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Abstract. The aerospace industry has been using CFD methods as an integral part of its design and development processes
for quite some time and, as expected, the methods and the protocols for their use have matured considerably. There
are, however, a few areas within aerospace applications for which some challenges for the more widespread use of
CFD remain. One of such challenging areas concerns the appropriate treatment of laminar-turbulent transition in high
Reynolds number flows over general configurations. The present work is concerned with the study of the impact of
mesh refinement and numerical parameters on the accuracy of transition predictions for high Reynolds number flows.
The approach adopted here uses a Reynolds-averaged Navier-Stokes formulation, with the SST model for turbulence
closure. The SST model is further coupled to the Langtry–Menter transition model. Our investigation goals include the
understating of the mesh influence over solutions for bypass and Tollmien-Schlichting (TS) transition mechanisms when
using the the Langtry-Menter model and the influence of the freestream viscosity ratio over the numerical solutions for
both transition mechanisms. The Langtry-Menter model is implemented in an in-house code named BRU3D. Test cases
include a flat plate geometry and the NLF(1)-0416 airfoil. For the TS-wave transition mechanism, the main conclusion is
that increasing the freestream eddy viscosity ratio and decreasing the artificial dissipation lead to an upstream movement
of the transition front, while the opposite behavior is observed for the bypass mechanism. Similar conclusions are drawn
for the NLF(1)-0416 airfoil test case with TS-triggered transition, except that there is no sensitivity in the results related
to the effects of artificial dissipation.
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1. INTRODUCTION

For many decades, computational fluid dynamics (CFD) techniques have been used in different academic applications
or for industrial purposes. Such techniques have been continuously enhanced to allow numerical solutions of increasingly
complex fluid flow phenomena. Numerical simulations are applied in research, development, and manufacturing of vehi-
cles in the aerospace industry (Versteeg and Malalasekera, 2007), as well as for academic purposes. However, there are
still a few areas within aerospace applications for which some challenges for the more widespread use of CFD remain.

One of such challenging areas is the correct treatment of the laminar-turbulent transition. In the typical path to tur-
bulence, a laminar boundary layer base flow is excited by external forcing such as roughness, sound, vibration, and
freestream turbulence through a mechanism referred to as receptivity. Depending on the spectral content of these exci-
tations and on the base flow itself, the hydrodynamic modes can be amplified, leading to bifurcation to turbulence. In
the transition region, it is common to use an intermittency function, which is the probability of a given flow region to
be turbulent, to model the transition process. Transition to turbulence can be triggered through different mechanisms.
In aerospace applications, Tollmien-Schlichting waves (Klebanoff et al., 1962), bypass transition (Ghasemi et al., 2014),
and crossflow vortices (Saric and Dagenhart, 1999) are the most common mechanisms causing turbulence. The transition
phenomena have an important role in several engineering applications. In high-lift devices, where each element may
present Reynolds numbers sufficiently small to sustain laminar flow, the inclusion of transition effects in the numerical
simulations improves the agreement with experimental data (Halila et al., 2019a). Additionally, aircraft configurations
not originally designed to preserve laminar flow may present transitional regions (Halila et al., 2016, 2018), which further
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indicates the relevance of investigating the physics of transition to turbulence. The inclusion of transition effects in CFD
codes also makes possible the aerodynamic shape optimization (ASO) of natural laminar flow configurations (Halila et al.,
2020; Shi et al., 2020).

Distinct modeling strategies are available to investigate transition to turbulence. Wall-resolved large eddy simulations
(LES) and direct numerical simulations (DNS) can be used to investigate transitional flows, but their computational costs
are still prohibitive when complex, high-Reynolds number airplane configurations are considered. Flow stability analysis
can be used to track the stability modes evolution in temporal or spatial frameworks. Growth rates can then be computed
based on the stability modes amplitudes, which are solutions to the stability problem. Boundary-layer effects can be
included (Halila et al., 2021). The transition onset point is usually predicted using linear stability methods with the aid
of the eN method (Smith and Gamberoni, 1956), which uses information of the growth rates to compute the N-envelope.
Once the transition location is computed, an intermittency function can be used to modify the originally fully-turbulent
Reynlods-Averaged Navier–Stokes (RANS) model (Halila et al., 2019b). The most relevant shortcomings related to the
industrial use of flow stability approaches are the difficulty in combining these methods with parallelization techniques
and the complexity associated with the framework, which usually involves, at least, a boundary layer code, a flow stability
code, and the CFD application itself.

