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Salt wedge intrusion is an important hydraulic problem in estuaries and open channels, 

where saltwater moves upstream under the freshwater layer due to the water density 

difference between them. The numerical model was first validated using laboratory 

results for a salt wedge without an air curtain. In this study, a three-dimensional, transient 

model was developed using computational fluid dynamics (CFD) to investigate the effect 

of three air diffuser angles (90°, 60°, and 30°) on the performance of an air curtain used 

to reduce salt wedge intrusion. The volume of fluid (VOF) model was used to represent 

the interaction between freshwater, saltwater, and air. In addition, the Realizable (k−ε) 

turbulence model was used to represent the turbulence effects within the computational 

domain. The finding in this study for the numerically calculated salt wedge length was 

3.62 m, compared to the laboratory value of 3.705 m, with a relative error of 2.29%. The 

results showed that the 60° diffuser angle had the best performance among the three tested 

angles at the present hydraulic and geometric conditions, especially in the initial low-

Froude operation stage. In the initial operational stage, this angle recorded the highest 

prevention efficiency (66.42%) and the shortest time required to break the saltwater 

wedge (approximately 5.5 sec). Therefore, the 60° diffuser angle can be considered the 

best-performing configuration among the three tested angles under the present study 

conditions, mainly due to its faster initial response and lower saltwater transmission 

during the initial low Frair stage. 
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1. INTRODUCTION

Saltwater intrusion is an important hydraulic and 

environmental problem in estuaries and open channels. It 

happens due to the density difference between saltwater and 

freshwater, allowing the denser saltwater to move upstream 

against the flow of freshwater near the channel bed, forming 

what is known as a salt wedge. This phenomenon is an 

environmental and hydraulic problem because it reduces 

freshwater quality, threatens drinking water and irrigation 

intakes, and affects environmental balance in estuary areas [1-

3]. The extent of the salt wedge is influenced by several factors, 

most importantly freshwater discharge, density difference, 

saltwater depth, channel slope, bed roughness, and tides in 

natural estuaries [4-7]. 

Previous studies on salt wedges have been classified into 

four categories: field, experimental, numerical, and control. 

Field studies investigating the behavior of salt intrusion 

included data collection and measurement of the salt wedge 

shape, demonstrating that river flow, bed shape, depth, and 

tides influence the propagation and shape of the salt wedge. 

Studies also showed that changes in channel geometry can 

either increase or decrease the size of the salt wedge [4, 5, 8]. 

In rivers, during periods of drought, the decrease in freshwater 

discharge can become the dominant factor influencing the 

advance of the salt wedge upstream [6, 9, 10]. 

The second category of studies consists of experimental 

studies, which are divided into two groups: the first group 

examined saltwater intrusion within open channels [2] and 

examined the effects of freshwater discharge, channel bed, 

slope, saltwater density, and saltwater depth along the length 

and shape of the salt wedge. The study showed that increasing 

freshwater discharge and channel slope lead to a reduction in 

the length of the salt wedge. In other laboratory studies 

involving the mixing of fresh and saltwater, flow instability 

and density gradients strongly influence the vertical salinity 

distribution and the location of the salt wedge [11, 12]. The 

second group investigated air curtains as a control technique 

for preventing saltwater intrusion; the study [1] investigated 

both salt wedge propagation and air curtains under laboratory 

conditions. The study concluded that hydraulic parameters 

have an effect on preventing the salt wedge from advancing. 

Nakai and Arita [13] conducted experiments to prevent salt 

intrusion propagation using an air curtain and classified the 

behavior of the salt wedge around the curtain into different 

flow patterns based on the balance between the buoyancy force 

resulting from air bubbles, the force of salt wedge intrusion, 

and the inertial force resulting from freshwater flow. Their 

study concluded that, under suitable operating conditions, an 

air curtain can prevent salt wedge propagation. 

Kahrizi et al. [14] used a double air curtain to study its effect 

in preventing salt wedge propagation. The study concluded 

International Journal of Design & Nature and Ecodynamics 
Vol. 21, No. 8, August, 2026, pp. 2381-2394 

Journal homepage: http://iieta.org/journals/ijdne 

2381

https://orcid.org/0000-0003-3446-0526
https://orcid.org/0000-0001-8868-1485
https://orcid.org/0000-0002-1075-8945
https://crossmark.crossref.org/dialog/?doi=https://doi.org/10.18280/ijdne.210819&domain=pdf


that the curtain's effectiveness depends on the saltwater 

density and freshwater discharge; these are the factors 

affecting the double curtain's performance. Lu et al. [15] 

conducted flume experiments under estuary dynamic 

conditions. The experiments show that air curtains increase 

vertical mixing and dissipate the momentum of the saltwater 

flow, thus reducing saltwater intrusion. 

In addition to field and experimental studies, analytical and 

numerical models were used to predict the length of the salt 

intrusion and the salinity distribution in the channel, including 

one-dimensional and three-dimensional models without the 

use of any curtain [9, 10, 16-19]. One such study [16], which 

is relevant to the Iraqi environment; they used an analytical 

model to predict salt intrusion in the Shatt al-Arab under 

different discharge and tidal conditions. The results showed a 

convergence between the results and the measurements. CFD 

studies have also shown that numerical models are effective in 

representing the salt wedge propagation with acceptable 

accuracy when the boundary conditions are controlled [3, 18]. 

Regarding the category of studies that addressed controlling 

or preventing the propagation of the salt wedge, some of these 

studies suggested increasing freshwater discharge, 

constructing barriers and gates, modifying the bed roughness, 

using sills, and using air curtains [20-26]. The use of air 

curtains is a promising technique, as barriers cause sediment 

accumulation and reduce navigational depth, while air curtains 

generate a column of bubbles that change the velocity and 

turbulence fields, thus preventing the advance of the salt 

wedge [13, 27, 28]. 

Previous studies have concluded that air discharge, water 

depth, density difference, and the location of the air curtain are 

factors affecting air curtain performance [13, 15, 29-31]. 

Laboratory studies have shown that an air curtain can prevent 

or reduce salt wedge propagation when the buoyancy force 

generated by the bubbles is sufficient to counteract the saline 

intrusion force [13]. 

Due to the difficulty of measuring all variables within the 

bubble zone in the laboratory or field, several studies have 

used numerical modeling to investigate the performance of the 

air curtain. One such study [32] simulated the prevention of 

salt intrusion in the Panama Canal using an air curtain; this 

study employed the ANSYS Fluent software and a mixing 

model combined with the k-ε turbulence model. The results 

showed that the air curtain reduces saline intrusion and that 

increasing the air velocity leads to increased effectiveness in 

preventing intrusion. 

Naderi et al. [33] also examined the effect of the air curtain 

in tidal river estuaries using ANSYS Fluent. The aim was to 

evaluate the effect of air pumping on reducing seawater 

advance. The study was based on the multiphase flow model 

and the k-ε model and concluded that increasing air pumping 

stops the advance of the salt wedge. 

Oldeman et al. [30] performed an advanced numerical study 

of bubble screens for the reduction of salt intrusion in sea locks. 

The Euler-Lagrange CFD model was used with salt 

equilibrium representation and density-concentration 

correlation. The objective was to optimize the bubble curtain 

design and understand the mixing. The results indicate that the 

curtain acts as a barrier between salt and fresh water initially, 

but can become a mixer when the turbulence increases or the 

curtain oscillates. 

