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Ozet

Hidrolik yapilarin giivenligi sosyal, ekonomik ve ¢evresel dneme sahiptir. Yerel oyulmanin neden oldugu hasarlari
ortadan kaldirmak i¢in ya oyulma tamamen 6nlenmeli ya da oyulma derinligi en aza indirilmelidir. Bu ¢caligmada,
serbest diugilit klasik buzulmeli dikdortgen savaklarin mansabinda olugsan yerel oyulma sayisal olarak
incelenmistir. Sayisal analizlerde Flow3D yazilimi ve K-¢ tiirbiilans modelleri kullanilmigtir. Maksimum oyulma
derinligini belirlemek i¢in analizler iig birim debi (q=0.15, 0.30 ve 0.60 m%s m) ve ii¢ diisii yiiksekligi (H=0.25,
0.50 ve 1.00 m) icin gergeklestirilmistir. Ayrica, su jeti hizi ve ¢arpma agist incelenmistir. TUm durumlar icin
denge oyulma derinliginin yaklasik %90’na ilk 15-20 dakika icinde ulasildigi ve bunun onceki caligmalarla
uyumlu oldugu belirlenmigtir. Sonuglara gore, birim debinin artmasiyla denge oyulma derinligi yaklasik 0.16
m’den 0.23 m’ye yiikselmektedir. Ancak, diisii yiliksekliginin belirli bir degerin iizerine ¢ikmasiyla, mansap
havuzuna daha fazla hava kabarcig1 girmesine bagl olarak oyulma derinligi {izerindeki etkinin bir miktar azaldigt
gorilmiistiir. Hesaplanan jet carpma hizlart yaklasik 2.0 ile 4.9 m/s arasinda degismekte, ¢arpma agisi ise diisii
yiiksekliginin artmasiyla birlikte yaklasik 82°°ye kadar ¢ikmaktadir. Sayisal modelden elde edilen sonuglarin genel
olarak deneysel ¢alismalarla uyumlu oldugu tespit edilmistir. Bu ¢alisma, serbest diisiilii kosullarda yiiksek disiili
savaklarin mansabinda olusan yerel oyulmanin ii¢ boyutlu HAD tabanli degerlendirmesini sunmasi ve uzun dénem
denge oyulma derinligi ile jet ¢arpma karakteristiklerinin pratik olarak tahmin edilmesine yonelik bir yaklasim
onermesi bakimindan 6zgiin niteliktedir.

Anahtar kelimeler: Yerel oyulma, Oyulma sureci, Serbest diistilii savaklar, Baraj giivenligi, Havza morfolojisi,
Flow3D®, Hesaplamali akiskanlar dinamigi (HAD)
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Abstract

The safety of hydraulic structures has social, economic, and environmental significance. To eliminate the
damage induced by local scouring, either the scouring should be prevented entirely or the scouring depth
should be minimized. This study numerically investigated the local scour that develops in the plunge pool
downstream of high-head, classical contracted rectangular weirs operating under free overfall conditions. In
the numerical analysis, a three-dimensional Reynolds-averaged Navier—Stokes (RANS) model with a
standard k- turbulence closure was implemented in Flow-3D®. The analyses were conducted for three unit
flow rates (g=0.15, 0.30, and 0.60 m%/s m) and three drop heights (H=0.25, 0.50, and 1.00 m) to determine
the maximum scouring depth. Furthermore, the water jet velocity and impingement angle were analyzed.
The experimental results were utilized to test the accuracy of the numerical model. For all cases, about 90 %
of the equilibrium scour depth was reached within the first 15-20 min, consistent with previous studies.
According to the results, the equilibrium scour depth increased from approximately 0.16 m to 0.23 m when
the unit discharge was raised. However, after a specific value of the head height, the effect on the depth of
scouring is slightly reduced due to the increased air entrainment entering the downstream pool. Computed
jet impact velocities ranged from about 2.0 to 4.9 m/s, with impact angles increasing up to ~82° as the drop
height increased. The results of the numerical model are generally compatible with experimental studies.
This study is original in that it provides a three-dimensional CFD-based assessment of local scour
downstream of high-head weirs under free overfall conditions and proposes a practical approach to estimate
long-term equilibrium scour depth and jet impact characteristics.
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1. Introduction

