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ABSTRACT
Boundary-layer-transition computations are performed using the in-house finite-volume solvers elsA by ONERA
and TAU by DLR. Reynolds-averaged Navier-Stokes simulations, using the Langtry-Menter model as well as semi-
empirical transition criteria, are presented using both solvers for a rotor in climb. The numerical results are compared
to temperature-sensitive paint experiments conducted at DLR’s rotor test facility. Concerning the Langtry-Menter
computation, transition occurs with both solvers due to laminar separation close to the trailing edge, further down-
stream than seen in the experiment. Semi-empirical transition criteria predict transition within both codes due to
laminar separation, which was not detected in the experiments. When only considering the AHD criterion, the tran-
sition locations within the numerical simulations and the experiment are in good agreement along the entire span in
all three considered test cases. In addition, numerical results are presented for a test case with cyclic pitch. These
unsteady boundary-layer transition computations are carried out using the semi-empirical transition criteria approach
of DLR-TAU. In accordance with the static test cases, the results are promising, as long as the laminar-separation
criterion is deactivated.

NOTATION
c Chord length (m)
c f Skin friction coefficient
cp Pressure coefficient
CT Rotor thrust coefficient
f Pitch and rotation frequency (Hz)
H12 Shape factor
k turbulent kinetic energy (m2/s2)
Λ2 Pressure gradient parameter
M Mach number
N Natural logarithm of (maximum) integral growth rate
Ncr (Critical) transition N factor
r Radial location (m)
R Rotor radius (m)
Re Reynolds number based on the chord length
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Reθ Reynolds number based on the momentum thickness
Tu Turbulence intensity (%)
ux,y,z Local flow velocity in x, y, z direction (m/s)
Uinc Local flow velocity (m/s)
x Chordwise coordinate at a local section (m)
y Spanwise coordinate at a local section (m)
z Right-handed coordinate with x and y (m)
γ Langtry-Menter intermittency variable
δ Boundary-layer thickness (m)
δ1 Displacement thickness (m)
∆ Difference
θ Momentum thickness (m)
Θ Blade pitch angle (◦)
σ Standard deviation
Ψ Azimuth angle (◦)
y+ Dimensionless wall distance
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SUBSCRIPTS

r, tip Referenced to the root or the tip, e.g. Θr
tr Transition position
cr Critical
t Turbulent

ABBREVIATIONS

CF Crossflow
TC Test case
PD Pressure distribution
RBT Rotor blade transition
RTG Rotor test facility Göttingen
TS Tollmien-Schlichting

INTRODUCTION

Numerical computations on rotorcraft configurations often as-
sume the flow to be fully turbulent. Nevertheless, large re-
gions of laminar flow can appear on helicopter rotor blades in
both hover and forward flight. These laminar regions have a
significant impact on the helicopter performance, and fully
turbulent computations tend to overestimate the power de-
mand of the main rotor, see e.g. Dietz & Dieterich (Ref. 1).

The current approaches to boundary-layer-transition model-
ing for Computational Fluid Dynamics (CFD) codes face
some difficult challenges when implemented into rotating sys-
tems. Significant numerical computations, including transi-
tion prediction, have been carried out on hovering helicopter
rotors, e.g. Refs. 2–9. Unfortunately, helicopter rotors present
a particularly difficult validation case for boundary-layer tran-
sition. The interaction of rotor trim to thrust and blade elas-
tic model mean that the primary comparison value for many
numerical studies is purely the rotor torque, which is often
computed with more than 1 % error, even for fully turbulent
computations. However, initial studies have shown great po-
tential for boundary-layer-transition modeling on rotors: Gar-
darein & Le Pape (Ref. 2) demonstrated an improvement in
the power prediction for the S-76 model helicopter rotor in
hover, which was also corroborated by Min et al. (Ref. 3).
Sheng et al. (Ref. 4) showed a good figure of merit correla-
tion between computations and numerical data for the full-
scale tiltrotor XV-15 rotor in hover. The NASA PSP rotor
data set has included boundary-layer-transition position data
as well as performance data (Ref. 10), which has proven to
be a more promising approach to validating boundary-layer
transition prediction. Coder et al. (Ref. 5) as well as Viera et
al. (Ref. 7) presented some initial work. A variety of results
based of the PSP rotor data shown at the AIAA SciTech con-
ference in 2018 (Refs. 3, 8, 9). The results barely varied in
their performance prediction but they offered a wide dispar-
ity regarding the transition position prediction, showing the
versatility of this approach.

Based on this background, a high-quality reference data set
for a rotor in axial inflow with climb and cyclic pitch has

been acquired by Weiss et al. (Ref. 11) and Schwermer et
al. (Ref. 12), respectively. This data set, acquired on the ro-
tor test stand Göttingen (RTG) with a two-blade configura-
tion (Ref. 12), uses a very stiff rotor and axial inflow. The
resulting computations (applying a prescribed blade root an-
gle and no structural coupling) predict the measured loads and
flow phenomena well, as shown by Letzgus et al. (Ref. 13).

Investigations at DLR and ONERA have shown that ap-
proximate transition modeling in RANS (Reynolds-Averaged
Navier-Stokes) simulations can provide an improved predic-
tion of the rotor performance in hover and forward flight
(Refs. 14–16) while using relatively coarse grids, which are
more applicable to industrial aircraft development efforts. The
GOAHEAD data set was used for validation (Refs. 17–19),
but the available hot-film data is too sparsely sampled to pro-
vide reliable validation of the codes. Thus, these previous
studies cannot thoroughly validate the transition models for
helicopter rotor applications.

This paper will use a new, high-quality data set for climb and
cyclic pitch to validate two types of transition models found
in the DLR-TAU and the ONERA-elsA CFD codes: The
Langtry-Menter (Ref. 20) transition transport model, based on
the SST turbulence model with additional terms provides, a
robust local transition prediction, which is attractive for being
fully parallelisable and easily integrated into existing codes.
Its disadvantage lies in the additional computation time. Inte-
gral boundary-layer methods as used by Shaw et al. (Ref. 21)
as well as Zografakis et al. (Ref. 22) require an additional data
structure for the line-in-flight data extraction and boundary-
layer computation, but can work on very coarse meshes lead-
ing to a significant reduction in computational effort.

