ABSTRACT

KE, JIANGHUA. RANS and Hybrid LES/RANS Simulation of Airfoil under Static and
Dynamic Stall (Under the direction aJack R. Edwards

The hybrid LargeEddy/ReynoldsAveraged NavieStokes (LES/RANSand RANS
simulations areused to investigate thaerodynamic characteristics stibsonicflow over
airfoils undergoing dynamic and static st@imulations of flow over the Aérospatiale A
Airfoil show that the Menter BSL/SST RANS models, along with the LES/RANS models of
Choi and Gieseking, accurately capture the velocity and Reyatiklss fields associated
with incipient trailingedge separation. The inclusion of the Meitangtry transitionmodel
enables the capturing of an initial region of laminar flow culminating in a laminar separation
bubble, in accord with experimental results. However, the transition model also results in a
general thinning of the boundary layer downstream of the peak skiorirlocation and the
elimination of incipient separation near the trailing edgehe simulations of NACA 0012
airfoil at static stall casdyilent er 6 s SST wi incdlusioa ofenterLandirp ut t h
transition modeboth predict arattached flow &the leading edge, whereas e e s e ki ng o6 s
LES/RANS model on a coarser mesh predicts a massively separated flow characterized by
the stabilization of a detached leading edge vortex near the trailing Bdgpredictions by
Gi esekingb6s moésk agre® closely with @& rmeasurements of mean veldbity,
Reynolds axial stress and the Reynolds normal stress, bup@dict the magnitude of the Reynolds
shear stressHo we v er , Giesekingds model on a fine
becausehe underresolved LES on the fine mesh (but not fine enough as required in-a wall
resolved LES) fails to reproduce thascade process at the smaller scale and results in an
overly-energetic boundary layer near leading edge which resists and delagpdhatisn. In
3D simulations of NACA 0012 dynamic stall Cc
spanwise direction correctly predicts response of the massive separation at static stall angle
of 16.7° during downstroke pitching, but it also predicts sdmading edge separation which
is not present in the experiment during upstroke pitching. Mesh refinement in the spanwise
direction helps reducing the level of leading edge separation during upstroke pitching, but

results in arunderseparatedow solution for downstroke response
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Chapter 1

Introduction

A good balance between low computational cost and high fidelity is the major consideration
in choosing a turbulence model for the numerical simulation of a high Reynotdsenuwalt
bounded aerodynamic flow. As would be expected, a more accurate method typically demands more
storage and CPU hours to meet the mesh resolution and time step requirements and hence is more
computationally expensive. Different spatial and temip@eales need to be resolved in any
turbulence computation, the accuracy of a model and the corresponding computational cost are
dependent on the requirements for the resolution of such scales. Direct Numerical Simulation (DNS),
ReynoldsAveraged NavieStokes (RANS) models, and Largldy Simulation (LES) are the three
major categories of methods for modeling turbulent flows.

The whole range of spatial and temporal scales of turbulence would be resolved in a DNS
simulation, particularly, with the spatial scales ranging from the smallest dissipative scales
(Kolmogorov microscales) to the integral scale that is associated withdtion containing the most
kinetic energy. DNS has the highest fidelity among the above mentioned three methods and is
theoretically effective for any imaginable types of problems, since it seeks to solve the $takes
equations in a complete tinrg@curate, thre@limensional sense. On the other hand, DNS is the most
computationally expensive: a thrdamensional DNS requires a number of mesh points ('@
because of the vastly different scales must be resolved by the grid. The extremely high computational

cost of DNS makes it unsuitable for most engineering flows of practical interest [1, 2].



Unlike DNS method, RANS methods model all the turbulent behawiar flow instead of
solving for it directly. In RANS simulations, an ensemble averaged version of governing equations is
solved, in which Reynolds stresses are introduced to represent the effects of turbulent fluctuations.

The Reynolds stresses need eorbodeled in order to close the problem. A variety of methods have

been developed to do this modeling job, including algebraic orezeyaus at i on model s ( e.

Mixing Length model, [3]), on@quation models (e.g., Spal&itmaras model, [4]), tweequation

models (e.9.Q - model, [5],Q 1 model, [6], [7]). Since the turbulence scales no longer need to

be resolved in RANS simulations, the required mesh can be much coarser, and the computational cost
is much, much lower than that of DNS. In adutit statistically steady flows (although the mean flow

could be timevarying) can also be treated with RANS equations, this is often referred to as Unsteady
RANS (URANS). RANS models (and URANS) have long been applied in many engineering flows
and demonsated some level of success in predictive capabilities. However, because not all of the
relevant physics are modeled, and sometimes the theoretical concepts on which a model is based
could involve severe assumptions about the nature of turbulence, whiclmohde satisfied in
aerodynamic flows, RANS method may not be able to accurately predict all the features in high
Reynolds number, wabbounded aerodynamic flows.

LES is a technique based on the idea that only the smallest scales of turbulence a@d model
with subgrid scale (SGS) model through a filtering operation, while the largest and the most
important scales are allowed to be resolved. In this way, LES methods resolve the majority of the
turbulent physics in the flow with no need for grids as deas®NS methods, therefore greatly
reducing computational cost incurring in the smallest scales while allowing better fidelity than RANS
methods. LES has been successfully used in some aerodynamic flows over the last decade, for
instance, Jasen [8] condu@d the first LES of an airfoil in order to clarify the maximum lift angle of
NACA 4412 profile in 1996. Under a project named LESFOIL, Davidsel0]did a series of work
on applying LES on flow over Aérospatiale-Arfoil at the angle of attack of 13.38nd Re =
¢® p 1 Mary and Sagaut [1Hso conducted a largeddy simulation of flow over Adirfoil under
the same flow configuration. However, for high Reynolds number, wall bounded aerodynamic flows,

a wallresolved LES is still too computationally exyséve because near the wall more and more
energy resides in the smallest scales of turbulence which need to be resolved. A much finer mesh has
to be used to resolve these small but dynamically important eddies near wall, compared to that in the
outer regim. Chapman [12] estimated that the number of grid points required to resolve the inner

layer (the innermost 10% of the turbulent boundary layer) is proportiofalCtb, while the grid

™~



number required to resolve the outer layer and free stream regpogortional toY '(®. The high
mesh requirement for resolving the inner layer indicates thatresdlved LES may be applicable
only to those aerodynamic flows of moderate Reynolds num& (o 1), but not to most of the
engineering applications wih usually involve a higher Reynolds number.

There is a clear motivation to develop approaches that combine the advantages of both RANS
and LES. Instead of resolving the neall region turbulence, hybrid LES/RANS methods attempt to
bypass the inner y&r and model its effect through URANS concepts, thus dramatically reducing the
mesh requirements (and computational cost) compared witkregallved LES. In hybrid methods,

LES is performed through most of the flow, where the physics of the larges sealde resolved in

a computational effective manner, and URANS is used where the majority of the turbulent scales
cannot be resolved by the grid. This method relieves some of the practical restrictions of LES at the
expense of some amount of physicalefity. Some variations for modeling the near wall region
turbulence in wall bounded flows have been developed through these years, includivpdédd

LES (WMLES), Detache&ddy Simulation DES), and hybrid LES/RANS.

1.1WMLES, DES, and Hybrid LES/RANS

In a waltmodelled LES approach, which is also referred to asstradssmodelling approach,
the inner layer of the boundary layer is deliberately discretized not by the LES, and a wall model
containing the neawall physics is introduced. Such wall moaélinner layer provides a method to
model the instantaneous wall shear stiesdirectly, which serves as the flux boundary condition for
the outer region LES. A simple wall model is analogous to the wall function commonly used in
RANS approaches excetfttat it is applied in the instantaneous sense in-tinwirate calculations.

Such simple models also imply that the logarithmic (or power) law of the wall holds for the mean
velocity, which is not valid in many complex flows. For example, Schumann mb8leivhich was
developed specifically for channel flow calculation assumes linear relation between instantaneous
streamwise velocity at the first grid point off the wall and instantaneous wall shear stress. Grotzbach
[14], Piomelli et al. [15] also desigmme variants of simple wall model.

Even though such models have the advantage of adding negligible computational time
overhead to the LES, itds very challenging to d
the complex neawall physics. Thedgar i t hmi ¢ | aw doesnot hol d when
pressure gradients, or flow separation and reattachment, etc. are present, say in an aerodynamic flow.

This prompts first the derivation that corrects models based on logarithmic leM@]1then followed



by the development of hybrid models in which simpler transport equations are solved in the inner
layer, coupled to the outer layer LES.

The twealayer model (TLM) described in Balaras [17] has weak coupling between the inner
and outer layer, ahthe inner RANS and outer LES parts are computed simultaneously. A set of
RANS turbulent boundary layer equations is solved in the inner layer by an embeddedlhesash
in order to find out the wall shear stress which will be provided to LES, whitreasiter layer LES
provides boundary conditions to represent outer region for the inner layer calculation. Cabot et al.
[18-20] explored various features of TLM model. The #ager model was also successfully used in
trailing edge flow by Wang and Moirll$§] through adjusting RANS coefficients dynamically to
match LES at the boundary between the inner layer RANS and outer LES. Bocquet and Sagaut [21]
extended the model to compressible flow. Kawai and Larson [22, 23] followed the similar idea by
solving conpressible equilibrium and nesquilibrium boundary layer equations. The computational
cost to solve the RANS turbulent boundary layer equations is insignificant compared with that of the
outer LES because there is no need to solve the momentum equakierwiall normal direction and
the Poisson equation for the pressure.

Wall modelling LES method works well for simple attached flows, such as the turbulent
channel flow. However, the computational results by WMLES are less satisfactory for some more
complicated flows involved in high Reynolds number and massive separations.

Motivated by addressing high Reynolds number, separated flows, DES was first proposed by
Spalart [24] in 1997. The idea is to redefine the length scale dependent upon wall distance and a mesh
scale (or filter width) to determine whether a RANS or LES c¢lwsuwuld be used in a given grid
point. In the Spalarlimaras (SA) based DES model, the DES formation is obtained by replacing
the wall distanc&®@by'Qk | E R ¥ in the production/dissipation terms and model parameters
in the transportationcation of SA RANS model, her&k | A FofafVa , is the maximum grid
spacing andd is the model constant. In DES applications, the wall parallel (streamwise and
spanwise) grid spacings are on the same order of boundary layer thickness, 8a4RRA&S model
is retained within the boundary layer'@s ‘Qin this region. Outside the boundary layer, the grid
spacing is typically smaller than wall distance, and DES reduces to LES mode through-the one
equation closure for the modified subgrid seadiely viscosity. By this approach, turbulence model is
in its RANS mode in the attached thin boundary layers containing flattened grid cells, whereas
turbulence model is in its LES mode (Smagorinkky subgrid scale model) in the regions of

massive sepatian and in free stream regions containing much more isotropic grid cells. In DES,



there is only one single solution field and the transition between RANS and LES is seamless.
Although DES was initially formulated for the Spalaitmaras model, it can atsbe implemented

with other RANS models [25], by appropriately modifying the length scale which is explicitly or
implicitly involved in the RANS model.

