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Application of turbulence
models to high�lift airfoils

By Georgi Kalitzin

�� Motivation and objectives

Accurate prediction of the �ow over an airfoil at high lift condition is a very
challenging problem� Even for single element geometries under subsonic conditions�
complicated �ow structures appear with increasing angle of attack� For a su�ciently
high Reynolds number� the �ow undergoes a transition from laminar to turbulent�
Depending on the �ow conditions and the shape of the airfoil� a laminar separation
bubble may appear on the upper surface upstream of transition� The laminar
�ow separates� transitions into turbulent �ow� and reattaches again� A turbulent
separation bubble may occur further downstream near the trailing edge for higher
angles of attack� The pressure reaches its lowest value at the suction peak� and the
lift generated by the airfoil achieves its maximum value for the considered Reynolds
and Mach number� A further increase in the angle of attack leads to stall conditions�
The lift drops as a consequence of complete separation of the �ow�

Consideration of multi�element airfoils further complicates the problem� The
wake of upstream element interacts with newly forming turbulent boundary layers or
wakes of downstream elements� This requires from a turbulence model an accurate
prediction capability for turbulent wall bounded �ows� for free shear layers� and for
�ow separation�

Although algebraic models are still widely� and often quite successfully� used in
the aircraft industry� there is an increasing interest in transport models� This is
partly due to limitations of algebraic models in �ows around multi�element airfoils
and in three�dimensional �ows� Additionally� the way in which these models are
implemented in a CFD code may strongly in�uence the results of a computation
�Haase et al�� ����	� Second moment closure transport models are often very sti

and too expensive due to the high number of strongly coupled Reynolds stress
equations� This report concentrates on the application of one� to three�equation
eddy�viscosity models and� in particular� of the V�F model�

The accuracy of the results depends on the turbulence model as well as the under�
lying numerical �ow solver� Some of the di�culties encountered in our computations
could be traced back to the arti�cial viscosity added by the numerical scheme� Par�
ticular �ow features� such as transition� seem to require a locally very �ne mesh or
a re�nement of the numerical scheme�
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�� Accomplishments

��� Numerical method

An extended version of the code INS�D developed by Rogers and Kwak �����	 has
been used to solve the two�dimensional incompressible Reynolds�averaged Navier�
Stokes equations and the particular turbulence model� The underlying numerical
method is based on the arti�cial compressibilitymethod suggested by Chorin ����	�
The code uses a �nite di
erence scheme for structured grids with third order upwind
discretization of the convective terms and a second order discretization for the dif�
fusion terms� The time integration is implicit� The Generalized Minimum Residual
�GMRES	 method �Saad� ���	 is used to minimize the residual� The turbulence
equations are solved separately from the mean �ow� The mean �ow is solved as a
�� � coupled system�

��� V�F turbulence model

The V�F model introduced by Durbin �����	 consists of three transport equa�
tions for the turbulence variables� The �rst two have the form of the standard k��
equations�
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The third equation describes the transport of the turbulent intensity normal to the
streamlines and models the anisotropy of the Reynolds stresses caused by near�wall
e
ects�
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The production of v� is modeled by means of an elliptic relaxation equation�
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In these equations the time and length scales are computed as
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An upper bound is imposed on the time and length scales for fully turbulent cal�
culations to suppress the spurious production of eddy�viscosity in the stagnation
region �Durbin� ���	�
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and

L � min�L��
k���p

�C�v�
p
�SijSij

	

where Sij � �����ui��xj��uj��xi	 represents the strain tensor� The eddy�viscosity
is given by

�t � C�v�T�

and the model�s constants are�
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C �
�� is here a function of the distance to the closest wall d�
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with l � L�CL� Work is under way �Parneix � Durbin� ����	 to substitute the wall
distance with the ratio of v� over k�
The wall boundary conditions for the turbulent quantities are derived from the

asymptotic behavior of k and v� as y � ��
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The indices � and � label the wall and the �rst point away from the wall� respectively�
The k and � equations as well as the v� and f equations are solved pairwise

simultaneously� The size of the �rst cells at the wall is for the calculated airfoils
of the order of ���� times the airfoils cord to ensure y� values of about � for the
considered Reynolds numbers� This leads to very large factors in the � and f wall
boundary conditions� Very small time steps �on the order of ����	 were required
at the beginning to prevent a divergence of the solution�
Relaxing these boundary conditions� for example by multiplying the latter two

equations in ��	 by
min�n� na	

na
�

where n is the iteration counter and na is set to a value between �� and ����
signi�cantly improves the convergence� Keeping the dissipation of the turbulent
kinetic energy � small at the wall during the �rst iterations ensures a rapid grow of
the turbulent boundary layer�
Transition is modeled by switching o
 various source terms by means of an array