EXPERIMENTAL SETUP

The rotor test facility Göttingen (RTG) (Fig. 1) is a laboratory
rotor facility at the DLR, which produces unsteady flow by
using large cyclic pitch paired with an axial inflow (Ref. 12).
For the test cases considered in this paper, the RTG uses a
rigid, two-blade configuration with a radius of R = 0.65m.
The rotor blades comprise a DSA-9A airfoil of 9 % thickness
and feature a linear twist of Θ =−9.3 ◦ from root to tip. The
chord length of c = 72mm is constant from the root up to
r/R = 0.91, where the blades incorporate a parabolic blade
tip leading to a tip chord length of 24mm. Unsteady Kulite
LQ-062 sealed gauge pressure transducers are installed at two
radial positions: r/R = 0.53 and 0.77. The resulting flow can
be well modeled by CFD for attached flow (Ref. 13), and the
effect of rotational forces is sufficiently small to produce tran-
sition effects relevant for full-scale rotors (Ref. 23). The rotor
can be operated without cyclic to produce a flow similar to one
created by a helicopter in slowly ascending hovering flight.
The wake is convected away, and ground interference avoided
by mounting the rotor horizontally using a slow (< 5m/s)
wind tunnel inflow, and allowing the wake to exit the room
through large ventilation doors. The boundary-layer transi-
tion position can be extracted from the pressure sensor data
in cases with or without cyclic pitching, using the assumption
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Fig. 1: The rotor test stand Göttingen (RTG) in a two-blade
puller configuration after Schwermer et al. (Ref. 12).

that the motion is cyclic (Ref. 24). Additionally, Temperature
Sensitive Paint (TSP) was used in cases without cyclic pitch-
ing to acquire complete surface maps of the boundary-layer
transition position (Refs. 11,23). Figure 2 shows examples of
the available reference data. TSP data is available for a range
of angles of attack and rotation rates, with transition points
covering radial positions r/R> 0.4. Additionally, in the pitch-
ing test cases, the transition positions can be extracted at each
of two pressure transducer radial cuts to produce hysteresis
curves. The reference test cases (TCs) are listed in Table 1
and 2.

Table 1: Experimental static TCs.

TCs Θr(
◦) f (Hz) Mtip Retip uz

TC 1 12.1 23.6 0.29 4.8×105 2.04
TC 2 13.1 23.6 0.29 4.8×105 2.08
TC 3 10.0 47.2 0.57 9.2×105 4.05

Table 2: Experimental unsteady TC 4.

TC Θr(
◦) f (Hz) Mtip Retip uz

TC 4 15 ◦+6.1 ◦ 23.6 0.29 4.8×105 2.24

NUMERICAL SETUP

DLR and ONERA are cooperating partners on the project
“Transition with rotation” to validate the transition tools avail-

direction of rotation

turbulent

laminar

(a) TSP measurement of climb test cases without cyclic after Weiss et al.
(Ref. 23)
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(b) Transition position from σCp of the dynamic test case with cyclic after
Schwermer et al. (Ref. 12) (TC 4)

Fig. 2: Examples of validation data for transition on the suc-
tion side.

able in the codes elsA (ONERA) and TAU (DLR). In each
code, the Langtry-Menter transitional model (Ref. 20) is im-
plemented, as well as a large number of (semi-)empirical
methods such as AHD, Michel, and laminar separation. The
primary tools used for semi-empirical methods comprise var-
ious transition criteria (for example Tollmien-Schlichting,
laminar separation, crossflow), and report, based on which
criterion boundary-layer transition occurs at each position.
Then, the most upstream position is used for setting the transi-
tion position. In addition, eN methods are available, although
they are primarily used as reference data in this work.

elsA settings

The elsA solver is a CFD code (ONERA-Airbus-Safran prop-
erty) that solves the compressible Navier-Stokes equations
with a finite-volume approach on both structured and unstruc-
tured multiblock meshes (Ref. 25). In the present study, the
structured solver of elsA is used to solve the RANS equa-
tions. Taking advantage of the rotational symmetry of the
problem, the computational domain is reduced to a half cylin-
der around one single blade, and periodic conditions are im-
posed on the lateral boundaries. A farfield condition is used
for the upper, lower, and external boundaries of the computa-
tional domain. A Chimera strategy is adopted. The blade grid
has 5.5× 106 points in total, with 304 points in the chord-

3



Fig. 3: elsA grid.

wise direction, including upper and lower surfaces, and 105
points in the span direction (Fig. 3). The blade grid extends
up to 1.5 chords from the blade surface with 111 points in the
wall-normal direction. Since transition simulations require a
good resolution of the boundary layers, particular attention
has been paid to the discretization in the wall-normal direc-
tion. The wall cell size, expressed in wall-unit, respects the
requirement y+(1) < 0.5, while at least 50 points are inside
the boundary layer. The background grid is based on a 2D oc-
tree grid extruded around the rotation axis. It is composed of
overlapping grid blocks of 32 million points. It extends over
9R above the rotor, 18R below the rotor and 9R in the radial
direction (Fig. 3). The convective flux is discretized with a
second-order Jameson scheme, while a second order centered
scheme is used for the viscous flux. The RANS equations
are formulated using the absolute velocity expressed in the
rotating frame. A local time step approach with an implicit
backward Euler scheme is used to reach the steady solution.
At each time step, the approximate linear problem is solved
applying a LUSSOR method. The grid, the numerical pa-
rameters, and the SST turbulence model (Ref. 26) are kept
the same for all elsA simulations. Two transition modeling