In order to address the issues associated with the use of flow stability analysis methods, modified RANS models that
are able to predict transition to turbulence were proposed. These models usually augment a standard, fully-turbulent
RANS model with one or two additional transport equations. These equations are based on empirical correlations and
should ideally be based on local parameters only, so that wall-normal integrations are not required. The Langtry-Menter
(LM) transition model (Langtry and Menter, 2009) (LCTM - Local Correlation-based Transitional Model) was developed
with the goal of only using local variables. In order to achieve locality, the LM model correlates the momentum thickness
Reynolds number, Reθ, to the strain-rate Reynolds number, Reν , which is a local variable (Langtry and Menter, 2009).
Many extensions of the Langtry-Menter model have been developed throughout the years and published in the literature.

Important aspects of the correct treatment of transition to turbulence in CFD codes are the capability of correctly
predicting the transition onset point for a particular mechanism of transition, the transition region modeling, and the
turbulent region computation. These aspects directly impact the aerodynamic coefficients estimation. In this paper, we
investigate the impact of mesh refinement and freestream turbulence boundary conditions on the LM model capability
to correct represent transitional flows over flat plate and airfoil test cases. For the former, we consider both bypass and
TS-triggered transition, while the airfoil test case corresponds to transition caused by the amplification of TS waves.

The rest of this paper is organized as follows. In Sect. 2., the overall formulation of the CFD tool and the Langtry-
Menter model are introduced. Numerical results for flat plate test cases are presented in Sect. 3., while airfoil simulations
are presented in Sect. 4.. The paper is concluded with some closing remarks in Sect. 5.

2. THEORICAL AND NUMERICAL FORMULATION

This section introduces the overall formulation of the CFD tool used for the development of the present paper. More-
over, it also introduces the Langtry-Menter transition model, which is the base model for all tests cases and investigations
presented in the next section.

2.1 Overall Formulation of the CFD Tool

In the present work, the Langtry-Menter transition model is implemented in an in-house developed CFD code, BRU3D
(Bigarella, 2007; Carvalho et al., 2018), which has been continuously improved by the research group over the years. The
code can solve the compressible Euler equations and/or the Reynolds-averaged Navier-Stokes equations. Turbulence
closure can be achieved with several different turbulence models, including, for instance, the Spalart-Allmaras model
(Spalart and Allmaras, 1994) and the Shear Stress Transport (SST) model (Menter, 1994), among many others. Results
that demonstrate the validation of the code with these different turbulence models can be found in Bigarella and Azevedo
(2007). Moreover, more recently, the laminar-turbulent transition LM model (Langtry and Menter, 2009) has also been
implemented in the code. The equations are solved in a standard, cell-centered, finite volume method for general unstruc-
tured grids. Furthermore, the code can be executed in parallel using MPI calls.

In the present case, more specifically, the LM transition model (Langtry and Menter, 2009) is coupled to the SST
turbulence model (Menter, 1994). The SST closure combines characteristics of two turbulent closures, namely, the κ− ω
model (Wilcox, 1994, 2008) is used in the inner part of the boundary layer and the κ− ε (Chien, 1982) is activated in the
outer part of the boundary layer. A blending function, as indicated in Eq. (1), is used to switch between both formulations
of the model,

F1 = tanh(Γ4) (1)

where Γ = min [max (Γ1,Γ2) ,Γ3] and Γ1, Γ2, and Γ3 are terms associated to the length scales based on the turbulent
length scale, the viscous length scale, and on the cross-diffusion term (Menter, 1994). The SST closure was used as the
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base model upon which the Langtry-Menter γ − Reθ transition model was constructed in the original references to this
later model. More information and the complete formulation of the SST model can be found in Menter (1994).

