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Navier–Stokes Airfoil Computations with eN Transition Prediction
Including Transitional Flow Regions
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The � ow around laminar airfoils is computed using a Navier–Stokes method coupled to a transition prediction
method based on the eN approach. Applying point transition at the predicted transition location produces a strong
viscous/inviscid interaction region that prevents the coupled system from converging, whereas the introduction of
transitional � ow regions resolves that problem. The emphasis is not placed on the development of new transitional
� ow models but primarily on producing convergence, applying modi� ed, availablemodels. A comprehensive com-
putational study is performed in a strong adverse and zero pressure gradient airfoil � ow region, as the transitional
lengths differ considerably for the different models. A conventional model, which is applicable in � ow regions
where transition is predicted well upstream of laminar separation, is proposed, together with a special transitional
length model for � ows where the boundary layer stays laminarup to separation. The � ows over the DoAL3 and the
NLF(1)-0416 laminar airfoils are investigated. The coupled Navier–Stokes and eN methods are shown to produce
converged results. Furthermore, the values for lift and drag are in excellent agreement with the free transition
measurements.

Nomenclature
C = chord length
CD = total drag coef� cient
C f = skin friction coef� cient, s w / 1
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CL = lift coef� cient
C p = pressure coef� cient
Hi = kinematic shape parameter, d ¤

i / h i

k = von Kármán constant
M = freestream Mach number
Re = Reynolds number based on chord

and freestream conditions
ReX tr = local Reynolds number based on X tr

Re D X = local Reynolds number based on D X
Re d ¤

tr
= local Reynolds number based on the displacement

thickness d ¤ at transition
U = velocity component in wall parallel direction
U s = friction velocity, ( s w / q w )1/ 2

U + = dimensionless velocity, U / U s

X = coordinate in freestream direction
XT = X value at the start of fully turbulent � ow
X tr = X value at transition
Y = wall normal coordinate
y+ = dimensionless wall distance, YU s / m
a = angle of attack
c = intermittency
D X = length of the transitional � ow regime
d = boundary-layer thickness
d ¤ = displacement thickness,
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e = eddy viscosity
h i = kinematic momentum loss thickness,
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m = viscosity
q = density
W = propagation direction angle of unstable perturbations,

when equal to 0 is the direction aligned with the
resultant velocity direction at the outer edge of the
boundary layer

Subscripts

e = outer edge of the boundary layer
tr = transition

I. Introduction

L AMINAR � ow technology has attracted a considerable inter-
est over the last decade. Laminar regions on aircraft, that is,

over large parts of the wings and nacelles, especially of high by-
pass ratio nacelles, will reduce the aircraft drag and thereby the
fuel consumption enough to support the efforts fed into the lam-
inar � ow research. The range of activities covers fundamental re-
search in laminar–turbulent transition, the development of design
tools for laminarairfoils,wings,andnacelles,and includestransition
predictionmethods.Wind-tunneland free-� ight testsare undertaken
on laminar gloves, either for natural laminar � ow wings or for hy-
brid laminar � ow wings and nacelles. For the latter, a suction panel
is used to suppress premature transition.

The development of design tools is mostly concentrated on reli-
able transition predictionmethods, the range of which extends from
simple empirical relationshipsvia stability theoriesof different lev-
els (parallel � ow and linear or nonlinear parabolizedstability equa-
tion methods) to direct numerical simulations. The eN method,1,2
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based on local, linear stability theory and the parallel � ow assump-
tion, still represents the current state of the art for transition onset
prediction in the aircraft industry.3 ¡ 5 The idea of the eN method
goes back to Liepmann,6 who hypothesized that, at the breakdown
of laminar to transitionalor turbulentboundary-layer� ow, the max-
imum Reynolds stress s max = ¡ q u 0 v 0 due to ampli� ed � uctuations
becomes comparable in magnitude to the maximum laminar shear
stress. Smith and Gamberoni1 and van Ingen2 took over this hy-
pothesis and computed the amplitude ampli� cation of perturbations
applying the local, linear stability theory. On one hand, transition
mechanisms such as bypass and attachment line transition are ex-
cluded from this approach, similar to the problem of receptivity.
On the other hand, transition due to the excitation of Tollmien–

Schlichting and cross� ow instabilitiescan be predicted (two N fac-
tor method).