strategies have been investigated with elsA solver. The first
one is based on semi-empirical transition criteria. These cri-
teria are computed along the wall grid line, and thus do not
only depend on local parameters but also on the entire his-
tory of the boundary-layer development from the stagnation
point to the local transition calculation point. Each simulation
takes several criteria simultaneously to account for different
transition processes, which are likely to occur. The AHD cri-
terion is used to predict natural transition due to the growth
of Tollmien-Schichting (TS) instabilities at moderate adverse
and favorable pressure gradients. The Gleyzes criterion is ap-
plied at higher adverse pressure gradients, including flow sep-
aration. Finally, the C1 criterion is used in order to address
the crossflow transition process that could occur in the swept
blade tip area. A detailed presentation of these transition cri-
teria can be found in Refs. 27,28. Once the transition position
is detected by one of the criteria, an intermittency value is de-
fined on the wall and its value is set to zero for all the wall
grid points located upstream of the transition and set to one
for all the wall grid points located downstream. Afterwards,
this wall-defined intermittency is used to weight the eddy vis-
cosity in the 3D fluid domain following the wall-normal di-
rection. The second transition approach uses the formulation
proposed by Langtry & Menter in Ref. 20. This model de-
fines the intermittency not only at the wall but also presents
a 3D field which is obtained by solving two new transport
equations. The production term of the intermittency depends
on the correlation of Langtry, which is computed from local
quantities. Both approaches (transition criteria and Langtry-
Menter model) depend on empirical or semi-empirical criteria
that drive the production of eddy viscosity. All these criteria
are functions of the turbulence level. In order to investigate the
sensitivity of the results with respect to this parameter, several
strategies to set the turbulence levels in elsA simulations have
been tested for TC 2 presented in Tab. 1.

TAU settings

DLR-TAU (Ref. 29) is an unstructured finite-volume CFD
code solving the compressible Navier-Stokes equations. An
implicit Euler method with a LUSGS linear solver inside a
dual time stepping approach is used for the temporal dis-
cretization of the Rotor Blades Transition (RBT) simula-
tions. The steady Langtry-Menter computations use an ex-
plicit Runge-Kutta scheme. Spatially, a second order central
scheme with additional artificial matrix dissipation is used to
compute the inviscid fluxes in both cases, while a Roe scheme
with a second order state extrapolation is used to solve the
turbulence and transition equations. For the diffusive fluxes a
second order central scheme is used. The turbulence is mod-
eled inside a RANS approach using the k-ω SST eddy viscos-
ity model (Ref. 26).

The TAU computations use different meshes for the RBT and
the Langtry-Menter approach. On the one hand, the Langtry-
Menter model requires a higher resolution of the boundary
layer and on the other hand, a complete two blade setup-up
is needed for the unsteady computations, which are only run
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Fig. 4: Computational grid domain, chimera setup, grid sections at r/R = 0.77 and surface grid (from left to right) RBT mesh
(top) Langtry-Menter mesh (bottom).

with the RBT tool. The two meshes are depicted in Fig. 4.
The Langtry-Menter and the RBT computations are both per-
formed using a hybrid mesh consisting of a hexahedral grid
around the blade and tetrahedral elements in the farfield.
Therefore, the background farfield mesh is integrated with the
blade mesh using the chimera technique. For the Langtry-
Menter model, the domain can be simplified using a half-
cylinder and periodic boundary conditions, given that only
quasi-static climb conditions are simulated. In contrast, a
complete cylinder containing both blades is used for the
RBT computations, see Fig. 4 left. The primary blade mesh
for Langtry-Menter computations consists of approximately
3.8×106 points and the overall mesh of approximately 8.6×
106. Each blade mesh of the RBT case comprises 1.5× 106

points and the total mesh has 4×106 nodes. For both meshes,
the first wall spacing was estimated considering y+ < 1 for
TC3. In streamwise direction, 100 points for the Langtry-
Menter mesh and 120 points for the RBT mesh are used, re-
spectively. The radial spacing is discretized with 260 points
for the Langtry-Menter mesh and 100 points for the RBT
mesh. The boundary-layer discretization in normal direction
is ≈ 40 points for the Langtry-Menter grid and ≈ 30 points
for the RBT grid.
The Langtry-Menter model is used in its original implementa-
tion as in Ref. 20 and is the same as for elsA. Accounting for
the rotating frame of reference, the model was adjusted using
relative velocities and corresponding gradients.
In the following section, the RBT tool, which is coupled to the
DLR-TAU code, will be discussed briefly. For a more detailed
description, the reader is referred to Heister et al. (Ref. 16).
The RBT tool is capable of detecting five different types of
transition mechanisms. The following criteria are used:

• AHD criterion (Ref. 30) for Tollmien-Schlichting (TS)
transition

• Fixed shape factor H12 (4.029) value for Laminar Sepa-
ration (LS)
• C1 criterion (Ref. 30) for Crossflow (CF) transition
• Mayle criterion (Ref. 31) for Bypass transition
• Pfenniger/Poll criterion (Ref. 32) for attachment line

transition contamination

To evaluate the criteria, section cuts at 48 different radii are
defined for both the pressure and the suction side. The com-
puted transition onset positions are then used to control the
turbulence model. However, the transitional region is not
modeled, i.e. point transition is assumed. To compute the
local turbulence level Tu , using Eq. 1, the flow velocities Uinc
and the turbulent kinetic energy k are extracted from the (un-
steady) RANS data at a user-defined distance upstream of the
corresponding stagnation point.

Tu = 1/Uinc
√

2/3k (1)

Alternatively, the user can also define the turbulence level as
a global constant value (Ref. 16).

RESULTS

This section investigates the numerical computations per-
formed on the three TCs without cyclic. The final part out-
lines the results of the unsteady TC with cyclic, which was
computed using the DLR-TAU transition criteria method.

