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Abstract—High-velocity water jets emerging from hydraulic

structures cause local scouring in downstream areas, creating sig-

nificant risks to structural safety. In this study, the effects of natural

aeration provided through pressurized pipes on jet-induced scour-

ing were investigated through laboratory experiments. A total of 60

experiments were conducted for different gate openings, flow rates,

and downstream water levels; the scour geometries created by

aerated and non-aerated jets were compared. The aeration level was

defined by the dimensionless air-to-water flow ratio (Qa/Qw);

maximum scour depth, scour length, scour slope angle, and jet fall

distance were considered as basic evaluation parameters. The

experimental results showed that increased aeration significantly

reduced the maximum scour depth and scour length while moving

the point of contact of the jet further upstream. While the scour

depth and slope angles reached their highest values in non-aerated

jets, shallower and flatter scour profiles were formed in aerated

conditions. An empirical relationship predicting the maximum

scour depth using experimental data has been developed and found

to be in high correlation with the measured values (R2 = 0.93). The

findings reveal that channel aeration is an effective method for

reducing scouring and demonstrate that this approach can be con-

sidered a safe and economical alternative in the design of

spillways, wastewater treatment plants, and similar hydraulic

systems.

Keywords: Aeration, air/water flow, scour hole, conduit,

Froude number.

1. Introduction

High velocity water jets occur downstream of

water structures. Due to the large energy of these jets,

sediment erosion, called scour, occurs downstream of

the structure. The increase in scour over time may

result in a hole near the foundation of the structure

and overturn the structure into this hole. This

situation may jeopardizes the safety of the water

structure and cause both serious economic losses and

a dangerous situation for the lives of living creatures

living downstream. Aeration, which is widely used in

hydraulic engineering, is an effective way to break

the energy of the jet. Therefore, the effects of aeration

in the scouring process need to be fully demonstrated.

In recent years, the local scouring problem has

been addressed in detail not only in the context of

spillway and jet-induced flows but also in terms of

various engineering applications such as bridge

foundations, coastal piles, and underwater structures.

Experimental studies have shown that downward

currents and vortex systems developing around

structures accelerate sediment transport, leading to

the formation of scour holes. Studies examining

scouring behavior around underwater foundations,

particularly using AI-supported experimental chan-

nels, emphasize both the mechanical process and

predictability of scouring (Wang et al., 2024). Simi-

larly, experimental research evaluating ground

improvement applications for scour prevention

reveals the failure mechanisms of protective mea-

sures, demonstrating that scour is a critical limit

condition in engineering design (Wang et al., 2025).

Comprehensive reviews on scouring around bridge

foundations have evaluated mechanisms, prediction

methods, monitoring techniques, and mitigation

measures together, clearly stating that scouring is a

fundamental problem that directly affects structural

safety (Wang et al., 2017a, 2017b). Additionally,

experiments conducted around cylindrical shore piles

under sloping bottom conditions show that the bottom

geometry significantly alters the flow pattern and

scour morphology (Barrie et al., 2024). However,

most existing studies focus on structure-induced

scour under constant flow; the effect of high-velocity

jets from pressurized pipes and, in particular, the
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impact of natural aeration on downstream scour is

addressed to a limited extent. Accordingly, the

influence of naturally aerated pressurized conduit jets

on downstream scour geometry has not yet been

sufficiently documented.

In recent years, the use of data-driven approaches

in predicting scouring and jet behavior has become

increasingly widespread. Artificial intelligence-based

models can represent the nonlinear relationships

between flow structure, air entrainment, and sediment

transport by utilizing experimental data. The litera-

ture contains studies where parameters such as

submerged jet aeration, scour depth, and oxygen

transfer have been successfully predicted using arti-

ficial neural networks, ANFIS, and support vector

machines (Baylar et al., 2008; Kramer et al., 2016;

Lashkar-Ara et al., 2020; Puri et al., 2023). However,

most of these approaches focus on developing models

based on existing datasets. Studies that directly

investigate the physical effects of natural aeration on

jet behaviour and downstream scouring through

controlled experiments are limited. Therefore,

experimental studies are important for improving our

understanding of the scouring mechanism and for

establishing reliable references for future data-based

models.

Several researchers have investigated the erosion

caused by various types of jets, including propeller

jets (Curulli et al., 2023; Wei et al., 2020), plane jets

(Mostaani & Azimi, 2022; Sharafati et al., 2020),

free-fall jets (Salmasi & Abraham, 2022; Salmasi

et al., 2023), and moving jets (Wang et al., 2021).

Vertical jets were preferred over inclined jets because

of their uncomplicated equipment and effective silt-

scouring performance (Chen et al., 2023; Wang et al.,

2017a, 2017b). Many authors have suggested many

empirical formulae, both static and dynamic, to pre-

dict the scour depth of submerged jets. Recent

research has expanded the understanding of scour

processes under different jet–bed interaction scenar-

ios. Suljevic and Kesgin (2025) examined twin-

propeller scour near various quay wall configurations

and showed that propeller spacing, wall geometry,

and densimetric Froude number strongly affect

maximum scour depth. Kesgin et al. (2025) con-

ducted laboratory experiments on single-propeller

scour near vertical and parallel quay walls,

highlighting the influence of propeller speed, gap

distance, and wall orientation on scour geometry.

