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AstructuredReynolds-averagedNavier–Stokes solver is directly coupled to a linear stability theory (LST) solver to

include the effect of laminar–turbulent transition in the flow simulations. The flowfield variables of the flow solver are

used to both find streamlines along which transition can be predicted and to provide the LST code with the required

boundary-layer profiles. Instabilities included in the analysis are of the Tollmien–Schlichting and crossflow nature

relevant to high-Reynolds-number flows in low turbulence environments. The coupling is fully automated and can

therefore be used efficiently in the analysis and design of geometries with external flows. The Technical University of

Braunschweig’s sickle wing with spanwise-varying crossflow and the natural laminar flow version of the Common

Research Model are simulated under various conditions. Applications to these relevant three-dimensional test cases

showcase the capability of themethod tomodel the real flow physics. Advantages and challenges of the approachwith

regard to future design endeavors are discussed.

Nomenclature

A = amplification
Cd = drag coefficient
Cf = friction coefficient

Cl = lift coefficient
Cp = pressure coefficient

b = span, m
c = chord, m
H12 = shape factor; δ�∕θ
H32 = energy shape factor; δ3∕θ
k = wave number vector
l = length
M = Mach number
N = N factor
p = pressure, Pa
Re = Reynolds number
s = arc length, m
T = temperature, K
Tu = turbulence intensity, %
t = time, s
u = velocity vector, m/s
u; v;w = velocities in the x, y, and z directions, m/s
α = angle of attack, deg; wave number in x
β = wave number in y
γ = intermittency
δ = boundary-layer thickness, m
δ3 = energy thickness, m
δ� = displacement thickness, m
θ = momentum thickness, m
λ = Wavelength, m

μt = eddy viscosity, Pa ⋅ s
ξ, ζ = under-relaxation factors
ρ = density, kg∕m3

ϕ = sweep angle, deg
ψ = wave angle, deg
ω = frequency, s−1

Subscripts

CF = crossflow
g = group
e = boundary-layer edge
low = lower
MAC = mean aerodynamic chord
sep = separation
TS = Tollmien–Schlichting
tm = turbulence model
tr = transition
up = upper
∞ = freestream

I. Introduction

L AMINAR–TURBULENT transition plays a major role in the
characteristics of wall-bounded flows. Especially for the compu-

tational determination of aircraft drag, an accurate prediction of the
transition location is essential because friction drag accounts for
roughly half of the total drag of a modern airliner during cruise flight.
However, it is difficult to achieve. Flowmodelswith intrinsic transition
prediction like direct numerical simulations or large-eddy simulations
are computationally too expensive for practical application in design
activities for high-Reynolds-number flowsaroundwings. Lower-fidel-
ity models like Reynolds-averaged Navier–Stokes (RANS) simula-
tions are computationally cheaper but are, by themselves, incapable of
predicting the transition location. An additional transition prediction
model is needed to determine laminar–turbulent transition. As RANS
remains the predominant analysis and design tool for industrial appli-
cations in the foreseeable future, the combined models can provide an
affordable, robust, and yet accurate prediction of transitional flows.
Transition prediction approaches currently existing in conjunction

withnon-turbulence-resolving computational fluid dynamics (CFD) can
be classified into methods based on 1) analytical criteria, 2) database
methods, 3) correlation-based transport equations, and4) stability analy-
sis. The first three methods have all successfully been implemented in
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existing CFD codes and were applied to flows ranging from academic
test cases to full aircraft configurations [1–4]. The easier implementation
and expectedly modest computational effort offer strong arguments,
especially for use in (unstructured) industrial flow solvers. There remain
a number of disadvantages to thesemethods, however, that convince the
authors that stability theory, at this stage, remains an attractive transition
predictionmethod, although itmay require larger implementation efforts
and computational resources. A first challenge is, in light of design
efforts, to directly link the resulting transition locations to the underlying
physical transitional flow phenomena. Additionally, the reliance on the
databases and correlations always poses a question on the applicability
of the models to the flow conditions under consideration that are not
necessarily capturedwell by theunderlyingdataset. Stability theorywith
its direct physical foundation for determining transition does not suffer
from these issues, such that the additional computational and imple-
mentation efforts are regarded as worth the investment.
Existing approaches using stability theory in conjunction with

RANS for three-dimensional geometries in an automated manner
include that of Krumbein et al. [5], Krimmelbein and Radespiel [6],
Krumbein et al. [7,8], or Shi et al. [9], who coupled unstructured CFD
codes with linear stability solvers with optional use of an intermediate
laminar boundary-layer (BL) code to obtain accurate boundary-layer
profiles from the RANS pressure distributions. Furthermore, Campbell
and Lynde [10] showed a coupling of an unstructured codewith differ-
ent stability solvers for a laminarwing design framework.Kosarev et al.
[11] demonstrated the application of a coupling between RANS and a
parabolized stability equation solver with automated input generation
using an LST code.
In this work, a transition prediction technique implemented in the

Netherlands Aerospace Centre/NLR’s (NLR’s) structured ENSOLV
code is described. It is shown how linear stability theory (LST) is used
together with a steady RANS method, analyzing amplified disturb-
ances along integration paths on aircraft surfaces in order to determine
the susceptibility of the laminar boundary layer to natural transition.
A transition line is found using the eN approach [12,13] for different
transition mechanisms. The required convergence criteria and grid
densities are identified to accurately predict transition.
The application to two test cases, the Technical University of

Braunschweig’s (TU Braunschweig’s) sickle wing and NASA’s
Common Research Model natural laminar flow (CRM-NLF) wing,
demonstrates the capabilities and limitations of the implemented
method. Furthermore, the LSTanalysis allows for a detailed analysis
of the transition mechanisms.

II. Transitional Flow Modeling

The flow simulations are performedusing aRANS-basedmodeling
approach. Because this model in its original form is fully turbulent,
the laminar and transitional regions must be modeled differently to
include transition effects.

A. Flow Solver

The simulations in this work were conducted with the ENSOLV
code, which is part of the CFD systemENFLOW, developed in-house
atNLR [14,15]. ENSOLVis a structuredmultiblockRANS solver that
employs a cell-centered finite volume method for the spatial discre-
tization. Use is made of a Jameson-type artificial dissipation scheme
blending second- and fourth-order terms [16,17]. In boundary-layer
regions, a matrix form of the artificial dissipation is applied to min-
imize numerical diffusion, and therefore to improve numerical accu-
racy. In the present work, an explicit algebraic Reynolds-stress model
[18] based on the turbulent–nonturbulent k − ω model was used,
removing the dependency on the freestream turbulence level [19].
Time-accurate integration is carried out using a dual-time-stepping

scheme employing the Runge–Kutta method for the relaxation in
pseudotime; the latter of which is also used to obtain the steady-state
solution of the RANS equations. To accelerate the convergence, the
discretized equations are solved using a full approximation storage
multigrid scheme. The computations were carried out on NLR’s
high-performance computing facilities, for which the solver has been
optimized with a hybrid MPI–OpenMP parallelization strategy.

