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Abstract 7 

The mean flow and turbulent characteristics of oscillating jets in the current environment are investigated 8 

using a three-dimensional large eddy simulation (LES) model. The effect of dimensionless parameters on 9 

oscillating jets is analyzed. Moreover, the mean flow velocity distributions of the downstream sections in the 10 

oscillating jet in the current environment and wave-current coexisting environment are compared. The results 11 

show that increasing the jet-current velocity ratio (Rjc) and the amplitude-jet velocity ratio (Raj) can significantly 12 

increase the impact height and spreading range of the jet column, reduce its bending degree, and increase 13 

turbulence intensity, whereas the Strouhal number (St) has a minimal effect on the motion of the oscillating jet. 14 

Oscillating jets in a current environment and non-oscillating jets in a wave-current coexisting environment exhibit 15 

similar flow characteristics and mean velocity distributions, particularly when Raj/Rwc is small, but the 16 

inconsistency in the range of action leads to stronger vertical penetration of the oscillating jets. This study reveals 17 

that the oscillating jet has a positive effect on mixing and dilution. 18 
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Nomenclature 

CVP counter-rotating vortex pairs 



d pipe diameter 

LES large eddy simulation 

PIV particle image velocimetry 

Raj amplitude-jet velocity ratio 

Rjc jet-to-current velocity ratio 

Rwc amplitude-to-current velocity ratio 

SEM synthetic eddy method 

St Strouhal number 

T oscillation/wave period  

u0  current velocity  

uw wave amplitude  

w0 jet mean velocity (oscillating jet in a current environment) 

jet initial velocity (non-oscillating jet) 

wA oscillating jet amplitude  

x horizontal distance from the center of the jet exit  

y transverse distance from the center of the jet exit  

z vertical distance from the center of the jet exit  

 23 

1. Introduction 24 

In recent years, with the rapid development of the global economy, a considerable quantity of domestic 25 

sewage, industrial wastewater, and other pollutants have been discharged into the ocean worldwide. The pollutants 26 

in the discharged wastewater will lead to the lowering of the quality of seawater, the aggravation of eutrophication, 27 

and the threat to the reproduction and growth of marine organisms, which seriously affects the ecological structure 28 

of the oceans and the quality of the environment. Jet discharge is the predominant method for introducing sewage 29 

from rivers into the sea. It is extensively employed in the disposal of treated wastewater, thermal and nuclear 30 

power plant thermal effluents, and concentrated brine from seawater desalination plants. The dilution and 31 

diffusion process of pollutants in the jet discharge process is divided into two stages: initial dilution and 32 

subsequent diffusion. The initial dilution stage of the jet affects the subsequent diffusion stage of the pollutant 33 

concentration in the jet (Zhao et al., 2011). Consequently, analyzing the jet in the near section of the movement 34 

and diffusion characteristics is crucial for enhancing the initial dilution of pollutants during jet discharge, 35 

minimizing the wastewater mixing zone, and upholding water quality standards and marine environmental 36 

protection. 37 



Currently, the predominant form of wastewater discharge, such as industrial wastewater, is a non-oscillatory 38 

jet with a constant discharge rate. Extensive research has focused on the motion laws of non-oscillatory jets in 39 

current environments, particularly on jet trajectories (Muldoon and Acharya, 2010; Muppidi and Mahesh, 2005; 40 

Sau et al., 2004; Yuan and Street, 1998) and vortical fields (Karagozian, 2014; Mahesh, 2013). Sau et al. (2004) 41 

summarized four distinct vortical structures observed in non-oscillatory jets: shear layer vortices, horseshoe 42 

vortices, counter-rotating vortex pairs (CVP), and wake vortices. The CVP structure is considered the defining 43 

feature of jets in current environments. Fan et al. (2009) conducted an experimental investigation into the vortical 44 

formation and entrainment characteristics of shallow-water circular current jets using LIF flow visualization and 45 

PIV measurements. Their findings indicated that the behavior of current jets is influenced by the formation of the 46 

shear layer and the subsequent vortical structures generated by the jet and the surrounding ambient water body. 47 

Among these factors, the jet-to-current velocity ratio (Rjc) is the primary determinant of the motion and diffusion 48 

patterns of non-oscillatory jets in a current environment. An increase in the Rjc reduces the curvature of the motion 49 

trajectory and elevates the impact height (Kalifa et al., 2014; Plesniak and Cusano, 2005). Megerian et al. (2007) 50 

conducted experiments on Rjc ranging from 1 to 10. Their findings indicated that the transverse jet shear layer 51 

variation depends on the Rjc. 52 

Two main factors affect the initial motion law of the jet: the parameters of the jet, including the initial 53 

velocity, jet density, the diameter/geometry of the jet orifice, and the angle of the jet discharge; and the 54 

background flow field parameters. The marine environment where these effluents are discharged is rarely 55 

stationary. The jet motion is driven not only by its initial discharge momentum but also by wave and current 56 

dynamics in seawater (De Padova et al., 2020). The surrounding water is strongly mixed with the buoyant jets and 57 

waves (Sharp et al., 2014; Webb and Tomlinson, 1992). Consequently, wastewater discharge projects to the sea are 58 

often sited in areas with strong ocean dynamics, such as waves and currents (especially tidal currents). Numerous 59 

scholars have researched the characteristics of jet motion under the influence of periodic wave motion. The jet 60 



region can be subdivided into three sections according to the influence of wave action: the deflection, transition, 61 

and developed zones (Mori and Chang, 2003). As wave action increases, the lateral distribution of the jet velocity 62 

can exhibit three distinct forms: Gaussian, flat-topped, or double-peaked. The oscillatory nature of the waves, 63 

which move back and forth, alters the jet's motion law. This periodic motion increases the degree of velocity 64 

change in the ambient flow field. Furthermore, wave parameters such as wave height, wave period, and wave 65 

phase affect the jet's motion and dilution characteristics. Ryu et al. (2005) employed the particle image 66 

velocimetry (PIV) technique to quantify the instantaneous velocity field of a horizontal circular pipe jet in a 67 

shallow water environment. Their findings indicated that surface wave amplitude exerted a more pronounced 68 

influence on the jet's diffusion effect, while wave phase exhibited a comparatively minor influence. Yuan (2009) 69 

established a three-dimensional numerical model of a vertical turbulent jet in waves and discovered that the effect 70 

of waves on jet dilution depends on the ratio of the wave trace amplitude to the jet's expanded half-width along the 71 

water depth. Chang et al. (2009) experimentally measured the jet velocity field under different wave conditions in 72 

deep and shallow water. They found that jet mixing is stronger in shallow water and larger wave steepness, 73 

concluding that the most important factor affecting the intensity of jet mixing is the momentum ratio of the wave 74 

and the jet. Hsiao et al. (2011) investigated the jet process of a turbulent round tube jet under the action of regular 75 

waves based on the PIV technique and concluded that the jet width, turbulence intensity and Reynolds stresses 76 

increase significantly under the action of waves. 77 

The combined effect of waves and currents can also significantly alter the motion characteristics of the jet. 78 