Static test cases

Turbulence level The turbulence intensity in the experiment
was estimated by Weiss et al. (Ref. 23) using local linear sta-
bility theory and the eN method. Firstly, the pressure distri-
bution was computed using MSES (Ref. 33). Secondly, the
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Fig. 5: Amplification of different unstable frequencies com-
puted from laminar TAU boundary-layer profiles and estima-
tion of the turbulence intensity based on the eN method using
the experimentally measured transition onset position.

laminar profiles were calculated by means of the boundary-
layer code COCO (Ref. 34). Based on the laminar boundary-
layer profiles, the stability properties were analyzed using
LILO (Ref. 35). Finally, with the experimentally measured
transition onset position, a critical N-factor was derived.

Figure 5 shows the amplification of different unstable fre-
quencies computed from laminar TAU boundary-layer pro-
files and estimation of the turbulence intensity based on the
eN method using the experimentally measured transition on-
set position.

Different ways of deriving the laminar solution are compared
in this work. All of them providing slightly different N-
factors, however, the variation at r/R = 0.77 is within the ex-
perimental uncertainty:

• MSES + Coco + Lilo: Ncr = 8.4 ± 0.5 (Weiss et al.)
• TAU + Lilo: Ncr = 8.1
• TAU + Coco + Lilo: Ncr = 8.5

Thus, according to Mack’s relation, a turbulence intensity of
Tu = 0.09% at r/R = 0.77 is assumed.

Two different strategies for turbulence level settings are avail-
able in both elsA and TAU: Either computed or prescribed
global turbulence. Prescribed turbulence has a significant ad-
vantage of simplicity. Computed turbulence requires the defi-
nition of a sampling point upstream of the rotor blade leading
edge, which can be difficult to define, but is theoretically also
able to better treat cases where a rotor blade passes through
the wake from a preceding blade or rotor head.

For the computation of the turbulence level, the DLR-TAU
RBT tool uses the pressure distribution as well as the ki-
netic energy and the velocity vector, both extracted from the
URANS solution in front of the profile sections, as an input
for the transition prediction. To align with the experimental
turbulence level, the kinetic energy at the far field boundary
has to be set to match the extracted kinetic energy in front of

0.2 0.4 0.6 0.8 1
0

0.1

0.2

r/R

T
u
(%

)

TC 1
TC 2
TC 3

Fig. 6: Distribution of detected turbulence level at x/c=-0.1
over rotor radius in TAU.

the profile sections. Therefore, the sustaining turbulence con-
cept is implemented in order to reduce the dissipation of the
turbulence quantities from the farfield to the rotor (Ref. 36).
For the DLR-TAU transition criteria computations, an itera-
tive approach was conducted to match the turbulence level
of Tu = 0.09% at r/R = 0.77. Figure 6 shows the result-
ing turbulence level of the three static TCs along the radial
position. A decreasing turbulence level from root to tip is
observed. In all three TCs, the extracted turbulence level
matches Tu = 0.09% at r/R = 0.77 .

Pressure distribution Figure 7 shows the pressure distribu-
tions of the instrumented test sections at r/R = 0.53 (left) and
r/R = 0.77 (right). The pressure distributions of elsA are pre-
sented for a constant turbulence level of Tu= 0.05%, whereas
the TAU results are presented for the approach using Eq. 1
to calculate the turbulence level. In line 1, 3, and 5, the ex-
perimental pressure distribution is compared to the results ob-
tained by the Langtry-Menter model for TC1, 2, and 3, respec-
tively. Lines 2, 4, and 6 show the pressure distributions of the
experiment and the computations using the transition criteria.
The pressure distributions of the TAU computations match
the experiment for all three TCs, both for the Langtry-Menter
computations and the semi-empirical method. Although dis-
crepancies are minor, the largest differences between TAU and
experiment can be observed at the front of the pressure side at
r/R = 0.77, where larger pressure values are present in the
numerical results. Comparing the pressure distributions of
the Langtry-Menter and the transition criteria approach, dif-
ferences occur at the trailing edge of the sections. In the pres-
sure distribution figure of the Langtry-Menter computations, a
small suction peak is visible on the upper side at x/c≈ 0.8 for
all TCs. This peak is a consequence of a laminar separation
bubble, which occurs due to a delayed transition (discussed
later). This bubble is not present in the TAU-RBT compu-
tations and thus the pressure distributions of the upper and
lower side coincide when x/c > 0.8. The pressure distribu-
tions of elsA reveal some discrepancies when compared to the
experimental data. At r/R = 0.77, the pressure distribution
fits the experiment on the suction side, however, differences
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occur on the pressure side, especially for TC1. At r/R = 0.53,
the discrepancies are even larger. Concerning TC2, the result-
ing suction peak of the Langtry-Menter and transition criteria
computations is lower than in the experiment. For TC1, the
pressure distribution is shifted towards negative values when
compared to the experiment. The TC3 computations in elsA
were unstable resulting in no obtainable data.

Langtry-Menter model Figure 8 shows the transition po-
sition along the radius for the three static TCs. The transi-
tion position observed by the Langtry-Menter model is com-
pared to the experimental transition position acquired by the
TSP measurements from Weiss et al. (Ref. 23). The extrac-
tion of the transition position of the Langtry-Menter model is
not straight-forward. The transition location of the Langtry-
Menter TAU computations was assumed at the minimum
value of the skin friction along the x-direction. This approach
is justified because the flow was found to be approximately
2D (Ref. 23). In the elsA simulations, the transition position
is defined as the chordwise position where the eddy viscosity
ratio in the middle of the boundary layer is higher than 10 %.