B. Transitional Flow Simulation

To simulate the transitional flow, the domain around the aerody-
namic body of consideration is divided into two regions: a laminar
one and a turbulent one. The laminar region upstream of the
transition line is forced to have zero eddy viscosity. Downstream
of the transition line, the eddy viscosity is ramped up for a correct
prediction of the turbulent flowfield. The ramping up of the eddy
viscosity can be regarded as the transition region modeling, and it is
called intermittency γ. It is defined as the ratio of applied eddy
viscosity over eddy viscosity as provided by the turbulence model.
Due to the high Reynolds numbers under consideration, the tran-
sition region is small compared to the streamwise lengths of the
surface on which transition occurs. Therefore, no sophisticated
models to determine the transition length are employed apart from
ensuring a smooth ramp-up function is used for reasons of numeri-
cal stability:

γ � μt
μt;tm

� 1 − exp

�
2.78 ⋅ �Δx�2

l2tr

�
(1)

In the present work, the transition length ltr is defined as the total
length in the streamwise direction of the four cells downstream of the
transition location. This ensures a smooth but fast rampup of the eddy
viscosity at the transition location. Δx is defined as the streamwise
distance from the transition line. If, in futurework,more interest in the
transition region modeling arises, empirical models for the approxi-
mation of the transition length exist [20].

III. Transition Prediction

Within the realm of stability analysis methods, its simplest form of
the linear stability theory is still the most prominent one [5]. Sim-
plifications include the reduction to linear instabilities only, a parallel
flow assumption, and often the neglection of curvature terms. The
more sophisticated linearized parabolized stability equations include
nonparallel effects but have not resulted in a significant reduction in
the error for N-factor computations. Consequently, they have not
managed to gain as much popularity as the LST. The nonlinear
stability equations are a powerful tool to analyze the growth of
specific instabilities. The computational cost related to solving these
equations and the need to specify initial mode amplitudes, however,
make it unfeasible to use them for general transition prediction in
CFD codes [21].
Linear stability theory provides a physics-based means of assessing

the stability of boundary layers and has its origins in the early 20th
century. Since researchers started to numerically apply this approach in
the 1960s, it has shown its suitability to determine transition locations for
many applications [21–23]. Especially for applications where nonlinear
transition mechanisms play a minor role in the determination of the
transition location, it is an accurate analysis tool. The flows considered in
thiswork featurehighReynoldsnumbersofRe � O�106�orhigher and
low freestream turbulence levels ofTu � O�0.1%�. Transition is there-
fore not expected to occur due to bypass transition. Instead, streamwise
Tollmien–Schlichting (TS) and stationary crossflow (CF) instabilities
dominate the transition phenomena [24]. Previous work has also shown
that in the flows under consideration, the exponential growth of insta-
bilities can be accurately captured with LSTand secondary instabilities
lead to a very sudden breakup into turbulence once a certain threshold of
the exponential amplification is reached. As such, the nonlinear insta-
bilities play an important physical role in the actual transition to turbu-
lence, but they hardly affect the transition location itself.
In the present paper, an improved NLR version (COSALX [25])

of the COSAL stability code developed by Malik [26] was used.
Changes to Malik’s original version include the inclusion of addi-
tional N-integration strategies, an automatic grid refinement, and
a bypass option for the global eigenvalue search to speed up the
computations. The LST code solves the compressible three-dimen-
sional stability equations. These are derived from the three-dimen-
sional compressible Navier–Stokes (NS) equations by linearization
of the flow variable fluctuations around the mean flow. Additionally,
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the parallel flow assumption is made, and normal modes are assumed
for the instabilities as shown in Eq. (2):

�u; v; w; p; ρ; T� � �û; v̂; ŵ; p̂; ρ̂; T̂�ei�αx�βz−ωt� (2)

where ω � ω�α; β�. Here, α and β are the x and z components of
the wave number vector k of the mode, and ω is its frequency. The

wave angle of the wave with the x axis is ψw � tan−1�β∕α�. Any
complex component of these variables will change the propagation of
the wave. The x direction follows the integration path of the insta-
bility, y is thewall-normal direction, and z is defined as the crossflow
direction parallel to the wall and normal to the integration path. The
result of substituting these modes into the disturbance equations is an
eigenvalue problem:

A ⋅D2ϕ� B ⋅Dϕ� Cϕ � 0 (3)

where A, B, and C are complex matrices; D denotes differentiation

with respect to y; and ϕ � �αû� βŵ; v̂; p̂; T̂;αŵ − βû�T . The inter-
ested reader is referred to Ref. [27] for a more complete description
of the equations and the solution procedure that is outlined in the
following. COSALX uses temporal theory to solve the problem such
that disturbances are assumed to only grow in time, leading to α and β
being real andω being complex. The eigenvalue problem is discretized
with a second-order-accurate finite difference formulation. A global
eigenvalue search is performed on a coarse mesh using a complex LR
algorithm to find an initial guess of the eigenvalues. A more accurate
local search is then performed on a finer mesh using a block LU
factorization with inverse Rayleigh iterations to solve the problem.
Using Gaster’s transformation [28], the spatial amplification

of the wave amplitude in the direction of the group velocity vg �
�∂ω∕∂α; ∂ω∕∂β� is related to the imaginary part of the frequency
according to Eq. (4):

1

A
⋅
dA

dx
� −αi ≈

ωi

jvgj
(4)

Ifωi is positive the mode is amplified. Ifωi is negative the mode is
damped. The amplification factor (N factor) can now be integrated
along the integration path using

N � ln
�
A

A0

�
�

Z
x

x0

ωi

vg
dx (5)

Transition is assumed to occurwhereN exceeds a certainvalue: the
limitingN factor. The limitingN factor is primarily dependent on the
freestream turbulence level as shown by Mack’s relation [22] for TS
instabilities [Eq. (6)] derived from experimental data:

NTS;tr � −8.43 − 2.4 ln �Tu� (6)