Talebi et al. [29] studied numerically the factors affecting 

the air curtain performance, especially the effects of the 

density of saltwater and the rate of airflow. The results showed 

that increasing saltwater density reduces the curtain's 

effectiveness in preventing salt intrusion and can lead to 

circulation that promotes salt ingress behind the curtain if the 

airflow rate is insufficient. The study also indicated that an 

increase in the airflow rate improves the performance until a 

certain point, after which the effect becomes negligible. This 

study underscores the importance of evaluating efficiency not 

only in terms of reducing salt wedge intrusion but also in terms 

of the amount of saltwater passing through the curtain. 

Table 1. Comparison of selected previous studies on air-curtain control of saltwater intrusion 

Study Air Flow Diffuser Configuration Water 

Depth
Model Type Main Findings

Nakai and 

Arita [13] 

q = 0–4.17 cm²/s per 

unit width 

Bed-mounted line 

diffuser; 8-mm pipe, 0.6-

mm holes at 10-mm 

spacing 

0.156–0.162 

m
Experimental 

Adequate airflow could 

completely arrest the salt wedge; 

three characteristic flow regimes 

were identified.

Oldeman et 

al. [30] 

13–107 L/min (Frair = 

0.57–1.15) 

PVC and porous-stone 

spargers; PVC tubes 

contained 90 holes of 0.8 

mm 

0.40 m 

numerical 

liquid depth 

Euler–Lagrange 

CFD

Maximum mitigation occurred 

near (Frair = 0.91); higher airflow 

increased mixing without further 

improvement. 

Al-Fuady 

and 

Azzubaidi 

[1]

Minimum required (Q 

= 0.25–1.50) L/min 

T-shaped 8-mm pipe;

seven 1-mm holes at 10-

mm spacing 

0.09 m Experimental 

Required airflow increased 

toward the downstream saltwater 

source and depended strongly on 

diffuser location. 

Talebi et al. 

[29] 

q = 5×10−5–3×10−4 

m²/sec 

Transverse perforated 

pipe 0.44 m
Eulerian CFD, 

RNG (k−ε)

Airflow improved prevention up 

to an optimum range; increasing 

seawater density reduced curtain 

effectiveness. 

Kahrizi et al. 

[14] 

Variable; minimum 

(Qair) for complete 

control determined as 

(Qair/Qsalt)

Two linear curtains at 

0.50 and 1.00 m; five 1-

mm holes at 10-mm 

spacing 

0.23–0.25 m Experimental 

Curtains closer to the 

downstream saline source 

required more airflow; denser 

saltwater also increased airflow 

demand. 

Lu et al. [15] 0–7.5 L/min Line-type air-curtain 

device 0.25 m
Experimental, 

tidal flume

Increasing airflow reduced salt 

intrusion, but stronger tidal 

mixing reduced the relative 

effectiveness of the curtain.
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Raaghav et al. [34] studied bubble curtains in lock-

exchange flow by large eddy simulation. The study focused on 

transient dynamics in the curtain-driven regime. The results 

showed that air curtain effectiveness changes with time. 

Research on bubble columns and two-phase flow shows that 

the characteristics of the air diffuser, bubble size, and air flow 

rate control the bubble column width, induced flow velocity, 

drag, and mixing rates [35, 36]. Rising bubbles can also 

generate swirling zones on either side of the curtain; these 

vortices can be beneficial in impeding saltwater intrusion, but 

they can also cause partial salinity transfer to the freshwater 

side if the airflow is large or if the curtain's position is 

unsuitable [15, 29]. Therefore, understanding the relationship 

between the shape of the air curtain and its resulting velocity 

field is essential for improving saltwater intrusion prevention 

efficiency. The main characteristics and findings of selected 

previous studies on air-curtain control of saltwater intrusion 

are summarized in Table 1. 

Although previous studies have addressed the effects of air 

discharge, curtain location, saltwater density, channel depth, 

bubble size, and tidal conditions, the effect of the air injection 

angle has not received sufficient attention. Most studies have 

treated the air curtain as a vertical bubble barrier, while the 

possibility of improving performance by changing the diffuser 

angle has not been sufficiently investigated. This is because 

the diffuser's angle can change the momentum distribution 

between the vertical and horizontal components, affecting the 

shape of the bubble column, the recirculation area, the velocity 

field, and the turbulent kinetic energy distribution, and 

consequently, the amount of saltwater transmitted behind the 

curtain. 

The current study is a numerical evaluation of the effect of 

the air diffuser angle on the efficiency of an air curtain used to 

mitigate salt-wedge intrusion in an open-channel flume. Three 

air diffuser angles, 90°, 60°, and 30° were tested under the 

same hydraulic conditions and at a fixed curtain location. The 

curtain was positioned at a specific distance from the saltwater 

side, representing the controlled salt intrusion length or the 

design allowable length. Therefore, the comparison between 

the angles does not depend on the length of the salt intrusion, 

as this is constant due to the fixed curtain location, but rather 

on the amount of saltwater passing behind the curtain. The 

main aims of this study are to compare the hydraulic 

performance of three selected air diffuser angles (30°, 60° and 

90°) and to identify the best-performing angle among the 

tested configurations under the present operating conditions. 

2. METHODOLOGY

2.1 Explanation of the experimental model used for 

validation 

The results of the laboratory study [1] were adopted to 

validate the ability of the numerical model to simulate the 

phenomenon of salt wedge intrusion and to compare them with 

the results of the numerical modeling. This study involved 

investigating the factors affecting the behavior of the salt 

wedge within a laboratory flume under different operating 

conditions. The experiments were conducted in a 6 m long, 7.5 

cm wide, and 25 cm high flume supplied with freshwater from 

the upstream side. On the downstream side, a height-

adjustable weir was installed and used to drain the freshwater 

from the flume, while simultaneously allowing the entrance of 

saltwater through an opening in its center connected to a 

saltwater reservoir. This weir retains the saltwater at a specific 

level that represents the sea level, with the saltwater depth 

representing the measured distance from the bed of the flume 

to the top of the weir. To visually distinguish the shape of the 

salt wedge during the experiments, a small amount of 

potassium permanganate was added to the saltwater, giving it 

a distinct purple color and facilitating the observation of its 

extent and shape within the flume. 

2.2 Computational domain 

The computational field was established based on the actual 

dimensions of the laboratory flume used to validate the 

numerical model. Initially, a basic model of a flume without 

an air curtain was constructed to compare the simulation 

results with published laboratory results and to validate the 

model's ability to represent salt wedge propagation. 

The geometric model was drawn using ANSYS SpaceClaim 

software as a three-dimensional model, with the upstream side 

representing the freshwater inlet and the downstream side 

representing the saltwater inlet. The model was based on three 

phases: freshwater, saltwater, and air, to represent the 

interaction between the two water layers and the free water 

surface within the flume. 

To reduce the number of computational cells and the 

solution time, only half the flume width was used by applying 

the symmetry condition at the longitudinal half-width 

symmetry plane while maintaining the model's three-

dimensional nature. After the validation phase was completed, 

the computational field was modified by adding an air diffuser 

at the specified location to study the effect of the air injection 

angle on the air curtain's efficiency in reducing saltwater 

intrusion behind it. 

