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1.0 Introduction 
For aerospace propulsion flows, the most common practice in computational fluid dynamics (CFD) 

analyses is to use Reynolds-averaged Navier-Stokes (RANS) codes with one- and two-equation 
turbulence models. Current turbulence models predict steady, fully turbulent attached flows at all speed 
regimes reasonably well, but are still unable to reliably predict jet mixing flows. Large-eddy simulation 
(LES) and direct-numerical simulation (DNS) methods are being used for some applications, however 
they require very fine grids for wall bounded flows and shear layers and at high Reynolds numbers, and 
therefore will not be practical for many years (Refs. 1 and 2). Hybrid RANS/LES methods are 
increasingly common for certain classes of simulations, although techniques to combine the near-wall 
RANS region with the outer, large-eddy simulation region need further development (Ref. 1).  

For aircraft exhaust nozzles, RANS solvers have been used heavily and have been successful at 
calculating performance quantities such as thrust, but have had less success at calculating the correct 
mixing and turbulent structures in the jet plume. Reduction of noise produced by jets is a major focus of 
the aerospace industry, and to contribute to noise reduction efforts, CFD calculations must be able to 
correctly calculate the turbulence quantities needed as input to acoustic solvers. 
RANS will be used for a significant portion of CFD analyses for the foreseeable future, due to the 
limitations in computational power required for LES and related techniques (Ref. 1). Traditional RANS 
linear and nonlinear one- and two-equation turbulence models are frequently used. The Spalart-Allmaras 
(SA) (Ref. 3) and Menter Shear-Stress Transport (SST) (Ref. 4) formulations are linear models which 
incorporate the Boussinesq approximation to give the Reynolds shear stress tensor in terms of the mean 
strain rate tensor and the eddy viscosity (Ref. 5). Nonlinear models incorporate additional higher-order 
terms that are functions of the mean strain and rotation rate tensors. An alternative to these approaches is 
to use a more advanced form of RANS turbulence modeling, where the individual transport equations for 
each of the Reynolds stresses are solved, allowing for a more detailed representation of the flow physics. 
These models are known as full second-moment Reynolds Stress Models (RSMs). 

This paper describes a study using the FUN3D unstructured CFD code to evaluate two RSMs for flow 
through an axisymmetric nozzle at three conditions. The two RSMs evaluated are the combined Speziale-
Sarkar-Gatski/Launder-Reece-Rodi (SSG/LRR) RSM (Ref. 6) and the Wilcox RSM (Ref. 5). This study 
continues the work of Reference 7, which examined the performance of the RSMs for shock-boundary 
layer interactions and mixing flows and was performed in support of the NASA Revolutionary 
Computational Aerosciences (RCA) technical challenge to: “Identify and down-select critical turbulence, 
transition, and numerical method technologies for 40% reduction in predictive error against standard 
test cases for turbulent separated flows, evolution of free shear flows and shock-boundary layer 
interactions on state-of-the-art high performance computing hardware.”(Ref. 1). The current study 
examines axisymmetric nozzle flows which are part of a consensus data set compiled by Bridges and 
Wernet (Ref. 8) for the acoustic reference nozzle (ARN) and are also designated as RCA challenge cases. 
The three flow conditions examined are: set point (SP) 3 at acoustic Mach number 0.5 unheated, SP 23 at 
acoustic Mach number 0.5 heated, and SP7 at acoustic Mach number 0.9 unheated. Results were 
compared with the SA and SST-V models, and with experimental data. 

