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ABSTRACT

As part of an effort to improve rotorcraft performance, the abilitthef OVERFLOW
computational fluid dynamicsolverto predict the onset of dynamic stall and the influence of
upstream miniature trailingdge effector§MiTES) has been investigate&tatic CFD validation
cases and grid resolution studiesre first perforned for airfoils both clean and with Gurney
flaps. It was determinedthat CFD generally performs well in predicting the ziftoangle of
attack and zerdift pitching-moment coefficient for an airfoil, but the fully turbulent assumption
causes the maximuhit coefficient to be generally overpredicted.

Several trailingedge stall suppression and double stall cases from the U.S. Army
Dynamic Stall Data Package were used to provide experimental validation of the computational
methods used in OVERFLOW for dgmic stall. The overprediction of the maximum lift
coefficient resulted in the introduction ofqaasisteadyscalingfactor forthesecases; the use of
this scaling factors shown to greatly improve the quality of the dynamic stall predictions.

The aerdynamic response of a deploying and retracting upstream MITE, which is a
deployable Gurney flap, has also been investigated and validated for the purpose of providing
Avirtual wind tunnel 6 data for the devhel opmeni
MITE upstream of the trailing edge creates a lestaface vortex which causes significant
deviations from trailingedge MIiTE behavior that had previously been observed. This vortex was
observed in bott2-D unsteadyRANS and3-D DES simulations, with # transient responses

being qualitatively similar for both methods.
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Chapter 1

Introduction

1.1 Introduction

The maximum forward speed of most rotorcraft configurations (such as the helicopter
shown in Fig. 11) is often limited by a combination of compressibility effects on the advancing
blades and dynamic stall on the retreating bladessdlimitations usualyy become evemnore

stringentwith high blade loading and high altitude hot day operating conditiofis,2].

Figurel-1. Boeing AH64 Apache helicopter

While these issues are straightforward to addresdited-wing aircraft, the diverse
operating environment of a rotor in forward flight generally requires the blade geometry to be

capable of handling both limitations. Passive methods of addressing the individual limitations,
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such as airfoil design anddule tip speed, tend to be conflicting. Mitigating the compressibility
effects favors a slow hover tip Mach number with thin airfoils designed for low lift coefficients,
while reducing the amount of retreating blade stall favors high tip speeds and dé$agsed for

high lift coefficients. Thus, efforts for expanding the rotorcraft operating envelope and improving
the maximum speed must turn to active control of the rotor blade.

One method which has been widely considered is the use of miniaturegieaitie
effectors (MIiTEs), which are active, deployable Gurney flaps. MiTEs have the potential to
increase rotorcraft performance if they can be stored within ldde tand deployed as needed.
Such devicesllow for airfoils to be optimized more for the ahcing blade compressibility

requirements without sacrificing as much maximum lift coefficient on the retreating[Bldd¢:

1.2 Dynamic Stall

1.2.1 Description

Dynamic stall is a phenomendhat occurs whenever an airfoil exceeds its static stall
angle of attack as a result of any unsteady, tuependent motion, and is chaexized
graphically in Fig. 12 [1]. The boundary layer development is lagged, which delays the trailing
edge separation to a higher angle of attack. Separation then occurs fleadthg edge, creating
a bound vortex on the upper surface which increases the lift of the airfoil. Eventually the-leading
edge vortex is convected downstream and creates a rapid drop in lift and an increase in nose
down pitching moment. After the vortas convected downstreamith decreasing angle of

attack the flow reattaches.



‘:_umy: 2 Stage 1. Airfoil exceeds static stall angle,
~—o—Sitatic flow reversals take place in boundary layer.
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Stage 3-4: Lift stall. After vortex reaches trailing-
edge, flow progresses to a state of full separation.

Stage 5: When angle of altack becomes low
enough, flow reattaches front to back.

Drag coefficient, C,

Figure1-2. Flow morphology and lift, drag, and moment characteristics of an airfoil undergoing
dynamic stal[1]

1.2.2 Predicton Methods

Several methods exist for predicting for predicting the onset and subsequent
characteristics of dynamic stall, including the LeishfBaxldoes indicia[12] and the ONERA
[13] semiempirical models and computational fluid dynamics (CFD). While McCroskey
attained good agreement using CFD for predicting dynamic$#llit is still believed that there

is much room for improvement using this technolfigyj.