Energy demand increases rapidly due to population and economic growth. Along with the energy
demand in the 21st century, many high-head dams have been built. However, due to the increase in the
drop height of the dam, local scouring in the downstream pool may damage the hydraulic structure or
cause its destruction. Thus, the accurate prediction of local scouring that may occur in the hydraulic
structure downstream is essential. Although scouring has attracted the attention of researchers, few
studies address scouring the downstream of free-falling weirs in literature. For instance, Stein and Julien
[1] conducted experimental research to determine the correlations between scour depth, sediment
concentration, scour-hole volume, and time for a free overfall weir. Ghodsian et al. [2] conducted an
experimental study about local scour. They established the effect of tailwater depth on the scour hole
and the height of the dunes. A rigorous parametric examination of scour depth downstream of a steep
vertical drop in uniform sediments was conducted experimentally by Dey and Raikar [3]. The results of
the experimental study were utilized to demonstrate how several factors, including temporal variation,
affected equilibrium scour depth. Ghodsian et al. [4] researched to more thoroughly examine the impact
of critical characteristics, including sediment gradation, on the scour parameters caused by free-falling
jets.

In recent years, Computational Fluid Dynamics (CFD) techniques in hydraulics have become popular
in research, besides conventional experimental studies. Validated and tested CFD software is a powerful
tool that is employed to simulate complicated fluid flow problems, and it could save time and costs in
hydraulic model studies. The multi-phase and turbulent flows that include liquids, gases, and solid
particles, such as scour problems downstream of a dam, require the solution of complex equations for
fluid motion. These numerical methods have improved significantly over time and have been employed
by several researchers. In their initial study, Olsen and Melaaen [5] successfully applied three-
dimensional numerical models to calculate local scour around a cylindrical bridge pier. Lin and Falconer
[6] developed a numerical model in estuarine and coastal waters for three-dimensional suspended
sediment. The authors tested the model against analytical solutions and experimental data for different
flow types and boundary conditions. Richardson and Panchang [7] studied the local scouring around a
bridge pier using Flow3D® software and the RNG k-¢ turbulence model. The authors utilized a three-
dimensional computational model to determine the complex flow field for flatbed and equilibrium scour
conditions. They found that the three-dimensional model simulated the complex flow fields around the
bridge pier. Later, other researchers such as Wu et al. [8], Yafei Jia et al. [9], Liu et al. [10], Vasquez
and Walsh [11], Abbasi et al. [12], Castillo and Carrillo [13], Epely-Chauvin et al. [14], Cihan et al.
[15], Pang et al. [16], Pourshahbaz et al. [17], Man et al. [18], Aydin et al. [19], Ikinciogullari et al. [20],
Kumar and Afzal [21], and Wang et al. [22] successfully employed various CFD techniques and
software to investigate hydraulic scour problems numerically. Cihan et al. [15] provided a general
framework for using CFD in hydraulic structures. Aydin and Karaduman [23] and Aydin et al. [19]
numerically modelled the experimental models developed by Dey and Sarkar [24] and Dey and Raikar
[3] with Flow 3D software. They obtained good results with CFD simulations for scour in specific
downstream hydraulic structures compared to experimental findings. Yan et al. [25] studied a sediment-
scour model using OpenFOAM software and the conformal moving-mesh technique. They stated that
the agreement of the model was proven to be a valid tool for simulating local scour issues caused by
submerged wall jets by experimental and computational findings.

Contracted rectangular weirs are widely used in hydraulic engineering. However, these numerical
studies provided valuable insights into scour mechanisms but generally did not address free-overfall
conditions downstream of high-head classical contracted rectangular weirs, nor did they quantify jet
impact characteristics and scour geometry over a wide range of unit discharges and drop heights.
Therefore, there remains a research gap regarding the three-dimensional CFD modelling of local scour
in plunge pools downstream of free-overfall contracted rectangular weirs.