The local, linear stability theory offers different strategies to be
applied for the analysis of three-dimensional� ows, that is, a com-
pressibleor incompressibleanalysis, the envelopemethod, the � xed
frequencyand constantpropagationdirection method, and the � xed
frequencyand constant total wavelengthor constant spanwise wave
number method with or without curvature effects. Overviews of
the different strategies are given in Refs. 4, 5, 7, and 8. Based on
the experiencegained by analyzing wind-tunnel and free-� ight test
data, a clear preference for the two N factor eN method is given to
the strategyapplyingthe incompressibleanalysiswithout curvature.
Furthermore, the selected strategy uses � xed frequencies together
with a propagationdirectionof W = 0 deg for Tollmien–Schlichting
waves and for cross� ow instabilities standing waves, f = 0 Hz, to-
gether with constant total wavelength or constant spanwise wave
number.

The value of eN represents for a certain perturbation the ratio of
its amplitude entering the unstable zone to that at the transition lo-
cation. In this aspect, the eN method is a semi-empirical approach
because the two limiting N factors for Tollmien–Schlichting and
cross� ow instabilities at transition are not known a priori. In sev-
eral wind-tunnelcampaigns, the limiting N factorswere determined
for the S1MA transonic facility,9,10 ONERA, Modane, France, the
Dutch German low-speed tunnel (DNW), The Netherlands,11 the
transonic wind tunnel at the DLR, German Aerospace Research
Center (TWB), Brunswick, Germany,12 and the Royal Aerospace
Establishment (RAE) Bedford tunnel,13 England, United Kingdom.
The analysisof free-� ight test data at subsonicand transonicspeeds
on laminar wing gloves using as test bed the LFU-205 (Ref. 11),
the Dornier Do228 (Refs. 14–16), the VFW-614 (Refs. 7, 9, and
17) (ATTAS program), the Fokker-100 (Refs. 4, 5, and 8) (ELFIN
program), and on a nacelle18,19 allowed the evaluation of the two
limiting N factors to be used as stability boundaries in � ight condi-
tions. These stability boundaries were introduced in computational
methods for the design of laminar gloves for the ATTAS wing,20 the
ELFIN wing,21 the � n on the Airbus A320,22 and the nacelle.23,24

The two N factor eN method so far is applied in the design using
coupled methods, that is, inviscid � ow methods (panel, full poten-
tial, and Euler codes) and three-dimensionalboundary-layermeth-
ods. Today, the demand for Navier–Stokes methods coupled to eN

transitionpredictioncapabilitiesfor the three-dimensionalwing de-
sign clearly exists. Recently, in a � rst step, the problem of coupling
Navier–Stokes codes for two-dimensional airfoil calculations with
the eN method has been tackled.25 ¡ 28

Point transition is so far applied in Navier–Stokes codes, de� ned
by merely switching on the turbulence model at transition onset.
On one hand, this procedure results in an eddy viscosity production
that yields rapid but not abrupt changes of the viscous layer proper-
ties; thus, a small transitionalzone is created computationally.28 On
the other hand, point transition represents a local perturbation due
to the relatively sharp reduction in the displacement thickness in
the vicinity of transition, which produces a strong viscous/inviscid
interaction region with a remarkable upstream in� uence. Consider-
ableperturbationsin wall pressureand in viscouslayerpropertiesare
present,which prevent the iterativelycoupledNavier–Stokes and eN

method computations to converge. To the contrary, the application
of a � nite length transitional zone in Navier–Stokes computations
will be shown to reduce the strengthof the local perturbation;corre-

spondingly, the changes in wall pressure and viscous � ow data will
be more moderate.

Hence in the present paper, the subject of � ow computationsover
airfoils is pursued, with main interest placed on the inclusion of
transitional� ow computations.The emphasis is not to developnovel
transitional zone models, but primarily directed to convergence as-
pects of the coupled Navier–Stokes and eN methods.

Note that for lowReynoldsnumberairfoil� ows transitionmay not
occur before the laminar boundary layer separates.Conventionally,
a laminar separation bubble will develop, where the laminar free
shear layer becomes unstable and reattaches turbulently, or under
certain circumstances, the bubble bursts, producing laminar stall.
These complex � ow situations are not investigated in the context of
the present paper.For these cases, transitionwill be � xed just before
laminar separation instead.

