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Feasibility Study of ¢" Transition Prediction
in Navier-Stokes Methods for Airfoils
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When Navier-Stokesmethods are appliedin the design process for laminarairfoils, the prediction of the transition
location still represents an unresolved problem. By the acceptence of the ¢¥ method as representing a convenient
transition prediction tool, the requirements for coupling e” to Navier-Stokes methods will be demonstrated. In
particular, the possibility to determine the laminar and turbulent viscous length scales is outlined. Based on the
knowledge of the viscous layer thickness, a mesh adaption procedure can be applied. The Navier-Stokes results
produced using adapted meshes are shown to be identical to boundary-layer results, when the computed wall
pressure from the Navier-Stokes solution is used as input for the boundary-layer calculation. For the validation of
the necessary steps in the coupling procedure, the laminar airfoil DoAL3 was selected. This airfoil was measured
in the Transonic Wind Tunnel Braunschweig facility at the DLR, German Aerospace Research Establishment. The
limiting N factor for that wind tunnel was determined beforehand.

Nomenclature

a

= chord length

= drag coefficient

= skin friction coefficient, 7,, / % y ) 020

= lift coefficient

= moment coefficient

= specific heat capacity at constant pressure

= pressure coefficient

= kinetic energy parameter, U?/2H,

= diagnostic function, Eq. (1)

= nondimensional stream function, f' =d f/dn equal
toU/U,

= total enthalpy function, 2(H — H,)/U?

= total enthalpy, (h + U?)/2

= kinematic shape parameter, & /6;

= specific static enthalpy, C, T

= von Kédrmdn constant

= Mach number

ZETIETQ MmO ONS000

= N factor

Pr = Prandtl number
Re  =Reynolds number based on chord

and freestream conditions
S = total enthalpy function, (H — H,)/H, equalto EG
S, =heat transfer parameter, (H,, — H,)/H,
U = velocity component in wa}l parallel direction
U, =friction velocity, (t,,/pw)?
Ut =dimensionless velocity, U/ U,
X = coordinate in the freestream direction
Y = wall normal coordinate
y*  =dimensionless wall distance, YU, /v
o = angle of attack
B = Falkner-Skan pressure gradient parameter
8 = boundary-layerthickness
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8* = displacement thickness,
s U
[-2)
0 Pe Ue
8 = kinematic displacement thickness,
s U
[ (1-5)ar
0 Ue
e = constant in Eq. (2)
n = wall distance in the similarity plane
Nmax = value of n for which Fiuy 1S (Flam)max
ns = value of n for which U /U, equals 0.99
0 = momentum loss thickness,
8 oU U
[ (o)
0 Pe Ue Pe Ue
0; = kinematic momentum loss thickness,
/ v 1 v dy
0 Ue Ue
v = kinematic viscosity
o = density
T = shear stress
v = angle between the resultant flow direction U, at the outer
edge of the boundary layer and the perturbation
propagation direction
Subscripts
e = outer edge of boundary layer
lam = laminarregime
max = maximum value
ref = reference condition
w = value at the wall
oo = freestream conditions
I. Introduction

NE of the most challenging demands in the aerodynamics
of laminar airfoils and wings is a reliable computation of
boundary-layer transition. The range of existing transition predic-
tion methods extends from simple empirical relationships through
different levels of stability theories (parallel flow and linear and lin-
ear or nonlinear parabolized stability equation methods) to direct
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numerical simulations. The ¢ method, based on linear stability
theory and the parallel flow assumption, is the most frequently used
method in the aircraftindustry for the design of laminar wings.

In general, computational design approaches involve the appli-
cation of viscous/inviscid interactive methods in conjunction with
transition prediction procedures based on the ¢ method." In the
present approach, the complete flowfield is predicted by a Navier-
Stokes solver. The procedure of coupling this code to the eV transi-
tion prediction method will be outlined.

A. Generation of Adapted Meshes

To produce reliable laminar data for the stability analysis, it will
be demonstrated that the mesh for the Navier-Stokes computation
has to be accurately generated. In the wall normal direction, a suf-
ficiently large and, more importantly, a constant number of mesh
points has to be embedded inside the viscous layer from the stagna-
tion point to the airfoil trailing edge.