Abdel-Rahman and Eleshaky (2004), Xia and Lam (2004), and Dong and Yu (2014) primarily analyzed the flow 79 

structure and diffusion law on the two-dimensional symmetric longitudinal profile and found that several 80 

large-scale "water clusters" appeared on one side of the jet in this environment. These "water clusters" indicate 81 

that the combined action of waves and currents can enhance the mixing between the jet and the surrounding water 82 

body. In recent years, Xu et al. (2016b, 2017, 2018) numerically simulated the three-dimensional motion and 83 



dilution in a wave-current coexisting environment using a large eddy simulation model. Fang et al. (2024) 84 

explored the positive effects of increasing wave height and buoyancy on the mixing behavior of buoyant jets in a 85 

wave-current coexisting environment. Similar to the periodic oscillations of waves, studies on the motion and 86 

dilution effects of periodically oscillating jets in current environments have gradually increased. Hsu and Huang 87 

(2011) found that an oscillating jet in a current environment disperses faster and wider than a non-oscillating jet 88 

and that the smaller the Strouhal number, the better the jet's diffusion dispersion effect. Marcum et al. (2015) 89 

discovered that the jet's oscillation amplitude and frequency can affect the jet's motion and diffusion 90 

characteristics through physical experiments. Oscillating jets in current environments have been shown to have 91 

stronger lateral penetration and can be applied to film cooling (Mohammadshahi et al., 2020; Mohammadshahi et 92 

al., 2021). However, most studies on oscillating jets have been limited to the two-dimensional level, with fewer 93 

studies on the three-dimensional motion properties. 94 

The objective of this research is to present a detailed description of the three-dimensional mean and turbulent 95 

characteristics of an oscillating jet under the effect of current using the method of large eddy simulation (LES). 96 

This manuscript is organized as follows. The numerical model, boundary conditions, model validation, 97 

dimensional analysis and numerical cases are outlined in Section 2. Section 3 includes the results and discussion 98 

on instantaneous and mean flow structure, turbulence characteristics, effect of dimensionless parameters and the 99 

comparison of mean characteristics between the oscillating jets in the current environment and jets in 100 

wave-current coexisting environment. Summary conclusions are provided in Section 4.  101 

 102 

2. Methodology 103 

2.1. Governing equations and numerical methods 104 

A σ-coordinate three-dimensional large eddy simulation (LES) model was developed based on the spatially 105 

filtered Navier–Stokes equations by Chen et al. (2008). Following Chen et al. (2008), Xu et al. (2016b, 2017) 106 



further developed the model to investigate the three-dimensional flow structure and concentration behavior of jets 107 

in a wave-current coexisting environment. In this study, the flow structure of an oscillating jet in a current 108 

environment is examined using this LES model. The boundary conditions at the jet outlet are modified to enable 109 

sinusoidal oscillations, and the jet is embedded in a numerical current environmental flume. The governing 110 

equations are as follows: 111 
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where ui (i=1, 2, 3) are the velocity in the xi direction; xi (i =1, 2, 3) are the spatial coordinates x, y, z in horizontal, 
116 

transverse, and vertical directions, respectively; t is the time; p is the pressure; ρ is the water density; gi is the 
117 

acceleration due to gravity; l is the characteristic length; q is the characteristic velocity; Sij is the resolved strain 
118 

rate tensor; Cs is the Smagorinsky constant; ∆ is the grid spacing; ∆x, ∆y, ∆z are the spatial steps in the x, y, and z 
119 

directions, respectively. 
120 

The model introduces the Lagrange-Euler numerical scheme to solve the free surface tracking problem. The 121 

numerical method employs the operator splitting method (Lin and Li, 2002), which divides the model solution 122 

into three steps: convection, diffusion, and pressure propagation. The convective term is solved discretely using 123 

the quadratic backward eigenline method and Lax-Wendroff format averaging, the diffusion term is solved 124 

discretely using the time-ahead, spatial-centered difference format, and Poisson's equation is solved using the 125 

conjugate gradient algorithm. A detailed study of the flow structure of a jet in a wave-current coexisting 126 

environment based on this model has been conducted and more details about the model can be found in Xu et al. 127 

(2016b, 2017, 2018). 128 

2.2. Boundary conditions 129 



The current inlet boundary follows a logarithmic flow vertical distribution and hydrostatic pressure 130 

conditions. The current outlet boundaries use the modified artificial sponge layer method with zero gradient 131 

conditions. The lateral boundaries are defined by impermeable boundary conditions, where the wall-normal 132 

component of each physical quantity is zero. The bottom boundary employs the wall function method for the 133 

pressure boundary and the slip condition for the velocity boundary. A damping zone is imposed to reduce the 134 

numerical reflection. 135 

The exit turbulence of the oscillating jet is generated using the synthetic eddy method (SEM) (Shi et al., 2016) 136 

to fulfill the requirement of stochasticity of the components of the turbulent velocity. The SEM method is based 137 

on the following assumptions: turbulence is an ensemble of proposed sequential structures generated directly at 138 

the inlet boundaries; the spatiotemporal properties of these structures are defined by the shape function; and 139 

turbulence can be modeled based on stochastic eddies with specific positions and directions. The SEM method is 140 

described as follows. 141 

Take the simpler one-dimensional turbulence boundary as an example, as shown in Fig. 1. To generate a 142 

unidirectional velocity signal in the interval [a, b], it is necessary to construct a vortex motion plane Δx×Δy. Each 143 

vortex has two attributes: coordinates (xi, yi) and length scale σi. The vortex center position in the figure is denoted 144 

