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 6 

ABSTRACT 7 

Turbulent circular wall jets have been extensively investigated both experimentally and 8 

numerically in the past decades. Most of the previous studies focus on the kinematic 9 

characteristics of the jet flows, while the mixing characteristics including the scalar transport 10 

have not been well examined. The current study performs a comprehensive investigation of 11 

the turbulent circular wall jet including both the flow and mixing characteristics using the 12 

large Eddy Simulations (LES) approach with proper near-wall modelling. The LES results 13 

are compared to the existing experimental measurements, as well as numerical results from 14 

two other Reynolds-averaged Navier-Stokes (RANS) models: the standard k-ε and standard 15 

k-ω models, with enhanced wall functions. The comparison focuses on the velocity and scalar 16 

distributions, rates of velocity and scalar decay, variations of characteristic length scales, and 17 

turbulence intensities in different directions. Overall, the study shows that LES coupling with 18 

proper near-wall modelling can simulate both the kinematic and mixing characteristics of the 19 

turbulent wall jet in a satisfactory manner, and the accuracy is superior to the RANS models 20 

with enhanced wall functions for this three-dimensional wall-bounded shear flow. The 21 

advantages can be attributed directly to the better simulations of the anisotropic jet spreading 22 

near the wall. 23 

Keywords: LES, wall jets, velocity distribution, scalar mixing characteristics, turbulence 24 

intensity 25 
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1 Introduction 1 

The occurrence of turbulent circular jets is common in many industrial applications. For a 2 

free circular jet, the jet flow expands in an axisymmetrical manner. However, when the jet is 3 

placed next to an impermeable wall, i.e. a turbulent wall jet, the flow becomes asymmetrical 4 

due to the no flux condition at the wall. There are extensive applications of turbulent wall jets 5 

in the industry, such as film-cooling of the wall of a turbine [1] and effluent discharges into 6 

shallow water where the effluent port is located near the bottom [2].  7 

Turbulent circular wall jets have been well studied experimentally in the past few 8 

decades. Sforza and Herbst [3] performed laboratory measurements on the three-dimensional 9 

turbulent wall jet. The results showed that the growth of the mixing layer is independent of 10 

the nozzle shape, which only affects the decay rate of maximum velocity near the nozzle. 11 

Rajaratnam and Pani [4] investigated the velocity distribution within the turbulent wall jet. 12 

They revealed that the vertical cross-sectional velocity distribution includes two different 13 

flow regions: (a) below the maximum velocity as the boundary layer, and (b) above the 14 

maximum velocity as the free mixing region. Moreover, they observed the similarity of 15 

velocity profiles in both streamwise and spanwise directions in the Zone of Established Flow, 16 

and that the lateral spreading rate is 4 to 5 times larger than normal spreading rate. Launder 17 

and Rodi [1] reviewed the literature and also conducted experimental investigations on the 18 

flow behavior of wall jets. Padmanabham and Gowda [5] quantified the mean flow 19 

characteristics of three-dimensional wall jets experimentally using the technique of the total 20 

pressure probe. Law and Herlina [6] performed a comprehensive experimental study on the 21 

turbulent circular wall jet including both kinematic and scalar mixing characteristics. They 22 

observed that the velocity spreading rate is consistent with the data of Rajaratnam and Pani 23 

[4], but the concentration spreading rate is nearly 1.5 times higher while the wall normal to 24 

lateral concentration spreading ratio is approximately equal to 5 for both. In addition to the 25 

mean flow behavior, the turbulence characteristics of the circular wall jet, including the 26 

distribution of the turbulent mass transport, were also investigated by Herlina and Law [7]. 27 

More experimental investigations on turbulent wall jets had also been performed by 28 

Abrahamsson et al. [8], Gerodimos and So [9], and Eriksson et al. [10]. 29 

Computational studies on turbulent wall jets had also been performed in the past. 30 

Craft and Launder [11] numerically simulated the three-dimensional turbulent wall jet with 31 

Reynolds Averaged Navier Stokes (RANS) models and several turbulence closures. They 32 

confirmed that the remarkably higher lateral spreading rate is due to the creation of 33 
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streamwise vorticity, rather than asymmetric diffusion. However, the lateral spreading rate in 1 

Craft and Launder [11]’s simulations was about 50% higher than most of the experimental 2 

measurements. Lubcke et al. [12] also investigated the spreading mechanism of three-3 

dimensional turbulent wall jets using RANS models. They demonstrated that the Boussinesq 4 

viscosity model failed to reproduce the lateral spreading mechanism. Dejoan and Leschziner 5 

[13] explored the mean flow and turbulence characteristics of a plane turbulent wall jet by 6 

large eddy simulations (LES). Li et al. [14] adopted LES to examine the flow and dilution 7 

behaviour of an axisymmetric jet imparting the wall perpendicularly. Subsequently, Li et al. 8 

