
IJFANS INTERNATIONAL JOURNAL OF FOOD AND NUTRITIONAL SCIENCES 

ISSN PRINT 2319 1775 Online 2320 7876 

Research paper © 2012 IJFANS. All Rights Reserved, UGC CARE Listed ( Group -I) Journal Volume 11, Iss 4, 2022 

 
 

                                                                                                                                                                                              1168 

 

Examination of Factors Impacting Numerical Simulation of Transverse Jet 

in Supersonic Flow 

Mrs.K.Nagamani 

Assistant Professor, Dept. Of Mechanical Engineering, Annamacharya Institute of Technology and Science, 

Rajampet, AP. India 

Email: aits.med.knm@gmail.cim 

Article History: 

Received: 02-11-2022 

Revised: 28-11-2022 

Accepted: 21-12-2022 
 

Abstract 

Numerical simulation has emerged as a crucial research methodology in the realm of 

supersonic flow, with its precision and dependability remaining pivotal for its continued 

application and a focal point of ongoing investigations. This study conducts a series of 

numerical simulations concerning the transverse supersonic jet in a supersonic free flow, 

utilizing a Reynolds-averaged (RANS) solver. Initially, an examination of the flow field 

structures obtained from various computational cases is undertaken, elucidating the 

mechanisms underlying the differences in these structures. Subsequently, by varying the 

accuracy of the difference scheme for the convection term and the turbulence model, the 

resulting simulation outcomes are compared against experimental data. A comprehensive 

analysis of the deviations between numerical simulations and experiments is conducted to 

elucidate the critical factors influencing calculation reliability. The findings indicate that 

enhancing the accuracy of the scheme does not significantly improve calculation results, 

whereas the selection of an appropriate turbulence model proves beneficial in enhancing 

accuracy. The conclusions drawn from this study, particularly regarding the influence of 

numerical model methods and error analysis, can serve as valuable guidance for conducting 

numerical simulations of jet flow mixing in supersonic flow fields. 

Keywords: RANS simulation, jet in supersonic cross flow, calculation accuracy analysis. 

 

 

Introduction 

 Hypersonic aircraft powered by scramjet can reach all places in the world within 

2 h, attracting countries to compete for research and development. The scheme of using 

wall normal fuel injection in scramjet combustor has become one of the simplest and 

most effective fuel mixing enhancement methods,1 which has the characteristics of 

simple configuration and high mixing efficiency. In its flow field, jet/boundary layer 

interaction, large-scale shear vortex, shock/wake interference and other issues are  hot topics 

in the study of turbulent flow and mixing mechanism under supersonic conditions.2–4 At the 
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same time, the abundant experimental data provide a basis for further improvement of the 

supersonic turbulence model and numerical methods 

 In recent years, quite a few scholars have carried out a lot of relevant 

experimental and numerical research work, and Huang5 and Choubey et al.6 have made 

comprehensive reviews of this work. In recent years, visual experimental techniques 

have been used to observe the transverse jet flow field in supersonic flow,7 and some 

classical understandings and conclusions have  been formed on its flow field structure 

and mixing characteristics. In the early experiments of Ben yakar8 and Santiago and 

Dutton,9 the non-reacting transverse jet flow field was observed. The flow field under 

different operating cases has a common basic structure, as shown in Figure 1. The flow 

field contains complex three-dimensional shock waves, recirculation zones, large-scale 

vortex structures in the shear layer and jet wake regions. The barrel shock around the jet 

shrinks upward to form a Mach disk, and the incoming stream is compressed in front of 

the jet region to generate a bow shock. The jet injection results in the separation of the 

upstream boundary layer and induces horseshoe vortices near the wall. The vortex 

structures in the jet shear layer and wake play a dominant role in the mixing of fuel and 

air.  Gruber et al.10  found that the most important factor controlling the penetration depth 

of jet is the momentum ratio of incoming flow and jet. Erdem and Kontis11 noticed in the 

experiment that the change of jet penetration with respect to the momentum ratio is 

nonlinear. Portz and Segal12 studied experimentally the penetration of gas jets in 

supersonic flow, and revealed that at low Mach numbers around a value of 1.6, the 

thickness of boundary layer plays an important role in near-field jet penetration, while 

with the increase of Mach number, the influence of the thickness of boundary layer 

gradually decreases. 

