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Abstract. The study was conducted to compare the results obtained using 
different turbulence models in the 2D NASA wall-mounted hump separated 
flow problem. The standard one-parameter turbulence model SA, two-
parameter turbulence model SST and three-parameter turbulence model v2-
f were used in this work using the Comsol Multiphysics 6.1 software 
package. To compare the simulation results, experimental data from the 
NASA TMR database were used. The results obtained were subjected to 
careful analysis, which revealed differences in the conclusions obtained 
using different turbulence models, despite the unique formulation of the 
problem. From the analysis of the results obtained, it follows that the SST 
model demonstrates a closer agreement with the experimental data 
compared to the SA and v2-f models. In particular, the flow rates and 
Reynolds stress obtained using the SST model showed better agreement with 
the experimental data. Thus, our work highlights the importance of selecting 
an appropriate turbulence model in numerical simulations of turbulent flows. 
The results obtained are an important contribution to the field of numerical 
modeling of turbulent phenomena and can be used in engineering practice 
and scientific research for further developments and improvements. 
Keywords: Navier–Stokes equations, separated flow, SST model, SА model, 
v2-f model, Comsol Multiphysics, NASA.  

1 Introduction

Turbulent flows play a key role in a variety of phenomena, both in natural and technical 
systems. Understanding and modeling them are important challenges for engineering practice 
and scientific research. In this article we will focus on studying the influence of various 
turbulence models on processes occurring both in nature and in technology. Many 
engineering problems are studied using computer simulations that involve modeling 
turbulent flows. However, selecting an appropriate turbulence model is challenging because 
different models may produce different results even with the same input data. 
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In this paper, we study three different turbulence models: the standard one-parameter SA 
model, the two-parameter SST model, and the three-parameter v2-f model. We will use these 
models in the Comsol Multiphysics 6.1 software package to analyze 2D NASA wall-mounted 
hump separated flow. The goal of our study is to compare the results obtained using different 
turbulence models and compare them with experimental data from the NASA TMR database. 

Our analysis will allow us to evaluate how well different turbulence models correspond 
to real phenomena. The results obtained are important both for engineering practice and for 
scientific research in the field of numerical modeling of turbulent flows. They can serve as a 
basis for further developments and improvements in the field, facilitating more accurate and 
reliable modeling of complex turbulent phenomena. As a result of our study, we found that 
the SST model shows a better fit to the experimental data compared to the SA and v2-f 
models. This indicates the advantages and effectiveness of the SST model in the analysis of 
2D NASA wall-mounted hump separated flow. 

2 Mathematical model

To solve this problem, we resorted to using the Navier-Stokes equation, which is a system of 
differential equations that describe the movement of a liquid or gas. They are based on the 
laws of conservation of mass and Newton's second law for a continuous medium. The general 
form of the Navier-Stokes equations for an incompressible fluid in three-dimensional space 
is the following expressions: 

Equation of conservation of mass (continuity equation): 
 

0 =v       (1) 
 

Equation of motion (Navier-Stokes equation): 
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Where: 
- v is the fluid velocity vector, 
- t - time, 
- p - pressure, 
- ρ - density, 
- ν - kinematic viscosity, 
- F - external force acting on the fluid, 
- ∇ is the nabla operator that determines the gradient and divergence of the vector field. 
The first equation, known as the Navier-Stokes equation of motion, formulates the 

dynamic change in fluid velocity as a function of time, external forces, viscosity and pressure. 
It describes the interaction between these factors and determines how the speed of a fluid 
changes in space and time. The second equation, the continuity equation, ensures that the 
mass of the fluid in the system is conserved. It ensures that the volumetric density of the 
liquid remains constant in time and space. These equations are the key system of differential 
equations describing incompressible fluid motion and are used in a wide range of scientific 
and engineering applications. The Navier-Stokes equations serve as the foundation for 
numerical methods such as Computational Fluid Dynamics (CFD), which allow for deeper 
study and optimization of fluid flows under different conditions. They provide a basis for 
constructing mathematical models of turbulent flows, as well as for predicting fluid behavior 
in various scenarios. The Navier-Stokes equations for an incompressible fluid, which 
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describe the motion of a fluid under the influence of viscous forces, are nonlinear. This means 
that nonlinear terms are present in these equations and depend on the derivatives of unknown 
functions. This creates difficulties in the analytical solution of these equations and requires 
the use of numerical methods to obtain approximate solutions [1-4]. 