For all computations using the Langtry-Menter model, transi-
tion is located in proximity to the trailing edge between 0.8≤
x/ctr ≤ 1. The TAU computations feature a bent transition dis-
tribution, and transition moves close to the trailing edge close
to the root, as well as close to the tip. The most upstream
transition position is observed between 0.8≤ r/R≤ 0.9. The
transition position of the Langtry-Menter elsA computations
of TC2 is comparable to the TAU case.

elsA simulations with the Langtry-Menter transition transport
equation model were performed with different calculations of
the turbulence level. Four simulations used a constant Tu of
0.05 %, 0.5 %, 1 %, and 1.3 % respectively. The last simula-
tion features a turbulence level computed in each cell each cell
with respect to the local value of k. As shown in Fig. 9, the
transition prediction differs a lot from the experiment in all
cases. In the case of the highest turbulence level (Tu=1.3 %),
the transition starts at the blade root’s trailing edge and moves
progressively upstream to reach 45 % of chord at r/R = 0.85
and only to finally move back toward the trailing edge in the
tip region. For all the other cases, the transition is located at a
constant position between 80 and 85 % of chord on the main
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Fig. 9: elsA (Langtry-Menter model) transition position of TC
2 using different turbulence levels.
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Fig. 10: elsA distribution of Λ2 and Reθ for TC2 at r/R =
0.77.

part of the blade while the flow is kept laminar up to the trail-
ing edge of the blade root region. In each case, the Langtry-
Menter transition prediction is considerably different from the
experimental data and from the transition criteria results. A
thorough analysis of the model behavior has shown two main
deficits in the model. Firstly, the transition Reynolds number
computed by the Langtry correction tends to be overestimated,
especially when the adverse pressure gradient parameter Λ2
is strong (Fig. 10). At Tu = 0.05%, the Langtry correlation
provides a transition Reynolds number around 900 instead of
300 for Gleyzes criterion, which leads to delayed transition.
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When the turbulence level is increased to more than 1 %, the
transition Reynolds number of Langtry correlation gets lower.
However, the production of intermittency is too weakly in or-
der to provide a fast production of turbulence, which leads to
a delayed transition once again.

All results obtained with the Langtry-Menter type transition
models for both DLR-TAU and elsA suffer from boundary-
layer transition, which occurs much too late and results in
laminar separation, see Fig. 8. In order to investigate the
Langtry-Menter model behavior in detail, two-dimensional
computations were performed. The angle of attack in the 2D
computations were set to match the pressure distribution of
the experiment at r/R = 0.77. Figure 11 shows the C f distri-
bution on the suction side using the 2D Langtry-Menter TAU
computations with different turbulence levels. For the esti-
mated turbulence intensity of Tu = 0.09%, compare Fig. 5, a
laminar separation is present at x/c = 0.85. However, similar
to the 3D computations, the transition is located far too down-
stream compared to the experiment. This corresponds with
the results derived from both elsA and TAU for the full rotor
(see Fig. 8 and 9). Only, an increase of the turbulence inten-
sity up to Tu = 1.25% results in a transitional behavior close
to the one of the experiment. Thus, currently it appears that
the transition models must be newly calibrated for this exper-
iment. As pointed out by Perraud et al. (Ref. 28), regarding
a turbulence intensity of Tu = 0.01%, the underlying criteria
used inside the Langtry-Menter model overestimate the tran-
sition onset momentum loss thickness Reynolds number Reθ t
for adverse pressure gradients (see Fig. 10).

Transition criteria One of the four different TAU transition
criteria computations works with all five types of transition
criteria, the others take only the AHD criteria into account.
Investigations of Weiss et al. (Ref. 23) indicate that transition
occurs due to TS instabilities in the measurement range lead-
ing to this second computation. Both computations extract
values from the RANS solution and use them as an input to
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Experiment all crit., Tu from Eq. 1
TS, Tu from Eq. 1 TS, Tu = 0.09%
TS, Tu = 0.05%

Fig. 12: Transition position along the radial position of TC1 of
the TAU transition criteria computations and the experiment.

compute the turbulence intensity using Eq. 1, see Fig. 6. In
addition, two computations with constant turbulence intensity
of Tu = 0.09% and 0.05 % as well as the AHD criterion for
TS transition were carried out for comparison. Figure 12 com-
pares the transition position of TC1 between the experimental
data and the four RBT computations. The transition position
detected by the TSP measurements shows a bent distribution.
The most upstream transition position is located at r/R= 0.57
and x/ctr = 0.545, whereas going root- and tipward, transi-
tion occurs further downstream. Utilizing all types of transi-
tion when evaluating computations in TAU, transition takes
place at x/ctr ≈ 0.2 and remains almost constant between
0.3 ≤ r/R ≤ 0.83. Afterwards, the transition jumps down-
stream to x/ctr ≈ 0.63 between 0.83≤ r/R≤ 0.94. From root
to r/R = 0.94, the predicted transition type is a laminar sep-
aration bubble. However, this separation is neither present in
the numerical computation nor indicated in the experimental
reference study by Weiss et al. (Ref. 23). The transition of two
profile sections at the tip is predicted due to CF transition.

The TS transition position predicted by the AHD criterion is
more closely aligned with the experimental data. The inner
part features two kinks at r/R = 0.41 and 0.55, where tran-
sition is jumping upstream. The transition line is bent, and
the most downstream transition point is located at the tip and
the root. The kinks aside, the most upstream position is lo-
cated at r/R = 0.46 and x/ctr = 0.50. In comparison with
the experiment, discrepancies in the transition location occur
for r/R < 0.6, predicting the transition position of the com-
putation more upstream than in the experiment. In case of
r/R > 0.6, a close conformity between experiment and simu-
lation can be observed. The computations using a constant
turbulence level of Tu = 0.09% are similar to those using
Eq. 1 to calculate the turbulence level. Differences occur in
the center area, where for the computations using Eq. 1, larger
turbulence levels are present and thus, transition occurs fur-
ther upstream. At Tu = 0.05%, transition appears slightly
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further downstream compared to Tu = 0.09%. Concerning
this particular test setup, it can be stated that the RBT results
are only acceptable, if only the TS transition criterion is used.
The investigations from Weiss et al. (Ref. 23) indicated that
the transition in the experiment occurs due to TS instabilities.
If not stated differently, all following RBT-TAU results are
obtained using only the TS transition criterion in combination
with the turbulence level obtained from Eq. 1.

