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Prediction of Airfoil Stall by Using Launder-Sharma Turbulence Model

Zhong Lei *, Toshiyuki Iwamiya !

Abstract Simulations are conducted to investigate the capabilities of the low-Re k — ¢ model in

predicting aerodynamic characteristics of the static stall airfoil. Launder-Sharma model[2], which
represents typically a kind of the low-Re two-equation k — ¢ model, is tested. Results show that

in the computation of the trailing-edge stall, low-Re two-equation model delays the stall angle

and underpredicts the peak lift as compared with experimental data. The separation region is

also underpredicted due to the computation of fully turbulent flow everywhere. Generally, the

computational results agree well with the experiment qualitatively.

1 INTRODUCTION

The aerodynamic characteristics of the airfoil are an
important consideration for the optimization of the
performance and, therefore, the design of wing con-
figuration of the aircraft. According to McCullough
and Gault [1], there are three types of static stall:
trailing-edge stall, thin-airfoil stall, and leading-edge
stall. Trailing-edge stall is characterized by the for-
ward movement of the separation point. Thin-airfoil
stall is preceded by laminar flow separation at the
leading-edge with turbulent reattachment at a point
downstream that moves rearward with increasing the
angle of attack. The closed separation region is com-
monly referred to a long separation bubble. Leading-
edge stall is also preceded by laminar separation near
the leading-edge, but reattached the wall immediately
as a turbulent flow due to the rapid transition. The
difficulties associated with computations of the flow-
field of the static stall airfoil are both numerical (ac-
curacy of numerical discretization, numerical stabil-
ity and grid-independence) and physical (turbulence
model and transition model). In most situations, be-
cause the Reynolds number is high and the physical
diffusion is small, the numerical diffusion should be
small enough to avoid unphysical solutions. This re-
sults in a requirement of high-order scheme and fine
grids in the viscous region. Grids must be fine enough
to ensure a reliable solution, and at the meantime, the
space size should not be too small in order to main-
tain the efficiency of calculation. The other difficulty
is the lack of physical understanding of turbulence and
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laminar-turbulent transition phenomenon. Although
most of current turbulence models are encouraging
in predicting engineering application flows, they can-
not accurately compute complex flows, especially with
separation, for example, the stall characteristics of the
airfoil flow [4]. And the difficulty of laminar-turbulent
transition phenomenon prevents correct prediction of
the transition process [5]. This makes the accurate
prediction particularly difficult.

In the present work, the Reynold-averaged Navier-
Stokes (RANS) equations are used with combina-
tion of the two-equation k& — ¢ turbulence model.
Launder-Sharma models are tested because it has
been widely accepted and used in many engineering
applications. It employs a damping factor that repre-
sents a general property of low-Re flows (e.g. turbu-
lent Reynolds number Rp), and are more appropri-
ate than ones that introduce a dependence on wall-
proximity (y*, Ry, Re), for computation of flowfields
about complex configurations.

The purpose of the present work is to assess the
performance of the low-Re k—¢ model when applied to
the flows of the static stall airfoil. It will focus on the
prediction of aerodynamic characteristics, including
lift, drag, moment and pressure distributions at the
wall. Due to the difficulty of modeling the turbulent
transition process, fully turbulent computations are
conducted in this work. There is not any transition
model used in the computation.

This work was presented in the Workshop [6] held
in Tokyo, June 2000, that discussed the capability of
CFD in predicting static stall of the airfoil. The test
were assigned to work on the experiment of airfoil
flows carried out by McCullough and Gault [1].
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2 TURBULENCE MODEL

The governing equations of the flow field are taken
to be steady compressible two-dimensional Reynold-
averaged Navier-Stokes (RANS) equations. These
equations contain the turbulent second-moment corre-
lation tensor, so-called Reynolds stresses 7;; = pm
For the requirement of closure, Boussinesq approxi-
mation assumed a linear eddy-viscosity hypothesis for
the turbulent Reynolds stresses.

—— 10w 2
Tij = —puiw; = 2uT (5i' - gﬁéu) — gpkd; (1)

The two-equation models solve an equation for the
turbulent kinetic energy k to get a velocity scale.
They also solve an equation for a parameter related to
a length scale. In most of widely used k—e models, the
other equation is defined for the turbulent dissipation
€.
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and the dissipation, ¢, is related to the quantity €,
which is called dilatation dissipation, by

€=¢€g+¢€

The eddy-viscosity is defined as

k2
br = Cufu? (4)

Five empirical damping functions, f1, fa, fu, €0 and
E are contained in models. These functions depend
upon one or more of the following dimensionless pa-
rameters.

k,?