2.1. Reynolds approach

The Reynolds approach is a method of decomposing the flow into average and fluctuation 
(pulsation) components. This method is widely used in turbulent fluid dynamics for the 
analysis and modeling of turbulent flows. Based on the averaged Navier-Stokes equations, 
Reynolds' approach describes the motion of a turbulent medium by dividing the velocity and 
pressure variables into mean and pulsational values and averaging them over time and space. 
Thus, equations are obtained for the average values of the variables, which can be solved 
numerically or analytically. Reynolds' approach is an important tool in the mechanics of 
turbulent transport in fluids. Although this method is approximate, it successfully describes 
the average behavior of a turbulent medium without going into the details of turbulent 
fluctuations. This allows researchers to gain a qualitative understanding of turbulent flows 
and their impact on the environment without having to account for every minute detail of the 
fluctuations. 

',

'.p p p

= +

= +

v v v
     (3) 

The Reynolds equation is not a closed equation. Therefore, various semi-empirical 
turbulence models are used to close this equation. 

2.2. Turbulence models

The SA (Spalart-Allmaras) turbulence model [5] is one of the most common and simple 
models for predicting turbulent flows. It was developed by Frank Spalart and Eric Almaraz 
in 1992 and has been widely used in engineering practice. The main idea of the SA model is 
that it uses a single equation to predict the variable ε, which is the analogue of kinematic 
viscosity in the k-ε model. This equation is the transport equation for turbulent viscosity 

1t vv vf= , 1vf where is a function that corrects turbulent viscosity. 
The turbulent viscosity equation in the SA model is as follows: 
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Advantages of the SA model include its relative simplicity and low computational cost 
compared to more complex models. This makes it an attractive choice for a wide range of 
engineering applications that require fast and efficient simulation of turbulent flows. The SA 
model works well for various types of flows, including boundary layers and flows around 
bodies. However, like any model, it has its limitations. It may give inaccurate results in some 
special cases, such as highly separated streams or streams with high viscosity gradients. In 
these cases, where turbulent events become more complex or intense, a more accurate model 
or additional adjustments are required to achieve more accurate results. However, due to its 
simplicity and efficiency, the SA model remains a valuable tool for engineers and researchers 
in the analysis and modeling of turbulent flows in many application areas. 

Menter's shear stress transport (SST) model is a combination of the k−ε and k−ω models. 
In this scheme, k−ω is used for the wall layer, while k−ε is used for the outer region. This 
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combination allows the flow features both near the wall and in the outer regions to be taken 
into account, providing more accurate modeling of turbulent flows. The SST model is 
currently very popular and is widely included in many CFD programs. Its efficiency and 
accuracy make it the preferred choice for modeling shear stress transfer in a variety of 
applications. It is important to note that the SST model provides effective tools for modeling 
turbulent flows and has been successfully used in various hydrodynamic calculation 
packages. Its ability to account for flow patterns both within the wall layer and in external 
regions makes it a valuable tool for engineers and researchers involved in the analysis and 
modeling of complex turbulent flows. 
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Here k is the specific turbulent kinetic energy (m2 s−2), ω is the specific rate of turbulent 
dissipation (s−1). Additional data are presented in studies [6–7]. These works contain details 
and extended information about other meanings. 

v2-f turbulence model: Near solid walls, the intensity of velocity fluctuations in the 
direction tangential to the wall typically surpasses the intensity of fluctuations in the direction 
normal to the wall. This phenomenon signifies anisotropy in velocity fluctuations. 
Conversely, as you move away from the wall, the intensity of fluctuations in all directions 
tends to equalize. At this point, velocity fluctuations become uniform or isotropic. The 
anisotropy of turbulent fluctuations in the boundary layer is effectively described by the v2-
f turbulence model, which introduces two additional equations to be solved alongside the 
equations for the kinetic energy of turbulence (k) and the rate of dissipation of kinetic energy 
(ε). This comprehensive approach allows for a more accurate representation of the turbulent 
flow characteristics, particularly in regions close to solid boundaries where anisotropic 
effects are prominent. 

 (6)

Turbulent eddy viscosity is calculated by: . The remaining coefficients and 
functions were presented in the article [8–9]. 

3 Solution method

COMSOL Multiphysics provides a variety of solvers to efficiently solve problems of various 
physics phenomena. When selecting the appropriate solver, it is important to consider the 
type of physics being modeled, the complexity of the problem, the required accuracy, and the 
available computing resources. To solve the equations of a two-phase turbulent model in this 
work, a fully coupled method (Fully Coupled) with the PARDISO direct solver algorithm 
was used. This method allows one to effectively take into account the interaction of various 
physical processes in the system. To speed up the convergence, Newton's iterative method 
was applied with a damping factor of 0.1. The iterative process continued for up to 150 
iterations with a specified tolerance factor of 1 and a residual factor of 1000. These 
parameters were adjusted taking into account the required accuracy and specifics of the 
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problem, ensuring an efficient and reliable solution of the turbulent model equations within 
the framework of the software used. 