2.0 The FUN3D Code 
The FUN3D (Ref. 9) code was used for the computations described herein. It was developed by 

researchers at the NASA Langley Research Center and solves the RANS equations using a node-centered, 
unstructured implicit solver, finite-volume discretization and is formally second-order accurate in space. 
Explicit terms are calculated using Roe’s flux difference splitting, however other methods are available. 
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Turbulent flow exiting a jet is naturally unstable, making these calculations somewhat challenging to 
perform with nearly quiescent ambient conditions. For all cases, we attempted to obtain a steady converged 
solution, where convergence was achieved when the flow residuals had dropped significantly and the flow 
properties of interest were not changing after continued iterations. Set point 7, which had unheated, nearly 
sonic flow, was the easiest to run in terms of convergence and stability. Steady solutions were obtained for 
set point 7 using all four turbulence models. The SA model was the most robust turbulence model, and 
steady solutions were obtained for all three sets of flow conditions. A steady solution was also obtained for 
set point 3 using the SSG/LRR RSM. For remaining calculations, convergence was not achieved using a 
steady state (constant CFL number) calculation, so an optimized second order backward differencing time-
accurate method (Ref. 21) was used. Solutions were allowed to run several hundred flow-through cycles to 
ensure the flowfield was established. The solutions run using the RSMs required more iterations for the flow 
to set up as well. They also required more computational time per iteration than the eddy viscosity models, 
since more equations were being solved and more grid points were used on the 90° grid, as well as more 
overall iterations to reach a converged or quasi-steady solution. 

For the majority of the runs, an inviscid flux limiting scheme was used to help the solutions converge, 
or to improve the convergence. The limiter used was the Van Albada inviscid flux limiter with a heuristic 
pressure limiter (Ref. 22), and the limiter value was frozen after 30,000 time steps. For cases using both a 
RSM and the flux limiter, the radial y-velocity profiles at stations near the jet exit had unexpectedly high 
values near the centerline. It was discovered that turning off the flux limiter allowed v-velocity profiles to 
return to the expected behavior, although the solutions would not converge without the limiter for the 
following three cases: SP 3 with the Wilcox RSM and SP 23 using both RSMs. It was suggested (Ref. 23) 
that using the newer version of FUN3D, v13.2 (Ref. 24), which has a nonreflecting outflow pressure 
boundary condition, may allow the solutions to converge without a limiter. This proved true for set SP 7, 
however the limiter was still required to achieve a converged solution for SP 3 with the Wilcox RSM and 
for SP 23 with both RSMs, despite the non-reflective outflow condition. The y-velocity profiles reflect 
this effect (see Figure 5 and Figure 10). The limiter did not adversely affect the radial profiles of the cases 
run using the SA and SST-V models, nor did it cause any noticeable changes to any of the flow quantities 
plotted. These changes to the y-velocity profiles when using the limiter with the RSMs may indicate that 
the flux limiter interacts with the RSM boundary conditions, however the exact cause of the problem has 
not been identified at the time of publication. 

6.0 Results 
The results are given in Figure 3 to Figure 17 and include centerline profiles of velocity and turbulent 

kinetic energy, and radial profiles at 5 locations downstream of the jet exit for streamwise and radial 
velocity, streamwise and radial turbulence intensity, turbulent shear stress and turbulent kinetic energy.   

6.1 Set Point 3 (Subsonic, Unheated Jet Flow) 

Results for set point 3, the subsonic, unheated case, are shown in Figure 3 to Figure 7. The mean x-
velocity along the centerline is given in Figure 3, indicating that the length of the potential core (defined 
as the location where the centerline velocity is 98 percent of the jet exit value) in the experiment was 6.2 
jet diameters. All of the turbulence models over-predicted the potential core length, with the SA model in 
closest agreement with experiment, predicting a potential core of 6.5 jet diameters, followed by the 
SSG/LRR RSM with 7.3 diameters. The SST-V model over-predicts the potential core length to be 8.5 jet 
diameters and the Wilcox RSM significantly over-predicts the core to be 11.7 jet diameters. The 
SSG/LRR RSM has the best mixing rate downstream of the potential core, whereas the Wilcox RSM has  
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the potential core and shear layer. (Recall from Section 5.0 that a flux limiter was required to achieve a 
converged solution for the Wilcox RSM, and it was learned that the limiter adversely effects the 
transverse velocity profiles.) Outside of the shear layer, the SSG/LRR RSM is in best agreement with 
ambient region. Radial profiles of the turbulent kinetic energy are given in Figure 6. Near the jet exit at 
x/Djet = 2, all of the turbulence model results have profile shapes similar to the data, as expected, with the 
Wilcox RSM peak value closest to the experiment, however, the potential core is thicker and the shear 
layer is thinner than the data and the other turbulence model results. The SA model computes the highest 
peak k value in the potential core at x/Djet = 2, and the SST-V and SSG/LRR models have similar peak 
values and profiles at x/Djet = 2, 5, and 10. Further downstream, the SST-V model is in best agreement 
with the experiment. 