1.3 Miniature Trailing -Edge Effectors

Miniature trailingedge effectors (MiTEs) are active Gurney flaps which can be stored
inside a rotor blade and deployed when needed. Gurney flaps were invented by race car driver
Dan Gurney as a way to increase the ddéwwne produced by the wing of his Indipolis 500
car. Gurney flaps were experimentally investigated by Liebeck and were shown to increase the
maximum lift coefficient of an airfoil by nearly 30%. Liebeck also proposed a hypothetical flow
structure around the flap, shown in Fig3,lwhich moes the Kutta condition off the surface of
the airfoil and increases lifi.6]. Computational investigations into the flow field around Gurney
flaps by Jang et a[17], Date and Turnockl8], Lee and Krod19,20], Kinzel et al.[5-8], van

Dametal]21-24, and others have confirmed Liebeckbs I

Airfoil
trailing edge >5<-
VI DD IS PSP LTI & &
e N N> Flo rtiall
separation w partially
pbublttnle/ : turned toward
i flap
Gurney {*\x\_
flap "

Two vortices
of opposite sign

Figurel-3. Li ebeckbés hypothetical [6] ow structure ar

If a Gurney flap can be stored wiitha rotor blade and deployed as negdhey have
great potential to increase rotorcraft performaj3:6,10,11]and reduce vibratory load25-27].
Storing the MITE usually entails moving it upstream of the trailing edge to a place where the
airfoil has sufficient depth for retraction, but thigshthe effect of reducing the effectiveness of

the MITE. The aerodynamic effectiveness of an upstream Gurney flap was investigated
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experimentally by Bramesfeld and Maughri28], with key resultsncludedas Fig. 4. It was
observed that for a given chaevide location, the change in maximum lift coefficient is nearly
linear with the height of the flap. As would be expected, the effectiveness of a Gurney flap

decreases the further upstream it is located.

Gurney Flap Location //p
03 @  1.00c
o 0.95¢
I A 0.90c A
ACl max| e
0.2 - - ////-///(1ﬁ
I e
e -
e -
/./
/ ~
_/_./
0.1 . /,,A/
0.0
0 1 2

height, %c

Figure1-4. Change in maximum lift coefficient with varying Gurney flap heights and chordwise
locations for the S903 airfdi28]

The reduction in upstream MITE effectiveness was investigated computationally by
Kinzel [5-8]. Forthe S903 airfoiit wasrevealed that a vortex forms on the lower surface of the
airfoil behind the Gurney flap, shown in Fig:51 This vortex also affects the development of
unsteady forces on the airfoil when compared to those of a MITE at; h@@xample of these
differen@s can be seen in Fig:61for the S903 airfoil with MiTEs at 0.8@&nd 1.0@ oscillating
harmonically with a reduced frequency of 0.14.

The numerical investigations by Chow and van Dam for an upstream MIiTE (which they
refer to as a 0 nwind-turbirteaibfall yevealad verytsienilarS @&t for the

flow structure[23,24], which is shown in Fig. -¥. They also investigated the aerodynamic
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response due to ramp deployments, which for this case are step functions approximated using
sinusoidal dployment functions of various lengths between the retracted and deployed states;
their results for the various deployment times are included as BigTthe responses show very
peculiar behavior, particularly in the lift coefficient; the change in lifitifirst negative for the
deployments before increasing to the eventual steady state response. Chow and van Dam
recognize this behavior, but they do not investigate why it occurs. Instead, they conclude that the
transients do not affect the patploymemn aerodynamic behavid@3,24] The applicability to
rotorcraft of their conclusion is not immediately apparent and deserves further investigation.

It is this behavior of the lift, drag, and pitchingpment that is of particular interest in
recent effort¢o develop a generalized, unsteady upstream MITE @&l Previous models
were found to be limited in either their applicability to upstream MiI[B=4 or their applicability
to generalized, neharmonic deployment schemes in the time donjah11l] Computational
fluid dynamics is a powerful tool to support the development of this new model, as physical
insights into the flow field can be gained and forces predicted without needing an expensive,

time-accurate unsteady experiment.

Figurel-5. Time-averaged streamlines af upstream Gurney flafor the S903 airfoi[5]
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0°,Mp = 0.1,R=1.0 x 16, andk = 0.14[7]

Figurel-7. Instantaneous streamlines of an S809 airfoil with a @. GLiney flap at 0.95[23]
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1.4 Goals

As it is beneficial to improve the fundamental understanding and the capabilities for predicting
both dynamic stall and MiTE aerodynamics, the present study is divided into three components,
each dependent on the previous:

1. Validate static predictions fro®@VERFLOW 2.1 for airfoils, both clean and

with Gurney flaps

2. Assessment and validation of OVERFLOW 2.1 for predicting the onset of
dynamic stall
3. Development of a database of CFD upstream MITE predictions which are

conducive to developing a generalized aadly aerodynamic model

1.4.1 Static CFD Validation

A certain requisite for analyzing dynamic stall and MiTE aerodynamics using CFD is to
first validate that the solver produces reasonable solutions and that the solution is grid
independent. This will be aomplished by analyzing the S408-tititor airfoil, which has been
tested in the Penn State L&peed, LowTurbulence Wind Tunnel in both clean and with
upstream Gurney flap configurations.

