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Abstract: The Pazy Wing test case is a benchmark for the investigation of aeroelastic effects
at very large deflections. Tip deformations in the order of 50% span were measured in wind
tunnel tests, which renders this model highly attractive for the validation of numerical aeroe-
lastic methods and tools for geometrically nonlinear, large deflection analyses. Due to the low
flow velocity (up to 60 m/s) and the simple geometry of the wing, simulation programs based
on subsonic, linear potential aerodynamic solvers (such as VLM and UVLM) are an ideal basis
for static coupling and flutter simulations. However, more comprehensive analyses with fo-
cus on aerodynamic nonlinearities such as stall and limit cycle oscillations (which have been
observed in several wind tunnel tests) are attractive research topics but call for advanced aero-
dynamic methods. The present work is thus focused on high fidelity aerodynamic simulations
of the Pazy Wing using RANS with transition modeling in order to capture nonlinear effects
originating from the particular shape of the wing and the low Reynolds number. It is a col-
laborative activity of DLR, NASA, and TU Delft and supports the Large Deflection Working
Group (LDWG), which is one of the sub-groups of the 3rd Aeroelastic Prediction Workshop
(AePW3)1.

1 MOTIVATION AND INTRODUCTION

Detailed information about the Pazy Wing and the LDWG are given in recent publications [1–5].
The Pazy Wing wind tunnel models from Technion and TU Delft (the model investigated in this
work) are shown in Fig. 1, the main dimensions are listed in Table 1. Aeroelastic simulations
(static coupling and flutter) that have been presented in the LDWG to analyze the behavior of
the Pazy Wing are based on geometrically nonlinear structural methods – which are indispens-
able for this test case – and linear (potential) aerodynamics, mostly the UVLM and the DLM
are applied. This combination offers advantages such as low computational cost, and yields sur-
prisingly good agreements with experimental data in terms of steady deflections and stability
boundaries. A new field, which is explored by current simulations, is limit cycle oscillations
(LCO), which have been observed in several wind tunnel tests. LCOs are an inherently nonlin-
ear phenomenon, and, relating to the Pazy Wing test case, are primarily induced by particular
steady and unsteady viscous effects such as laminar separation bubbles, transition mechanisms,
and (dynamic) stall. Furthermore, these nonlinearities strongly depend on the local shape of the

1https://nescacademy.nasa.gov/workshops/AePW3/public
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Table 1: Selected dimensions of the Pazy Wing.

Property Unit Pazy Wing
Span m 0.56
Chord (without tip rod) m 0.1
Clamping section height m 0.021
Clamping section diameter m 0.12
Tip rod length m 0.3
Tip rod diameter m 0.01
Airfoil - NACA 0018

Figure 1: Pazy Wing in wind tunnel at Technion (left) [1]. Outer surface of the Pazy Wing from TU Delft in
undeflected jig-shape with close up highlighting the sagging skin (foil cover) between the ribs.

wing’s covering (a plastic thermal shrink film) which changes based on the instantaneous flow
and structural conditions. Even at the unloaded state, the outer shape of the wing is complex
due to the sagging of the foil covering between the ribs which yields a different airfoil section
with reduced thickness and kinks. To investigate the aerodynamic effects resulting from these
specifics and to address them in future aeroelastic simulations of the Pazy Wing, the potential
aerodynamic methods, which have been used by the authors to date, are replaced by CFD-based
aerodynamics that solve the RANS and URANS equations with proper methods for the model-
ing of transition and turbulence.
The objective of this work is to investigate the steady aerodynamic characteristics of the rigid
Pazy Wing in jig-shape (no structural deformations are taken into account) based on CFD com-
putations for fully turbulent and transitional boundary layer flows. To account for the true
geometry of the wing – including local kinks and the sagging of the foil covering – a scan of the
outer geometry of the TU Delft Pazy Wing was used as basis for the CFD grid generation. The
insights acquired yield a better understanding of the flow physics of built up (rib) wings with
complex outer shapes at low Reynolds numbers.
The DLR TAU-Code [6] is used for the steady RANS computations to analyze the rigid wing in
jig-shape. The fully turbulent results are computed with the SST k − ω turbulence model [7].
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Transition prediction is done with the correlation-based γ transition model [8] in combination
with the SST k-ω turbulence model. The γ transition model computes the intermittency variable
γ in the whole flow field, thus no spanwise locations for the boundary layer stability analyses
have to be prescribed as is the case for the eN method in the TAU transition module [9].