2.3 Governing equations 

The numerical model developed in this study simulates a 

three-dimensional, incompressible multiphase flow including 

air, saltwater, and freshwater phases. The transient 

formulation of the governing equations is used to track the 

propagation of the saltwater intrusion and the flow field 

resulting from air injection. The governing equations include 

the continuity equation [37], Navier-Stokes equations [37], 

and volume fraction equation [38]. The continuity equation is 

given by: 

𝜕𝜌

𝜕𝑡
+ 𝛻 ⋅ (𝜌𝑢) = 0 (1) 

where, ρ is the density (kg/m3), and u is the velocity vector 

(m/sec). Navier-Stokes equations are given by: 

𝜌 (
𝜕𝑢

𝜕𝑡
+ (𝑢 ⋅ 𝛻)𝑢) = −𝛻𝑝 + 𝜇𝛻2𝑢 + 𝜌𝑔 (2) 

where, μ is the dynamic viscosity (N∙sec/m2), p is the pressure 

(Pa), 𝑔 is gravitational acceleration (m/sec2), and t is the time 

(sec). The volume fraction transport equation in the VOF 

model is given by: 

𝜕𝛼𝑞

𝜕𝑡
+ 𝛻 ⋅ (𝛼𝑞𝑢) = 0 (3) 
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where, αq is the volume fraction of phase q, and u is the 

velocity vector. The numerical model currently utilized is a 

three-phase VOF formulation with freshwater, saltwater, and 

air. The liquid phases were defined as two different constant-

density liquids, namely freshwater and saltwater, and the gas 

phase was defined as air. This formulation was employed to 

track the macroscopic displacement and interface of the saline 

wedge and its interaction with the air curtain. The volume 

fraction of the saltwater, αs, is the fraction of the computational 

cell occupied by the saltwater. If αs = 1, the cell is filled with 

the saltwater, whereas if αs = 0, there is no saltwater. 

Intermediate values (0< αs <1) are interfacial cells and do not 

have a meaning as local salinity concentration. 

Although freshwater and saltwater are physically miscible, 

molecular salt diffusion and continuous salinity gradients were 

not explicitly resolved in the present three-phase VOF model. 

A species-transport approach coupled with a density–salinity 

relationship would be more suitable for resolving detailed 

salinity mixing. However, the objective of the present study is 

to compare the macroscopic hydrodynamic response of the salt 

wedge and bulk saltwater transmission for different air-

injection angles under identical conditions. Therefore, the 

three-phase VOF approach was retained, and the sharper 

representation of the freshwater–saltwater interface is 

acknowledged as a limitation of the present model. 

To represent the turbulent effects resulting from the 

interaction of fresh and salt water, as well as the effect of air 

injection in the case of an air curtain, the k−ε realizable 

turbulence model was used. This model was used to calculate 

the turbulent viscosity and represent the mixing and 

circulating zones generated within the flume and around the 

air curtain. k−ε realizable turbulence model [37] is given by: 

𝜕(𝜌𝑘)

𝜕𝑡
+ 𝛻 ⋅ (𝜌𝑘𝑢) = 𝛻 ⋅ [(𝜇 +

𝜇𝑡

𝜎𝑘
) 𝛻𝑘] + 𝐺𝑘 − 𝜌𝜀 (4) 

𝜕(𝜌𝜀)

𝜕𝑡
+ 𝛻 ⋅ (𝜌𝜀𝑢)

= 𝛻 ⋅ [(𝜇 +
𝜇𝑡

𝜎𝜀
) 𝛻𝜀] + 𝜌𝐶1𝑆𝜀 − 𝜌𝐶2

𝜀2

𝑘+√𝜈𝜀

(5) 

𝜇𝑡 = 𝜌𝐶𝜇
𝑘2

𝜀
(6) 

where, ρ is the fluid density, k is the turbulent kinetic energy, 

ε is the turbulent dissipation rate, u is the velocity vector, t is 

the time, μ is the molecular dynamic viscosity, and μt is the 

turbulent viscosity. Gk represents the generation of turbulent 

kinetic energy due to the mean velocity gradients, while S is 

the modulus of the mean strain-rate tensor. ν is the kinematic 

viscosity, and σk and σε are the turbulent Prandtl numbers for k 

and ε, respectively. C1, C2, and Cμ are model coefficients used 

in the realizable (k−ε) turbulence model. 

2.4 Boundary and initial conditions 

The boundary and initial conditions were defined to 

reproduce the hydraulic conditions of the laboratory flume. 

The upstream freshwater boundary was specified as a velocity 

inlet corresponding to the prescribed freshwater discharge, 

while the downstream saltwater opening was defined as a 

pressure inlet with a pressure of 1264.23 Pa. The upper open 

boundary representing the free surface exposed to the 

atmosphere and the downstream outlet above the weir were 

specified separately as pressure outlets. The air diffuser 

openings were defined independently as air velocity inlets. For 

the inclined diffuser cases, the air-injection direction was 

aligned with the corresponding diffuser orientation of 30°, 60°, 

or 90°. The flume bed and side walls were treated as stationary 

no-slip walls. Because only half of the flume width was 

modeled, a symmetry boundary condition was applied along 

the longitudinal vertical plane at the flume centerline (half-

width symmetry plane). Gravity was applied in the vertical 

direction to account for the density difference between 

freshwater and saltwater. 

2.5 Numerical solution method and mesh generation 

Numerical simulations were performed using ANSYS 

Fluent software [39]. A pressure-based solver was employed 

because the flow in this study was treated as incompressible 

flow. The simulation was also performed under transient 

conditions to represent the temporal evolution of the salt 

wedge and the air curtain flow. 

The Volume of Fluid (VOF) model was used to track the 

interface between the three phases of fluid. A discrete bubble 

diameter was not defined as an independent model input, since 

the air phase was explicitly modeled in the three-phase VOF 

formulation. The k−ε realizable turbulence model was used to 

represent turbulent momentum transport and the flow 

structures generated within the computational field, 

particularly in the freshwater-saltwater interaction region and 

around the air injection zone. 

Pressure and velocity were linked using the PISO algorithm, 

which is suitable for transient flow simulations. Pressure was 

discretized using the PRESTO scheme, while the Second-

Order Upwind scheme was used to discretize the momentum 

equations to improve the accuracy of the velocity field 

calculation. The Geo-Reconstruct scheme was used to solve 

the volume fraction equation, resulting in a sharper 

representation of the interface between the phases. A 

convergence criterion of 10⁻⁴ was applied to the solved 

equations. 

The numerical field was meshed using the meshing tools 

available in ANSYS, which gave an adequate representation 

of the flume geometry and numerical accuracy. Given the 

importance of the freshwater-saltwater interface and the air 

diffuser region in air curtain applications. The computational 

domain was discretized by a three-dimensional mesh, mainly 

consisting of tetrahedral cells. The basic model without an air 

curtain had 2,349,823 cells with a general cell size of 5 mm 

and a refined cell size of 2 mm at the saltwater inlet. In addition, 

local refinement was carried out around the diffuser and along 

the air-plume region after the introduction of the air diffuser to 

more accurately represent the strong gradients in velocity and 

phase volume fraction. The final air-curtain model contained 

2,733,251 cells. A general cell size of 5 mm was used, while 

the saltwater-inlet region was refined to 2 mm, the region 

surrounding the diffuser to 1 mm, and the diffuser openings to 

a minimum cell size of 0.2 mm. The mesh quality was assessed 

using orthogonal quality, skewness, and aspect ratio. For the 

air-curtain model, the orthogonal quality ranged from 0.17 to 

0.99, the skewness ranged from 3×10−5 to 0.82, and the aspect 

ratio ranged from 1.1 to 9.7. The transient simulations were 

performed using a time-step size of 0.01 s, with a maximum of 

20 iterations per time step. Table 2 summarizes the main 

geometric, physical, boundary condition, and numerical 

parameters used in the CFD simulations. 
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Table 2. Main geometric, physical, boundary condition, and numerical parameters used in the CFD simulations 