4 Physical statement of the problem

The purpose of this study is to provide a validation case for turbulence models, aiming to 
assess their predictive capabilities in reproducing the physics of turbulent flows. Unlike 
verification, which primarily focuses on confirming the correct implementation of a model, 
validation involves comparing computational fluid dynamics (CFD) results with 
experimental data to evaluate the model's ability to replicate real-world phenomena. This 
validation case, known as "Case 3" from the NASA CFDVAL2004 Workshop, serves as a 
benchmark for assessing turbulence models. The case involves a Wall-mounted Glauert-
Goldschmied type body, geometrically similar to that utilized in previous studies by Seifert 
and Pack. Detailed experimental data from Greenblatt et al., as well as the workshop's 
specifications, provide the basis for comparison. The freestream velocity for this case is 
approximately 34.6 m/s (corresponding to Mach number 0.1), with an incoming fully 
turbulent boundary layer thickness at position x/c=-2.14 of about 35 mm, or roughly 8% of 
the bump chord length (420 mm) fig 1. The back pressure is adjusted to achieve the desired 
flow conditions. The upstream "run" length is selected to allow for the natural development 
of a fully turbulent boundary layer and to ensure the correct boundary layer thickness 
upstream of the hump. In the CFD simulation, the upper boundary is modeled as an inviscid 
(slip) wall, incorporating a contour to approximate the blockage caused by end plates in the 
experiment. While the plenum was present in the original experimental setup, its inclusion is 
not crucial for this no-flow-control validation case. Both the original grids from the 
CFDVAL2004 workshop and a new set of grids without the plenum are provided for this 
case. Boundary conditions include total pressure (Pt), static pressure (P), and total 
temperature (Tt). The Reynolds number for this case, consistent with the 2004 workshop, is 
936,000, which closely aligns with the value reported by Greenblatt et al. in 2006 
(Re=929,000), with a negligible difference of less than 1 percent deemed insignificant for 
this validation study. 
 

 

 
409x109 grid 

 

a) 
b) 

Fig. 1. 2D NASA Wall-Mounted Hump Separated Flow. a) computational mesh and b) boundary 
conditions. 
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5 Results and discussion

Below are comparisons of the obtained numerical results with well-established experimental 
data. Figure 2 illustrates: a) the relationship of the pressure friction coefficient; b) the friction 
coefficient of the bottom part of the channel, along with the experimental outcomes. 
 

  
а) b) 

Fig.2. Shown: a) dependence of the friction coefficient; pressure; b) friction coefficient of the lower 
part of the channel. 

 
In Figure 2 we see that all models perform poorly in the vortex region. 
In Fig. Figures 3-5 show the profiles of longitudinal velocity U, transverse velocity V and 

turbulent stress profiles ' 'u   along the lower surface of the channel at different sections 
along the flow, respectively. 

 

  
x/c=0.65 x/c=0.66 

  
x/c=0.8 x/c=0.9 
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x/c=1.0 x/c=1.1 

  
x/c=1.2 x/c=1.3 

Fig. 3. Longitudinal velocity profiles on the bottom surface. 
 

  
x/c=0.65 x/c=0.66 

  
x/c=0.8 x/c=0.9 

  
x/c=1.0 x/c=1.1 

7

E3S Web of Conferences 538, 01013 (2024)	 https://doi.org/10.1051/e3sconf/202453801013
IPFA 2024

RETRACTED



  
x/c=1.2 x/c=1.3 

Fig. 4. Reynolds stress velocity profiles on the bottom surface. 
 
As can be seen from Figures 2-4, the results of the SST model are closer to the 

experimental results than the other models [26–27]. But the turbulent stress results deviate 
from the experimental data. 

In Fig. Figure 5 shows flow velocity contours. 
 

 
 

Exp V2-f 

  
SST SA 

Fig. 5. Flow velocity contours. 
 

The SST, SA and v2-f turbulence models are considered to be some of the most promising 
models available today. However, analysis of the figures allows us to conclude that these 
models are also not always able to adequately describe flows with pronounced 
turbulence.[28-41] 

6 Conclusion

In conclusion, the study provided important insights regarding the performance of different 
turbulence models in numerical simulations. The SST, SA and v2-f models are undoubtedly 
significant tools for the analysis of turbulent flows in various applications. However, analysis 
of the comparison of numerical results with experimental data revealed the limitations of 
these models in accurately reproducing some aspects of turbulent flows. To improve the 
accuracy of turbulent flow forecasting, it is important to continue research into improving 
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turbulence models and developing new approaches. Possible directions include refining 
model equations, improving adaptation to different hydrodynamic conditions, and integrating 
modern machine learning methods. Despite the limitations identified in this study, the results 
contribute to a better understanding of turbulent processes and benefit both engineering 
practice and further scientific research in the field of numerical modeling of turbulent flows. 
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