The viscous layer thickness in the laminar and turbulent flow
regimes is not known a priori in Navier-Stokes computations. The
procedure of determining the laminar boundary-layer thickness
from Navier-Stokes data will be presented. The length scales for
the turbulent viscous layer are evaluated using the approach given
in Ref. 2. The benefits of knowing the viscous layer thickness are
twofold. First, amesh adaptionbased on the viscous flow data s fea-
sible. Second, a length scale, i.e., the displacementthickness, of the
laminar boundary layer can be described for the stability analysis.

B. Validation of the Navier-Stokes Results

The laminar viscous flow results of the Navier-Stokes calcula-
tion are validated by comparison to boundary-layer results. These
are generated by using the pressure distribution obtained from the
Navier-Stokes calculation as input to a finite difference laminar
boundary-layercode. Similarly, the stability data computed for the
Navier-Stokes data are then compared with those results calculated
on the basis of the boundary-layerdata.

C. Coupling of the Navier-Stokes Code to the ¢¥ Method

Three procedures are described: 1) coupling the Navier-Stokes
approach directly to the stability method, 2) using the boundary-
layer method as an intermediate tool without Navier-Stokes mesh
adaptation to reduce the computational effort, and 3) replacing the
stability method by a database method. By use of the third proce-
dure, a further considerable reduction in the engineering effort is
achievable. Only this approach offers the chance to completely au-
tomate the iterative coupled application of the Navier-Stokes, the
boundary-layer,and the database methods.

D. Computational Methods Applied

The ReynoldsaveragedNavier-Stokesequations,describingtwo-
dimensional,unsteady,compressibleflows in conservationform, are
solved by means of a finite volume approach using a Runge-Kutta
time-stepping method with multigrid acceleration? In the turbulent
part of the viscous layer, the Johnson-King turbulence model is
applied in its original form.*

The boundary-layer method for laminar, compressible flows on
swept, tapered wings® is a finite difference method with second-
order accuracy in the marching direction and fourth-orderaccuracy
in the wall normal direction; hence, it is free of any numerical vis-
cosity, in contrast to the Navier-Stokes method.

The stability method® solves the three-dimensional, compress-
ible Orr-Sommerfeld stability equations using a finite difference
scheme.

II. Evaluation of the Viscous Length Scales

In the past, the problem of determining the viscous length scalesin
Navier-Stokes computationshas been treated only partially success-
fully for turbulent flows. However, for laminar flows, no adequate
procedureis known. Most techniquesfor determining the outer edge
of the viscous layer start in the inviscid flowfield and approach the
viscous layer using a suitable criterion. In contrast, the length scales
in the present paper are calculated by investigatingthe viscous layer

starting at the wall; thus, the detection criterion is found inside the
viscous layer.

It is shown in Ref. 2 that the turbulent length scales can be eval-
uated from Navier-Stokes data using the diagnostic function F':

b
dU
F=Y¢ |:d_Y:| (1
resulting in the boundary-layerthickness
8 = SYmax (2)

where Y.« is the wall distance, for which F = F,,,,. The assumption,
that Coles’ velocity profiles describe the turbulent boundary-layer
flow sufficiently accurately allows one to compute the values for
a, b, and ¢ such that

dU
B, = Y[d_Y] (a=b=1 3

Burs = 1.936Y ax (e =1.936) “4)
The same diagnostic function F [Eq. (1)] may now be used to
compute the boundary-layer thickness for laminar flows. For the
determination of the constants a, b, and ¢, the quasi-similar so-
lutions for compressible, laminar boundary layers including heat
transfer effects® are applied. The following equations are solved:

f A= f7+ EG) =0 ©)
G|+ PrfG, —2Prp(1 — EYf'G, —2(1 — Pr)(f'f") =0
©)
G)+ PrfG, =0 )
G(n) = EG,(n) + G2 (n) @®)

with the boundary conditionsat =0

f=r=0, G, =0, G, =Gy,
and with the boundary conditions at  — 00
fr—=1, G, — 0, G,—0
and Pr=0.72.

Quasi-similar solutions are established for different Mach num-
bers and pressure gradients that cover the whole range from highly
acceleratedup to reversed flow situations,includingadiabatic, cool-
ing, and heating cases. Figure 1 shows velocity profiles in adiabatic
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Fig.1 Laminar velocity profiles generated by quasi-similar solutions
of the boundary layer for different values of the pressure gradient pa-
rameter 3 in incompressible flow.
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flows for different values of the pressure gradient parameters § in
incompressible flow, including reversed flow data.