Category Parameter Value / Setting 

Geometry 

Flume length 6.0 m 

Flume width 0.075 m 

Flume height 0.25 m 

Air-curtain location 0.485 m from the weir 

Diffuser 

Pipe diameter 0.008 m 

Number of openings 7 

Opening diameter 0.001 m 

Opening spacing 0.010 m 

Injection angles 30°, 60°, 90° 

Hydraulic conditions 
Freshwater discharge 45.3 L/min 

Flume slope 0% 

Fluid properties 

Freshwater density 998.2 kg/m³ 

Saltwater density 1022.79 kg/m³ 

Freshwater viscosity 0.001003 Pa∙sec 

Saltwater viscosity 0.001407 Pa∙sec 

Air viscosity 1.7894 × 10-5 Pa∙sec 

Interfacial properties 
Air–water surface tension 0.072 N/m 

Freshwater–saltwater surface tension 0.00148 N/m 

Air injection 
Air injection velocity at diffuser openings 0.66, 1.32, 1.98, 2.65 m/s 

Frair 0.447, 0.563, 0.645, 0.710 

Boundary conditions 

Freshwater inlet Velocity inlet (Qf = 45.3 lit/min) 

Saltwater inlet Pressure inlet (1264.23 Pa) 

Diffuser air inlet Velocity inlet (Vair = 0.66, 1.32, 1.98, 2.65 m/s) 

Upper free surface Pressure outlet 

Outlet over the weir Pressure outlet 

Flume walls and bed No-slip wall 

Half-width plane Symmetry 

Numerical model 

Multiphase model Three-phase VOF 

Phases Freshwater, saltwater, air 

Turbulence model Realizable k–ε 

Pressure–velocity coupling PISO 

Pressure discretization PRESTO! 

Momentum discretization Second-Order Upwind 

Volume-fraction scheme Geo-Reconstruct 

Convergence criterion 10-4

Table 3. Mesh- and time-step-sensitivity assessment for the 60° configuration during t = 2–7 sec 

Case Mesh Level Number of Cells Time Step (sec) Averaged Saltwater Mass Flow Rate (kg/sec) Relative Difference (%) 

M1 Coarse 1,763,717 0.01 0.054349 — 

M2 Medium 2,733,251 0.01 0.041174 32 

M3 Fine 4,701,946 0.01 0.038378 7.29 

T1 Medium 2,733,251 0.005 0.042953 4.14 

The present study was designed as a controlled comparative 

CFD investigation aimed specifically at isolating the effect of 

air-diffuser angle. Therefore, the same mesh strategy, time-

step size, boundary conditions, turbulence model, and 

numerical schemes were applied consistently to all three 

diffuser-angle cases. The resulting comparisons are thus 

interpreted as relative differences among the tested 

configurations under identical computational and hydraulic 

conditions. 

A discretization-independence assessment was performed 

for a representative 60° air-curtain configuration using three 

progressively refined meshes and two time-step sizes. The 

coarse, medium, and fine meshes contained 1,763,717, 

2,733,251, and 4,701,946 cells, respectively. All hydraulic 

conditions, diffuser location, air-injection conditions, 

boundary conditions, and numerical schemes were kept 

unchanged during the assessment. 

The mean saltwater mass flow rate through the control plane 

during the initial operating stage, from 2 to 7 seconds, was 

used as the principal quantity for evaluating discretization 

sensitivity. The corresponding mean values were 0.054349, 

0.041174, and 0.038378 kg/sec for the coarse, medium, and 

fine meshes, respectively. The relative difference reduced 

from 32.00% (coarse to medium) to 7.29% (medium to fine). 

Indicating a clear monotonic convergence trend as the mesh 

was refined, the results are summarized in Table 3 . 

Temporal sensitivity was also assessed using the medium 

mesh by reducing the time-step size from 0.01 sec to 0.005 sec. 

The corresponding mean saltwater mass flow rates were 

0.041174 and 0.042953 kg/s, respectively, giving a relative 

difference of 4.14%. This result indicates limited sensitivity of 

the predicted saltwater transmission to further reduction of the 

time-step size. 

Based on these comparisons, the medium mesh and a time-

step size of 0.01 sec were retained for the production 

simulations as a practical balance between numerical 

resolution and computational cost. 

2.6 Model validation 

The numerical model was validated by comparing the 

numerical simulation results with the laboratory results 
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published by research [1]. For this purpose, a basic model was 

run without the use of an air curtain, under the same hydraulic 

conditions used in the laboratory experiment. The freshwater 

discharge for the laboratory experiment used in this study was 

45.3 lit/min, the saltwater pressure was 1264.23 Pa, the flume 

slope was 0%, and the saltwater density was 1022.79 kg/m3. 

Validation was performed by comparing the shape and length 

of the salt wedge generated by the CFD model with the 

corresponding laboratory values and observations. 

The length of the salt wedge in the numerical model was 

measured from the saltwater inlet at the downstream end to the 

salt wedge upstream. To calculate the accuracy of the model, 

the agreement between the numerical and laboratory results 

was calculated using relative error (RE), root mean square 

error (RMSE), and skill score (SS). The RE equation [40] is 

given by: 

𝑅𝐸 = |
𝑥𝑒𝑥𝑝.−𝑥𝑛𝑢𝑚.

𝑥𝑒𝑥𝑝.
| × 100 (7) 

RMSE equation [41] is given by: 

𝑅𝑀𝑆𝐸 = √∑ ((𝑥𝑛𝑢𝑚.)𝑖−(𝑥𝑒𝑥𝑝.)𝑖)
2𝑛

𝑖=1

𝑛
(8) 

SS equation [18] is given by: 

𝑆𝑆 = 1 −
∑ ((𝑥𝑛𝑢𝑚.)𝑖−(𝑥𝑒𝑥𝑝.)𝑖)

2𝑛
𝑖=1

∑ ((𝑥𝑒𝑥𝑝.)𝑖−𝑥𝑒𝑥𝑝.̅̅ ̅̅ ̅̅ ̅)
2𝑛

𝑖=1

(9) 

where, xexp. is the experimental value, and xnum. is the 

numerical value. The interpretation of the skill score is 

excellent when SS > 0.65, very good when SS is between 0.5 

and 0.65, good when SS is between 0.2 and 0.5, and poor when 

SS < 0.2. 

2.7 Simulation cases 

The validated CFD model was used after the numerical 

model validation to investigate the effect of the air diffuser 

angle on the air curtain performance and its capability to 

reduce the saltwater intrusion behind it. The three air diffuser 

angles considered were 90°, 60°, and 30°, with 30° as the 

nearest angle to the flume bed and 90° as the upward angle. 

The air curtain was positioned 48.5 cm from the weir, while 

the flume dimensions, freshwater discharge, saltwater density, 

flume slope, and numerical solution settings were kept 

constant for all simulation cases. 

The intensity of air injection was expressed as the air Froude 

number (Frair), which is a dimensionless measure of the 

momentum provided by the air curtain to the restoring effect 

of the difference in density between freshwater and saltwater. 

The air Froude number was computed as: 

𝐹𝑟𝑎𝑖𝑟 =
(𝑔𝑞𝑎𝑖𝑟)1/3

√𝑔′ 𝐻
(10) 

𝑔′ = 𝑔 (
𝜌𝑠−𝜌𝑓

𝜌𝑓
) (11) 

where, g is the gravitational acceleration (m/s2), qair is the 

airflow rate per unit diffuser width (m2/sec), H is the water 

depth (m), g′ is the reduced gravitational acceleration (m/s2), 

ρs and ρf are the saltwater and freshwater densities (kg/m3), 

respectively. 