These geometries will be analyzed using OVERFLOW 2.1 to deterwminich surface
grid resolution produces sufficient results without excessive computation time, whether the
solution method is valid for this class of problem, and if the turbulence modeling produces

reasonable results given the assumption of fully turitdlew.
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1.4.2 Dynamic Stall CFD Predictions

This investigation will make use of OVERFLOW 2.1 and all results will be validated
against experimental data from the US Army Dynamic Stall Data Package (USARSRA)he
USADSDP provides a useful set of expsgntal data for the Vertol VR airfoil for the purpose
of identifying flow physics which are not being adequately modeled by CFD. These data were
originally collected by McCroskey et al. when they investigated the dynamic stall characteristics
of seven otorcraft airfoils and one supercritical fixedng airfoil [30,31]

Static, trailingedge stall suppression, and double stall cases are included in the data
package. Each case will be analyzed using CFD, and methods for improving the quality of

predictiors will be considered.

1.4.3 Upstream MITE CFD Predictions

The primary objective of investigating MiTE aerodynamics in OVERFLOW 2.1 is to use
CFD as a dvirtual wind tunnel o in |lieu of exp
that influence theransient aerodynamic responses. This is to foster the development of a
generalized unsteady upstream MITE aerodynamic model based on indicial methods using the
Duhamel integral29]. While the indicial response is the basis of the method, CFD simulafions o
ramp deployments and oscillatory deployments are also necessary to provide validation cases for
the generalized model. The predictions by Kinzel e{sB] and Chow and van Daf23,24]
provide a dataset against which the CFD results can be qualitateetpared to improve

confidence in the quality of the solutions.



11

An additional aspect of this study would be to improve the understanding of the
important flow physics which influence the unsteady responses and to investigate how they affect
the forces ad moments produdeby a MiTEin a rotor environment. It is initially believed that
the decreases in lift immediately after MIiTE deployment as observed by Chow and van Dam
[23,24 are related and possibly equivalent to the deviations from Theorddsepnehavior

observed by Kinzel for oscillating upstream MiT[Bs3].



Chapter 2

Description of Numerical Methods

2.1 Solvers andsolution Strategies

2.1.1 OVERFLOW 2.1

The Reynoldsaveraged NavieBtokes (RANS) solver OVERFLOW 2.1 was used as the
primary analysis tool for all static and dynamic solutions. It is a structured solver and can use
either singleblock or Chimeraoverset mshes. All grids are required to be defined in three
dimensions, however boundary conditions available in OVERFLOW 2.1 allow for the treatment
of two-dimensional and axisymmetric geometrjd2]. The most recent release as of the writing
of this thesis, wesion 2.1ae, includes a variety of erad tweequation turbulence modelsut
with no treatment of unforced transition. While it is possible to definditgs and fullylaminar
regions, all cases run for the present studies were assumed to berfulgnti The Spalart
Allmaras (SA) oneequation turbulence modg33] with streamline curvature corrections was
used for the majority of the cases considelidt: use of hybrid RANS/LargeEddy-Simulation
(Detached Eddy Simulation, or DE&pproacH35] wasalsoexamined All cases using the-8
turbulence model were run twbmensionally, while the DES solutions were run three
dimensionally to resolve larggcale spanwise turbulent structures.

The current investigations employ an implicit algorithm ughngsecondorderaccurate
Pulliam-Chaussee scalar pentadiagonal-hefhdside (LHS)[36] and an upwindedsecond
orderaccurateright-handside (RHS). While the Pulliaf@haussee algorithm (which is based on

the BeamWarming algorithm[37]) favors a cenal-difference RHS for Couramumber
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independence of the solution, thiss foundto be numerically unstable for some dynamic cases.
The errors introduced by having an upwinded RHS and the recommended artificial dissipation
were investigated and determintal be negligible compared to the flow characteristics being
investigated.

All static airfoil cases without Gurney flaps were mantime-accurate until the L2
Norm of theresiduals vectoconverged to machirgero. All unsteady cases as well as static
Gurney flaps cases were run secamder timeaccurate until the forces lsieved a limitcycle or
the desired amount of simulation time was reached. Newtoitesalions were used for all time
accurate cases to improve temporal accuracy, the number of vatied depending on the size
of the timestep. Force integrations are performed using US[{BRP

These methods yielded reasonable solutions and computation times, so other numerical

methods were not investigated.