Through numerical experimentation, the values of a and b are
determined that produce a nearly unique value for ¢ in all considered
cases resulting in

dU
Fiam = Y3*° |:d_Y:| (@a=39andb=1) )
Stam = 1.294Y 1ax (e =1.294) (10)

Based on the velocity profiles (Fig. 1), the diagnostic function
Fum and the ratio (F / Fiax)1am are givenin Fig. 2 vs n and n/n;, re-
spectively. As can be seen, the maximum of Fj,,,, occursat a constant
valueof n/ns. The quantityis 9.y /s is shownin Fig. 3 as a function
of the shape parameter H; for differentMach numbersand adiabatic,
cooling, and heating conditions. Small values of H; represent ac-
celerated flows and large values highly retarded flows, including
separation. One can easily recognize that the value of 9. /ns is
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Fig.2 Diagnostic function Fy,;, in wall normal direction.
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Fig.4 Comparison of 75 and the value e7),,x depending on the shape
parameter H;.

nearly constant for all flow situations considered. Finally, in Fig. 4,
the exact value of n; is compared to the approximated value for
ns, namely, en,.c. The agreement is fairly tolerable, considering
the variationsin Mach number, pressure gradient, and heat transfer
rate.

III. Results

The laminar airfoil DoAL3, developed at Dornier, is used for the
present study. The lift and drag polars, computed by the Navier-
Stokes method, are shown in Fig. 5. The measurements were per-
formed in the Transonic Wind Tunnel Braunschweig (TWB) facil-
ity at the DLR, German Aerospace Research Establishment? The
measured data are compared to calculations for the initial and the
adapted meshes. Transitionis fixed on the upper and lower surface at
the laminar separation point, which representsthe most downstream
position of laminar flow, if laminar separation bubbles are not con-
sidered. The maximum lift is predicted reasonably well, whereas
the value of dc; /da is clearly overpredicted. This is because the
tunnel walls of the TWB are slotted, and the porosity appears to
be too high.!® The drag, especially the minimum drag, is predicted
well, except the extent of the laminar bucket is far overpredicted.
The reason is that transition is set to the laminar boundary-layer
separation point, which overestimates the extent of laminar flow on
the airfoil in that wind tunnel.

The results for lift and drag obtained with the initial and the
adapted meshes are almost undiscernible. It is well known that in
weak interacting flows changes in the near wall mesh in Navier-
Stokes methods do not significantly affect the pressure distribu-
tion. The agreement of the corresponding pressure distributions
computed for an angle of attack of @ =2 deg is documented in
Fig. 6.

Further investigations are now concentrated on a single angle
of attack, which lies outside the experimentally observed laminar
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Fig.5 Lift and drag polar for the DoAL3 airfoil.
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Fig.6 Pressure distribution computed with the initial and the adapted
mesh.

bucket, but inside the computed laminar bucket. For the current
study, an angle of attack of o =2 deg is chosen.

A. Coupling Procedure

The Navier-Stokes computationis started using the initial mesh
with transition set just before the point of laminar separation. This
location is chosen because it represents the most downstream posi-
tion of laminar flow, ignoring laminar separation bubbles. Further-
more, it guarantees that the transition location can only move up-
stream.

After that initial computation, mesh adaption with respect to the
viscous layer is applied. The calculation then continues, and the
viscous layer data are analyzed with the stability method. The X /C
transitionlocationis determined, where the envelopeofthe N curves
achieves the limiting N factor. The new transition locations are
transferredin a slightly underrelaxed manner on both the lower and
upper surfaces. The Navier-Stokes computation is then repeated,
and anewly adaptedmeshis produced. This processis repeated until
a converged solution is found. For the current cases two iterations
were sufficient.