The purpose of keeping all hydraulic and engineering 

parameters constant was to isolate the effect of the air injection 

angle alone on the flow structure and saltwater intrusion 

control efficiency. Therefore, the comparison between the 

studied cases is based on the amount of saltwater intruded 

behind the air curtain across a defined measurement level. This 

criterion is more appropriate for evaluating the performance of 

the air curtain in this study, because the curtain's position was 

fixed and represented the allowable limit or design position for 

controlling the advance of the salt wedge. 

2.8 Efficiency evaluation criterion 

The performance of the air curtain was evaluated based on 

the amount of saltwater transmitted behind the curtain through 

a specific measuring plane located behind the air injection 

location, and the air curtain's position was constant in all 

simulation cases. To evaluate the efficiency of preventing 

saltwater transfer through the plane, the saltwater flow rate 

behind the curtain was used as the primary criterion for 

comparing different air diffuser angles. To determine the flow 

rate of saltwater passing through the plane behind the curtain, 

the following equation was used: 

𝑚𝑠 = ∫ 𝜌𝑠𝛼𝑠(𝑢. 𝑛)𝑑𝐴
 

𝐴 (12) 

where, ms is the saltwater mass flow rate behind the air curtain 

(kg/s), ρs is saltwater density (kg/m3), αs is saltwater volume 

fraction, u is the velocity vector (m/s), n is the unit normal 

vector to the control plane, and A is the area of the control 

plane (m2).  

Since the flow in the present study is transient, the mean 

saltwater mass flow rate was used to evaluate the air-curtain 

performance. The reference baseline (ms,b) was obtained from 

the basic model without an air curtain through the same control 

plane used for the air-curtain cases. After the salt wedge 

reached a quasi-steady condition, the mean saltwater mass 

flow rate through this plane was 0.122623 kg/s, which was 

adopted as the reference value for the prevention efficiency 

calculation. The prevention efficiency was calculated using 

the following equation: 

𝐸% = (
𝑚𝑠,𝑏−𝑚𝑠,𝑖

𝑚𝑠,𝑏
) × 100 (13) 

where, ms,i is the saltwater mass flow rate behind the air curtain 

at a specific diffuser angle i (kg/s), and ms,b is the reference 

mean saltwater mass flow rate through the same control plane 

in the basic model without an air curtain (kg/s). The closer E 

is to 100%, the greater the reduction in saltwater transmission 

through the control plane. 

The salt-wedge breakup time was determined directly from 

the temporal saltwater mass flow rate curves at the control 

plane. To avoid identifying short-lived flow fluctuations as 

breakup, an objective persistence criterion was adopted. 

Breakup was defined as the first time at which the saltwater 

mass flow rate decreased to 1% or less of the reference no-

curtain saltwater mass flow rate through the control plane and 

remained below this threshold for at least 2 sec. With ms,b = 

0.122623 kg/s, the corresponding threshold was 

approximately 1.23×10-3 kg/s. This criterion was applied 

consistently to all three diffuser angle cases. 
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2.9 Quantitative determination of recirculation-zone 

dimensions 

The recirculation zone was quantified using the streamwise 

velocity component, ux, the recirculation zone was quantified 

using the streamwise velocity component. The main 

recirculation region was defined as the connected region in 

which the streamwise velocity was negative (ux < 0), while its 

boundary was identified by the zero-streamwise-velocity 

condition (ux = 0). Streamwise velocity profiles were extracted 

in CFD-Post at several vertical elevations above the flume bed. 

For each profile, the locations at which the velocity changed 

sign were determined by linear interpolation between two 

adjacent points having opposite velocity signs. The zero-

crossing location was calculated as 

𝑋0 = 𝑋1 − 𝑢1
𝑋2−𝑋1

𝑢2−𝑢1
(14) 

where, X1 and X2 are two adjacent streamwise coordinates and 

u1 and u2 are their corresponding streamwise velocity 

components, with u1u2 < 0. For each elevation, the local 

streamwise extent of the connected negative-velocity region 

was calculated as: 

𝐿𝑟(Y) = 𝑋𝑅 − 𝑋𝐿 (15) 

where, XL and XR are the upstream and downstream zero-

velocity crossings bounding the main recirculation region. The 

maximum streamwise extent was then obtained as: 

𝐿𝑟 = 𝑚𝑎𝑥[𝐿𝑟(𝑌)] (16) 

Because the main recirculation region was attached to the 

lower flow region near the bed, its maximum vertical extent, 

Hr, was determined from the highest elevation at which the 

connected negative-streamwise-velocity region remained 

present. The upper boundary was therefore bracketed between 

the highest profile showing reverse flow and the next profile 

at which the streamwise velocity became positive throughout 

the corresponding region. Small isolated negative-velocity 

pockets that were not spatially connected to the main 

recirculation region were excluded. Considering the local 

mesh resolution of approximately 5 mm, the final dimensions 

were reported using meaningful significant digits to avoid 

implying numerical precision finer than the computational grid. 

3. RESULTS and DISCUSSION

3.1 Model validation results 

Before investigating the effect of the diffuser angle, the 

basic model was first simulated in ANSYS Fluent software 

without the use of an air curtain to represent the development 

of the salt wedge within the flume. Figure 1 shows the actual 

laboratory model used in the experimental study, illustrating 

the extension of the colored salt wedge within the flume. 

Figures 2 and 3 show the contour of the saltwater volume 

fraction generated by the basic numerical model. The figures 

show the formation of a wedge-shaped saltwater layer near the 

flume bed, with a gradual increase in the thickness of the salt 

wedge downstream. 

The numerical model was validated using the basic case 

without an air curtain. The resulting salt wedge profile from 

the numerical simulation was compared with the 

corresponding laboratory profile under the same hydraulic 

conditions, as shown in Figure 4. The comparison showed that 

the CFD model accurately represented the overall shape and 

position of the salt wedge. 

Figure 1. Salt wedge propagation case study in laboratory 

Figure 2. Saltwater volume fraction of the basic numerical 

model without air curtain 

Figure 3. 3D saltwater volume fraction of the basic 

numerical model without air curtain 

Figure 4. Comparison between the numerical and 

experimental salt wedge profiles for the validation basic 

model 

The numerically calculated length of the salt wedge was 

3.62 m, while the laboratory-measured length was 3.705 m, 

resulting in a relative error of 2.29%, and the absolute 

difference for the salt wedge length was 0.085 m, indicating 

good agreement between the numerical and experimental 

results. For the height along the salt wedge, the relative error 

was 10.84%, the RMSE for the salt wedge height was 0.005 

m, and the skill factor was 0.96, indicating excellent 
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agreement between the numerical and laboratory results. 

Therefore, the numerical model can be adopted as a suitable 

model for simulating the intrusion of the salt wedge into the 

flume, and then used to study the effect of the air diffuser angle 

on the performance of the air curtain. 

3.2 Reference saltwater flow rate 

The basic numerical model without an air curtain was used 

to determine the reference saltwater mass flow rate for the 

prevention-efficiency calculations. The saltwater mass flow 

rate was extracted through the same control plane used for the 

air-curtain cases, providing a consistent basis for evaluating 

saltwater transmission under controlled and uncontrolled 

conditions. 

In Figure 5, the variation of the saltwater mass flow rate 

through the control plane with time for the basic model 

without an air curtain is shown. The development of the salt 

wedge caused transient fluctuations in the flow rate, as the 

saltwater front moved down the flume. As the salt wedge 

developed fully, the saltwater mass flow rate through the 

control plane approached a quasi-steady condition. The 

average mass flow rate of saltwater during this quasi-steady 

period was 0.122623 kg/s, and this value was used as the 

reference baseline to calculate the prevention efficiency. 