by ‘*’. For simplicity, each vortex scale is temporarily defined as being equal to σ. The synthetic vortices are 145 

randomly distributed on the vortex plane, ensuring that every point on the turbulence boundary has a chance to be 146 

surrounded by vortices. 147 

 148 

 149 

Fig.1. Vortex plane of motion. 150 



 151 

Define fσ to be the shape function of the vortex, which is tightly supported in the interval [a-σ: b+σ, -σ: σ] and 152 

satisfies the normalization condition, as shown in Eq. 5. Each eddy is given a random variable characterizing the 153 

direction of the disturbance εi, which is chosen randomly only between +1 and -1 to ensure that the expectation of 154 

the velocity field pulsation is 0. Therefore, the velocity contribution of a particular eddy (with coordinate xi and i 155 

denoting the number of the eddy) to a point (with coordinate x) on the turbulence boundary is shown in Eq. 6, 156 

where fσ (x-xi) fσ (yi) denotes the distribution of the velocity of the ith eddy at that point. Similarly, the velocity of 157 

the superposition of N eddies at a point (with coordinates x) on the turbulent boundary can be derived (Eq. 7). 158 
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i=1  (7) 161 

The number of eddies in the computational domain is determined by (b - a) / σ to ensure that the turbulence 162 

boundary is fully covered by eddies. The autocorrelation function at any two points on the turbulent boundary can 163 

be calculated using Eq. 8. 164 

 Rvv(r)=
1

Δx
∫ f

σ
(x)f

σ
(x+r)dx

Δx/2

-Δx/2
 (8) 165 

In the following, the one-dimensional turbulence boundary [a, b] is expanded to a two-dimensional planar 166 

turbulence boundary [0, 0: Ly, 0: Lz] (shown as a blue area in Fig. 2), assuming that there is a mean flow velocity 167 

along the x-direction only. It is first necessary to construct a space for the motion of eddies in three-dimensional 168 

space, referred to as the vortex box, which has a volume of [-σx, σx]× [-σy, Ly + σx]×[-σx, Lz + σx] to ensure that 169 

every point on the turbulence boundary can be surrounded by eddies. Similarly, the shape function of the eddies is 170 

tightly supported within the vortex box and satisfies the normalization condition. The vortices are randomly 171 

distributed throughout the vortex box and convect at a constant characteristic velocity. Assume that the coordinate 172 

of the ith vortex at moment t is (xi, yi, zi), and that the horizontal coordinate of this vortex changes to 173 



xi(t + dt) =xi(t) + u̅(y
i
, zi) dt moment t + dt. When a vortex moves out of the vortex box, it will randomly generate 174 

a vortex with the same length scale at an arbitrary position on the inlet boundary of the vortex box. 175 

 176 

 177 

Fig.2. Vortex box. 178 

 179 

The instantaneous and turbulent velocities resulting from the superposition of N vortices at a specific point 180 

on the turbulent plane at time t (with coordinates (0, y, z)). It can be expressed as follows, 181 

 ui(x̱, t)=ui(x̱)+aijuj
'(x̱,t)            (i, j=1, 2, 3) (9) 182 
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 (14) 187 

 0.1 /i idt u  (15) 188 

Where ui, ui̅ and ui' is the instantaneous flow rate, mean flow rate and turbulent flow rate in the i-direction, 189 



respectively; aij is the Cholesky decomposition of the Reynolds stress tensor; δ is the turbulence amplification 190 

factor, set by default at 1.0; N is the number of vortices; εj
k is a random variable that characterizes the direction of 191 

the perturbation, which is randomly chosen between +1 and -1; VB is the volume of the vortex box; f(ζ)is the 192 

shape function, which, according to Lu and Dai (2016), is selected as the trigonometric function; dt is the time 193 

step. 194 

In this study, the jet outlet is round with a diameter of 1.0 cm. However, for the numerical simulation of the 195 

jet outlet fitting process, a rectangular outlet is employed. To approximate the actual situation, this geometry is 196 

simplified to a square with an equivalent cross-sectional area, resulting in a side length of 0.886 cm. The mean 197 

flow velocity at the outlet boundary is characterized by velocities of 0 m/s in the y and z directions and 0.5 m/s in 198 

the x direction. The outlet is discretized into 1010 grids, and the simulation includes 25 vortices, each with a 199 

characteristic length of 0.004 m. The time step dt is set to 0.001 s. The Reynolds number for this configuration is 200 

calculated to be 4393, indicating that the flow mode is turbulent. During the simulation experiments, the 201 

turbulence amplification factor was set to 1.5, and the boundary condition on the jet outlet was established at 0.96. 202 

2.3. Model validation 203 

2.3.1 Experimental description 204 

The schematic design of the experimental setup is shown in Fig. 3. Experiments designed to validate the 205 

numerical model were conducted using a 46.0-m-long, 0.5-m-wide, and 1.0-m-deep wave flume with a water 206 

depth of 0.5 m. A round acrylic pipe with a diameter of 0.01 m is installed at the mid-section of the flume. The jet 207 

is discharged vertically through the pipe along the centerline of the flume, with the jet orifice positioned 0.10 m 208 

above the bottom. The sinusoidal oscillating jet is generated by a specialized controller that regulates the pump 209 

based on an input signal. Flow velocity measurements were conducted using a Vectrino Profiler. The experiments 210 

were performed under three conditions: a jet in a still water environment, a jet in a current-only environment, and 211 

an oscillating jet in a still water environment. The parameters for the experiments are as follows: the initial 212 



velocity of the jet w0is 0.5 m/s, the average velocity of the current ucis 0.066 m/s, and the amplitude of the 213 

oscillating jet in a still water environment is 0.25 m/s with a period of 2 s. The three-dimensional Cartesian 214 

coordinate system (x, y, z) is defined such that x represents the transverse coordinate along the direction of current, 215 

y is the transverse coordinate, and z is the longitudinal coordinate. The origin of the coordinate system is located at 216 

the center of the jet outlet. All experimental data were used to validate the numerical model. 217 