The free overfall from high-head weirs could lead to significant scouring at the downstream of hydraulic

structures such as dams. This local scour could seriously compromise the safety of hydraulic structures
over time. Therefore, it is of vital importance to identify local scouring in advance. The aim of this study

233



Firat Univ Jour. of Exp. and Comp. Eng., 5(1), 231-249, 2026
E. lkinciogullari, M. E. Emiroglu, M. C. Aydin

is to numerically investigate the local scour that develops downstream of free-overfall classical
contracted rectangular weirs and to assess the ability of a three-dimensional Flow-3D software to
reproduce experimentally observed scour characteristics. The originality of the present study lies in the
three-dimensional CFD modelling of local scour in the plunge pool downstream of free-overfall classical
contracted rectangular weirs. Based on a combined experimental-numerical dataset for nine test
conditions encompassing three unit discharges and three drop heights, the study systematically evaluated
the influence of discharge and head on equilibrium scour depth, scour-hole geometry, and jet impact
characteristics. Furthermore, the temporal evolution of scour depth was represented by an exponential
function and used to extrapolate short-term simulations (up to about 1 h) to 9 h equilibrium conditions,
providing a practical procedure to reduce computational cost in scour analyses.

2. Methodology

Figure 1 demonstrates a schematic representation of the definition sketch and the scour of a free overfall
on the weir. The scouring properties of the water jet, which was designed as a free overfall with a
contracted weir, are presented in Figure 1, where x; and X refer to the distances between the point of
the maximum scour and downstream and upstream of the bed level, respectively. xn is the distance
between the weir wall and the maximum scour point, xs refers to the distance between the maximum
scour point and the maximum accumulation point (AX), Xy is used to describe the distance between the
dune's center and the weir. d refers to the scour point in any x value, and ds refers to the maximum scour.
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Figure 1. (a) Sketch of a scour phenomenon definition; (b) The properties of the scour sketch

2.1. Experimental setup

The scour experiments employed for comparison purposes were conducted under the experimental setup
in Firat University Hydraulic Laboratory, as presented in Figure 2. Three pumps were operated using
two tanks of 50 and 100 m? in the laboratory, each pumping approximately 77 L/s of discharge from the
100 m® tank to the 50 m® tank 11 m above. By using the spillway on the 50 m?® tank, the water level is
maintained at a static level. Water was taken from a 50 m? tank located 8 m above the laboratory ground
level for the experiments. The plunging pool width was 1.25 m, height was 2 m, and length was 2.50 m.
The upstream channel was 0.51 m wide, 0.85 m high, and 6.00 m long. A 1.00 m uniform sand layer
was placed on the plunging pool. The bed material included uniform sediment with a median size of 2
mm.
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Figure 2. Experimental setup (Reprinted from authors previous study [30])

Nine analyses were conducted in the study for a tailwater depth (0.25 m), three unit discharges (0.15,
0.30, and 0.60 m*/s m), and three drop heights (for 0.25, 0.50, and 1.00 m). The classical contracted
rectangular weir was 0.25 m high, 0.167 m wide, with 0.05 m material wall thickness (see Figure 3a).

A suppressed weir is shown in Fig. 3(b).
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Figure 3. Geometry of the weir: (a) Contracted weir; (b) Suppressed weir
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2.2. Numerical model

The three-dimensional numerical analyses were conducted with Flow3D® software. In numerical
analysis, the standard k—e turbulence model was preferred because it provides a reasonable compromise
between numerical stability, computational cost, and accuracy for high-Reynolds-number, fully
turbulent, free-surface jets and scour flows, and has been successfully applied in previous CFD studies
of local scour [20,26-29]. The theoretical details for the numerical solutions are summarized as follows:

2.2.1. Flow governing equations

CFD is significant for solving several hydraulic engineering problems due to the advances in computer
technology. This method provides solutions based on simple equations, such as the Navier-Stokes and
continuity equations in the flow-motion calculation. This technique provides fast results since it can analyze
several hydraulic parameters simultaneously. One of the most complicated problems in hydraulics is
turbulent free surface flow in numerical modelling.

Navier-Stokes equations are the basic equations in fluid mechanics that define the motion of incompressible
fluid flow. RANS (Reynolds Averaged Navier-Stokes) equations could be written in the Cartesian coordinate
system for a three-dimensional flow as follows:

au[ _

oz~ 0 )
ou; Owi _ _10p , 0 ( Owi 77

ot T W ox;  pox; 0x (U ax; Wy )+ Si (2)

In which p is the pressure, u is the velocity, p is the mass density of water, t is the time, w,u; is the Reynolds

stress, S; is the source term, and v is the kinematic viscosity of water. The k- turbulence closure model has
been utilized for simulations.

2.2.2. Sediment model

In the numerical model, several methods were employed for sediment transport and scour models in the
literature. According to Soulsby and Whitehouse [31], the critical Shields coefficient could be calculated
with Eq. (3).

