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High-Lift Aerodynamic Computations with
One- and Two-Equation Turbulence Models
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The Spalart± Allmaras one-equation turbulence model and the Menter two-equation turbulence model are as-
sessed for Navier± Stokes computations of high-lift aerodynamic ¯ ows, including cases with signi® cant regions

of separated ¯ ow. Cases considered include 1) separated ¯ ow over a single-element airfoil at high lift, 2) fully
attached ¯ ows over the NLR 7301 airfoil and ¯ ap, and 3) separated ¯ ow over the GA(W)-1 airfoil and ¯ ap. For

the single-element case, the Menter model provides better agreement with the experimental pressure distribution
and velocity pro® les. For the NLR 7301 airfoil and ¯ ap, both turbulence models provide excellent agreement with

experimental pressures and skin-friction data. Velocity pro® les are generally well predicted except in some parts of
wakes. Turbulent shear stresses are not always well predicted. The predictions of the Spalart± Allmaras model are

generally superior for this case, especially when boundary-layer con¯ uence is important. For the GA(W)-1 airfoil
and ¯ ap, the Menter model again provides better agreement in separated regions. Overall, the Spalart± Allmaras

model is somewhat more robust and is thus preferred for general computations of aerodynamic ¯ ows, whereas the
Menter model is preferred if separated ¯ ows are of primary interest.

Introduction

D URING the 1980s, turbulence modeling in Navier±Stokes
computations of aerodynamic ¯ ows was generally accom-

plished using the Baldwin±Lomax algebraic model1 and variations
thereof. This model is adequate for many ¯ ows. However, dif® cul-
ties can occur for transonic ¯ ows with strong shocks and separated
¯ ows. Improved results for shock strength and position can be ob-
tained with the Johnson±King model.2 In the 1990s, the Baldwin-
Barth3 and Spalart±Allmaras4 one-equationturbulencemodels were
introduced.These models provideseveraladvantagesover algebraic
models, including improved accuracy in separated¯ ows and wakes,
while maintaining comparable robustness and ef® ciency. However,
signi® cant errors are still obtainedin some separated¯ ows. Further-
more, the effects of Reynolds number and ¯ ap gap are not always
reliably predicted.5 Consequently, there is still considerable inter-
est in two-equation models, which have been successful in other
¯ ow problems. Although limited success was obtained using two-
equation models for aerodynamic ¯ ows during the 1980s (Ref. 6),
the zonal two-equation equation model of Menter,7 which was in-
troduced in 1993, shows considerable promise.

Evaluationof a new turbulencemodel proceedsin several phases.
In the ® rst phase, the model is applied to basic building-block¯ ows.
Because this is generally necessary for calibration, this phase must
be performed by the model developers. In the second phase, the
model is applied to a limited number of problems that are repre-
sentative of the applications for which the model is intended. This
phase is often carried out by the model developers as well. For ex-
ample, Spalart and Allmaras4 includeresults for airfoils at transonic
speeds and airfoils with blunt bases in their original paper. Menter7

shows results for an airfoil at high lift in his early work. In the third
phase, the new model is applied to a broad range of cases using sev-
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eral different ¯ ow solvers. Several contributions have been made
to the third phase of evaluation of the Baldwin±Barth, Spalart±
Allmaras, and Menter turbulence models. Examples are given in
Refs. 8±17.

This papercontributesto thecontinuingevaluationof the Spalart±
Allmaras and Menter models with particular emphasis on multi-
element airfoil geometries with separation. This is an important
application for these models as algebraicmodels are inadequate for
such ¯ ows. The purpose of this work is to provide an improved
understandingof the range of applicability of the models. This will
aid in selectingand applying the models as well as supplyinguseful
feedback to the model developers.

The following¯ ow cases are studied:1) a single-elementairfoilat
lowspeedandhighangleof attackwith measurementsbyDoironand
Zingg,18 2) the National Aerospace Laboratory (NLR) 7301 airfoil
and ¯ ap as tested by van den Berg19 with two distinct gaps and two
angles of attack, and 3) the GA(W)-1 airfoilwith 29% chord Fowler
¯ ap, which was tested by Braden et al.20 Quantities compared with
experimental data include pressure coef® cients, velocity pro® les,
and turbulent shear stress pro® les.