B. [Initial and Adapted Meshes

Four mesh levels are employed for the multigrid procedure with
512 x 128 mesh volumes in the finest grid. The initial and the
adapted meshes are shown in Fig. 7. The empty space in between the
airfoil contourand the first mesh line actually contains 70 additional
mesh lines in the wall normal direction. The major differences, of
course, occur in the rear part of the airfoil, with the empty space
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Fig.7 Closeup view of the initial and adapted mesh.
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in the adapted mesh closely matching the boundary-layerthickness
on lower and upper surface, respectively. For additional clarity, the
initial and the adapted meshes on the upper surface of the airfoil are
shown in Fig. 8. In Fig. 8, only the mesh lines Y/C (i, j = const,
with j representing the wall normal direction) are shown, together
with the nondimensionalvalue of the boundary-layerthickness§/ C,
evaluated from Eqs. (4) and (10).

It may be clearly seen that the adapted mesh is aligned with the
boundary-layerthickness, i.e., the contour of §/C is almost identi-
cal to a mesh line Y /C. In between the airfoil and the wall distance
8, a constant number of mesh lines is embedded at every station
X /C on the upper and lower surface of the airfoil. Conventionally,
60-65 mesh points are used inside the viscous layer. Furthermore,
the adapted mesh takes into account both the laminar and the tur-
bulent flow regimes, with transition fixed at the point of laminar
boundary-layerseparation. In the current case, this is at X/C ~ 0.6
on the upper surface.

Figure 9 describes the structure of the mesh inside the viscous
layer. Each value of Y is divided by a reference value Y,.r, where
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Fig. 8 Near-wall mesh lines on the upper surface of the airfoil.

Y.r is the mesh line Y for j =70. In the laminar flow regime,
0<X/C <0.6, the mesh in wall normal direction exhibits a near
unity stretchingfactor producinga nearly equidistantmesh; whereas
in the turbulentregime a larger stretching factoris applied, resulting
in a near wall clustering of mesh lines. The different stretching is
caused by the approximate adaption technique, which relates the
wall normal spacing of the viscous mesh to the curvature of the
velocity profiles in the laminar and turbulent flow regimes, respec-
tively. Furthermore, care is taken so that the resulting value of y™*
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Fig.9 Adapted mesh structure on the upper side of the airfoil.
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Fig. 10 Diagnostic function F\,,, on the upper side of the airfoil com-
puted with the adapted mesh.
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mesh in between the fully laminar and fully turbulent flow regime

is generated by applying a suitable spline function.

Fig. 11 Velocity ratio U/U,, and boundary-layer thickness 6 on the
upper side of the airfoil computed with the adapted mesh.
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C. Grid Independence

The grid dependence of the Navier-Stokes results, computed in
the adapted mesh, is documented in Table 1 for an angle of attack
of @ =2 deg. The values of the drag, lift, and moment coefficients
are used as indicators. As can be seen, the results can be considered
as grid independent starting at the mesh level 512 x 128.

D. Viscous Layer Data

Figure 10 presentsthe diagnostic function (F'/ Fipax)1am On the up-
per surface for the adapted mesh computation. The first maximum
clearly defines the position Y,,,,, which delivers an estimate of the
viscous layer thickness [Eq. (10)]. The corresponding velocity pro-
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Boundary layer o
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Fig. 12 Momentum loss thickness and shape parameter on the upper
side of the airfoil computed with the initial mesh.
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files U/U, are shown in Fig. 11 together with the §/C contour for
both the laminar and turbulent flow regions, where U, is the value
of U at the wall distance 6.

Thus far, the inviscid flow results computed by the Navier-Stokes
method do not appear to be influenced by the mesh adaption,
as documented by the matching of pressures and forces. In con-
trast, apart from the skin friction, the viscous results clearly differ.
To quantify the Navier-Stokes viscous results, they will be com-
pared to boundary-layerresults, which are believed to be of higher
accuracy.

The momentum loss thickness 6 and the kinematic value of the
shape parameter H; are plotted in Fig. 12 vs X/C on the upper
surface of the airfoil for the initial mesh computation. The Navier-
Stokes results exhibit considerable overall discrepancies compared
to the boundary-layer results. In particular, the values for H; are
clearly underpredicted, leading to incorrect stability data when ap-
plying the incompressible analysis® The N curves evaluated for
Tollmien-Schlichting waves with the propagation direction ¥ =0
for unstablefrequenciesbetween 3 and 35 kHz are shown in Fig. 13.
For the same pressure distribution, the Navier-Stokes viscous layer
data are clearly less unstable than the boundary-layerdata, and ac-
cording to limiting N factors of 5-7, transition will not be predicted
atall.

