Q = 40 L/s, yt = 18 cm, and Ph = 12 cm, 

considering different tested inclination angles, Pθ.  

The figure shows that the mean velocity ratios, V/V1, decrease 

by 32.76%, 25.86%, and 6.90% for Pθ = 45 °, 90 °, and 135 °, 

respectively, compared with the smooth apron. Consequently, 

fixing baffle piers at Pθ = 45° on the apron yields the maximum 
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reduction in the velocity ratio V/V1, making it recommended 

from a velocity-distribution perspective. These findings are 

consistent with the discussions in the previous subsections 4.1.1 

and 4.1.2. 

For a thorough velocity investigation, Fig. 9 plots the velocity 

distribution at various locations along the flume length 

downstream of the stilling basin. The locations of measuring 

points were presented in Fig. 4. Fig. 9 showed that the influence 

of the baffle piers installation was significant at the first 0.5 m 

from the stilling basin toe, and then the effect of Pθ decreased 

along the flume length; X. Most of the flow turbulences 

reasoned to dissipation in the region of the stilling basin, where 

the baffle piers covered most of the jump length. The rest of 

these turbulences are extended longer distances than the stilling 

basin length, then gradually dissipated along the flume length, 

where the flow moved further than the stilling basin toe and was 

uniform again. At a given velocity-measuring location, the 

stilling basin with Pθ = 45 ° showed good performance in 

shifting the velocity distribution curve to lower values. For the 

tested models, flow velocities decreased through the seven 

sections downstream of the stilling basin toe, due to the 

development of a scouring hole in the bed material, which 

increased the flow depth. By the end of the scouring region, the 

flow velocities increased due to the decrease in flow depth, 

indicating the onset of the sedimentation zone. The complete 

study for the bed configurations was presented in section 4.2. 

 

Figure 8. Vertical Velocity Distributions at the Stilling Basin 

Toe 

Focusing on the effect of Pθ on the reduction of maximum 

velocity, Vm, taking into consideration the smooth apron at 

different locations along the flume length, X, Fig. 10 was 

plotted. The figure outcome was consistent with the findings in 

Fig. 9, which showed that the stilling basin with Pθ = 45 ° 

exhibited the most significant reduction in Vm at all recorded 

locations. On the other hand, Pθ = 135 ° recorded the minimum 

values. Consequently, it was recommended to use a stilling 

basin with Pθ = 45 ° to reduce the vertical-velocity distribution 

and the maximum velocities. 

4.1.4. The water surface profiles 

Water-surface profiles at different angles of baffle piers were 

obtained by recording longitudinal water levels for the other 

tested models. The observed measurements for the various 

tested scenarios are presented in Fig. 11. For Pθ, Fig. 11(a) 

shows that installing baffle piers in the stilling basin increased 

the water level due to a change in stilling basin friction. The 

changes in water levels were remarkable, beginning at the 

second row of baffle piers (i.e., at 0.45 m from the sluice gate) 

and ending at 1.4 m, where the flow became uniform, and jump 

action ceased.  

By decreasing Pθ, the generated turbulences were maximized, 

and the water level was raised. Consequently, the velocity 

distribution and jump lengths decreased for constant Q, which 

agreed with the sub-sections 4.1.1, 4.1.2, and 4.1.3 conclusions. 

Regarding the influence of discharge on water-level 

fluctuations in the presence of a stilling basin with baffle piers, 

Fig. 11(b) is shown. The figure shows that the initial jump 

depth, y1, is inversely proportional to Q. In contrast, the sequent 

depth, y2, and the jump length, Lj, increased with Q. This 

indicates that as Q increased, the water passed through the 

sluice gate at a higher jet velocity, creating a longer region of 

water-level disturbance.  

Finally, Fig. 11(c) emphasized the influence of yt on the water 

surface profile. The figure demonstrated that increasing yt 

reduced the hydraulic jump characteristics. Because of the rise 

in yt, the flow velocities under constant Q decreased, and 

accordingly, there was less disturbance in water levels, which 

limited the jump. The outcomes were consistent with those in 

Table 2. 

4.2. Bed Configurations 

The bed fluctuations were a motivating feature of the uniform 

sediment transport, which began to move once the drag and lift 

forces made the flow sufficient to overcome the frictional and 

gravitational forces that hold the grains in place. As sediment 

was transported or rolled into place, local scour occurred along 

the alluvial bed due to the flowing stream.  

To investigate the influence of the baffle piers' angle on the bed 

configuration, Fig. 12(a) was plotted for a specific value of Q = 

40 L/s, Ph = 6 cm, and yt = 18cm. The figure showed that the 

stilling basin equipped with baffle piers, regardless of their 

angles, reduced downstream local scour compared with the 

smooth apron. This was attributed to the remarkable energy 

dissipation resulting from the installation of baffle piers. 

Consequently, the minimum local scour geometry in terms of 

depth and length was recorded for Pθ = 45 °. This is explained 

by the baffle piers installation, which is oriented against the 

flow direction; Pθ = 45 ° increased the apron friction by 

presenting a repelling obstacle facing the flow, thereby 

generating turbulence to dissipate most of the jump energy. 