Numerical Method and Turbulence Models
The ¯ ow solver used is a multiblockextensionof the well-known

code ARC2D.21 It is an approximately-factored implicit algorithm
that uses centered spatial differences with arti® cial dissipation to
solve the compressible thin-layer Navier±Stokes equations. Stan-
dard values are used for all parameters, such as the arti® cial dissipa-
tioncoef® cients.21 Furtherdetails aregiven in Ref. 9. The turbulence
models are solved using a similar approach coupled with a subiter-
ation scheme, as suggested by Spalart and Allmaras.4

Spalart± Allmaras Turbulence Model

The Spalart±Allmaras turbulencemodel4 is a one-equationtrans-
port model written in terms of the eddy-viscosity-liketerm Äm . The
equation is
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The kinematiceddy viscosity m t is related to the eddy viscosity term
Äm through the equation

m t = Äm fv1

where

fv1 =
v 3

v 3 + c3
v1

and

v = Äm / m

The production term ÄS in the differential equation is given by

ÄS = S + ( Äm / j 2d2) fv2

where S is the magnitude of the vorticity, d is the distance to the
wall, and

fv2 = 1 ¡
v

1 + v fv1

The destruction function fw is given by

fw = g[ 1 + c3
w3

g6 + c6
w3

]
1
6

where

g = r + cw2(r 6 ¡ r)

and

r =
Äm

ÄS j 2d2

The transition functions are

ft1 = ct1gt exp[¡ ct2( x
2
t / D U 2)(d2 + g2

t d2
t
)]

ft2 = ct3exp( ¡ ct4 v
2)

where

gt = min( 0.1,
D U

x t D xt
)

In the transition functions, dt is the distance to the trip, x t is the
vorticity at the trip, and D xt is the grid spacing at the trip. The
velocity difference between a ® eld point and the trip is D U . For
multi-element airfoils there is a trip on the upper and lower surface
of each element, and so a point in the ® eld could refer to more
than one trip. In this instance the closest trip of those on the correct
surface of each airfoil is used. Because the effect of the trip is very
localized, two trips are never close enough to cause a signi® cant
effect on the same ® eld point. The constants used for the Spalart±
Allmaras model are

cb1 = 0.1355 cb2 = 0.622

ct1 = 10.0 ct2 = 2.0 ct3 = 1.2 ct4 = 0.5

cw1 = cb1/ j 2 + (1 + cb2)/ r cw2 = 0.3 cw3 = 2.0

cv1 = 7.1 r = 2
3

j = 0.41

As a result of dif® culties with transition at low values of ct1 , we
raised this constant to 10.0. According to Spalart and Allmaras,4 ct1

has no effect on the solution other than as a transition trip, when it
lies between 0.1 and 10.0.

Menter SST Turbulence Model
The Menter shear-stress transport (SST) turbulence model7 is

a two-equation transport model written in terms of the turbulent
kinetic energy k and the speci® c turbulent dissipation rate x . It
combinesthe k-x model with the k-² model in a manner that exploits
the best features of both. In addition, the model uses a modi® ed
constitutiverelationshipto account for the transportof the principal

turbulent shear stress in adverse pressure gradients. The equations
are
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The constant F1 is a blending function that goes from one near the
surface to zero away from the surface. The function F1 is also used
to blend the constants of the standard Wilcox k-x model with those
of the transformed k-² model

U = F1 U 1 + (1 ¡ F1) U 2

where U stands for any constant in the two differential equations.
The coef® cients for the SST model are

b ¤
1 = 0.09 r k1 = 0.85 j = 0.41 a1 = 0.31

c 1 = b 1/ b ¤
1 ¡ r x 1 j 2/ p b ¤ b 1 = 0.0750 r x 1 = 0.5

b ¤
2 = 0.09 r k2 = 1.0 c 2 = b 2/ b ¤

2 ¡ r x 2 j 2/ p b ¤
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The blending function F1 is given by
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a
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After imposing the SST model constraint, the kinematic eddy vis-
cosity m t is related to k and x though the equation

m t = min[ k

x
,

a1k

X F2
]

The function F2 is a blending function that is equal to one inside
boundary layers and goes to zero for free shear layers:

C b = max(2 C 3 , C 1) F2 = tanh( C 2
b
)

For general ¯ ows, X is the absolutevalue of vorticity.The boundary
conditions for solid walls are

k0 = 0 x 0 = 10
6m

b ¤1 ( D y1)2
at y = 0

with D y1 being the distancebetween the wall and the ® rst grid point
away from the wall.