The propagation of a disturbance is determined by multiple, so far
undefined parameters. Additional assumptions on the mode’s fre-
quency, wavelength, and orientation are required to define how the
local N factors are integrated along a streamline. Various integration
strategies are available in COSALX. In thiswork, two different sets of
assumptions are used to analyze streamwise NTS and crossflow NCF

instabilities, respectively. For streamwise instabilities, a certain fre-
quency and a fixed wave orientation are set; and an initial wavelength
is provided that is allowed to change along the integration path. This
essentially assumes that the most amplified mode is perfectly aligned
with the integration path, which is not necessarily the case, but the
variation of the N factor around this direction was found to be small
for the conditions under consideration in thiswork [29]. Additionally,
noproblemswith pathological caseswere encountered in the analyzed
cases as described by Arnal [30]. For crossflow instabilities, a fixed
wavelength is prescribed with a zero frequency, resulting in a sta-
tionary crossflow wave [21,29]. The wave orientation is varied along
the path to find the most unstable mode. With those two N factors
determined along an integration path, a two-N-factor strategy can be

used to determine the transition point. Limiting values for both cross-
flow and streamwise instability growth are defined by establishing a
curve in theNTS − NCF plane. Depending on its shape, the interaction
between the two transition modes, which cannot be analyzed inside
the LST computation, can be captured. Figure 1 shows the curves
for the validation cases in this work. The curves feature a moderate
interaction by modeling transition below the individual critical N
factors with a linear cutaway in the upper-right corner. Essentially,
it is assumed that themost unstableTS andCFwaves are interacting in
the worst possible way and amplify each other such that premature
transition occurs at lower individually computed N factors.

IV. RANS–LST Coupling

The goal of this work is to develop an automatic coupling between
the flow solver and the LST code. To this end, several steps must be
taken. These are outlined in the following sections.

A. Determination of the Maximum Laminar Extent

One problem with carrying out an LST analysis of the laminar
boundary layer over a wing is the fact that the Navier–Stokes solver
cannot converge to a steady-state solution because of laminar separa-
tion when no transition is specified. It is therefore necessary to
determine the laminar separation line on the surface that occurs by
assumingnoprevious natural transition. Previously, this has beendone
using a search algorithm that checks for the most downstream point of
transition, yielding a converged RANS solution for two-dimensional
geometries. This, however, had two downsides. The first is the purely
numerical foundation of the approach, and the second is the immense
computational cost when having to look for a separation line on three-
dimensional objects. Another possibility is a manual definition of an
initial transition line by the user, but this is not ideal in the context of an
attempt to automate the tool chain. Krumbein et al. mention that, in
their coupling procedure, an initial separation check is performed on
the computational RANSgrid every 20 to 50RANS iterations; and the
separation location is then directly used as the transition location [7].
For the solver used in this work, however, this was not found to be a
robust solution for the implemented coupling because these locations
fluctuate highly in the transient RANS solution.
These shortcomings were overcome by performing an iterative

procedure between unsteady Navier–Stokes simulations, a shape-
factor criterion that determines the onset of laminar separation, and
a semiempiricalmethod todetermine the separation induced transition
length. The laminar separation criterion is based on the energy shape
factorH32 � δ3∕θ that, for laminar boundary layers, has a stagnation
value of H32 � 1.620 and a Blasius flat-plate value of H32 � 1.573;

and it decrease towards separation, occurring exactly atH32 � 1.515
[31]. A less exact but more robust criterion for the shape factorH12 �
δ�∕θ is added in case H32 � 1.515 is not reached due to numerical
errors. Usually, the shape factor is around H12 � 2.6 for laminar

0 2 4 6 8 10
N

CF

0

5

10

15

N
T

S

DNW-NWB (sickle wing)
NASA-NTF (CRM-NLF)

Fig. 1 CriticalN factors for the sicklewing andCRM-NLF experiments
(transition occurs in the regions above the curves).
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boundary layers at constant pressure and increases quickly before

transition. BecauseH12 increases to approximately 3.5 before laminar

separation [32], a limit of H12 � 4.0 is set for the separation point.
The iterative procedure is started with setting transition at the trailing

edge. The unsteady simulation is then run over 2000 time steps with

a nondimensional time step of Δt ⋅ u∞∕lMAC � 0.01. Subsequently, a
separation line is determined with the shape-factor criteria. A semi-

empirical estimation method is then used to determine the length

between the separation point and the transition point (see Eq. (7) with

the longitudinal integral length scaleof the flow turbulence ls � c∕15.8
as suggested by Roberts [33] and Bernardos et al. [34] for cases where

this information is not available):

xtr − xsep
θsep

� 25000

Reθsep
log10

�
coth

�
10 max�0.001; Tu∞�

�
c

ls

��1∕5���

(7)

The unsteady simulation is then rerun with the updated transition

line. An under-relaxation of the transition line movement is applied

that reduces the upstream movement of the transition line because

overshooting was observed, which then hindered the method from

finding the actual separation locations downstreamof the first iterations:

~xi�1
tr � xitr � ξ

�
xi�1
tr − xitr

�
(8)

The relaxation factor is set to ξ � 0.9 at the first iteration and is

quickly increased toward one in subsequent iterations. Three iterations

are usually sufficient to obtain the separation line. Carrying out the

unsteady computationswas found to be avery reliableway to determine

the laminar separation, and the computational costs of these computa-

tions are small compared to the overall costs of the simulation of the

transition prediction.
In cases where no upstream natural transition occurs, a separation

bubble will remain the source for transition and leads to a laminar

separation bubble. The sickle wing validation case presented later in

the text features this phenomenon. This is illustrated in Fig. 2, where

a closeup on the aft part of the inner wing’s upper surface is shown.

The streamwise velocity component is plotted and reveals the laminar
separation followed by a turbulent reattachment of the flow.

B. Converging Laminar–Turbulent Boundary Layer

Once the laminar separation-induced transition line is found, steady
computations can be performed. Converging the transitional simulation
to a high degree is essential to provide accurate boundary-layer profiles
from the base flow to the stability analysis. Here, converged force
coefficients are not sufficient because the boundary-layer profiles still
change significantly for many more iterations. Instead, the residuals
have to be converged sufficiently to ensure fully developed boundary-
layer profiles [35,36]. Figure 3 shows a typical convergence history for a
RANS simulation on three multigrid levels. Although the force coef-
ficients are already converged after less than half the number of per-
formed iterations, the boundary layers require the 20,000, 7500, and
2500 iterations on the three grid levels to sufficiently converge. These
numbers have been found to be a robust choice for the cases considered
in this study, and are therefore used throughout this work. Figure 4
shows the convergence of a sample boundary layer on the CRM-NLF
wing. The numbers in brackets refer to the iteration count on the finest
grid level where the shown line was extracted from the solution.
Although the profiles themselves can barely be distinguished from each
other, the development of the local relative error with respect to the final
solution shows that the flow solution converges.

