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The Pazy Wingtest case is a benchmark for the investigation of aeroelastie ects at very
large de ections. Tip deformations in the order of 50% span were measured in wind tunnel
tests which renders this model highly attractive for the vaildation of numerical aeroelastic
methods and tools for geometrically nonlinear, large de etion analyses. The present work is
focused on high delity aerodynamic and aeroelastic simultions of the wing using RANS and
URANS with transition modeling in order to capture nonlinear e ects originating from the
shape of the wing and the low Reynolds number. Steady and urestdy aerodynamic as well as
static coupling simulations with a nonlinear structural model are presented, the impact of the
di erent transition and turbulence modeling techniques is depicted. This work supports the
Large De ection Working Group(LDWG), which is one of the sub-groups of the 8 Aeroelastic
Prediction WorkshopAePW3).

I. Motivation and Introduction

erification and Validation of aeroelastic solvers are indispensaldeequire suitable data from other numerical

methods or, preferably, from experiments. Unfortunatsynprehensive and publicly available experimental data
sets of highly exible test cases are scarce but such inyastins are the topic of current research. The Pazy Wing
was speci cally designed to provide experimental data oiggaly exible aeroelastic test case which can be used for
the validation of numerical methods in the nonlinear regimith large de ections. Particular features make this test
case interesting for a broad audience. The geometry aneés$hednditions of the model are simple: A wing with
rectangular planform, no taper, no sweep, and a symmetiifail that operates in an incompressible ow regime (the
Mach number is approximately 0.15 for the highest on ow wé#lpin the wind tunnel tests). These features allow for
the application of a range of potential aerodynamic methbidsvever, di culties arise with the Pazy Wing due to the
low Reynolds numbers (approximately 4.6° for the highest on ow velocity) and the large airfoil thickss which
manifest in aerodynamic nonlinearities. Mainly lamingpaetion bubbles and early ow separation lead to strong
dependencies of the aerodynamic loads on the angle of atfdlek wing as will be discussed in the following.
The Pazy Wing wind tunnel models from Technion and TU Delttetmodel investigated in this work are shown in
Fig. 1, the main dimensions are listed in Table 1.
Aeroelastic simulations (static coupling and utter) thave been presented in the LDWG to analyze the behavior of
the Pazy Wing are based on geometrically nonlinear stracitethods which are indispensable for this test case
and linear (potential) aerodynamics, mostly the UVLM arel BA.M are applied. This combination o ers advantages
such as low computational cost, and even aerodynamic rearities due to stall, for instance can be modeled
by simple approaches [2 4]. These methods enable the elatuaf the stability boundary of the Pazy Wing which
strongly depends on the combination of airspeed and stagjle af attack due to the large structural de ections and
the corresponding changes in the eigenvalues and modessbie wing. The dynamic aeroelastic stability regions
are illustrated in Fig. 2, for a range of on ow velocities@fn 30 m/s to 110 m/s) and a range of angles of attack (from
zero degrees to ve degrees) [5].
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Table 1 Dimensions of the Pazy Wing Wind

tunnel model.

Property Unit Pazy Wing
Span m 0.56
Chord (without tip rod) m 0.1
Clamping section height 11 0.021
Clamping section diameter m 0.12
Tip rod length m 0.3
Tip rod diameter m 0.01
Airfolil - |NACA 0018

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

A new eld, which is explored by current simulations, is lingiycle oscillations (LCO), which have been observed
in several wind tunnel tests. LCOs are an inherently noaliplienomenon, and, relating to the Pazy Wing test case,
are primarily induced by particular steady and unsteadyouis e ects such as laminar separation bubbles, transition
mechanisms, and (dynamic) stall. Furthermore, these meanlities strongly depend on the local shape of the wing's
covering (a plastic thermal shrink Im) which changes basadhe instantaneous ow and structural conditions. Even
at the unloaded state, the outer shape of the wing is complexal the sagging of the foil covering between the
ribs which yields a di erent airfoil section with reduceditkness and kinks. To investigate the aerodynamic e ects
resulting from these speci cs and to address them in futereaastic simulations of the Pazy Wing, the potential
aerodynamic methods, which have been used by the authoedpate replaced by CFD-based aerodynamics that
solve the RANS and URANS equations with proper methods ®ntlodeling of transition and turbulence.

The objective of this work is thus the investigation of theasty aerodynamic characteristics of the rigid and deformed
Pazy Wing based on CFD computations for fully turbulent aadgitional boundary layer ows. To account for the true
geometry of the wing including local kinks and the saggirfdtee foil covering a scan of the outer geometry of the
TU Delft Pazy Wing was used as basis for the CFD grid genarafibie insights acquired yield a better understanding
of the ow physics of built up (rib) wings with complex outehapes at low Reynolds numbers.