Yüksel et al. (2019) investigated scour at the toe of

quay walls under propeller wash and proposed

empirical equations describing how propeller diam-

eter, rotational speed, and propeller–wall distance

govern final scour depth. Yüksel et al. (2018) ana-

lyzed propeller-jet-induced scour around piles and

showed that scour depth and profile shape depend on

densimetric Froude number, pile diameter, and pro-

peller gap, introducing predictive relationships for

different sediment conditions. Chen et al. (2022) and

Mao et al. (2023) examined how jet diameters, jet

angles, exit velocities, and impinging distances affect

scouring effects. Tuna (2012), Habib et al. (2016),

Aminpour and Farhoudi (2017), Elnikhely (2018),

Kazempour Larsari et al. (2019), and Gharibi et al.

(2022) conducted experimental studies on local scour

downstream of hydraulic structures. It has been pro-

ven by many studies that aeration reduces scour.

Firstly, Johnson (1967) conducted studies on the

scour caused by air–water jet. Martı́nez-Bazán et al.

(2002) performed experiments in which they injected

air into the center of a water jet. Xu et al. (2004)

measured scour for aerated and non-aerated flow by

injecting air into the jet. They found that the most

important parameter on scour is air concentration. To

do this, the study used a glass channel. This channel

is 3 m long, 0.22 m wide and 0.8 m deep. In addition,

a rectangular nozzle system made of polymethyl

methacrylate tubing was used. It was designed to

provide homogeneous aeration by mixing air through

small holes into the water coming out of the nozzle.

Dey and Sarkar (2007) vertically injected an air–

water mixture into a scour hole. The effects of the

Figure 1
Flow in high head gated circular conduits (Tuna et al., 2014)
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injected mixture velocity on the scour geometry were

determined. A channel 10 m long, 0.6 m wide and

0.71 m deep was used for this purpose. The test

channel contained a sediment bed 0.3 m deep and

2 m long. Three different types of sediment

(d50 = 0.8 mm, 1.86 mm and 3 mm) were used in the

study. Neto et al. (2008) conducted a study to

determine the effect of single and multi-hole nozzles

on the scour hole. Schmocker et al. (2008) conducted

experiments with air injection into plunging jets.

They found that air injection has a significant effect

on the air concentration in the plunge jet. However,

the effect of air injection on scour was not investi-

gated in this study. Mason (1989) investigated how

the depth of scour in plunge pools changes with the

effect of aeration. This study aims to evaluate the

effects of unit flow rate (q), height difference (H), and

aeration rate (air entrainment) on scour separately

using hydraulic model tests. Bai et al. (2016) is an

experimental study that investigates how air con-

centration and bubble properties change in the

downstream flow of an aerator chute. The aim of this

study was to investigate the characteristics of the air–

water mixture produced by the aerators and the

dynamics of this mixture downstream.

Aeration as a method of reducing downstream

scour is a very good unique solution. Alternative

solutions are expensive and often not efficient. Some

hydraulic structure, such as conduits, can increase

aeration due to air–water two-phase flow. This

structures air is entrained into the flow in the form of

a large number of bubbles. Air bubbles greatly

increase the surface area available for mass transfer.

Conduit aeration is a particular instance of this. If the

gate of a high-head outlet conduit is partly opened, a

high velocity flow occurs downstream of it resulting

in subatmospheric pressure (Fig. 1). This subatmo-

spheric pressure causes air to be drawn through the

air vent. Air that is entrained into the water is

instantly forced downstream in the form of small air

bubbles. The smaller the bubbles, the more air is

exposed to the water increasing the efficiency of

oxygen being absorbed into the water (Aytac & Tuna,

2023).

Therefore, it is predicted that conduits, which are

widely used in water aeration, can significantly

reduce scour with their high aeration performance.

Conduit systems are widely used in dam bottom

outlets, irrigation plants and wastewater plants.

Especially the scour caused by the jet coming out of

the dam bottom outlets is of critical importance

because it is very close to the dam body. It is very

important to use conduit as an aerator to prevent

scour in such structures and to determine its effect on

the scour process. There are many studies to deter-

mine the aeration performance of conduits (Aydin

et al., 2023; Aytac & Tuna, 2023; Aytac et al., 2024;

Baylar et al., 2022; Tuna et al., 2014). However, there

is no study in the literature that reveals the effects of

this hydraulic structure on downstream scour.

The main aim of this study is to provide a com-

prehensive examination of the applicability of

pressurized conduits with high aeration capacity in

water structures with scour problems in the down-

stream area. A number of experimental studies were

carried out to determine the optimum size parameters

of the conduits with different physical characteristics

designed for this purpose and to determine their

effects on the scour hole geometry. In our study we

focus on the ability of high-pressure conduits to

Table 1

Range of parameters tested in the experiments

Gate opening (%) Discharge (L/s) Hydrostatic level (cm)