Results and Discussion
Single-Element Airfoil with Separation

The experimental data for this case are for a 17% chord thick
airfoil with moderate aft loading at an angle of attack of 9.2 deg,
a Reynolds number of roughly 1.7 £ 106 , and a Mach number of
0.15. The ® ne grid for the computations is a 347 £ 297 C-grid
generated with a hyperbolicgrid generator. It has 229 points on the
body (streamwise) and 60 points in the wake. Points are clustered
at the leading edge, the trailing edge, and at 0.7 chord on the upper
surfaceof theairfoil,near the separationpoint,where the streamwise
spacing is 0.1% chord. Normal spacing at the body is 1 £ 10¡ 7

chord. The outer boundary is at 25 chords. A coarser grid, which is
175 £ 149, is used to examine numerical errors. It was generatedby
removing every second grid point in each coordinatedirection from
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Fig.1 Comparisonof convergencehistories for the single-element case.

Fig. 2 Comparison of computed and experimental surface pressures
for the single-element airfoil at ® = 9.2 deg.

Fig. 3 Comparison of computed
and experimental boundary-layer
velocity pro® les on the upper
surface at x/c = 0.95.

the ® ner grid. Transition is ® xed at 1.3% chord on the upper surface
and 8% chord on the lower surface.Figure 1 shows the convergence
histories for the Spalart±Allmaras and Menter models.Although the
one-equationmodelconvergesslightlyfaster, the differenceis small.

Computed and experimental surface pressures for the ® ne grid
are compared in Fig. 2. The separationpoint is predicted reasonably
well by both models. However, the Menter model correctlypredicts
the ¯ attening of the pressure distributionnear the trailing edge, and
overall it predicts surface pressureswithin experimental tolerances.
The lift is clearly overpredictedusing the Spalart±Allmaras model.

In Fig. 3, the computedvelocitypro® les are comparedwith exper-
imental data at station x/c = 0.95 on the upper surface.The Spalart±

Fig. 4 Grid resolution study for the single-element case: pressure co-
ef® cient for the Menter model.

Fig. 5 Grid resolution study for the single-element case: pressure co-
ef® cient for the Spalart± Allmaras model.

Allmaras model predicts a separation bubble that is much too thin,
whereas the Menter model predictsone that is too thick. The Menter
model also predicts the velocity of the reversed ¯ ow fairly well.

Figures 4 and 5 comparethe pressuredistributionsfor the ® ne grid
with those from the coarse grid. These ® gures show that numerical
errors in the surface pressures are small. Slight differences occur
only near the trailing edge of the airfoil for the Menter model, as
shown in Fig. 4. For the Spalart±Allmaras model, slight differences
occur across the upper surface, as shown in Fig. 5.

Grid resolution has a greater effect on the velocity pro® les, as
is shown in Fig. 6. However, the effect of grid resolution is much
smaller than the effect of the turbulence model. This allows us to
reliably compare the models.

NLR 7301 Airfoil and Flap
Case A: a = 13.1 deg, Gap = 2.6% Chord

The NLR 7301 airfoil and ¯ ap con® guration, as shown in Fig. 7,
has a 32%chord¯ ap and the ¯ ap angle is 20 deg.The overlap is 5.3%
chord and the nominal gap setting is 2.6% chord. Tests were per-
formed in the NLR wind tunnel at a Reynolds number of 2.51 £ 106

and a Mach number of 0.185 with free transition.Two-dimensional
¯ ow was maintainedby applyingan appropriateamount of side wall
blowing. This con® guration is similar to a takeoff ¯ ap setting. Up
to a = 13.1 deg, which produces close to maximum lift, the ¯ ow
is fully attached. Consequently, this is an excellent case to compare
the boundary-layer velocity and turbulent stress pro® les computed
using various turbulence models.

A small de¯ ection of the ¯ ap was noted in the experiment, and
the de¯ ected position was measured. The measured gap was 2.4%
chord, and the estimated ¯ ap angle was 19.75 deg. The overlap was
not affected. The measured ¯ ap position has been used here for the
computations.

The grid used for the computationshas a total of 182,295 nodes,
and the off-wall spacing is 1 £ 10¡ 7 chord. Based on experimen-
tal observations, transition was ® xed at 2.83% chord on the upper
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Menter model Spalart± Allmaras model

Fig. 6 Grid resolution study for the single-element case: velocity pro-
® les.