This work is a further contribution to the current activitief theLarge De ection Working GrougLDWG), which

is one of the sub-groups of thé&Aeroelastic Prediction Workshd@ePW3}. The goal of the group's activities is

Lhttps://nescacademy.nasa.gov/iworkshops/AePW3/public
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Fig. 2 The dynamic aeroelastic stability regions of the PazWing (as predicted by linearized models) show a
strong dependence on the static structural deformation [5]

to investigate and model the aeroelastic behavior of thg Rérg test case [1, 3, 5 10]. All information required to
setup and model the test case are publicly available, imguaktailed nite element (FE) models of the wing. Detailed
information about the Pazy Wing and the LDWG are given in nepeblications [1, 5 9].

[I. TU Delft Pazy Wing Wind Tunnel Experiment: Infrared Ther mography Measurements
A wind tunnel experiment is conducted to support the CFD &itan results with validation data for the complex

behavior of the boundary layer on the Pazy wing. The exparirseperformed at the Open Jet Facility at Delft
University of Technology, which has a freestream turbuéeimtensity of aroundu = 05 %. The test object is the
TU Delft Pazy Wing that was previously scanned with the 3Dnsesa to provide the reference shape for the CFD
simulations as mentioned above. For the experiment, thg iwimounted vertically in the wind tunnel test section and
subjected to an in ow velocity of 1 = 18 mes, corresponding to a Reynolds number of approximdely= 120 000,
at various angles of attadd in the range 0 Y U Y 16 . The measurements are performed with a FLIR SC7300
infrared camera, which is acquiring thermographic imag#h & resolution of 320 x 256 pixels at a frame rate of
230 Hz. When heating the wing surface above the temperattine dreestream with an external heat source, such as
a halogen lamp, the infrared thermography measurement& afing surface can be used to infer the boundary layer
state through the proportionality of skin friction and ceative heat transfer [11]. The infrared camera measures the
infrared radiation emitted from the surface of the wing, ethis proportional to its surface temperature. For thisystud
the values of the surface temperature are of no direct istiénence no temperature calibration is performed and the
infrared thermographic data is analyzed in terms of theanefl radiation in camera counts. The experimental setup
and its components in the wind tunnel are shown in Fig. 3.

l1l. Work ow for the CFD Grid Generation

To obtain detailed insight into the ow physics of the Pazyri a sophisticated work ow for the generation of
the CFD grid was employed. Due to the built-up rib structure the foil covering of the wing, the shape of the real
wind tunnel model deviates signi cantly from the theoratiCAD) model which is designed from a NACA 0018
airfoil section and is used as the basis for manufacturiogtfte real wind tunnel model, the 3D printed rib structure
is covered byOralight, a plastic Im used for radio controlled aircraft applicais. The Im is applied (glued) onto the
structure by heat (iron and heat gun) and shrinks once theshaece is removed. A prestressing is introduced by this
approach which ensures a smooth surface even if loads aliecdppd the structure is deformed slightly. Nevertheless,
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Fig. 3 Wind tunnel setup for the infrared thermography measuements.

an unavoidable deviation of the surface is introduced y/ghbcess because the foil sags between the ribs which leads
to a modi ed airfoil section whose shape varies dependintheniateral position between the ribs. The outer surface
of the Pazy Wing wind tunnel model from TU Delft, depicted iig.F4, clearly shows the sagging of the wing's foil
covering. The end of the (solid) leading edge in the regidwéen the ribs is marked by a kink (which is detailed
in Fig. 4). Such details in uence the ow locally and, as wile shown in the following sections, even trigger early
transition. To approximate the aerodynamic simulation eha@d close as possible to the real wing with respect to the
outer shape, the unde ected jig-shape of the Pazy Wing @witlaerodynamic loading) from TU Delft was digitized
using a 3D scanner. Both the cylindrical clamping sectiomwel$ as the tip rod are included in the scanned surface
data. The raw data of the scan were carefully processed agtlg Accurate geometry model was generated by NASA
which was used for the subsequent CFD grid generation. ThachZFD grid was built with focus on high spatial
resolution of the uid volume close to the wing in order to repent (small) geometrical details and to properly resolve
the ow inthe boundary layer including laminar separatiabbles as well as regions of separated ow. The surface of
the wing (without the tip rod and the cylindrical clampingsen) was discretized by a structured (quadrilateral)imes
with small cell sizes both in spanwise and chordwise dioedi resolve the complex geometry and the associated ow
features. A cut view of the CFD grid is shown in Figure 5.