C. Preparing Boundary-Layer Data for LST

The LST code requires boundary-layer data along a line as input.
On a wing, this can be a line over the wing surface in the freestream
direction; but, this will not yield good results because, with increas-
ing spanwise flow variations, the instability growth will not follow
this direction. Instead, an estimation of the direction of instability
growth is applied that is a projection of the boundary-layer edge
velocity to the wing surface. Streamlines integrated along these
projected velocity vectors are called inviscid streamlines and have
been shown to closely resemble the instability group velocity
[6,7,23]. They are indicated in the subsequent validation cases (see,
e.g., Fig. 5). The LST code requires first and second spatial deriva-
tives of the flow variables with respect to the wall-normal direction.
These are determined using the divergence theoremon each finite cell

Fig. 2 Streamwise velocity contours and local velocity vectors on the y plane at the inner part of the sickle wing (case A) showing a laminar separation
bubble.
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a) Force coefficient convergence b) Residual convergence

Fig. 3 Typical convergence history for a CFD run to obtain accurate boundary-layer profiles (jumps caused by multigrid cycles) (mom = momentum).
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volume in the boundary layer. Subsequently, the flow data are

projected onto the LST reference frame.

D. Application of the LST

Depending on the required resolution of the transition line, a

certain number of integration lines need to be initiated on the surface

in spanwise direction. In the present work, one line per spanwise

cell was taken. This may be reduced to save computational effort if
little spanwise variation is expected. On each inviscid streamline, the

LST analysis is carried out for TS and CF waves. As described in

Sec. III, a certain frequencymust be specified for assessing aTSwave

and a certain wavelength for a CF wave.
The most unstable modes, however, are unknown; as such, a

sweep is required in a range of physically meaningful frequencies

and wavelengths. For the TS instabilities, a frequency sweep is

performed while the CF instabilities are assessed with a wavelength
sweep. This process can be fully parallelized since the computations

for varying frequencies/wavelengths and on different integration
lines are completely independent of each other.

E. Using the Two N-Factor Strategy to Find the Transition Line

The resultingN-factor curves from the aforementioned linear stabil-
ity analysis are translated into transition lines by means of a two-N-

factor approach. A streamline starts at NTS � NCF � 0 and then
features increasing growth factors when encountering unstable regions.

A criticalNTS − NCF curve is defined, and transition is assumed where
the computedN factor exceeds the criticalN factors.Anexample canbe

seen in Fig. 1 for the validation cases used in this work. This includes

a) Boundary-layer profiles and wall-normal gradients b) Relative errors (D%u = (u – u2500)/u2500*100)

Fig. 4 Convergence of boundary-layer profiles and wall-normal gradients for various RANS iteration counts on the finest grid level (number in
brackets).

Fig. 5 N-factor distributions on sickle wing case A with several indicated inviscid streamlines and the experimental transition lines (solid black lines).
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tests in NASA’s National Transonic Facility (NTF) and the German-
Dutch Wind Tunnels’ (DNW) low speed windtunnel (NWB). These
lines are different, depending on the freestream flow quality [as follows
fromEq. (6)]. The criticalN factor is affected not only by the freestream
turbulence but also by other disturbance-generating influences like the
sound pressure level in the wind tunnel or surface roughness on the
wing model. Furthermore, various other flow characteristics like
the Reynolds number, compressibility, and the injection of liquid nitro-
gen possibly all have an influence on theN factors [21,23,37]. Notably,
under theused test conditions, the curve forNASA’sNationalTransonic
Facility has a higher freestream turbulence than the low-speed wind
tunnel of the German–Dutch wind tunnels, leading to lower critical N
factors. In both cases, some interaction between streamwise and cross-
flow instabilities is observed, leading to premature transition below the
individual critical N factors.
Toobtain the criticalN-factor curve for a certain flow, linear stability

analyses must be performed on an experimentally or computationally
obtainedmean flow to identify the growth factors at which transition is
observed. This means that initial experimental effort is necessary for
each environment (e.g., a certainwind tunnel or free flight) to calibrate
the methodology before it can be used on other geometries, angles of
attack, or other variations that do not significantly change the criticalN
factors. It can be seen from the results in Sec. V, however, that a single
limiting N-factor curve is able to predict transition from LST results
reasonably well across an entire configuration and varying Reynolds
numbers as well as angles of attack.
Because of the direct coupling between the flow solver and the

linear stability analysis, the instability of the separated laminar flow
can also be analyzed. It should be noted, however, that the parallel
flow assumption is violated in the case of separated flow. The main
focus of this work, however, is not to resolve laminar separation
bubbles but to identify the locations of natural transition of mostly
attached flows.

F. Applying New Transition Line and Iterate

Once the new transition lines are determined, they can be applied to
the next RANS simulation. The change in boundary-layer flow again
has an effect on the LST analysis, and so several iterations have to
be performed. Usually, three to four iterations were found sufficient
for convergence, meaning a negligible movement of the transition
line in the order jΔxtrj � jxitr − xi−1tr j ≈ 0.1%c, which is in line with
the numbers provided by Krumbein et al. [7]. Because overshooting

was observed during the upstreammovement of the transition line, an

under-relaxation factor ζ is applied. Avalue of ζ � 0.75was found to
be a robust choice for three-dimensional problems:

xitr � xi−1tr � ζ
�
xLSTtr − xi−1tr

�
(9)

Figure 6 shows a schematic of the full coupling and the iteration

procedure (similar to Ref. [7]).

G. Convergence Study

Due to the sensitivity of the transition prediction to accurate boun-

dary-layer input data and the resulting requirement for fine grids, a

convergence study has been performed to identify the influence of grid

refinement and simulation convergence on the predicted transition lines.
The density of the finest grid level is varied to find the required

number of wall-normal cells. Three different grid densities have

been used: a coarse grid with 30–35 cells, a medium grid with

60–70 cells, and a fine grid with 120–140 cells in the boundary layer.

The boundary-layer thickness is determined in the flow solver using

an algorithm based on a Baldwin–Lomax function [38] from which

the number of cells in the wall-normal direction are found.
Figure 7 shows that, in the current study, a number of 60–70 cells is

sufficient to accurately predict the profiles. This coincides precisely

with the numbers mentioned by Stock and Haase in their work [39].