0.3
0., ;=———
et 1+1.2d,;

+0.055[1 — exp(—0.02d., )] ?3)
where d«; is a dimensionless parameter calculated with Eqg. (4).

plps—p)ligl]*/?
d,; = d; [Z2pl] (4)

where, di refers to the grain diameter, ps refers to the specific mass of sediment, || g|| refers to the gravity
magnitude, and [ refers to the dynamic viscosity. The following equation was used for calculating the
local bed shear stress:

T

0 = lolaomr )

Shields coefficient was updated for inclined surfaces as reflected in Eq. (6).

cos i sin f+,/cos? B tanZ @;—sinZ P sinZ §
tan ¢;

! f—
0 cri — gcr,i

(6)
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Where ¢i is the angle of repose (default 32°), § represents the bed slope, and  denotes the angle between
the flow and the upslope direction for flow directly up to a slope, w=0°. Equation 7 was used by
Mastbergen and Van Der Berg [32] to determine the speed of lifting at which the silt was seen.

. l llglldi(ps—
uy = aned, 03 (0, - 015 [1I400) (7)

where, g; is the entrainment coefficient and n; is the outward-pointing normal to the packed bed interface.
The settling velocity equation proposed by Soulsby and Whitehouse [31] was employed:

us = - [(10.367 + 1.049d.,*)"5 ~ 10.36] ©

Bed-load transport refers to the mechanism of sediment conveyance characterized by the rolling or
bouncing of particles along the surface of a packed sediment bed. Meyer-Peter and Miiller [33]
suggested Eq. (9) for the dimensionless bed movement ratio ().

b = Bupm (6 — 0'cr, )™ 9)

where By ppy Can be adjusted based on the bed motion. There will be no bed movement if this value is
set to zero. It might be raised to allow for further bed mobility (default value is 8).

¢i refers to the dimensionless bed-load transport rate and is associated with the volumetric bed-load
transport rate, qp,i [34].

3 (ps—pp) , 3]M?
dp,i = $i ”g”Tdi (10)

Flow3D® allows changes in sediment model coefficients to verify numerical studies with experimental
data. In the current study, three validation coefficients were employed for three drop heights. In these
analyses, three model parameters known to influence scour depth, namely the entrainment coefficient,
the bed roughness/dso ratio, and the bed load coefficient, were employed as calibration parameters. The
calibration coefficients that minimized the relative error are summarized in Table 1.

Table 1. Calibration coefficients used for different drop heights

Drop Height  Entrainment coefficient Bed roughness/dso ratio Bed load coefficient

(m) () (@) (@)
0.25 0.0005 0.80 3
0.50 0.0005 0.40 3
1.00 0.0005 0.05 1

3. Results and Discussion

In the numerical model, several studies were performed largely to ascertain the influence of cell size on
the solution. In the first stage, the cell size was fixed at 0.04 m and analyses were conducted for
approximately 900 seconds. Then, the cell size was reduced to 0.03 m and the analyses were conducted
for 900-1800 seconds. Finally, to determine whether the scour depth reached a steady state, the cell size
was reduced to 0.02 m and analyses were conducted for 1800-2400 seconds. It was observed that the
scour depth did not change (Fig. 4). Thus, it was concluded that it would be sufficient to continue the
analysis with a cell size of 0.03 m for the mesh block employed in the drop pool (Fig. 5a, block 1). As
seen in Fig. 4, the solutions acquired stability with these three mesh structures, which decreased
sequentially. Therefore, the sensitivity of the simulation results to the mesh structure was minimized,
and the final mesh structure was determined.
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Figure 4. The testing of mesh quality (Reprinted from authors previous study [20])

Mesh dimensions should not be determined as small enough to extend the solution time unnecessarily
or large enough to obtain inaccurate results. As a result of the preliminary analysis, it was concluded
that a uniform mesh with a size of 0.03 m was suitable for the first and the second blocks out of the three
blocks. The dimension of the third block located at the upstream channel was determined as 0.06 m
since it did not affect the scouring depth (Fig. 5a). Then, the symmetry (S) boundary condition was
selected to ensure the transition between the blocks, the discharge (Q) boundary condition was selected
for the channel upstream, and the pressure (P) boundary condition was defined downstream of the
channel to allow the tailwater effect. Then, the wall (W) boundary condition was selected for channel
edges (Fig. 5b).