2.1.2 ANSYS FLUENT 12.1

FLUENT 12.1 is arunstructured NavieStokes solver which is capable of both taod
threedimensional operatiof89]. While it includes a variety of turbulence models, including the
SpalartAllmaras model, this solver has garnered much attention due to its recenbimdtite
four-equation LangtrsMenter (L-M) transitional turbulence mod§0-42]. While it is labeled as
a fourequation turbulence model, it is more accurately described as being the S&quation
turbulence model enhanced by thddition of two trasport equations for intermittency and
transition morentumthickness Reynolds numbemhese additional equations allow for the
prediction of transition using the local variables of the flow field and can predict natural transition
and transition via a lamar separation bubble; they adescribed in more detail in Appendix A.

This model has the potential to be a major improvement over existingaodetwoeequation
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turbulence modelghat approximate the flow field as being fully turbulent. All FLUENT 12.1

sdutions are twedimensional andvere obtainedusingthe SIMPLE scheme with secoratder
accurate upwinding of all flux variables, withontime-accurate marchingnitially and then

implicit time-accurate marching until force convergence was achieved.

2.1.3XFOIL 6.96

Some verification of static CFD results can be obtained by comparing the predictions
with those generated by XFOIL 6.9463]. XFOIL is a potentiaflow panel method code coupled
with an integral boundary layer method. Théution iterates ontte boundaryfayer displacement
thickness with the outer flow solution until convergence is reached. Transition is predicted using
an approximatee™-envelope method anicludesthe influence of laminar separation bubbles.
Unlike previous studies which figethe transition near the leading edge of the aijfs)ij all
comparisons with CFD use natural transition witk 9. While the underlying panel method is
based on incompressible flow theory, the Kar#iaien compressibility correction is used and
provides reasonable results with increasing Mach number until the transonic drag rise. Airfoils
with Gurney flaps are not analyzed with XFOIL in this study, as a working Gurney flap has

significant amounts of separatiarich is well outside of the potential flomssumptions

2.2 Grid Generation Software

2.2.1 Chimera Grid Tools 2.0

All overset grids used for OVERFLOW 2.1 solutions were generated using Chimera Grid

Tools 2.0[44] based on surface grid definitions generated blgounse software (described in
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sectim 2.2.2). Chimera Grid Tools provides a graphical user interface for visually inspecting the
grids and allowing the user to provide local refinements. Thefreddrbodyfitted O-grids are
generated using an implicit hyperbolic marching scheme with @timiume sukterations (ten
subiterations gave high quality grids without much increase in computation time), and-the far
field grids are stretched Cartesian fpids. The wall spacing and maximum allowable stretching
ratios were determined by the bpsictices in overset grid generatid®].

While the farfield grid completely overlays the bodiyted grid, it lacks sufficient
resolution near the airfoil surface and actually includes grid points inside the airfoil itself. These
superfluous fafield grid points are removed in a pess referred to as heteitting This is done
such that the newdgefined inner boundary of the féeld grid and the outer boundary of the
bodyfitted grids have sufficient overlap to facilitate the overset interpolatsad in the flow
solver [46]. The holecutting is accomplished using X R A,& which are defined in Chimera
Grid Tools and interpreted by OVERFLOW 2d. cutthe desired hole§hese XRAYsarealso
able to move with a body in a dynamic simulation to allolapable geometries in OVERFLOW
2.1 while still preserving logically structured grids.

Hole-cutting is also required on the befliged grid when analyzing a MiTE, as the near
field grids of the airfoil and Gurney flap overlap and the boundary conditiecsme otherwise
inconsistent. Since the grids and boundary conditions are logically orthogonal to each other in

this case, collar grids must be introduced to

2.2.2 Airfoil Surface Grid Generation Software

To avoid the need for CAD software to generate airfoil surface geometries, a computer
code was written in the C++ language to facilitate the development of airfoil surface grids for

import into Chimera Grid Tools. The code reads in a standard airfoil coaditeatrepresenting
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a continuous curve beginning and ending at the trailing edge, and creates a piecewise cubic
Hermite spline to define the surface. The user inputs the desired number of surface grid points
and the grid spacing for the leading and tngiliedges. A cubic distributipnwhich is
parameterized by arc lengil,then used on the upper and lower sudathe total ardength is
theniterated based on straiglitie segments between grid points until convergeneehisved

The user also hasnaoption of defining the location and size of a MIiTE grid to be
generated for the airfoillThe normal and tangent vectors at the «specific MITE location are
calculated from the Hermite spline, and the MITE surface grid is defined such that its mergerli
coincident with the normal vector. The collar surface grids are generated next and follow the
airfoil surface before turning to become parallel to the MITE. This guarantees that the grids
properly align, even when the MIiTE region of the airfoil hdarge amount of surface curvature.
Finally, the computer code generates grid regions that are used by Chimera Grid Tools for

generating XRAYs for both the airfoil surface and the MITE.