It was furthermore reported by Krumbein et al. [5] that a number

of approximately 130 cells within the prismatic grid layer would be

required to obtain sufficiently accurate boundary-layer profile deriv-

atives to assess crossflow transition. With the growth in transitional

and turbulent boundary layers downstream of the transition line,

similar numbers are found in this study for the total number of grid

points in the near-body grid containing the viscous layer. Although

the velocity profiles and their first spatial derivative with respect to

the wall-normal direction are very similar between the different grid

densities, a significant difference can be seen for the second deriva-

tive on the coarse mesh. The maximum difference and the L2-norm

difference of the second derivativewere found to have a second-order

convergence rate. Themaximum relative difference is approximately

40% between the coarse and the medium grids and roughly 10%

between themedium and the fine grids. For the L2 norm, the numbers

are 10 and 2%, respectively.

Fig. 6 Schematic of the coupling procedure.

Fig. 7 Mesh convergence for exemplary streamwise and crossflow boundary-layer profiles as well as wall-normal derivatives on quarter-chord of sickle
wing case A.
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To also show that the resulting amplification rates obtained from

the linear stability analysis are sufficiently accurate with the medium

grid, two examples for each streamwise and crossflow N curve are

shown in Fig. 8, which are obtained from sickle wing case A (see

Sec. V.A). It is indeed the case that, although the coarse mesh does

capture the growth trend, it is not accurate enough to predict a

transition location andeven fails to find amplification factors in clearly

unstable regions. The medium and fine grids result in nearly identical

amplification rates. To obtain a low required number of cells, the

accuracy of the flow solver is important. In this study, the structured

flow solver simulates the boundary layer using a matrix dissipation

scheme with a very low amount of artificial dissipation. Care was

taken to preserve accuracy throughout the coupling procedure, e.g., by

using a finite volume scheme to determine the boundary-layer profile

derivatives and a subsequent linear interpolation to the inviscid

streamline coordinates.

Lastly, the required number of iterations for the coupling was

assessed. As shown in Fig. 9, the transition line can still change over

several percent of the chord lengthafter the first iteration; but afterward,

it barely moves any more. Generally, convergence (movement of less

than 1%x∕c) occurs after three to four iterations in the present cases.

V. Application of the Automatic Transition Prediction
Method

Two validation cases were selected to assess the ability of the

methodology to predict transition on wall-bounded flows with high

Reynolds numbers and low freestream turbulence levels, namely, the

TU Braunschweig sickle wing experiment [40] as well as the CRM-

NLF geometry designed at NASA Langley Research Center [41].

A. Sickle Wing Experiment

The sickle wing was specifically designed at TU Braunschweig to

serve as a benchmark test case for transition prediction tools [40]. As

such, it was given a planform that features differing sweep angles (30,

45, and 55 deg) and a small blending radius (5 mm) between the

individual segments. The result is that for a single flow condition,

various (interacting) transitionmechanismsoccur at different positions

on the wing. The wing was tested in the DNW low-speed wind tunnel

in Brunswick, Germany at a turbulence intensity of Tu � 0.053%
at u∞ � 60 m∕s.
Two different Reynolds numbers (2.7 ⋅ 106 and 4.4 ⋅ 106) and

two different angles of attack (−2.6 and −0.3) are compared to the

numerical results from Kruse et al. [42] in the following. The con-

ditions for the tests are summarized in Table 1. The fourth test

condition (case D) at an elevated angle of attack is not taken into

account in this study because the wind-tunnel walls are not modeled

in the simulations and wind-tunnel effects are assumed to signifi-

cantly change the results at higher angles of attack for a wing that is

relatively large compared to the test section size.

The low turbulence in the test section results in relatively large

limiting N factors for transition, as shown in the two-N-factor curve

in Fig. 1. The curve was obtained by comparing the experimental

transition line and theN-factor distributions obtained fromCOSALX,

initially using the growth factor limits (NTS � 11.8 and NCF � 8.4)
provided by Kruse et al. [43] and slightly increasing the limiting TS

growth factor to better match the transition lines for all three cases.

Additionally, a cutoff was added to account for moderate interactions

between simultaneously existing TS and CF modes as already indi-

cated by Kruse et al. Comparing the calibrated curve to the values

reported byKruse et al., it can be noticed that similar values are found

at NTS � 12.0 and NCF � 8.4 in this work.
The wing is discretized using an O-type grid with wall-normal

expansion in the relevant areas for transition prediction. The surface is

divided into 336 spanwise cells and 240 chordwise cells for each

upper and lower surface (see Fig. 10). With an average of y� � 0.1,
the first off-wall cell height is small enough to resolve the viscous

sublayer. One-hundred and ten to 140 cells are within the boundary

layer to provide accurate profiles to the stability analysis. The con-

vergence study has shown that less points are sufficient, which is

beneficial for future investigations, including the second validation

case in Sec. V.B. The total number of grid cells is 42 ⋅ 106. The
computational domain expands to 40 chord lengths in all directions,

Fig. 8 Mesh convergence for exemplaryN curves on sickle wing case A.

wind tunnel
SIT
LST 1
LST 2
LST 3
LST 4

Fig. 9 Movement of transition line during LST iterations 1 to 4 with under-relaxation (ζ � 0.75) on sickle wing case A.

Table 1 Conditions for sickle wing test cases

Case Rec M α, deg

A 2.744 ⋅ 106 0.156 −2.6
B 4.448 ⋅ 106 0.259 −2.6
C 4.434 ⋅ 106 0.259 −0.3
D 2.748 ⋅ 106 0.158 6.0
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except for the downstream direction where 60 chord lengths are

selected.

This case shows very fast convergence of the transition line as

shown in Fig. 9. Already, the second iteration has only small varia-

tions with respect to the first iteration. The second and third iterations

can no longer be distinguished visually anymore.

Figure 11 shows a comparison of the experimental and the numeri-

cal pressure distributions at the centers of the three sections. CaseA is

left out because it is nearly identical to caseB.TheCFD results closely

resemble the measurements. As such, a good mean flow should be

obtained for the LST analysis. Also, the resolved laminar separation

bubble can be visually seen for the upper-surface inboard section

(30 deg sweep angle) for case C at approximately 75–80%x∕c.
For case A, the resulting N-factor contours on the wing surface

are shown in Fig. 5 for TS and CF instabilities. Although, in reality of

course, LST computations are performed on individual inviscid

streamlines (some are included in the image) and not globally on

the entire wing surface; visualizing the N-factor growth in this way

gives a better understanding of how transition occurs over the span of

thewing. The contours are obtained by triangulation of the individual

streamlines that run from the leading edge until the separation-

induced transition line because the LST computation is only run until

this point to save computational costs. The experimental transition

lines are included to show which mechanism triggers transition.

On the upper surface, a negative pressure gradient exists up to

approximately three-quarters of the chord, where laminar separation

would occur in case of no prior transition. As such, only the very rear

of the upper surface showsTSwave amplification. The sameholds for

the lower surface: only the suction peak is already reached at roughly

20% of the chord.