The influence of the turbulence level on the prediction of the
transition by the criteria approach has been evaluated for the
case TC2 with the elsA solver. Three numerical simulations
have been performed. For two of the simulations, the turbu-
lence level used by the transition criteria is set to a constant
value of 0.05 % and 0.5 % respectively. In the third simula-
tion, the turbulence level is computed locally on each stream-
line with respect to the local values of turbulent kinetic energy
k and velocity magnitude Uinc taken at the edge of the bound-
ary layer and is inserted into Eq. 1.

The transition positions obtained for these three different tur-
bulence levels are shown in Fig. 13. The results regarding
the lower constant turbulence level (Tu = 0.05%) are in very
close proximity to the experimental measurement. The tran-
sition is located in the middle part of the blade at around
x/c=0.45, and moves progressively to the trailing edge in the
blade tip region, which is similar to the TAU results obtained
for the same turbulence level and shown in Fig. 12. At a
higher turbulence level of 0.5 %, the transition moves signif-
icantly upstream to reach a region located between 20 % and
25 % of the chord, which deviates far from the experimental
data. When the turbulence level is computed locally with k, it
reaches a value of around 0.03% at r/R = 0.77 resulting in a
delayed transition.

The behavior of the transition criteria computed by the elsA
code is detailed in Fig. 14, which shows the evolution of
the Reynolds number based on the momentum thickness Reθ
along the section r/R = 0.77. Note that the AHD criterion is
based on first computing the critical Reynolds number Reθcrit ,

where the laminar boundary layer is supposed to be unsta-
ble, and then computing the transition Reynolds number Reθ t ,
where transition occurs. These two quantities are shown in
Fig. 14. When the adverse pressure gradient exceeds a set
level, the AHD criterion switches to the Gleyzes criterion,
which is not based on Reθ but the N-factor N which corre-
sponds to the growth rate of the instabilities. In this case,
transition occurs when the critical value Ncrit is reached, as
given in the Mack formula. Figure 14 shows that the critical
Reynolds number is first reached around 10 % of chord. Then,
the transition Reynolds number Reθ t is computed. At 20 % of
chord, Reθ has not yet reached the transition value Reθ t , lead-
ing to the flow remaining laminar, and to the Gleyzes criterion
starting to be computed. Finally, the N-factor of the Gleyzes
criterion reaches the critical value Ncrit at x/c = 45%, and the
intermittency function γ is set to 1 resulting in transition oc-
curring at Reθ = 350. At a higher turbulence level of 0.5 %,
the transition Reynolds number Reθ t is reduced. In this case,
Reθ reaches Reθ t = 250 at around 20 % of chord before the
Gleyzes criterion is activated.

All results obtained with the Langtry-Menter type transition
models for both DLR-TAU and elsA suffer from boundary-
layer transition, which occurs much too late and results in
laminar separation, see Fig. 8. In order to investigate the
Langtry-Menter model behavior in detail, two-dimensional
computations were performed. The angle of attack in the
2D computations were set to match the pressure distribution
of the 3D computation at r/R = 0.77. Figure 11 shows the
C f distribution on the suction side using the 2D Langtry-
Menter TAU computations with different turbulence levels.
For the estimated turbulence intensity of Tu = 0.09%, com-
pare Fig. 5, a laminar separation is present at x/c = 0.85.
However, similar to the 3D computations, the transition is lo-
cated far too downstream compared to the experiment. This
corresponds with the results derived from both elsA and TAU
for the full rotor (see Fig. 8 and 9). Only, an increase of the
turbulence intensity up to Tu = 1.25% results in a transitional
behavior close to the one of the experiment. As pointed out
by Perraud et al. (Ref. 28), regarding a turbulence intensity of
Tu = 0.01%, the underlying criteria used inside the Langtry-
Menter model overestimates the transition onset momentum
loss thickness Reynolds number Reθ t for adverse pressure
gradients (see Fig. 10).

In Fig. 15, the experimental transition position is compared to
the computations using the transition criteria. elsA’s transition
criteria computations, using a constant value of Tu = 0.05%
are shown as illustrated in Fig. 13. TAU uses the approach
with a turbulence level based on Eq. 1 of the URANS solu-
tions, see Fig. 6. In addition, only the TS transition criterion
is used as illustrated in Fig. 12. Overall, the transition posi-
tion of the criteria computations is in good agreement with the
experiment. For TC1, the elsA computations for r/R < 0.77
are further downstream compared to the experiment, whereas
with TAU, transition takes place further upstream than in the
experiment when r/R < 0.63. Both computations match the
experimental data in the blade tip area. The differences be-
tween the computational approaches in the center part can be

10



0 0.2 0.4 0.6 0.8 1
0

500

1,000

1,500

x/c

R
e θ

,R
e θ

cr
,R

e θ
t

0 0.2 0.4 0.6 0.8 1
0

0.2

0.4

0.6

0.8

1

x/c

γ

0

2

4

6

8

10

N
cr
,N

Tu = 0.05%

Reθ
Reθcr
Reθ t

γ
Ncr
N

0 0.2 0.4 0.6 0.8 1
0

500

1,000

1,500

x/c

R
e θ

,R
e θ

cr
,R

e θ
t

0 0.2 0.4 0.6 0.8 1
0

0.2

0.4

0.6

0.8

1

x/c

γ

Tu = 0.5%

Reθ
Reθcr
Reθ t

γ

Fig. 14: Reθ distribution of elsA at section r/R=0.77 using transition criteria for TC2 and different turbulence levels.
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explained by the different treatment of the turbulence level.
For TC2, the transition location of elsA fits the experimen-
tal data for the entire radius. Differences between TAU and
experiment occur when r/R < 0.67. For TC3, TAU fits the
overall transition position of the experiment with minor de-
viations. When r/R < 0.5, transition is predicted too far up-
stream, whereas in case of 0.5 ≤ r/R ≤ 0.9 transition takes
place too far downstream compared to the experiment.