In addition to the sagged wing, a CFD grid with a similar didization was built for the clean wing con guration, i.e.,
without sagging of the foil covering. The geometry model wk® built by NASA and as well includes the cylindrical
clamping section and the tip rod. The clean con gurationsedito analyze the di erences to the sagged wing with
respect to the ow eld and transition mechanisms. Selegathmeters of the grid are listed in Table 2.

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
rst layer thickness mmnj 0.0024
Number of layers - 44
Stretching ratio - 1.16
Total layer height mn 10.3
Total number of elements - 12000000
Total number of nodes - 7200000
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Fig. 4 Outer surface of the TU Delft Pazy Wing (from the CFD grid) with cuts at two spanwise sections
highlighting the deviations from the theoretical NACA 0018airfoil section, which is added as reference.

IV. Numerical Methods and Results

A. Numerical Setup: DLR computations

The DLR TAU-Code [12] is used in this investigation. TWeransition model [13] is used for transition prediction
in combination with the SST-I turbulence model with the strain rate based de nition of &ugly viscosity [14].
The Wtransition model computes the intermittency varididiea the whole ow eld, thus no spanwise locations for
the boundary layer stability analyses have to be prescidiséd the case for thé method [15]. The fully turbulent
computations are performed with the SST turbulence model. For all computations, a central schertteanti cial
matrix dissipation is used for the convective ux discratibn of the mean ow equations. The convective uxes
of the turbulence equations are discretized with a secoddrdroe upwind scheme. A local time step is used in
combination with an implicit Backward-Euler scheme to dexe convergence employing an LU-SGS scheme for
the steady computations. The dual time stepping schemenhgstm [16] is used for the unsteady computations.

B. Transition Behavior on a NACA0018 Airfoil at Low Reynolds Numbers

This section presents a transition model validation for aCRA018 airfoil at low Reynolds numbers. The
NACAO0018 is the theoretical cross section of the Pazy Wingpe Wtransition model is built to predict Tollmien-
Schlichting transition in transonic high Reynolds numbew [13]. Although there is no lower bound for the model
application in terms of Reynolds or Mach number, Wgansition model has not been tested extensively for Rejgol
numbers belowRe, Y 1. Especially for heavily separated ows, the prediction afninar separation bubbles in
location, size, and the related transition behavior mighintsu cient. The original WRe, transition model allows
an increase of the intermittency up to an e ective valuaf = 2 in separated laminar ow to limit the separation
bubble size [17]. This model feature is dropped inWaodel as no systematic over-prediction of laminar bublzessi
is found at high Reynolds numbers, but an increase in e edtiermittency might be necessary at lower Reynolds
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Fig. 5 Cut view of the hybrid, unstructured Pazy Wing CFD grid with boundary layer cells. The surface is
meshed by structured quadrilaterals.

numbers. To gain more information on the transition modéblver in low Reynolds number ows, the experimental
data by Gerakopulos et al. [18] are used to further validagaNtransition model. Gerakopulos et al. [18] present
wind tunnel data for a NACA0018 airfoil at Reynolds numbensging fromRe, = 80 10° to 200 10° and angles of
attack ofU= 0 to 18 . No speci c thermodynamic conditions for the experimersitiup are given, but as the wind
tunnel is of an open-return suction-type, sea level comlitican be expected. According to Gerakopulos et al. [18],
the turbulence level in the wind tunnel is beld@w Y 03 %.

Computations with théVtransition model for a blunt-edged airfoil & = 1 m chord length are performed at
Re = 120 10° and 200 10° for a subsonic in ow Mach number df ; = 0s15at); = 29315 K andTu= 03 %. The
computational grid consists of 400 880 grid points. Theodidurface is discretized with a spacing ofg*2 0002.
TheH value of the rst cell is well below 1 with maximum values of@litH,,, 065 for the larger angles of attack at
Re =200 10°. The boundary layer is well covered with a structured mestsisting of 114 layers with a wall normal
growth rate of 1 up to a maximum wall normal spacing ofg*2 04002. The remaining ow eld is discretized
using a quad-dominant unstructured grid.

Figure 6 shows the experimental and computational lift ccient for both Reynolds numbers. Only well converged
CFD results are presented, which limits the examinatiomtyless of attack below the lift breakdown. Especially for
the lower Reynolds number &e = 120 10°, the experiment and CFD computation agree poorly. Neitetitt
coe cient, nor the lift curve slope, nor the maximum lift iv@dicted correctly. The agreement increases strongly with
increasing Reynolds number fBe, = 200 10°.