 In addition, numerical simulations on many different platforms and methods 

further illustrate the fine structure and mixing mechanism of transverse jet. The near-

field mixing process is controlled by the shear vortices induced by K-H instability in  

 
Figure 1. Schematic diagram of transverse jet in supersonic flow 

the jet shear layer,13 whose entrainment and stretching promote the mixing of fuel and 

air.14 The far field mixing process is con- trolled by the counter rotating vortex pair 

(CVP) and the O-shape vortex, and the mass diffusion plays a leading role.15 The 

horseshoe vortex is induced by the separation of the upstream boundary layer, which 

is close to the wall and spreads around the periphery of the jet to the downstream, 

and hardly participates in the mixing process.16 

 Sun and Hu17,18 used direct numerical simulation to study the detailed structure 
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of the transverse jet, such as the main reverse vortex, the upper tail reverse vortex, and 

the surface tail reverse vortex pair of the sonic jet in the supersonic transverse flow. The 

research shows that it is generated by the vortex distortion in the near field shear layer of 

the evolving jet and the pressure difference between the upwind and leeward of the jet.19 

Watanabe et al.20 described the turbulent structure of vertical jet in supersonic flow 

through LES research, and revealed that the contour of jet boundary is formed by the 

large-scale vortex on the windward side of jet plume. In their other work,21 it was found 

that the jet characteristics were strongly affected by the incoming flow conditions, and 

the time average trajectory of the jet was controlled by the momentum ratio J. In 

addition, the momentum ratio has little effect on the size and shape of coherent 

structures in the shear layer, but will increase the convection velocity of these structures. 

Rana et al.22 realized the generation method of turbulent inlet based on digital filter in 

the numerical study of transverse jet. They noticed that the K-H instability occurred on 

the jet shear layer on the windward side of the jet plume, and then developed into large-

scale vortices, promoting the mixing of air and fuel. You et al.23 conducted Detached 

Eddy Simulation (DES)  and RANS simulation respectively for jet flow and mixing in 

scramjet combustor. The comparison results show that DES method captures the 

dynamics of turbulent structure well, and provides results of mixing efficiency that are 

more consistent with experiments than RANS. Although LES provides high resolution 

and fine structure, RANS is a more efficient numerical tool, which can also reproduce 

correct flow field structure and pre-dictroughly accurate parameter distribution. 

 When using RANS for numerical simulation, the grid resolution and 

numerical scheme adopted in the calculation will have different effects on the shape 

of shock wave and vortex structure and the jet distribution characteristics in the flow 

field. Sun and Timin24 used the high-precision WENO scheme, combined with the k–e 

two equation turbulence model, to accurately simulate the interference flow field 

formed by the trans- verse jet in supersonic flow. Unweighted or weighted essentially 

non oscillatory schemes (ENO or WENO) can correctly capture shock waves without 

generating significant numerical oscillations,25–27 but they are usually too dissipative 

and have a significant damping effect on turbulence. The applicability of such schemes 

to turbulence problems can be improved by adding flux stencils based on central 

difference or reducing high wave number dissipation of specific stencils through 

limiters.28,29 Huh and Lee30 compared the performance of RoeM and HLLE flux 

schemes in the RANS solver, and the results showed that the complex shock structure led 

to the instability of the numerical solution. The original Roe scheme failed to obtain a 

stable solution, while the RoeM scheme and HLLE scheme obtained better results. 

At the same time, different turbulence models have their own adaptation to the  physical  

situation,  and their versatility is poor. Zhang et al.31 improved the calculation accuracy 

of the model for low-speed incoming transverse jet by adding strain rate  tensor  to  the 

Spalart Allmaras (S-A)  turbulence  model.  Volkov et al.32 compared Spalart-

Allmaras, k-e, k-v and SST turbulence models in the simulation of transverse jet, it is 

found that SST model can get the results consistent with the corresponding experimental 

data in a wide range. Huang et al.33 has done similar work, and also believes that SST 

turbulence model has advantages in predicting this type of problem. However, these 
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numerical simulation work did not pay attention to the influence of calculation methods 

on the accuracy of results. This paper systematically analyzed the calculation results of 

different precision numerical schemes and different turbulence models, and obtained the 

corresponding conclusions, hoping to provide a meaningful reference for the numerical 

simulation of such problems. 