For the adapted mesh calculations,Figs. 14 and 15 give the corre-
sponding information. Here, the agreement is almost perfect, docu-
menting thatlaminarNavier-Stokes data, includingthe computation
of the second derivativesof the U velocity profiles, can be produced
accurately, i.e., with boundary-layerquality;thatis if and only if the
viscous flowfield resolution is adequate.

E. Limiting N Factor

Koster and Miiller'! calibrated the limiting N factor for the TWB
facility, DLR, German Aerospace Research Establishment, apply-
ing incompressible analysis® for the e¥ method. They tested sev-
eral two-dimensional airfoils, recording the pressure distribution

Table1 Navier-Stokes results grid dependence

Grid points cp x 107 cr cy x 10
64 x 16 0.20153 0.43552 —0.63063
128 x 32 0.73753 0.51083 —0.66132
X/C 256 x 64 0.49365 0.50338 —0.62948
512 x 128 0.45595 0.49928 —0.62313
1024 x 256 0.45290 0.49875 —0.62191
a Boundary layer input Navier-Stokes input
z |
Linear stability theory
T T~ Incompressible analysis —~ T
y=0°
f =3-35[kHz]
3.2 x 10°
0.48
2.0°
0.6 0.4 0.6
X/C X/C

Fig.13 N curves for unstable waves on the upper side of the airfoil computed for the initial mesh data.
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and the transitionlocation. Boundary-layerdatahave beenevaluated
for the different test cases using the measured pressure distribution
as input. Subsequently, stability data were computed, and the value
onthe envelopeof the N curves at the position of the experimentally
observed transition location was determined. This N value repre-
sents the limiting N factor for the TWB wind tunnel. It is shown
in Ref. 11 that the limiting N factor ranges from 5 to 7, depending
slightly on the Mach number, but clearly on the Reynolds number.
Based on this information, the value of N =6 is used for the actual
case.
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250

225

X/C

Fig. 14 Momentum loss thickness and shape parameter on the upper
side of the airfoil computed with the adapted mesh.
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F. Length of the Transitional Viscous Layer

To limit the scope of the present study, no further investigation
is undertaken to clarify the influence of the length of the transi-
tion zone on the computational results. At the transition location,
the turbulence model is switched on without any intermittency con-
siderations (point transition). Figure 16 shows the upper side pres-
sure distribution and the displacement thickness for the two cases,
where point transitionis imposed at the laminar separationpointand
at X/C =0.08, which represents the final iterated transition loca-
tion for the limiting N factor, N = 6. In both pressure distributions,
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Fig. 16 Pressure and displacement thickness on the upper side of the
airfoil computed with the adapted mesh.
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Fig. 15 N curves for unstable waves on the upper side of the airfoil computed for the adapted mesh data.
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Fig. 17 Shape parameter and skin friction on the upper side of the
airfoil computed with the adapted mesh.

perturbations are visible at the transition location. This is because
the transition from fully laminar to fully turbulent boundary-layer
flow is too abrupt, producing a relatively sharp reduction in the
displacement thickness downstream of transition.

For the same flow conditions, the skin-friction coefficient and
the kinematic value of the shape parameter H; are given in Fig. 17.
Although point transitionis applied, one can see that a small transi-
tional zone forms. For a variety of X /C stations, the computed ve-
locity profiles U/ U, (Fig. 18) are providedin the interesting region
from X /C =0.074 up to X/C =0.13 for the case that transition is
predicted;the stations from X /C = 0.074up to X /C = 0.092 repre-
senteach computational X/ C stationin the finest mesh. The velocity
profiles are plottedagainstY /C (Fig. 18a), illustratingthe boundary-
layer growth. In addition, the velocity profiles are presented in con-
ventional boundary-layer form (Fig. 18b) and in nondimensional
form U™ = f(y™) (Fig. 18c). The law of the wall

Ut =1/ktny"* + const (11)

is shown for comparison as a broken line. Although the transitional
regionis too small, the process from fully laminar to fully turbulent
boundary-layer flow is very regular, and the last velocity profile
shown clearly obeys the law of the wall.

Hence, in the scope of the present study, it is not feltto be essential
to cover the problem of transitional flow.