RT = 5» (5)

Launder-Sharma Model (1974) [2] defines them as

follows
fo = e 3HOOFRD/307 g g

fo=1.0-03e"Fr
2 0\ 2
€g = 2v (8\7/1%) , FE=2vup (8 U) , (6)

f) on?
Caq=144, Ce=192, (C,=0.09,
ak:I.O, 0'6:1.3‘

where n means the normal direction of the surface.
To prevent the normal Reynolds stresses (u7 and

;’5) from negative values, a clipping operation (i.e.,

to set normal stresses equal to zero if they become

negative) is introduced.

Tee = —p?: 0, if Ter >0

(7)

Tyy = —p’u_2: 0, if Tyy >0

The boundary conditions for the turbulence model
were set to be zero at the wall.

k=e=0 at wall (8)

In the field far away from the boundary layer flow,
the turbulent flow behaves like an isotropic turbulence
decayed in freestream. The turbulence equation (2)
and (3) reduce to a set of coupled ordinary differential

equations as all of the cross-stream derivatives vanish.

dk,

Ue T, =t (9)

de €2
2 = —Cofa-t 10
U I Cefa k. (10)

Thus k and ¢ can be solved from these equations once
the values of both k and ¢ are specified at inflow
points. At outflow points they are both extrapolated
from the interior region.

The nonreflective Riemann boundary condition was
used flow variables at far field boundary. At the wall,
the non-slip condition was used for the velocities, and
the pressure was calculated from a generalized normal
momentum equation.

3 NUMERICAL METHOD

Both the Reynolds-averaged Navier-Stokes (RANS)
equations, and the set of turbulence model equations
are solved by a LU-ADI method (Obayashi [3] et al
1986) for the convective terms. This is an implicit
time integration scheme that each ADI operator is

rewritten in the diagonal form, and the flux-vector
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splitting technique is applied. In turbulence model
equations, the source terms are treated implicitly to
guarantee a rapid convergence rate. Among the ex-
plicit terms of the right-hand side, the convective
terms are discretized using the third-order upwind-
biased scheme of the MUSCI, approach. Diffusion and
source terms are discretized with the central difference
scheme.

In the present computation, the initial grids are
generated by using the hyperbolic partial differen-
tial equation method of a commercial software GRID-
GEN. For the flow of the airfoil NACA633 — 018, C-
type grids with 358 x 140 grids in the streamwise
and in the normal direction to the surface, respec-
tively, are constructed in the computational region.
Grids are clustered near the wall. The spatial dis-
tance of the first grid point away from the wall is
restricted to be less than 5.0 x 107% and this guran-
tees y* = (u,) y/v to be less than 0.5 in all stations,
where u, = \/m Within the boundary
layer, the number of grids is more than 100. Under
this fine grid, low-Rg models can be integrated to the
wall without any need of two-layer treatment. The
initial grids are automatically changed according to
different angles of attack in the computation. An ex-
ample for the case of & = 15° is shown in Fig.1. Grid
points on the airfoil are fixed in all cases, while the
outer boundary is rotated and the wake-cut line is
curved as the angle of attack changed

4 RESULTS AND DISCUS-
SION

Calculations have been performed for experimental
data of trailing-edge stall, which were obtained on
an NACA633 — 018 airfoil by McCullough and Gault
(1955). Because of the numerical difficulties, leading-
edge stall and thin-airfoil stall have not been calcu-
lated yet and will be done in future. Reynolds num-
ber, which was based on the free-stream conditions
and the airfoil chord, was 5.8 x 10° for all angles of
attack. Since the tunnel turbulence level was not mea-
sured in the experiment, the turbulence intensity was
assumed. In the freestream, we assumed the turbu-
lence intensity to be 2%, and the turbulent viscosity
to be 2.0. It was also found that at this level, the solu-
tion was not sensitive to the values of the freestream.