DES approach, in its basic form, relies on geometry and computational mesh to define the
distinct RANS ad LES regions. As a result, proper grid generation is very important because a
preliminary knowledge about precise flow structure is needed to correctly handle the RANS/LES
transition position. Aside from grid generation, another challenge for the omdfitais the problem
of Aambi guousod paral |l el maeldddressddeplesion tMSB)sand gidh i ¢ h  r
i nduced separation (GIS) [ 26] . The fAambiguouso
determined by grid spacing) roughly in thpper twethirds of the boundary layer and triggers the
switch of turbulence model from RANS to LES mode unexpectedly, but is not fine enough to support
LES content or resolved velocity fluctuations. This switch to LES erroneously reduces the eddy
viscosiy and therefore modeled Reynolds stress in the boundary layer, without corresponding
restoration of resolved stress. This is referred to as moduiess depletion (MSD). The depleted
stresses reduce the skin friction, which may lead to premature separaferred to as grithduced
separation. Spalart et al. [26] devised the Delayed Detdetidgd Simulation (DDES) to solve the
MSD and gridinduced separation by redefining the DES length $Qalso that it is a function of the
wall distance and locdlow characterizations such as the kinetic eddy viscosity, molecular viscosity
and velocity gradients.

Logarithmiclayer mismatch (LLM) is a feature common to most hybrid RANS/LES methods,
and also to DES and DDES. L-layst pddacedpbg RANS mddeln t h e
does not match the ldgyer produced by the LES model [29]. Nikitin et al. [27] observed LLM in
an attempt of SpalaAllmaras based WMLES (which essentially use DES formalism) to turbulent
channel flows, Baggett [30], Piomelli @t [31] discussed the topic in teame framework. LLM can
resultin an undeestimation of skin friction coefficient by 180% and oveestimation of the
velocity gradientQ "YQ dby 65% at LES and RANS interface. The cause of LLM is the lack of
resolved eddies in the interface region between RANS and LES mode. Since the total shear stress is
only a function of wall distance, the unekstimation of resolved stress means the -egéimation of
the modeled one, resulting in an increase in the meanityetwadient with the corresponding eddy
viscosity unaffected. By using stochastic forcing at the RANS/LES interface, Keating and Piomelli

[32] significantly enhanced the resolved stresses in their calculation, thus effectively reduced the



LLM. Travin et d. [33] and Shur et al. [29] developed an empirical blending function and introduced

a blended RANSES length scale dependent on it for a WMLES.glimportant to note that the

term AWMLESO in [29] does not h a v ehe prdvieus pag,me me a
since the Menterds SST equations here do not se
to the LES part, but works like the RANS part of a hybrid LES/RANS method. As mentioned later,

the WMLES and DDES are the two branche$DBDES model, each one provide a different way of

defining the blended RANSES length scale which affects the source terf@efquat i on i n Men
SST model . Here term AWMLESO is adopted just t he
The emjrical improvements to this model provide a great increase of the resolved turbulent activity

near the wall and adjust the resolved logarithmic layer to the modeled one, thus resolving the issue of
LLM. In an improved delayed DES (IDDES) method, Shur ef28l]] combine the pure DDES with

the WMLES free of LLM, the activation of which branch depending on whether the simulation does

or does not have inflow turbulent content. The IDDES method also completely removes the LLM for
channel flows.

In Zonal DES, he user explicitly marks different regions as RANS or as DES (Deck 2005)

[34]. Pape et al. [35] did a Zonal DES for a leading extgé airfoil in poststall conditions.

Hybrid LES/RANS simulations have become increasingly popular in the past few igears,
which RANS equations are solved in the inner layer whereas the filtered equations are solved in the
outer layer of a boundary layer. Unlike in DES methods where a DES length scale is defined to
determine which model to use in a given grid point, hyluit5/RANS methods use a blending
function to bridge the RANS and LES branches. The blending function is actually used to merge the
SGS and RANS eddy viscosities.

In his simulation of a turbulent channel flow at high Reynolds number using a hybrid
RANS/LES method, Hamba [36, 37] applied additional filtering to the velocity components in the
wall-parallel planes near the RANS/LES interface to remove the logarithmic layer mismatch.
Davidson and Peng [38] simulated a plane channel flow and a separated flo@Dehidlr in a
channel with hybrid LES/RANS, where@ 1 model is used in the near wall region and a-one
equation SGS model is used in the remaining part of the flow. They also observed LLM in the
channel flow, but better results were obtained for tharseed flow due to the enhanced convection
and turbulent diffusions across the LES/RANS interface. Davidson et al. [39] simulated channel flow

using a hybrid LES/RANS method. By adding a source term to the momentum equations based on



velocity fluctuationstaken from a DNS database, forcing was provided to the LES/RANS interface
region and LLM was able to be removed.

Edwards and his group [40¢] performed hybrid a series of LES/RANS simulations on
shock/boundarayer interactions, high speed mixing, adlvas complex reactive flows in scramjet
propulsion. They emphasized the importance of flow properties rather than thelgrédl quantities
and devel oped two major approaches to computing
model . inodel,Ghe @ aylér snicroscale which is determined by acpiiration procedure is
used as the turbulence length scale upon which the blending function is dependent. Good results were
obtained in their simulation of Mach 5 compresstomner interactiond y Choi 6 s model [
drawback of this model is it needs fa&ibration in order to find out a model constant and thus is
problem specific. | Rby-dase @recailBrationgsonet nemded &y moreaandc a s e
the blending function is deteined by the ratio of the outer layer turbulence length scale with inner
layer length scale [43, 44]. The outayer length scale is estimated by using the resolved turbulence
kinetic energy, ensembleveraged modeled turbulence kinetic energy and turbalBequency, and
time-resolved frequency, while the inner layer scale is proportional to the wall distance. Calculations
of flat-plate boundary layers over a wide range of Reynolds numbers indicated that this new model
was able to provide medlow and seondmoment statistics which were in good agreement with the
experiments.

Chen et al. [4&0] recently developed a constrained laegely simulation (CLES) method
and applied it in the attached and detached-b@linded turbulent flows. They proposed ttat
whole flow domain be simulated by largddy simulation while enforcing a Reynolds stress
constraint on the subgrid scale (SGS) stress model in the inner layer. Either algebraisamukity
model or oneequation Spala\limaras model was used tomstrain the Reynolds stress in the inner
layer. In this way, they improve the LES method by allowing the mean flow of the inner layer to
satisfy the RANS solution while including the srasdlale dynamics in the meanwhile. Computational
results of mean vetity, turbulent stress and skiriction coefficient for threalimensional channel
flow by CLES were in good agreement with the experiments. CLES also predicted more precisely the
separation of flow past a circular cylinder compared with the pure dyn@magorinsky model
(DSM) and DES using the same grid resolution.



1.2 Motivation of This Work

As described in the last section, the new hybrid LES/RANS models recently developed at
NCSU have done good jobs in predicting the flow properties in shock/bodliagaryinteractions,
complex reactive flows in scramjet propulsion,-fiédite boundary laysey etc [4647]. To further test
the performance of these models, RANS and LES/RANS simulations based on some specific model
or its variant were conducted on the flow over airfoils under various stall status. The aim is to try to
determine whether these nedsl can provide reasonable prediction of flow features when the airfoil is
near stall or under static and dynamic stall status. This study represents the first application of NCSU
hybrid LES/RANS model#o external aerodynamic flows.

A simulation of flowover the AAirfoil designed by Aérospatiale was selected as the case of
near static stall for this study by using both RANS and hybrid RANS/LES methods. The near stall
configuration of this case: the fraream Mach number is 0.15, the Reynolds numbezchas a
chord length of 0.6 mis® p 1, and the airfoil angle of attack (AoA) is 13.3°. The experimental
data wused for comparison in this work is based
different wind tunnels [51]. Extensive flow measurements arailable for comparison, including
skin friction, surface pressure distributions and velocity and Rewstless profiles which are
obtained using laser Doppler velocimetry measurements. Some more discussion on the features of
flow over A-Airfoil near stall and previous simulation work will be pressdin Section 1.3.

Section 1.4 describes briefly why and how static stall and dynamic stall of an airfoil occur, as
well as the basic features of such complex phenomena. Some previous works on static and dynamic
stall by numerical simulations and experiments are also prb¥dihat section. In this study, RANS
and hybrid LES/RANS techniques recently developed at NCSU were used to study the subsonic flow
past an NACA 0012 airfoil under static and dynamic stall conditions. The flow configuration of these
numerical simulationgs the same as the conditions of experiment carried out by Pruski [57]. In
Pruski s experiment of bot h-steanaMachowumberd df, nami c
chord Reynolds number ¥'Q p8&t p 1, where the airfoil chord i&9 ™8 W, ard "%

o W fi is the freestream velocity. For static stall case, the airfoil remains motionless and the angle
of attack is fixed at 16.7°. For dynamic stall case, the airfoil pitches about its egraotdraxis
(aerodynamic center) with a mean angleatack of 21° and amplitude of 10°. The reduced
frequency of the pitching airfoil 1 “ "% T, where’Q ¢& Oais the pitching angular
frequency. Experimental data includes phiasged PIV velocity and Reynoldsgress measurements

concentraté at the leading edge of the airfoil and extracted at the static stall angle of 16.7° [57]



(which is traversed during the upstroke and downstroke phases of the pitch cycle for the-g@yalamic

experiments).

1.3Flow over Aérospatiale AAirfoil Near Stall

Flow around airfoil is considered as complex because transition and flow separation may
happen depending on the angle of attack, Reynolds number and airfoil shape. There is almost no
separation and the flow remains attached over the entire airfoil intile af attack is small. As the
angle of attack is increased, a trailing edge separation may occur because the flow is not able to stand
the pressure rise on suction side. As the angle increases further, the trailing edge separation spreads
upwards and cars more of the airfoil surface, resulting in stall. In addition, a separation induced
laminarto-turbulent transition happens near leading edge. This is normally because the incoming
laminar flow is decelerated and becomes unstable and forms laminaatEephubbles as it evolves
downstream. Therefore, for our-Airfoil static stall case, the development of boundary layer on the
suction side is characterized by the following features: the strong adverse pressure gradient
successively creates a laminapation bubble near the leading edge, a turbulent reattachment
happens somewhere a little downstream, and a turbulent separation zone shows up around the blunt
trailing edge after fully developed turbulence. Although the experimentafridtion data [4] is not
resolved well enough to indicate the laminar separation bubble and turbulent reattachment, Wall
resolved LES results by Mary and Sagaut Hrid direct numerical simulation results by Alam and
Sandham [523howed that such features should begres

Under LESFOIL project, Davidson [10] performed a walolved LES on subsonic flow
over AAirfoil at the same flow configurations described above. They successfully captured the
transition mechanism. However, since the mesh resolution was notdreieeigh near wall, they
predicted a too large laminar separation bubbles, leading to a delayed transition arsstimaded
lift force.

Kawai and Larson [53] performed investigation on the flow pashirfoil near stall
condition using a walnodelling LES technique which involves solving compressible equilibrium
and norequilibrium boundary layer equations. By considering the length scale behavior near a wall,
they proposed a method to address the numerical and subgrid modeling errors in the f@ntgi
of f the wall , whilcay ere andiss maot cfihloo g(alrLi M)h nprco b | e m.

removed in their WMLES, Kawai and Asada [53] used this method to successfully predict such



leading edge flow features as separation vortices indugeddverse pressure gradients, the

breakdown of the laminar vortices, and turbulent reattachment.

1.4 Static and Dynamic Stall Flow over Airfoil

Stall of an airfoil is caused by massive separation of the flow and characterized by a sudden
reduction in lift de to flow separation as the angle of attack increases and exceeds its critical angle of
attack. Dynamic stall, on the other hand, is a-inogar aerodynamic effect occurring when airfoils
rapidly change angle of attack (AoA). It refers to unsteady flgyarsdion occurring on aerodynamic
bodies, such as airfoils or wings, which are executing an unsteady pitching motion. The rapid change
of angle of attack can cause a strong vortex to be shed off the airfoil leading edge and convect
downstream; meanwhilehe lift increases as the leading edge vortex (LEV) containing\egitity
airflows travels downstream toward the trailing edge. However, the lift drops suddenly and
dramatically as soon as the vortex passes behind the trailing edge and the airfmrmsahstall [54].
Generally, the process and essential features of dynamic stall events can be described as following.