[15] also simulated numerically the kinematic characteristics of the circular wall jet, but the 9 

scalar characteristics were not examined.  10 

The previous numerical studies on three dimensional turbulent wall jets focused only 11 

on the kinematic characteristics, while the mixing behaviour or scalar transport had not been 12 

addressed so far. The understanding of the scalar transport of the circular wall jet is important 13 

for the engineering assessment discussed above, and it also contributes towards the 14 

fundamental understanding of wall bounded shear flows. In this study, we employ LES with 15 

proper near-wall modelling to evaluate both the kinematic and scalar mixing characteristics 16 

of the turbulent circular wall jet. Based on the results, we shall demonstrate that the 17 

performance of LES in simulating the three-dimensional turbulent wall jet with proper near-18 

wall modelling is satisfactory. The LES results are also superior to the results from RANS 19 

models with enhanced wall functions. In the following, we shall first introduce the various 20 

numerical approaches. The numerical results are then presented and compared to the 21 

available data in the literature. The key findings are given at the end. 22 

2 Computational Methodology 23 

2.1 Governing equations 24 

The governing equations, including the continuity and momentum equations, for a three-25 

dimensional, incompressible fluid flow are as follow [16]: 26 

Continuity equation: 27 

0i

i

u
x
∂

=
∂  

(1) 

Momentum equation: 28 
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Scalar transport equation: 1 
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where ,i ju u are the mean velocity in ,i j direction, respectively; ρ is the fluid density; p is the 2 

pressure, µ is the fluid viscosity, t is the time, Γ is the molecular diffusivity, φ  is the mean 3 

scalar concentration, ' '
ij i ju uτ ρ= − are the Reynolds stresses and ' '

j jQ uρφ= − are the turbulent 4 

scalar flux, where the apostrophe indicates an instantaneous deviation while the overbar 5 

indicates time averaged variables. In the present study, the distribution of scalar concentration 6 

is tracked through the variation of a small temperature difference as tracer. Therefore, φ  is 7 

identical to the mean temperature difference. From the equations, it is obvious that the 8 

Reynolds stresses and turbulent scalar flux are required to be resolved for the closure of the 9 

equations. 10 

With RANS models, the Boussinesq hypothesis is adopted to quantify the Reynolds 11 

stresses and the turbulent scalar flux in the following manner: 12 
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where tµ is the eddy viscosity, k is the turbulent kinetic energy and tΓ  is the turbulent 13 

dispersivity. The transport equations of the k ε−  and k ω− models for tµ and k are 14 

summarized in the Appendix. 15 

LES approaches the simulations in a different manner. With LES, eddies are filtered 16 

into large and small sizes based on the local grid sizes. The large eddies are then computed 17 

directly by solving the instantaneous N-S equations, while the small eddies are modelled 18 

based on the Boussinesq hypothesis [16]. After the filtering operation, the sub-grid scale 19 

(SGS) continuity and momentum equations follow Equations (1) and (2), and the SGS 20 

Reynolds stresses are modelled by 21 

1 2
3

ijij kk ij t Sτ τ δ µ− − = −  (6) 



5 
 

Pr
t

j
t j

Q
x

µ φ∂
=

∂
 (7) 

where ' ' ' '
i j i jij u u u uρ ρτ += − is the SGS Reynolds stress, tµ is the SGS eddy viscosity, kkτ is 1 

the isotropic part of SGS stress which can be neglected for incompressible flows [17],2 

' ' ' '
j j jQ u uρφ ρφ= − + is the SGS turbulent scalar flux, Pr 0.85t =  is the SGS Prandtl number 3 

and 1
2

i j
ij

j i

u uS
u u

 ∂ ∂
= +  ∂ ∂ 

 is the rate of strain tensor for the resolved scale.  4 

The major variable that needs to be resolved for LES is the SGS eddy viscosity, tµ . 5 

Various SGS models have been developed in the past, and their details are also briefly 6 

summarized in the Appendix. In turbulent conditions, the transports of mass, momentum, 7 

energy, and other quantities are mainly affected by the large eddies which are strongly 8 

determined by the geometries and boundary conditions of the flow involved. On the contrary, 9 

the small eddies tend to be isotropic and are not as affected by boundaries, thus the turbulent 10 

models based on Boussinesq hypothesis are more suitable. Therefore, through the direct 11 

simulations of large eddies, LES is expected to yield better predictions of the wall-bounded 12 

flows than the RANS models. 13 

In the present study, two standard RANS models (standard k-ε and standard k-ω) and 14 

LES with the Smagorinsky SGS model were adopted in the simulations of the three-15 

dimensional wall jet.  16 

2.2 Flow configuration and computational setup 17 

The simulation domain was configured based on the experimental setup in Law and Herlina 18 

[6] in Cartesian coordinates. As shown in Figure 1, U0 and Um0 are the inlet velocity and 19 

maximum streamwise mean velocity, respectively, and ym/2 and zm/2 are velocity-half-width 20 

and velocity-half-height, respectively. The computational domain had dimensions of 1.5 m 21 

length, 0.6 m width and 0.2 m height. A circular inlet with a diameter (d) of 5.5 mm was 22 

centred at a height of 3.75 mm from the wall. The mesh was a hybrid type with a total of 1.6 23 

million cells. The grid size ranged from 0.3 mm to 13 mm, with a higher resolution near the 24 

inlet and the bottom wall boundary as shown in Figure 2, in which the grid size gradually 25 

increased from the origin of the coordinates towards the outer region in three dimensions. 26 

Particularly, the size of the grid decreases towards the bottom wall in the z-direction. The 27 

minimum grid spacing in the x and y directions were 0.8 mm and 0.3 mm, respectively.  28 
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 1 

Figure 1 Schematic diagram of the computational domain 2 

 3 

 4 

Figure 2 Mesh in the near-inlet region and on the bottom wall for near-wall modelling 5 