I\ I8 |
T 1

W W

(b)

(@)

Figure 5. (a) Design of mesh blocks; (b) determination of boundary conditions

The simulation outputs for the numerical analysis conducted with Flow3D® software for various unit
discharge values are presented in Fig. 6. As mentioned above, it was observed that scouring increased
rapidly within the first 15-20 minutes, then continued to increase gradually and reached the equilibrium
scouring depth. However, due to the increased momentum with the increase in discharge, the time
required to reach the equilibrium scour depth also increased.
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Figure 6. Equilibrium scour depths: a) for g= 0.150 m%s m, H=0.25 m and h=0.25 m, b) for q=0.300 m%s m,
H=0.25 m and h=0.25 m and c) for g=0.600 m%/s m, H=0.25 m and h=0.25 m

The physical experiments [30] were conducted for 9 hours. Numerical analysis for nine hours could take
weeks, especially for scouring problems. For that reason, the numerical studies were continued for
approximately 2500-4000 seconds and then were plotted as exponential functions to estimate the results
after 9 hours in this study. The present results confirm that approximately 90% of the equilibrium scour
depth develops within the first 15-20 min, which is consistent with the experimental observations of
Dey and Raikar [3] and with the numerical findings of Fan et al. [35] and Liu et al. [36], who also
reported rapid scour development and early equilibrium times. This rapid development is thought to
occur due to the high initial momentum of the plunging jet and the relatively fine, uniform sediment that
allows fast particle entrainment. Dey and Raikar [3] conducted 9-hour experiments for equilibrium scour
depth, but they reached the equilibrium depth within almost 600 seconds. Fan et al. [35] observed that
in their simulation, the equilibrium depth was attained in 60 minutes, and 90% of the equilibrium
scouring depth was attained in the first 20 minutes. Liu et al. [36] reported that the equilibrium scour
depth obtained after 60 minutes was close to the experimental results.

Figure 7 shows the results of the numerical solution of the scour depth for different times for q=0.150
m®/s m, H=0.50 m, and h=0.25 m. When the 1-hour numerical finding was compared with the 9-hour
experimental result, the 1-hour numerical result corresponded to approximately 90 percent of the 9-hour
experimental result.
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Figure 7. Scour depth longitudinal section for H=0.50 m, g=0.150 m?/s m, and h=0.25 m by CFD: a) for 900 s,
b) for 1800 s, c) for 2700 s, and d) for 3600 s

The scour graph changes with the exponential function. The equation for the exponential function, fitted
to the results obtained with numerical studies, is presented in Eq. (11).

d=a-(1—-exp(—=b-t)) (11)
where d refers to the scour depth, t refers to the scour time (second), a and b refer to the exponential
function coefficients. These coefficients and the determination coefficient obtained with the equations

are presented in Table 2. The graphs of the curves fitted to Eq. (11) demonstrate that the determination
coefficient (R?) varied between 0.72-0.96 (Fig. 8).
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Table 2. Constants in Eq. 11

Analyse No a b R?
AN-1 -0.16150 0.00182 0.92
AN-2 -0.18528 0.00260 0.96
AN-3 -0.20280 0.00344 0.90
AN-4 -0.16939 0.00110 0.72
AN-5 -0.21534 0.00099 0.81
AN-6 -0.23037 0.00145 0.75
AN-7 -0.12901 0.00267 0.92
AN-8 -0.17918 0.00087 0.83
AN-9 -0.22242 0.00118 0.88

The experimental results for 9 hours, the numerical results for 1 hour, and scour depths estimated with
an exponential function for 9 hours are presented in Table 3. The results of both studies showed that an
increase in the unit discharge caused the scour depth to rise. The scour depth increased in both studies
by increasing the drop height from 0.25 m to 0.50 m. This significant increase is considered to result
from the increase in jet momentum and impact velocity acting on the movable bed. However, when the
drop height was increased from 0.50 m to 1.00 m, there was no significant change in the experimental
results due to the increased air bubbles that entered the water jet. At the same time, a slight decrease was
recorded in the numerical results. This situation was also consistent with the experimental findings of
Baylar and Emiroglu [37]. They experimentally investigated the air entrainment rate in sharp-crested,
broad-crested, and labyrinth weirs as a function of discharge and drop height. The authors found that
when discharge and drop height increased, there was a considerable rise in the amount of air bubble
entrainment into the flow. It was found that when the discharge and drop height increased, the tendency
for air bubble entrainment into the flow also tended to rise [37]. The relative error rates for the scour
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values obtained with experimental and numerical studies are presented in Table 3. The experimental
scour depth (ds_¢) was compared with the 9-hour scour depth (ds o) to determine the relative error € using
Eq. (12). The review of these values suggested that the maximum relative error was around 18%. These
error rates were likely acceptable for the investigated scour problems, where the experimental and
numerical findings were consistent.