Figure 7 presents the separation behavior on the sucti@nasithe airfoil for increasing angles of attack. The
experimental separation behavior is evaluated based opréssure coe cient distribution, for which a separation
point, a transition location, and a reattachment point demti ed [18]. The separation and reattachment point
in the computation are directly taken as the zero crossinth@fskin friction coe cient. Turbulent trailing edge
separations are not included, but exist for higher anglestatk. Again, the agreement for the lower Reynolds number
of Re = 120 10° is poor. The separation location is in much worse agreentet the reattachment location
which indicates that the pressure gradient upstream ofeparation is not computed correctly. A mismatch in the
pressure distribution is most likely caused by a poor agesenm the trailing edge ow, which is determined by the
upstream growth of the boundary layer and the predictedratpa and transition behavior. In contrast, the resulits fo
Re =200 10° agree very well with the experimental data.

The transition location for thétransition model is not easily de ned which is especiallyerfor separated ow.

It is therefore not compared to the experimental data ptedeéay Gerakopulos et al. [18]. The intermittency variable
Wof the transition model is a blending function for the tudnde model. Once the transition criterion is ful lled,
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of a NACA0018.

the intermittency increases and production of turbulerinetic energy starts. The transition criterion is based on
experimental data but the actual model onset does not egrasmeaningful location within the transition process
like the indi erence Reynolds number, at which disturbamstart to grow, or the critical Reynolds number, at which
the transition process is completed. The intermittenchermodel has to increase and spread within the boundary
layer to allow for any change in the boundary layer. The olsetween model onset and the fully developed turbulent
boundary layer state is part of the transition model calibra The transition process itself has to be identi ed by
secondary parameters like the skin friction coe cient disution.

Figure 8 shows the Mach number and intermittency eld at #qgsation bubble location on the suction side of the
NACA0018 atU = 10 , Re = 200 10%, M = 0-15. The streamlines in the left part of the Figure show th&celation
area within the separation bubble (separatio®&t 0064, reattachment &2 0208). The rst intermittency
increase is found &®2 008 but only the strong increase of intermittency in the @dation area enables the
reattachment due to the subsequent increase in turbul@retéeclenergy. A transition location might be de ned based
on a certain threshold of a turbulence model variable (ecg= "~ i 1) but this choice might be quite arbitrary.
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Fig.8 Machnumberandintermittency eld atthe separation bubble location on the suction side of a NACA0018
atU=10,Re =200 10°, M = 0-15with velocity streamlines.

C. Steady CFD Results for the Clean and Sagged Pazy Wing

This section presents steady results for the clean and dd&gg®y Wing. The steady computations are performed
at*; = 50 nes at sea level conditions witth, = 1225 kgm?, ); = 28815 K, ?1 = 101325 Pa, resulting in
a Reynolds number dRe = 342165 for2 = 0«1 m and a Mach number df = 041469. A turbulence level of
Tu = 03 % is kept in the computations to have a consistent numesetalp with the data presented in the previous
section. Figures 9 and 10 show the fully turbulent and ttaomsl aerodynamic coe cients for the clean and sagged
Pazy Wing con guration, respectively.
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Fig. 9 Transitional and fully turbulent aerodynamic coe ci ents for the clean Pazy Wing con guration.

Figure 11 compares the transitional results for both coragions obtained with th&transition model. Neither
the transitional computations with théransition model, nor the fully turbulent computationsiwihe SST: -1 model
converge to a steady result but oscillate about some mean.v@his unsteady ow behavior is caused by boundary
layer separations. Therefore, Figs. 9 to 11 give the meare\aid the magnitude of the oscillation indicated by error
bars. The transitional results do not necessarily show aevoonvergence behavior compared to the fully turbulent
computations.

For the clean wing con guration, the lift and moment increésr the transitional ow is only slightly larger than
for the fully turbulent ow for low angles of attack. For laegangles of attack, a stronger deviation between the fully
turbulent and transitional results is obtained. A similahavior is observed for the sagged wing con guration. In
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Fig. 10 Transitional and fully turbulent aerodynamic coe c ients for the sagged Pazy Wing con guration.
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Fig. 11 Transitional aerodynamic coe cients for the clean and sagged Pazy Wing con guration.

addition, a laminar drag bucket is found for the sagged wirogiad U = O with the characteristic increase in lift
and moment. A laminar drag bucket usually occurs due to aedserin the displacement thickness on the upper
surface and a drag decrease due to a large amount of laminadaxy layer ow. For a case of spanwise varying
heavily separated ow in combination with boundary layentsition, the e ect is more obscure and will need further
investigations. Figures 12 and 13 show the skin friction @eat distribution for increasing angles of attack on the
upper surface of the clean and sagged wing con guratiopeetively. The black line gives the zero crossing of the
skin friction value indicating separated ow regions. Fbetclean wing con guration in Fig. 12, a laminar separation
bubble develops on the upper surface. As the angle of attexkases, the separation bubble moves upstream due
to the stronger adverse pressure gradient and reducesin®ie laminar separation bubble covers the whole wing
span with the exception of the wing tip area where the chaewaw is in uenced by the wing tip vortex. At about
U= 10, aturbulent trailing edge separation starts to develoglvbauses a reduced lift and moment curve slope as
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seen in Fig. 9. As the angle of attack is increased further,dv on the upper wing surface is completely separated
and the lift breakdown occurs.