K1 Q1 Q2 Q3 Q4 ht1 ht2 ht3

K2 Q1 Q2 Q3 Q4 ht1 ht2 ht3

K3 Q1 Q2 Q3 Q4 ht1 ht2 ht3

K4 Q1 Q2 Q3 Q4 ht1 ht2 ht3

K5 Q1 Q2 Q3 Q4 ht1 ht2 ht3

K1, Non-Aerated; K2, 20%; K3, 30%; K4, 40%; K5, 60%; Q1, 4.5 L/s; Q2, 6 L/s; Q3, 6.75L/s; Q4, 7.5 L/s; ht1, 20 cm; ht2, 30 cm; ht3, 40 cm

Vol. 183, (2026) Local Scour Process in Conduit Aerated Water Jets 2375



Figure 2
Experimental setup, a stepped-channel chute, b definition sketch
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Figure 2
continued
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minimize the scour problem by focusing on the

ability of high-pressure conduits to increase oxygen

transfer efficiency and break the energy of the water

jet by adding a large amount of air to downstream

water flows. Our study is based on the potential to

provide alternatives to improve the overall sustain-

ability of water structures in terms of cost and

efficient use and to increase the safety of the struc-

ture. When the literature is examined, there is no

study on the scour problem caused by jets aerated by

high-pressure conduits. In our study, in order to

overcome this deficiency, we tried to determine the

effects of conduits with different physical character-

istics on the scour geometry. In recent years, conduits

have been used extensively in wastewater treatment

plants, aquaculture facilities, sluice gates, and

drinking water installations. Prediction of the scour

process downstream of these facilities is directly

related to the safety and operational economy of the

structure.

2. Dimensional Analysis

In this section, the physical variables affecting the

local scour in conduit aerated water jets are dis-

cussed. In Fig. 2, the sketch of the experimental setup

and the parameters affecting the event are shown

schematically.

The local scour process change in the conduit

aerated water jets differ according to the impact of

physical parameters, including varying gate openings,

downstream depths, and flow with distinct Froude

numbers, on the aeration performance and scouring

process in pressurized conduits. The gate opening of

the conduit installed in the channel also have a great

effect on the bed topography and the transported

sediment discharge. It is known that the equilibrium

state has been reached in which the bed geometry

changes very little after a certain period of time

(Rezaie-Balf, 2019).

In an open channel with a movable bed, the

maximum local scour in the conduit aerated water

jets (dsmax) can be expressed as a function of the

parameters in Eq. (1).

dsmax ¼ f hj;K;V1; q; g; l; b;Qa;Qw; ht; So; r; a; d50; t
� �

ð1Þ

Here, dsmax is the maximum scour depth, hj is the

jet drop height, K is the gate opening ratio, V1 is the

water velocity at the gate outlet, q is the water den-

sity, g gravitational acceleration, l dynamic

Table 2

The gate opening’s dimensions

The ratio of gate openings (u) Circular

h

20% 20.6 mm

30% 27.5 mm

40% 34.1 mm

60% 46.8 mm

Figure 3
Circular cross-section conduit gates opening ratios
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viscosity, b scour slope angle, Qa air flow rate, Qw

water flow rate, ht downstream hydrostatic water

level, So channel bed slope, r surface tension, a jet

angle parameter, d50 average particle diameter, and t

test duration. The effect of the channel bed slope (So)

and surface tension (r) can be neglected. The apex

angle (a) of the conduit tested is constant. The used

sediment median grain diameter (d50) is constant. The

test time (t) is constant. Equation (2) was obtained

after the application of Buckingham P Theo-

rem Koochak and Bajestan (2016), which is

frequently used as the relevant dimensional analysis

method.

dsmax
hj

¼ f 1

Qa

Qw

;
hj
ht
;
hj:g

V1
2
;

l
V1:hj:q

;K; b

� �
ð2Þ

In order to analyze the hydrodynamics effectively,

after the necessary operations, the parameters were

divided into each other and the dimensionless

parameters in Eq. (3) were obtained. As a result;

Eq. (4) is obtained.

dsmax
hj

¼ f 2

Qa

Qw

;
hj
ht
;
hj:g

V1
2
;K; b

� �
ð3Þ

dsmax
hj

¼ f
Qa

Qw

;
hj
ht
;Fr;K; b

� �
ð4Þ

in which; dsmax/hj is the dimensionless maximum

scour depth in the conduit aerated water jets, Qa/Qw is

the dimensionless air flow rate, hj/ht is the dimen-

sionless drop height, Fr is the Froude number, K is

the conduit gate opening ratio and b is the scour hole

slope angle.

3. Experimental Setup

The present study aimed to investigate the impact

of physical parameters, including varying gate

openings, downstream depths, and flow with distinct

Froude numbers, on the aeration performance and

scouring process in pressurized conduits. All experi-

ments were conducted on experimental setups

established in the Hydraulic Laboratory of Fırat

University Civil Engineering. The experiments were

conducted using mains water. No discernible impact

of suspended solids, organic matter, or salt, which

might influence the efficiency of air intake and oxy-

gen transfer, was observed in the mains water.