Starting from the flow being fully attached on the airfoil, the fiewversal first appears near
the airfoil trailing edge when the stastall angle of attack is exceeded. As the angle of attack further
increases, flow reversal spreads rapidly over much of the airfoil surface. At some point past the static
stall angle of attack during ai r fooexfolns nearphevar ds |
leading edge. The leading edge vortex continues to grow until at a certain instant, it detaches from the
airfoil surface and begins to convect downstream. As the sticiiioiced vortex moves over the
surface, its size increases, rdisigl in further increases in lift and negative pitching moment. As the
angle of attack further increases, the vortex leaves the rear of the airfoil, resulting in a peak value of
negative pitching moment and a sudden loss of lift. The airfoil is now statidéchas an extensive
amount of flow separation over its suction side surface. As a result, this leads to a hysteresis loop in
lift, drag, and pitching moment curves with angle of attack. After a sufficient reduction in angle of
attack f ol |downwandg pitehing, the bolndlasy layer forms again on airfoil surface,
reattaching from the front to the rear [57]. This results in large hysteresis loops to develop in lift, drag,
pitching moment curves versus airfoil angle of attack [58].

Therefore, vimen an airfoil experiences an unsteady increase in angle of attack and exceeds
its static stall angle of attack, an increase in lift can be developed without noticeable change in lift
curve slope. This means airfoil can work at higher angles of attacki€¢grthan static stall angle of

attack) without experiencing a dramatic loss of lift, or in other words, stall is delayed beyond its static
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angle of attack. The stall delay effect is related to the leading edge vortex mentioned above, which
forms, grows, onvects downstream, and finally sheds off the trailing edge. The suction induced by
the LEV motion strongly affects the pressure distribution, therefore profoundly changing airfoil lift,
drag, and pitching moment from its static stall counterparts. Thed®yneters influencing dynamic

stall includes Reynolds number, Mach number, reduced frequency or pitching rate, and mean pitching
angle [55, 56].

Flow over a rapid pitching airfoil is not the unique case where dynamic stall occurs. Actually
this phenomeon widely happens to helicopter rotor blades, turbomachinery and wind turbines. For
example, changes in angle of attack of helicopter rotors are predominantly caused by the sinusoidal
variation in blade incidence imposed on the rotor as it moves arouraithath. Fortunately, we
now know that the dynamic stall process on a helicopter blade may be experimentally reproduced on
a pitching airfoil in a twedimensional flow [56]. The universality of dynamic stall and the stall delay
effect as well as the spat flow characteristics makes this topic attractive. Researchers have long
been investigating the phenomenon via both experimentatior635P596] and numerical
simulations [54, 6466]. Some researchers also developed sangiirical relations of osciltang thin
airfoil theory to predict the forces and moment [54, 60].

The numerical simulations on dynamic stall phenomenon have mostly uselirtemsional
RANS computations; both for incompressible and compressible flows. Just mention a few, Weber and
Platzer [67] analyzed the dynamic stall behavior of the supercritical NLR 7301 airfoil with a 2D thin
layer NavierStokes code, where the compressible Reyraldsaged NavieBtokes equations were
solved with an upwind biased numerical scheme in combinatitn the BaldwinrLomax or the
Baldwin-Barth turbulence models. In their investigation of the dynamic stall onset with OA312 airfoil,
Geisslerand Haselmeyer [68] carried out numerical calculatidmssed on the solution of the
unsteady 2ERANS-equations inalding a turbulence and transition model, aside from performing the
experiments on a 2Wving model. Shida and Kuwahara et al. [97] analyzed the flowfield around a
NACA-0012 airfoil oscillating in pitch about its quarter chord by solving the-dimtensional
compressible Naviebtokes equations.

There were also several thrdmnensional simulations of dynamic stall flows in recent years.
You and Bromby [69] performed a waksolved largeeddy simulation with a globaloefficient
subgridscale turbulence moden turbulent flow over a pitching airfoil at realistic Reynolds and
Mach numbers using an unstructwgred. Their dynamic stall simulation showed the characteristics

of flow separation and reattachment process which were qualitatively congruent withmexpe!
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observations. By means of hifjdelity implicit large-eddy simulations (ILES), Visbal [70] analyzed

the onset of unsteady separation and dynamic stall vortex formation over a cratstgitching SD

7003 airfoil and NACA 0012 airfoil. In theicases, the free stream Mach number is 0.1 and chord
Reynolds number is® p 11, while the nominal constant pitching rate is 0.05. They observed that
the process was initiated by the breakdown of a laminar separation bubble (LSB) within the boundary
layer rear leading edge. The breakdown of the laminar separation bubble occurred at some incidence
as the airfoil pitching upwards and was followed by abrupt turbulence separation, after which a
dynamic stall vortex (DSV) formed close to wall due to the turbubenindary layer vorticity. By
means of tweand threedimensional numerical simulations, Martinat et al. [98] investigated NACA
0012 dynamic stall at Reynolds numberP &ad 16. Their study showed that downstroke phases of

the pitching motion are subjectdo strong threelimensional turbulence effects along the span,
whereas the flow is practically twdimensional during the upstroke motion. Rodriguez et al. [99]
performed direct numerical simulation on a NACA 0102 airfoil in full stall at atmwoderae

chord Reynolds numb& A v 1 mt,mamd found that the NACA 0012 exhibited a leaciaige /
trailing-edge stall which causes the massive separation of the flow on the suction side of the airfoil at
angle of attack = 12°.

The objective of this thesis is to develop and apply new versions of the LES/RANS models
developed at NCSU to airfoils near static stall and under dynamic stall. The remainder of the thesis is
outlined as followsChapter 2describes the governing equasoincluding Navier stokes equations
(and other transport equations) in RANS and LES foamswell as théetails of variou)RANS and
hybrid LES/RANS models used in this studyhapter 3presents numerical methods used in this
study, specifically the fie volume discretizatiom its arbitrary Lagrangia&ulerian (ALE) formfor
the incompressible subsonic flow with a moving me&dmapter 4 discusses the computational results
of flow over Aérospatiale AAirfoil near stall, with the flow configuration bgjrthe same as that in
ONERAOGs me as uThe computasonal résalt of flow over NACA 0012 airfoil under
static and dynamic stadirepresented in Chapter 5 and Chapter 6 respectively, and the expsiiment
Pruski etal. are used for comparison [E7Chapter 7 provides a summary of and some conclusions

that can be drawn from this study, and some suggestions of future work.
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Chapter 2

Governing Equations

2.1 Navier-Stokes Equations

The NavierStokes equations are the basic equations applietttel the flow of a viscous,
heat conducting flow. They consist of three momentum equations, one continuity equation and one
energy equation. The momentum equations are der
motion, while the fluid can be com&red as a continuum. It is assumed that the flow is viscous: the
stress in the fluid is the sum of the diffusive viscous term and pressure term. Continuity equation is
actually the mass conservation equation, and energy equation describes the conséetiay for
fluid flow. While body forces and heat addition can be included, they are neglected for this work.
Since this study dealt with the isothermal, low Mach number subsonic flow over airfoil with heat
conduction being neglected, thereisnoneesl s ol ve the energy equation

system of equations in this work. So the governing equations read in index notation as

Wy (r))=0

M,

H H _

—\ru; )+—A\ruu, +pa, -t,)=0 (2.1)

lru o o0 - 1

with the definitions

l‘” = nz;pui + “‘u] 8_ Zl"luk alug (22)

g1 12 3 Ty
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Heret is viscous stress and determined by Stokes Law for a Newtonian fluid, with viscbsityg
calculated by Sutherlandés formul a

— épT gS/ZTref +S
m= meféa- O T+S

ref =

(2.3)

where' is the viscosity at reference temperatife , for air:”Y CXPpw,' P P @
p1m QI d,and’Y p p&wW. As mentioned, isothermal flow is dealt with in this study, and fluid
temperaturéYremains constart Tt it as it is in the freestream flow, so the molecular visdcity a
constant

m=1.846° 10°kg/ m& (2.4)
In this work we assume that the ideal gas law holds:

p=rRT (2.5)
whereYis a constant, representing the gas constant for air.

In computational fluid dynamics, it is often converitar these equations to be written int so

called conservative form:

Ad o o o C

The conservative variables vect8are defined as:

er o

c &4

u=¢€u (2.7)
ervu
¢ 0
erwg

The components of source term ve¥are all zero in this work:

Do

c S

s=¢€u (2.8)
eou
e.u
&u

and the flux vectors are
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e ru g e0g
C C C ,/’u2+pl:I & du
E=£-£ =6 "Pu &xa (2.9)
e rvu u & u
e u e u
& 'wWu g &xa
e rv g e0g
ccc € vl g
F=F-F=¢ "W o &vu (2.10)
ervi+pu & U
é u e u
& '"W g &40
e rw g é0g
cC CcC c ¢ ruw Y & u
G=G -G, =¢ "W u = (2.11)
e rvw u &, u
€ 2 4 e u
erW +pu e[zzu

Direct numerical simulation (DNS) is the numerical method that seeks to discretize and solve
the NavierStokes equations directly. However, this method is too computationally expensive for
mostturbulent flows since very fine meshes and small time stepgeguired in order to resolve all
the turbulent scales. This is not affordable so far for most of the practical flows in engineering. In the
hybrid LES/RANS model used for this work, Reynelderaged form of NavieBtokes equations are

solved in the RANSection while the filtered Naviedtokes equations are solved in the LES section.

2.2Reynoldsaveraged NavierStokes Equations

The Reynoldsaveraged NavieBtokes equations are tira@eraged equations of motion for fluid flow.
The basic idea behind the eqjons is Reynolds decompaosition, an idea first proposed by Osborne
Reynolds [71] in 1895 when he tried to decompose the velocity field into atieraged motion and

a turbulent fluctuation. By Reynolds decomposition, an arbitrary instantaneous v#sialle be

decomposed into its tireveraged (or mean) componel) and fluctuating componerfsge

f=Ff+f (2.12)
= . 1 4+ ,,C

f=mkn;ﬁ f(Xt)dt (2.13)
f'=0 (2.14)
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Reynoldsaveraged NavieBtokes (RANS) equations are derived by splitting the variables into these
components and then averaging the instantaneous N&tekes equations. Nevertheless, a mass
weighted averaging called Favaveraging is usually used for compressible flow where significant
density fluctuations are involved, so as to make the averaged equations less compleaudfaging

can be described as
f=f+f" (2.15)

+T

138

lim. . &7 (Ot
7 T

zf
F

(2.16)
lim,_

||

A r (St

t
Since the low Mach number subsonic flow dealt with in this study was almost incompressible and
didnot experience significawner adeeenswaynodtarmeaddoad

RANS equations are

TR
Bl o )b (ron)=- B2 K-y 217)

The averaged equations are not closed because the averaging process introduces several additional

unknows without providing additional equations to compensate. In order to close thenpriite

Boussinesq approximation is used to estimate the Reynolds Etues§' term.