The crossflow wave amplification is clearly increased in the kink

regions on both surfaces. This is not unexpected because strong

variations in crossflow exist in this region due to the quick geometric

changes. Additionally, the lower surface nicely shows how, despite

the similar pressure distribution in the leading-edge region of all three

sweep angles, an increase inNCF is obtained by increasing the sweep

angle. As a higher sweep angle increases the spanwise pressure

differences, higher crossflow also occurs even if a constant profile

with similar streamwise pressure distribution is used.

On the upper surface, larger variations in the pressure distribution

exist in the half-chord region. As such, larger variations in NCF are

also observed. Especially the effect of the tip can be noticed, which

apparently leads to reduced CF instability. As such, transition on the

upper surface is dominated by CF transition, except for the tip where

TS instabilities are amplified significantly. This is consistent with

the experimental line showing a transition linewith wedges, which is

typical for crossflow transition. On the lower surface, TS transition

dominates in the inner section but mixed transition occurs with

stronger CF instabilities toward the tip. Nevertheless, TS waves are

dominating, and this is indicated by the very straight experimental

transition line.

Figure 12 shows the N-factor contours for case B at an elevated

Reynolds number. The upper side remains dominated by crossflow

transition. A general increase in crossflowN factors can be observed

Fig. 11 Pressure distributions on sickle wing upper and lower surfaces at the centers of the three sweep angle sections.

Fig. 10 Surface and wall-normal mesh on sickle wing (SIT = separation induced transition).
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as expected for the increased Reynolds number. On the lower side,

mixed transition still dominates the midsection, crossflow instabil-

ities cause transition in the outer section, and streamwise instabilities

dominate the inner section.
The N contours for case C (see Fig. 13) show how the higher

angle of attack leads to less crossflow instability growth on the upper

surface. The pressure distributions feature a steeper slope toward the

end of the strong pressure drop up to x∕c ≈ 0.05 and then stay flatter
within the range 0.05⪅x∕c⪅0.2 compared to the previous case. This

reduces the amount of crossflow, and thereby delays transition.On the

lower side, however, crossflowwaves aremore amplified very close to

the leading edge. This is caused by the more gradual drop in pressure

in the chordwise direction in this region. When combined with a

sweep angle, this leads to higher spanwise pressure gradients, and thus

more crossflow. The streamwise instabilities are barely affected by the

increase in α.
The separation-induced transition at the upper inner section of the

wing shows that the shape-factor criterion together with the transition

length correlation lead to a slightly earlier transition than expected

fromLSTas theN factors reach the limiting values slightly behind the

predicted location. Figure 9 shows for case A that at the inboard

section, no transition is found from the LST upstream of the separa-

tion-induced transition front. Instead, transition is enforced at the

estimated separation-induced transition length downstream of the

separation location. The section cut in Fig. 2 shows that a small

separation bubble over nearly 5% of the chord length at x∕c ≈ 0.75
forms. A clearly recognizable bubble is, however, only observable

up until approximately 16% of the span for both cases A and B. The

remainder of the inboard section shows no sign of a separation

bubble, suggesting nearly instantaneous transition at the separation

location. It should further be noticed that the first 10% of the span is

influenced by a turbulent boundary layer of the wind-tunnel wall in

the experiments. Only in case C does the stability analysis predict

transition upstream of the separation-induced transition front across

the entire span, and no separation is found.
The resulting skin-friction coefficients for cases A, B, and C are

shown in Fig. 14; and the experimental transition lines are again

included for comparison. In general, the experimental and numerical

results comparewell, but some differences can be observed. Laminar

separation is accurately captured in all three cases. All cases feature

laminar separation and the resulting separation-induced transition at

the upper inner section.
CaseA showsverygoodagreement on the lower surfacewhere even

the small wiggles in the kink regions are resolved with the stability

analysis. On the upper side, a difference can be seen around the inner

kink where the strong geometrical changes and the resulting spanwise

pressure gradients seem to cause a locally nonparallel flow violating

the assumptions made in the stability analysis. Also, in the center

segment, strong variations in the transition location are not obtained

using LST. The experimental results are believed to be affected by the

pressure tabs in the location of sudden upstream movement of the

transition line, leading to a turbulent wedge downstream. Similar

differences were also observed in other studies using the same vali-

dation case (see, e.g., the work of Kruse et al. [42]).
Case B is generally well predicted across the entire surface. The

“wiggly” experimental line on the lower side already indicates the

stronger influence of crossflow transition on the flow at this elevated

Reynolds number, especially in the mid- and outboard segments.

These areas also show the biggest difference in the experimental

lines. Although the trend is followed nicely, the transition line is

predicted upstream a few percent of the chord length compared to the

experiment.
Case C shows good agreement as well. The only big difference

is the underestimation in the crossflow wedge at the inner kink on the

upper surface, as already observed in case A. The experimental

transition line on the lower side is well reproduced by the simulation

Fig. 12 N-factor distributions on sickle wing case B with several indicated inviscid streamlines and the experimental transition lines (solid black
lines).
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and only shows a slightly early prediction in the outboard regions. A

possible explanation of the early prediction of transition for the lower

side outboard sections on cases B and C could be the high streamline

curvatures in these areas: an effect that has been neglected in the LST

computations.

B. Common Research Model: Natural Laminar Flow Wing

The NASACommon Research Model (CRM) wind-tunnel experi-

ments have successfully served as benchmark CFD cases in many

studies. NASA’s newly designed natural laminar flow CRM wing

[41] for the aircraft was tested in theNational Transonic Facility using

temperature-sensitive paint [44]. The transition location was made

visible by heating the surface of thewing model using a carbon-based

heating layer. At a high Reynolds number of Re � 15 ⋅ 106, a Mach

number ofM � 0.86, and a turbulence intensity of Tu ≈ 0.24%, and

various angles of attach (see Table 2), this case allows for an assess-

ment of the capability of the transition prediction methodology to

simulate aircraftwings under typical cruise conditions. The compress-

ibility of the flow is an especially big difference compared to the low

subsonic regime of the sickle wing.

Lynde et al. report that after their wind-tunnel corrections for

the experimental data, no corrections were required for the CFD

computations [45]. Mach and alpha shifts were applied to the CFD

computations in this work to better match the pressure distributions

of the wind-tunnel experiment. Variations in Mach number are

mainly attributed to systematic wind-tunnel errors, and are therefore

equal for all cases. The change in angle of attack, on the other hand, is

probably caused by wing deflections and is not constant under

varying wing loading, whereas one deflected shape (based on the

design lift coefficient CL � 0.5) is used for the computational mesh

for all conditions. TheMach numbers of the CFD computations were

shifted by ΔM � MCFD −MWT � −0.003, and the angle of attack

was varied by Δα � αCFD − αWT with changing values in the range

of −0.05 deg ≤ Δα ≤ −0.2 deg.