The grid convergence had been tested using the Grid Convergence Index (GCI), 6 

which is a widely used method for the estimation of uncertainty due to the discretization in 7 

CFD simulations [18,19], with both coarser (0.9 million cells) and finer (3.1 million cells) 8 

schemes. Figure 3 presents the uncertainty of the results along the centreline at the nozzle 9 
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height, where the GCI value is plotted in the form of error bars. From the figure, the 1 

maximum uncertainty was about 10%, and the uncertainty at most places was small. 2 

 3 

Figure 3 (a) Velocity variation and corresponding uncertainty along the centreline; (b) Scalar 4 
concentration variation and corresponding uncertainty along the centreline 5 

The presence of walls can significantly affect the turbulent flows due to the no-slip 6 

condition of the wall. In particular, the flow velocity and turbulence are rapidly reduced 7 

toward the wall due to the viscous damping and kinematic blocking in the very near-wall 8 

region [20,21] and hence a special treatment for the low-Re-number near-wall flow is 9 

required. Two major near-wall treatments have been developed so far: wall function and 10 

near-wall modelling. With the wall function, semi-empirical formulas are used to bridge the 11 

region between the wall and the outer fully-turbulent layer instead, and it has been vastly 12 

(a) 

(b) 
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used in RANS simulations due to its relative simplicity [11,22]. In the present study, an 1 

enhanced wall function [23] was applied to both the k – ε and k – ω models. The near-wall 2 

modelling approach, instead, resolves the near-wall region directly which necessitates a 3 

sufficient resolution of the boundary layer. Since the viscous sub-layer is of the order of ~ 6 4 

y+ (where y+ is non-dimensional wall distance), the first mesh node in LES should reside at 5 

most 1.0 y+ for near-wall modelling [13,24]. In the present study, proper near-wall modelling 6 

is adopted in which the mesh in the LES had been further refined such that the first mesh 7 

node is less than 1.0 y+ due to the anticipation of wall significance in this case.  8 

In terms of boundary conditions, the inlet was set to have a uniform inflow velocity 9 

(U0) of 2.23 m/s and a temperature (T0) of 305 K. With an ambient temperature (Ta) of 300 K 10 

and an insulated wall, the temperature difference could then be utilized as tracer of the scalar 11 

concentration distribution within the jet mixing. It should be noted that the scalar mass 12 

transport revealed through the temperature distribution was the key objective in the present 13 

study. The hydraulic diameter and turbulent intensity at the inlet were estimated to be 5.5 mm 14 

and 5%, respectively. For the LES simulations, artificial turbulence of the inflow was set 15 

using the spectral synthesizer method [25,26]. In this method, the random flow is generated 16 

by synthesizing divergence-free vector fields from a sample of Fourier harmonics, accounting 17 

for the effects of inhomogeneity and anisotropy of turbulent shear stresses. Therefore, the 18 

method is particularly suited for the wall jet study using LES which the effects of 19 

inhomgeneity and anisotropy are of primary importance. Based on the inlet diameter and the 20 

kinematic viscosity of water (1×10-6 m2/s), the Reynolds number was calculated to be Re = 21 

12200, which was fully turbulent. The bottom was specified as a wall boundary with no-slip 22 

condition, and the top surface was set as slip condition. The other four boundaries were set as 23 

zero gradient boundary conditions.  24 

The numerical software used in the present study was ANSYS Fluent version 13 25 

based on the finite volume method. The governing equations were discretized based on the 26 

finite volume method with the SIMPLE algorithm for the pressure-velocity coupling. Least 27 

Squares Cell Based method was chosen to compute the gradient. In RANS models, the 28 

second-order upwind scheme was used for the momentum and turbulent kinetic energy 29 

discretization, and the first-order upwind scheme was used for the dissipation rate. In LES, 30 

bounded central differencing was used for the momentum discretization. Time was 31 

discretized using the second-order implicit scheme, and the standard scheme was introduced 32 

for the pressure interpolation. The convergence criterion of 10-5 was set for the continuity, 33 
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velocities, and k, and 10-6 for energy. Moreover, the time step for LES was determined so that 1 

the Courant number was less than 1. 2 

3 Results and Discussion 3 

The results of numerical simulations were compared at two planes: the horizontal plane (at z 4 

= 3.75 mm) and the vertical symmetry plane (at y = 0). They illustrated the lateral and wall-5 

normal spread of the wall jet, respectively. In this study, the time-averaged LES results were 6 

sampled from 30 to 160 seconds of the simulation time, which period was judged to be quasi-7 

steady and the profiles fully developed. 8 

3.1 Velocity characteristics 9 

The instantaneous (t = 160 s) velocity vector maps obtained from LES at the two planes are 10 

shown in Figure 4. The direction of the vectors shows how the flow spreads streamwise and 11 

spanwise within the domain, and the length of the vectors indicates the magnitude of the 12 

velocity. In Figure 4a, the vectors show the small spreading in the streamwise direction, and 13 

the vectors of large magnitude exist in a narrow region near to the bottom wall. 14 

Comparatively, the vectors shown in Figure 4b show the larger spreading in the spanwise 15 

direction, and the vector magnitudes are generally higher than those in Figure 4a. The 16 

velocity contours are shown in Figure 5, where both the instantaneous and mean velocity at 17 

the two planes are plotted. From the figure, it can be observed that the velocity field starts to 18 

show significant fluctuations at around x/d = 10 in the two planes, and the wider mean 19 

velocity contours as shown in Figure 5d correspond to the larger spanwise vectors in Figure 20 