 218 

 219 

Fig.3 Schematic diagram of experimental device. 220 

 221 

2.3.2 Computational domain and grid sensitive tests 222 

The consistency of each parameter of the jet and current is ensured for the corresponding groups of 223 

experimental and numerical simulations. Fig. 4 shows the computational domain of the numerical model, which 224 

has a length of 8.88 m, a width of 0.5 m, and a height of 0.5 m. The length of the damping zone is 5 m, and the jet 225 

outlet is located 2.0 m from the inflow boundary. 226 

 227 

Fig.4. Computational domain. 228 



 229 

Grid sensitivity tests were conducted using four sets of non-uniform grid systems, named G1 to G4. All grid 230 

systems made the grid refinement gradually near the jet center on the x–y plane, with the detailed grid information 231 

presented in Table 1. The time step for all grid systems is set to 0.002 s. The mean vertical velocity distribution of 232 

the jet in still water is plotted in Fig.5. The vertical profiles of the mean velocity at three different downstream 233 

locations for the jet in the current-only environment are shown in Fig. 6. Among all numerical results, the result of 234 

G1 exhibits the largest discrepancy with the experimental data, indicating that the grid configuration of the jet 235 

outlet is critical to the outcomes of the jet simulation. The results for G3 and G4 align well with the experimental 236 

data. It indicate that the grid size of G3 is fine enough for the numerical simulation. Therefore, the results using 237 

the grid system G3 are used to validate the model accuracy against the experimental data. 238 

Table 1. Grid information 239 

Grid system Grid nodes Grid division 

G1 217×81×126 6×6 

G2 228×91×126 8×8 

G3 236×99×126 10×10 

G4 242×107×126 12×12 

 240 

Fig.5. Grid convergence test under a still water environment. 241 



. 242 

Fig.6. Grid convergence test under a current-only environment. 243 

 244 

2.3.3 Model validation 245 

Figs. 7 and 8 show the comparison between numerical results and experimental data in the non-oscillating jet 246 

in still water environment and oscillating jet in still water environment.  Numerical results on the vertical 247 

velocity decay of jets in both environments align well with the experimental data. For the vertical velocity 248 

distributions at the z/d = 15 and z/d = 25 sections, the numerical simulation results are slightly higher than the 249 

experimental results near the location of x/d = 0. However, the simulation results in the near zone, excluding the 250 

jet outlet, are consistent with the experimental data and accurately reflect the vertical velocity distribution. This 251 

validates the applicability of the LES model for both non-oscillating and oscillating jets in still water 252 

environments. 253 

 254 

 255 



Fig.7. Comparison between numerical model results and experimental data of non-oscillating jet in still water environment: (a) 256 

vertical velocity decay, (b) velocity distribution on section z/d=15, (c) velocity distribution on section z/d=25, more validations of jets 257 

in still water environment were shown in Zhou et al. (2011). 258 

 259 

 260 

Fig.8. Comparison between numerical model results and experimental data of oscillating jet in the still water environment: (a) 261 

vertical velocity decay, (b) velocity distribution on section z/d=15, (c) velocity distribution on section z/d=25. 262 

 263 

Fig. 9 shows the comparison of vertical profiles of the velocity magnitude on the symmetrical plane (y/d=0) 264 

between the numerical results and the experimental data at six downstream sections. It can be observed that the 265 

location of the maximum vertical velocity varies across different longitudinal sections. The strong agreement 266 

between the simulation and experimental results indicates that the LES model can accurately simulate jet 267 

near-field behavior in a current-only environment. In addition to mean velocities, the turbulent properties obtained 268 

from both numerical and experimental methods are also compared, as shown in Fig. 10. The comparison shows 269 

that the model successfully reproduces the variation of turbulence intensity along the water depth at each 270 

downstream section.  271 

Above all, the good agreement between the numerical and experimental results demonstrates the general 272 

accuracy of the LES model. It proves that the model can reasonably predict the distribution of vertical flow 273 



velocity along the water depth at different sections of the jet.

 

274 

 275 

 276 

Fig.9. Comparison of mean vertical magnitude on the vertical symmetrical plane (y/d=0) between numerical results and 277 

experimental data at six downstream locations (x/d=0, 2, 4, 7, 10, 14) for the jet in the current-only environment, more validations 278 

were shown in Xu et al. (2016a). 279 



 280 

Fig.10. Comparison of Velocity turbulence fluctuations on the vertical symmetrical plane (y/d=0) between numerical results and 281 

experimental data at six downstream locations (x/d=0, 2, 4, 7, 10, 14) for the jet in the current-only environment: (a) turbulence 282 

fluctuations rms (u’), (b) turbulence fluctuations rms (w’), more validations were shown in Xu et al. (2016a). 283 



 284 

2.4. Dimensional analysis and Numerical cases 285 

The motion of an oscillating jet in a current environment is influenced by two distinct factors. The first factor 286 

is the intrinsic properties of the jet, including the pipe diameter (d), mean velocity (w0), oscillation period (T), and 287 

amplitude (wA). The second factor is the background flow field parameters, specifically the current velocity (u0). 288 

The above parameters are the most basic factors affecting jet motion characteristics. By combining these 289 

parameters, dimensionless parameters can be derived to describe the jet's motion characteristics. The jet-to-current 290 

velocity ratio (Rjc) is a key parameter for describing jet flow and mixing characteristics. The amplitude-to-jet 291 

velocity ratio (Raj) reflects the influence of oscillation amplitude, and the Strouhal number (St) reflects the 292 

influence of the oscillation period. The formulas for these three dimensionless parameters are as follows:                 293 

 Rjc=w0/u0 (16) 294 

 Raj=wA/w0 (17) 295 

 St=d/(u0T) (18) 296 

The combined characteristic parameters of the non-oscillatory jet in a current environment mainly include the 297 

initial momentum of the jet and characteristic length. Similar combined characteristic parameters can be used to 298 

analyze the dilution law of the oscillatory jet. Considering the oscillatory nature of the jet, the characteristic 299 

velocity (wch) is defined as follows: 300 

 wch=w0 (1+αwc
wA

w0
) , αwc=

4

T
∫ cos ωtdt

T/4

0
 (19) 301 

where ω is the oscillation frequency of the jet (ω = 2π/T). By integrating the calculation, we can obtain αwc as 302 

0.637, which characterizes the degree of contribution of the oscillation velocity to the characteristic velocity. The 303 

characteristic momentum Mch of the oscillating jet is:                          304 

 Mch=0.25πd
2
wch

2  (20) 305 

The physical meaning of the characteristic length scale Lm of an oscillating jet in a current environment is the 306 



relative strength of the oscillating jet to the current, which can be expressed by the following equation,                       307 