II. Transitional Flow Models
The transitional � ow is usually considered to be characterizedby

the intermittent appearance of turbulent spots, which grow in the
lateral and longitudinal directions as they move downstream and
� nally merge to form the fully turbulent � ow. Only time-averaged
values are considered for the turbulent intermittency. Furthermore,
the intermittency is supposed to depend only on the wall parallel
direction; the wall normal variation is neglected. This concept was
� rst formulated by Emmons29 and later veri� ed by experiments of
Schubauer and Klebanoff,30 Elder,31 and others.

All averaged � ow properties vary smoothly from the laminar to
the turbulent � ow regime. Accordingly, the intermittency factor,
de� ned as the fraction of time occupied by turbulent spots, in-
creases from zero to unity through the transitional area. Dhawan
and Narasimha32 proposed a universal turbulent intermittency func-
tion, which is commonly accepted and successfully applied. The
intermittency function c is independent on the wall normal direc-
tion and the forcing agent of the transition process32:

c = 1 ¡ exp[ ¡ 0.411n 2] (1)

where

n = (X ¡ X tr) / k (2)

X tr = X c = 0 (3)

k = X c = 0.75 ¡ X c = 0.25 (4)

De� ning the downstream limit of the transitional zone as

X T = X c = 0.99 (5)

gives

D X = XT ¡ X tr = 3.36k (6)

The longitudinalextensionof the transitional� ow regime D X can
be describedby the models ofNarasimha,33 Chen and Thyson,34 and
Walker.35 The proposedformulationsfor D X are as follows for each
reference.

Narasimha33:

ReD X = 30.2 Re
3
4
X tr

(7)

Chen and Thyson34:

Re D X = 60 + 4.68M1.92
e Re

2
3
X tr

(8)

Walker35:

Re D X = 5.2 Re
3
4
X tr

(9)

These cited expressionsoriginate from investigationsof � at plate
� ows. To cope with pressure gradient � ows, boundary-layerhistory
effects are introduced, replacing the X coordinate at transition by
a convenientboundary-layerproperty at transition.When using the
displacement thickness as the scaling property, the incompressible
� at plate Blasius � ow gives

Red ¤
tr

= 1.72Re
1
2
X tr

(10)
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Rewriting Eqs. (7–9) and ignoring for now the compressibility
term in Eq. (8) deliver the following modi� ed relations.

Narasimha33:

Re D X = 13.4 Re
3
2
d ¤
tr

(11)

Chen and Thyson34:

Re D X = 29.1 Re
4
3
d ¤
tr

(12)

Walker35:

Re D X = 2.3 Re
3
2
d ¤
tr

(13)

The new set of equationsfor the transitionallength [Eqs. (11–13)]
requires the evaluation of the laminar boundary-layer thickness d ,
which is not known a priori in Navier–Stokes methods. In Ref. 28
a procedure is described to compute d and thereby d ¤ for laminar
� ows. The eddy viscosity in the transitional region is de� ned as

e trans = c e (14)

III. Applied Navier–Stokes Method
The Reynolds-averaged Navier–Stokes equations, describing

two-dimensional, unsteady, compressible � ows in conservation
form, are solved by means of a � nite volume approach using a
Runge–Kutta time-stepping method with multigrid acceleration.36

In the turbulent part of the viscous layer, the Johnson–King turbu-
lence model is applied in its original form.37

All Navier–Stokes computations are carried out using four mesh
levels for the multigrid procedure,with 512 £ 128 mesh volumes in
the � nest grid. The grid indepence of the computational results is
documented in Ref. 28. The computationsare performedon adapted
meshes, which ensure that in the wall normal directiona suf� ciently
large and moreoverconstantnumberof mesh points is embeddedin-
side the viscous layer from the stagnationpoint to the airfoil trailing
edge. The procedures to evaluate the viscous layer outer edge for
Navier–Stokes computations are described in Ref. 28 for the lami-
nar � ow region and in Ref. 38 for the turbulent � ow region. Con-
ventionally, 60–65 mesh points are placed inside the viscous layer.
Navier–Stokes data computed on viscous adapted meshes only are
shown to be of boundary-layercomputation quality.28

IV. Numerical Study of Transitional Flows
The DoAL3 laminar airfoil, developedat Dornier, is used � rst for

the present numerical study. The measurements were performed
in the TWB facility at the DLR, German Aerospace Research
Establishment39 at a Mach number of M =0.48 and a Reynolds
number of Re =3.2 £ 106. The limiting N factor of that wind tun-
nel was determined beforehand for Tollmien–Schlichting waves to
be N =6 (Ref. 12).