2.2 Langtry-Menter Transition Model

The Langtry-Menter γ − Reθ (Langtry and Menter, 2009) correlation-based transition model is composed of two
transport equations to represent the transition phenomena, in addition to the equations for the SST (Menter, 1994) turbu-
lence model. As mentioned before, the LM model is based on only local variables in order to be compatible with modern
CFD codes. Some physical parameters that are relevant in transition prediction cannot be computed locally because wall-
normal integrations are required. In the LM model, the strain rate Reynolds number, which is a local variable, maps to
the momentum thickness Reynolds number, which is nonlocal and plays an important role in transition prediction. The
transported variables are the intermittency and the momentum thickness Reynolds number. The transport equation for the
intermittency, γ, is given by,

∂(ργ)

∂t
+
∂(ρUjγ)

∂xj
= Pγ − Eγ +

∂

∂xj

[
(µ+

µt
σf

)
∂γ

∂xj

]
, (2)

where ρ is the density, U is the velocity, Pγ is the intermittency source term,Eγ is the destruction/relaminarization source,
µ is the molecular dynamic viscosity, µt is the eddy viscosity, and σf = 1.0. The intermittency is used to trigger the SST
source terms. The second transport equation is written for the transition onset, which is triggered by the Reynolds number
based on the momentum-thickness, R̃eθt , and can be written as,

∂(ρR̃eθt)

∂t
+
∂(ρUjR̃eθt)

∂xj
= Pθt +

∂

∂xj

[
σθt(µ+ µt)

∂R̃eθt
∂xj

]
, (3)

where Pθt is the source term and σθt = 2.0. The latter constant controls the diffusion coefficient. The intermittency
represents the probability of a fluid cell to be turbulent. Therefore, Eq. 2 allows the estimation of the extension of the
transition region. Equation 3, for the momentum-thickness Reynolds transport equation, works as a sensor responsible
for triggering the transition process, given that R̃eθt indicates the point where it begins. To activate the turbulent kinetic
energy production term, the LM model couples the intermittency function with the SST turbulent model. Such interaction
occurs through the production term P̃k,

∂(ρk)

∂t
+
∂(ρujk)

∂xj
= P̃k − D̃k +

∂

∂xj

[
(µ+ σkµt)

∂k

∂xj

]
, (4)

P̃k = γeffPk, (5)

where γeff is introduced in order to include separation effects in the formulation. Further information and the empirical
correlations that complete the model can be found in the literature (Langtry and Menter, 2009). The Langtry-Menter
transition model is able to correctly predict Tollmien-Schliting waves and bypass transition mechanisms.

The transition due to Tollmien-Schliting waves (Schubauer and Skramstad, 1948) usually takes place when the free-
stream turbulence intensity is smaller than 1% (Mayle, 1991). The process reveals all phases of natural transition. On the
other hand, bypass transition is characterized by freestream turbulence intensities larger than 1% and, although it is not
fully understood, can be found in the presence of wall roughness (Langtry, 2006).

2.3 Spatial Discretization and Roe Scheme

The equations of the Langtry-Menter model have to be solved numerically. In order to do that, the finite-volume
formulation (Hirsch, 1990) and the Roe Riemann solver (Roe, 1981) solver were used. The finite-volume formulation
discretized in a control volume reads,

∂(Qi)

∂(t)
=

1

Vi

nf∑
k=1

[(E(ek) − E(vk)Sk)] (6)

where i is the volume index, k is the face index, nf is the total number of faces in the control volume and Sk is the area
normal vector.

The flux-difference splitting scheme of Roe is the most used approach on unstructured grids. It is an upwind flux-
difference splitting (Roe, 1981) scheme and requires flow states to be specified on the left and the right side of the control
volume face. In order to stabilize the solution, artificial dissipation has to be added. In the Roe scheme, the value of
artificial dissipation is clipped with the eigenvalues of the Roe matrix and is entered by the user.
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3. FLAT-PLATE TEST CASES