4b. The spreading angles of the mean velocity profiles are also indicated in Figure 5. From 21 

the figure, it is obvious that the spanwise spreading angle is much larger than the streamwise 22 

spreading angle. 23 
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 1 

Figure 4 Vector maps of instantaneous velocity at: (a) symmetry plane, (b) z = 3.75 mm 2 
(colour figure) 3 

(a) m/s 

(b) m/s 
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 1 

Figure 5 Velocity contours (m/s): (a) instantaneous velocity in the symmetry plane, (b) 2 
instantaneous velocity at z =3.75 mm, (c) mean velocity in the symmetry plane, (d) mean 3 

velocity at z =3.75 mm (colour figure) 4 

3.1.1 Streamwise velocity profiles 5 

In Figure 6, the results of LES, standard k ω− and standard k ε− models are compared with 6 

the experimental measurements by Law and Herlina [6] in terms of the streamwise (x-z) 7 

velocity profiles along the centreline from x/d = 20 to 50. Um is the velocity in the center 8 

plane. It should be noted that only the average similarity profiles at different cross sections 9 

obtained by RANS models are presented for brevity. All the streamwise velocity profiles 10 

from numerical simulations tend to collapse into a single curve, which coincides with the 11 

experimental data. However, clearly the LES results are in better agreement with the 12 

experimental data than the standard k-ε and k-ω models, both of which show larger 13 

deviations, especially the standard k-ω model. Verhoff [27]’s empirical curve for the two-14 

dimensional wall jet, shown in Figure 6, is also in very good agreement with the numerical 15 

simulations. This agreement indicates that there is no significant difference in the streamwise 16 

velocity profiles between two-dimensional and three-dimensional wall jets, which was also 17 

noted by Law and Herlina [6]. 18 

The LES results of streamwise velocity profiles at offset sections were also extracted 19 

and compared with experimental data shown in Law and Herlina [6] in Figure 7. zm/2 and Ums 20 

represent the local velocity-half-height and maximum velocity at the offset section, 21 

respectively. The numerical data along the centreline and various offset sections are observed 22 

(c) 

(b) (a) 

(d) 
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to be also self-similar and in good agreement with the experimental measurements. It can 1 

thus be concluded that the self-similarity is also applicable to the velocity distribution in the 2 

offset sections, and that the velocity distributions between the centreline and various offset 3 

sections are similar within the range of the investigation. 4 

 5 

Figure 6 Streamwise velocity profiles along centreline 6 

 7 

Figure 7 Nondimensional profile of streamwise velocity at offset sections 8 

 9 
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3.1.2 Spanwise velocity 1 

The spanwise (x-y) velocity profiles were extracted from the horizontal plane as shown in 2 

Figure 8 at the height where the centreline of the inlet was located. All the LES results were 3 

nearly self-similar and in agreement with the experimental data, while the standard k-ε model 4 

showed larger deviations in the region near the centerline. It should be noted that this 5 

similarity was also reported by Rajaratnam and Pani [4] and Padmanabham and Gowda [5]. 6 

However, their measurements only focused on the near-centreline region up to y/ym/2 = 1.6, 7 

while the simulations here extended to y/ym/2 = 3. The Goertler solution for free jets from 8 

Schlichting [28] and the previous numerical results by Huai et al. [22] are also plotted in 9 

Figure 8 for comparison. Note that Huai et al. [22] used the realizable k-ε model instead of 10 

the standard k-ε model. It can be observed that, compared with the experimental data, the 11 

results from LES and all RANS models all under-predicted the velocity magnitudes after 12 

about y/ym/2 = 1.  13 

 14 

Figure 8 Spanwise velocity profiles 15 

3.1.3 Decay of maximum mean velocity 16 

Sforza and Herbst [3] divided the longitudinal spreading of turbulent wall jet into the 17 

following regions based on the maximum mean velocity decay rate: a potential core region, a 18 

characteristic decay region, and a radial-type decay region. In the radial-type decay region, 19 

the maximum mean velocity would decrease almost linearly with the downstream distance. In 20 

Figure 9, the decay of maximum velocity in the third region from LES, standard k-ε and 21 

standard k-ω models are compared with the experimental measurements as well as the 22 
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numerical simulation of Li et al. [15]. From the figure, it is obvious that the LES results 1 

provide the best agreement. Comparatively, both the standard k-ε and k-ω models over-2 

predict the decay measurements significantly. 3 

 4 

Figure 9 Decay of maximum mean velocity 5 

3.1.4 Variations of velocity length scales 6 

The variations of velocity-half-height and velocity-half-width are presented in Figures 10 and 7 

11, respectively. In addition, Rajaratnam and Pani [4]’s experimental results are also plotted 8 

in Figure 10, and Li et al. [15]’s numerical results are shown in both figures. 9 

A linear relationship between the velocity-half-height (width) and longitudinal 10 

distance was reported by Law and Herlina [6] and Rajaratnam and Pani [4]. As shown in 11 

Figure 10, the standard k-ε and k-ω models over-predict the velocity-half-height 12 

measurements while the LES results are in good agreement with the experimental 13 

measurements. The linear fitting curve based on LES results could be described by 14 