Figure 1 shows two different pressure distributions for the angle
of attack a = 2 deg computed on adapted meshes. The solid line
represents the pressure distribution of the � rst Navier–Stokes solu-
tion when point transitionis imposed for the start just before laminar

Fig. 1 Pressure distributions on the DoAL3 airfoil for the � rst Navier–

Stokes iteration with transition � xed at laminar separation and for the
second iteration with predicted transition using point transition.

separationon both airfoil surfaces.The eN method40 in combination
with the limiting N factor, N = 6, predictstransitionat X / C =0.073
on theuppersurface.Transitionon the lower surfaceremains� xedat
X / C = 0.685 just before laminar separation because the computed
N factors show values well below N =6 up to laminar separation.
The dotted line describes the results obtained for point transition of
the secondNavier–Stokes iteration.The global result is as expected;
the lift is clearly reduced by shifting the transition location on the
upper surface from X / C = 0.611 to 0.073. In detail, however, it
can be seen clearly that the wall pressure distributionsare distorted
around the locations where point transition is introduced.As a con-
sequence, the eN computation using the upper surface data of the
second Navier–Stokes iteration is no longer successful. The N fac-
tor value remained constantly well below N =6 up to the location
where transition is predicted by the � rst iteration. The reason for
that failure is obviously due to the application of point transition,
which is responsible for the perturbations in the viscous layer data
and the wall pressure.

A detailed investigationof transitional � ow modeling in Navier–
Stokes methods appears to be necessary as the earlier mentioned
models deliver quite substantial differences, and, furthermore, pre-
vious publicationson that topic could not be found in the literature.

A. Scatter of the Transitional Lengths Models
Based on the � ow data of the � rst Navier–Stokes iteration,which

are computedfor point transition� xed justbeforelaminarseparation
(Fig. 1), the derived values for the transitional lengths D X are pre-
sented in Fig. 2a as a function of X / C using the original models
[Eqs. (7–9)] and the modi� ed models [Eq. (11–13)]; negative val-
ues of X / C indicate the lower surface. It can be easily detected that
the model of Narasimha33 delivers values that are six times larger
than the minimum length model of Walker,35 and even the Chen
and Thyson34 expression produces values three times larger than
the minimum length model.

The transitional lengths, evaluated with the modi� ed relation-
ships, are larger on the upper and smaller on the lower surface com-
pared to the original model values due to the suction peak on the
upper surface, which causes a more rapid growth of the bound-
ary layer in the adverse pressure gradient region. In contrast, the
boundary layer on the lower surface is thinner compared to a � at
plate boundary layer due to the continously accelerated � ow.

Figure 2b shows the Reynolds number distributionbased on D X
vs the Reynolds number based on the X coordinateat transition X tr.
The solid, dashed, and dotted lines represent the original models,
whereas the symbols describe the correspondingvalues of the mod-
i� ed models for the upper and lower surfaces,respectively.Because
of the smaller exponent in the Chen and Thyson34 model, the differ-
ence to the minimum length model of Walker35 is decreasing with
increasing transition Reynolds number.

The scatter in the predicted transitional lengths based on the dif-
ferent models is such that the user is forced to make an ad hoc
decision about which model can be applied. To support the deci-
sion, Navier–Stokes results that have been obtained are thoroughly
investigated by applying varying transitional lengths in different
pressure gradient regions.

On the upper surface of the DoAL3 airfoil, laminar � ow sepa-
ration occurs at X / C = 0.611 (Fig. 1). In between the stagnation
and the separation points, the laminar � ow undergoes a strong ad-
verse pressure gradient in the region of X / C =0.08 and a nearly
zero pressure gradient around X / C =0.45. In these two regions of
interest, computations are performed applying transitional lengths
from 0 to 20% chord.

B. Variable Transitional Length in the Adverse Pressure
Gradient Region

For the � rst 20% chord, Figs. 3 show the pressure (Fig. 3a) and
displacement thickness distribution (Fig. 3b) on the upper surface
for differentvaluesof D X , with transition� xed in the strongadverse
pressure gradient region at X / C =0.08. For comparison, the solid
lines show the results obtained for point transition� xed before lam-
inar separationon the upper surface at X / C = 0.611. The wavelike
perturbation in pressure for point transition D X =0 is clearly seen.
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Fig. 2 Different models: a) transitional length D X and b) Reynolds
number based on D X.