Table 3

An example table for calculating the Froude number for full or partially full currents

Inputs Outputs

Pipe diameter (d0) 0.0809 m Depth of flow 0.0647 m

Manning roughness coefficient (n) 0.012 Flow area 0.004 m2

Pressure gradient 2.1 (%) Pipe area (a0) 0.0051 m2

Percentage or ratio of full depth 80% Relative area (a/a0) 85.76 (%)

Wetted perimeter 0.1791 m

Hydraulic radius 0.0246 m

Upper width (T) 0.0647 m

Velocity (v) 1.0217 m/s

Velocity head (hv) 0.0757 psi

Froude number (Fr) 1.25

Average shear stress (s) 5.0677 N/m2

Full flow (Q0) 0.0046 (m3/s)

Ratio to full flow (Q/Q0) 97.75 (%)
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Figure 4
The relationship between the Froude number and the maximum scour parameters at different hydrostatic water levels
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Figure 5
The relationship between the Qa/Qw ratio and the maximum scour parameters at different hydrostatic water levels
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The Fig. 2 illustrates the components used in the

experimental setups. Where ’ht’ is the hydrostatic

water level, ’hj’ is the drop height, ’dsmax’ is the

maximum scour depth, ’Lo’ is the length of the scour

hole, ’d’ is the horizontal distance of the jet from the

maximum scour depth and ’b’ is the scour hole slope

angle. In the course of the experiments, the system

was operated in a reverse cycle. A suction hose

supplied the water in the 1.5 9 1.5 9 3.0 m tank to

the pump (Fig. 2). The pump was utilized to elevate

the pressure and subsequently deliver it to the system

in a pressurized state. The flow control gate and

Kohne brand electromagnetic flow meter adjusted the

water flow rate. The front side of the assembly was

manufactured from tempered glass. In order to per-

form three-dimensional measurements (in the x, y,

and z directions) of the scour parameters, a movable

measuring stand was incorporated into the set-up, and

an electronic limnimeter was placed on it. On the

downstream side of the apparatus, a gate was instal-

led that adjusts the hydrostatic level to the desired

height and can move vertically.

The conduit used in this study was a circular-

cross-section pipe with an internal diameter of

Figure 6
The relationship between the hydrostatic water levels and the maximum scour parameters for all experimental groups

Figure 7
The relationship between the scour parameters of the conduit gate opening and the scour hole slope angles for all experimental groups

2382 M. C. Tuna et al. Pure Appl. Geophys.



80.9 mm and a length of 2.0 m. It was positioned at a

45-degree angle (45�) to the horizontal. Aeration was

provided by natural suction through an atmospheric

air entry pipe located at the cover outlet; no external

pressurized air was applied to the system. The jet

velocities obtained in the experiments were selected

to produce Froude numbers in the range of

2.37–19.28; this range represents high-energy outlet

jets. Sediment with a non-cohesive, uniform particle

size distribution was used in all experiments. This

ensured that changes in the scour geometry were

primarily due to flow conditions and aeration levels.

The experimental design was based on Froude simi-

larity, which is commonly used in free-surface jet

flows.

The experiments were carried out separately for

each gate opening. For each experimental setup,

experiments were conducted at the same drop height,

Figure 8
Change in normalized scour angle tan(b) for jets without aeration and with different aeration rates

Figure 9
In the cases of aerated and non-aerated flow, a jet’s trajectory: a for Q = 4.5 L/s, ht = 20 cm; b Q = 7.5 L/s, ht = 20 cm
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three different downstream water levels, and different

flow rates. In this context, a total of 60 different

experiments were conducted and 60 different scour

hole were analyzed. The parameters used in the

experiments are given in Table 1. This study is an

experimental study based on a clean water scouring

technique. Therefore, after the scouring process in the

scouring hole formed in each experimental parameter

reached equilibrium, the water flow was stopped and

measurements were taken.

The opening ratios for the conduits were selected

as 20, 30, 40, and 60 percent (Fig. 3). Table 2 pro-

vides the dimensions of the constrictions for each

cross-section.

An air inlet pipe was opened just downstream of

the gate in order to facilitate the introduction of

Figure 10
Longitudinal sections from maximum scour depth area: a for Q = 4.5 L/s, ht = 20 cm; b Q = 7.5 L/s, ht = 20 cm

2384 M. C. Tuna et al. Pure Appl. Geophys.



atmospheric air into the water. The air inlet pipe

consists of a pipe measuring 15 mm in diameter and

200 mm in height. The velocity of the air entering the

system was quantified using a Testo 435 anemometer.

A series of experiments were conducted using

different flows. Although free surface flow was

observed at low flow, pressurized flow was observed

at higher flow. The Froude number under the gate

was calculated for each flow rate.

Froude numbers (Fr) were between 2.37 and

19.28. The Froude number was calculated by using

Eq. (5) using the effective depth (ye) in the conduit

(Table 3).

Fr ¼ V
ffiffiffiffiffiffiffiffi
g ye

p ð5Þ

where V is water velocity at gate location, g is

acceleration of gravity and ye, effective depth, is

water cross-sectional flow area divided by water

surface width. In the literature Froude number has

often been based on the vena contracta sec-

tion. Because high-head gated conduits involve high-

velocity air–water mixture flow, to avoid the problem

of determining flow depths and velocities at the vena

contracta section, in this study the Froude number

was based on the effective depth in the conduit. The

velocity used in the froude number calculations was

measured under the constriction flap and in the area

where the air has not yet mixed with the flow (vena

contracta).

In the anemometer measurements, the velocity

probe was placed in the center of the air inlet pipe.