2 WORKFLOW FOR THE CFD GRID GENERATION

To obtain detailed insight into the flow physics of the Pazy Wing, a sophisticated workflow for
the generation of the CFD grid was employed. Due to the built-up rib structure and the foil
covering of the wing, the shape of the real wind tunnel model deviates significantly from the
theoretical (CAD) model – which is designed from a NACA 0018 airfoil section and is used
as the basis for manufacturing. For the real wind tunnel model, the 3D printed rib structure is
covered by Oralight, a plastic film used for radio controlled aircraft applications. The film is
applied (glued) onto the structure by heat (iron and heat gun) and shrinks once the heat source is
removed. A prestressing is introduced by this approach which ensures a smooth surface even if
loads are applied and the structure is deformed slightly. Nevertheless, an unavoidable deviation
of the surface is introduced by this process because the foil sags between the ribs which leads
to a modified airfoil section whose shape varies depending on the lateral position between the
ribs. The outer surface of the Pazy Wing wind tunnel model from TU Delft, depicted in Fig. 2,
clearly shows the sagging of the wing’s foil covering. The end of the (solid) leading edge in the
region between the ribs is marked by a kink (which is detailed in Fig. 2). Such details influence
the flow locally and, as will be shown in the following sections, even trigger early transition.
To approximate the aerodynamic simulation model as close as possible to the real wing with

Figure 2: Outer surface of the TU Delft Pazy Wing (from the CFD grid) with cuts at two spanwise sections high-
lighting the deviations from the theoretical NACA 0018 airfoil section, which is added as reference.

respect to the outer shape, the undeflected jig-shape of the Pazy Wing (without aerodynamic
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loading) from TU Delft was digitized using a 3D scanner. Both the cylindrical clamping section
as well as the tip rod are included in the scanned surface data. The raw data of the scan were
carefully processed and a highly accurate geometry model was generated by NASA which was
used for the subsequent CFD grid generation.
The hybrid CFD grid was built with focus on high spatial resolution of the fluid volume close to
the wing in order to represent (small) geometrical details and to properly resolve the flow in the
boundary layer including laminar separation bubbles as well as regions of separated flow. The
surface of the wing (without the tip rod and the cylindrical clamping section) was discretized by
a structured (quadrilateral) mesh with small cell sizes both in spanwise and chordwise direction
to resolve the complex geometry and the associated flow features. A view of the CFD grid is
given in Figure 3.

Figure 3: Cut view of the hybrid, unstructured Pazy Wing CFD grid with boundary layer cells. The surface is
meshed by structured quadrilaterals.

In addition to the sagged wing, a CFD grid with a similar discretization was built for the clean
wing configuration, i.e., without sagging of the foil covering. The geometry model was also
built by NASA and as well includes the cylindrical clamping section and the tip rod. The clean
configuration is used to analyze the differences to the sagged wing with respect to the flow field
and transition mechanisms. Selected parameters of the grid are listed in Table 2.

3 METHODS

3.1 Numerical Setup: DLR computations

The DLR TAU-Code [6] is used in this investigation. The γ transition model [8] is used for
transition prediction in combination with the SST k-ω turbulence model with the strain rate
based definition of the eddy viscosity [7]. The fully turbulent computations are performed
with the SST k-ω turbulence model. For all computations, a central scheme with artificial
matrix dissipation is used for the convective flux discretization of the mean flow equations. The
convective fluxes of the turbulence equations are discretized with a second-order Roe upwind
scheme. A local time step is used in combination with an implicit Backward-Euler scheme to
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Table 2: Parameters of the unstructured hybrid CFD grid of the Pazy Wing.

Property Unit Pazy Wing CFD grid
Spacing of structured quads chordwise mm 0.3 - 0.7
Spacing of structured quads spanwise (average) mm 1.0
first layer thickness mm 0.0024
Number of layers - 44
Stretching ratio - 1.16
Total layer height mm 10.3
Total number of elements - ≈ 12000000
Total number of nodes - ≈ 7200000

accelerate convergence employing an LU-SGS scheme for the steady computations. The dual
time stepping scheme by Jameson [10] is used for the unsteady computations.