The boundary layer ow on the sagged wing con guration is fugore complex compared to the clean wing. At
each rib location the originally intended shape of the wightained. In between the rib locations, the shape is lost
and the local pro le is thinner and has a kink in spanwise diom:. At the kink location, pockets of separated ow
occur. ForU = 0, the boundary layer ow downstream of the separation bulbkill laminar as a spanwise ow
from the ribs into the sagged regions occurs, that mighilstalihe laminar ow. The intermittency only increases
directly at the bubble location but vanishes further dowe®sn. A further discussion requires more unsteady CFD
computations, which are not available at the moment. Fudbenstream, laminar separation bubbles develop over
the whole wing span. The laminar boundary layer separat#isdudownstream at the rib locations compared to the
sagged areas. As the angle of attack is increased, the byuagler reattaches in a fully turbulent state downstream
of the leading edge separations (seen by high skin frictednes downstream of the separation bubble). Once the
boundary layer ow becomes turbulent, the boundary layerwé#hstand the drag increase towards the trailing edge
and a more complicated pattern of separated and attachedi&igulayer ow develops. As the angle of attack is
increased, the leading edge separations at the kink grotvéams and spanwise size with a subsequent increase of
regions with turbulent boundary layer ow downstream. A¢ ttame time, the laminar separations at the rib locations
move upstream and decrease in size. As the maximum lift isbapped, turbulent trailing edge separations develop
in the sagged regions. A further increase in angle of attesults in a completely separated ow on the upper surface.

Figure 14 shows skin friction lines for some angles of atiawkhe upper surface of the sagged wing. In between
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Fig. 14 Skin friction coe cient distribution and skin frict ion lines on the sagged wing for increasing angles of
attack in the range H= 0-28m to 05 m for the transitional ow. The black line gives the zero crossing of the skin
friction value.

the leading edge separation bubbles, the entrainment eseisible as the skin friction lines bend towards the sagged
regions of the wing. Fo = 6 , a sagged and a rib location are labeled in Fig. 14 Rdhk. |andPos. II, respectively.
The geometry, pressure coe cient and skin friction distriton are shown in Fig. 15. ThH&2andl 2 coordinates are
not scaled equally to better display the actual geometrylamilink that occurs for the sagged areRas. | The strong
pressure increase at the kink causes the laminar boundenyttaseparate, undergo transition along the separation
bubble and to reattach in a fully turbulent state as can beisabe strong increase in skin friction downstream of the
separation bubble. Simultaneously, the suction peak ailtHecation is not strong enough to cause transition and a
laminar separation bubble develops further downstream.

D. Experimental Validation

The numerical results for the skin friction distribution thre suction side of the wing are validated against the
experimental measurements with the infrared camera in thd tunnel. A direct quantitative comparison is not
performed due to the di erences in Reynolds number betwherekperimentRe = 120 000) and the simulation
(Re = 340000). However, it is expected that a qualitative conguaris still suitable as a validation of the numerical

12
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location (Pos. Il) at U= 6 for the transitional ow. The G2and |+2 coordinates are not scaled equally to better
display the actual geometry.

results because the qualitative behavior of the boundager ldoes not change drastically in the considered range
of Reynolds numbers, based on the results from Gerakoptias B8] shown in Fig. 7. The infrared images for
increasing angles of attack frooth= 0 to U= 16 are shown in Fig. 16.

The images in Fig. 16 show a section of around 250 mm of the spiag, which is located at approximately
mid-span. The displayed images are the temporal averagmsafitime series of 1000 acquired images for ddcto
diminish the e ect of random measurement errors. Apart ftbis, no further processing is applied to the infrared
image data.

The infrared thermography measurements shown in Fig. lénavery good agreement with the skin friction
results shown in Fig. 13 over the entire range of the consitlangles of attack. Fdy = 0 , a region of increased
surface temperature is present, at approxima&¥edy= 055 toG 2 = 0¢75 and relatively uniform along the span, which
can be linked to the region of separated ow and thus reduoedective heat transfer at this angle of attack that was
observed in the CFD simulations. As the angle of attack emes, the spanwise di erences of the TU Delft Pazy
Wing, in terms of the cross-sectional shape on the rib looatand between them, cause signi cant di erences in
the spanwise ow pattern. The main e ect that is visible iretBxperimental data is a reduced surface temperature
downstream of the kink near the leading edge in the airf@pghbetween the rib locations, suggesting that this kink
causes the boundary layer to transition to turbulence amglititreasing the skin friction and with that the convective
heat transfer when compared to a laminar boundary layey. shatit was observed in the CFD simulations, this e ect
sets in locally at individual spanwise locationd st 2 , and is fully established & = 4 . When further increasinyg,
the region of turbulent ow covers a larger fraction of theagpn the simulation and in the experiment, as observed in
16 through the increasing width of the darker region of losumface temperature. For very high valuesJothe ow
over the wing appears as fully turbulentét 12 , before atJ = 14 , local ow separation e ects cause an increased
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Fig. 16 Infrared thermography images at various angles of atack.