2.2.3 GAMBIT 2.4.6

All two-dimensional unstructured grids for FLUENTases were generated using
GAMBIT 2.4.6 [47]. This software lacks a hyperbolic field grid generation feature, and so all
sides of the computational domain need to be defined before generating the field grid. The grid
around the airfoil is a ®/pe mesh witlthree blocks, each populated with quadrilateral elements
and extending 30 chord lengths from the surfdbe use of multiple blocks facilitates high
guality mesh generation for airfoils with blunt trailing edgélse arrangement of the blocks is
shown bé&w in Fig. 21. While FLUENT is an unstructured solver, each block was generated as
a structured mesh to ensure proper bountiargr spacing and to control the number of elements

in the field grid. As the turbulence model used in the FLUENT cases id basthe SST two
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equation modeland since a nslip wall boundary condition is used (rather than a-faittion),
they* value of the first grid point was set to be less than one at approximately thehbddo
location. While it is possible for transitioto occur aft of this location for most of the lift
coefficient range, the sensitivity @f .« on boundary layer parameters necessitates accurate

resolution at higher angles of attack.

Block Il
Block |

Block Il

Figure2-1. Schemat diagram of thredlock Ggrid



Chapter 3

Static CFD Validation

3.1 Somers S408 Airfoil

The Somers S408 airfoil is a tilbtor airfoil that was testeid the Penn State LoBpeed,
Low-Turbulence Wind TunngK8]. Validation of the wind tunnel can be found in Ref8.ard
50. The airfoil was also tested with a Gurney flap, making it an ideal choice for a grid resolution
study and some static validation of the CFD methods. Due to restrictions, neither an inege of t
airfoil nor coordinates may be included with this thesis, although they are available from Dan

Somers of Airfoils, Incorporated.

3.2 OVERFLOW 2.1 Grid Resolution Study

A surfacegrid resolution study was performed on the S408 airfoil operatiipat 0.2
andR = 1.50 x 16. Three neabody resolutions were considered: 225 x 100, 450 x 100, and 675
x 100 (referred to as coarse, medium, and fine, respectively). The leadidgrailingedge
spacing was chosen for the medium grid to give a maximum stretadtio of less than 1.2, and
appropriately scaled to the coarse and fine grids. As thefittety grid was generated so that the
first off-body grid point lies ay* = 1, and the stretching ratio is ~1.1 (in accordance to best
practices[45]), grid re®lution normal to the airfoil was not varied. The Spakdhinaras
turbulence model with streamline curvature corrections was used in the calculations for this

study.
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The lift, drag, and pitchingnoment coefficients for each grid are plotted in Fid., 8iith

key results listed in Table-B. The coarse grid shows the best agreement with experiment for
maximum lift coefficient, but its solution lacks grid independence. The medium and fine grids
show improvement over the coarse grid for predicting of the-lferangle of attack. The fine

grid shows better agreement than the medium grid for maximum lift coefficient and the character
of the pitchingmoment coefficient, but the differences are slight. Given that the solution for the
medium grid shows the begimgs of grid independence, the improvements gained by going to a
finer grid do not justify the increase in computation time. Therefore all airfoil grids used for

OVERFLOW solutions have a baseline resolution of ~450 surface points.

Table3-1. Summary of key predictions for S408 grid resolution st&dy,1.5 x 16

Coarse Grid Medium Grid Fine Grid

Gy -2.6566° -2.5115° -2.4671°
Cl.max 1.6532 1.6788 1.6731
W 14.0° 15.0° 15.0°

Cm.o -0.05563 -0.05251 -0.05148

Cdmin 0.01144 0.01113 0.01104
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3.3 Comparison with Experiment

Thepredictions from the medium grid are plotted in Fig @ith experimerdl data from
Ref. 48. There is strong agreement between CFD and the experiment in the linear region,
especiallywith the zerdlift angle of attack and ze#lift pitching-moment coefficient. There are,
however, noticeable differences in the slope of the lift curvelatthe maximum lift coefficient
is overpredicted bapproximately0.30. Both of these effects may bhg&edo CFD underpredicting
the amount of trailing edge separation.