Physical model and numerical settings 

 Based on the jet experiments of Santiago and Dutton,9 Everett34 and 

VanLerberghe,35 this paper verifies the reliability of the numerical method and further 

analyzes the factors affecting the numerical accuracy. Table 1 shows conditions of 

supersonic inflow and jet for the case. In the experiment, the stagnation pressure of 

super- sonic free incoming air is 241 kPa, the stagnation temperature is 295 K, the Mach 

number is 1.6, and the corresponding static pressure is 56.7 kPa, the static temperature is 

195.1 K. A circular injection device with a diameter of d = 4 mm is installed on the flat 

plate. The nitrogen jet is injected into the supersonic free air flow along the vertical 

direction of the wall. The Mach number of the jet is 1.0, the total temperature and 

pres- sure are 295 K and 476 kPa respectively, and the corresponding static temperature 

and pressure are 245.83 K and 251.46 kPa respectively. The thickness of the boundary 

layer of the incoming flow is matched with the experiment at x/d = 25, d = 

0.775d=3.1 mm. Reynolds number of incoming flow is Red = rU d=m = 1:1 3 105 where 

all parameters here are given to their inlet values and the boundary layer thickness d is 

the characteristic length, and the momentum flux ratio of jet/incoming flow is 1.7. 

 The convective terms, that is, inviscid terms, are discretized by the second order 

AUSM + UP scheme36 or the fourth order central difference/WENO hybrid scheme37 

with low dissipation, while the diffusive terms, that is, viscid terms, are discretized by 

the sec- ond order central difference scheme. And the second order TVD-type explicit 

Runge Kutta method is used for time integration. The k-v SST38 and k-v 200639 

turbulence models were used to compare numerical results. The numerical simulation 

program is our own three-dimensional unsteady GPU solver for solving compressible NS 

equations. In incompressible flow simulations, the strong coupling of velocity and hydro- 

dynamic pressure necessitates the calculation of the pressure Poisson equation. While in 

compressible flow simulations here, velocity and pressure are decoupled, and pressure is 

calculated through the gas state equation.  The detailed description of this solver is 

referred to Lai et al.40 

 The calculation region and boundary condition settings of numerical 

simulation are shown in Figure 2. The three-dimensional calculation region includes 

the upstream supersonic turbulent boundary layer zone, central jet injection zone and 

downstream buffer zone. Based on the boundary layer thickness  of  0.775d (3.1 mm) 

at x/d = 2 5, it is calculated through numerical simulation that the supersonic turbulent 

inlet should be 250 mm before x/d = 2 5, so the length of the supersonic boundary 

layer zone is 62.5d. The coordinate origin is located at the center of the orifice, and the 

lengths of flow direction, span direction and normal direction are 87.5dX10dX9d, 

respectively.  
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Figure 2. Calculation domain and boundary condition settings. 

  

Figure 3. The mesh of coarse grid case for streamwise central section of: (a) the whole 

domain and (b) the zoomed near-wall region near the jet overlaped by the Mach number 

contour.  

The flow direction position of the central focus region is 5d in front of and 5d in the 

back of the coordinate origin, its normal position is within 3.75d, and its spanwise 

position is 2d in the left and right of the coordinate origin. A buffer zone with a length 

of 15d is set at the downstream, and a relatively coarse grid is set along the flow 

direction in order to prevent the numerical disturbance at the outlet propagating 

upstream along the boundary layer. The initial conditions for the whole 

computational domain of all numerical cases are set to the same as the incoming flow 

state at inlet before the RANS simulations. The RANS simulations for all cases in the 

present work are steady, and all calculations are converged. 

Numerical results and discussion 

Grid independence verification 

 The 3.96 million hexahedral grid is used as a bench- mark case to refine the grid 

and investigate the influence of grid density on the numerical results. Three sets of 

hexahedral structural grids with different grid num- bers of 3.96 million, 7.92 million 

and 11.76 million are used here for calculation. The grid length from the first layer of the 

wall is set to 0.001 mm. The grid in the direction perpendicular to the wall is stretched 

according to an exponential function from the wall to 0.3 d, and then the grid is 

uniformly distributed from 0.3d to 3.75 d. In addition to the local refinement near the jet 

outlet, the grid in the spanwise and flow direction is equally spaced. The mesh of coarse 

grid case for streamwise central section of the whole domain is shown in Figure 3(a), and 

the zoomed mesh for near- wall region near the jet overlaped by the Mach number 

contour  is  given  in  Figure  3(b).  And  the  y+  value  is calculated to be 1.025, the same 

for all cases with various meshes, schemes and models. 