Zsemdssl. 100 (12)

s_e

where ds ¢ is the experimental scour depth after 9 hours and ds o is the estimated scour depth after 9
hours. In Table 3, ds 1 is the scour depth after 1 hour determined using CFD.

Table 3. Experimental and numerical equilibrium scour depths comparison at the classical contracted
rectangular weir downstream

Experimental

Model Experiment q H  h Results [30] ds 1 ds_o £
No No

(m¥sm) (m) (m) ds_e (M) (m) (m) (%)
AN-1 1 0.150 0.25 0.25 0.154 0.165 0.162 59
AN-2 2 0.300 0.25 0.25 0.182 0.185 0.185 16
AN-3 4 0600 025 025 (o3 0016 0203 ..
AN-4 5 0150 050 025 (177 0.182 0.169 45
AN-5 6 0.300 0.50 0.25 0.182 0.212 0.215 18.1
AN-6 8 0.600 0.50 0.25 0.216 0.242 0.230 65
AN-7 9 0.150 1.00 0.25 0.146 0.139 0.129 116
AN-8 10 0.300 1.00 0.25 0.174 0.193 0.179 29
AN-9 12 0.600 1.00 0.25 0.216 0.233 0.222 28

The horizontal (Vx) and vertical (V) water jet velocities, the impact velocity of the water jet on the
downstream pool (V;), and the angle of jet impact ({) are presented in Table 4. It was noted that the water
jet impact velocity typically increased due to the increasing momentum with the rise in unit discharge.
However, when the unit discharge is kept constant and the drop height is increased, the impact velocity
and the impact angle of the water jet increase due to the transformation of the potential energy of the
water jet into kinetic energy. In general, the increase in unit discharge leads to a decrease in the angle
of impact of the water jet. However, due to the increased momentum, there would be a decrease in the
angle of the water jet, which would hit a farther point in the downstream channel (Fig. 9).

242



Firat Univ Jour. of Exp. and Comp. Eng., 5(1), 231-249, 2026
E. lkinciogullari, M. E. Emiroglu, M. C. Aydin

(d)

(b)

(9)

(h)

(i)
Velocity (m/s)
0.000 5.000 10.000

2.500 7.500

Figure 9. 2D simulation output for velocity vectors in rectangular weirs: a) AN1, b) AN2, c) AN3, d) AN4, e)
ANS5, f) AN6, g) AN7, h) ANS, and i) AN9

Table 4. Jet impact velocity and angle of classical contracted rectangular weir with CFD

Jet Impact
Model Vx V; Vj Angle
No (m/s) (mfs) (m/s) ()
©)
AN1 1.13 1.70 2.04 62.65
AN2 1.32 1.74 2.18 58.68
AN3 1.35 2.03 2.44 62.64
AN4 1.24 2.36 2.67 69.20
AN5 1.33 2.83 3.13 72.03
ANG6 1.53 2.83 3.22 68.45
AN7 1.22 4.28 4.45 82.32
AN8 1.35 4.04 4.26 79.47
AN9 1.56 4.63 4.89 79.31

The parameters in figure 9 are presented in Table 5 for the contracted rectangular weir. Based on Table
5, there was an increase in the scour depth and X1, X2, X3, Xm, X» Values due to the increased unit discharge
for the stationary drop height and tailwater. Due to the increased discharge in 0.25 m and 0.50 m drop
heights, it was observed that the upstream and downstream slope angles generally increased as well.
However, due to the increased discharge in a 1.00 m drop height, the upstream slope angle increased
while the downstream slope angle decreased. This situation may be attributed to the highly turbulent

243



Firat Univ Jour. of Exp. and Comp. Eng., 5(1), 231-249, 2026
E. lkinciogullari, M. E. Emiroglu, M. C. Aydin

nature of the submerged jet was highly turbulent, and a complex three-phase turbulent flow occurred
with the increasing unit discharge and drop height (Fig. 9).