The anemometer measured each air velocity for 60 s,

thereby determining its average. The average air

velocity measured in the air inlet pipe was multiplied

by the area of the air inlet pipe to calculate the air

flow rate.

4. Experimental Procedure

The sediment bed was placed in the channel and

manually leveled before each run. Flow rate was set

using the electromagnetic flowmeter. The down-

stream water level was adjusted with the tailgate. Air

velocity was measured inside the inlet pipe, and air

discharge was obtained from these measurements.

Experiments were carried out until no further change

Figure 11
a Comparison of the measured and estimated values of dimensionless discharge of transported sediment; b absolute relative deviation (ARD)

of the predicted values
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in bed shape was observed. The flow was then stop-

ped. Scour depth and bed geometry were measured

using the electronic limnimeter and the movable

measuring frame.

5. Uncertainty Analysis

The reliability of the measurements used in this

study was evaluated through a basic uncertainty

assessment. The electromagnetic flow meter

employed for discharge measurements has an accu-

racy of ± 0.5%. Air velocity in the inlet pipe was

measured with a Testo 435 device with an accuracy

of ± 0.03 m/s. The scour depths were recorded using

an electronic limnimeter with a resolution of ± 0.1

mm, and geometric dimensions were checked with a

steel ruler (± 0.5 mm).

6. Results and Discussion

Figure 4 is analyzed to examine the dsmax/hj and

L0/d values of non-aeration jets (N-A, 0%) and aer-

ation jets (20%, 30%, 40% and 60%) with different

conduit gate openings in the experimental groups

with hydrostatic water depths of ht = 20, 30, and

40 cm. It can be observed that the values of dsmax/hj

and L0/d are at their maximum in the experimental

series where the hydrostatic water level is ht = 20 cm

with the same froude number. In contrast, the values

of dsmax/hj and L0/d are at their minimum when the

hydrostatic water level is ht = 40 cm. All experi-

mental groups maximized both parameters in non-

aeration jets. The maximum scour hole depth and

width for non-aeration jets tend to increase signifi-

cantly with an increase in the Froude number. In

contrast, in aerated jets, the depth and width of the

hole have a lower, increasing trend.

Upon examination of Fig. 5, it can be observed

that the values of dsmax/hj and Lo/d are also maxi-

mized in the experimental series where the

hydrostatic water level is ht = 20 cm with the same

Qa/Qw values. Conversely, the values of dsmax/hj and

Lo/d are minimized when the hydrostatic water level

is ht = 40 cm. The scour depths and widths were

minimal at low gate openings where the Qa/Qw values

were maximized. It has been observed that the scour

parameters dsmax/hj and Lo/d values tend to increase

at large conduit gate openings where the Qa/Qw val-

ues are relatively low. As the conduit gate opening

increases, the scour parameters also increase in par-

allel. Consequently, the scour parameters decline as

the aeration quantity of the jet increases. The phe-

nomenon in question can be elucidated as follows:

the introduction of air into the water jet results in a

reduction in the specific gravity of the jet, accom-

panied by a corresponding decline in the momentum

value. This results in a decrease in the scour param-

eters’ values.

(a)

(b)

Figure 12
Relationship of control gate height with the scour geometry a for

Q = 4.5 L/s, ht = 20 cm; b Q = 7.5 L/s, ht = 20 cm
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As shown in Fig. 5, the relationship between

dsmax/hj and Qa/Qw is due to changes in air and flow

rates, as well as gate opening and jet hydrodynamics.

At small gate openings, the rate of air intake

increases and the Qa/Qw value rises accordingly.

Consequently, jet density decreases, energy loss

increases, and less momentum is transferred to the

bed. Consequently, the scour depth decreases. As the

gate opening increases, the air intake rate decreases,

and so does the Qa/Qw value. Consequently, the jet

becomes denser and more energetic. Additionally, the

dynamic pressure applied to the bed increases and the

scour depth grows. Therefore, it can be concluded

that an increase or decrease in the dsmax/hj value is not

solely dependent on the aeration rate but is also

influenced by changes in jet momentum and gate

opening occurring simultaneously.

The reducing effect of aeration on the scour hole

can be explained by changes in the jet’s hydrody-

namic properties. As the amount of air mixed into the

jet increases, the effective density of the flow

decreases. Consequently, the momentum transferred

to the bed also decreases. During the experiments, it

was observed that aerated jets made contact with the

scour hole at a greater distance. Furthermore, it was

observed that the scour angle decreased and the

maximum scour depth decreased significantly. This

behavior indicates that aeration weakens the dynamic

effect of the jet and limits the turbulence intensity in

the bed-jet interaction region. Therefore, under nat-

ural aeration conditions, the jet’s energy is more

effectively dissipated, and the scour geometry

becomes shallower.