 

 
Figure 4.—Set point 3. Radial x-velocity profiles. (Subsequent profiles shifted by u/Ujet = 1.0) 

 
 

 
Figure 5.—Set point 3. Radial y-velocity profiles. (Subsequent profiles shifted by u/Ujet = 0.04) 
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6.2 Set Point 23 (Subsonic, Heated Jet Flow) 

Set point 23 results are given in Figure 8 to Figure 12. The mean x-velocity along the centerline is given 
in Figure 8. The profiles are somewhat similar to those for SP 3, although heating the incompressible jet has 
shortened the potential core slightly, reduced its diameter, and increased the mixing rate. In the experiment, 
the inviscid core length is 4.9 jet exit diameters long and is 21 percent (1.3 diameters) shorter than the 
unheated result. The SA model and the SSG/LRR RSM predict potential core lengths in closest agreement 
with the experiment, and although none of the linear models replicate the trend with heating, the RSMs are 
better at capturing the “shortening” trend. The SA model and the SSG/LRR RSM results give potential core 
lengths of 5.8 and 6.0 diameters, respectively, and have decreased in length from the unheated case by 10 
and 18 percent, respectively. The SST-V and Wilcox RSM both predict noticeably longer potential core 
lengths of 7.3 and 9.5 diameters, respectively, and have decreased from the unheated case by 10 and 
19 percent, respectively. As in the unheated case, the SA model over-mixes the flow and the Wilcox RSM 
under-mixes it. The SSG/LRR RSM provides good agreement with data for overall mixing, however,  
unlike the SP 3 result, the SST-V model also fortuitously does well mixing the downstream flow. The 
turbulent kinetic energy along the centerline is also shown in Figure 8. Compared to the unheated case 
(kpeak/Ujet

2 = 0.0173), the experimental peak value is slightly higher (kpeak/Ujet
2 = 0.022) and 2.75 diameters 

closer to the jet exit at x/Djet = 7.95. The SST-V result is in closest agreement with the experimental peak 
value and overall profile shape; the location of the peak value has moved upstream significantly by 
1.6 diameters, although the peak value has changed negligibly from the unheated case. The SA result is 
similar to the unheated case, and the peak value and location have negligible changes from the SP 3 values. 
The SSG/LRR and Wilcox RSM peak values have increased and shifted upstream slightly, exhibiting 
similar trends as the experimental data, and the SSG/LRR RSM peak k value is also in better agreement 
with the data than for the SP3 result. 

Radial profiles of the velocity components and the turbulent kinetic energy are given in Figure 9 to 
Figure 11. In the x-velocity profiles of Figure 9, the profiles are similar to those of SP 3. The behavior of 
the turbulence models appears very similar to set point 3. In the y-velocity profiles of Figure 10, the eddy 
viscosity models are in reasonably good agreement with the experiment, as in set point 3, however the 
RSMs are both in poor agreement near the jet exit, and the Wilcox RSM result continues to disagree with 
the data to station x/Djet = 15. Recall that for this case, solutions using both RSMs required a flux limiter 
to achieve a converged solution, and it was found that this also effects the y-velocity. For the radial k-
profiles shown in Figure 11, the turbulence model behavior is very similar to the set point 3 results. 
 