Using the reference value from the same control-plane 

location ensures that the calculated prevention efficiency 

corresponds to the reduction in transmission of saltwater 

caused by the air curtain relative to the corresponding no-

curtain condition. 

Figure 5. Time-based variation of saltwater mass flow rate 

through the control plane for the basic model without air 

curtain 

3.3 Effect of air diffuser angle on saltwater transmission 

After completing the validation of the basic model for salt 

wedge intrusion, an air curtain was added to the numerical 

model in ANSYS Fluent to study the effect of the diffuser 

angle on the amount of saltwater flow rate behind the curtain. 

The diffuser was located at a distance of 48.5 cm from the 

weir, and three air injection angles were tested: 90°, 60°, and 

30°. Before quantitatively comparing the angles, a qualitative 

comparison was performed for the 90° angle at time t = 18.5 s 

between the numerical simulation results and the 

corresponding laboratory observation, as shown in Figure 6. 

This comparison showed that the numerical model could 

reproduce the main features of the air curtain flow, such as the 

upward motion of the bubble column and the turbulence of the 

saltwater layer close to the diffuser. 

In addition to the qualitative comparison shown in Figure 6, 

a quantitative comparison was performed using the minimum 

airflow required to prevent salt-wedge propagation at the same 

diffuser location. In the experimental study [2], the minimum 

air discharge required for prevention was correlated with the 

diffuser location as Qa,min = 11.14x−0.66, where Qa is the air 

discharge rate in L/min and x is the distance from the weir in 

cm. At the diffuser location used in the present study (x = 48.5

cm), this relation gives a minimum required airflow of

approximately 0.86 L/min, which is close to the

experimentally applied value of 0.875 L/min. In the numerical

model, an airflow of approximately 0.874 L/min (Frair ≈ 0.71)

produced nearly complete prevention, with a prevention

efficiency of approximately 99.92%. Thus, the numerical

model reproduced the experimentally observed airflow level

required to suppress salt-wedge propagation at the selected

curtain location.

Figure 6. Qualitative comparison between the computational 

fluid dynamics (CFD) result and laboratory observation for 

the 90° air curtain case at t = 18.5 s 

To measure the amount of saltwater passing behind the air 

curtain, a control plane was established behind the diffuser 

location, as shown in Figure 7. From this plane, the mass flow 

rate of the saltwater was extracted from transient CFD results. 

This approach allowed for the evaluation of each angle's 

performance based on the actual amount of saltwater 

transmitted behind the curtain. 

Figure 7. Location of the control plane used to calculate 

saltwater mass flow rate behind the air curtain 

The air curtain was operated using a prescribed stepwise 

airflow schedule that was identical for all three diffuser angles. 

Air injection started at t = 2 s, and the air Froude number was 

successively increased through four operating stages: Frair = 

0.447 during 2–7 sec, Frair = 0.563 during 7–12 sec, Frair = 

0.645 during 12–17 sec, and Frair = 0.710 during 17–25 sec. 

Because airflow intensity and elapsed time increased 
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simultaneously, the present simulations do not independently 

separate the effects of airflow magnitude from the transient 

start-up response. Therefore, the stage-by-stage results are 

interpreted primarily as the transient response of the different 

diffuser angles under the same prescribed airflow schedule, as 

shown in Figure 8. This division helps in studying the time 

response of the air curtain and determining how rapidly each 

angle reduces saltwater transmission during the early and late 

operational stages. 

Figure 8. Air Froude number (Frair) for the four operating 

time intervals of the air curtain 

The mass flow rate of saltwater passing through the control 

plane behind the curtain was calculated for three air diffuser 

angles: 90°, 60°, and 30°, as shown in Figures 9, 10 and 11, 

respectively. The results showed that the air curtain reduced 

the saltwater flow behind it at all tested angles, but the 

magnitude of the reduction and the response speed varied with 

the air diffuser angle. 

Figure 9. Temporal variation of saltwater mass flow rate 

through the control plane for the 90° diffuser angles 

Figure 10. Temporal variation of saltwater mass flow rate 

through the control plane for the 60° diffuser angles 

In the initial stage of air curtain operation, the 60° angle, as 

shown in Figure 10, exhibited the best performance compared 

to the other two angles, resulting in the smallest amount of 

saltwater moving behind the curtain. This indicates that 

injecting air at the 60° angle generated a more efficient flow 

structure for lifting and disturbing the saltwater layer before it 

crossed the control plane. In the 90° case (Figure 9), the bubble 

column was mainly directed upward, which helped lift the 

saltwater, but it did not generate sufficient horizontal 

resistance during the initial stage. In contrast, the 30° angle in 

Figure 11 exhibited a higher saltwater transmission at the 

beginning of the simulation. This is attributed to the increased 

horizontal component of the injection and the resulting 

unstable circulation, which allows some saltwater to pass 

behind the curtain. 

Figure 11. Temporal variation of saltwater mass flow rate 

through the control plane for the 30° diffuser angles 

The temporal saltwater flow rate curves show that the 60° 

angle reached a lower level of saltwater transmission more 

quickly than the other angles. But during the critical initial 

period of operation of the air curtain, the 60° angle responded 

faster and more efficiently. After stabilization of the flow, all 

three angles showed reduced saltwater transmission. 

3.4 Saltwater mass flow rate and prevention efficiency 

The performance of the air curtain was evaluated using the 

saltwater mass flow rate through the control plane as the 

primary raw quantity and the prevention efficiency (E) as the 

normalized performance indicator. The values obtained for all 

diffuser angles and operating stages are summarized in Table 

4. 

Figure 12 shows the variation of prevention efficiency with 

Frair for the three diffuser angles (90°, 60°, and 30°). In general, 

as Frair increased, the amount of saltwater transmitted behind 

the curtain decreased, and the prevention efficiency increased. 

Figure 12. Variation of prevention efficiency (E) with air 

Froude number (Frair) for the three diffuser angles 
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Table 4. Saltwater mass flow rate and prevention efficiency for the tested diffuser angles at different air Froude numbers (Frair) 

Stage 
Time Interval 

(sec) 
Frair 

Diffuser 

Angle 

Time-Averaged Saltwater Mass Flow Rate (ms,i, 

kg/s) 

Prevention Efficiency 

(E, %) 

1 2–7 0.447 90° 0.055812 54.48 

1 2–7 0.447 60° 0.041174 66.42 

1 2–7 0.447 30° 0.073557 40.01 

2 7–12 0.563 90° 0.002299 98.13 

2 7–12 0.563 60° 0.000122 99.90 

2 7–12 0.563 30° 0.012261 90.00 

3 12–17 0.645 90° 0.000281 99.77 

3 12–17 0.645 60° 0.000033 99.97 

3 12–17 0.645 30° 0.000032 99.97 

4 17–25 0.71 90° 0.000096 99.92 

4 17–25 0.71 60° 0.000067 99.95 

4 17–25 0.71 30° 0.000417 99.66 

The results indicated that the best results were achieved 

when the air curtain angle was 60° at the initial values of Frair, 

which is the critical stage that is the beginning of the response 

of the air curtain to the salt wedge propagation. The prevention 

efficiency was 54.48%, 66.42%, and 40.01% at the 90°, 60°, 

and 30° angles, respectively.  

The 60° angle resulted in the least amount of saltwater 

passing behind the curtain during the initial injection stage, 

while the 30° angle demonstrated the highest relative saltwater 

transfer. As Frair increased in the following injection stages, 

the prevention efficiency increased for all three diffuser 

angles. 

In the second stage, the prevention efficiency reached 

98.13% at 90°, 99.90% at 60°, and 90.00% at 30°. This 

indicates that the 60° angle achieved perfect prevention at a 

relatively low Frair value and faster than the other two angles. 