%é’lui + MU; 2 pu,
(?JX; 3 X,

_ o}

- ruu =t =m ijg

(2.18)

The Boussinesq approximation introduces another unknown, the turbulent eddy viscdsitgugh

which the transfer of momentum caused by turbulent eddies is modeled. Various RANS turbulence
models were developed to approximate this eddy viscosity in order to emulate the underlying physics
of turbulence and their relation to mean flow projest However, no universal RANS model has
been found to be valid to all kinds of turbulent flow, although some individual models might work

well in the specific flow circumstances they are designed for.
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A two-equation turbulence model developed by Meifit@ is used in this work, whereas
Menterbés baseline (BSL) and shear stress transpc

2.2.1 Menter BSL and SST Turbulence Closure

Menteré6s model (both BSL and SST) [ 7] i S UuSs
simulations in this study. As atwwquati on turbulence mod@ll, Ment e
model [6] near the wall an@ - model in the outer part of the boundary layEhis is achieved by
transformingQ - equations into & | form and employing a blending functid@to transition
between the two. In this way, the ability ® 7 model in modeling viscous wallounded flows
may be preserved in the new model, &sdlisadvantage of being sensitive to freestream conditions
is evaded by using ti®@ - model away from the wall. Therefore, the only difference between the
transformedQ - model and théQ 1 model is the addition of a croesiffusion term in the
equation.

Original Q@ 1 model:

! ! H bk 2
rk)+— ru; k -b'r k+——dmt+s 2.19
L) UXJ( )=t ™ “Xg( klnz)uxlg (2.19)
u u 9, W Hw?
—(r ruw)==tt, - br w+—dmts (2.20)
bl o) 2, B b e s, )
TransformedQ - model:
u " R Uk @
rk)+—\ru;k -b'r w+—dmts (2.21)
Bt rui)=r, B b e e m) B
E(r W+ H (ru W) gzz‘ M - b,r V?/+—e(m+sW2/77) +2r %l—uk Laid
m “Xj nt ij “XI UXJ u WUXJ UXJ

(2.22)
Now, Eq. (2.19) and (2.20) are multiplied by blending funct@mand Eq. (2.21) and (2.22) are
multiplied by p "O and the corresponding equations of each set are added together to give the new
model:

M M H Kk @
—(rk)+— ruk P - b'r w+ m+s 2.2
(%) “XJ( )= uxJE( km)uxju (2.23
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E(r 1/)/+L(rujw): P,-br %Lg(wswm)mg+2r(l- Fl)smiiﬂ (2.24)

Ht HX; KX; é KX; g WX KX
where
P 1 mS? (2.25)
P,1r gs (2.26)
1
€ Hu. w28, §
=gt H Uy U 3%%09 (2.27)
gIJX,- MX o HXG X 3(; kT H
For the Menter BSL model,
k
m=r 47:/‘7,/ (2.28)
and the blending functioi® is given by
F, = tanharg}) (2.29)
e & Jk 50m@@
arg, = mméma%, > 8,1 (2.30)

wherewis the distance to the nearest surface.

Table2.1: Model constants for Menter BSL and SST model

Model Menter BSL model Menter SST model
constant innerQ 1 outerQ - innerQ 1 outerQ -
0.5 1.0 0.85 1.0
" 0.5 0.856 0.5 0.856
1 0.0750 0.0828 0.0750 0.0828
Te 0.09 0.09 0.09 0.09
r 0.5532 0.4404 0.5532 0.4404
() o} o} 0.31 o}
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For the Menter SST model,
ak

m=r p=r——; ——— (2.31)
max(a,; W, )
wherenjis the absolute value of the vorticit@ is given by
F, =tanh(arg®) (2.32)

& Jk 500
argz:ma@oogwy’ 2
¢ wy

The model constants between the transforfied and'Q 1 equations must be blended in the

oo

(2.33)

same way, witlo indicating an inner (WilcoXQ 1 ) value andéo indicating an outerQ -) value:
f=Ff +(@- F)f, (2.34)
The model constants (BSL and SST)Tor - and WilcoxQ 71 can be found in Table 2.1.

2.3Filtered Navier-Stokes Equations

In LES, the large scale three dimensional turbulent motions of a flow (or large eddies) are
computed directly, while the small scale motions (or small eddies) are modeledofk scaleY is
established in order to separate the scales; the scale gheaitéris called the filtered scale whereas
the scale smaller than it is called the subgrid scale. The filtered MN&taikes equations are formed
based on the realization that any discretization is essentially a spatial averaging that filters out scales
that are smaller than such @ff scale [72]. In practice, a filtering operation is used to decompose the
velocity field into two quantities: the averagedcalled the resolvabiscale filtered velocity and the
subgridscale (SGS) velocity @2 The esolved part of turbulent flow field, or the resolvabbale

filtered velocity is defined as a convolution integral by [72]
G(x0=f @xipc D x)d (2.35)
where'Ois a filter function. The box filter, the Gaussian filter, and the sharp spectral filter are the

three most common filters used in LES. After the filtering operation, the following decomposed form

of velocity field is obtained
u () =T(x, 1) #'(x,1) (2.36)

and the cubff scaleY, which is also called filter width, is defined as the length scale of the mesh
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= (DxDyDz)"* (2.37)
Filtered NavierStokes equations, which are the governeguations for LES, can be
obtained by applying the filter operations over the NaS8iekes equations that governing the flow

field. The filtered NavieiStokes equations read

WM 0
0
ut(fu) uxj(fUin)=-£+ij(ﬁj-[ijs), (i=123) (2.38)

The filtered NavieiStokes equations have similar forms as RANS equations, the main differences are

the definition of modeled subgrid strelss (instead of Reynolds stre$s in RANS) and pressure

8
g (2.39)

p=7RT (2.40)
Here the subgrid scale (SGS) strésss modeled to represent the turbulent contribution of small

scale motions which cannot be resolved by the LES mesh. Sincet&SSonly represents a fraction

of the total turbulent energy, the presence of very small eddies close to surface in a high Reynolds
number flows demands a fine mesh to effectively apply LES to the near wall region. The mesh
requirements for a near wallES may even be close to that of DNS, therefore the practical

applications of LES to those high Reynolds number wall flows are limited.

2.3.1 LES Turbulence Closure

Subgrid scale (SGS) models of stress tefisaire needed to close the filtered Navi&tokes
equations (2.38). With the definition df shown in (2.39), closure is achieved by determining the
SGS turbulent eddy viscosity ¢ ). In this work, the subgrid eddy viscosity is defined g3 8}

n?,sgs =r /t?sgs (2-41)
Miogs=Cu S"2(0?) D72, C,, =0.06 (2.42)

The subgrid kinetic energy in Eq. (2.42) is estimated byfilesting the resolvedscaled velocity data:

20



1/~ = \2
q° :—(uk - G:-k) (2.43)
2

where the test filter is defined by
§—1[~ +20 ., +U + (U +20 ., +U + (U +20 ., +U ]

—1_2 (Ui_l,,-,k ui,j,k ui+l,j,k) (ui,j-l,k ui,j,k ui,j-l,k) (Ui,j,k.l ui,j,k ui,j,k+1)

(2.44)

It can be interpreted as a secanwder approximation of ether a Gaussian filter or ahaipfilter [73].
The filter width is the cube root of the cell volume as in expression (2.37)Yiandefined as the

magnitude of vorticity.

2.4Hybrid LES/RANS models

Recent efforts at NCSU have resulted in the development of a new class of hybredidyge
simulation/Reynoldsiveraged NavieBtokes turbulence closure methods suitable for high Reynolds
number, turbulent flows. The transition between a RANSpoorant (used very near solid surfaces)
and the LES component (used in the outer parts of developing turbulent boundary layers and in free
shear layers) is facilitated by the action of a fld@pendent blending function, which modifies the
eddy viscosity #ld as follows:

_ . . _ ek 2
m=r p= rg 7|/+(1- G)nt,sgsH (245)

with the subgrid eddy viscosity specified by (2.42). Heig a timedependent blending function that
connects the RANS and LES branches. The blending furei®generally designed to transition the
model from RANS to LES approximately as the boundary layer shifts from its logarithmic to its
wakelike structure. As such, the RANS component acts as dayalt model for the majority of the
flow, which is modedd as a largeddy simulation.

Therefore, the response of the hybrid LES/RANS models is dictated by the blending function
3, a timedependent quantity that reaches a value of unity where an unsteady RANS response is
desired and zero where an LES respdastesired [43]. Two different strategies in determining the
LES/RANS blending function were developed by previous efforts of Choi [42] and Gieseking [43, 44]

to facilitate a proper transition between RANS and LES, which are detailed in the followingsect

2.4.1 Choi 6s model
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I n Choi 6s model [42], the blending function

‘Qto a modeled form of the Taylor microscale:

~

& e 2Q
=1§- tanhéﬁ(Lh2 - 1) - fug
28 & VCon -
(2.46)
p=_9 (2.47)
a,c;

where the Taylor microscale is defined as

c; =.nlC w (2.48)

The constantois set totanh*(0.98) =2.297559!to fix the balancing position (where

—-— p)to3 T wThe constant is chosen to enforce the average RANS to LES transition

(3 T gposition) for equilibrium boundary layers at the point where the wake law starts to deviate
from the logarithmic law of the wall. To determinefor a particula inflow boundary layer, the

following procedures is used. First, a prediction of the equilibrium boundary layer is obtained through
a 2D RANS simulation by the same flow configurations. Then an initial estimate for the outer extent

of the log layer is défied by finding the value & such that

al, (.. §,au,, 0
%-In(d*)+C8&E"g=098 (2.49)
= o)+ cog g

The model constant is then found by the equivalen€e | , which arises from the use

of inner layer scaling arguments f@and] . Specifically, in the logarithmic region, one has
6 71 'Q6 , wherell is von Karman constan, 18t wando is the friction velocity. Then

substituting this into Eq. (2.47) and (2.48) in succession, one finds that
he - K C d w_u, d _d’

at the balancing position. This procedure requires-gteam information, the thermal state of the

wall, and a target boundalgyer thickness, all of which are specific to a particular boundary layer.

For the Aérospatiale Airfoil case wher e Choi 6s mo d e | was used,

provide this information, and the model constant was cfittesl as a function of the distance from
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airfoil stagnation point (two different cunfdted functions were used for the upper amavér

boundary layers respectively).

2.4.2 Giesekingbs model

To remove the probleapeci fic calibration procedure req
[43, 44] developed a new LES/RANS model as an alternative form for the blending fu@ctitime
principal idea is that the location of the outer part of the logarithmic region, or the location where one
might wish to shift the model response from RANS to LES, is related to the ratio of outer layer to the
inner layer turbulet length scale. The inner layer turbulent length scale is proportional to the wall

distanceQ while the outer layer length scale information is implied by the summation of length scale

determined fromiQ 7 model and a viscous length scale proportional @ . So the blending

function in Giesekingdbs model takes the form
18 e 1 20
G= E%' tanhéCs(—z- 1) - fl;|8 (251)
c e N U~

where constarit  p @1, and length scale ratio

/1 Jouer (2.52)

inner

l,uer =Cy =d (2.53)

outer

In this expression) p® is a constant,Qis the ensemblaveraged modeled turbulence
kinetic energy,Q is the ensemblaveraged resolved turbulence kinetic energyand] are
instantaneous and ensembieraged modeled turbulence frequencies,Qisdthe distance to the
nearest wall. The combination of instantaneous and ensawbtaged data allows @ahRANSto-

LES transition positiomy pX¢ to fluctuate about a mean value that is a function of the local,
ensembleaveraged state of the flow. As it is dependent on bothdager and outelayer turbulence
length scale information, this model is mor@ahle of adjusting to departures from local equilibrium,

and a problenspecific selection of a model constant is not required. The required ensemble averages

are currently computed using an exponentialgighted moving averag®" =Q"*(1- A) + AQ"

with A=Dt/t . I n Gi eseki ngo sthambedredefinedashe t i me scal e
t =min(t,t,.), t<4t,.
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t2 4tres
L

tros = —— 2.54
T (2.54)

where L is arepresentative length scale (an airfoil chord length in the calcudgtimsentedn the

next sectionsand’Y is the freestream velocity. This particular form assumes that a statistically

stationary turbulent flow will emerge after four residence titpegwhich may also be called a flew

through time or characteristic time)

As shown in the computational results presented in the later sections, the ensemble averaging
met hod to determine |l ength scale ratio (and bl e
steady flow cases where a statistically stationary state ca@abbed with enough time iterations.