surface temperature at some sections of the span, beforgtdillis reached atl = 16 , indicated by a generally
increased surface temperature in comparison to the turbatiached ow. These experimental observations for very
high angles of attack are in very good qualitative agreemithtthe CFD results shown in Fig. 13 as well.

A more detailed discussion of the experimental results apaiticular of the laminar separation bubble that forms
with increasindJ behind the kink in the airfoil shape between the ribs can bfopmed by inspecting the experimental
temperature pro les at two di erent locations Pos. | and Ptsin between and directly on the ribs respectively, as
it was done for the simulation results shown in Fig. 15. Ferdkperimental data, this is done by rst detecting the
leading and trailing edge of the wing in the infrared imaged then mapping the measurements on the chordwise
location. The results for the temperature distributionteiims of the infrared radiation intensity for three di eten
angles of attack at the two considered spanwise positienstaown in Fig. 17.

As visible in Fig. 17, the chordwise temperature distribng are similar between Pos. | and Pos. llibr 2 ,
and strongly deviate between the two positions for the laaggles of attack. AU = 2 , the temperature increases
in the chordwise direction, rst slightly, which is relatéd the chordwise decrease in skin friction and heat transfer
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Fig. 17 Chordwise temperature distributions between two s (Pos. |) and on a rib (Pos. II).

associated with the growth in laminar boundary layer thédgs and then more steeply as the ow separates and forms
a laminar separation bubble. At arou@R = 07, the ow transitions to turbulence and subsequently szdits,
causing a steep temperature drop. A qualitatively idehbiehavior is observed at Pos. 1l for the higher angles of
attack as well, where the location of the laminar separdiigsble and the transition location are moving consistently
upstream with increasing. Di erent behavior is observed at Pos. |, where a steep ngbé temperature is formed
directly downstream of the leading edge as the angle oflaitaincreased above)l = 2 . This can be linked to
the region of separated ow that was observed in the CFD sitiaits to form downstream of the kink in the airfoil
shape near the leading edge. Downstream of the bubbledocatiter around»2 = 0«1 forU=4 andU= 6 , the
surface temperature is lower thanlat 2 , which can be explained by the higher convective heat teahesfel that is
associated with a turbulent boundary layer. This con rna the kink in the airfoil in between the ribs is responsible
for triggering the transition to turbulence over a lamingparation bubble, as observed in the CFD simulation results

E. Unsteady CFD Results for the Clean and Sagged Pazy Wing

Unsteady computations are performed to evaluate how meadimtie resolved ow di ers from the steady solution.
A time step size of C= 2 10 “sec is used, which is small enough to resolve the most impoxe features. The
number of inner iterations is chosen to give well convergeits within each time step for the dual time stepping
scheme. Figure 18 shows the time series and amplitude spedi the unsteady lift coe cient for the clean and
sagged wing at) = 6 . The full and dashed red lines represent the mean value anddignitude of the oscillations
in the steady computations, respectively. The amplitugetspm is computed for the lastl® sec only to exclude any
transient behavior in the spectrum. The unsteady osoitiatof the lift coe cient are similar for both con gurations
in terms of magnitude and frequency as can be seen from thétadepspectrum of the lift coe cient. In contrast,
the steady computations for the clean wing show much largeratdons from the mean compared to the steady
computations for the sagged wing. A rst evaluation of theteady data indicates that the unsteadiness of the ow is
linked to the circular wind tunnel model support, but furthevestigations are required at this point.