Figure 6a, b illustrates the impact of hydrostatic

water level on dsmax/hj and L0/d values at varying

flow rates, including non-aerated jet (N-A, 0%) and

aerated jet (20%, 30%, 40%, and 60%). In the same

way, Fig. 7a, b shows what happens to dsmax/hj and b
angle values when the conduit gate opening values

change (air intake status) at different flow rates and

water levels. Figure 6a, b illustrates a consistent

decline in both the dsmax/hj and L0/d values across all

experimental series as the hydrostatic water level

increases. Figure 7a shows that as the conduit gate

opening increases, the dsmax/hj values increase in all

series of experiments. The data indicates that the

highest dsmax/hj value is obtained with the non-aer-

ated jet (N-A). As illustrated in Fig. 7b, the tan b
values exhibit an upward trend in all experimental

series as the gate opening increases. The data indi-

cates that the highest tan b value is obtained with the

non-aerated jet (N-A). In consideration of the afore-

mentioned comments, it can be concluded that when

the hydrostatic water level is elevated and the conduit

gate opening value is diminished, the quantity of

scour on the downstream side is diminished as well.

In the case of the comparison of aerated and non-

aerated jets, it is observed that the amount of scour is

Table 4

Empirical equations in the literature for the estimation of scour depth

References Equation

Nou et al. (2020) D
H ¼ f SN; Yt

H ; d50

H

� �

Heng et al. (2012) D ¼ 7:483q1:4652

g0:7326Y1:1978
t

Muzzammil and Siddiqui (2009a, 2009b) Ds

H ¼ 14:68 qffiffiffiffiffiffi
gH3

p
� �1:236

h
H

� ��0:269

� R1

H

� ��0:212 d
H

� �0:0658
hð Þ0:0911

Muzzammil and Siddiqui (2009a, 2009b) d
h ¼ 1:40 b

h

� �0:72
r�0:27
s F0:22

Sui et al. (2008) dse
H ¼ 3 � 10�5

F0
B
d0

� �0:1

H
d0

0

@

1

A

3

� 3:3 � 10�3
F0

B
d0

� �0:1

H
d0

0

@

1

A

2

þ 28:5 � 10�2
F0

B
d0

� �0:1

H
d0

0

@

1

A

This study dsmax
hj

¼ �0:215 þ 0:102 � K � 0:020 � Fr þ 0:024 � bþ 0:088 � Qa

Qw
þ 0:441 � hj

ht
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greater in the downstream portion of the non-aerated

jet.

As can be seen from the graph in Fig. 8, there is a

direct relationship between the value of the pipe gate

opening, the maximum depth of the scour hole, and

the value of the slope angle. The non-aeration case

showed the largest values for the hole depth and the

slope angle. Namely, while the slope angles of the

non-aeration jets were up to 35, the slope angles of

the aeration jets were observed to be around 7 on

average. This clearly indicates a decrease in the scour

hole angle of the aerated jets.

It was observed that the Qa/Qw value significantly

affected the jet trajectory in the experimental groups.

Figure 9a, b reveals that an increasing Qa/Qw value

causes the jet trajectory shifts downstream to more

distant points. As the Qa/Qw value decreases, the jet

approaches upstream. The explanation for this is that

while the aeration jets are lighter (water and air) and

therefore spread out further, the non-aeration jets are

heavier and therefore fall in the immediate vicinity.

This allows the scour hole to be moved further away

from the body of the hydraulic structure. There are

different gate openings (K = 20%, 30%, 40%, 60%)

and no-aeration (N-A, K = 0%) in Fig. 9a, b. The jet

discharges are 4.5 L/s, 7.5 L/s, and the height is

20 cm. Figures 9a, b examine the impact of non-

aeration and varying gate openings on the jet trajec-

tory for a given drop height (h = 20 cm) at varying

flow rates. The non-aeration (N-A) case showed the

closest distance to the jet exit opening upon exami-

nation of the findings, while the horizontal distance to

the jet exit opening decreased as the gate opening

value increased. The increase in rate is calculated as

50% for Fig. 9a and 46.7% for Fig. 9b between the

‘‘N-A’’ case and the 60% gate opening. As can be

observed, the standard deviation value between the

two cases was calculated to be 6.6%. As the flow rate

increases, the horizontal distance between the point

where the water jet falls and the gate also increases

due to the increasing momentum. The distance

between the exit point of the water jet and the point

of impact on the downstream pool is calculated to

increase by approximately 9.5% on average, with an

increase of 66.7% in the flow rate. This demonstrates

that the value of flow alters the impact on the jet

trajectory. Consequently, as the momentum of the

water jet increases, the angle of impact with the

surface of the water decreases. This occurs because

the jet falls a greater distance as it accelerates. The

aforementioned flow characteristics of the jet exert a

significant influence on the scour geometry. Upon

examination of Fig. 9b in isolation, it can be

observed that the non-aereted jet (Qa/Qw = 0) falls a

distance of 45 cm further downstream of the struc-

ture. The experiment alternative with a 20% gate

opening (Qa/Qw = 2.93), which provides the highest

aeration at the same flow rate, was observed to fall

66 cm downstream of the structure. This implies that

the scour hole transports the aerated jets a greater

distance downstream.

In this study, the increase in the jet contact dis-

tance downstream is related more to the change in the

flow characteristics of aeration than to the jet pene-

trating more strongly. In aerated jets, the air–water

mixture has a lower effective density, causing the jet

to advance with a wider spread. In contrast, non-

aerated jets exhibit a more compact structure and

make contact closer to the exit point on the water

surface. In the experiments, it was observed that as

the Qa/Qw ratio increased, the jet’s contact point

shifted downstream and the scouring zone moved

away from the structure. This indicates that increased

aeration weakens the effect of the jet on the bed while

increasing the horizontal spread of the flow. There-

fore, the observed increase in distance can be

explained by the change in the jet’s trajectory rather

than momentum.