At higher Frair values, the prevention efficiency for all three 

diffuser angles approached 100%, indicating very low 

saltwater transmission through the control plane. This 

indicates that increasing the air injection intensity further 

reduces saltwater transmission. 

It should be noted that the observed improvement across 

successive stages cannot be attributed exclusively to 

increasing Frair, because the airflow was increased 

progressively with elapsed simulation time. The comparison 

among diffuser angles, however, remains consistent because 

all three configurations were subjected to the same airflow 

schedule and were evaluated at the same operating stages. The 

clearest distinction among the tested angles occurred during 

the initial low Frair stage, whereas the differences became 

progressively smaller as the air curtain developed and the 

prevention efficiency approached 100%. 

Although all angles performed better at higher Frair values, 

the 60° angle remained the best in terms of initial response, 

achieving the highest prevention efficiency value at the lower 

Frair. This is attributed to the fact that this angle provides a 

suitable balance between the vertical and horizontal 

components of air momentum; the vertical component helps to 

lift the saltwater layer, while the horizontal component 

contributes to creating a resistance zone against the 

propagation of the salt wedge. Therefore, the 60° diffuser 

configuration among the three diffuser angles tested exhibited 

the most desirable performance under the present conditions, 

especially during the initial low air Froude number (Frair) stage. 

With higher Froude numbers, the differences between the 

three angles became smaller as all configurations neared 

complete prevention. 

3.5 Flow structure and physical interpretation 

The transient response of the air curtain was also evaluated 

using the salt-wedge breakup time, tb. Based on the criterion 

defined in Section 2.8 and the temporal mass  flow rate curves 

shown in Figures 9–11, the salt-wedge breakup times were 

approximately 12.5 s, 5.5 s, and 8 s for the 90°, 60°, and 30° 

diffuser angles, respectively. Although short-lived reductions 

in saltwater mass flow occurred at earlier times in some cases, 

these were not classified as breakup because the flow 

subsequently increased above the prescribed threshold are 

shown in Figure 13. This indicates that the 60° angle not only 

resulted in the lowest saltwater movement behind the curtain 

but also was the fastest in weakening the stable structure of the 

salt wedge. 

These results indicate that the 60° configuration provides a 

favorable balance between the vertical lift generated by the 

bubble column and the horizontal modification of the flow 

opposing salt-wedge propagation. Therefore, the combination 

of a shorter time required to break the saltwater, reduced 

saltwater flow, and higher prevention efficiency supports the 

selection of an angle of 60° as the best performance between 

the three tested diffuser angles in the studied cases.  

Figure 13. Time required to break the saltwater wedge: (a) 

90° air diffuser angle (breakup = 12.5 s), (b) 60° air diffuser 

angle (breakup = 5.5 s), and (c) 30° air diffuser angle 

(breakup = 8 s) 

Figure 14 shows the longitudinal velocity (u) profile with 

dimensionless depth (Y/H) at the measurement plane 2 located 
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in front of the air curtain, for angles 90°, 60°, and 30° at (Frair 

= 0.71037). Depending on the longitudinal axis used in the 

model, negative velocity values represent flow in the direction 

of the salt wedge advance from the saltwater inlet towards the 

freshwater side, while positive values represent flow in the 

opposite direction to the salt front's advance. Therefore, the 

distribution of positive and negative values with depth 

provides an important indication of the nature of the 

interaction between the saltwater front and the flow field 

generated in front of the air curtain. 

Figure 14. Velocity profile u with dimensionless depth (Y/H) 

at the measurement plane in front of the air curtain for the 

90°, 60°, and 30° diffuser angles at Frair = 0.71037 

For the 30° diffuser angle, Figure 14 shows that the velocity 

is clearly negative at the lower depth, particularly near the bed, 

and then gradually becomes positive in the upper layers. This 

means that the movement near the bed, the main area of salt 

wedge propagates, remains in the direction of the saltwater 

front's advance. Although positive values appear in the upper 

part of the depth, this opposing movement is not concentrated 

in the most hydraulically important region, i.e., near the 

bottom. Therefore, a 30° angle does not generate sufficient 

effective resistance at the underlying saltwater wedge layer, 

which explains its weak ability to break the saltwater front 

early and the higher volume of saline transported behind the 

curtain compared to other cases. 

At a 90° angle, however, it exhibits a different velocity 

distribution. Values are positive near the bed, then a negative 

region appears in the middle of the depth, before the velocity 

returns to higher positive values in the upper layers. The 

positive values near the bed indicate a movement opposing the 

salt wedge propagation in the lower region, representing a 

resistive effect against the salt front's movement. However, the 

presence of a negative region in the middle of the depth means 

the development of a vertical rotation cell due to the upward 

movement of the bubble column. This behavior shows that 

vertical injection mainly depends on vertical uplift and local 

mixing, circulating some of the saltwater within the depth 

rather than creating an inclined, extended hydrodynamic 

barrier. Thus, a 90° angle can weaken the salt wedge, but 

might allow the transfer or circulation of some of the saltwater 

movement within the middle layers. 

In the case of a 60° angle, the velocity is observed to be 

close to zero or slightly positive near the bed, then a negative 

zone appears in the lower to middle depths before becoming 

increasingly positive in the upper layers. This distribution 

indicates that the saltwater front is not entirely confined to the 

bed as in the case of a 30° angle, but rather some of its 

movement is lifted towards higher layers due to the inclined 

injection effect. Simultaneously, the large positive values in 

the upper layers suggest a strong opposing movement or a 

reorganization of the flow above the reaction zone. Thus, a 60° 

angle generates a more balanced flow structure, combining the 

uplift of the saltwater front from the bed region with the 

formation of a turbulent reaction zone in the lower-middle 

region, along with upward movement that helps redistribute 

the flow and reduce the continued advance of the salt wedge. 

In general, Figure 14 shows that a 30° angle allows for 

continued negative movement near the bed, i.e., in the 

direction of the saltwater wedge propagation, making it the 

least effective at controlling the saltwater front. A 90° angle 

generates resistance near the bed but is associated with 

localized vertical rotation that may transfer some of the 

saltwater movement to the middle layers. In contrast, a 60° 

angle provides a good velocity distribution because it does not 

leave the negative movement concentrated at the bed but rather 

helps to uplift the reaction zone while generating strong 

positive movement in the upper layers. This explains the 

superiority of the 60° angle in reducing saltwater transfer and 

achieving a shorter saltwater front breaking time compared to 

the 90° and 30° angles.  

Figure 15. Turbulent kinetic energy (k) profile with 

dimensionless depth (Y/H) at the measurement plane in front 

of the air curtain for the 90°, 60°, and 30° diffuser angles at 

Frair = 0.71037 

Figure 15 shows the turbulent kinetic energy (k) profiles 

with dimensionless depth (Y/H) at the measurement plane in 

front of the air curtain for the 90°, 60°, and 30° diffuser angles 

at Frair = 0.71037. The profiles show that the diffuser angle 

affects both the magnitude and vertical distribution of 

turbulent kinetic energy. For the 30° configuration, the highest 

k values occur very close to the bed, approximately within Y/H 

= 0−0.10, followed by a rapid decrease with increasing depth, 

indicating that the strongest turbulent activity is concentrated 

within a relatively narrow near-bed region. For the 60° 

configuration, a noticeable local increase in k occurs within 

the lower part of the water column, approximately at Y/H = 

0.15−0.30, after which the values generally decrease toward 

the upper layers. In contrast, the 90° configuration maintains 

comparatively higher k values over a broader vertical region, 

particularly around Y/H = 0.20−0.40, indicating a wider 

vertical distribution of turbulent activity. Therefore, although 

the 60° diffuser does not produce the highest turbulent kinetic 

energy, its k profile indicates that turbulent activity is 
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maintained within the lower part of the water column. This 

suggests that the improved salt-wedge control observed at 60° 

is associated with the distribution of turbulent kinetic energy 

rather than with its maximum magnitude alone. 