Fig. 3 Upper surface for different transitional lengths with � xed tran-
sition at X/C = 0:08: a) pressure and b) displacement thickness dis-
tribution.

Fig. 4 Upper surface for different transitional lengths with � xed tran-
sition at X/C = 0:08:a) skin frictionand b)shapeparameterdistribution.

Transition � xing at X / C = 0.08 reduces the suction peak in
pressure as compared to the case where transition is imposed at
X / C = 0.611; the boundary-layer is thickened considerably, the
airfoil more decambered, the circulation lowered, and in turn the
stagnation point is shifted on the lower surface upstream from
X / C = 0.928 £ 10 ¡ 3 to 0.656 £ 10 ¡ 3. A similar but in scale re-
duced behavior can be observed for the different transitional length
computations. The maximum value of D X delivers the smallest
value of the boundary-layer thickness downstream of the transi-
tional zone, which results in the largest value for the suction peak
pressure. The correspondingvalues for the skin friction C f and the
shape parameter Hi are given in Figs. 4a and 4b, respectively.

For all values of D X , the displacement thickness � rst decreases
in the vicinity of transition, achieves a local minimum, and then
continuously grows downstream. A neck region is formed in the
displacement thickness as the momentum transfer to the near-wall
� ow is intensi� ed by increased mixing of the intermittent turbu-
lence, which results in fuller boundary-layervelocity pro� les. With
increasingvaluesfor D X , theneck regionbecomesless pronounced,
that is, the perturbationsin pressuregraduallydecay and � nally dis-
appear completely for a value of D X =0.15. Simultaneously, the
upstream in� uence is clearly reduced for increasing values of D X .

Figures 5a–5c show velocity pro� les in nondimensional form
U + as a functionof y+ , for three differentvalues of D X / C , at eight
X / C stations, starting at X / C =0.0743 in the laminar � ow region.
Fully turbulent pro� les are achieved at X / C =0.1336, 0.1852, and
0.2481 for values of D X / C =0.0, 0.075, and 0.15, respectively.
Although the increased transitional length shifts the position down-
stream, where fully turbulent � ow is achieved, the overall behavior
is very similar and the development to fully turbulent � ow is regular
in all cases.The most downstreamvelocitypro� les, shown in Fig. 5,
clearly obey the law of the wall

U + = (1/ k) y + + const (15)

which is shown for comparison as the dashed line.
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Fig. 5 Upper surface velocity pro� les with � xed transition at X/C = 0:08 in the transitional zone for different transitional lengths: a) D X = 0:0,
b) D X = 0:075, and c) D X = 0:15.

Fig. 6 Upper surface for different transitional lengths with transi-
tion � xed at X/C = 0:45: a) pressure and b) displacement thickness dis-
tribution.

C. Variable Transitional Length in the Zero Pressure
Gradient Region

The secondregionof interestfor � xing transitionis at X / C =0.45
on the upper surfaceof the airfoil, a region where the pressuregradi-
ent is nearlyzero (Fig. 1). The computationalresults for the pressure
and the displacement thickness distribution for D X values ranging
from 0 up to 20% chord are shown in Figs. 6a and 6b together
with those results that have been obtained for point transition at
X / C =0.611. The skin friction C f and the shape parameter Hi are

Fig. 7 Upper surface for different transitional lengths with transition
� xed at X/C = 0:45: a) skin friction and b) shape parameter distribution.

given in Figs. 7a and 7b, respectively. As it can be seen by com-
paring these results with the latter ones, neither a signi� cant nor a
systematic difference can be detected where transition was applied
in the adverse pressure gradient region. However, the upstream in-
� uence is far more pronounced in the current case due to the larger
boundary-layer thickness.

The variation of the displacement thickness D d ¤ is characterized
by the difference between the maximum of d ¤ upstream of tran-
sition and the minimum value of d ¤ in the transitional zone. For
point transition, the perturbation of the displacement thickness is
D d ¤ Re1/2 = 0.227, exhibitingabout twice the value compared to the
adverse pressure gradient case, where D d ¤ Re1/ 2 =0.103 (Fig. 3b).
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On the other hand, the relative variations D d ¤ / d ¤
tr are almost equal,

D d ¤ / d ¤
tr =0.251and 0.238for the zeroandadversepressuregradient

cases, respectively.