OVERFLOW also predicted significantly higher drag for the airfoil than was observed in
the Penn State Lo8peed, LowTurbulence Wind Tunnel. This is most likely attributable to the
lack of transition modeling inthe results obtained usinGFD with the Spalarlimaras
turbulence model. Recent investigations comparing the Spdlararas model with the Langtry
Menter fourequation transitiomdrbulence model have confirmed that including $iton in a
CFD solution can allow for much improved accuracy in predicting the drag coefficient as well as

the predictionofalovd r ag Al amiShlar bucket 0
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Figure 3-2. S408airfoil predictions from OVERFLOW compared with experiméortthe clean
configurationR= 1.5 x 16
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3.5 Gurney Flap Predictions

The S408 airfoil was also analyzed in OVERFLOW with a 2.28fard Gurney flap
located upstream at 90% chord; these resultpragented irFigs. 33 and 34, alongwith the
experimental datéor the same configuration obtained in tRenn StatéJniversitywind tunnel
OVERFLOW captures the change in lift very well through the linear region of the lift curve, but
it deviates somewhat at higher lift coefficients and overpredicts the maximum lift coefficient by
approximately 0.23. Considering that the OVERFMOD results for the clean configuration
overpredicts the maximum lift coefficient tgpproximately0.30, the prediction ofp Gnax tO
within 0.07shows that the CFD predictionseaeasonable and consistent. An intereséisgect
of these results is that wita Gurney flap, OVERFLOW shows excellent agreement with
experiment for pitchingnoment coefficient, whereas there was little agesgnfor the clean
configuration The improvement in the pitchirgoment predictions is likely due to
OVERFLOW more accuratglpredicting the lowesurface separation location with a Gurney
flap. In the clean configuration, the separation point is strongly influenced by the boundary layer
development, whereas flow separation around a Gurney flap is relatively insensitive to the

boundary layer properties.
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3.6 Somers S903 Airfoil

Additional static validatiorwas performedusing the Somers S908ind-turbine airfoil
[52], shown in Fig. &b, as highquality experimental data is available for both the clean
configurationandwith a 2.08%chordGurney flaplocated upstream at 90% chd&8]. The grid
was generated using the techniques descriibedouslyalong with a surface grid resolution in
accordance with the results of the grid study. The OVERFLOW predictions for lift, drag, and
pitching moment are compared with experimental datég. 36.

For both configurations, OVERFLOW does very well in predicting the-liftrangles of
attack and the ze#ift pitching-moment coefficients. The slope of the lift curves are also
captured reasonably well at lower lift coefficients, but OVERW®L@oes not capture the change
in the lift curve slope for the clean configuration abameangle of attack of 6 degrees.

OVERFLOW overpredicts the maximum lift coefficient by approximately 0.04 for the
clean configuration, which is surprisingly accurakhis improved accuracy may be due to the
S903 being designed to have a maximum lift coefficient that is insensitive to roughness, and so
the fully turbulent assumption in the CFD does not break dowmtseably When a Gurney
flap is applied,however,the maximum lift coefficient is overpredictday 0.13 compared to
experiment. As a result, OVERFLOW does not do a good job capturing the change in maximum
lift coefficient due to an upstream Gurney flap being applied to this airfoil.

The pitchingmoment oefficient shows reasonable agreement between CFD and
experiment at prstall angles of attack. As was true for the S408 study, better agreement is
obtained for the Gurney flap configuration than for the baseline airfoil.

The drag coefficients were sigiéntly overpredicted by OVERFLOW for both

configurations, but that was an expected result of the fully turbulent assumption. For lift
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coefficients corresponding to the linear region of both lift curves, OVERFLOW does rather well
in predicting the changa drag coefficient due to a Gurney flap.

Further validation of this case was achiewmdinvestigating the flow field around the
airfoil, in both the clean and Gurney flapped configurations. FigtresBows the streamlines
around the airfoil in both corgurations from the OVERFLOW solutions at 4 degrees angle of
attack. These results are consistent with the expected flow field around an airfoil; the stagnation
point is in a reasonable location and the Kutta conditioatisfied for the clean airfoil. Tehoff-
body Kutta induced by the Gurney flap is evident in Fig(I8), but can be seen more clearly in
Fig. 38. The flow field near the Gurney flap shown in Fig83 i s consi stsent wi
predictions, which have beashownpreviously as Fig.-b [5]. It can be concluded from this that
the methods used I@VERFLOW for this investigation can adequately predict not just the
integrated quantities, but also the flow field around an airfoil.
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Figure3-5. Somners S903 airfoil geometif2]
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Figure 3-6. S903 airfoil with a 0.0208 Gurney flap at 0.90 predictions from OVERFLOW
compared with experimerR= 10 x 10



(b) Upstream Gurney Flap

Figure 3-7. Comparison ofime-averagedstreamlines for the S903 airfoil in both clean (a) and
0.0208 Gurney flapat 0.9 (b) configurationsJ= 4°,R= 1.0 x 16, Mp = 0.2
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Figure3-8. Closeup of timeaveraged streamlines near a 0.G2G8rney flap upstream at 0.0

on the S903 airfoilJ= 4°,R= 1.0 x 16, My = 0.2
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3.7 Assessment of Results

Considering that dynamic stall studies usually do not incorporate an accurate profile drag
prediction, and that Gurney flap studies tend to focus on the changes in drag asshaated
flap deflection the differences in predicted and observed drag coefficient due to the fully
turbulent approximation are therefore considered to be an acceptabidoerthis study. The
overprediction of the maximum lift coefficient for a clean airfoil is somewhat of concern, as itis a
key component of dynamic stall predictiobsithis will be addressed in the next chapter.