/2 0.056 0.53mz x
d d

= +  (5) 

Li et al. [15] simulated the circular wall jet using LES with the SGS model of 15 

dynamic kinetic energy (DKE). DKE is a relatively new SGS model proposed by Kim and 16 

Menon [29] which accounts for the transport of the SGS turbulence kinetic energy, while the 17 

Smagorinsky SGS model is based on an assumption of the local equilibrium between the 18 

transferred energy through the grid-filter scale and the dissipation of the kinetic energy at 19 

small SGS. DKE is thus more advanced than Smagorinsky for wall-bounded flows in theory. 20 
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However, from the two figures, Li et al. [15]’s results far exceed the experimental data for the 1 

velocity-half-height, and are similar to the results of k-ε and k-ω models. Note that the present 2 

study used a hybrid mesh while Li et al. [15] adopted a structured mesh. Therefore, it is 3 

possible that the grid arrangement near the wall boundary was coarser in their simulations. 4 

In Figure 11, the results of k-ε and k-ω models both under-predict the experimental 5 

data. In comparison, the LES results have the best agreement with the previous experimental 6 

and numerical measurements, and could be described by a linear fitting function as 7 

/2 0.31 4.40my x
d d

= +  (6) 

Overall, LES results provide the best predictions of the kinematic characteristics 8 

collectively for all the three decay rates, and the accuracies are well within the experimental 9 

variations. The LES growth rate of velocity-half-width is 5.5 times as large as that of 10 

velocity-half-height, which is close to the experimental data. 11 

 12 

Figure 10 Variation of velocity-half-height 13 
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 1 

Figure 11 Variation of velocity-half-width 2 

3.2 Scalar characteristics 3 

The relative scalar characteristics (based on the temperature differences) obtained from LES 4 

are shown in Figure 12, where both the instantaneous and mean scalar concentration at the 5 

two planes are plotted. The behaviours of the concentration fields are basically similar to 6 

those of the velocity fields (as shown in Figure 5). The concentration fields also start to 7 

fluctuate after around x/d = 10, and the spreading rate is higher in the spanwise direction. It 8 

can also be observed that the scalar spreading is generally larger than the velocity spreading 9 

both in the streamwise and spanwise directions, by comparing Figure 12 with Figure 5. 10 

3.2.1 Streamwise scalar profiles 11 

In Figure 13, the results of LES, standard k-ε and standard k-ω are compared with the 12 

experimental measurements in terms of the streamwise scalar concentration profiles along the 13 

centreline from 20d to 50d. Tm and Tm0 are the centreline concentration and centreline 14 

maximum concentration, respectively, and ztm/2 is the scalar-half-height. All the streamwise 15 

scalar profiles from the numerical simulations tend to form similar curves with (Tm-Ta)/(Tm0-16 

Ta) decreased exponentially from a maximum value at the wall. However, the standard k-ε 17 

and standard k-ω results show over-predictions when z/ztm/2 > 1, while the LES results are in 18 

better agreement with the experimental data.  19 
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 1 

Figure 12 Temperature difference contours (K): (a) instantaneous temperature in the 2 
symmetry plane, (b) instantaneous temperature at z =3.75 mm, (c) mean temperature in the 3 

symmetry plane, (d) mean temperature at z =3.75 mm (colour figure) 4 

 5 

Figure 13 Streamwise scalar concentration profiles 6 

The LES results of the streamwise scalar distribution at offset sections are reported for 7 

the first time, as shown in Figure 14, where ztm/2 and Tms are the local scalar-half-height and 8 

maximum scalar concentration in respective offset sections, respectively. Similar to the 9 

velocity profiles in Figure 7, it can be concluded that self-similarity is also applicable to the 10 

scalar distribution in the offset sections. 11 

(a) (b) 

(c) (d) 
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 1 

Figure 14 Nondimensional profile of streamwise scalar concentration at offset sections 2 

3.2.2 Spanwise scalar profiles 3 

The spanwise scalar profiles extracted from the horizontal plane are plotted in Figure 15, 4 

where ytm/2 is the scalar-half-width. All models reproduce reasonable agreement with the 5 

experimental data within y/ytm/2 = 1. However, similar to the spanwise velocity profiles, the 6 

results from LES and two RANS models all under-predict the spanwise scalar distribution 7 

beyond y/ytm/2 = 1.  8 

3.2.3 Decay of maximum mean scalar concentration 9 

The decay of maximum mean scalar concentration in the plane of symmetry from 20d to 50d 10 

is presented in Figure 16. Similar to the observations of the decay of maximum mean 11 

velocity, LES results have better agreement with the experimental measurements, while the 12 

two RANS models over-predict the maximum scalar concentration decay. 13 
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 1 

Figure 15 Spanwise scalar concentration profiles 2 

 3 

Figure 16 Decay of maximum mean concentration 4 

3.2.4 Variation of scalar length scales 5 

Figures 17 and 18 show the variations of scalar-half-height and scalar-half-width, 6 

respectively. In Figure 17, all the numerical results are in reasonable agreement with the 7 

experimental data. The linear fitting curve of LES can be quantified as 8 

/2 0.092 0.6tmz x
d d

= −  (7) 
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In Figure 18, similar to the under-prediction of the velocity-half-height, the standard 1 

k-ε and standard k-ω models also under-predict the development of scalar-half-width. 2 