T � which is set to zero in the laminar part of the �ow and � elsewhere� with a linear
gradual change in the transition region� To ensure a laminar �ow upstream of
transition� the eddy�viscosity has been multiplied by T in the mean �ow equations�
Due to convergence problems� �rst order upwind discretization of the convective

terms for the k� �� and v� transport equations has been employed� Although a
higher order discretization of these terms is desired� it is not expected that this
signi�cantly in�uences the prediction accuracy of wall bounded �ows in which the
dominant terms are the source and di
usion terms� It might� however� in�uence
the wake of particular elements of the airfoil and areas with massive separation�
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��� The arti�cial compressibility constant

As mentioned� the code INS�D uses the arti�cial compressibility method in which
a time derivative of pressure is added to the continuity equation
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The parameter � is the arti�cial compressibility constant which seems to be arbi�
trary since� approaching the steady state� the time derivative of the pressure tends to
zero and the momentum equation decouples from the continuity equation� However�
as pointed out by Pan and Chakravarthy �����	 �this is true only in the di�erential
equation level� or in the di�erence equation level when central di�erence is used � � �
In upwind schemes� the upwind di�erence is directly related to the eigensystem of
the problem and is strongly a�ected by the choice of �� Even in the steady�state
solution� the continuity and the momentum equations are still coupled by �� and
hence its choice will a�ect the �nal solution�� To see this� let�s consider the �rst
order upwind �ux between two nodes of the mesh�
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A �rst order correction of �ux di
erences is added here to the simple average of the
�uxes of the nearby nodes� The �ux di
erences are computed over the Jacobian of
the system�
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Following de�nitions for ��d curvilinear coordinates have been made�
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with kj representing the metric of the computational domain and Q � k�u�� k�u�
the projection of the velocity on the direction of the grid lines� The Jacobian
matrices for the positive and negative traveling waves have been derived �Rogers et
al�� ����	 by splitting the Jacobian of the whole system with a set of right and left
eigenvectors�
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Figure �� Convergence plots for NLR����� Spalart�Allmaras model� fully turbu�
lent� �tmean flow � �tturb� model � ����� ��� max� divergence� � � � max�
mean �ow residual� max� residual of the turbulent kinetic energy�
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The positive and negative eigenvalue matrices are
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The arti�cial speed of sound c �
p
Q� � ��k�� � k��	� which appears by calculating

the eigenvalues� is proportional to
p
�� While � in�uences only two elements in

the Jacobian matrix ��	� it a
ects almost every element of R and R��� The �rst
order upwind corrections of the �uxes appear as dissipation terms in the momentum
equation of the form c�uj� For a higher order upwind scheme� these dissipation
terms are proportional to c�xkxkuj � where the operator �xkxk consists of higher
order di
erences� In areas of the �ow where sudden changes appear� these dissipa�
tion terms are non�zero and grow as � increases� Additionally� the arti�cial speed
of sound� and hence �� appears in the far��eld boundary condition�
Without specifying transition� the �ow around the NLR���� airfoil has been

computed with the one�equation Spalart�Allmaras model �Spalart� ����	 for a wide
range of �� The computations have been fully converged until the maximum di�
vergence of the velocity �eld was below ����� Convergence plots of the maximum
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Figure �� Pressure distribution on �ap � velocity pro�le near trailing edge of
�ap for NLR����� ��� gap� � � ����o� Re � ����� ���� Spalart�Allmaras model�
fully turbulent� � � ���� � �� � ��� � ���� � ����� �
� � Experiment� Mesh� a	 Fine ������ cells	� b	 Medium ������ cells	� c	 Coarse
������ cells	�
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Figure �� Multizone mesh with overlapping cells �shaded	 for NLR�����

residual of the mean �ow� the maximum residual of the turbulent kinetic energy�
and the maximum divergence of the velocity �eld are shown in Fig� �� The e
ect of
the input parameter � on the pressure distribution and the velocity pro�les� here
for station �� which is normal to the upper surface near the trailing edge of the
�ap� is shown on Fig� �� Pressure oscillations and a too high pressure on the upper
surface of the �ap occur for very large values of �� The plots show that re�ning the
mesh reduces the in�uence of �� However� it generally also impedes convergence�

��� NLR���� wing��ap airfoil

The �ow around the two�element NLR�����airfoil �Van den Berg� ����	 with
��� gap has been computed for the �ow condition� Re � ����� ��� and angle of
attack � � ����o� The �ow is laminar over most of the lower surface of the wing and
over the entire lower surface of the �ap� while pressure gradients along the upper
surface of the �ap lead to transition after halfway on the �ap� Transition occurs
on the upper surface of the wing at ��� � � � ����� on the lower surface at �� � � � ����
and on the upper surface of the �ap at ���� � � � ���� of the cord c� The cord c is
here de�ned slightly larger than the cord of the wing� A laminar separation bubble
occurs on the upper surface of the wing upstream of transition� The �ow remains
fully attached on the trailing edge of the wing and on the �ap�
This test case has been extensively investigated during the ECARP project �Haase

et al�� ���	� The mandatory mesh of this project has been adopted here� The
mesh has been split into �� zones� The zones have been extended with one row of
neighboring cells to overlap with each other� enabling communication between the
zones� A close�up of the mesh between the wing and the �ap is shown in Fig� �� One
can see that one node requires special treatment as it is shared by more than four
cells� Here it is treated as a boundary point� The �ow variables at this point have
been set after every iteration to an average value calculated from the surrounding
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Figure �� NLR ���� with ��� gap� Re � ����� ����� � � ����o� ����� cells�

nodes� Note� that this point is outside of a boundary layer and the turbulent region�

The computational mesh consisting of ����� cells is shown in Fig� �a� The laminar
and turbulent areas are distinguished with two di
erent grey tones� The location of
transition used for the presented results is given on the grid plot� Qualitative results
calculated with the V�F model in the form of shaded contour lines for the eddy�
viscosity� turbulent kinetic energy� and turbulent intensity normal to the streamlines
are shown in the same �gure� One can clearly see the di
erent behavior of the
turbulent kinetic energy k and the variable v�� the maximum value of which is
about � times smaller than of k� While the eddy�viscosity changes in the transition
region relatively smoothly� the largest values of k appear right after transition on
the upper surface of the wing� which corresponds to the sharp rise in skin friction
shown in Fig� �� The skin friction plot shows clearly the laminar separation bubble
and the transition on the lower surface of the wing� To achieve convergence a large
value of � has been employed� Consequently� pressure oscillations on the �ap have



Application of turbulence models to high�lift airfoils ��	

C
f

x�c

0

0.01

0.02

0.03

0 0.2 0.4 0.6 0.8 1

Figure �� Skin friction on wing� NLR���� with ��� gap� Re � ����� ���� � �
����o� ����� cells� with transition� � � ����� � V�F model� � � Experiment�

been obtained similar to the ones described in section ��� for the Spalart�Allmaras
model�

The laminar separation bubble could not be predicted for the NLR���� airfoil
with the Spalart�Allmaras model� Similar skin friction plots have been obtained for
computations with �xed transition and treating the �ow fully turbulent� This might
be a consequence of the way transition is implemented in INS�D for this model or
because of fundamental di
erences of the one�equation model�

��� Collaboration with Boeing

In a cooperative study with Boeing�ISDS� St� Louis� �����	� a three element
airfoil� known as the MDA Three�Element High�Lift System �Fig� � Valarezo et al��
����	� has been computed for the free stream condition� M � ���� Re � � � ���

and angle of attack � � ��o� The �ow has been computed as a fully turbulent �ow�

The mesh� shown in Fig� �� has been generated by Boeing�ISDS and consists of
about ������ cells� It is split in � overlapping zones� The singular mesh points are
treated here as internal points� Each of the cells surrounding these nodes overlaps
with more than one cell from the neighboring mesh� These sources of errors� how�
ever� are kept small by using a very �ne mesh and locating these nodes outside of
boundaries layers�
Computations have been carried out with two �ow solvers� INS�D and the

Boeing�ISDS NASTD code� and two turbulence models� the V�F and the Spalart�
Allmaras model� First results of these computations are shown in Fig� � for the
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Figure �� Geometry of the MDA three�element high lift system and velocity
survey station locations�

Figure �� Mesh around the slat and between wing and �ap of the MDA high lift
system�
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Figure �� Velocity pro�les on upper surface of the wing of the MDA high�
lift system� fully turbulent� � V�F and INS�D� � Spalart�Allmaras
and INS�D� � Spalart�Allmaras and NASTD� � � Experiment� a� station ��
x�c � ����� b� station �� x�c � �����



��� Georgi Kalitzin

velocity magnitude on station � and � with x�c � ���� and x�c � ���� respec�
tively� The �ow is fully attached at these stations� The predictions accuracy at
these stations signi�cantly in�uences separation downstream on the �ap�
All three computations predict the velocity at these stations quite well� Major

di
erences can be observed in the velocity gradients near the wall and in the wake of
the lower boundary layer of the slat� Increasing the in�uence of the upper bound on
the time scale in the V�F computation by decreasing the coe�cient � in Eq� ��	 from
� to �� slightly improved the velocity gradient in the wake of the slat� Computations
are under way with �xed transition� This will avoid the need of an upper bound
for the time scale�

	� Future plans

The local re�nement of the mesh for the NLR���� airfoil in the region of the
laminar separation bubble and transition or the implementation of a suitable TVD
scheme into INS�D are expected to allow the use of smaller values for the compress�
ibility constant � to avoid scaling errors introduced by the numerical dissipation�
The capability of the V�F model will be studied in further computations of the

MDA high lift system and in comprehensive comparison of results with experimental
data and computations with other models�
We plan to implement the V�F model into the NASA Ames OVERFLOW code

and to carry out computations of compressible �ows� We also intend to work on
numerical issues for a stable implementation of the model in explicit Runge�Kutta
time�stepping schemes with multigrid techniques �Jameson et al�� ����	�
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