However, for unsteady flows as in the dynamic stall case of NACA 0012 arifoil, the flow properties
keep changing with time and only instantaneous quantities make sense. Actually no statistically
stationery state exisfer unsteady flows, therefore the enserdleraged values might not be able to
reflect the outer layer length scale accurately at some instance in time; this makes it a problem in
determining the blending function with such an ensemble averaging teehimgBection 2.4.4, one

way of avoiding this issue is discussed.

The aforementioned LES/ RANS models (Choi 6s a
Menterdés BSL and SST models [ 7], which provides
governingthe turbulence kinetic energy and specific dissipation rate are not altered except that the
blended eddy viscosity definition of (2.45) is used in the production and diffusion terms. We have
used the baseline (BSL) v e rma LES/IRANSfapplMdaions. mthi§s mo d ¢
study, we use the SST (shear stress transport) variant to ensure proper coupling with the Menter

Langtry transition model discusskder.

2.4.3 Salazarés fix to Giesekingds model
Salazar [74] introduced a gridreection function in the definition of length scale ratio (2.52)
so as to take grid resolution into consideration while determining the RANS to LES transition. With

Salazaro6s fi x, the | ength scale ratio is redefir

Dmax

/1 M, 9(l o) = MIN[L0, max(]_,} )] (2.55)

inner outer
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The inclusion of grid spacin®,,,, = max[Dx,Dy,Dz) in determining the eddy viscosity

blending function facilitates a different transition between LES and RANS by avoiding
implementation of LES in those regions wddéhe grid is too coarse to support LES. In another

version of Sal azar 6s f i x, gishlsotakeh inte atound f i nter mit
. 1 D w
g(louter) = m|n[10, maxa—- Eglﬂ)] ' g: V/ (256)

outer
wherg and are instantaneous and enserrdleraged modeled turbulence specific dissipation rate.

The second version of Sal azar 6s fix wasnot used

2.4.4 Associate Blending Function with Concurrent RANS Solutions

In dynamic stall cases, unsteady flow is involved and the ensemble averaging method in
calculating outer | ayer |l ength scale described
more since the flow properties keep changing all the time. In thestigation of NACA0012
dynamic stall case, we also tried some other approaches in determining the-RERS blending
function in order to avoid the ensemble average problem for unsteady flows. One variant of the
blending function is to redefine the outiayer length scale in (2.53) by replacing the ensemble
averaged modeled turbulent kinetic enetggnd specific dissipation ratewith concurrent RANS

solutions of these quantities,

107 +k
lower = Chu 'ﬂf\“‘s RANS (2.57)
C2 WoandV
The idea is that a totally independent td6 me nsi on al RANS case ( Ment

this work) is implemented synchronically while running the hybrid LES/RANS case, by using the
same mesh (in x and y dimensions), the same discretization, the sanséepimas well as the same

flow configurations and other relevant paramet€s. and in (2.57) are the solutions of the
independent simultaneous RANS case, rather than
in the hybrid LES/RAN case. In this way, RANS information is directly used to provide part of the

outer layer length scale so that ensenraeraging is not necessary.

2.4.5 IDDES Model
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The improved delayed detached edilyiulation (IDDES) [29] combines delayed detached
eddy simulation with an improved hybrid RANES model aimed at wall modelling in LES
(WMLES), and switches between the two branches by a blending functiereskentially a hybrid
RANS-LES model that provides a flexible and convenient sgadelving gmulation for high
Reynolds number flows. The S$SDDES model used in this study is based on modifying the
destructionterminth®e quat i on of t he Mg neguatiodrsmai®d Srithanmged)l e |

_ X e [}
B+ 2 (ruk)=t, P b7 g + - dms,0m) (2.58)
Ht X KX KX é KX g
where "O is based on the RANS turbulent length scale and the LES grid length scales
| Jk
Fiooes = | RARS. lRANS:m (2.59)

IDDES

The IDDES length scale is the blending of that of the DDES branch and WMLES branoh (n

a direct blending here)

IIDDES = fd (1+ fe)lRANS+(1- fd )ILES (260)
where the blending functic® is defined by
fo =maq{(L- f,) o} (2.61)

with f, =1- tani{(8rdt)3J. Herei is related to delaying function, afdis an empirical blending

function; both will be given later in defining the length scale of WMLES branch.
The LES length scake  in (2.53) is defined by the subgrid length scéle

I es = CoesD (2.62)
D=min{max{C, d,,.C,Npe Mun ) N (2.63)
whered @ ds the fundamental empirical constant of DES, empirical conStant T v'Q

is the wall distancéQ is the grid spacing in wall normal direction, ahg, .= max(Dx, Dy, Dz) .
The lengthscale of DDES branch is
looes = lrans™ fa M@0 (lpans e (2.64)
where the delaying functiod, =1- tanf{(Brd )3J and

_ n+n,
k2 maxq( (o, /P 207)

r, (2.65)

26

(wt



The length scale of WMLES branch involves two empirical blending functidaad™Q
lWMLES: fB(1+ fe)lRANS- (1_ fB)lRANS (266)
f, = min{2exd- 9a2)1.0}, a=025-d,/h,, (2.67)

A second empirical blending functiéfis aimed at preventing the excessive reduction of the
RANS Reynolds stresses which has been observed in the vicinity of the RANS and LES interface

fo =max{(f, - 10}, (2.68)
i} _ o R

f.(d,/h ) =‘? 2expt 1]'0?3 ) IT aro (2.69)
i 2exp(-9.0a°) if a<o0

f,=10- max{f, - f} (2.70)

f, :tanh[(cfrdt)s], f :tanhchrd, )lo] , (2.71)

where® p& xandow u8tare additional model constants, and the quantitieandi are the

Aturbulentodo and Hind2lB5)nar 0 anal ogues of

?rdt: . L ST2 '
{ kdvzvmax{aij(ll:i/“xj)_ 10%% (2.72)
1 kg manda (/i P20
tisal so worth noting that the term AWMLESO i n
wha't was defined in Chapter 1, since the Menter

model to provide wall sheatress to the LES part, but woskmilar to theRANS part in a hybrid
LES/RANS method. As shown above, the WMLES and DDES are the two branches in IDDES model
each one provide a different way of defining the blended RABNS length scale which affects the

sourcetermoe quati on in MentHer&s t®%™M MAWWMEIESO i s adop

what was in the original reference [29].

25Menter-Langtrybdés Transition Model

Transition occurs through different mechanisms in different applications. In aerodynamic
flows, transition occurs due to floiustability (TollmienSchlichting waves or crossflow instability)
this is called natural transition [75]. In turbomachinery applications, the main transition mechanism is

bypass transition [76] that high levai§turbulence in the freestream impose the boundary layer.
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Another important mechanism is separafiotiuced transition [77], where a laminar boundary layer
separates due to strong adverse pressure gradient, and transition develops within the separated shear
layer. Historically, many of the traiisn models have been developed to depict the physics and
mechanisms of the laminar to turbulent transition process, incli@ingethod of Smith and
Gamberoni [78], lowY Qnodels [79], and empirical correlation models -g&]. Most of these

transiticn models are not CFD compatible becauselnoal operations are involvédthese are not
convenient to apply for complicated geometries. Menter and Langtry [83] have developed a
correlationbased transition model which is built strictly on local variabléss model is compatible

with the requirements of a modern general purpose CFD code. The basic idea oflM&miegt r y 6 s
transition model is that two additional transport equations, one for intermittency and one for a
transition onset criterion expressiedterms of a momentuthickness Reynolds number, be solved

and wil|l interact with the Menterodés SST turbul

intermittency’ reads

\

0 (%]
B &+L(rujg) P-E,+— & X ”?OHQ (2.73)
ut ij UXI g; sf —UXJ g
here, the transition production soureen is defined as
Pg = Flengthcaqug:onset] 08 (1_ Celg) (274)
where"Yis the strairrate magnitudéO is an empirical correlation that controls the length of the

transition region and is a function of the transition momerthiokness Reynolds numbérQ .
"O  controls the transition onset location. The destruction source term is defined as

Eg =Ca2 rwfturb (Cezg- l) (275)
whereq is the vorticity magnitude’O is used to disable the destruction source term outside of a
laminar boundary layer or in the viscous sublager,® , & ,® , and, are model constants.

The transport equation for the transition momenthitkness Reynolds numbérQ reads

H{ 5 H 5 HR
—(rRe, J+—(ru,Re, )= P, +—e(m+ m)—2 (2.76)
B, o ru e )+t e
where the source termd is defined as
,‘ ~
P, ==, T(Re"‘ - Re,)1.0- F,) (2.77)
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Here,0is a time scale present for dimensional reasons, "‘@nds a blending function.Y'Q is a
local value of transition momentuthickness Reynolds number calculated from the empirical
correlations and is a function of a pressure gradient parame#ed the turbulence intensityo ,,

and @ are model constants.

The transitiormodel interacts with the SST turbulence model [7] as follows

- o~ e 7]
E(rk)+i(rujk):Pk- Dk+Lé(m+skm)£g (2.78)
Mt bX; IX; @ KX; g
I5k = 9.4 P 5k = min(max@,; ,0.1),1.0)D, (2.79)

Ry 8
R =7 Vf; Fo=e ™ F =maxFy,.F,) (2.80)

whered andO are the original production and destruction terms for the SST modéDandis

the original SST blending function. Note that the production term in tbguation is not modified.
Reference [83] gives more details about thenkérLangtry transition model. As the Mentkangtry

model only affects the turbulence kinetic energy equation and as the constitutive equation for the
eddy viscosity is not altered, the integration of the model into the LES/RANS framework requires no
addtional modifications.

2.6 Arbitrary Lagrangian -Eulerian (ALE) Method

The dynamic stall case of NACAQ0012 airfoil in this study involves the pitching motion of the
airfoil, and consequently the moving meshes have to be employed to treat this case. One of the best
approaches to deal with moving meshes (or coordinates) matbaligais the so called arbitrary
LagrangiarEulerian (ALE) method.

The Lagrangian description and the Eulerian description are the two classical descriptions of
motion usually used in the algorithms of continuum mechanics [84]. In Lagrangian algasaicns
individual node of the computational mesh follows the associated material particle during motion,
which allows an easy tracking of moving surfaces and interfaces between different materials. But this
description has the weakness of inability to foll@arge distortion of the computational domain, so
ités mainly wused in structural mechani cs. Eul e
computational mesh is fixed while the continuum moves with respect to the grid. Eulerian description
can handle large distortion in the continuum easily but has difficulties in dealing with the moving

surfaces. Arbitrary LagrangigBulerian (ALE) description was developed to combine the best
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features of both the Lagrangian and the Eulerian approaches.AhEhdescription, the nodes of the
computational mesh may be moved with the continuum as in Lagrangian fashion, or be held fixed as
in Eulerian manner, or moved in some arbitrarily specified way.