Comparatively, the LES results are in good agreement with the experimental data. The 3 

simulation results based on LES can be described by the following equation derived by linear 4 

curve fitting.  5 

/2 0.44 7.3tmy x
d d

= −  (8) 

The ratio between the decay rate of the scalar-half-width and the scalar-half-height is 6 

found to be best reproduced by LES, which gives a predicted ratio of 4.9 near to the value of 7 

5.0 obtained by Law and Herlina [6]. 8 

Comparing the spreading rates between the scalar and velocity, the scalar field 9 

spreads faster than the velocity field in both the lateral and vertical directions. The LES 10 

results have scalar-to-velocity ratios of 1.64 in the lateral direction and 1.42 in the vertical 11 

direction, which are in reasonable agreement but somewhat higher than the experimental 12 

measurements by Law and Herlina [6] which recorded the ratios to be 1.45 and 1.47, 13 

respectively.  14 

 15 

Figure 17 Variation of scalar-half-height 16 
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 1 

Figure 18 Variation of scalar-half-width 2 

3.3 Turbulence characteristics 3 

LES with proper near-wall modelling has been demonstrated in the above sections to be 4 

superior to other RANS models for the wall jet simulations in terms of the velocity and scalar 5 

characteristics. Therefore, the LES results are further explored herein. In this section, the LES 6 

turbulence intensity distributions are compared with previous experimental measurements 7 

and numerical data. 8 

3.3.1 Streamwise turbulence characteristics 9 

The turbulence intensity contours in the symmetry plane are shown in Figures 19 and 20, 10 

where u’ and w’ are the u- and w-components of velocity fluctuations, respectively. In Figure 11 

19, the u-component of turbulence intensity remains at a low value near the inlet, increases 12 

sharply to a maximum value within the region from x/d = 10 to 15, and then decreases in the 13 

downstream region. In Figure 20, the w-component of turbulence intensity shows similar 14 

characteristics and the maximum turbulence intensity occurs in the same place as in u-15 

component. Comparing Figures 19 and 20, it can be observed that the magnitude of 16 

turbulence intensity in the u-direction is much larger than in the w-direction. 17 
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 1 

Figure 19 Contour (m/s) of u-component turbulence intensity ( 2'u ) in the symmetry plane 2 
(colour figure) 3 

 4 

 5 

Figure 20 Contour (m/s) of w-component turbulence intensity ( 2'w ) in the symmetry plane 6 
(colour figure) 7 

The profiles of u-component turbulent intensity at the symmetry plane obtained from 8 

x/d = 20 to 40 are shown in Figure 21. All the LES results show self-similar curves within the 9 

range in x direction with the maximum turbulence intensity occurring at around 0.6zm/2, 10 

which is consistent with the experimental measurements by Herlina and Law [7] and 11 

Abrahamsson et al. [8]. The peak of the turbulence intensity remains relatively constant at a 12 

value of 29% and is also in reasonably agreement with the experimental data. In comparison, 13 
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Li et al. [15]’s results show large turbulence intensity when zm/2 > 1, which may be due to the 1 

coarser grid arrangement near the wall as discussed earlier.  2 

 3 

Figure 21 Streamwise variation of u-component turbulence intensity 4 

The profiles of w-component turbulence intensity at the symmetry plane are shown in 5 

Figure 22. The LES results are in general agreement with experimental data. The peak of the 6 

turbulence intensity is about 20% and slightly larger than the experimental data. The location 7 

of the peak value is found to be around 0.7zm/2, which lies between Herlina and Law [7]’s and 8 

Abrahamsson et al. [8]’s results. Compared with the u-component turbulent intensity in 9 

Figure 21, the peak of w-component turbulent intensity is lower and the location is slightly 10 

further downstream. 11 

The profiles of scalar concentration turbulence intensity are also examined in Figure 12 

23, where T’ is the scalar concentration fluctuation. As seen in the figure, the turbulence 13 

intensity increases with the distance from the wall up to a maximum of around 30% which is 14 

consistent with experimental data, and then decreases. The position of the maximum intensity 15 

is at ~ 0.4ztm/2 while the experimental results show higher position. In general, all the LES 16 

results are in very reasonable agreement with the experimental results from Herlina and Law 17 

[7]. 18 
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 1 

Figure 22 Streamwise variation of w-component turbulence intensity 2 

 3 

Figure 23 Streamwise variation of temperature fluctuation 4 

3.3.2 Spanwise turbulence characteristics 5 

The turbulence intensity contours at the horizontal plane are shown in Figures 24 and 25, 6 

where v’ is the v-component velocity fluctuation. In Figure 24, the u-component of 7 

turbulence intensity shows symmetry with respect to the centreline and the variation of 8 

turbulence intensity along x direction is similar to that in Figure 19. In Figure 25, the v-9 

component of turbulence intensity has similar distribution to the u-component while smaller 10 
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magnitude. Same as the streamwise turbulence intensities, the maximum u- and v-component 1 

of turbulence intensities in the horizontal plane also occurs at approximately x/d = 10 to x/d = 2 

15. 3 

 4 

Figure 24 Contour of u-component turbulence intensity ( 2'u ) at z = 3.75 mm (colour figure) 5 

 6 

Figure 25 Contour (m/s) of v-component turbulence intensity ( 2'v ) at z = 3.75 mm (colour 7 
figure) 8 