 Figure 4 shows the distribution comparison of streamwise and transverse 
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velocities of three sets of computational grids on the four sections x/d = 2, 3, 4, and 5 

downstream of the jet. The numerical scheme is second-order AUSM  + UP, and the 

turbulence model is k- v SST. It can be seen that the calculation results of coarse grid and 

medium grid are basically consistent, while the results of fine grid are slightly more 

consistent with the experimental results. Among these results, the numerical capture of 

transverse velocity is more accurate than that of stream wise velocity, especially near the 

wall, which may be caused by the overestimation of the viscosity of boundary layer using 

the RANS method. As a global parameter to verify the gird independence, the 

penetration depth of the nitrogen jet to the main air flow at the outlet is obtained from 

numerical results. The penetration depth is taken as the value, which is the transverse 

position of the intersection point between the upper contour line of the 0.8 mass fraction 

value of the nitrogen component in the flow direction center section and the outlet of 

computational domain. And the penetration depth values are 18.60, 18.84 and 18.40 mm 

for coarse, medium and fine grids, respectively. Relative error values between them are 

less than 2.5%. 

 In general, the calculation results under the three sets of grid resolutions are 

basically the same. It can be considered that the numerical solution has converged. In 

order to improve the calculation efficiency, 3.96 million grids are used for subsequent 

numerical simulation and analysis. 

Flow field structure and comparison with experimental results 

 Firstly, the flow field structure is obtained and analyzed by numerical simulation 

using 3.96 million grids and comparing with the experimental results. 

Figure 5 shows the Mach number contour in the streamwise symmetry plane of the 

calculation region, showing the main characteristics of the supersonic main stream/jet 

interaction flow field. The sonic jet ejects perpendicularly to the supersonic main stream, 

producing a inclined barrel shaped shock wave that terminates on the Mach disk. The 

shock wave is caused by a high degree of under expansion of the jet. A reflected shock 

wave is formed downstream of the barrel shock wave and collides with the plate wall. 

For the incoming flow, the barrel shock is similar to a blunt body obstacle, forming a 

separated bow shock. When the fluid in the upstream boundary layer approaches the 

reverse pres- sure gradient caused by the bow shock wave, the separation occurs, and a 

separation zone appears in the upstream boundary layer of the jet nozzle.
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Figure 4. Velocity distribution of streamwise (red) and transverse (blue) at different 

streamwise positions in the downstream area of the jet (the calculation grids are 3.96 million, 

7.92 million and 11.76 million respectively, corresponding to course, medium and fine). 

 

 
Figure 5. Mach number contour of the central section in flow direction near the jet 

 

Figure 6.  Isosurface of flow velocity u=U‘= 0.0, colored by the local distance y/D 

perpendicular to the wall. 

binary switch.41 Through a  series of numerical tests, it is proved that the shock sensor 

can improve the performance in the wave number space, and has a higher resolution in 

the flows involving shock and compressible turbulence. 

 Figure 6 shows the isosurface of flow velocity u=U‘=0.0 colored by the 

local distance y=d  perpendicular to the wall. Under the influence of transverse jet, a 

three-dimensional separation structure similar to a herringbone hill is formed in the 

high-pressure region upstream of the orifice, and this separation structure is isolated by 

the reattachment flow to form two wings. In the leeward region of the jet, the low-

pressure situation dominates. The herringbone separation bubble is induced by the 

counter-rotating vortex pair near the wall surface. 

 Figure 7 shows the distribution of stream wise velocity and transverse velocity at 

x/d = 2, 3, 4, and 5 downstream of the jet. It can be seen that the numerical results are 

in good agreement with the experiment in the region more than 2d away from  the wall,  

and a poor agreement is found in the region close to the wall, especially for the flow 

velocity in the boundary layer. Moreover, the upstream calculation deviation  will affect 

the downstream numerical results. At the down- stream location, the farther away from 

the jet, the more difference between the numerical solution and the experimental results. 

Figure 8 shows the comparison between the calculated results of AUSM + UP 

scheme and WENO- CU4 scheme and the experiment at x/d = 2, 3, 4, and 5 locations 

downstream of the jet. The results show that the WENO-CU4 scheme is superior to the 
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second-order AUSM + UP scheme in capturing the velocity gradient near the wall 

region. But in other regions, both of the schemes cannot accurately depict the velocity 

field. 