The integral form of ALE conservative equations can béve@rusing Reynolds transport

theorem that is applied to an arbitrary voluemevhose boundar}y T w moves with the mesh

M
velocity V [86]. ALE form reads

~ ~ C.C
Mass: ﬁ(@v rdVCV)+ g}fc adv =0
Momentum: &(@V r\%vcv)+ ﬁr\(/:g@?dv =P &sav (2.81)
s v

where Vv is the material velocity vector, ans’ denotes stress tensor, andis the convective

L C ¥ - : : .
velocity C =V - V. The finite volume method was employed in thiady to discretize the above

integral forms of ALE conservative equations, which is detailed in the next section.
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Chapter 3

Numerical Methods

3.1 Finite Volume Discretization

In this study, the hybrid LES/RANS models are implemented into a fuakeme NavierStokes
solver that solves a low Mach number form of Nax8éwkes equations. The finite volume method
(FVM) is actually a discretization technique to partial differential equations (PDEs). In a finite
volume method, the domain is broken idiscrete volumes (cells) and information is stored at cell
centers (instead of cell nodes) to solve PDEs. Thiscesllered information represents the averaged

values of the entire cell volume, and the volume integral of the NStides equations is as

following
~ 2 U\J+£+£+“—é/gjv :g (3.1)
2% TR RRTYART L. '

Using the Greeiauss Theorem, the spatial volume integral can be rewritten as a surface integral

over the cell faces

Qo
Cc

0 C.c C
B\, +f{F, O A, =S (32)

&

The first term in Equation (3.2) becomes the partial derivative of the conservative variabléWector

O

with respect to time (as long as the cell volume does not change). In the second term, the surface
integral can be broken up into the separate faceseofdlls. These surface integrals are the function

of cellcentered values on each side of the face, and represent the fluxes of conservative variables
through the cell faces. For structured grid used in this work, there are six faces over which fluxes are

calculated. Therefore, as long as the volume of the cell does not change, the sum of the time rate of
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change of the cell averaged values and the fluxes of those quantities through the cell faces is equal to

\
the source ternb

W C C C C C C C

VCV + Ei—1/2,j,k + Ei+l/2,j,k + I:i,j—1/2,k + I:i,j+1/2,k +Gi,j,k—1l2 +Gi,j,k+1/2 =S (33)

-

|} —
where E, F, G are fluxes through the cell interfaces, they are split into inviscid and viscous fluxes.

The continuity and momentum equations have no source term, bkt theequations in Menter

SST turbulence model and tige ﬁem equations in Mentekangtry transition model have naero

source terms.

In this study, an arbitrarjagrangiarEulerian (ALE) approach is employed to deal with the
moving mesh problem in which cell volume is prone to change. So the ALE integral form of-Navier
Stokes equation (3.2) becomes:

o C ~
ﬁ%@Ude 8+ f{F ay, -GS )dACV (3.4)
or
;%&Udv B+ E[FALEk C)dAtV—S (3.5)

hereE is the mesh moving velocity (actually the moving velocity of each face).

Artificial compressibility method is used to solve the PDE system of the incompressible flow in this
study, where a fake time derivative of pressure is introduced in the continuity equation, and pressure
n instead of density becomes one of the primigwariables. With this treatment, equation (3.5) can

be discretized in an implicit formulation as below

n+1,k

s C
Smdl o, _Lg; jéﬂ Sk _

6 ¢br 2Dtpv qu

(3.6)
: " n+ VAL n-h/n- A n+lk ~
%J n 1,|<VCv L §| ch +U chv 1 .\ Qe C C C % 8
) A \Fye - Fuacu -\V._Sn»
ée 2Dt éali:.l( ALE,inv ALE,wsc)k O]kAk CVSH 9

Here thet and¢ p superscripts represent the current and next time level (time step) whi2 the

superscript representhe current subiteration leved, is the cell volumeYois the physical time step

o

(for time accurate simulation of unsteady flow) whiteis the subiteration time ste#.—l\D/E is the
)
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Jacobian of the steady part of equation (35% the preconditioning matrix introduced by artificial

compressibility method which is defined anlater section.Fluxes in ALE form are also split into

| 4 L 4
inviscid and viscous fluxed=, g, and - Fu g .-

With finite volume method, various flux vector splitting schemes can be used for the
reconstruction of these fl uxes. I n this -wor k,
Diffusion Flux Splitting Scheme (LDFSS) [100]. A secemdier central diffrencing method is used

to the reconstruction of the viscous fluxes.

3.1.1 Flux Reconstruction

Edwar dsDbiffusioh Blux Splitting Scheme (LDFSS) as modified for incompressible
flows in [100] is used for the construction of inviscid fluxes. This Manr type upwind flux
splitting method allows the information to propagate through the discrefjgamt as it would in the

real life physical flow. The inviscid part of the ALE fluxes are formulated as
%

L;C \./p
FALE,inv = A(fU ael +PF ) (3.7)
whereU , ¢ is the ALE contravariant velocity
_(C 9.C - o C
UALE =\u- O‘—(u' 'an"'(v' Eny+(w- \Enz (3.8)
v .
hered and lt are material velocity and mesh velocity respectively, and the outward normal
vector for the face.
U - . \’ -
In the above F ¢ is convective term anéF P is pressure term

1

é' 2 elg
é . u é u
¢ u & u
év U én,u
e u é 'u

Fe=g W Fo =gk (3.9)
€k U éou
¢ . €,
¢ W u ¢0u
e u epu
67 4 é U
eRe, 0 eouy

The convective fluxes at the face are then defined as
> ( - - ‘“c)
rUALEFl/Z _ac,1/2 rLC I:L +rRC FR (310)
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The scalar functions in equation (3.10) differ among Van Leer methodsislstudy, a version of
LDFSS method which is specialized for incompressible flow was implemented quantities in

equation (3.10) are defined following [100] (some modifications was made for our ALE case):

A2 =4 312/2 + 4Vrc2ef 12 (3.11)

is the Anumeri cal speed of soundo, where
5.-1d+8) 619
Viet o112 :%(\/ref,c,L Ve cr) (3.14)
0, i = (Ussr = BN + (V= BNy + (A - W, (3.15)

C 2 2
2 —
Vref CL/R ™ maxquL/R|maX’uref ) (3-16)

whereu,, is a reference velocity of the same order as the freestream velocity.
e a - po+|p, - (0%
C' =M, - maxd.0M,, 8- P 2|pL pR'g‘J (3.17)
é (; 2rLVref,c,1/2 —g
e a - Py - - 0%
C =Mg - maxdoM,, &+ P 2|pL pR|gJ (3.18)
é (s: 2rRVref,c,1/2 —g
where
° o 1 o lj)c
M= Z(ML/R D?, Mg =—=2 (3.19)
/2
1.+ 4 . .
w2 =5 \WMy-a M- Mg RVIR :
M 2(M aiM, - Mz +azM,) (3.20)
and
S N A
a g —5[1.0 signM L,R)] (3.21)
The interface pressure is defined as
1 + . + .
P12 ZE[pL + Pr +(pL - pR)(pL - pR)]+ rllzvrgf,p,llz(pl_ *Pr- 1-0) (3.22)
- 1
Puir —E(l M, r) (3.23)
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_ d>p,L/R

M pL/IR —

(3.24)
a'p,l/ 2

ﬁDp,|_/R =U RN 10 VRN 10 YW RN, (3.25)

Apaz =+ 31/2 +4V cli2 (3.26)

Viscous flux reconstruction is realized by using a second order central differencing method
about the cell interface. The total flux is the summation of the inviscid and viscous fluxes at each cell

face.

3.1.2 Higher Order Extension

The LDFSS scheme described in section 3.1.1 was extended to at leastsdeorgpatial
accuracy using the PiecewiParabolic Method (PPM) of Colella and Woodward [88]. As the name
implies, PPM uses parabolae (instead of linear functions or cons@ants)tnt er pol at e so a
for a more accurate representation of smooth sp:
order central differencing scheme in the presence of sufficiently smooth data. Howevebyeacedll
limiting procedure igequired to reduce the order of accuracy near local extrema for the purpose of
preserving the schemeds monotonicity.

As the first step of the basic PPM reconstruction; &fd rightstates are set to

A A 7 1
VL,i+1/2 :VR,i+1/2 :1_2(\/| +Vi+1) - 1_2(\/i+2 - V|1) (3.27)

whe e iis t h-garigblevecart i v e

p

u
\'
W
) (3.28)
w

D~ (D~ (D~ (D~ D~ D~ D~ D~ (D~
[ el el el el el el el el el N}

é
6 ¢
eRe,

which requires a sevepoint stencil in each coordinate direction and yields a feourder central

difference approximation on uniform meshes.
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Monotonicity preservatiois enforced by a ceby-cell resetting of left and right states [88] through

the following algorithm:
if Sgn[NLﬁﬂ/Z -V, - VFG-1/2)] =-1then

A —\/A —
VL,i+1/2 _VR,i-1/2 _\/i

else
C :VLA,\iﬂ/z - VR/.,\i-l/Z
_ 1 A A
D= G'q\/i - E(VL,Hl/Z +VR,i-1/2)]
if DC >CC then
VR'\,/il-1/2 :3\4 - 2\/L'?}+1/2
else if CC>DC then
VL'\,/iI-lIZ :3/| - WR?+1/2
endif
endif

The first fAifo block reset s wtishmdocal nmaxirmumprol at i o
mi ni mum. The second i i-dstate vatué at interfacerd /2 ertthe rightstdteh e r  t h ¢
value at interface - 1/ 2 so that the interpolation parabola that connects states at thedeseviih

the state at the cell center is monotonically increasing or decreasing. The consequence of this

procedure is that the final lefand rightstate valueé/L“,”R,i_l,2 are different from the averaged ones

(Vf}R’i,l,z). The amount of numerical dissipation added at a cell interface is proportional to the

difference in leftand rightstate values.

3.2Time Integration

An implicit artificial compressibility method combined with a subiteration procedure is employed to
obtain seconarder temporal accuracy. A seceodler time difference in ALE form is used in time

to form the unsteady residud :

) o U R VAU § VAR J L VAL
A n+lLk -_ cv 2Dt cv v 4 R(U n+l,k) (329)
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while RU ™) consists of flux term (in ALE form) and source term

g

6 C c ¢C Ny G
RU n+1,k) . (/’U WeF S+ pFP - FALE,visc) OC]I:<A1< - chSl‘,l (3.30)
u

k

%

Here thet and¢ p superscripts represent the current and next time level (time step) whi@ the

\ %
superscript represents the current subiteration leveis the cell volume, andF, . is the viscous

visc
flux. For each time level, the solution is iterated@o a desired convergence or number of
subiterations. The primitive variable vector defined in (3.28) is updated at the subiteration level as

follows for a single grid point:

n+1,k

< e 2
A =g P S BLipf pyriets
gDt 2Dt pv G, |
ADV,"1 W + EDV, M + (3.31)

n+1,k+1 n+1,k+1
BVi,j-l,k +FDVi,j+1,k +

CDV n+1k+1 + GDV n+l,k+1

i,j.k-1 ijk+1
el [7]
s O 0 OO OO Ou
gt y
&>— r 000 0 0 Of
é ref ¢ g
e-— 0 r 0 0 O O ou
?\/ref,c l;J
e w u
e-— 0 0 r 0 0 0 Ou
éVref,c l:l
P=¢ U
fw 0O 0 O r 0 O Oy
é ref ¢ g
¥ 0000 r 0 Oy
é ref ¢ l:l
e g u
~—~_ 0 0 0 0 0 r O
2 u
g{[ef,c g
Q?O()OOOOrg
eVrefc u (332)

In expression (3.31)0is the physical time step (for time accurate simulation of unsteady flow)

while ¥t is the subiteration time step, which is related to the eigenvalues of rﬁ’aﬁ(ﬂLE dl‘) and
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the preset CFL number. Matri® is the preconditioning matrix introduced by artificial

compressibility method, which is defined (8:32) (shown irthe previouspage). and’Yis the ideal
gas constant for the air, and reference veldéjty. is defined same as (3.16).