3.2 Wind Tunnel Experiment: Infrared Thermography Measurements

A wind tunnel experiment is conducted to support the CFD simulation results with validation
data for the complex behavior of the boundary layer on the Pazy wing. The experiment is
performed at the Open Jet Facility at Delft University of Technology, which has a freestream
turbulence intensity of around Tu = 0.5 %. The test object is the TU Delft Pazy Wing that was
previously scanned with the 3D scanner to provide the reference shape for the CFD simulations
as mentioned above. For the experiment, the wing is mounted vertically in the wind tunnel
test section and subjected to an inflow velocity of U∞ = 18 m/s, corresponding to a Reynolds
number of approximately Rec = 120 000, at various angles of attack α in the range 0◦ < α <
16◦. The measurements are performed with a FLIR SC7300 infrared camera, which is acquiring
thermographic images with a resolution of 320 x 256 pixels at a frame rate of 230 Hz. When
heating the wing surface above the temperature of the freestream with an external heat source,
such as a halogen lamp, the infrared thermography measurements of the wing surface can be
used to infer the boundary layer state through the proportionality of skin friction and convective
heat transfer [11]. The infrared camera measures the infrared radiation emitted from the surface
of the wing, which is proportional to its surface temperature. For this study, the values of the
surface temperature are of no direct interest, hence no temperature calibration is performed and
the infrared thermographic data is analyzed in terms of the infrared radiation in camera counts.
The experimental setup and its components in the wind tunnel are shown in Fig. 4.

4 RESULTS

4.1 Transition Behavior on a NACA0018 Airfoil at Low Reynolds Numbers

This section presents a transition model validation for a NACA0018 airfoil at low Reynolds
numbers. The NACA0018 is the theoretical cross section of the Pazy Wing. The γ transition
model is built to predict Tollmien-Schlichting transition in transonic high Reynolds number
flow [8]. Although there is no lower bound for the model application in terms of Reynolds or
Mach number, the γ transition model has not been tested extensively for Reynolds numbers
below Rec < 106. Especially for heavily separated flows, the prediction of laminar separation
bubbles in location, size, and the related transition behavior might be insufficient. The original
γ-Reθ transition model allows an increase of the intermittency up to an effective value of γeff =
2 in separated laminar flow to limit the separation bubble size [12]. This model feature is
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Figure 4: Wind tunnel setup for the infrared thermography measurements.

dropped in the γ model as no systematic over-prediction of laminar bubble sizes is found at
high Reynolds numbers, but an increase in effective intermittency might be necessary at lower
Reynolds numbers.
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Figure 5: Experimental and computational lift coefficient in subsonic flow of a NACA0018 with free boundary
layer transition.

To gain more information on the transition model behavior in low Reynolds number flows, the
experimental data by Gerakopulos et al. [13] are used to further validate the γ transition model.
Gerakopulos et al. [13] present wind tunnel data for a NACA0018 airfoil at Reynolds numbers
ranging from Rec = 80 · 103 to 200 · 103 and angles of attack of α = 0◦ to 18◦. No specific
thermodynamic conditions for the experimental setup are given, but as the wind tunnel is of an
open-return suction-type, sea level conditions can be expected. According to Gerakopulos et
al. [13], the turbulence level in the wind tunnel is below Tu < 0.3 %.

Computations with the γ transition model for a blunt-edged airfoil of c = 1 m chord length are
performed at Rec = 120 · 103 and 200 · 103 for a subsonic inflow Mach number of M∞ = 0.15
at T∞ = 293.15 K and Tu = 0.3 %. The computational grid consists of 400 880 grid points.
The airfoil surface is discretized with a spacing of ∆xs/c ≈ 0.002. The y+ value of the first
cell is well below 1 with maximum values of about y+max ≈ 0.65 for the larger angles of attack
at Rec = 200 · 103. The boundary layer is well covered with a structured mesh consisting of
114 layers with a wall normal growth rate of 1.1 up to a maximum wall normal spacing of
∆ys/c ≈ 0.002. The remaining flow field is discretized using a quad-dominant unstructured
grid.
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Figure 6: Experimental and computational separation behavior at different Reynolds numbers on the suction side
of a NACA0018.

Figure 5 shows the experimental and computational lift coefficient for both Reynolds numbers.
Only well converged CFD results are presented, which limits the examination to angles of
attack below the lift breakdown. Especially for the lower Reynolds number of Rec = 120 · 103,
the experiment and CFD computation agree poorly. Neither the lift coefficient, nor the lift
curve slope, nor the maximum lift is predicted correctly. The agreement increases strongly with
increasing Reynolds number for Rec = 200 · 103.