 Lm=Mch
0.25/u0 (21) 308 

In total, 10 cases of numerical experiments are designed to investigate the three-dimensional mean and 309 

turbulence characteristics of an oscillating jet in a current environment (Table 2). Various current velocities (w0), 310 

jet amplitudes (wA), and oscillation periods (T) are considered to examine the effects of Rjc, Raj, and St on the mean 311 

and turbulence characteristics. Additionally, 2 cases of jets in a wave-current coexisting environment (Table 3) are 312 

included to compare the differences between the two environments.  313 

 314 

Table 2. Parameters of an oscillating jet in a current environment used in numerical simulations. 315 

Case 

Jet mean 

velocity 

w0 (m/s) 

Current 

velocity 

u0 (m/s) 

Jet 

amplitude 

wA (m/s)   

Oscillation 

period T 

(s) 

Amplitude-to-jet 

velocity ratio 

(Raj) 

Strouhal 

number (St) 

CJ00 0.50 0. 05 / / / / 

CJ02 0.50 0. 05 0.1 1.0 0.2 0.2 

CJ03 0.50 0. 05 0.2 1.0 0.4 0.2 

CJ06 0.50 0. 05 0.1 2.0 0.2 0.1 

DJ00 0.40 0. 05 / / / / 

DJ01 0.40 0. 05 0.04 1.0 0.1 0.2 

DJ02 0.40 0. 05 0.08 1.0 0.2 0.2 

DJ03 0.40 0. 05 0.16 1.0 0.4 0.2 

DJ06 0.40 0. 05 0.08 2.0 0.2 0.1 

DJ07 0.40 0. 05 0.16 2.0 0.4 0.1 

 316 

Table 3. Parameters of a jet in a wave-current coexisting environment used in numerical simulations 317 

Case 

Jet initial 

velocity 

w0 (m/ s) 

Current 

velocity 

u0 (m/s) 

Wave 

amplitude 

uw (m/s)   

Wave 

period T 

(s)  

Wave height 

H (m) 
Amplitude-to-current 

velocity ratio (Rwc) 

Strouhal 

number (St) 

WJ01 0.50 0. 05 0.01 1.0 0.011 0.2 0.2 

WJ02 0.50 0. 05 0.02 1.0 0.021 0.4 0.2 



 318 

3. Result and discussion 319 

3.1. Instantaneous flow structure 320 

Since the oscillating jet is periodic, the instantaneous flow field of the oscillating jet is phase-averaged to 321 

demonstrate its motion characteristics. It is defined that within one cycle, t=1/4T is the moment of maximum jet 322 

velocity, t=1/2T is the moment of mean jet velocity with gradually decreasing velocity, t=3/4T is the moment of 323 

minimum flow velocity, and t=T is the moment of mean flow velocity with gradually increasing velocity. Fig. 11 324 

shows the instantaneous streamlines of the jet on the symmetric longitudinal profile (y/d=0) at four typical phases 325 

of case DJ06. As the jet is deflected due to the influence of the current, energy and momentum exchange occurs 326 

between the jet and the current boundary shear layer (Chang et al., 2019). At t=1/4T, the jet has a large vertical 327 

momentum, resulting in a greater degree of bending of the jet column. At t=1/2T, the vertical momentum of the jet 328 

decreases, the degree of bending decreases, the upward tilt deepens, the height of the impact increases, and the 329 

degree of mixing intensifies. At t=3/4T, the vertical momentum of the jet reaches its minimum, while the impact 330 

height of the jet column reaches its maximum, the degree of bending decreases, and the degree of mixing further 331 

intensifies. At t=T, the jet returns to a mean flow velocity with a gradually increasing velocity, completing the 332 

cycle. The streamlines at four representative phases in a cycle illustrate the temporal and spatial instability of 333 

oscillating jets in a current environment. Intense mixing between the jet and the current creates a convergence 334 

source near the onshore side, spreading out in all directions. New et al. (2006) identified this source as the 335 

‘Unstable Focus’. Due to the high initial kinetic energy of the vertical jet and the negligible impact of drag force 336 

on momentum decay, the jet moves in its initial direction with a certain deviation angle. The entire motion field is 337 

thus divided into two regions by a flow line near the source point, with opposite flow directions in each region. 338 

Kelso et al. (1996) found that the velocity ratio of the jet to the current primarily determines the jet's motion 339 

characteristics. However, in the interaction between the current and the oscillating jet, the jet moves sinusoidally, 340 



undergoing periodic acceleration and deceleration. This results in a non-constant Rjc, leading to periodic deflection 341 

and penetration of the jet within a cycle. Consequently, the wake of the accelerating fluid is pulled, making the 342 

oscillating jet's area of influence larger than that of the non-oscillating jet (Mohammadshahi et al., 2021). 343 

 344 

 345 

Fig.11. Instantaneous streamline of y/d=0 section under four typical phases of case DJ06. 346 

 347 

Fig. 12 shows the streamlines in the x/d=0 section at four typical phases of case DJ06, exhibiting 348 

symmetrical streamlines on both sides. The velocity characteristics of the jet column align with the symmetric 349 

longitudinal profile. The key factor in jet mixing is the alternating formation and dissipation of vortices caused by 350 

the shear layer (Li et al., 2022). A distinct kidney-shaped symmetric structure can be observed throughout the 351 

cycle, indicative of the CVP structure, which is a characteristic feature of jets in a current environment (Lee et al., 352 



1999). The formation of the CVP structure significantly impacts flow fluctuation quantities such as turbulence 353 

intensity and Reynolds stress (Su and Mungal, 2004). It entrains a large amount of fluid from the surrounding 354 

environment into the main jet's impact range, promoting interaction and mixing between the entrained fluid and 355 

the jet. At t=1/4T, the CVP structure initially forms and is located downward, with the left and right halves 356 

showing a regular semicircular shape. At t=1/2T, the CVP structure shifts upward, adopting a shape resembling a 357 

heart, indicating increased mixing between the jet and the surrounding water. At t=3/4T, the CVP structure reaches 358 

its highest vertical position, with the heart shape becoming narrower and longer, indicating a decrease in width. At 359 

t=T, the CVP structure falls back to a position near the jet opening, with its shape becoming wider and shorter, 360 

resembling the semicircular shape observed at t=1/4T. In addition, we can find that at z/d=15 and above, the 361 

vertical positions at the four phases are similar, with the flow spreading from the highest position of the jet impact 362 

to the top on both sides. Here, the degree of mixing is lower, and the differences between the moments are less 363 

pronounced.  364 

 365 

 366 

Fig.12. Instantaneous streamline of x/d=0 section under four typical phases of case DJ06. 367 