The transition criteria of both elsA and TAU use an estimation
of the shape factor H12 using a Falkner-Skan fit, which relates
the pressure gradient parameter Λ2 to H12. The relation of Cli-
quet (Ref. 27) is used in elsA, and a mathematically equivalent
method is utilized in TAU (Ref. 16). This avoids the compu-
tation of H12 by directly integrating data from the boundary
layer (which gives a more physically correct answer), but is
not used in either code due to the strict grid requirements.
It appears that estimating H12 in this way for the helicopter
airfoils and Reynolds numbers used in this study results in
significant inaccuracies and an increased sensitivity of H12 to
small changes in the pressure distribution, which is not seen
for the direct computation of H12.

To examine this problem, finely resolved two-dimensional
simulations were conducted dealing with two slightly differ-

ent pressure distributions (PD1 and PD2), which were se-
lected to be similar to a pressure distribution from the 3D elsA
simulations. Since Weiss et al. (Ref. 11) showed that the in-
fluence of rotational forces on the laminar-turbulent transition
is negligible, this simplification seems valid. Figure 16 (left)
displays the resulting Cp distributions compared to the exper-
iment.
In Fig. 16 (right), the computed shape parameters are shown.
It can be seen that using the equation according to Cliquet
for H12 as used by both codes leads to qualitatively similar
results for the shape parameters computed from PD2 and the
3D pressure distribution from elsA. The H12 from the Cliquet
equation is qualitatively different between PD1 and PD2, and
the H12 distribution from PD1 exceeds 4, running into a limit
of the Cliquet equation. This happens despite the relatively
minor differences between the various input pressure distri-
butions. In contrast, computing exact H12 values by directly
integrating data from the boundary-layer profiles shows two
effects:

1. In this case, the estimation of H12 using the Cliquet equa-
tion is not particularly accurate.

2. The small variation in the pressure distributions from
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PD1 to PD2 should result in a small variation in H12,
but instead the differences between the two test cases are
overestimated using the Cliquet equation.

Thus, the differences in transition detection between similar
pressure distributions for elsA and TAU appear to be related to
the use of the Cliquet relation for the computation of H12. The
criteria Reθ t and consequently the transition onset position are
affected due to the overestimation of the shape factor. Cur-
rently, efforts to understand and compensate for the sensitivity
are underway. The transition criteria of elsA and the RBT tool
of TAU also compute the momentum loss thickness θ differ-
ently, with the RBT tool using an integral method (Ref. 37)
and elsA computing the momentum loss thickness exactly
by integrating along the wall-normal boundary-layer profile.
However, both methods result in similar θ distributions which
do not appear to be the root of the observed problems. The
early flow separation detection in TAU is based on a simple
trigger which appears to activate incorrectly for this airfoil,
and must be recalibrated or replaced with a better method.

Unsteady test case

Pitching URANS computations are performed for the TC
4, which corresponds to the fully attached TC of Schwer-
mer et al. (Ref. 12) (Θroot(t) = 15.0◦ + 6.1◦ sin(2πΩt) at
Ω = 23.6Hz and uz = 2.2m/s, see also Tab. 2). The semi-
empirical transition criteria are used with the DLR-TAU code
to perform an analysis of the unsteady boundary-layer transi-
tion. The computations are run for a total of 12 revolutions.
Firstly, 10 revolutions with 45 time steps per period are com-
puted to initiate a flow field. The last two revolutions are then
performed with 360 time steps per period to resolve the pitch-
ing cycle. Two computations are conducted: The first with all
5 transition criteria available in the RBT tool. The second only
takes TS transition into account, compare Fig. 12. The same
settings, which were applied to the static test cases, were used
at the farfield, and the turbulence level was computed from the
URANS solution according to Eq. 1.
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Fig. 17: Comparison of transition position on the suction side
for the unsteady RBT-TAU computations with the experimen-
tal data from Schwermer et al. (Ref. 12).

Figure 17 compares the transition position over Θr at r/R =
0.77 between the experiment and the two computations per-
formed. The experimental transition position can be extracted
from the standard deviation of the pressure transducers ac-
cording to Gardner et al. (Ref. 24). With this method, transi-
tion can only be detected at the instant in time when it moves
across the sensor. In addition, Weiss et al. (Ref. 11) showed
that the pressure transducers themselves can trigger premature
transition as the pressure taps perturb the flow. This was also
shown by Mertens et al. (Ref. 38) for a pitching airfoil. This
effect increases with the extent of laminar flow and results in
an earlier transition of ≈ 5− 10% chord. The experimental
transition position moves from x/ctr = 0.11 at Θr,max = 21.1◦