Fig. 7 Near-® eld grid, with every second grid line plotted, for the NLR
7301 airfoil and ¯ ap with gap = 2.6% chord.

Fig. 8 Pressure distributions for the NLR 7301 airfoil with 20-deg ¯ ap
and ® = 13.1 deg.

surface of the main airfoil and at 72% chord on the lower surface.
On the ¯ ap, transition was ® xed at 17 and 31% chord on the upper
and lower surfaces, respectively. On the upper surface of the main
airfoil, the transitionpoint is just downstreamof the laminar separa-
tion point, leading to a separation bubble similar to that seen in the
experiments. Streamwise grid resolution is increased in this region.

Convergence histories are not shown for this case since the so-
lution was obtained by restarting from a lower angle of attack. A
convergence history for a = 6 deg is shown in the next section.

Fig. 9 Boundary-layer and wake velocity pro® les for the NLR 7301
airfoil with 20-deg ¯ ap and ® = 13.1 deg.

Figure 8 shows the computed surface pressure distributions.As ex-
pected, both models are very accurate.

Boundary-layerandwakevelocitypro® les are alsowell predicted,
as shown in Fig. 9. Station 8 is on the upper surface of the main
airfoil at the trailing edge. Stations 12, 13, and 14 are progressively
farther downstream on the ¯ ap. Station 12 is downstream of the
trailing edge of the main airfoil, and station 14 is at the ¯ ap trailing
edge. Generally, the predictions of the Spalart±Allmaras model are
superior for this case.

Figure 10 shows the turbulentshear stresspro® les at the same four
stations. The differences between the turbulence models are more
apparentwhen lookingat the turbulentshearstress.Figure 10 clearly
shows the Spalart±AllmarasmodeloutperformingtheMentermodel
in predicting the ¯ ow subtleties.

Skin-friction coef® cients on the upper surface of the main airfoil
are compared with experiment in Fig. 11. Both turbulence models
produceexcellent agreement.With a grid spacingnormal to the sur-
face of 1 £ 10 ¡ 7 chord, the numerical errors in skin friction are very
small.

The computationswere repeated using a grid with 90,000 nodes.
Changes in both surface pressures and velocity pro® les are small.
A grid resolution study for this case is described in Ref. 16.

Case B: a = 6.0 deg, Gap = 2.6 and 1.3% Chord

The next case considered is designed to assess the effectiveness
of the turbulencemodels in simulating the effect of gap variation in
a multi-elementcon® guration.Predictingthe change in lift resulting
from a change in the gap is a dif® cult challenge for the turbulence
models, as the con¯ uence of the wake of the main airfoil and the
boundary layer on the upper surface of the ¯ ap becomes important
as the gap setting is reduced.

As for the a = 13.1 deg case, corrections to gap and ¯ ap angle
were used for the gap = 2.6% chord. For the gap = 1.3% chord,
no corrections were measured in the experiment, and so none were
applied.Arguably,a similar correction is neededbecausethe change
is due to structuraldeformationof the ¯ ap bracketscausedby airload
on the ¯ ap.

Figure 12 shows the convergence histories obtained for the gap

= 2.6% chord case at a = 6.0 deg. The Spalart±Allmaras model
converges faster and further than the Menter model. Although this
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Fig. 10 Turbulent shear stress pro® les for the NLR 7301 airfoil with
20-deg ¯ ap and ® = 13.1 deg.

Fig. 11 Skin friction for the NLR 7301 airfoil with 20-deg ¯ ap and
® = 13.1 deg.

is not always the case, as shown in Fig. 1, the Spalart±Allmaras
model is somewhat more robust than the Menter model. We have
not found the Menter model to require ® ner grids near the surface,
as some other researchers have found.5 However, we already use a
very small wall spacing to accurately determine skin friction.

Pressure distributions for the two gap settings are shown in
Fig. 13. Experimentally, the difference in the lift coef® cient be-
tween the two gap settings is 0.050. Using the Spalart±Allmaras
model, a differenceof 0.027 is obtained, whereas the Menter model
leads to a difference of 0.005.

Velocity pro® le plots in Figs. 14 and 15 show that the Spalart±
Allmaras model is superior in handling the merging of boundary
layers and wakes. Experimental turbulent shear stress data for gap

= 2.6%chordare shown in Fig. 16.Shear stressdataarenotavailable
for the small gap case. Again, the Spalart±Allmaras predictionsare
closer to the experimental data.