Figure 6 presents the separation behavior on the suction side of the airfoil for increasing angles
of attack. The experimental separation behavior is evaluated based on the pressure coefficient
distribution, for which a separation point, a transition location, and a reattachment point are
identified [13]. The separation and reattachment point in the computation are directly taken
as the zero crossing of the skin friction coefficient. Turbulent trailing edge separations are not
included, but exist for higher angles of attack. Again, the agreement for the lower Reynolds
number of Rec = 120 · 103 is poor. The separation location is in much worse agreement than
the reattachment location which indicates that the pressure gradient upstream of the separation
is not computed correctly. A mismatch in the pressure distribution is most likely caused by a
poor agreement in the trailing edge flow, which is determined by the upstream growth of the
boundary layer and the predicted separation and transition behavior. In contrast, the results for
Rec = 200 · 103 agree very well with the experimental data.

The transition location for the γ transition model is not easily defined which is especially true
for separated flow. It is therefore not compared to the experimental data presented by Gerakop-
ulos et al. [13]. The intermittency variable γ of the transition model is a blending function
for the turbulence model. Once the transition criterion is fulfilled, the intermittency increases
and production of turbulence kinetic energy starts. The transition criterion is based on exper-
imental data but the actual model onset does not represent a meaningful location within the
transition process like the indifference Reynolds number, at which disturbances start to grow, or
the critical Reynolds number, at which the transition process is completed. The intermittency
in the model has to increase and spread within the boundary layer to allow for any change in
the boundary layer. The offset between model onset and the fully developed turbulent boundary
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Figure 7: Mach number and intermittency field at the separation bubble location on the suction side of a
NACA0018 at α = 10◦, Rec = 200 · 103, M = 0.15 with velocity streamlines.

layer state is part of the transition model calibration. The transition process itself has to be
identified by secondary parameters like the skin friction coefficient distribution.

Figure 7 shows the Mach number and intermittency field at the separation bubble location on
the suction side of the NACA0018 at α = 10◦, Rec = 200 · 103, M = 0.15. The streamlines in
the left part of the Figure show the recirculation area within the separation bubble (separation
at x/c ≈ 0.064, reattachment at x/c ≈ 0.208). The first intermittency increase is found at
x/c ≈ 0.08 but only the strong increase of intermittency in the recirculation area enables the
reattachment due to the subsequent increase in turbulence kinetic energy. A transition location
might be defined based on a certain threshold of a turbulence model variable (e.g. Rt = µt/µ >
1) but this choice might be quite arbitrary.

4.2 Steady CFD Results for the Clean and Sagged Pazy Wing

This section presents steady results for the clean and sagged Pazy Wing. The steady com-
putations are performed at U∞ = 50 m/s at sea level conditions with ρ∞ = 1.225 kg/m3,
T∞ = 288.15 K, p∞ = 101 325 Pa, resulting in a Reynolds number of Rec = 342 165 for
c = 0.1 m and a Mach number of M = 0.1469. Although the experimental data presented
in Sec. 4.4 is given at a lower flow speed of U∞ = 18 m/s and subsequently at a lower
Reynolds number of Rec = 120 000, the comparison with the experimental data of Gerakopu-
los et al. [13] indicates that such low Reynolds numbers are not predicted reliably. As indicated
below, the comparison of the CFD and experimental data still provides a valuable insight into
the actual flow phenomena occurring on the Pazy Wing and into the predictive capabilities of
local intermittency transport transition models. A turbulence level of Tu = 0.3 % is kept in
the computations to have a consistent numerical setup with the data presented in the previous
section.

Figures 8 and 9 show the fully turbulent and transitional aerodynamic coefficients for the clean
and sagged Pazy Wing configuration, respectively. Figure 10 compares the transitional results
for both configurations obtained with the γ transition model. Neither the transitional computa-
tions with the γ transition model, nor the fully turbulent computations with the SST k-ω model
converge to a steady result but oscillate about some mean value. This unsteady flow behavior
is caused by boundary layer separations. Therefore, Figs. 8 to 10 give the mean value and the
magnitude of the oscillation indicated by error bars. The transitional results do not necessarily
show a worse convergence behavior compared to the fully turbulent computations.
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Figure 8: Transitional and fully turbulent aerodynamic coefficients for the clean Pazy Wing configuration.