 368 

Fig. 13 illustrates the streamlines at four typical phases of case DJ06 at the z/d=20 section. As observed, the 369 

streamline characteristics in this section are quite similar across all four phases. The streamlines are relatively 370 

straight, and no obvious vortex structures are present, indicating that the jet fluid movement and mixing with the 371 



water body have significantly weakened by this point, primarily dominated by the current. At t=1/4T, the current 372 

starts to move along the jet to the left and right of y/d=0, with the diffusion position at x/d=7. At t=1/2T, this 373 

diffusion position shifts to the right to x/d=10. At t=3/4T, the current diffusion is closest to the jet origin at x/d=0. 374 

Finally, at t=T, the diffusion position shifts right again to x/d=4. Overall, the differences in the characteristics of 375 

the phases at the z/d=20 section are minimal. 376 

 377 

 378 

Fig.13. Instantaneous streamline of z/d=20 section under four typical phases of case DJ06. 379 

 380 

3.2. Mean flow structure 381 

Due to the periodic motion of the oscillating jet, the instantaneous flow structure of the three-dimensional jet 382 

fluid significantly influences the mean flow structure. Fig. 14 and Fig. 15 depict the three-dimensional mean flow 383 

structure of the non-oscillating jet and oscillating jet in the current environment, respectively, in the symmetric 384 

longitudinal section (y/d=0), downstream section (x/d=5), and horizontal cross-section (z/d=5). As the jet enters 385 

the current, different transition processes occur. In the flow establishment zone, the initial flow velocity 386 

distribution transforms into a strong shear jet-like flow velocity distribution. At this stage, the jet flow volume 387 

force mainly dominates the flow regime, and the effect of buoyancy force can be neglected in the jet zone. 388 



Subsequently, the flow regime transforms into a plume-like region. The jet bends towards the current direction 389 

with decreasing momentum, gradually reaching maximum height, and the effect of buoyancy force and secondary 390 

flow mainly controls the mixing process in this plume region (Gharavi et al., 2020). The jet rises and bends under 391 

the influence of buoyancy and the current, moving downstream, with buoyancy becoming increasingly important 392 

in the final stage. 393 

The jet trajectory line presents a complex three-dimensional structure, and both oscillating and 394 

non-oscillating jets show relatively similar flow field characteristics. The symmetric longitudinal section diagram 395 

indicates that the jet deflects in the direction of the current, exhibiting a source point. The downstream section 396 

reveals a clear, typical CVP structure. From the horizontal cross-section, distinct stagnant points and stable 397 

focuses are observable at the surface, with smooth flow lines near the stagnant point indicating more stable flow. 398 

While the mean flow characteristics of the oscillating and non-oscillating jets in the current environment are 399 

generally similar, notable differences exist. In the symmetric longitudinal profile, the main flow line of the 400 

non-oscillating jet is positioned closer to the bottom bed, resulting in a lower jet height and reduced mixing. In 401 

contrast, the exit velocity of the oscillating jet is significantly higher, and its maximum velocity decays more 402 

rapidly, indicating higher momentum transfer. Furthermore, in the downstream section at x/d=5, the two pairs of 403 

vortex centers of the non-oscillating jet are located at y/d=2 and z/d=12. In contrast, the vortex centers of the 404 

oscillating jet are found at y/d=4 and z/d=15. This indicates that the CVP structure of the non-oscillating jet has a 405 

larger area and a lower vertical position than that of the oscillating jet at this section. Additionally, consistent with 406 

the findings of Mohammadshahi et al. (2020), oscillating jets in a current environment exhibit more curved and 407 

less smooth mean streamlines than non-oscillating jets, leading to more intense mixing.  408 

 409 



 410 

Fig.14. Mean streamlines of non-oscillating jets in a current environment (case DJ00): (a) longitudinal section (y/d=0), (b) 411 

downstream section (x/d=5), (c) horizontal cross-section (z/d=5). 412 

 413 



 414 

Fig.15. Mean streamlines of oscillating jets in a current environment (case DJ03): (a) longitudinal section (y/d=0), (b) downstream 415 

section (x/d=5), (c) horizontal cross-section (z/d=5). 416 

 417 

3.3. Effects of Rjc, Raj and St on flow velocity distribution 418 

Fig. 16 compares the mean velocity distributions of oscillating jets in current environments across different 419 

cases at x/d=30 sections. Comparing case DJ02 and case CJ02, both of which exhibit clear Gaussian distribution 420 

characteristics. For case CJ02, with a larger jet velocity, the section velocity maximum occurs at z/d=23, while for 421 

case DJ02, it occurs at z/d=17. The vertical position of the mean flow velocity maximum at the cross-section in 422 

case CJ02 is higher, while the velocity maximum and distribution widths for both groups are very similar. This 423 

indicates that an increase in the Rjc causes the jet to penetrate more deeply into the current in the vertical direction, 424 

due to the increased momentum complicating the flow and vortex structure. An increase in the Rjc results in a 425 



higher penetration of the jet and a weaker jet deflection, which is a significant reason for the higher vertical 426 

position of the flow velocity maximum in the oscillating jet section. 427 

Comparing case CJ02 and case CJ03, an increase in Raj reduces the velocity maximum and raises its vertical 428 

position, with the distribution widths remaining nearly identical. For case CJ03, with a larger Raj, the section 429 

velocity maximum occurs at z/d=25, while for case CJ02, it occurs at z/d=23. As the Raj increases, the velocity 430 

distribution in this transverse plane shifts from Gaussian to double-peaked, indicating the emergence of an 431 

additional velocity maximum. This suggests that with higher Raj, more jet fluid is transported to higher elevations. 432 

This phenomenon may be related to the CVP structure generated by the periodic motion (Xu et al., 2017). 433 

Comparing case CJ02 and case CJ06, the effect of the St on the mean flow velocity distribution is not 434 

significant. The maximum velocity in case CJ06 occurs at z/d=20, while case CJ02 exhibits slightly higher 435 

maximum velocity and vertical position. In contrast, case CJ06 shows a slightly wider distribution width. 436 