The profiles of u-component turbulence intensity in the spanwise direction are shown 9 

in Figure 26. The results of LES coincide with the experimental data within y/ym/2 = 1, and 10 

the peak of the u-component turbulence intensity is around 25% which agrees with 11 

experimental data. Beyond y/ym/2 = 1, the LES results show a faster decay, which is consistent 12 

with the observations in the spanwise velocity and scalar profiles. This may be attributable to 13 
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the weakness of the Smagorinsky SGS models in dealing with the low-level turbulence in the 1 

downstream region. 2 

 3 

Figure 26 Spanwise variation of u-component turbulence intensity 4 

The profiles of v-component turbulence intensity in the spanwise direction are shown 5 

in Figure 27. The LES results are close to the experimental measurements from Herlina and 6 

Law [7], and the peak of the v-component turbulence intensity is around 18%. 7 

 8 

Figure 27 Spanwise variation of v-component turbulence intensity 9 

Herlina and Law [7] explored the spanwise variation of the concentration turbulence 10 

intensity at z = 3.75 mm up to y/ytm/2 = 1.6. They found that the intensity increased from the 11 
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centreline up to y/ytm/2 = 0.3 and then started to decrease. In Figure 28, the LES results are 1 

compared with the experimental data in terms of the spanwise scalar turbulence intensity. In 2 

general, the LES results are in reasonable agreement with the experimental data. However, 3 

the maximum intensity occurs at the centreline for the LES, which is somewhat different 4 

from the experimental measurements. The maximum intensity is approximately 28% at the 5 

centre which is also higher. 6 

 7 

Figure 28 Spanwise variation of temperature fluctuation 8 

3.4 Vorticity characteristics 9 

The coherent structure of the wall jet is essential for understanding the flow development. 10 

The eddy structures of LES from x/d = 15 to 55 are compared with the experimental images 11 

in a time sequence at 1 second interval as shown in Figure 29. The experimental images were 12 

obtained by planar laser induced fluorescence. Due to the limited extent of the laser sheet 13 

illumination, the left and right ends of the experimental images are darker than the central 14 

region, and thus they can only provide qualitative illustration of the eddy structures. 15 

Comparatively, the eddy structures of the LES are visualized by plotting the concentration 16 

contours in a gray scale. From the figure, the large coherent eddy structures of LES show 17 

similar length scales to those in the experimental images. However, the small eddy structures 18 

widely observed in the experimental images are filtered out in LES. 19 
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 1 

Figure 29 Vertical eddy structures at the central plane: (Left) experimental images; (Right) 2 

LES results 3 

Figures 30 to 32 further show the x-, y-, and z-components of vorticity in the 4 

symmetry plane, respectively. Compared with the vorticities in the x and z directions, the 5 

t = 0 s t = 0 s 

t = 2 s 

t = 1 s 

t = 3 s 

t = 4 s 

t = 1 s 

t = 2 s 

t = 3 s 

t = 4 s 

t = 5 s t = 5 s 

t = 6 s t = 6 s 

t =7 s t = 7 s 

t = 8 s t = 8 s 

t = 9 s t = 9 s 
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vorticity in the y direction plays a dominant role in the jet interactions with the wall. The 1 

large vorticity near the wall is caused by the no-slip condition at the wall. The vorticity near 2 

the upper layer of the jet shows an opposite direction due to the shearing of the jet with the 3 

ambient fluid. 4 

 5 

Figure 30 Contour (s-1) of x-direction vorticity at symmetry plane (colour figure) 6 

 7 

Figure 31 Contour (s-1) of y-direction vorticity at symmetry plane (colour figure) 8 

 9 

Figure 32 Contour (s-1) of z-direction vorticity at symmetry plane (colour figure) 10 
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The contours of vorticities at the horizontal plane are plotted in Figures 33 to 35. The 1 

vorticity in the z direction are symmetrical with respect to the central axis, and has larger 2 

magnitude in general. Discrete peak regions can also be observed which are signature of the 3 

three-dimensional near-wall eddies. This is also attributed to the interactions of the jet with 4 

the ambient fluid. Comparing these figures, it is easy to find that these vortices are three-5 

dimensional and their sizes increase linearly in the downstream direction. 6 

 7 

Figure 33 Contour (s-1) of x-direction vorticity at z = 3.75 mm (colour figure) 8 

 9 

Figure 34 Contour (s-1) f y-direction vorticity at z = 3.75 mm (colour figure) 10 
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 1 

Figure 35 Contour (s-1) of z-direction vorticity at z = 3.75 mm (colour figure) 2 

4 Conclusions 3 

In the present study, the turbulent circular wall jet was simulated numerically using LES with 4 

proper near-wall modelling and two RANS models with enhanced wall functions. The 5 

simulations covered the velocity and scalar concentration characteristics in both the 6 

streamwise and spanwise directions. The numerical results were then compared with previous 7 

experimental measurements in the literature. 8 

The results demonstrated that LES is superior to the two RANS models in 9 

reproducing both the kinematic and scalar mixing characteristics. The LES results provide 10 

better agreements with the experimental data in general, though with some under-prediction 11 

for the spanwise velocity profiles away from the jet centreline. Comparatively, the two 12 

