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Application of the v2-f model
to aerospace configurations

By Georgi Kalitzin

1. Motivation and objectives

Reynolds-Averaged Navier-Stokes (RANS) methods have become an important
design tool in aerospace industry. Turbulence models, which are required for closure
of the RANS equations, are a substantial component in these methods. Several
flow regimes exist where the accuracy of flow predictions depends strongly on the
turbulence model used.

Turbulence has a major influence on the growth rate of boundary layers for flow
around airfoils. In subsonic flows at high-lift conditions, strong adverse pressure
gradients decelerate the flow. The turbulence intensity in the flow directly affects
separation of the flow. In transonic flows the boundary layer growth influences
the location of shock waves. Generally, a more rapid growth moves shocks further
upstream. Depending on location and strength, a shock may induce separation
of the flow. Flow separation strongly affects the lift and drag of an airfoil as a
consequence of a change in the circulation around the airfoil. These examples, test
cases for which are considered in this report, demonstrate the need for accurate
turbulence models.

The objective of the present report is to evaluate the v2-f model (Durbin 1995)
for aerospace applications. Different versions of this model are validated on flow
around single- and multi-element airfoils. The flow predictions are compared with
experimental data and results obtained with the Spalart-Allmaras (Spalart & All-
maras 1992) and Menter SST (Menter 1993) models. Both models are widely used in
aerospace industry. While comparison with experimental data provides a measure
for the physicality of the results predicted, the comparison with other turbulence
models provides a competitive measure of accuracy.

2. Accomplishments

2.1 Numerical method

The present results have been computed with the NASA code CFL3D version
5 (Krist et al. 1997). This is a compressible, finite-volume RANS code for multi-
block structured grids. Turbulence models are solved in this code segregated from
the mean flow in an implicit manner using a three-factored Approximate Factoriza-
tion scheme with an explicit treatment of the boundary condition. The v2-f model
has been implemented into CFL3D in a similar fashion (Kalitzin 1997, 1998). The
model’s transport equations are solved, however, in an implicit pairwise coupled
manner with an implicit treatment of the wall boundary conditions. A three- and
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two-factored Approximate Factorization scheme is used for the solution of the lin-
ear algebraic system of equations which results from the implicit treatment of the
equations.

2.2 Durbin’s v2-f turbulence model
Two versions of the v2-f model have been developed since its first introduction

by Durbin in 1995. These originated from the desire to eliminate the use of wall
distance and to improve the numerical behavior related to the stiffness of the wall
boundary conditions for ε and f . A summary of the different versions is given to
demonstrate the differences in the models.

Model 1: The equations of the original v2-f model (Durbin 1995) for compress-
ible flow are:
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1
ρ
∇ · [(µ+ µt)∇k]− U · ∇k + Pk − ε
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where ρ is the density, µ the dynamic viscosity, and U the mean velocity vector. Pk
represents the production of turbulent kinetic energy due to the mean flow velocity
gradients.

Pk = 2νtS2

The time and length scales are computed as
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The magnitude of the strain tensor is defined by S =

√
SijSij with Sij = 0.5(∂uj/∂xi+

∂ui/∂xj). The eddy-viscosity is given by

µt = Cµρv2T,

and the model’s coefficients are:

Cε2 = 1.9, σε = 1.3, C1 = 0.4, C2 = 0.3,

C∗ε1 = 1.3 + 0.25/[1 + (CLd/2L)2]4, Cµ = 0.19, CL = 0.3, Cη = 70 (3)
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The wall boundary conditions enforce the correct near wall behavior of k and v2:

kw = 0, v2
w = 0, εw =

2νk1

y2
1

, fw = −20ν2v2
1

εwy4
1

(4)

The indices w and 1 denote the wall and first point above the wall, respectively.
Model 2: To eliminate the wall distance d, which is present in Eq. (3) for C∗ε1,

a new expression for the coefficient Cε1 has been defined which uses the ratio k/v2

(Parneix & Durbin 1997). The new equation for Cε1 and the new calibrated set of
constants are:

Cε1 = 1.4(1 + 0.045
√
k/v2), Cµ = 0.22, CL = 0.25, Cη = 85 (5)

Model 3: A second modification has been introduced to obtain a more numer-
ically friendly version of the model. During the application of the v2-f model to
several wall bounded flows, it has been found that the numerical difficulties encoun-
tered are primarily connected with the strong coupling of the turbulence variables
in the ε and f wall boundary condition, given in Eq. (4). The factor resulting from
the power of y1 can be rather large especially for high Reynolds number flows which
require a finer mesh near the wall. The addition of an additional source term to the
f -equation and the subtraction of a similar term from the v2-equation preserves the
∼ y4 behavior of v2 near the wall and leads to a simple wall boundary condition for
a new variable f̃ (Lien & Durbin 1996). This facilitates an equation-by-equation
solution approach which prohibits an implicit coupling of the wall boundary condi-
tions.