Thus, shorter hydraulic jump lengths, greater dissipation of 

jump energy, and lower longitudinal velocities, with particular 

emphasis on the near-bed velocity, were introduced. The results 

presented were consistent with Section 4.1. 

Table 3 presents the percentage reduction in the maximum 

scour depth and length due to baffle piers with different angles 

relative to the smooth apron. The table confirmed the findings 

in Fig. 12(a), in which the maximum reductions in scour depth 

and length were observed for Pθ = 45 °. On the contrary, the 

minimum reductions in scour length and width were observed 

for the apron with baffle piers oriented toward the flow 

direction (Pθ = 135 °).  
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Fig. 12(b) was plotted to investigate the effect of baffle pier 

height, Ph, on the bed topography. The figure was presented for 

a constant Q = 40 L/s, Pθ = 45 °, and yt = 18 cm. The figure 

showed similar behavior across the bed configurations, in 

which the local scour depth decreased as the baffle pier height 

increased. The increase in baffle pier height caused the installed 

baffle piers to face the greater jet flow beneath the sluice gate. 

Consequently, greater dissipation of jump energy and a smaller 

effect on the bed material. These findings were consistent with 

Fig. 7(b). The figure shows that the maximum local scour depth 

decreased by 74.87%, 78.07%, and 83.96% for Ph = 6cm, 9cm, 

and 12cm, respectively. Additionally, the presence of baffle 

piers, regardless of height, resulted in approximately a 41.54% 

reduction in scour length relative to the smooth apron. 

 

 

 

Figure 9. Vertical velocity distributions at different sections along the flume length downstream the stilling basin toe, Q= 40 

Lit/s, yt= 18 cm, and Ph= 12 cm. 

 

Figure 10. Percentages of reduction in Vm, for different Pθ, 

along the flume length, at Q= 40 Lit/s, yt= 18 cm, and Ph= 12 

cm. 

Table 3. Reduction in maximum local scour geometry 

Pθ % Reduction in maximum local scour 

Depth Length 

45o 297.87 56.82 

90o 163.38 38.01 

135o 40.60 23.21 

 

5. Conclusions 

This research experimentally investigated the influence of 

installing baffle piers on a stilling basin apron downstream of a 

sluice gate. The study evaluated the performance of various 

baffle pier heights and angles under different flow conditions 

and compared the results to a smooth apron reference case. 

The primary findings of this study are as follows: 

• The installation of bottom baffle piers significantly 

improves hydraulic performance compared to a smooth 

apron. The optimal configuration was identified as 12 cm-

high baffle piers angled at 45° to the flow. 

• This optimal design effectively controlled the hydraulic 

jump, decreasing its dimensionless length by 

approximately 45-47% and increasing energy dissipation 

efficiency by roughly 46-60%. The maximum velocity 

was also reduced by nearly 33%. 

• Baffle piers were highly effective at minimizing 

downstream scour. The analysis showed that scour depth 

decreased as the baffle pier height increased and the angle 

of inclination decreased. 

• From a practical standpoint, the optimal apron design 

offers a clear advantage for real-world applications. By 

allowing for shorter, more efficient stilling basins, this 

configuration can significantly reduce construction costs. 

This provides a tangible benefit for engineering projects, 

particularly in irrigation systems where budgets are often 

constrained. 
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Figure 11. Water surface profiles for (a) different Pθ at Q=40 Lit/s and yt =18 cm; (b) different Q at Pθ = 45° and yt =18 cm; (c) 

different yt at Q=40 Lit/s and Pθ = 45° 

 

 

Figure 12. Effect of the baffle piers on the bed configurations for different: (a) Pθ; (b) Ph. 
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Abbreviations  

B Flume width [m] 

d50 Median particle diameter [mm] 

ds Maximum scour depth [cm] 

E1 Initial specific energy [m] 

E2 Sequent specific energy [m] 

g Gravity acceleration [m/s2] 

Hup The upstream water head [cm] 

Lf Stilling basin length [m] 

Lj hydraulic jump length [cm] 

Ls Maximum scour length [cm] 

Pd Baffle pier distance from the sluice gate [m] 

Ph Baffle pier height [cm] 

Pw Baffle pier width [cm] 

Pθ Baffle pier angle concerning flow direction. 

Q Flow discharge [degree] 

So Flume bed slope [Lit/s] 

V Mean longitudinal velocity [m/s] 

V1 Hydraulic jump initial velocity [m/s] 

V2 Hydraulic jump sequent velocity [m/s] 

Vm Maximum velocity at any cross-section downstream 

of the apron [m/s] 

X Longitudinal distance measured from the stilling basin 

toe [m] 

y Flow depth at a given point [cm] 

y1 Hydraulic jump initial flow depth [cm] 

y2 Hydraulic jump sequent flow depth [cm] 

yg Gate opening [cm] 

yt Tailwater depth [cm] 

𝜌 Water density of the flow [kg/m3] 

𝜌s Soil particle density [kg/m3] 

γb Bulk unit weight [gm/cm3] 

μ Water dynamic viscosity [kg/m.s] 

σ Water surface tension [N/m] 

σg Geometric standard deviation 

η Energy dissipation efficiency 

Re Reynolds number 

Fr Froude number 

We Weber number 
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