The first test performed here is for a zero-pressure gradient flat plate. The comparisons performed in the present work
are based on the flat-plate experiments Savill (1993) and Schubauer and Klebanoff (1955), also on the data available from
the investigations by Rumsey and Lee-Rausch (2015) and Coder (2018) for two different freestream turbulence intensities,
Tui. The test cases analyzed consider one flow condition in which Tui is lower than 1% and another condition with Tui
larger than this value. Therefore, the first test case will be referred to in the present paper as a transition due to Tollmien-
Schliting wave instability test case (Case A), whereas the other corresponds to a flow with bypass transition (Case B).
Both A and B cases share the same geometry with a 0 deg. angle of attack, based on the European Research Community
on Flow Turbulence and Combustion (ERCOFTAC) T3A flat plate test case. The freestream speed is 69.438 m/s, the
Mach number is 0.2, the reference length of the flat plate is 1m and the reference Reynolds number based on reference
length is 5 million. The boundary conditions are imposed as farfield, adiabatic solid wall, symmetry, and in the inlet and
outlet pressure is specified. Three different meshes are tested for the 3-D domain. The coarsest mesh has 26,578 cells,
the intermediate one has 105,378 cells, and the finest mesh has 419,650 cells. All the three meshes can be found in the
NASA Turbulence Modeling Resource website (https://turbmodels.larc.nasa.gov/).

For Case A, the first test performed includes the coarsest and the finest meshes with a freestream turbulence intensity
of 0.3%. Figure 1 presents the skin friction coefficient (cf ), where it is possible to observe the transition locations for
the numerical results together with the experimental data. The numerical results obtained here are for different values of
artificial dissipation computed for the two meshes mentioned before, "c" stands for coarsest and "f" for finest. Herein,
two values of dissipation, α, are tested, 0.005 and 0.001. Although there is a difference between the experimental data
and the numerical results concerning the point of transition, it is possible to observe that the coarsest mesh displays more
influence from the artificial dissipation than the finest one. In other words, for the the coarsest mesh there is a considerable
improvement in the results when the lowest dissipation is used. However, for the finest mesh there is no significant change
between the purple and green curves. On the interest of brevity, there are no results for Case B here, because it did not
show sensitivity with respect to this parameter related to mesh refinement. In our numerical results, the TS wave-triggered
transition fronts move downstream for increasingly higher artificial dissipation values. This is likely caused by excessive
high dissipation values, which are preventing the modeled flow instabilities to grow. Therefore, lower values of artificial
dissipation lead to better results.

Figure 1: Effects of dissipation on the coarsest and finest mesh for the flat plate Case A.

Continuing with Case A, the second test includes the other parameter analyzed here, the eddy viscosity ratio, µt/µ,
which is the other specification of the turbulence at the inlet boundary, together with the freestream turbulence intensity,
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Tui. The eddy viscosity ratio can be related to the turbulent length scale, L, and it has an impact on transition. Both
values can be related by

L = (
µt
µ

)
µ

ρk
1
2

, (7)

where ρ is the density and k is the turbulent kinetic energy. Figure 2 shows the results for the skin friction coefficient,
where it is possible to observe the point of transition, considering the different values of eddy viscosity ratio studied: 1.0,
1.5, 2.0, 2.5. These results only consider an artificial dissipation of 0.001 for the two meshes, where "c" stands for coarse
and "f" for finest. In this case, it can be observed that both meshes experience influence from the eddy viscosity ratio.
There is a significant sensitivity in the studied parameters for the TS waves. Moreover, the turbulence length scale appears
to be the parameter that is affecting the numerical results the most. This effect can be observed even more for the coarsest
mesh. Numerical results for Case A indicate that the higher eddy viscosity ratio values lead to better results. However,
the opposite trend is observed for Case B.

For Case B, numerical results for the skin friction coefficient (cf ) are shown in Fig. 3 using the intermediate mesh
for different values of eddy viscosity ratio. Numerical results are based on the T3A case compared with the experimental
results by Coder (Coder, 2018). For this case, the values for the eddy viscosity ratio used are 11.9, 8.9, 5.9, and 2.9.
By inspecting the plots in Fig. 3, one can see that lower values for the eddy viscosity ratio lead to better results for the
transition location.

Figure 2: Effects of the eddy viscosity ratio on the coarsest and finest mesh for the flat plate Case A.