In summary, the modifications to Model 1 are:
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and
Cε1 = 1.4(1 + 0.045

√
k/v2), CL = 0.23

The wall boundary condition for f̃ is: f̃w = 0.
Note that the transport equations for v2 and f̃ can be derived from Model 1 by

substituting f with f∗ − 5εv2/k2 and neglecting the term −5L2∇2(εv2/k2) which
appears in the transformed f∗-equation. The ratio k/ε appearing in the new f̃ -
equation is substituted with the time scale T .

2.3 Subsonic and transonic flow around airfoils
Flow around three airfoils has been computed for subsonic and transonic flow

conditions. The test cases considered are described in the next three sections.
Section 2.3.4 discusses the results computed.
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2.3.1 Subsonic two-element NLR7301-airfoil

Flow around the two-element NLR7301-airfoil (Van den Berg 1979) has been
computed for M = 0.185, Re = 2.51 × 106, and two flow incidences of α = 6.0o

and α = 13.1o. For the higher incident the flow is close to maximum lift condition.
The gap between airfoil and flap is in both cases 2.6% and the flap deflection is
δF = 20o. With the exception of a small laminar separation bubble upstream of
transition, the flow is fully attached in both cases. In the α = 6.0o case, transition
occurred in the experiments at 0.027− 0.040 cord length on the upper surface and
at 0.650−0.680 on the lower surface of the wing as well as at 1.095−1.107 (for a flap
based coordinate system at 0.194− 0.206) on the upper surface of the flap. In the
α = 13.1o case, transition occurred correspondingly at 0.024−0.035, at 0.710−0.740,
and at 1.069− 1.084 (0.168− 0.183). The patched, multiblock computational mesh
consists of 36208 cells. It has been used as the mandatory mesh in ECARP (Haase
et al. 1997).

2.3.2 Subsonic A-airfoil

Flow around the A-airfoil (Glayzes 1988, 1989) has been computed for the flow
condition: M = 0.15, Re = 2.0× 106, and α = 13.3o. This flow condition is similar
to the high-lift condition for the NLR 7301-airfoil. However, in this case experiments
show a laminar separation bubble upstream of transition and a turbulent separated
flow region near the trailing edge. In the experiments transition has been tripped
at 12% on the upper surface and at 30% on the lower surface. The computational
mesh used consists of 256x64 cells. It was again used as the mandatory mesh in
ECARP (Haase et al. 1997).

2.3.3 Transonic RAE2822-airfoil

Flow around the RAE2822-airfoil (Cook et al. 1979) has been computed for the
Case 9 flow condition: M = 0.734, Re = 6.5× 106, and α = 2.54o. In this case a
shock interacts with the viscous boundary layer. It is, however, not strong enough
to induce separation. The flow transitions at 3% on the upper and lower surfaces.
The computational mesh consists of 256x64 cells. It has been taken from EUROVAL
(Haase et al. 1993).

2.3.4 Results for flow computation around airfoils

Pressure and skin friction distributions on wing and flap are shown in Fig. 1 for
flow over the NLR7301-airfoil at α = 13.1o incidence. The wing and flap profiles
are shown in the background of the plots. The pressure distribution agrees well
with the experiments for the S-A, SST, and v2-f Model 1. Model 2, however,
significantly over-predicts the pressure on the suction surface of the flap. The
pressure discrepancy in the suction peak of the wing is even larger but not as
visible on the plot because of the difference in the Cp scale resolution.

Model 2 also overpredicts the skin friction over the largest part of the wing. It
predicts, however, a larger skin friction rise downstream of transition. In this com-
putation transition is fixed for all models by switching off production terms in the
turbulent transport equations at x/c = 0.035 on the upper wing surface, at 0.709
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on the lower wing surface, and at 1.076 on the upper flap surface. The handling
of the v2-f source terms is described in a previous paper (Kalitzin 1997, 1998).
Note, the results do depend on the location where transition is being fixed. Moving
the transition location even in the limits, it has been observed in the experiments,
changes the strength of the laminar separation bubble upstream of transition, af-
fecting mainly velocity and skin friction predictions. Numerical dissipation, which
is desired in the transition region to smooth out instabilities caused by the ad hoc
transition fixing, is a dominant factor in this region.