To get a good performance of the compressible code,

I~ L

Figure 1: Grids around the airfoil.

computations were conducted at Mach number 0.2.
No attempt was made to simulate transition and
the flowfield was treated as fully developed turbulence
for all cases. Aerodynamic force coefficients for all
cases are shown as functions of the angle of attack «
in Fig.2 and compared with experimental data read-
ing from the graph of the literature [1]. Two sets of
experimental data were compared in this study. One
was the original data that have not been corrected for
tunnel-wall constraint or the effects of compressibil-
ity, and the other was the data corrected by using the
method described in the appendix A of the literature

[1].

a = ay +0.475C;, + 1.902C,,

(11)
C) = 0.916C;,,

where the subscript u denotes the uncorrected coeffi-
cients presented in [1]. Because the wall boundaries
of the tunnel required the flow to turn to parallel to
the walls and the outer flow was modified. It made
the data different from what obtained in an open field
while the computation is usually conducted in a free
field. The computation predicted the abrupt onset of
stall to be a = 14.5°. It was a little later than that
of the uncorrected data, but when compared with the
corrected data, it agreed very well with not only the
abrupt onset of stall but also the peak lift. In the

computation, the flow remained attached to the wall
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Figure 2: Aerodynamic characteristics of the airfoil.

until an angle of about 12° as shown in Fig.4. There
were some variation in the forces at the point of 12°.
With further increase of the angle of attack, a sep-
aration region, so-called long bubble, was appeared.
The extent of the long bubble moved progressively for-
ward. The computation predicted a smaller separa-
tion region than that of experiments. It was resulted
from overprediction of the eddy-viscosity due to the
computation of fully turbulent flows everywhere. The
separation region was suppressed by the energy ex-
tracted from the mean flow by turbulent motion. This
suggests that turbulent transition should be correctly
predicted to get reliable results. Above an angle of at-
tack of 16°, no steady solutions were obtainable with
Launder-Sharma model because vortexes started to

be shed unsteadily from the trailing-edge.

Representative pressure distribution are presented
in Fig.3. At high angles of attack, the large platean
pressure resulting from separation was well repro-
duced by the model. The pressure suction peaks
were also reasonably high. Near the leading-edge, the
eddy-viscosities were small and turbulence was weak.
The flow was in a laminar-like situation. In Fig.4,
it is shown that the computational results of low-Re
model produced a sudden increase of friction coeffi-
cients Cy. This result is very similar to the compu-
tation of bypass transition. It indicates that with the
low-Re behavior of turbulence model, we have actu-
ally conducted a computation of bypass transitional
flow. When turbulence intensity and turbulent dis-
sipation were adjusted to follow a natural laminar-
turbulent transition, no significant change was found.
The locations of sudden increase of Cy were almost
fixed at /c = 4% on the upper surface, and indepen-
dent on the turbulence level of freestream and angle of
attack. However, this ’transition point’ was predicted

too early.

Typical flow patterns are shown in Fig.h, where
streamlines are plotted. Separation region was repro-
duced above the angle of attack of 12°. At the stall an-
gle of attack, the separation region covers more than
30% of the chord. A large recirculation was appar-
ently observed. One of the most important quantity
for turbulence computation, the eddy-viscosities are
then shown in Fig.6. Once again, one can find that
the turbulence is very weak at the beginning of turbu-
lence development, increased gradually and undergoes

transition to fully turbulent flow at the location about
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Figure 3: Computational results of pressure distribu- ]
tion on the NACA633 — 018.

(c)a=15.5

Figure 5: Flow patterns of streamline.

z/c = 4%. Turbulence was expanded outward as the

angle of attack was increased.

5 CONCLUSION REMARKS

Flows of trailing-edge stall of the NACA633 — 018 air-

foil have been computed with Launder-Sharma k — ¢

model. For this case, although the abrupt onset of

stall was delayed by the computation and the max-
imum lift were underpredicted when compared with

the uncorrected experimental data, it agreed reason-

ably well when compared with the corrected exper-
. . o o imental data. The extent of separation region was
Figure 4: Computational results of friction distribu- . .
tion on the NACA635 — 018 underestimated due to the computation of fully tur-
bulent flow everywhere.

It is somewhat disappointing that, the low-Re num-
ber k — ¢ model failed in predicting correct transition
points of natural turbulent transition although it has

had some success for bypass transitional flows.
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(a) @ = 6.0

(¢) =155

Figure 6: Distribution of the turbulent eddy-viscosity.

Another important problem is that the experimen-
tal conditions, such as the Mach number, turbulence
values of free stream, are not available in the liter-
ature [1]. Actually, the computation conditions were
determined by the authors’ experience, and they were
not completely as the same as the corresponding ex-
periment.

Because of the lack of detail experimental data of
Reynolds stresses, it is impossible to assess turbulence
model further with comparison.

So, even though the lift was well predicted in this
study, because of the reason mentioned above, it is
still doubtful that the Launder-Sharma model is really
capable of predicting trailing-edge stall of airfoil.
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