Details on the calculation of the flux Jacobians "Ocan be found in [101]. In our ALE
form discretization, the contravariant velociiit'ﬁ that appears in these Jacobian expressions needs
to be replaced by the ALE contravariant velo(:l&"y EC&T , wherel andEare material velocity and

grid velocity respectivelyThe implicit calculation of the system Jacobian ma@ix the Equation

(3.31) is approximated by block incomplete Lower/Upper (ILU) algorithm.

$ o
D:iP+i%+D (3.33)
Dt 2Dt pv
and 5, is factorized to reduce error in the block ILU method
~ ) P, D, P,
Di,j,k = Di,j,k - Ei,j,kDi+1,j,kA+l,j,k - Fi,j,k Di,j+1,kBi,j+1,k - Gi,j,kDi,j,k+1Ci,j,k+1 (3-34)

The offplane components can be grouped as follows:

L=A+B+C
U=E+F+G (3.35)
Then the equation (3.32) can be reduced using block ILU as follows:
(D+L)"(D") H(D+U) DVt = At (3.36)
This algorithm was implemented by using a forward and backward sweep:
forward: Dy MKz = (5“)'1(- AmMEk_ [ "py Mk 2) (3.37)
backward: DV ™ = py ™2 L (pry-iy npy ke (3.38)

And the primitive variables are updated as follows:

\VALSISE A VAL o WAL S (339)

3.3Initialization and Boundary Conditions

3.3.1 Initialization
The LES/RANS simulations were initialized by first performing aRBNS simulation on the same

grid. Then the RANS solution was set as the initial values of the LES calculation. In this study no
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velocity fluctuations were imposed on RANS solution, and reshod for sustaining turbulence
within the boundary layers was employed.

The freestream initialization for 2BRANS ( Ment er 6 s SST) computation i

k, =1.5(Tu?® u,)? (3.40)

w, =k, In (3.41)
where the turbulence intensityo @&t gvelocityo 0 , and’ is the kinematic viscosity of the
air at temperature Tt Ot
If MenterLangtrybds transition model [ 83] i-s acti

RANS initialization is redefined as follows:

k, =1.0310°u,’ (3.42)
w, =5.0u, /c (3.43)
g, =10 (3.44)
Re, . =(117351- 589428 Tu+0.2196 Tu?)3 1.0 (3.45)

Tu=1000 zk—” (3.46)
3u.?

whereQis the chord length anil is the free stream velocity, and the initial value of momentum

thickness Reynolds numbeRe, , is based on empirical correlations.

3.3.2 Boundary Conditions

Periodic boundargonditions were applied to the spanwise extrema of the 3D airfoil mesh
which has a finite span width. The following expression acts as an example of how periodic boundary
conditions were applied:

Vi, j,-k2 =V, j,K, - K2 (3.47)

whereQaanges from 0 to 2, whil®@ is the maximum number of cells in spanwise direction of
the 3D airfoil mesh.

Non-slip wall boundaryconditions are used at the airfoil surface. For inflomoundary
velocity and turbulence variables are fixed to bestime as those of the interimgighbor cell, while
pressure is extrapolated fraheinterior cells. For outflovboudary velocity and turbulence variables

are extrapolated from interior, while pressure is fixed to-$tesam values.
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Chapter 4

Simulations of Flow over Aérospatiale AAirfoil Near Stall

One task of this study is to numerically investigate the characteristics of turbulent flow over
an Aérospatiale Airfoil near stall with RANS and hybrid RANS/LES methods recently developed
at NCSU. This validation test case represents the first application of the NCSU hybrid LES/RANS

(Choi s and Giesekingds) models for external aer

4.1 Case Description and Mesh Generation
The A-Airfoil designed at Aérospatiale is a 0.6 m chord largihgle airfoil and was tested in
two different wind tunnels at ONERA [51] over a wide range of Reynolds numbers, Mach numbers,
and angles of incidence. Skin friction, surface pressure distribution and laser Doppler velocimetry
(LDV) measurements of botvelocity profiles and Reynolds stress components were carried out in
the tests. In this study, the freeam Mach number is 0.15, the Reynolds number based on a chord
length of 0.6m is 2.1xfPand the airfoil angle of attack is 13.3 degrees.
To perform the hybrid LES/RANS simulations, a very fine tkdigeensional Gype
structured mesh was generated for a blunt trailing edge AérospatisiidoA with Gridgen v15.6.
Table 4.1 shows the mesh characteristics.
Herec=0.6 mis chord e n g ti\ha,n dgsae the minimum and maximum cell spacings
along streamwise direction of wupper surface, &
(airfoil surface), and ez is the cell ssfazsi ng al

of the airfoil contain 2400 and 620 cells respectively along the streamwise direction. A denser mesh is
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required over the airfoil s wupper surface becal
features such as laminar separation bubblesnsto-turbulent transition, turbulent reattachment,

and trailing edge separation. Finer streamwise mesh resolution was applied to the regions near leading
edge (up to 0.25 chords) in order to better capture the laminar separation bubbles as well as the
transition process. Additional mesh refinement was also applied to regions near the trailing edge as
trailing-edge separation occurs here for the current angle of incidence. The span width is 0.02 chord
width, within which 72 cells with same spanwise spgcane located. The reason why a relatively

small aspect ratio (span width/chord length) was chosen for tAafédil mesh is because the

turbulent shear layer thickness and the separation region are small for this case.

Table 4.1 characteristics off3 C-type Aérospatiale AAirfoil mesh

. . , « “ = - span width
Dimensions Size x16 kK An/c k AaxlC kykd kT K| (x chord)
3021 x 181 x 73 39.2 0.0002 0.001 0.5x 10° | 0.00028 0.02

An X-Y snapshot of the computational mesh, which has an extension of about 10 chords and
contains about 39.2 million cells, is shown in Figure 4.1. The mesh was decomposed to 861 blocks

for parallel computation.

a) Computational domain b) mesh arounthe airfoil

Figure 4.1 Computational mesh oéraspatiale AAirfoil
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4.2 RANS and Hybrid LES/RANS Solutions
Both 2D RANS and 3D Hybrid LES/RANS simulations were conducted to investigate the
flow over A-Airfoil under flow conditions described in the previoustset For twaedimensional

RANS <cases, the following three models were u:¢
Menter6s SST model, and Mebaergbsey&8STt madei t woh h]
For threedimensional hybrid LES/RANS caséshoi 6 s model , Gi esekingbs m
model with the inclusionof Mentdrangt r yds transition model were e

In both the RANS and hybrid LES/RANS cases, the free stream velocity of the flow is
o} L@ axTi, the free stream pressurerjs p8tp o ¢ p mOTa , and the free stream
temperature i8Y ¢ mot. The RANS nodels utilized a 2D slice of the 3D grid used in the hybrid
LES/RANS calculations. In the 2D RANS cases, steady RANS simulations were conducted, in other
words, a nodime-acairate method was used for computations. In the 3D LES/RANS cases, time
accurate computations were | aunched by starting
conditions. Four characteristic times of initial running were required before stactimgllect
statistics, which were then collected over at least four characteristic times of advancement. In this
Aérospatiale AAirfoil case, one characteristic time (or flow through time) is about 0.01 seconds.
Actually the statistics were collected inig way: quantities”(fofD, etc.) and combinations of those
quantities { & & o hetc.) were first averaged over time (starting after four characteristic times);
and then the timaveraged data were averaged over the span to obtaindin@nsional dataset. As
shown in a later section, this (enseméleraged) statistical data was used to compute the mean

velocity components, as well as the second order statistics, such as the Reynolds stress tensor.

4.2.1 Pressure Coefficient and Skifric tion Coefficient

Figures4.2 and 43 show the mean pressure coefficiént ¢ n 76 and skin
friction coefficientd ¢t 7°6  distribution along the upper surface of the airfoil obtained by the
RANS modelsl n t he RANS computations, b ot horeditethet er 6 s
skin friction, wh er e a s-LaMgynttarsitiod sodES Gnbgredictd skin t he Me
friction on the front part and owgredicts it on the back part of the airfoilhe use of the Menter
Langtry transition model leads to the growth of a laminar boundary layer near the leading edge that
culminates in a laminar separation bubble extending &#m 1% o T o The formation of a

laminar separation bubble can alsodsen through the small plateau pressure region in the mean
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pressure coefficient profile. Turbulent reattachment occurs at alfout T ywhere the skin
friction reaches its peak. In contrast, the Menter BSL and SST models predict fully turbulent flow
from the leading edge. All of the three RANS models fail to predict the plateau pressure near the
trailing edge compared with the ex pdoraibetterjob a l dat
t han Me n tmedeldvish th8 $l@nteriangtry transition radel in & predictions over this
region.

Figures4.4 and 45 present skidriction and surface pressure results for the three hybrid
LES/RANS models testeidthe model of Choi, et al. [942] which requires-pedculation of a model
constant, the model f Gi eseking, et al . [ 43, 4 4] , and Gi es
Langtry transition model [ 8 3fredict thénskim fiicion,avhedeasGi e s e |
MenterLangtry transition model undgredicts skirfriction on the front pd of the airfoil and over
predicts it on the back part of the airfoil. A large region of laminar flow is not present for either the
Choi or Gieseking model s but both show indicat.i
RANS calculations, the usaf the MentefLangtry transition model leads to a large laminar region
terminated by a laminar separation bubble. Turbuleattehment occurs in this case as well, but as
this is driven mostly by the growth of resolved fluctuations, the peak in s&iof is less than that

predicted by the RANS model , and the skin frict
and Giesekingbébs models successfully predict the
experimental data, but Giesektlh@ mo d e | with transition model f ai

regi on, the predictions pr owlhamheydre nyett€s ageesmehti n g 6 s

with the experimental pressure coefficient data

4.2.2 Mean Velocity

Figures 4.6 and 4.7 show comparisons of mean streamwise (tangential) velocity profiles by
RANS models with experimental measurements at various axial stations located h@feen
TIR¢ T80 wThe profiles are expressed inawalb r ma | coordinate system. He
gives the best streamwise velocity ppredidsitiet i on,
velocity near the trailing edge, implying that traiiadge separaton i s del ayed s omewh
SST including the transition model greatly oyeedicts the streamwise velocity near the trailing
edge, indicating that trailingdge incipient separation is absent for this model.