The flowphysics that govern a working Gurney flap involve flow separating around a flat
plate placed normal to the local flow velocities, thereby changing the outer flow. Thus, one would
expect that a sufficiently tall Gurney flap, such as the 2:384d 2.08%chard flaps used in the
static stuees would be relatively insensitive to the details of the boundary layer development and
the presence of lamindrbulent transition. This would imply that a fullyrbulent CFD solution
would give reasonably good predantis for the changes the aerodynamic coefficients due to a
upstreamMITE, even if the baseline, clean solution has errors in the drag and maximum lift
coefficient. Given that the OVERFLOW solution showed good agreement for the change in lift
coefficientand the total pitchingnoment coefficient with an upstream Gurney flap, the approach
used for the grid generation and the solution techniques are consideredutffidient for this

study.



Chapter 4

Dynamic Stall CFD Predictions

The ability d OVERFLOW 2.1 to predict the dynamic stall characteristics of the Vertol
VR-7 airfoil was investigated for three types of cases, static, tragligg stall suppression, and
double stall, at nominal baseline operating conditionMgf= 0.184 andR = 2.56x 1. The
USADSDP also includes select casebat= 0.3, however these cases were not considered in the

present study.

4.1 Vertol VR-7 Airfoll

The airfoil geometry as tested in the U.S. Army Aeromechanics Laboratbyy3®@meter
wind tunnel[15,30,31]is shown in Fig. 4., and coordinates are included in Appendix B. Aspects

of the corresponding overset grid for OVERFLOW cases are depicted inZEig. 4
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Figure4-1. Vertol VR-7 airfoil geometry.
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(b)
Figure4-2. Farfield stretched Cartesian (a) and néald bodyfitted O-type (b) overset grids for
VR-7 dynamic stall cases in OVERFLOW 2.1
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4.2 Static Predictions

The static aerodynamic characteristios the VR7 airfoil at the baseline operating
conditions M, = 0.181 andR = 2.56 x 16, were first considered as a way to validate the grid and
solution techniges used with OVERFLOW 2.These data are compared in Fe3, alongwith
theoretical predibons at the same conditions frofFLUENT 12.1, XFOIL 6.96, and the
experimental results frotne USADSDH15]. The OVERFLOW results use theASturbulence
model while the FLUENT solution uses theéM_turbulence model.

Experimentally obtained drag coeffigiis are not included in Fig.-3f as only the
pressure drags were measured. All three theoretical methaatpredictcax compared to
experiment, wittFLUENT showingthe bestaigreementlt is peculiar to note, however, thabth
CFD methods and XFOIlshow reasonableagreement with each other for the zéfioangle of
attack, but differsomewhatfrom the experimental resuliNone of the codeshow strong
agreement with experimerfor predicting pitchingmoment coefficients, but FLUENT and
XFOIL show qualitative agreement with each oth&hile FLUENT was better able to predict
the maximum lift coefficient of the VR, thiscould be the result of a variety of factors ranging
useof a transitional turbulence model the solution schemé\n overview of the key results is

presented in Table-4.

Table4-1. Summary of CFD and XFOIL theoretical predictions compared with experiment for
VR-7 airfoil, Mp = 0.184 R = 2.56 x 16

Case W Ci,max Ukta Cm.0
Experiment [15] -1.538° 1.511 12.5° -0.01336
OVERFLOW 2.1 -1.103° 1.582 14° -0.00539

FLUENT 12.1 -1.037° 1.525 14.5° -0.00241
XFOIL 6.96 -0.993° 1.611 15.5° -0.00061




35

2.0 -

1.5 A

1.0 -

—o— Experiment
— - — XFOIL 6.96
- - = -0OVERFLOW 2.1
FLUENT 12.1
10 U 15 20
(a) Lift

-0.10 H

0.0 T T T T T T T T T T T T T T T T T T T T T T 1
0 0.005 0.01 0.015 c 0.02 0.025

(c) Drag

Figure4-3. Comparison of CFD, XFOIL, and experimeniib] predictions for the VIV airfoil
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4.3 QuasiSteady Scaling

4.3.1 Lift Scaling

While the results from OVEFLOW are consistent with those obtained using other
theoretical methods, they do not match the experiment inlifeangle of attack or maximum lift
coefficient. This has major implications when performing an unsteady analysis. Even for attached
flow, the lift coefficients for a given angle of attack range and reduced frequency would not be
expected to match. For a dynamic stall case-gtafitconditions for an experimental case may be
presstall in the CFD simulation, which would drastically alter thmsteady characteristics. Thus,
it is unwise to rely purely on CFD to predict the onset of dynamic stall.