to x/ctr = 0.81 at Θr = 10.4◦. Additionally, a hysteresis in
the transition position between up- and downstroke is clearly
visible. The computations using all semi-empirical transition
criteria predict transition due to laminar separation, which
occurs between 0.1 ≤ x/ctr ≤ 0.2 for Θr > 11.7◦ ↑ and for
Θr > 10.9◦ ↑. At lower angles of incidence, the transition
jumps downstream to x/ctr = 0.64. As seen in the static cases,
the computations, using all types of transition criteria, predict
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transition which occurs further upstream compared to the ex-
periment. The computations, which only account for TS tran-
sition, compare better with the experimental data. At Θr,min,
the transition is predicted at the most downstream position
at x/ctr = 0.73. Then, transition moves almost linearly up-
stream with increasing angle of incidence up to Θr < 13.8◦,
followed by a jump in the transition position from x/ctr = 0.5
to x/ctr = 0.28. Subsequently, a linear movement of the tran-
sition with increasing Θr can be observed up to Θr,max. Dur-
ing the downstroke, only minor differences in the transition
position are obtained in contrast to the upstroke for Θr > 15.
Then, a fast movement of the transition is visible at Θr < 13◦.
The movement is similar to that happening during the up-
stroke, but takes place at lower angles of incidence and thus
results in a small hysteresis. In the last part of the down-
stroke, transition occurs only slightly further upstream com-
pared to the upstroke. In comparison to the experimental data,
good agreement is obtained with the numerical simulation us-
ing the TS transition only. During the upstroke, transition
occurs more upstream in the computations, whereas during
the downstroke, the numerical computations match the exper-
imental transition position at high angles of incidence. For
lower angles of incidence, transition is predicted to be fur-
ther downstream than in the experiment, and the hysteresis
between up- and downstroke is underpredicted by the RBT
simulations compared to the experimental hysteresis.
Figure 18 shows contour plots of the transition position over
the rotor disk for the two RBT-TAU computations. The com-
putation using all types of transition criteria is shown on the
top and the computation using the AHD criterion only is
shown on the bottom. The suction and pressure side of the
rotor blade is displayed in the left and right column, respec-
tively.
On the suction side, for the computations using all types of
transition criteria, transition occurs due to LS over the en-
tire rotor disk, except for a narrow stripe located directly
at the blade tip. Here, CF transition is detected between
15◦<Ψ< 165◦ and causes transition up to x/ctr = 10◦. Start-
ing at Θmin and Ψ = 90◦, transition occurs at x/ctr ≈ 0.65
along the entire radius, beside the tip region, where CF tran-
sition is predicted. During the upstroke, a sudden jump in the
transition position from x/ctr ≈ 0.65 to x/ctr ≈ 0.20 is visible,
which first occurs at the root area up to r/R ≈ 0.53 and then
extends up to r/R≈ 0.90. Directly at the blade tip, transition
is only predicted up to Ψ < 165◦ by the CF criterion. Subse-
quently, the transition position is jumping downstream again
to x/ctr ≈ 0.65 between 165◦ < Ψ < 200◦. At Ψ = 270◦,
the most upstream transition position is reached. Transition
moves slightly downstream from x/ctr ≈ 0.02 at the root to
x/ctr ≈ 0.12 at the tip. The transition movement during the
downstroke is comparable to the upstroke, although a small
hysteresis is obtained.
For the computations taking only TS transition into account,
transition occurs further downstream compared to the compu-
tations using all types of transition criteria. At Θmin, transi-
tion is predicted between 0.7 < x/ctr < 0.85 along the radius.
During the upstroke, a sudden upstream transition movement

is visible between 150◦ < Ψ < 180◦ from the root up to r/R≈
0.90, where the transition quickly moves from x/ctr ≈ 0.65 to
x/ctr ≈ 0.3. Directly at the blade tip, this movement is delayed
and occurs only at Ψ = 200◦. At Θmax, transition is located
most upstream within the pitching cycle. From the root to
r/R≈ 0.90, the transition is predicted at x/ctr ≈ 0.1, whereas
for the tip region, transition occurs at x/ctr ≈ 0.2. Compar-
ing up- and downstroke, only a small hysteresis in the tran-
sition position is visible, and transition occurs slightly more
upstream during the downstroke compared to the upstroke.

On the pressure side, transition occurs close to the trailing
edge for both types of computations. When using the com-
putation with all types of transition, LS is detected over the
entire rotor disk, except for a narrow stripe close to the blade
tip, where CF transition is detected and transition moves up to
x/ctr = 0.3. Regarding the computation using the AHD crite-
rion, the transition position is located between 0.8 < x/ctr <
0.95 for the entire angle of incidence range.

CONCLUSIONS

Investigations of boundary-layer transition in rotation were
presented using RANS computations with elsA and TAU.
Three test cases without cyclic have been compared to ex-
perimental validation data based on TSP measurements. The
test conditions covered two rotation frequencies of 23.6Hz
and 47.2Hz as well as a variation of the blade pitch angle.
For both elsA and TAU, the computations are performed with
a Langtry-Menter approach, and transition predictions are
based on semi-empirical methods. In addition, unsteady com-
putations with cyclic pitch were carried out and compared to
experimentally derived transition positions based on the stan-
dard deviation of the pressure signal. The TAU code with the
semi-empirical transition criteria approach was used for this
analysis. The following conclusions can be drawn:

1. Langtry-Menter computations for both 3D and 2D sug-
gest boundary-layer transition to be triggered by laminar
separation. Transition occurs close to the trailing edge
and much further downstream than in the experiment.

2. The laminar separation criteria of TAU predict boundary-
layer transition further upstream compared to the experi-
ment. However, laminar separation was found neither in
the RANS solution nor the experimental reference inves-
tigation.

3. If the AHD criterion is used only for the TAU compu-
tations, the numerical transition position compares well
with that from the experiment. The comparability be-
comes slightly worse when moving rootwards.

4. Transition is detected by the Gleyzes criterion imple-
mented in the elsA computations. The transition posi-
tion fits the experimental data very well along the entire
span. Nevertheless, some discrepancies in the pressure
distribution occur although the criterion was originally
developed to detect laminar separation.
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5. The investigations of the boundary-layer values show
that the approximated H12 factor is overestimated and re-
veal the reason for the erroneous transition prediction.
The H12 distribution is comparable between elsA and
TAU when the pressure distributions match.

6. Computations at constant turbulence levels compare bet-
ter with experimental transition position than with turbu-
lence levels computed from Eq. 1, especially in regions
close to the root.

7. As in the static cases, the cyclic case exhibits boundary-
layer transition further upstream compared to the experi-
mental data. Again, the laminar separation criterion pre-
dicts transition, which is neither indicated by the experi-
mental study nor present in the URANS data.

8. The transition location of the unsteady test case is pre-
dicted well by the computations using the AHD criterion
only. Nevertheless, the computations reveal a smaller
hysteresis than the experiment.

Recent optical measurements performed on the RTG allow to
detect the unsteady transition movement at high spatial reso-
lution over the entire pitching cycle, see Ref. 39. This will
allow a more detailed comparison of the unsteady boundary-
layer transition between computations and experiment.
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