According to Ostermann et al. (2019), the St determines the ability of currents to adapt to new flow field 437 

conditions, such as changes in the jet deflection angle. As the St increases, the relative duration of the vortex at a 438 

flow position during an oscillation cycle also increases. The effect of the increased St, which results in a higher jet 439 

penetration position, on the mixing capacity needs to be further investigated. 440 

 441 

Fig. 16. Comparison of the mean velocity distribution of the oscillating jet in the current environment at x/d=30 sections. 442 

 443 



3.4. Turbulence characteristics 444 

3.4.1. Turbulence intensity, Reynolds shear stress and Pulsating mass flux 445 

To facilitate the comparison of turbulence characteristics between non-oscillatory and oscillatory jets in a 446 

current environment, all turbulence parameters were calculated on the symmetric longitudinal section (y/d=0). 447 

Turbulence intensity, which describes the relative strength of the pulsation velocity in the shear mixing process 448 

between the injected and ambient fluids, is a critical characteristic of turbulent motion. According to the analysis 449 

presented in Fig. 17, both non-oscillatory and oscillatory jets exhibit similar patterns in turbulence intensity 450 

change. However, notable differences are observed in the horizontal turbulence intensities. For the non-oscillatory 451 

jet, the maximum turbulence intensity occurs at the jet's centerline. In contrast, the oscillatory jet, which bends 452 

more significantly, shows enhanced shear around the current, causing the maximum turbulence intensity to shift 453 

downstream. A maximum horizontal turbulence intensity of approximately 0.14 is maintained between x/d=0 and 454 

x/d=2, as well as between z/d=0 and z/d=4. Moreover, the maximum vertical turbulence intensity of 0.32 occurs at 455 

x/d=0 and z/d=6 for case DJ00, while a high vertical turbulence intensity of about 0.38 is observed at z/d=0 to 456 

z/d=11.5 for case DJ03, indicating that the oscillating jet maintains a higher vertical turbulence intensity. 457 

Additionally, the turbulence intensity of the oscillating jet significantly increases with distance from the jet, and 458 

this increase intensifies further away from the source. This is primarily due to the frequency of jet changes under 459 

oscillation, enhancing its interaction with the surrounding water column and strengthening turbulence, akin to 460 

wave effects. For vertical turbulence, the intensity near the outlet is considerably higher in the oscillating jet, and 461 

it decays more slowly over distance. This allows the oscillating jet to maintain a higher turbulence intensity at 462 

elevated positions. Thus, the oscillating jet in a current environment exhibits more pronounced changes in 463 

turbulence characteristics. 464 

 465 



 466 

Fig. 17. Comparison of turbulence intensity on the symmetrical longitudinal section (y/d=0) of cases DJ00 and DJ03, (a) horizontal 467 

turbulence of DJ00, (b) horizontal turbulence of DJ03, (c) vertical turbulence intensity of DJ00, (d) vertical turbulence intensity of 468 

DJ03. 469 

 470 

Figs. 18 (a) and (b) show the Reynolds stress distribution, which plays an important role in momentum 471 

transport. While the locations of shear stress in non-oscillating and oscillating jets are similar, the oscillating jet 472 

produces significantly higher shear stress, both in terms of its influence range and magnitude. This indicates a 473 

stronger coiling and suction effect in the oscillating jet, leading to more intense mixing with the ambient fluids 474 

and rapid momentum transfer to these fluids. Furthermore, as the jet develops, current fluid is entrained, leading 475 

to a decrease in jet flow velocity and the formation of a recirculation zone on the back-flow side of the jet. Within 476 

this zone, radial pulsations become negative attributed to the effects of the shear layer and the fluid shear within 477 

the recirculation zone, and the mixing induced by the coiled section of low-velocity fluid further contributes to the 478 



negative Reynolds stress (Chen et al., 2023). Notably, the area of the recirculation zone is significantly smaller in 479 

the oscillating jet, which facilitates the transfer of momentum to higher vertical positions. 480 

Figs. 18 (c) to (d) offer a detailed comparison of horizontal pulsating mass fluxes along the symmetric 481 

longitudinal profiles. The distribution patterns of pulsating mass flux closely resemble those of the Reynolds shear 482 

stress. There are notable differences in the horizontal pulsating mass flux. Specifically, at the jet exit, the 483 

horizontal pulsating mass flux is lower and the rate of lateral decay is significantly less pronounced in the 484 

oscillating jet. This indicates that the oscillating jet maintains a relatively stable horizontal pulsating mass flux 485 

over a broader range. The persistence of horizontal pulsating mass flux in the oscillating jet can be attributed to 486 

the gradual development of the vortex structure. The increasing area and vertical positioning of the CVP structure 487 

play critical roles in sustaining this flux across an extended range. 488 

 489 

 490 

 491 



Fig. 18. Comparison of other turbulence parameters on the symmetrical longitudinal section (y/d=0) of cases DJ00 and DJ03, (a) 492 

Reynolds stress distribution of DJ00, (b) Reynolds stress distribution of DJ03, (c) horizontal pulsating mass fluxes of DJ00, (d) 493 

horizontal pulsating mass fluxes of DJ03. 494 

 495 

3.4.2. Effects of Rjc, Raj and St on turbulence intensity 496 

Fig. 19 compares the horizontal turbulence intensity in the sub-symmetric longitudinal section of four cases 497 

of oscillating jets in a current environment. The horizontal turbulence intensity of case CJ03 is significantly larger 498 

than that of case DJ03, with higher diffusion height and a greater range of influence. This increased turbulence 499 

intensity can be attributed to the higher Rjc in case CJ03. The larger amplitude in case DJ03 exhibits similar 500 

characteristics compared to case DJ01. However, case DJ07, which has a smaller St, shows a slightly larger range 501 

of turbulence compared to case DJ03. Despite this, the decay rate of turbulence intensity in the x direction is faster 502 

for case DJ07. Thus, the effect of the St on the oscillating jet cannot be conclusively determined from the 503 

comparison of turbulence intensities. This observation supports the law described in the previous section: 504 

increasing the Rjc and the Raj significantly enhances the turbulence intensity and the range of influence of the 505 

oscillating jet. This enhancement effectively increases the mixing of the jet with the surrounding water. In contrast, 506 

the effect of the St on the jet is not as clear and requires further analysis and investigation. 507 