Figure 10a depicts the cross-sections of the scour

geometry in the downstream pool for a Q = 4.5 L/s

and a depth of 20 cm, while Fig. 10b illustrates the

cross-sections of the scour geometry in the down-

stream pool for a Q = 7.5 L/s and a depth of 20 cm.

In particular, changes to the conduit gate opening

have a significant impact on the geometry of the

scour hole. It is observed that the maximum value of

the scour depth occurs for the non-aerated jet (N-A),

while with the decrease in the gate opening ratio, the

air rate entering the jet increases and significantly

reduces the scour. Furthermore, as the flow rate

increases, the volume of the scour hole increases.

An empirical formula for the estimation of the

maximum scour depth was developed based on the

results of the experimental study. Therefore, the
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multiple linear regression method and statistical sig-

nificance values are presented in the results section

along with the ANOVA test and R2 accuracy analy-

sis. Figure 11 presents the values obtained from the

analysis and the values obtained from the experi-

mental observations. The correlation coefficient (R2)

between the obtained results and the observation

results is 0.93.

dsmax
hj

¼ �0:215 þ 0:102 � K � 0:020 � Fr þ 0:024

� bþ 0:088 � Qa

Qw

þ 0:441 � hj
ht

ð6Þ

The variables in question are as follows: ’dsmax’

represents the maximum scour depth (m), ’Fr’ is the

Froude number (-), ’K’ is the conduit gate opening

ratio (%), ’b’ is the scour hole slope angle (�), ’Qa’ is

the air flow rate (m3/s), ’Qw’ is the water flow rate

(m3/s), and ’hj’ is the drop height (m). Finally, ’ht’

denotes the hydrostatic water level (m).

Furthermore, the data obtained from the experi-

ments were compared with the data obtained from the

model to verify the accuracy and limitations of the

developed model. To assess the accuracy of Eq. (6),

the absolute relative deviation (ARD) was calculated

using Eq. (7) (Mahdaviara et al., 2020).

ARD %ð Þ ¼ Experimental�Model

Experimental
� 100 ð7Þ

Figure 11b shows that the absolute relative devi-

ation (ARD) values are mostly distributed around the

zero axis. The model developed in this study was

found to have high accuracy, with deviation values

generally between - 0.4% and ? 0.4%. In addition

to the statistical analysis based on the dsmax/hj value,

the physical properties of the scour results of the

model proposed in the study were also examined

through experimental findings. The erosion profiles

and base topographies presented in Figs. 10 and 12

show that as the Qa/Qw ratio increases, the erosion

pits become shallower, the slope angles decrease, and

the jet contact point shifts downstream. These situa-

tions are consistent with the parameters Qa/Qw, b, and

hj/ht, particularly those in Eq. (6). The flattening of

the scour profiles under high aeration conditions

reveals that the air mixture reduces the momentum

transferred by the jet to the bed. Therefore, model

validation is not limited to maximum scour depth; it

is also supported by the temporal and spatial variation

of the measured scour geometry, demonstrating that

the developed relationship can represent both the

scour size and the hydraulic behavior associated with

aerated jet–bed interaction.

Following the conclusion of the pertinent experi-

ments, regular measurements were taken with a

limnimeter to ascertain the bottom topography. Fig-

ure 12a depicts images at the end of the experiment

in the downstream pond with a Q = 4.5 L/s and a

ht = 20 cm. Figure 12b presents the same informa-

tion for a Q = 7.5 L/s and a ht = 20 cm. As shown in

Fig. 12a, water spilled from the non-aeration (N-A)

conduit created the maximum scour hole approxi-

mately 10 cm from the beginning of the scour

chamber. It has been observed that the pitting occurs

in a symmetrical manner. The maximum scour depth

was determined to be approximately 16.5 cm. A sand

pile with a maximum height of 12 cm was formed by

the material being transported and deposited in this

manner. The sand pile was distributed in a crescent

shape across the width of the scour chamber. As

illustrated in Fig. 12b, the water that spilled from the

non-aeration (N-A) conduit created the greatest scour

hole, situated approximately 30 cm from the begin-

ning of the scour chamber. It can be observed that the

scour hole is approximately symmetrical. The maxi-

mum scour depth was determined to be

approximately 21 cm. The carved material carried

forward, forming a sand pile with a maximum height

of 24 cm. The sand pile was distributed in a crescent

shape across the width of the scour chamber.

So far, many studies have been carried out on the

scour mechanism occurring downstream in many

subjects (water jets, ski-jumps, free-fall spillways,

etc.) in order to develop a relationship to predict the

maximum scour depth. Table 4 shows some of the

empirical relationships available in the literature and

developed in this regard.

When examining the studies in Table 4, most

empirical relationships have been developed based on

ski-jump and wall jet experiments, where the effect of

aeration is either negligible or quite limited. Sui et al.

(2008) particularly highlight jet expansion, down-

stream water depth, and densimetric Froude number;
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Muzzammil and Siddiqui (2009a, 2009b) relate scour

depth more to flow power and sediment properties.