RANS models fail to predict the strong anisotropic (dym/2/dzm/2 and dytm/2/dztm/2 ≈ 5:1) 13 

spreading of the wall jet near the boundary. In terms of the turbulence intensities and vorticity 14 

distribution, the LES results agree well with experimental data in both the streamwise and 15 

spanwise directions. It is however noted that the spanwise turbulence intensity in the region 16 

far from the centreline also decreases faster, which can be attributed to the weakness of the 17 

Smagorinsky SGS model in dealing with low turbulence intensity in those regions. In the 18 

symmetry plane, the vorticity distribution is dominated by the y-direction vorticity driven by 19 

the presence of the wall, while in the horizontal plane, the z-direction vorticity caused by the 20 

shearing of the jet flow with the ambient fluid plays the primary role. 21 

Appendix 22 

In this appendix, an overview of numerical approaches used in present study is given. 23 
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I. Standard k - ε 1 

The standard k - ε model is based on transport equations for turbulence kinetic energy (k) and 2 

its dissipation rate (𝜀), described by Launder and Spalding [30]. In the standard 𝑘 − 𝜀 model, 3 

the flow is assumed to be fully turbulent, and the molecular viscosity is neglected. The 4 

turbulence kinetic energy (k) and its dissipation rate (𝜀) can be computed from 5 

( ) ( ) t
i k b M k

i j k j

kk ku G G Y S
t x x x

µρ ρ µ ρε
σ

  ∂ ∂ ∂ ∂
+ = + + + − − +  ∂ ∂ ∂ ∂   
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( ) ( ) ( )
2

1 3 2
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t x x x k kε ε ε ε
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where ' ' j
k i j

i

u
G u u

x
ρ

∂
= −

∂
 is the generation of turbulence kinetic energy due to the mean 6 

velocity gradients; 1 t
b i

t i

TG g
T Pr x

µρ
ρ

∂∂ = −  ∂ ∂ 
 is the generation of turbulence kinetic energy 7 

due to buoyancy, with Prt is the turbulent prandtl number; 
2

22M
kY
a

ρε
 

=   
 

is the 8 

contribution of fluctuating dilatation in the compressible turbulence to the dissipation rate, 9 

with a is the sound speed; kS  and Sε  are user-defined source terms; kσ  and εσ  are the 10 

turbulent Prandtl numbers for k and ε, respectively. 1C ε , 2C ε  and 3C ε  are constants. 11 

The turbulent viscosity can be obtained by 12 

2

t
kCµµ ρ
ε

=  (A3) 

where tµ is a constant. 13 

In the present study, the following standard values were used for the constant: 14 

1 21.44, 1.92, 0.09, 1.0, 1.3,Pr 0.85k tC C Cε ε µ εσ σ= = = = = =  15 

II. Standard k – ω model 16 

The standard k – ω model is based on the work by Wilcox [31]. It is an empirical model built 17 

on the transport equations for turbulence kinetic energy (k) and specific dissipation rate (ω) 18 

as shown in the following: 19 
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( ) ( ) Γi k k k k
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t x x x
ρ ρ
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where kG G
kω
ωα=  is the generation of specific dissipation rate, *

*
kY f k

β
ρβ ω= and  1 

2Y fω βρβ ω= are the dissipation of turbulent kinematic energy and specific dissipation rate, 2 

respectively; Γ t
k

k

µµ
σ

= +  and Γ t
ω

ω

µµ
σ

= + are effective diffusivities. Details onα , β , *β ,3 

fβ  and *f
β

are described in Wilcox [31]. 4 

The turbulent viscosity can be expressed as 5 

*
t

kρµ α
ω

=  (A6) 

*
* * 0 /

1 /
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a Re Ra a
Re R∞

 +
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where t
kRe ρ

µω
= , 6kR = , *α∞ and *

0a  are constants. 6 

In the present study, the following standard values were adopted for the constants: 7 
* *
0 0.024, 1, 2.0, 2.0ka ωα σ σ∞= = = =  8 

III. Large eddy simulations 9 

The most widely used SGS model was first proposed by Smagorinsky [32] with the SGS 10 

turbulent viscosity expressed as: 11 

2
t SL Sµ ρ=  (A8) 

where 2 ij ijS S S≡  and SL  is the mixing length given by: 12 

( )wall Smin κ ,CSL d= ⊿  (A9) 

with κ is the Von Karman constant, walld is the distance to the wall, ⊿is the grid scale and SC  13 

is the Smagorinsky constant. In the present study, 0.1SC = . 14 

The Smagorinsky model is based on the assumed local equilibrium between the 15 

transferred energy through the grid-filter scale and the dissipation of the kinetic energy at 16 
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small SGS. Kim and Menon [29] proposed a dynamic kinetic energy model which accounted 1 

for the transport of the SGS turbulent kinetic energy. The SGS turbulent kinetic energy is 2 

defined as 3 

( )221
2

ksgs kk u u= −  (A10) 

which is obtained by solving the transport equation 4 

3/2
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where Cε  and kσ are constants. This model was adopted in the present study. 5 

The SGS turbulent viscosity is given by 6 

1/2
t k sgs fC kµ ρ= ⊿  (A12) 

where f⊿  is the filter-size based on the volume of the computational cell. 7 

The equation (4) is modified into 8 

1/22 2
3

ijij sgs ij t k sgs fk C k Sτ ρ δ µ ρ− = − ⊿  (A13) 

 In the above equations, 1kσ =  while Cε and are determined dynamically. 9 
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