For the clean wing configuration, the lift and moment increase for the transitional flow is only
slightly larger than for the fully turbulent flow for low angles of attack. For larger angles of
attack, a stronger deviation between the fully turbulent and transitional results is obtained. A
similar behavior is observed for the sagged wing configuration. In addition, a laminar drag
bucket is found for the sagged wing around α = 0◦ with the characteristic increase in lift and
moment. A laminar drag bucket usually occurs due to a decrease in the displacement thickness
on the upper surface and a drag decrease due to a large amount of laminar boundary layer flow.
For a case of spanwise varying heavily separated flow in combination with boundary layer
transition, the effect is more obscure and will need further investigations.

Figures 11 and 12 show the skin friction coefficient distribution for increasing angles of attack
on the upper surface of the clean and sagged wing configuration, respectively. The black line
gives the zero crossing of the skin friction value indicating separated flow regions. For the clean
wing configuration in Fig. 11, a laminar separation bubble develops on the upper surface similar
to the experimental and CFD results shown in Sec. 4.1 for the NACA0018 airfoil. As the angle
of attack increases, the separation bubble moves upstream due to the stronger adverse pressure
gradient and reduces in size. The laminar separation bubble covers the whole wing span with
the exception of the wing tip area where the chordwise flow is influenced by the wing tip vortex.
At about α = 10◦, a turbulent trailing edge separation starts to develop which causes a reduced
lift and moment curve slope as seen in Fig. 8. As the angle of attack is increased further, the
flow on the upper wing surface is completely separated and the lift breakdown occurs.

The boundary layer flow on the sagged wing configuration is much more complex compared
to the clean wing. At each rib location the originally intended shape of the wing is obtained.
In between the rib locations, the shape is lost and the local profile is thinner and has a kink
in spanwise direction. At the kink location, pockets of separated flow occur. For α = 0◦, the
boundary layer flow downstream of the separation bubble is still laminar as a spanwise flow
from the ribs into the sagged regions occurs, that might stabilize the laminar flow. The intermit-
tency only increases directly at the bubble location but vanishes further downstream. A further
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Figure 9: Transitional and fully turbulent aerodynamic coefficients for the sagged Pazy Wing configuration.

discussion requires more unsteady CFD computations, which are not available at the moment.
Further downstream, laminar separation bubbles develop over the whole wing span. The lam-
inar boundary layer separates further downstream at the rib locations compared to the sagged
areas. As the angle of attack is increased, the boundary layer reattaches in a fully turbulent state
downstream of the leading edge separations (seen by high skin friction values downstream of
the separation bubble). Once the boundary layer flow becomes turbulent, the boundary layer can
withstand the drag increase towards the trailing edge and a more complicated pattern of sepa-
rated and attached boundary layer flow develops. As the angle of attack is increased, the leading
edge separations at the kink grow in stream and spanwise size with a subsequent increase of re-
gions with turbulent boundary layer flow downstream. At the same time, the laminar separations
at the rib locations move upstream and decrease in size. As the maximum lift is approached,
turbulent trailing edge separations develop in the sagged regions. A further increase in angle of
attack results in a completely separated flow on the upper surface.

Figure 13 shows skin friction lines for some angles of attack on the upper surface of the sagged
wing. In between the leading edge separation bubbles, the entrainment effect is visible as the
skin friction lines bend towards the sagged regions of the wing. For α = 6◦, a sagged and a
rib location are labeled in Fig. 13 with Pos. I and Pos. II, respectively. The geometry, pressure
coefficient and skin friction distribution are shown in Fig. 14. The kink that occurs for the
sagged area at Pos. I causes a strong pressure increase which causes the laminar boundary layer
to separate, undergo transition along the separation bubble and to reattach in a fully turbulent
state as can be seen in the strong increase in skin friction downstream of the separation bubble.
Simultaneously, the suction peak at the rib location is not strong enough to cause transition and
a laminar separation bubble develops further downstream.