Table 5. Scour depth parameters

Model X1 X2 Xm X3 Xb ds AX

N m (m m m m (m (m
AN1 0365 034 0365 0400 0770 0.165 0.076
AN2 0394 0371 0453 0490 00940 0.185 0.080
AN3 0431 0474 0536 0570 1110 0216 0.094
AN4 0383 0345 0383 0380 0760 0182 0.040
AN5 0498 0395 0498 0400 0890 0212 0.020
AN6 0492 0445 0592 0480 1.070 0242 0.040
AN7 0486 0273 0620 0310 0930 0160 0.050
AN8 0416 0260 0600 0370 1.060 0178 0.033
AN9 0426 0430 0780 0450 1230 0231 0.040

The variations that rely on time in the scour depth of the contracted rectangular weir section using CFD
are presented in Figure 10. Since the water jet impact velocity and angle were low for low unit discharges
and low drop heights, the maximum scour point was closer to the hydraulic structure. However, the
maximum scour depth was observed to be more distant from the hydraulic structure due to the increase
in the momentum force. The proximity of the scour pit to the hydraulic structure led to an increase in
the apron length. The review of AN-1, AN-2 and AN-3 analysis findings revealed that while the
maximum scours for low flow rate occur around 0.40 m distance from the weir, this value to 0.60 m as
the unit flow rate increased. The analysis of AN-1, AN-4, and AN-7 revealed that the distance between
the weir and the point of the maximum scour increased with the increased head height.
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Figure 10. Scour depth longitudinal section vs time for: a) AN1, b) AN2, c) AN3, d) AN4, e) AN5,
f) ANG, g) AN7, h) ANS, i) AN9
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Figure 10. (Continue ) Scour depth longitudinal section vs time for: a) AN1, b) AN2, ¢) AN3, d) AN4, e) AN5,
f) AN6, g) AN7, h) ANS, i) AN9

Several researchers conducted experimental studies and reported equations for the equilibrium depth for
free-overfall weirs. Veronese [38] reported one of the first findings and suggested that in several
experimental studies conducted by decreasing grain diameter, the scour depth for sediments smaller than

5 mm was independent of the sediment size. The researcher suggested Eq. (13) to predict the equilibrium
scour depth.

d = 1.90H%225¢054 — p, (13)
Chian [39] proposed Eq. (14) for the scour depth at spillway downstream.
d = 1.18H%235¢051 — p, (14)

Figure 11 compares the present study results with empirical equations using Egs. (13-14). Comparing
the findings with various unit discharge and drop heights revealed that the results obtained from the

245



Firat Univ Jour. of Exp. and Comp. Eng., 5(1), 231-249, 2026
E. lkinciogullari, M. E. Emiroglu, M. C. Aydin

proposed equations by Veronese [38] and Chian [39] were quite different. Therefore, several parameters
affect the scouring event, which could be the reason for this difference.
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Figure 11. Comparison of scour depths using empirical equations
4. Conclusions

This study provides both theoretical and practical implications for local scour downstream of contracted
rectangular weirs under free overfall conditions. The CFD results clarify how unit discharge and drop
height control the time development and magnitude of scour, the variation of jet impact velocity and
angle, together with the location of maximum scour for contracted weir geometries that are widely used
in hydraulic engineering practice. From an engineering perspective, the obtained relationships can be
used to estimate required apron length and protection thickness, to position and design scour protection
and plunge pools more effectively. The significant findings obtained from this study are highlighted
below.

e Approximately 90% of the equilibrium scour depth occurred within the first 15 minutes, which is
consistent with the literature.

e  The scour depth increases significantly with increasing unit discharge and the drop height.

e It was found that the air bubbles entering with the plunging jet have a decreasing effect on the
scour depth, which is consistent with the literature.

e Inaddition, the numerical results agree with the experimental results. The numerical models in
this aspect can be a helpful tool to investigate complicated multi-phase flows, such as scour
problems, as well as other turbulent flows, when calibrated with some experimental data.

e  The numerical simulations were calibrated and validated against experiments conducted with a
single sediment type, a fixed tailwater depth, and a specific contracted rectangular weir geometry.
These situations are limitations of this study.

e  Future research should extend the CFD-based framework to graded sediments, variable tailwater
conditions, and different weir configurations.
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