Results of forced motion computations with free boundaggiaransition for the clean and sagged wing are
presented next. A mean angle of attacklbf= 5 with a pitch amplitude olU”= 25 is used to obtain similar
unsteady ow conditions as given in the experimental sebypertens et. al [19]. Th&Wtransition model is used
for transition prediction. The ow conditions are the sansefar the steady computations. The mono-frequent pitch
motion is computed about th@2 = 05 chord location up to reduced frequencies of 12¢2°| «* ; = Q5. For
each reduced frequency, 5 pitch periods are computed bytloallast period is evaluated to exclude any transient
behavior. Figure 19 shows the lift and moment coe ciémver angle of attack at a reduced frequency of 02
and the amplitude spectrum for the last pitch period comgpuide overall behavior for both wing con gurations is
similar. For the sagged wing, the values of the aerodynaoeatents at the start and end of the pitch period do not
match perfectly. This can indicate that there are still straesients included and more periods need to be computed
but it is more likely that the base ow is unsteady itself. Téteady solver run for the sagged winglht 5 does

2about the leading edge
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Fig. 18 Time series and amplitude spectrum of the unsteadyfticoe cient for the clean and sagged wing at
U= 6 . The full and dashed red lines give the mean value and the magunde of the oscillations in the steady
computations, respectively.

not converge to a steady result but oscillates about soma waae which supports the latter assumption. Figure 20
shows the unsteady lift and moment coe cients with respeqgtitch: y = m y *mU= FFTf | 1Cg-FFTf U'Cgand

“u =m« emU=FFTf - 1CgFFTfULCgin magnitude and phase. The value for 0 is determined based on the
steady computations. Again, only minor di erences are obse as the mean angle of attack is within the linear lift
and moment curve region which is very similar for the saggaticdean con guration. In a further investigation, the
unsteady transition positions need to be evaluated and @a@dpvith the experimental unsteady transition behavior
presented by Mertens et al. [19].

F. Static Coupling Methods and Results for the Sagged Pazy \Wg

Results of static coupling simulations of the CFD model dedpvith a nonlinear steady structural solver are
presented in the following. A variety of numerical methoasdbeen developed for the modeling of highly exible
structures. State of the art are the geometrically exactlimsar beam theories and the Lagrangian nite element
approaches. Geometrically exact beam theories providéegarg way to consider large deformations provided that
the structure considered can be represented satisfyigghgém elements which can pose problems in particular for
complex structures and detailed models [20 23]. The Lagram methods use a FE mesh which is attached to the
material and moves with it. Loads are applied stepwise, hacetuilibrium of inner and outer loads is ensured for
each load increment. The tangent sti ness matrix accowntstfesses and changes of the geometry from the last load
step [24, 25]. This method is the basis of MSC Nastran's smiigequence 400, which is used for the static coupling
simulations of this work.

The structural (FE) models of the Pazy Wing test case ardaé@j among others, in MSC Nastran format and
can be used with nonlinear solution sequences of Nastrarce $he aeroelastic solver developed at DLR was used
for comparable tasks in the past (coupling of potential aR® @erodynamic methods with a commercial FE code),
the beam FE model provided by the LDWG was used. This beam Inm@debuilt by the University of Michigan and
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Fig. 19 Unsteady lift and moment coe cient for the sagged ancclean wing with free boundary layer transition
for : = 02 (frequency given by marker).

Fig. 20 Unsteady lift and moment coe cient derivative for th e sagged and clean wing with free boundary layer
transition.

NASA with data from the full FE model [8, 26, 27] and enablescéent geometrically nonlinear simulations with the
MSC Nastran solution sequence 400. If a beam model is to lekins®upled simulations, the aerodynamic moments
must be transferred to the beam nodes. This can be done dtyrigiil body or beam splines. Another approach is
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the extension of the beam model by massless, rigid barshvdoienect the outer (CFD) surface of the wing with the
beam nodes. Thisoupling model approacis shown in Fig. 21 and was used with the Pazy Wing beam model.

/clamped nodes

FE beam

prd coupling nodes
e

N

outer FE beam node fc
displacement monitorir

Fig. 21 Structural and couplingmodel of the Pazy Wing used fothe static coupling simulations. Aerodynamic
forces are transferred to the coupling nodes and from thered the FE nodes of the beam via RBE2 elements.

Two methods for the modeling of turbulence and transitioreve@plied for the static coupling simulations: TWMEAS
model for the modeling of free transition and the fully tuldnt SST: - model. In contrast to the steady and unsteady
aerodynamic simulations detailed in the previous secti\VCAS transition model, which is built on the same model
framework as th&\transition model [13, 28], but includes a modi ed transitionset criterion, is applied. TMYCAS
transition model uses the simpli ed Arnal-Habiballah-Belirt (AHD) [29] transition criterion presented by Perraud
et al. [30]. As the AHD criterion is based on a linear stapiliteory database, it is assumed thatWW@AS transition
model has a broader applicability and validity than ¥eansition model, which is solely based on experimentad dat
Results of the static coupling simulations are presentddgn22 in terms of the displacement of the outer node
of the FE model (cf. Fig. 21), which is very close to the wing. tiThe airspeed is varied from 10 m/s to 60 m/s