4.3 Unsteady CFD Results for the Clean and Sagged Pazy Wing

Unsteady computations are performed to evaluate how much the time resolved flow differs from
the steady solution. A time step size of ∆t = 2 · 10−4 sec is used, which is small enough to
resolve the most important flow features. The number of inner iterations is chosen to give well
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Figure 10: Transitional aerodynamic coefficients for the clean and sagged Pazy Wing configuration.

converged results within each time step for the dual time stepping scheme. Figure 15 shows
the time series and amplitude spectrum of the unsteady lift coefficient for the clean and sagged
wing at α = 6◦. The full and dashed red lines represent the mean value and the magnitude of
the oscillations in the steady computations, respectively. The amplitude spectrum is computed
for the last 0.15 sec only to exclude any transient behavior in the spectrum. The unsteady
oscillations of the lift coefficient are similar for both configurations in terms of magnitude and
frequency as can be seen from the amplitude spectrum of the lift coefficient. In contrast, the
steady computations for the clean wing show much larger deviations from the mean compared
to the steady computations for the sagged wing. A first evaluation of the unsteady data indicates
that the unsteadiness of the flow is linked to the circular wind tunnel model support, but further
investigations are required at this point.

4.4 Experimental Validation

The numerical results for the skin friction distribution on the suction side of the wing are val-
idated against the experimental measurements with the infrared camera in the wind tunnel. A
direct quantitative comparison is not performed due to the differences in Reynolds number be-
tween the experiment (Rec = 120 000) and the simulation (Rec = 340 000). However, it is
expected that a qualitative comparison is still suitable as a validation of the numerical results
because the qualitative behavior of the boundary layer does not change drastically in the con-
sidered range of Reynolds numbers, based on the results from Gerakopulos et al. [13] shown in
Fig. 6. The infrared images for increasing angles of attack from α = 0◦ to α = 16◦ are shown
in Fig. 16.

The images in Fig. 16 show a section of around 250 mm of the wingspan, which is located at
approximately mid-span. The displayed images are the temporal averages from a time series of
1000 acquired images for each α, to diminish the effect of random measurement errors. Apart
from this, no further processing is applied to the infrared image data.
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Figure 11: Skin friction coefficient distribution on the clean wing for increasing angles of attack for the transitional
flow. The black line gives the zero crossing of the skin friction value.
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Figure 12: Skin friction coefficient distribution on the sagged wing for increasing angles of attack for the transi-
tional flow. The black line gives the zero crossing of the skin friction value.
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Figure 13: Skin friction coefficient distribution and skin friction lines on the sagged wing for increasing angles of
attack in the range y = 0.28m to 0.5m for the transitional flow. The black line gives the zero crossing
of the skin friction value.
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Figure 14: Geometry, pressure coefficient, and skin friction coefficient distribution at a sagged (Pos. I) and rib
location (Pos. II) at α = 6◦ for the transitional flow.
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Figure 15: Time series and amplitude spectrum of the unsteady lift coefficient for the clean and sagged wing at
α = 6◦. The full and dashed red lines give the mean value and the magnitude of the oscillations in the
steady computations, respectively.

The infrared thermography measurements shown in Fig. 16 are in very good agreement with
the skin friction results shown in Fig. 12 over the entire range of the considered angles of
attack. For α = 0◦, a region of increased surface temperature is present, at approximately
x/c = 0.55 to x/c = 0.75 and relatively uniform along the span, which can be linked to the
region of separated flow and thus reduced convective heat transfer at this angle of attack that was
observed in the CFD simulations. As the angle of attack increases, the spanwise differences of
the TU Delft Pazy Wing, in terms of the cross-sectional shape on the rib locations and between
them, cause significant differences in the spanwise flow pattern. The main effect that is visible
in the experimental data is a reduced surface temperature downstream of the kink near the
leading edge in the airfoil shape between the rib locations, suggesting that this kink causes the
boundary layer to transition to turbulence and thus increasing the skin friction and with that the
convective heat transfer when compared to a laminar boundary layer state. As it was observed
in the CFD simulations, this effect sets in locally at individual spanwise locations at α = 2◦, and
is fully established at α = 4◦. When further increasing α, the region of turbulent flow covers
a larger fraction of the span in the simulation and in the experiment, as observed in 16 through
the increasing width of the darker region of lower surface temperature. For very high values
of α, the flow over the wing appears as fully turbulent at α = 12◦, before at α = 14◦, local
flow separation effects cause an increased surface temperature at some sections of the span,
before full stall is reached at α = 16◦, indicated by a generally increased surface temperature
in comparison to the turbulent attached flow. These experimental observations for very high
angles of attack are in very good qualitative agreement with the CFD results shown in Fig. 12
as well.