V. Proposed Transitional Length Models
A. Conventional Transitional Length Model

Walker35 states that the model givenby Narasimha33 clearly over-
estimates the transitional length. However, Walker’s35 transitional
length model is based on restrictive assumptions, such that the es-
timate is considered to represent the minimum length. Walker35

proposes to use the double value of the minimum length model,
which is a clear ad hoc decision, but which represents a pragmatic
compromise. By the following of this suggestion and also the con-
sidering of the numerical results discussed earlier, where transi-
tional lengths up to 20% chord are applied without any obvious
dif� culty, the conventional transitional length model is proposed
to be

ReD X = 10.4 Re
3
4
X tr

(16)

or in the modi� ed version

Re D X = 4.6 Re
3
2
d ¤
tr

(17)

The conventionaltransitional length model is only applicable for
� ow situations where transition is predicted well upstream of lami-
nar separation.

B. Special Transitional Length Model
On the lower surfaceof theDoAl3 airfoil, laminarseparationtakes

place X / C = 0.685. Up to this position, all N curves show values
well below the limiting N factor of N = 6. In the case of point tran-
sition, the viscous layer in the Navier–Stokes computationis able to
overcome the adverse pressure gradient without separation due to
the intense turbulentmixing. In contrast, transitional� ow computa-
tions applying the conventional transitional length model produces
large separated� ow regions. For such cases, the convergenceof the
Navier–Stokes method to a steady state is no longer achievable. To
overcome this problem, either the transition location can be shifted
upstream or the transitional length can be reduced with respect to
the values of Eqs. (16) or (17).

Laminar � ow separation on airfoils conventionally takes place
either downstream of the suction peak, where the adverse pressure
gradient is large in� uencinga relative thin boundarylayer, or farther
downstream on the airfoil in the recompression region, where the
adverse pressure gradient is milder but acting on a relative thick
boundary layer. In both situations, the process of laminar–turbulent
transitionis believedto developrapidly,clearlysupportingtheactual
decision to maintain the transition location and, instead, to reduce
the transitional length.

Based on numericalexperiments,the result is that a goodestimate
for the special transitional length is the minimum length model of
Walker35 [Eqs. (9) and (13)]. The computations produce mostly
attached � ows or in some cases small separationbubbles, but stable
solutions are achieved for all cases considered.

VI. Navier–Stokes and eN Coupling Procedure
The viscous layer data of the � rst Navier–Stokes iteration with

point transition � xed just before laminar separation on both airfoil
surfaces are analyzed with the eN method40 in combinationwith the
limiting N factor to determine the transition location. The transi-
tion locations are transferred in a slightly underrelaxed manner to
the second Navier–Stokes iteration,where transitionalzone compu-
tations are included. Usually three to four iteration cycles are now
suf� cient to produce a converged solution of the coupled system.

VII. Final Results
Forvalidationpurposes,the laminarDoAl3 (Ref. 39) andNLF(1)-

0416 (Ref. 41) airfoils are selected, which are designed following
differentphilosophies.The DoAL3 laminar airfoil is a test designfor
a laminar wing, which should produce in the Mach number range,

Fig. 8 Pressure distributions on the DoAL3 airfoil for the second
Navier–Stokes iteration with predicted transition using point transi-
tion and for the last Navier–Stokes iteration with predicted transition
and transitional � ow.

M = 0.45–0.6, and for Reynolds numbers up to 12 £ 106 laminar
� ow on upper and lower lower surface up to chordwise values of
X / C = 0.6. Furthermore, the laminar bucket with a constant low
drag value has to cover a large lift range because laminar � ow is
requested in cruise as well as in climb and descent. The low-speed
NLF(1)-0416 laminar airfoil, however, is designed for high max-
imum lift for which minimum drag is not required to be constant
abovea certainvalueof lift and low drag is not requiredbelowcruise
lift.