However, similar differences in the results can also be observed for a fully tur-
bulent flow computation shown in Fig 2. While the pressure distribution remains
largely unaffected, the computation does not predict the laminar separation bub-
ble. As before, the skin friction is overpredicted on the upper surface of the wing by
Model 2. The boundary layer is for all models thicker for a fully turbulent computa-
tion than a computation with transition, as shown with velocity profiles at Station
14 in Fig. 3c and Fig. 3b. Station 14 is located on the upper surface of the flap
near the trailing edge at x/c = 1.2. In both cases, Model 2 predicts a boundary
layer that is too thick on the suction side of the airfoil. Note that natural transition
on the pressure surface of the wing occurs significantly further upstream than the
location observed in the experiments and varies with the turbulence model used.

At lower angle of attack, the difference between the models becomes smaller as
shown in Fig. 4 for flow at α = 6.0o incidence. While the skin friction remains
about the same as for the α = 13.1o case, the pressure increases drastically in the
suction peak region of the wing. Note, the skin friction does not become negative in
the transition region on the upper surface of the wing as the computations carried
out do not predict a laminar separation bubble. As for the α = 13.1o case, the skin
friction is overpredicted with Model 2 on the upper surface of the wing.

Model 1 predicts considerable better results and is in closer agreement with the
S-A and SST models. The major difference between Model 1 and Model 2 is the
definition of the coefficient Cε1 and the value for Cµ. The profile of the coefficient
Cε1 over the boundary layer is shown in Fig. 3a for Station 8 for the flow over the
NLR7301-airfoil at α = 13.1o. Station 8 is located on the upper surface of the wing
near the trailing edge at x/c = 0.94. For this station the boundary layer is about
y/c = 0.04 thick. The coefficient Cε1 in Model 1 changes smoothly from 1.55 at the
wall to 1.3 in the free-stream. Eq. (3) is defined in such a way that the value for
Cε1 is bounded between these to values. For Model 2, in contrast, Cε1 has a value
of 1.44 in the larger part of the boundary layer with a value of 1.64 at the wall.
The higher value of Cε1 away from the wall leads to a larger production of ε on the
outer edge of the boundary layer, decreasing the eddy viscosity there. This causes
the boundary layer to grow more rapidly for flows with strong adverse pressure
gradients. The larger skin friction on the upper surface predicted with Model 2
might be related to an overprediction of turbulent kinetic energy in the logarithmic
layer which is proportional to the wall skin friction. A comparison of Cε1 at Station
8 shows lower values for Model 2 in the first quarter of the boundary layer outside
of the laminar sublayer.
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All models considered fail to predict or do not predict enough separation for the
A-airfoil as shown in Fig. 5. Corresponding to the velocity profile at x/c = 0.96,
the v2-f Model 2 predicts again a larger boundary layer thickness on the suction
side of the airfoil. The station for x/c = 0.96 is located on the upper surface of
the airfoil near the trailing edge. In this case the pressure in the suction peak and
the velocity profiles are closer to experimental data for Model 2 rather than for
the original Model 1. In Haase et al. (1997) it is shown that more separation close
to the trailing edge increases the pressure in the suction peak. Consistently, the
pressure in the suction peak is slightly higher for Model 2.

Significantly more separation has been obtained with the v2-f model for this
test case during the 1996 CTR-Summer Program by Lien (1996). However, in that
computation the coefficient for Cε1 has been set to 1.55. As discussed before this
leads to thicker boundary layers in flows with adverse pressure gradients. In the
general case, however, a lower value of Cε1 is required in the free stream.

Consistent with the NLR7301 cases, the skin friction is overpredicted on the
suction side of the airfoil with Model 2. Model 1 predictions are similar to those
obtained with the S-A model. The SST model is here closest to the experimental
data. It has been found that for the A-airfoil results are less dependent on the
location where transition is fixed than for the NLR7301, 13.1o case.

The same Fig. 5 contains pressure, skin friction distributions, and velocity profiles
at one station for flow over the RAE2822-airfoil for Case 9. The plots contain results
obtained with the S-A and v2-f Model 1, 2, and 3. Comparison of S-A, SST, and
v2-f Model 2 results for Case 9 and Case 10 are published in Kalitzin (1999).

While there is hardly any difference in the pressure distribution and shock location
for all three different v2-f versions, the skin friction is significantly overpredicted
by Model 3 downstream of the shock. Both Model 2 and Model 3 predict larger
skin friction on the lower surface of the airfoil while Model 1 agrees well with the
S-A result. It is interesting to note the difference of the velocity profile close to
the wall computed with Model 3. Station x/c = 0.9 is on the upper surface of the
airfoil between the shock and the trailing edge. The larger skin friction for Model
3 corresponds here to a larger velocity gradient at the wall.