Nou et al. (2020) examine the behavior of protective

structures. A common feature of the studies in

Table 4 is that they do not include any term that

directly incorporates the reducing effect of aeration

on scouring. The empirical equation presented in this

study, however, explicitly accounts for the fact that

aeration reduces scouring depth by decreasing jet

intensity. This makes it both consistent with the

general trend in the literature and provides a more

suitable explanation for conditions where high aera-

tion is observed. In this respect, the proposed

approach is complementary to existing equations and

is expected to be applicable to data sets with similar

hydraulic structures.

Previous experimental studies have shown that

changes in the structure of the jet flow directly affect

the scour geometry. In line with this, the current

study also found that an increase in air mixing

reduces jet density and significantly decreases the

dynamic forces transferred to the jet-ground interac-

tion zone. This finding is consistent with the findings

of Xu et al. (2004), who showed that aeration reduces

jet momentum and thus decreases scour depth. Xu

et al. (2004) determined the effect of aeration by

comparing the scour holes and profiles caused by

aerated and non-aerated jets. In addition, a quantita-

tive relationship between aeration rate and scour

depth was to be established. It was stated that the

scour pit profile was mainly dependent on the scour

depth under the same bed material and tailwater

depth conditions and was affected by the air con-

centration in the test interval.

The findings obtained from this study are also

consistent with the mechanisms described in the lit-

erature. As the natural air mixture in the conduits

increased, the decrease in jet density led to a reduc-

tion in the pressure applied by the jet to the bed and,

consequently, a decrease in the maximum scour

depth. Furthermore, the increased aeration rate

caused the point of contact between the jet and the

water surface to shift to a more advanced region. This

behavior is generally consistent with the

hydrodynamic findings of Chen et al. (2022), which

revealed that the jet flow structure affects the scour

geometry. The smaller scour slope angles and more

limited scour volume observed under aerated condi-

tions are consistent with the findings of Xu et al.

(2004), who concluded that air mixing limits scour by

weakening the dynamic effect of the jet. In this

respect, the present study demonstrates the potential

of natural air intake in high-pressure conduits to

reduce scour severity and provides evidence that will

contribute to the safe design of hydraulic structures.

This study experimentally examines how different

Qa/Qw levels, governed by the gate opening of a

pressurized conduit, influence scour geometry

downstream. Unlike previous investigations that pri-

marily focused on free jets or plunge pools, the

present work evaluates the conduit gate parameters–

aeration–jet trajectory–scour response within a

experimental setup. Accordingly, the results provide

direct experimental evidence of how the natural aer-

ation level (Qa/Qw) affects both the scour depth and

geometry. It also provides a practical estimation

relationship for dsmax in pressurized channel jets.

7. Study Limitations

The results presented here are obtained from

laboratory-scale experiments performed under con-

trolled hydraulic conditions. For this reason, the

observed scour depths and jet characteristics should

be interpreted as representative physical responses

rather than direct estimates for field applications. The

experimental outcomes mainly describe how natural

aeration modifies jet behavior and scour geometry in

high-energy tailwater flows. While actual perfor-

mance may differ in prototype structures due to scale

effects and site-specific conditions, the findings help

clarify the role of air–water interaction in reducing jet

intensity and downstream erosion. From a practical

perspective, these results may assist engineers in

evaluating aeration-based approaches for energy

dissipation and scour mitigation. Further studies

considering different sediment sizes, conduit
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configurations, and extended hydraulic ranges would

help broaden the applicability of the experimental

observations.

8. Conclusion

The present study employed a comprehensive

experimental investigation to examine the effects of

channel parameters on aeration performance and

scour processes under varying gate openings, flow

rates, and downstream conditions. The results showed

that scour hole parameters decreased as the aeration

level of the jet increased. Conduit gate opening had a

pronounced influence on scour geometry, with the

maximum scour depth observed in non-aerated jets

(N-A). As the gate opening ratio decreased and the air

ratio entering the jet increased, scour depth was sig-

nificantly reduced. In non-aerated jets, both scour

depth and width increased markedly with Froude

number, whereas aerated jets exhibited a much lower

increasing trend. Non-aerated jets produced scour

slope angles as high as 35�, while aerated jets aver-

aged approximately 7�, indicating a substantial

reduction in slope under aerated conditions. In addi-

tion, the jet impact point was located closest to the

outlet in the non-aerated case, whereas increasing

gate opening shifted the impact point downstream by

approximately 50% on average. An empirical equa-

tion for maximum scour depth was obtained from the

experimental data, showing strong agreement

between measured and predicted values (R2 = 0.93).

The experiments demonstrate that natural air

mixing generated under different gate openings

affects the scouring process and can be considered

during design. Aeration shifts the jet impact point

downstream and reduces bed interaction intensity,

providing additional safety in the dimensioning of

protection structures. The tests were conducted at

laboratory scale with specific sediment conditions

and limited gate openings; therefore, studies includ-

ing different particle sizes, conduit geometries, and

wider flow ranges would broaden applicability. Field

implementation depends on site-specific sediment

properties, hydraulic conditions, and operating

regimes, and laboratory results should be interpreted

with caution and evaluated individually for each

application. In practical design, downstream protec-

tion length and tailwater depth should be selected by

considering the downstream shift of the jet impact

point and its influence on scour slope and scour

volume.
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