Fig. 22 Displacement of the wing tip (outer FE beam node) of th Pazy Wing as function of airspeed calculated
by static coupling CFD simulations using di erent methods for turbulence and transition modeling. Angle of
attack is ve degrees.
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in steps of 10 m/s. The maximum deformation of the wing reacbenarkable values of approximately 42 % with
respect to the span of the wing (which is consistent withawsiother static coupling and experimental results of the
Pazy Wing [1, 5, 7, 9, 26, 27]). Another simulation was perfed with a constant airspeed of 50 m/s and varying
root angle of attack from zero to eight degrees. The disptace of the beam nite element nodes in the z direction
and the rotation of the nodes about the global y axis are giv&ig. 23. The additional twist of the wing at the tip

0.3k k-w SST Gamma-CAS transitign 2-5:'
' k-w SST fully turbulent ) r
AoA = 8 deg| g |
° |
= 1.5j
= I
5] i
s 1r
g8 |
0.5:- y ; S R — m——
, = :
0 01 02 03 04 05 0 01 02 03 04 05
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Fig. 23 Displacement and rotation of the Pazy Wing beam nodess function of angle of attack calculated by
static coupling CFD simulations. Constant airspeed is 50 s/

due to the elastic structural deformation is approximatety and a half degrees. A comparison of the skin friction
coe cients for the highest angle of attack, eight degresggiven in Fig. 24. Di erences between the fully turbulent
and the transitional simulation arise at the leading eddereslaminar separation bubbles are pronounced for the
transitional case, and only small regions of negative skatibn coe cients emerge in the fully turbulent ow. Also

the skin friction coe cient distribution close to the trailg edge is signi cantly di erent. These di erences nally
lead to slightly di erent lift coe cients and thus to sligly di erent structural de ections, as can be seen in Fig. 23.

As can be seen from these plots, the di erences betweendhsitional and the fully turbulent SSTl simulations
are small and more pronounced for the higher airspeeds dodmions. These results seem rather sobering, i.e. the
impact of the (free) transition on the structural deformiasiis less pronounced than could be expected when looking at
the results of the steady aerodynamic simulations of the viing. Higher root angles of attack could be prescribed to
yield more structural de ections and thus to better anatheampact of the free transition and fully turbulent modgli
of the ow, but the maximum of approximately 42% tip de ectiavith respect to the span of the wing seems more
realistic when compared to the experimental de ections.

However, the di erence between the free transition and/fultbulent modeling approaches is expected to increase
signi cantly when unsteady aeroelastic coupling simulasi are performed. Especially at the onset of utter and the
subsequent sudden increase of oscillation amplitudestitesticated modeling of ow separation (including dynami
e ects such as dynamic stall) is decisive. Therefore, thaditional approach should be the rst to be applied for the
unsteady coupling simulations in future.

V. Conclusions

This paper presents CFD results in support of tHeé\8roelastic Prediction Workshohe CFD data is contrasted
with experimental data to validate the predicted transibehavior qualitatively. In the computations, Wransition
model is used. Computations for a clean wing con guratiothwhe theoretical wing geometry and for a sagged
wing geometry are performed. For the clean wing, the separséiehavior is quite similar to the airfoil data. In
contrast, the sagged wing shows a very complex boundary layefor which spanwise varying segments of laminar
and fully turbulent ow are found. Depending on the upstreboundary layer state, a very di erent separation
behavior is observed. The data from the wind tunnel expariraleow the same behavior on a qualitative level. In
addition, a laminar separation bubble found at the leaditgeewithin the sagged regions could also be veri ed
through an inspection of the experimental temperaturelpso For most cases, no steady solution is found in the CFD
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Fig. 24 Skin friction coe cients on the upper sides of the Pax Wing calculated by static coupling CFD
simulations fully turbulent and with free transition. Reversed ow regions highlighted in light gray. Angle of
attack is eight degrees, airspeed is 50 m/s.

computations and only preliminary unsteady computatiausgccbe performed for a single angle of attack. Therefore,
any interpretation of ow phenomena should be done with iceias a complete set of unsteady computations for the
whole lift curve would be necessary. However, the agreememteen experimental and CFD data is already satisfying
albeit for the higher Reynolds number in the computationsaddition, the complex ow on the Pazy Wing is fully
captured by the local correlation-based transition moplet@ach with a minimum of additional user input compared to
a fully turbulent computation. Static coupling simulatidn which both fully turbulent (SST-1 turbulence model) as
well as transitional ow (SST. -I turbulence model in combination with tNECAS transition model) are considered
yield similar results in terms of the structural deformatioAlthough static coupling results do not show large inipac
of the turbulence and transition modeling, it can be expkttat unsteady aeroelastic coupling simulations yield
greater di erences especially with regard to limit cycleitiations, for which ow separation are decisive mechanis
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