Themesh is structured as an O-type grid around thewing and as a C-
type grid around the fuselagewith a symmetry plane at the centerline of
the fuselage.Thewing surfacemesh (seeFig. 15) has 348 spanwise cells
and 240 cells in the chordwise direction on each upper and lower
surface. The near-body grid is oriented normal to the surfaces with an
averaged first cell height of y� � 0.3. Depending on the local boun-
dary-layer thickness, the number of points in the boundary layer varies
between roughly 30 and 140 cells. At the locations of interest for the
stability analysis (i.e., shortly downstream of the leading edge up to the
transition front), 60 to 80 wall-normal cells are within the boundary
layer. This is inline with the required grid density found from the
convergence study of the sickle wing. The total mesh around the half-

model has 106 ⋅ 106 cells in 2830 blocks. The domain extends by 100
semispan lengths in all directions.
Transition was only analyzed for the suction side of the wing. The

pressure sidewas tripped in the experiment at 5%of the chord lengthby
trip dots applied in five straight lines (i.e., locally, not exactly, 5% in the
curved inboard section). On the fuselage, the boundary layer was
tripped at 1.5% of the fuselage length downstream of the nose. The
resulting intermittency on these surfaces is shown in Fig. 16. The two-
N-factor curve found from the LST analysis with critical N factors of
NTS � 5.0 andNCF � 6.5 is within the range of the criticalN factors
of 4.0 ≤ NTS∕CF ≤ 7.0 as reported by Lynde et al. [44]. For the

calibration, it was initially started with the center of the mentioned
range for bothN factors. It was noticed, however, that the crossflowN
factor reaches values near six near the leading edge for case 1 without
observing transition in this region. It was therefore increased to 6.5.
The Tollmien–SchlichtingN factor was slightly lowered toNTS � 5.0
because late transition was observed at TS-dominated transition loca-
tions with NTS � 5.5. From the LST results, it was furthermore clear
that mixed transition leads to premature transition at several locations.
To resolve this with the two-N-factor curve, a cutoff was added.
Figure 17 shows the pressure distribution at the locations where

pressure measurements were taken on the wing over the full chord.
The CFD results match the wind-tunnel measurements reasonably

Fig. 13 N-factor distributions on sickle wing case C with several indicated inviscid streamlines and the experimental transition lines (solid black lines).
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well. For the lower two load cases, the suction at 0.0 ≤ x∕c ≤ 0.2 is
slightly underestimated. This difference can be attributed to the

nonperfect twist and bending of the available CADmodel, and hence

the computational grid being the same for all four load cases. Another

notable difference is the slight overprediction of the pressure plateau

at the two inboard sections within the range x∕c ⪆ 0.3 and the shock
location on the upper surface for all cases. Finally, the subtle suction

peak at the inboard location on case 4 shows a somewhat quicker drop

in the computations. Nevertheless, shock locations and pressure

variations are reasonablywell predicted, which is considered suitable

for the stability analysis to predict transition locations accurately.
Figures 18 and 19 show the N factors found from the stability

analysis. Both contours for streamwise and crossflow instabilities are

shown and reveal a complete change in the mechanisms responsible

for transition between the lower and higher angles of attack. Again,

the LST codewas run from the leading edge to the laminar separation

line only to avoid unnecessary use of resources.
At design conditions (case 4), only minor crossflow modes are

found to be unstable at the leading edge. At the remaining wing, no

crossflow instabilities are found. The reason can be found in Fig. 17,

Fig. 14 Skin-friction coefficient contour on sickle wing cases A, B, and C resulting from RANS–LST coupling and indicated transition lines from
experiment (solid black lines).

Table 2 Conditions for CRM-NLF test cases

Case ReMAC M α, deg

1 14.97 ⋅ 106 0.8565 1.45

2 14.95 ⋅ 106 0.8565 1.98

3 14.91 ⋅ 106 0.8561 2.46

4 14.85 ⋅ 106 0.8558 2.94
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which shows a rapid drop in pressure at the leading edge, followed by

a nearly flat pressure plateaus across the span until the shock location.

This design methodology as described by Lynde and Campbell [41]

suppresses the occurrence of strong spanwise crossflow variations

and dampens the instabilities. The plateau is furthermore making
the boundary layer just stable enough to prevent streamwise insta-
bilities to cause transition. Because of this, transition occurs only at
the onset of the shockwhere streamwise instabilities get significantly
amplified in the outboard wing at 2y∕b ≥ 67%. Inboard of the kink,
however, a positive pressure gradient can be observed in the leading-
edge area that results in transition at roughly 10% of the chord.
Case 3 leads to very similar growth factors, apart from the onset

of crossflow instability growth in the outboard half of the wing. The
increase in spanwise pressure variation and the resulting growth in
crossflow have a direct effect on the growth of crossflow instabilities.
The amplification is, however, not yet strong enough to cause transition.
At reduced angles of attack (cases 2 and 3), the pressure distributions

mostly show reduced positive pressure gradients near the leading edge
and, for case 2, even feature moderate negative pressure gradients
upstream of the shock location. Hence, the streamwise instabilities are
significantly reduced. Furthermore, the less uniform pressure plateaus
for cases 2 and 3 and the curved chordwise pressure distributions for
case 3, paired with the sweep angle, lead to strong spanwise pressure
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Fig. 17 Pressure distributions on CRM-NLR for cases 1 to 4 (WT = wind tunnel).

Fig. 15 Surface mesh on CRM-NLF.