4. NLF(1)-0416 TEST CASE

Our next test case considers the NLF(1)-0416 airfoil. The NLF(1)-0416 airfoil was designed by Somers and tested
in the NASA Langley Low-Turbulence Pressure Tunnel (LTPT) (Somers, 1981). Since there are no experimental results
for bypass transition, only transition caused by the amplification of Tollmien-Schliting waves is tested. The test case
represented here considers a 0 deg. angle of attack with a fine mesh containing 372,000 cells, which was created by the
authors based on the guidelines proposed by Coder (2018). We use farfield and viscous wall boundary conditions. The
freestream parameters are a Mach number of 0.2, a Reynolds number of 4 million based on the airfoil chord of 1m, and
the freestream speed is 69.438 m/s. We use a freestream turbulent intensity of 0.15%, and consider freestream eddy
viscosity ratios of 1 and 10. All numerical results are compared to experimental data from Somers (1981) and numerical
simulations from Halila et al. (2019b). Skin friction results are shown in Fig. 4. There are no significant differences in
the results for the NLF(1)-0416 airfoil for the different values of artificial dissipation using a fine mesh of good quality.
The numerical results here obtained for the eddy viscosity ratio have a good agreement with expected results compared to
(Halila et al., 2019b).

Figure 5 represents the pressure coefficient results, and these results are in agreement with the expected results com-
pared to (Halila et al., 2019b). The pressure coefficient is only affected by the freestream eddy viscosity values in a region
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Figure 3: Effects of the eddy viscosity ratio on the intermediate mesh for the flat plate Case B.

Figure 4: Effects of the eddy viscosity ratio for the NLF(1)-0416 airfoil.

around the transition front. Table 1 lists numerical and experimental (Somers, 1981) transition locations for this test case.

Table 1: Numerical and experimental transition locations (x/ctr) for the NLF(1)-0416 airfoil.
Side Results Experiment
Upper 0.42 0.38
Lower 0.63 0.52
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Figure 5: Pressure coefficient for both cases of eddy viscosity ratio for the NLF(1)-0416 airfoil.

5. CONCLUDING REMARKS

Transition to turbulence plays relevant roles in many engineering applications. In the aerospace industry, transition
prediction is relevant for the design of high-performance wings, high-lift devices, horizontal and vertical tails, and na-
celles. Transition to turbulence can be accounted for, in daily applications, by using flow stability analysis. Flow stability
analysis is able to track the hydrodynamic modes evolution in space and time, but is not fully-compatible with modern
parallel computing techniques. To address this shortcoming, modified Reynolds-Averaged Navier-Stokes (RANS) mod-
els that use additional transport equations to reproduce the transition to turbulence effects in complex computational fluid
dynamics (CFD) simulations were proposed.

In this work, we perform numerical investigations considering transitional flows as predicted by the Langtry-Menter
(LM) transition model. Relevant parameters such as mesh refinement, artificial dissipation, and eddy viscosity ratio are
used to investigate variations on the predicted transition front. We consider two test cases, namely a flat plate geometry
and the NLF(1)-0416 single-element airfoil.

We observed some mismatches between predicted and experimental transition fronts for the flat plate test cases. This
lead us to believe that there is a certain sensitivity in the numerical code for this specific geometry. Even though the
flat plate represents a simple geometry, the sudden change toward a viscous wall boundary condition in the leading edge
region is a challenge for the numerical solution. Therefore, we believe that the reported issues with the flat plate results
are partially caused by the geometry leading edge. The effects caused by the geometry leading edge are likely combined
with the code sensitivity observed for this test case, the mix of these factors leading to the issues reported here.

The Langtry-Menter transition model is based on distinct empirical correlations for each of the different transition
mechanisms. Our flat plate numerical simulations lead to the observation that, for the Tollmien-Schliting wave results,
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there is a more pronounced sensitivity to mesh refinement, artificial dissipation, and eddy viscosity ratio than for the cases
where bypass transition takes place. This indicates that the distinct empirical correlations that are part of the model are
excited by the factors above in different ways. The NLF(1)-0416 airfoil numerical results did not reveal sensitivity to
artificial dissipation for a fine mesh, but some sensitivity due to the eddy viscosity ratio was observed. The results for the
NLF(1)-0416 airfoil are in engineering agreement with experimental and numerical data from the literature.

Finally, for all test cases, the most important aspect to be aware of is the dependence of the transition location on the
inflow variables. Current investigations are addressing the optimal values for each of the parameters mentioned in this
paper for a variety of test cases and flight conditions.
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