GA(W)-1 Airfoil and Flap

Test case B1 from the experiment by Braden et al.20 is typical
of a landing ¯ ap con® guration, as shown in Fig. 17, and represents

Fig. 12 Convergence histories for the NLR 7301 airfoil with 20-deg
¯ ap and ® = 6.0 deg.

Fig. 13 Pressure distributions for the NLR 7301 airfoil with 20-deg
¯ ap and ® = 6.0 deg at two different gap settings. The upper plot is for
a gap of 2.6% chord, and the lower is for a gap of 1.3% chord.

a dif® cult challenge for computational ¯ uid dynamics codes. The
¯ ap angle is 30 deg with a gap of 4% chord and an overlap of 0.0%
chord. The angle of attack for the case is 4.0 deg, M = 0.116, and
Re = 0.62 £ 106 . For these conditions, there is a large region of
separated ¯ ow on the upper surface of the ¯ ap.

The grid used contains a total of 106,000 points in an H-type
arrangement of 13 blocks. The off-wall spacing is 1 £ 10¡ 7 chord,
and points are clusterednear the leadingand trailing edgesand at the
entrance to the cove on the main airfoil. The trailing edges of both
elements were closed by symmetrically thinning the airfoil near the
trailing edge.

The computed pressure distribution agrees quite well with the
experimental data, as shown in Fig. 18. The Menter model is better
in the separated region on the ¯ ap, but this does not appear to affect
the loading on the main airfoil. This result for the Spalart±Allmaras
model is better than that reported in Ref. 16. The primary difference
is that the present grid has an increased streamwise density on the
upper surface of the ¯ ap.
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Fig. 14 Boundary-layer and wake velocity pro® les for the NLR 7301
airfoil with 20-deg ¯ ap, ® = 6.0 deg, and gap = 2.6% chord.

Fig. 15 Boundary-layer and wake velocity pro® les for the NLR 7301
airfoil with 20-deg ¯ ap, ® = 6.0 deg, and gap = 1.3% chord.

Boundary-layer and wake pro® les at four stations on the upper
surface of the airfoil and ¯ ap are shown in Fig. 19. The development
of the wake of the main airfoil is predicted fairly well by both
models. Con¯ uence of the ¯ ap boundary layer and the wake of the
main section is not important for this case. Most noteworthy is the
predictionof the separationbubbleon the ¯ ap. Although the Menter
model predicts a thicker bubble, the difference between the models

Fig. 16 Turbulent shear stress pro® les for the NLR 7301 airfoil with
20-deg ¯ ap, ® = 6.0 deg, and gap = 2.6% chord.

Fig. 17 Near-® eld grid for the GA(W)-1 airfoil and ¯ ap with every
second grid line plotted.

Fig. 18 Pressure distribution on the main airfoil and ¯ ap for the
GA(W)-1 airfoil with 30-deg ¯ ap.
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Fig. 19 Boundary-layer and wake velocity pro® les for the GA(W)-1
airfoil with 30-deg ¯ ap.

Fig. 20 Turbulent shear stress pro® les for the GA(W)-1 airfoil with
30-deg ¯ ap.

is not as dramatic as in Fig. 3. Pro® les of turbulent shear stress are
shown in Fig. 20. Neither turbulence model is particularly accurate
in predictingthe turbulentshearstress in thewakeof themain airfoil.

Conclusions
This paper provides a detailed comparison of the Spalart±

Allmaras and Menter turbulence models in the context of two-
dimensional high-lift aerodynamic ¯ ows. The results show the
Menter model to be more accurate in separated ¯ ow regions. The

Spalart±Allmaras model is more accurate in attached ¯ ows and
wakes, includingmerging boundary layers and wakes. The Spalart±
Allmaras model is somewhat more robust, though for several cases
the computationalcosts were about equal.

Considering the uncertainties associated with the experimental
data and the use of the thin-layer approximation as well as the lim-
itations on the grid resolution that can be used, the performance of
these two turbulencemodels is excellent and represents the state of
the art for this application.The Spalart±Allmaras model is preferred
for generalcomputationsof aerodynamic¯ ows,whereas the Menter
model is the better choice if separated ¯ ows are of primary interest.
Therefore, from a practical standpoint, the Spalart±Allmaras model
is appropriatefor ¯ ap settings typicalof takeoff,whereas the Menter
model is preferred for analysis of landing ¯ ap settings.
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