 508 



 509 

Fig. 19. Horizontal turbulence intensity comparison on symmetrical longitudinal section (y/d=0) of oscillation parameter comparison 510 

group, (a) CJ03, (b) DJ03, (c) DJ01, (d) DJ07. 511 

 512 

3.5. Comparison of motion characteristics of jets in wave-current coexisting environment 513 

Xu et al. (2016b) conducted a detailed analysis of the three-dimensional flow field characteristic of the jet in 514 

a wave-current coexisting environment. Comparing the results of this study, similar features include jet body 515 

deflection, upstream and downstream sources relative to the vertical symmetry planes, CVP structure in the 516 

transverse plane, and stagnant points and stable focuses in the horizontal plane. Overall, the motion development 517 

laws of jets in both environments are very similar. However, in the wave-current coexisting environment, the 518 

symmetric longitudinal section structure shows that the main flow line is closer to the bottom and the jet 519 

deflection angle is larger. While the penetration is greater for oscillating jets in the current environment. From the 520 

downstream section, the CVP structure of the oscillating jet is narrower and longer, with a pear-shaped 521 



distribution on the waterward side and a kidney-shaped distribution on the backward side. Additionally, the 522 

vertical position of the CVP structure is relatively high. From the horizontal longitudinal section, the flow line 523 

near the stable node of the oscillating jet is more uneven.  524 

To better compare the similarities and differences of motion characteristics in the two environments, we 525 

analyzed the mean flow velocity distributions of the downstream sections (Figs. 20,21). The characteristic 526 

parameters are constant for the compared cases (for cases CJ02 and WJ01: Raj/Rwc =0.2, St=0.2; for cases CJ03 527 

and WJ02: Raj/Rwc, St=0.2). There is no significant difference in the vertical maximum flow velocity values 528 

between the two at the downstream sections, and both vertical flow velocities are essentially Gaussian distributed. 529 

The wave transverse velocity superimposed on the current velocity of the case WJ01 varies between 0.04 m/s and 530 

0.06 m/s, resulting in the Rjc between 8.33 and 12.50. The jet velocity of the case CJ02 varies between 0.4 m/s and 531 

0.6 m/s, resulting in the Rjc between 8 and 12. The wave transverse velocity superimposed on the current velocity 532 

of the case WJ02 varies between 0.03 m/s and 0.07 m/s, resulting in the Rjc between 7.14 and 16.67. The jet 533 

velocity of the case CJ03 varies between 0.3 m/s and 0.7 m/s, resulting in the Rjc between 6 and 14. When Raj/Rwc 534 

is small, there is little difference in the vertical flow velocity distribution between the two environments. At the 535 

x/d=10 section, the maximum vertical velocity for both cases occurs at approximately z/d=15. The maximum 536 

vertical velocity decreases during downstream propagation and stabilizes at a vertical position near z/d=25. The 537 

similar ranges of Rjc in the two environments account for the extremely similar motion characteristics, indicating 538 

that oscillating jets are similar to the periodic changes of waves.  539 

However, the vertical position of the maximum velocity of the oscillating jet is significantly higher than that 540 

of the jet in the wave-current coexisting environment when Raj/Rwc is larger. The vertical positions of the 541 

maximum velocity for case WJ02 at sections x/d=20 and x/d=30 are below z/d=20, whereas for case CJ03, they 542 

are approximately at z/d=25. In terms of distribution width, the jet in the wave-current coexisting environment is 543 

narrower than the oscillatory jet in the current environment up to x/d=30, but wider beyond x/d=40. This 544 



discrepancy arises due to the inconsistency in the scope of the two oscillatory effects. The wave uniformly affects 545 

the entire water column, from the bottom to the surface, altering the lateral velocity of the background flow field 546 

throughout its cycle. Consequently, the jet in the wave-current coexisting environment exhibits greater 547 

downstream deflection and slower attenuation, extending its influence over a longer period. In contrast, the 548 

oscillating jet primarily affects the area around the jet opening and gradually propagates to the surface. As a result, 549 

the vertical penetration ability of the oscillating jet in the current environment is stronger, but it weakens more 550 

rapidly downstream. It should be noted that to reduce the environmental impacts on coastal waters, sewage outfall 551 

is often allocated in a relatively deep water area, where the wave oscillation exhibits a strong variation in the 552 

vertical direction. According to Watanabe et al. (2015), vertical velocity fluctuation is the major source of energy 553 

fluctuation that contributes to the development of the highly buoyant jet. In this case, the positive effect of the 554 

periodic motion on jet mixing may be more similar in the two environments. 555 

 556 



 557 

Fig.20. Mean flow velocity distribution in the downstream section of oscillating jet (CJ02) in a current environment and 558 

non-oscillating jet (WJ01) in a wave-current coexisting environment. 559 

 560 



 561 

Fig.21. Mean flow velocity distribution in the downstream section of oscillating jet (CJ03) in a current environment and 562 

non-oscillating jet (WJ02) in a wave-current coexisting environment. 563 

 564 

4. Conclusions 565 

This study presents a detailed analysis of the three-dimensional mean and turbulence characteristics of an 566 

oscillating jet under the effect of currents using the large eddy simulation (LES) method. The main conclusions 567 

are summarized as follows: 568 

(1) In current environments, oscillating jets are positioned lower in the downstream section of the CVP 569 

structure compared to non-oscillating jets. This results in a higher impact height, greater bending, and wider 570 

diffusion of the jet in the symmetric longitudinal profile, leading to more effective mixing with the surrounding 571 



water. 572 

(2) Increasing the Raj decreases the maximum mean flow velocity in the oscillating jet section and raises its 573 

vertical position. Increasing Rjc elevates the vertical position of the maximum mean flow velocity. The positive 574 

effect of the St on jet mixing is not significant. 575 

(3) The turbulence intensity, Reynolds shear stress, and horizontal pulsating mass flux of the oscillating jet 576 

are significantly higher than those of the non-oscillating jet. When Rjc and Raj increase, the turbulence intensity of 577 

the oscillating jets is further enhanced. 578 

(4) The mean flow structure and velocity distribution of oscillating jets in a current environment are similar 579 

to those of non-oscillating jets in a wave-current coexisting environment, particularly when Raj/Rwc is small. As 580 

Raj/Rwc increases, the vertical position of the maximum flow velocity of the oscillating jet in the current 581 

environment is higher. 582 
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