It is shown in Ref. 41 that the transitionpoint on the upper surface
of the NLF(1)-0416 laminar airfoil moves steadily toward the lead-
ing edge with increasing angle of attack, as opposed to the sudden
jump characteristicon both surfaces of the DoAL3 airfoil. The lim-
iting N factor for Tollmien–Schlichting waves for the NLF(1)-0416
laminar airfoil experimentswas determined to be N =11 (Ref. 42),
based on transition location measurements.41

Figure 8 shows two differentpressure distributionson the DoAl3
laminar airfoil for the angle of attack a =2 deg, similar to Fig. 1.
The solid line represents the pressure distribution of the second
Navier–Stokes iteration with transition predicted at X / C =0.073
on the upper surface and before laminar separation on the lower
surface using point transition. The dotted line describes the � nal
result of the last Navier–Stokes iteration including transitional � ow
computations and transition predicted at X / C =0.08 on the upper
surface and before laminar separationon the lower surface.As may
be seen, theperturbationsin wall pressurearenownearlycompletely
removed due to the inclusion of the transitional zone computation.

Figures 9a and 9b show the computed polars of the DoAL3 lam-
inar airfoil compared to the measurements in the TWB facility.39

The solid lines represent the results obtained for point transition
� xed just before laminar separation.The maximum lift is predicted
reasonably well, whereas the value of dcL /d a is clearly overpre-
dicted. This is because the tunnel walls of the TWB are slotted
and the openings appear to be too large.43 The drag, especially the
minimum drag, is predicted well; apart from that, the extent of the
laminar bucket is by far overpredicted. The reason is that transi-
tion � xing just before laminar separation overestimates the extent
of laminarity on the airfoil in that wind tunnel. The solid circular
symbols describe for a = ¡ 2, ¡ 1, 0.8, and 2 deg the � nal result
for predicted transition location with a limiting N factor, N = 6
(Ref. 12), and predicted transitional length. The lift is slightly re-
duced, due to the larger extentof turbulent � ow. The computeddrag
nearly doubles for angles of attack a = ¡ 2 and 2 deg, which is in
good agreement with the experimentally observed values, and the
extent of the laminar bucket is clearly reduced. The drag values for
angles of attack a = ¡ 1 and 0.8 deg are slightly lower compared
to the values represented by the solid line due to the reduced skin
friction in the transitional zones on both airfoil surfaces.

Finally, Figs. 10a and 10b show the computed polars of the
NLF(1)-0416 laminar airfoil compared to the measurements in the
low speed NASA Langley Research Center Low-Turbulence Pres-
sure Tunnel (LTPT)41 at a Mach number of M = 0.1 and a Reynolds
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Fig. 9 DoAl3 airfoil for point transition at laminar separation and for predicted transition and transitional � ow compared to measurements: a) lift
and b) drag polar.

Fig. 10 NLF(1)-0416 airfoil for point transition at laminar separation and for predicted transition and transitional � ow compared to measurements:
a) lift and b) drag polar.

number of Re =2.0 £ 106. The solid lines are the results obtained
for point transition� xed just before laminar separation.In the range
of angles of attack from a = ¡ 7 up to a = ¡ 4 deg, the peculiar
behavior in drag is because of the extent of overprediction of the
laminar � ow region on both airfoil surfaces.The solid circular sym-
bols describe the � nal results for predicted transition locationwith a
limiting N factor, N =11 (Ref. 42), and predicted transition length.
The values of lift and drag are in excellent agreement with the ex-
perimental � ndings.

VIII. Conclusions
It is shown that reliable computations of transitional � ows on

airfoils can be generated by Navier–Stokes methods coupled to
the eN transition prediction. Furthermore, it is documented that
convergenceproblems of the coupled system applying point transi-

tion are avoided by the introduction of transitional � ow computa-
tions. The classical intermittencyfunction is successfullyapplied in
the Navier–Stokes method for the descriptionof the � ow region be-
tween the fully laminar and fully turbulent regime. A conventional
transitionallength model is proposedfor � ow situationswhere tran-
sition is predicted well upstream of laminar separation. Alterna-
tively, if transition is not predicted up to laminar separation,mostly
in low Reynoldsnumber � ows, transitionis � xed justbefore laminar
separation, ignoring the complex � ow situation of laminar separa-
tion bubbles. The conventional transitional length model does not
produce stable Navier–Stokes solutions for this case, whereas the
proposed special transition length model results in stable solutions
for all investigated cases.

The procedure is successfully applied to the DoAL3 and the
NLF(1)-0416 laminar airfoils, which are measured in the TWB
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facility at the DLR, German Aerospace Research Center, and in
the low-speed LTPT, respectively.The computed values for lift and
drag are shown to be in excellentagreementwith the measurements.
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