  
Figure 8.—Set point 23. Centerline profiles of axial velocity (left) and turbulent kinetic energy (right). 
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Figure 9.—Set point 23. Radial x-velocity profiles. (Subsequent profiles shifted by u/Ujet = 1.0) 

 

 
Figure 10.—Set point 23. Radial y-velocity profiles. (Subsequent profiles shifted by u/Ujet = 0.04) 

 

 
Figure 11.—Set point 23. Radial profiles of turbulent kinetic energy. (Subsequent profiles shifted by k/Ujet2 = 0.03) 
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Radial profiles of the components of the turbulent stresses are given in Figure 12. In general, the 
potential core is smaller in diameter than the SP 3 flow at similar axial stations, with slightly higher peak 
values, because of the more rapid mixing. Overall the performance of the turbulence models is similar to 
that exhibited in the SP 3 results. 

6.3 Set Point 7(Near-Sonic, Unheated Jet Flow) 

Set point 7 results are given in Figure 13 to Figure 17. The mean x-velocity along the centerline is 
shown in Figure 13. The profiles are somewhat similar to those for SP 3 (unheated, subsonic flow), 
although the potential core is slightly longer in length, due to compressibility. In the experiment, the 
inviscid core length is 7.8 jet diameters and is 1.6 diameters longer than the subsonic unheated case. The 
SSG/LRR RSM predicts the potential core length to be 7.2 jet diameters and is in the closest agreement 
with the data. The SA model under-predicts the core length to be 6.7 diameters, and the SST-V and 
Wilcox RSM results give potential core lengths of 9.1 and 11.9 diameters, respectively. The SA, SST-V 
and SSG/LRR RSM all indicate faster mixing than observed in the experiment, with the SSG/LRR RSM 
in overall best agreement with the data. The Wilcox RSM under-predicts the mixing. The turbulent 
kinetic energy along the centerline is also shown in Figure 8. The experimental peak value of k increased 
slightly from the set point 3 value of kpeak/Ujet

2 = 0.017 to kpeak/Ujet
2 = 0.018, and the location of the peak 

value moved 2.3 jet diameters further downstream. The SST-V result is in closest agreement with the 
experimental peak value and the location of the peak value moved downstream slightly, although it is still 
approximately 2 jet diameters upstream of the experiment. The SA result is similar to the subsonic, 
unheated case. The Wilcox, and SSG/LRR RSM peak values are nearly the same as those for SP 3, and 
the location of the peaks only moved less than one half of a jet diameter downstream of the SP 3 values. It 
should be noted that none of the RANS approaches used any kind of compressibility correction, which are 
empirically designed to match the experimentally observed reduction in free shear layer mixing at higher 
speeds where compressibility is a factor. 

Radial profiles of the velocity components and the turbulent kinetic energy are given in Figure 14 to 
Figure 16. In the x-velocity profiles of Figure 14, the profiles are similar to those of SP 3, however near 
the jet exit, the potential core is slightly thicker. The behavior of the turbulence models appears very 
similar to SP 3. In the y-velocity profiles of Figure 15, all of the turbulence model results are in 
reasonably good agreement with the experiment. Recall that for this case, the solutions run using the 
RSMs did not require a limiter to reach convergence, so the problem with the limiter effecting the 
boundary conditions did not exhibit itself in the y-velocity profiles. For the radial k-profiles shown in 
Figure 16, the turbulence model behavior is very similar to the SP 3 results. 

Radial profiles of the components of the turbulent stresses are given in Figure 17. In general, the 
profiles are similar to set point 3 results with respect to shape and peak values. Overall the performance of 
the SA, SST-V and SSG/LRR models is similar to that exhibited in the SP 3 results, and the Wilcox RSM 
results are in better agreement with the data near the jet exit, but not further downstream. 

Overall, this case was more robust to run, required fewer iterations, and did not require the use of a 
limiter to reach convergence. The SSG/LRR RSM does the best job at predicting the potential core length 
and centerline mixing. It also did well at predicting the transverse shear stress in the potential core. 
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