Fig. 16 Boundary-layer tripping on CRM-NLF.
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variations, and hence increase the crossflow components of the flow.
This canbeobserved for the leading-edge areawhere the transition to the
pressure plateau until x∕c ≈ 5% is much more gradual compared to the
higher angles of attack, as well as in the downstream region upstream of
the shock where the chordwise (case 2) and spanwise (cases 2 and 3)
variations in pressure aremuchmorepronounced.As a result, largeparts
of the wing experience an unstable mean flow for crossflow waves.
Case 2 shows relatively strong crossflow instabilities that partially

lead to mixed transition (around 2y∕b ≈ 0.45 and 2y∕b ≈ 0.9)
together with the still dominating TS waves. For case 1, the change
is more severe. Transition now occurs mostly as a mix between
crossflow and streamwise instabilities, where inboard TS waves still

dominate transition. The change in transition mechanisms is illus-
trated in theNCF − NTS plane for cases 1 and4 inFig. 20,which shows
the N-factor growth for 10 different spanwise locations along the
inviscid streamlines. Indeed, case 4 shows the initial growth in cross-
flow instabilities that does not cause transition; and then it features
nearly pure TS-dominated transition. Case 1, on the other hand, is still
TS dominated at the inboard sections (in blue) but features mixed
transition for all other sections, except the one at 2y∕b � 0.8, where
transition occurs purely due to crossflow instabilities.
It can clearly be seen from the experimental transition fronts that

the transition lines of the lower two load cases have a different shape
than the higher loadings. While a relatively smooth transition front

Fig. 18 N-factor distributions on CRM-NLF with several indicated inviscid streamlines (cases 1 and 2) and transition points from experiment (black
squares).
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can be observed at the two higher angles of attack, the lower two

angles result in distinct kinks in the transition front (around 2y∕b ≈
0.75 for case 1 and 2y∕b ≈ 0.85 for case 2). The reason can once

more be found in the pressure distributions showing a complex shock

pattern on the wing for the smaller angles of attack. Figure 21 shows

the pressure gradient contours for cases 1 and 4 to better visualize the

effect of the shocks on transition. A complex shock pattern consisting

of four distinct shocks, partially overlapping in spanwise direction,

are characteristic for the lower angles of attack. For case 1, the first

shock extends from the wing root to about 67% of the span.

Downstream of that, a second shock extends from the kink up to 95%

of the span. From 85 to 98% span, a third shock is located further

downstream. Lastly, a small fourth shock is observable, ranging from

95% to the leading edge of thewing tip. In contrast, the higher angles

of attack result in the aforementioned pressure plateaus, with a single

dominating shock ranging over the entire span located at x∕c ≈ 0.75
between at the root and the kink and shifting upstream to x∕c ≈ 0.5
outboard of the kink. Figures 18 and 20 indicate that the strong

Fig. 19 N-factor distributions on CRM-NLF with several indicated inviscid streamlines (cases 3 and 4) and transition points from experiment (black
squares).
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spanwise change in pressure promotes crossflow instability growth
that, combined with the adverse pressure gradient, leads to mixed
transition shortly upstream of the shock.
Figure 22 finally shows the skin-friction coefficient contours for

all four load cases with indicated experimental transition locations to
compare numerical and experimental transition fronts. These are not
shown as lines because the experimental visualizations contain sig-
nificant areas of bypass transition. On the scaled wind-tunnel model,
the slightest surface imperfections can lead to strong perturbations
that locally cause bypass transition. These transition areas feature
wedges that grow in the spanwise direction downstream from the
leading edge such that natural transition locations are hidden down-
stream in some areas. Especially if thewedgesmerge, a large data gap
exists as in the kink region of case 2.
For all cases, a good qualitative agreement exists between exper-

imental and computed transition lines. The correctly deflected wing
shape for case 4 shows an especially close resemblance. Only three
areas show slight misalignment of the two transition fronts for the

other cases. First, the curved transition line at the tip region is neatly
followed by the prediction and follows the experimental trends,
except for cases 2 and 3, where premature transition is found.
Second, the spanwise jumps for cases 1 and 2 are followed, albeit a

small spanwise misalignment can be noticed. It is believed that this is
a direct effect of thewrong shock location due to themismatch inwing
deflection. A publication on the experimental results by Lynde et al.
[44] shows transition fronts for different dynamic pressures but the
same Reynolds and Mach numbers. The presented difference in span-
wise location of the transition jump amounts to roughly 3% of the
semispan and closely resembles the difference found in the simulations
presented in this paper. It can be concluded that the found misalign-
ment is a possible cause of the model deflection. The smaller error of
the more closely deflected case 2 supports this hypothesis.
Finally, because the turbulent boundary layer of the fuselage

was not forced upon the wing surface in the current simulations,
the wing–body junction area is not turbulent as in the experiment.
This can be modeled if required in future analyses. It was not taken
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Fig. 20 N-factor development until transition for several inviscid streamlines (CRM-NLF cases 1 and 4) with indicated limiting N-factor curve.

Fig. 21 Contour plots of the pressure gradient with respect to x on CRM-NLF with indicated numerical transition locations from LST (black lines).
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into account in this study because the purpose was to identify natural
transition locations on the wing only.
Overall, the differences between the computations and the experi-

mentmostly fall within the experimental uncertainties in the transition
fronts that are expected from Ref. [44], stemming from the visuali-
zation technique and the geometrical differences due to the flexibility
of the model.

VI. Conclusions

A methodology to simulate transitional flows over wings has
been presented. The NLR’s ENSOLV RANS flow solver was directly
coupled to the LST code COSALX. A two-N-factor approach for
streamwiseTollmien–Schlichting and stationary crossflow instabilities

relevant to high Reynolds numbers and low freestream turbulence
environments was used. The amplification factors are integrated along
inviscid streamlines on the geometry using boundary-layer profiles
from the flowfield variables provided by the flow computation. Addi-
tionally, laminar separation bubbles can be captured by the LST
analysis or are modeled using a shape-factor criterion for separation
and a correlation for the separation-induced transition length in case
LST fails to find a transition location.
The coupled simulation can be performed without user intervention.

Compared to a standard fully turbulent simulation, it needs only a little
more effort in the preprocessing stage; whereas it requires roughly 10
timesmore computational effort due to the finer grid, the additional LST
computations, and the iterative coupling procedure. All this makes it
suitable for the analysis of industrially relevant flows in a design process.

Fig. 22 Skin-friction coefficient contour onCRM-NLFupper surface for cases 1, 2, 3, and 4 resulting fromRANS–LST coupling and indicated transition
points from experiment (black squares).
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TheTUBraunschweig sicklewing andNASA’s CRM-NLF experi-
ments have been reproduced using the established methodology.
The good agreement showcases the capability of the method to deal
with complex flows featuring varying and mixing paths to transition.
Furthermore, new insights on the transition modes on the two vali-
dation cases were obtained by investigating the LST results. Limita-
tions of themethodology are discussedwhere the coupled simulations
fail to predict accurate transition locations. This is especially the case
in areaswith extreme local geometric changes like kinks in the leading
edge, where assumptions of the used LST on (for example) locally
parallel flow and noncurvature are violated.
For future investigations and design endeavors, a criterion for

attachment-line instabilities may add important insights into another
relevant transition mechanism for swept-wing flows. Additionally,
influences of steps and gaps on theN factors should be integrated into
the simulations, among others, to take the surface roughness into
account. Although boundary-layer suction and blowing should be
captured by the direct flow solver/LST coupling, this still needs to be
verified using dedicated test cases.
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