A more detailed discussion of the experimental results and in particular of the laminar separation
bubble that forms with increasing α behind the kink in the airfoil shape between the ribs can be
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Figure 16: Infrared thermography images at various angles of attack.

performed by inspecting the experimental temperature profiles at two different locations Pos. I
and Pos. II, in between and directly on the ribs respectively, as it was done for the simulation
results shown in Fig. 14. For the experimental data, this is done by first detecting the leading
and trailing edge of the wing in the infrared images and then mapping the measurements on
the chordwise location. The results for the temperature distributions in terms of the infrared
radiation intensity for three different angles of attack at the two considered spanwise positions
are shown in Fig. 17.

As visible in Fig. 17, the chordwise temperature distributions are similar between Pos. I and
Pos. II for α = 2◦, and strongly deviate between the two positions for the larger angles of
attack. At α = 2◦, the temperature increases in the chordwise direction, first slightly, which is
related to the chordwise decrease in skin friction and heat transfer associated with the growth
in laminar boundary layer thickness, and then more steeply as the flow separates and forms
a laminar separation bubble. At around x/c = 0.7, the flow transitions to turbulence and

16



IFASD-2022-156

0 0.2 0.4 0.6 0.8 1

7400

7600

7800

8000

Pos. II

0 0.2 0.4 0.6 0.8 1

7400

7600

7800

8000

Pos. I

Figure 17: Chordwise temperature distributions between two ribs (Pos. I) and on a rib (Pos. II).

subsequently reattaches, causing a steep temperature drop. A qualitatively identical behavior
is observed at Pos. II for the higher angles of attack as well, where the location of the laminar
separation bubble and the transition location are moving consistently upstream with increasing
α. Different behavior is observed at Pos. I, where a steep rise in the temperature is formed
directly downstream of the leading edge as the angle of attack is increased above α = 2◦. This
can be linked to the region of separated flow that was observed in the CFD simulations to form
downstream of the kink in the airfoil shape near the leading edge. Downstream of the bubble
location, after around x/c = 0.1 for α = 4◦ and α = 6◦, the surface temperature is lower than
at α = 2◦, which can be explained by the higher convective heat transfer level that is associated
with a turbulent boundary layer. This confirms that the kink in the airfoil in between the ribs
is responsible for triggering the transition to turbulence over a laminar separation bubble, as
observed in the CFD simulation results.

5 CONCLUSIONS

This paper presents CFD results in support of the 3rd Aeroelastic Prediction Workshop. The CFD
data is contrasted with experimental data to validate the predicted transition behavior qualita-
tively. In the computations, the γ transition model is used. This model is built and validated
for high Reynolds number and high Mach number flows. Therefore, the model’s predictive
capabilities are first tested on experimental data for a NACA0018 representing the theoretical
cross-sectional geometry of the Pazy Wing. The computations at Rec = 200 · 103 show a good
agreement in the size of a laminar separation bubble, which indicates a well predicted transi-
tion behavior. The agreement in the aerodynamic coefficients is lower but might be attributed
to wind tunnel effects. For the lower Reynolds number of Rec = 120 · 103, the prediction of
the laminar separation bubble observed experimentally deteriorates strongly. Based on this ob-
servation, the CFD computations for the Pazy Wing are performed at a higher flow speed i.e.
higher Reynolds number compared to the TU Delft wind tunnel experiment. Computations for
a clean wing configuration with the theoretical wing geometry and for a sagged wing geometry
are performed. For the clean wing, the separation behavior is quite similar to the airfoil data.
In contrast, the sagged wing shows a very complex boundary layer flow, for which spanwise
varying segments of laminar and fully turbulent flow are found. Depending on the upstream
boundary layer state, a very different separation behavior is observed. The data from the wind
tunnel experiment show the same behavior on a qualitative level. In addition, a laminar separa-
tion bubble found at the leading edge within the sagged regions could also be verified through an
inspection of the experimental temperature profiles. For most cases, no steady solution is found
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in the CFD computations and only preliminary unsteady computations could be performed for
a single angle of attack. Therefore, any interpretation of flow phenomena should be done with
caution as a complete set of unsteady computations for the whole lift curve would be necessary.
However, the agreement between experimental and CFD data is already satisfying albeit the
higher Reynolds number in the computations. In addition, the complex flow on the Pazy Wing
is fully captured by the local correlation-based transition model approach with a minimum of
additional user input compared to a fully turbulent computation.
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