To account for these differences, the following cusdsady scaling of lift coefficient and

angle of attack are proposed:

a -
a- 8 4.1
astall - ‘3

ai=

giz=— 9 4.2

Cl,max,static
This is similar to a method of accounting for compressibility effects for Gurney flapped airfoils
[5,7], except that this scaling is meant to account for differences in predicting viscous effects at a
given Reynolds=d Mach number.

To apply these scaling factors to a CFD simulation, one first needs to have a reliable
prediction of the zerift angle of attack, stall angle of attack, and static maximum lift
coefficient, such as those obtained from a static experirfenta given physical angle of attack
range of an unsteady oscillation, Eg. 4.1 can be used to calculate the equivalent scaled angle of
attack range. Next, static CFD predictions are required to determine the theoreti¢ifl arghe

of attack, stall agle of attack, and maximum lift coefficient. Then tld¥jnge for the desired
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conditions can be substituted into Eq. 4.1, with the computaticobthinedl, and U, used as
the parameters to determine the physical angle of attack range for theofibns Once the
unsteady CFD solution is obtained at same reduced frequency, the computaticaditited lift
coefficients must be scaled by Eq. 4.2 with the computatistadilc maximum lift coefficient.
The entire process can then be inverted by ipiyibg the scaled lift coefficients by the
experimentalstatic maximum lift coefficientand redefining the angle of attack range to the
original, desired range.

In a mathematical sense this scaling can be thought of as a mapping of one solution to
another The lift curves for practical airfoils all follow the same qualitative shape and nearly
identical slopes in the linear region, varying quantitatively only by theldemmgle of attack
and maximum lift coefficienf53]. Thus it is reasonable to assuthat accurate predictions are
possible through a mapping of only those two parameters.

In a physical sense, the quastady scaling is a way to adjust for the differences in the
actual amount of trailing edge separation and the predicted amourgiatéd earlier, one of the
limitations in most CFD turbulence models is that they assume the flow to be fully turbulent. This
results in a completely different behavior in the boundary layer growth than would be
experimentally observed, even if the boundémyer is tripped at the stagnation point. At
transitional Reynolds numbers, such as that used in the baseline static case, there is no reason to
expect that the boundary layer characteristics at the traitigg in the experiment would be the

same as ibse predicted by OVERFLOW.

4.3.2 Moment Scaling

At this time there has been no investigation into using a similar scaling for piching

moment predictions. Unlikéhe lift curve, the mapping of the pitchingoment coefficient from
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one dataset to anotherrst straightforward, as the curves have limited linearity and drastically
different poststall behavior. As was seen in Fig-34there is no agreement between the
theoretical methods or experiment on whether the pitching moment should increase or decrease
after stall. The present study therefore makes no adjustment to the pitabingnt coefficients

obtained from CFD cases based on the scaled angle of attack.

4.4 Trailing-Edge Stall Suppression

The first set of dynamic stall cases considdmrdcomparisa of theory and experiment
focus on trailingedge stall suppression, which are cases where the maximum angle of attack is
only a few degrees past stdHor the VR7 cases included in the USADSDP, tirggle of attack
range is4.55° +f 10.05% which has a maximurapproximately two degrees pasall. At lower
reduced frequencies the airfoil experiences dynamic stall, but as the frequency increases the
amount of stall is reduced and the airfoil exhibits attached flow beh@B@1] This effect is
due to the lags in the boundary layer development increasing with reduced frequency.

Figures 44 through 47 show comparisons of the experimental data from the USADSDP
with predictions obtained from OVEREW. In all plots, two types of numericptedctions are

presented. fe fir st , | a b mdtched the repodeanglesof atthck dnd deduced

frequency from the experimenth e second, | adiloawt tbedproeedurefotlioeal | e d , 0

in Section 4.3 and plots the resulting equivalentddefficients and the raw pitchirgoment
coefficients versus the equivalent angle of attack.

The predictions for the lowest reduced frequecaysideredk = 0.01, are plotted in Fig.
4-4 along with the experimendl results The unscaled results signifidhn overpredict the
maximum lift coefficient and fail to match the predominant behavior of the dynamic stall. There

is also no evidence of stalling behavior in the pitchimgment coefficient. The scaled results


























































































































































