Figure 16. Comparison of the recirculation-zone extent 

upstream of the air curtain for diffuser angles of (a) 90°, (b) 

60°, and (c) 30° 

Figure 16 shows the recirculation structures generated in 

front of the air curtain for the three diffuser angles. The 

recirculation-zone dimensions were quantitatively determined 

from the streamwise velocity profiles using the criterion 

described in Section 2.9. The main recirculation region was 

defined as the connected region in which the streamwise 

velocity component was negative (ux < 0), with its boundaries 

identified by the zero-streamwise-velocity locations (ux = 0). 

The quantitative analysis showed that the 60° configuration 

produced the largest streamwise recirculation extent, with Lr = 

0.26 m, followed closely by the 30° configuration with Lr = 

0.25 m, whereas the 90° configuration produced Lr = 0.22 m. 

In contrast, the maximum vertical extent was greatest for the 

90° configuration, with Hr = 0.10 m, followed by the 30° 

configuration with Hr = 0.08 m and the 60° configuration with 

Hr = 0.06 m. 

These results indicate that the diffuser angle affects the 

geometry and spatial development of the recirculation 

structure. The 60° configuration promoted the greatest 

streamwise extension of the reverse-flow region, while the 90° 

configuration produced the greatest vertical development. 

These differences indicate that the orientation of the diffuser 

affects the distribution of the recirculating flow in both the 

longitudinal and vertical directions. Therefore, the 

recirculation characteristics should be interpreted together 

with the saltwater mass-flow rate, prevention efficiency, 

breakup time, velocity distribution, and turbulent kinetic 

energy when evaluating the overall hydraulic performance of 

the air curtain. 

3.6 Comparative assessment of the tested air diffuser 

angles 

The best air diffuser angle was determined by combining 

quantitative performance indicators with hydrodynamic 

analysis of the flow structure around the air curtain. The 

comparison included the saltwater mass flow rate behind the 

curtain, the prevention efficiency (E), the salt wedge breaking 

time, the velocity profile, the turbulent kinetic energy  profile, 

and the extent of the recirculation zone generated in front of 

the curtain. Since all cases were studied under the same 

hydraulic conditions, the same curtain location, and the same 

range of air diffusers, the difference in performance is mainly 

attributed to the effect of the air diffuser angle. 

The results showed the 60° configuration had the best 

performance among the three angles tested under the present 

conditions, with the most obvious advantage in the initial low-

Frair stage; the prevention efficiency of this angle was 66.42%, 

while for 90° it was 54.48%, and for 30°, it was 40.01%. The 

60° angle also had the lowest time-averaged saltwater mass 

flow rate, which means less saltwater could pass behind the air 

curtain during the first critical stage of operation. In addition, 

this angle had the shortest time to break the saltwater wedge, 

about 5.5 s, versus 12.5 s for the 90° angle and 8 s for the 30° 

angle. These numerical results indicate that the 60° 

configuration provided the strongest overall initial response 

among the three tested angles under the present conditions. 

The superiority of the 60° angle can be explained by the 

momentum distribution generated by the air injection. Inclined 

injection at this angle provides a vertical component that helps 

lift and disperse the saltwater layer, while simultaneously 

providing a suitable horizontal component that influences the 

approach flow in front of the air curtain and increases the 

interaction of the bubble column with the salt wedge. The 

velocity profile showed that this angle generated favorable 

flow redistribution in front of the curtain, while the turbulent 

kinetic energy (k) profile showed that turbulent activity was 

maintained within the lower part of the water column. 

Although the 60° configuration did not produce the highest k 

magnitude, its turbulence distribution occurred within the 

region directly associated with salt wedge propagation. 

In contrast, a 90° angle was more dependent on vertical lift 

and localized mixing resulting from the upward movement of 

the bubble column. Although this mechanism contributed to 

weakening the saline front, its effect was more localized 

around the diffuser and less extended towards the salt wedge 

propagation. The 30° configuration produced high but strongly 

localized turbulent kinetic energy near the bed, followed by a 

rapid reduction with increasing depth. Therefore, its lower 

overall salt-wedge control performance cannot be attributed 

simply to insufficient turbulence magnitude, but rather to 

localized turbulent activity and the different spatial 

development of the recirculation structure.  Based on these 

results, a 60° angle can be considered the best performance 

among the three tested for the air curtain under the present 

hydraulic conditions, particularly during the initial low Frair 

stage. This performance was associated with a favorable 

balance between vertical lift, horizontal flow modification, 

turbulence generation, and recirculation development. 

Therefore, the 60° configuration presented the best 
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performance among the three diffuser angles studied under the 

present hydraulic conditions. 

4. CONCLUSIONS

A transient three-dimensional numerical model based on the 

VOF method was developed to evaluate the effect of air-

diffuser inclination on air-curtain control of salt-wedge 

intrusion in an open channel. The model was validated against 

published laboratory measurements obtained without an air 

curtain. The predicted salt-wedge length was 3.62 m, 

compared with the experimental value of 3.705 m, 

corresponding to an absolute difference of 0.085 m and a 

relative error of 2.29%. The comparison of the longitudinal 

salt wedge profile yielded a relative error of 10.84%, an RMSE 

of 0.005 m, and a skill score of approximately 0.96, 

demonstrating that the model reproduced the principal 

characteristics of salt-wedge intrusion with acceptable 

accuracy. 

The air curtain reduced saltwater transmission at all three 

diffuser angles, while clear numerical differences in 

performance were observed among the tested injection 

directions, particularly during the initial operating stage. The 

first prevention efficiency was maximum for the 60° diffuser 

with 66.4% against 54.48% and 40.01% for the 90° and 30° 

diffusers, respectively. The lowest salt transmission was also 

obtained, and the shortest salt wedge breakup time was about 

5.5 seconds, compared with 12.5 s at 90° and 8 s at 30°. 

The hydrodynamic results further showed that the diffuser 

angle produced distinct distributions of turbulent kinetic 

energy within the water column. The 30° configuration 

generated the highest localized k values very close to the bed, 

whereas the 90° configuration maintained turbulent activity 

over a broader vertical region. The 60° configuration did not 

exhibit the highest k magnitude but maintained turbulent 

activity within the lower part of the water column while also 

producing favorable flow redistribution and the largest 

streamwise recirculation extent among the three tested 

configurations. 

These findings indicate that air-curtain performance is 

governed not by the maximum turbulent kinetic energy alone, 

but by its spatial distribution together with the associated flow 

and recirculation structure. The findings presented here are 

limited to the laboratory-scale geometry and hydraulic 

conditions investigated, i.e., the 6 m long flume, the fixed 

freshwater discharge, the saltwater density, the diffuser 

location, and the three diffuser angles tested. The present 

simulations do not take into account tidal forcing, variable 

freshwater discharge, bed roughness, sediment transport, and 

field-scale estuarine geometry. Thus, the results should not be 

directly extrapolated to natural estuaries without further 

investigation. Application of the proposed air-curtain 

configuration at larger scales requires appropriate scale 

analysis, additional laboratory confirmation, and numerical 

simulations covering a wider range of hydraulic and geometric 

conditions. 
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