Influence of numerical scheme accuracy 

 For cases of transverse jet in supersonic flow, the AUSM + UP scheme36 and the 

central difference/ WENO hybrid scheme37 are respectively used for calculation and 

testing here. The AUSM + UP scheme combines the discontinuous high resolution of 

Roe scheme and the computational efficiency of van Leer scheme, and overcomes the 

shortcomings of both. It is not only applicable to cases with a low Mach number, but also 

applicable to the numerical simulation of the flow field in the whole speed range, and 

applicable to various flow problems with different geometric shapes and grids. The 

central difference/WENO hybrid scheme employs the WENO scheme where the flow 

field is discontinuous, and the central finite difference scheme in the form of energy 

conservation in the smooth region. The switching between the two schemes is realized 

by a shock sensor, which uses a vibration sensor based on a This shows that RANS 

method has obvious limitations in solving problems dominated by large-scale unsteady 

turbulence, such as the flow and mixing with a supersonic jet. The calculated results have 

a large deviation from the experimental results, and improving the accuracy of the 

scheme cannot effectively improve the calculated results. 

 

Influence of turbulence model 

 The RANS method for turbulence modeling requires appropriate modeling of 

Reynolds stress in the govern- ing equation. A commonly used method is to use the 

Boussinesq hypothesis to associate Reynolds stress with the average velocity gradient. 

The k-v model is a very popular engineering turbulence model that applies the 

Boussinesq assumption. Here, two additional transfer equations (turbulent kinetic energy 

and unit turbulent energy dissipation rate) are solved, and the turbulent viscosity 

coefficient is calculated as a function of k and The drawback of the Boussinesq 

hypothesis is that it assumes that the turbulent viscosity coefficient is an iso- tropic scalar, 

which is not entirely correct. The assumption of isotropic turbulent viscosity is usually 

applicable to shear flows dominated by only one turbulent shear stress. This covers many 

flows, such as wall boundary layers, mixing layers, jets, and so on. The standard k-v 

model42 is only applicable to incompressible fluids and is suitable for low Re number 

flows. The shear stress transport (SST) model proposed by Menter38 is constructed with 

the idea of maintaining the stability and accuracy of the k-v  mode in the near wall region 

and the advantages of the k-e mode in handling free flow in the outer boundary layer 

region. This model has been widely used in numerical simulation of supersonic flow.32,33 

The k-v 2006 model was proposed by Wilcox in 2006 for the design of high Reynolds 

number flow simulations, and its related equations can be found in Section 3.5.3 of 

Wilcox,39 and the viscous modifications to the model can be found in Section 2.5.2 of 

Wilcox.39 

 The flow field of transverse jet in supersonic flow is a complex one including the 

strong pressure gradient, shock waves, expansion waves and large-scale 
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Figure 7. Comparison between calculational and experimental16 results of streamwise (red) 

and transverse (blue) velocity distribution at different flow direction positions in the 

downstream region of jet. 

Table 1. Conditions of supersonic inflow and jet. 

 Supersonic inflow Sonic jet 

Ma 1.6 1.0 

P(kPa) 56.7 251.46 

T (K) 195.1 245.83 

Red 1.1 3 105  

J 1.7  

d(mm) 4  

separation structures. Accurate description of turbulent flow process is the key to 

reproduce its physical scene. Therefore, the influence of two turbulence models of k- v 

SST and k-v 2006 on the numerical results is compared in this section, as shown in 

Figure 9. 

 As can be seen from Figure 9, compared to k-v SST model, the k-v 2006 model 

slightly overestimates the value of lateral velocity, especially at about 1.5d from the 

wall. It is worth noting that k-v SST model underestimates the experimental stream 

wise velocity, while the prediction of k-v 2006 model is slightly improved, which is more 

consistent with the experimental data. 