G. Final Result

According to the limiting N factor evaluated for the TWB wind
tunnel, N =6, and the computed N curves, Fig. 15, the transi-
tion location on the upper surface is evaluated at X/C =0.08. On
the lower surface, the N-factor values remain below the limiting
N factor; hence, transition is imposed at the laminar separation
point. The resulting values for the lift and drag coefficients for an
angle of attack of « =2 deg are presented in Fig. 19, in addition to
the measured data and the initial computed results with the adapted
mesh, where transitionis fixed atlaminar separation. As can be seen,
the lift is reduced slightly, due to the larger extent of the turbulent
flow regime. However, the drag is nearly doubled and achieves a
value within the range of the experimental data. Hence, the extent
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Fig. 18 Wall parallel velocity in the transitional flow region.
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Fig.19 Lift and drag polar for the DoAL3 airfoil including data with predicted transition location.

of the laminar bucket is clearly reduced and is now in agreement
with the experimental findings.

To confirm the validity of the present approach, the procedure is
repeated for angles of attack « = —2 and 1 deg. The lift and drag
data for the supplementary cases are shown in Fig. 19 and exhibit
similar agreement with the experimental data.

IV. Performance Improvement

The main target of the present study is to show the feasibility
of directly coupling the ¢V method to the Navier-Stokes solver.
The methods are applied sequentially, however, with considerable
effort on the part of the user. The process can hardly be automated
because most of the stability solvers do not automatically produce
information about the unstable waves.

On the other hand, the actual results seem to indicate that a less
elaborate data production process is possible. The inviscid Navier-
Stokes results appear to be only slightly dependenton whether the
laminar viscousresults are produced with a high level of accuracy or
not. Consequently, the computations with adapted meshes may be
omitted, and the laminar viscousresults do not have to be furnished
by the Navier-Stokes method but rather via the use of a boundary-
layer method. Hence, the iterative procedure now involves three
computationalmethods: the Navier-Stokes, the boundary-layer,and
the ¢V methods. However, this approach will reduce the overall
computational time and effort.

A further considerable reduction in engineering and computa-
tional effort is achievable if the stability solver of the ¢¥ method
is replaced by a database method.'?''> In this case, the unstable
frequencies and amplification rates are evaluated via table lookup,
based on the viscous data. The major advantage is that the complete
computationalprocess,i.e., the iterative cycle of the Navier-Stokes,
the boundary-layer,and the ¢V database method, can now be auto-
mated. The Navier-Stokes solutions at a certain convergence level
are then stopped, the boundary-layerand stability dataare calculated
without any further engineering input, the new transition locations
are evaluated, and the Navier-Stokes solution is continued. Addi-
tionally, the cost of the database lookup procedure is significantly
lower than the cost of the " stability solver.

V. Conclusions

A procedure is outlined that allows the user to determine from
Navier-Stokes computations the a priori unknown length scales in

the laminar as well as in the turbulent flow regimes. Based on the
knowledge of the viscous layer thickness, a mesh adaption is per-
formed, such that a sufficiently large and constant number of mesh
pointsis embedded inside the viscous layer. It is shown via compari-
son with data from a boundary-layermethod that the Navier-Stokes
method produces laminar data of sufficient accuracy only with an
appropiately adapted mesh.

As a benchmark case, the DoAL3 airfoil is used. The measured
values of lift and drag are compared to computations with the initial
and the adapted mesh first by imposing transition at the location of
laminar separation. The maximum lift and the minimum drag are
fairly well predicted. The value of dc;, /de is overpredicted because
the test section of the wind tunnel has slotted walls and the porosity
may be too high. Most important, the extent of the laminar bucket
is overpredicted because the laminar flow region is overestimated
when imposing transition at laminar separation.

For angles of attack of « = —2, 1, and 2 deg, transition on upper
and lower surfacesis predicted via the " method and the knowledge
of the limiting N factor of the wind tunnel. The lift is slightly re-
duced, due to the larger extent of turbulent flow. The computed drag
doubles for « = —2 and 2 deg, which is in good agreement with the
experimentally observed values. The quality of the obtained results
clearly demonstrates that the Navier-Stokes and the ¢V methods
for transition prediction can be coupled successfully to accurately
compute the onset of transition.
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