2.4 Subsonic three-element trapezoidal wing-body
Computation of flow around a three-element trapezoidal wing-body has been

chosen to test the performance of the v2-f model in three-dimensional flow around
complex geometries. A multigridable, multiblock mesh consisting of 25 blocks with
about 8 million grid points has been provided by the Subsonic Aerodynamics Branch
at NASA Langley (Jones et al. 1998). The communication between the blocks
includes one-to-one cell communication and patched interpolation.

Initial tests estimated that CFL3D, version 5, requires about 450 Mw of memory
for a v2-f computation with a two-factored Approximate Factorization scheme on a
Cray C90. This amount of memory is cheaply available only on a parallel machine.
A parallel version of CFL3D, version 6, which is now in development at Langley,
allows the run of one or more blocks on one processor. The bulk of cells in the mesh
provided is unevenly concentrated in 4 blocks as shown in Fig. 6b. This makes the
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computation with this mesh with CFL3D highly inefficient on a parallel machine.
A new topology with 72 blocks has been obtained by splitting the largest blocks.
The surface mesh of this new grid is shown in Fig. 6a. The different grey shades
indicate the faces belonging to different blocks.

Preliminary computations have been carried out on a mesh obtained from the
second multigrid level consisting of 898640 cells for the flow conditions: M = 0.2,
Re = 4.3× 106, and α = 10.0o. Computations with the v2-f and S-A models have
been carried out on ALPHA PC’s using about 420 MB of memory. A two-factored
AF scheme is used for the v2-f computation in the blocks containing the wing-body
junction while a three-factored scheme is used elsewhere.

Pressure distributions on cuts at 28% and 95% span are shown for fully turbulent
computation in Fig. 7. Both plots show that the pressure on the suction side is
not adequately predicted. Discrepancies at this angle of attack are a consequence
of grid coarseness. The discrepancy between experimental data and computation
is larger towards the tip. A wing tip vortex generates additional lift by lowering
the pressure above the tip. The presence of the vortex requires an even larger
grid resolution. Nash & Roger (1999) have made a grid dependency study for the
same configuration. They estimated that at least 6 million grid nodes are required
to obtain a mesh independent value for the lift coefficient at a 30-degree angle of
attack.

Note that to obtain the pressure cuts the slat and flap have been rotated to zero
degree deflection. The wing has been cut with planes parallel to the symmetry
plane. The obtained data and the corresponding experimental data have then been
transformed by rotating the slat and flap back into their original position.

3. Summary and future plans
Results obtained for flow around airfoils show significant differences for the dif-

ferent versions of the v2-f model. The original version, which uses the wall distance
albeit for varying the coefficient Cε1, predicts the best results in general. In partic-
ular, for high Reynolds number flows and flow regions which are close to separation,
the original version predicts consistently better skin friction distributions.

A closer look will be taken to understand whether these differences are just a
matter of model tuning or whether the coefficient Cε1 has to depend on the wall
distance. Collaborative work with Petros Koumoutsakos (ETH Zürich) is underway
to optimize the coefficients of the v2-f model using an evolution algorithm. In the
initial phase, several test cases ranging from flow over a flat plate to high Reynolds
number flow with adverse pressure gradients are set up to reproduce the existing
coefficients of Model 1. Modifications to the model will be considered in later stages
of the work.

The work on the three-element wing-body is well in progress. The test case is set
up for the new parallel version 6 of CFL3D. Work is underway to implement the
v2-f model into this version. A major part of work for this test case has consisted
so far in writing post- and pre-processing tools which split the major blocks in
smaller blocks and tools which automatically determine the topology of the new
grid generating a communication input file for CFL3D.
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Figure 1. NLR7301-airfoil, α = 13.1o; pressure and skin friction distribution;
: v2-f Model 2, : S-A, : SST, : v2-f Model 1, ◦ : Exp.
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Figure 2. NLR7301-airfoil, α = 13.1o; pressure and skin friction distribution
for fully turbulent computation; : v2-f Model 2, : S-A, : SST,

: v2-f Model 1, ◦ : Exp.
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Figure 3. NLR7301-airfoil, α = 13.1o; Cε1 and velocity profiles: a) and b)
computation with transition fixed; c) fully turbulent computation; : v2-f
Model 2, : S-A, : SST, : v2-f Model 1, ◦ : Exp.
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Figure 4. NLR7301-airfoil, α = 6.0o; pressure and skin friction distribution;
: v2-f Model 2, : S-A, : SST, : v2-f Model 1, ◦ : Exp.
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