Limitations of RANS method 

 It can be seen from the discussion in the previous four subsections that the RANS 

calculation results differ greatly from the experiment ones. Especially in the near wall 

region, the RANS model does not capture the near wall behavior of the flow field near 

the transverse jet. This section selects the LES calculation results in Liu et al.43 and 

compares them with RANS results in the current work, as shown in Figure 10. 
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 It can be seen from Figure 10 that near the jet, the lateral velocity simulated by 

LES near the location of y/d = 1 slightly overestimates the experimental results, while 

the lateral velocity of RANS is in good 

 
Figure 8. Streamwise (red) and transverse (blue) velocity distribution at different flow 

direction positions in the downstream region of jet (dotted line is the calculation result of 

second-order AUSM + UP scheme, and solid line is the calculation result of WENO-CU4 

scheme) 

agreement with the experimental values; In addition, LES results are more consistent 

with experimental val- ues than RANS results. Especially for the streamwise velocity, 

LES results are significantly better  than RANS results. It demonstrates that the RANS 

method has a large deviation from the experimental results, and it cannot effectively 

improve the calculation results by improving the accuracy of the scheme or changing the 

turbulence model. In contrast, LES method is much better than RANS method in solving 

such problems. Table 2 shows averaged relative error values for stream wise velocity and 

transverse velocity distribution at different flow direction positions for all cases 

mentioned compared with the corresponding experimental data. Taking parameter U as 

an example, the  averaged error formula data, and n represents the number of 

experimental data points. In the baseline case, the RANS method with coarse mesh, 

AUSM + UP scheme and  k-v  SST model is employed. It can be seen that the 

quantitative results of errors are consistent with the previous qualitative analysis results. 

The error data is provided so that the cases in this article can be repeated and com- 

pared easily by other researchers. 
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 In addition, a number of other calculations and tests have been carried out in the 

present work, such as set- ting the turbulent kinetic energy of the jet to 1000 times of its 

original value, giving the values of velocity, temperature and other parameters according 

to the 1/7 law for the jet orifice, which have not significantly improved the numerical 

calculation results. 

Conclusions 

 In this paper, the RANS method is used to simulate the transverse jet in supersonic 

free flow, and the computational accuracy is analyzed. The grid scale, scheme accuracy and 

turbulence model are mainly analyzed numerically. By comparing the numerical results with 

the experimental and large eddy simulation results, the following conclusions are obtained: 1. 

The outstanding advantage of RANS method is that it has a high computational efficiency 

and relatively loose grid requirements. At the same time, it can visually and efficiently depict 

the main characteristics of the flow field and restore the core phenomenon of the flow.  

 
 

Figure 9. Velocity distribution of streamwise (red) and transverse (blue) at different flow 

direction positions in the downstream area of jet (dotted line is k-v SST model calculation 

results, the solid line is k-v 2006 model calculation results). 

However, RANS method transforms the unsteady turbulence problem into the time-averaged 

steady flow problem, which simplifies the complex turbulence problem and brings about 

limitations in the model. 2. Since the RANS model simulates the eddy viscosity in the flow 

field through the closure of Reynolds stress, the grid of the RANS model only needs to 

sufficiently distinguish the vortex structure with the same characteristic scale. Therefore, 

increasing the number of grids after the numerical convergence cannot significantly improve 

the computational precision of the RANS model. 3. The fourth-order WENO-CU4 scheme is 

superior to the second-order AUSM + UP scheme in capturing the velocity gradient near the 

wall region. But in other regions, both of the schemes cannot accurately depict the velocity 

field. And improving the accuracy of the scheme can not effectively improve the calculation 

results. 
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Figure 10. Comparison between RANS and LES calculation results of  streamwise (red) and 

transverse (blue) velocity distribution at different flow direction positions in the downstream 

area of jet (the solid lines are RANS results, and the hollow triangle symbols are LES 

calculation results).  

Table 2. Averaged relative error values for streamwise velocity (u) and transverse velocity (v) 

distribution at different flow direction positions for all cases mentioned compared with 

experimental data. 

 x = 2d   x = 3d   x = 4d   x = 5d  

Cases U (%) v (%)  u (%) v (%)  u (%) v (%)  u (%) v (%) 

For coarse mesh 

(baseline case) 

13.87 6.80  8.15 18.27  7.81 29.44  7.50 31.65 

For medium mesh 14.44 7.31  8.26 19.10  7.80 31.16  7.48 32.25 

For fine mesh 13.87 6.80  7.23 13.42  5.50 25.14  5.46 26.98 

For WENO-CU4 

scheme 

14.57 20.53  7.41 15.29  6.26 33.79  6.17 37.00 

For k-v 2006 model 12.83 6.47  5.62 26.34  6.18 38.81  6.49 41.30 

For LES method 9.49 14.84  7.05 10.77  2.56 13.85  2.20 22.55 
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