Similar results are indicated in Figisr 4.8 and 4.9 for the hybrid LES/RANS models. Here,

Choi 6s model provides the best predictions of
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underpredicting the level of trailingdge separation. As in the RANS calculations, the use of the
Menter-Langtry model promotes flow attachment to the surface near the trailing edge. Comparing the
results of the RANS and hybrid RANS/LES models, it can be stated that the hybrid models provide
no great improvement in predictive capability, with the resafithe Choi, et al. LES/RANS model
being similar to those of the Menter SST RANS model and with the results of the Gieseking, et al.
LES/RANS model being similar to those of the Menter BSL RANS model. The Mesmtery
transition model provides worsestédts when embedded within the LES/RANS framework, an effect
probably traceable, as discussed next, to an-pnesfiction of neasurface turbulence intensity
downstream of the peak skinction point.
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Figure 4.2 Mean pressure coefficiehstribution along the airfoil obtained by RANS model

computation compared with experimental measurement
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Figure 4.3 Mean skifriction coefficient distribution along the airfoil obtained by RANS

model computation compared with experimental measurement

45



-4 ] experimental data
B =— = = Choi, etal. (2008)
B — = = - = (Gieseking, et al. (2010}
B Menter-Langtry transition (2012}
3
2
(=1 u
[&] |
-1 =
0OF

Figure 4.4 Mean pressure coefficient distribution along the airfoil obtained by hybrid
LES/RANS model computation compared with experimental measurement
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Figure 4.5 Mean skfriction coefficient distribution along the airfoil obtained by hybrid

LES/RANSmodel computation compared with experimental measurement
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Figure 4.6 Mean streamwise velocity profile as a function of normalizeehaatial distance obtained by

RANS model computation; individual profiles are separated by a horizontal profile of 1.4.
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Figure 4.7 Mean streamwise velocity profile as a function of normalizeeheathal distance obtained by

RANS model computation; individual profiles are separated by a horizontal profile of 1.4.
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Figure 4.8 Mean streamwise velocity profile as a functfamomalized walnormal distance obtained by
hybrid LES/RANS model computation; individual profiles are separated by a horizontal profile of 1.4.
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Figure 4.9 Mean streamwise velocity profile as a function of normalizeeheathal distance obtained by

hybrid LES/RANS model computation; individual profiles are separated by a horizontal profile of 1.4.
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4.2.3 RMS Velocity Fluctuations and Reynoldsveraged Shear Stress
For the RANS models, the Boussinesq assumption is utilized to determine the axial Reynold
stress component, which is then used to estimatentsdluctuation intensity. This component is

dominated by the turbulence kinetic energy. The Boussinesq assumption reads

_ Q
+ 1 2Py Q. Ska (4.1)
: X -

where upper bar A0 represents a time average.
For the LES/RANS models, the axial Reynolds stress component is determined by ensemble
averaging the filtered velocity data, starting after four characteristic times. The Reynolds stresses are

calculated by

ruru; 9 =
T i i O
- Uy, —?U-u- - 6//’ (4.2)

Here, thed o u b | e=()barepﬁesent S an ensemble averaging
process of ensembbveraging consisted of two steps: the quantities were first averaged over time
once data collection was started, and then the-@veeaged data were averaged in spanwise direction.

The Reynolds stresses then need to be modified to align with the streamline direction (tangent
to the airfoil surface),

=y'y'cosqg +y 'y 'sif g 4 'y 'cos ¢in (4.3)

5 \

=y'y'sifg +,'y'cod g 24 'y 'cos ¢sin (4.4)
U'V'= 4'y'cosgsing w 'y 'sin gos gty ‘(cds  gdin (4.5)

where— A O A176 is in the direction of streamlines.

Streamwise velocity fluctuation 06 jo 0 6 76 profiles obtained by RANS
and hybrid LES/RANS models are shown in Figures-4.10 and Figures 4.12.13, respectively. In
RANScomputations,frordif’J) T® to T, the results from Menterobs

S S

close and in good agreement with the experiment

model undepredicts the turbulence intethsinitially as a result of the effect of the transition model.
The location at which themsvalue goes to zero along walbrmal directions is nearer to the wall for

Menterd6s SST with the transition modelyeriswhi ch

present. Fromof®d T ¢ to To o the differences between numerical data and experimental
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measurements are magnified, as all of the models yorddict the experimentaims streamwise

velocity, which reaches values of nearly 20% near the tradingg e . However, Ment er 6

stil]l provides better prediction than Menter s

model still predicts a thinner turbulent boundary layer that is associated with the absence of trailing
edge separation.

In the hybrid RANS/LES computation, froadfco T to T y therms streamwise velocity
fluctuations are much smaller within the boundary layer when the transition model is included. This

is because in this region near leading edge, the flow remains lamheneag the flow has already

transitioned and has become turbtlénn t he solutions obtained us i

LES/RANS models. Fromf& 1@ to T, the effect of including the transition model is to enhance
the nearsurface axial velocity fluctuation intensity, relative to the other LES/RANS models. This
likely contributes to the undgrediction of trailingedge separation mentioned earlier. Fiifo

T to Ti8v wall models again undgredict thermsst r eamwi se vel oci ty. Resul

are in better agreement with the experimental

Gi eseki ngb6s mo dladgtrywansitton nhotldeaddve anthirmer boundary layer. This

is not surprising, because from the previous mean streamwise velocity analysis, we know that the
flow remains attached within the trailing edge region when the transition model is included. In
general, the hybrid ES/RANS models provide some improvement in predictive capabilitynier

axial fluctuation intensity.

The rmswall-normal fluctuation velocity 0 70 0 0D profiles obtained by
RANS and hybrid RANS/LES models are shown in Figures-4.18 and Figures 4.18.17. In

RANS computations, frorafcy T to i), both Menter ds BS-prediatthé SST
rmswall-n o r ma | velocity, wher eas Me npredictsditsin ttf2®dar wi t h
wall region but undepredicts it in theouter region. Fronif®o T tom®ow bot h Ment er 6s
BSL models give good predictions for treswall-n o r ma | vel ocity. Compared

model, the SST model performs better in the near wall region but is inferior in the outer region. Aga

Menterés SST with transition model performs wor

Trends exhibited in the LES/RANS calculations of the wwalimal velocity fluctuation

generally mirror those discussed for the axial velocity fluctuation. Fluctuation growth is sgapres

as expected, near the leading edge when the transition model is used. Further downstream, agreement

with experiment is good for both Choiés and
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the near wall region are similar among all models, againa the LES/RANS models provide some
improvement in predictive capability, relative to the RANS models.

Similar trends are in evidence for the Reynolds shear stresasgo profiles, as shown
in Figures4.184.19and4.204.21 Here, the normating factor is the square of the velocity, which
tends to minimize differences among the modelgerestindy, the ug of the transition model in
either RANS or LES/RANS calculations provides the best predictions of the Reynolds shear stress for
stationsup toc¥® T®. Further downstream, the predictions are similar to the other fluctuating
guantities in that the level of fluctuation intensity in the outer part of the separated shear layer is less
than indicated in the experiment. Agreement with experinimproves nearer to the wall for all
models, and again, a modest enhancement in accuracy is shown for LES/RANS versus RANS models.

Anisosur face of swirl strength of solution ot
inclusion of MenteiL a n g t r yiénanodelr ilustrating the formation of large turbulent eddies on
the suction side of the airfoil, is illustrated in Figure 4.22.

From the computational results shown above, the following conclusion can be drawn:
simulations of flow over the AérospatiafeAirfoil show that the Menter BSL/SST RANS models,
along with the LES/RANS models of Choi and Gieseking, accurately capture the velocity and
Reynoldsstress fields associated with incipient trailiegge separation. The inclusion of the Menter
Langtry malel enables the capturing of an initial region of laminar flow culminating in a laminar
separation bubble, in accord with experimental results. However, the transition model also results in
a general thinning of the boundary layer downstream of the peéakfriction location and the
elimination of incipient separation near the trailing edge. While Hlean predictions are very
similar, the LES/RANS models generally provide better predictions of the Reystodds
components than do the RANS models, whiely on the Boussinesq hypothesis.
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Figure 4.10 Profile of the rms streamwise velocity fluctuations obtained by RANS model

computation; individual profiles are separated by a horizontal profile of 0.3
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Figure 4.11 Profile of the rrreamwise velocity fluctuations obtained by RANS model

computation; individual profiles are separated by a horizontal profile of 0.2
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Figure 4.12 Profile of the rms streamwise velocity fluctuations obtained by hybrid LES/RANS model

computation; individulprofiles are separated by a horizontal profile of 0.3
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Figure 4.13 Profile of the rms streamwise velocity fluctuations obtained by hybrid LES/RANS model

computation; individual profiles are separated by a horizontal profile of 0.2
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Figure 4.14 Profileof the rms walnormal velocity fluctuations obtained by RANS model
computation; individual profiles are separated by a horizontal profile of 0.3
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Figure 4.15 Profile of the rms wallbormal velocity fluctuations obtained by RANS model
computation; individal profiles are separated by a horizontal profile of 0.2
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Figure 4.16 Profile of the rms wallbormal velocity fluctuations obtained by hybrid LES/RANS
model computation; individual profiles are separated by a horizontal profile of 0.3
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Figure 4.17 Profe of the rms wathormal velocity fluctuations obtained by hybrid LES/RANS
model computation; individual profiles are separated by a horizontal profile of 0.2
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Figure 4.18 Profile of the Reynoldseraged shear stress obtained by RANS model

computationjndividual profiles are separated by a horizontal profile of 0.014
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Figure 4.19 Profile of the Reynoldseraged shear stress obtained by RANS model

computation; individual profiles are separated by a horizontal profile of 0.014

56



xic=0.1 xlc =0.15 xic=02 xic=0.3
0.012 I-I- I
q

— =— = Choi, et al. (2008)
— = Gieseking, et al. (2010)

Menter-Langtry transition (2012}
a experimental data

xlce=05

—

0.008 H

(y-y, e

0.004 H

I I I I |
0 0.014 0.028 0.042 0.056 0.07

u'viuZ

Figure 4.20 Profile othe Reynoldsaveraged shear stress obtained by hybrid LES/RANS model
computation; individual profiles are separated by a horizontal profile of 0.014
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Figure 4.21 Profile of the Reynoldseraged shear stress obtained by hybrid LES/RANS model
computationjndividual profiles are separated by a horizontal profile of 0.014
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Figure 4.2 Iso-surfaces of swirl strength (2000Ysillustrating development of eddy

structures in airfoil boundary layer (near nose)
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Chapter 5

Simulations of Flow over NACA 0012Airfoil Under Static
Stall

Chapter 5 discusses the computational results of static stall case of NACA 0012 airfoil. In
this case, RANS and hybrid LES/RANS methods are used to study the flow past an NACA 0012
airfoil under static stall conditions. A number of RANS and LES/RANS sitiouia were conducted
on 2 types of meshes {@pe and Gype) to investigate the subsonic flow features of airfoil under
static stall, particularly the leading edge flow structures, under a relatively high Reynolds number.

5.1 Case Description and Mesh Gemnation

Pruski et al. [57] experimentally investigated the leading edge flow structure of a static and
dynamically pitching NACA 0012 at conditions representative of a realistic rotor in flight. Numerical
simulations performed in this study are underthesa conf i gurati on as the
experiments. In the static stall case, the airfoil angle of attack is fixed at 16.7°. Thardea Mach
number is 0.1, justifying the use of a weaktympressible flow assumption. The airfoil angle of
atta is relatively high (16.7°) so that the flow is in deep stall regime with a high Reynolds number
based on chord beifg’Q p8t p T, in which airfoil chord isd T& Wi .

I n Pruski 6s elocke@ Particle hmage Veabohiraesrye (PIV) technique was
employed to measure the instantaneous velocity/vorticity distribution and to provide thefieldole
velocimetry data at the leading edge region [57]. Thus, mean andeturbuproperties (mean
velocity field and Reynolds stresses) can be obtained experimentally for both static and dynamically

pitching cases. A total number around 700 image pairs were acquired for each test case, which was

59



sufficient to create statisticallpneaningful results in postprocessing. The origin of the coordinate

system is located at the leading edge of the airfoil, with x axis taken to be along the free stream flow

direction.

In this study, the flow configurations of numerical simulation case® et the same as

those in Pruskios

exper.i

ment s

for

both

st at

c

stresses distribution were calculated based on the simulation solution and compared with the

experimental measuremeifitsm [57].

a) O-type computational mesiiomain

Figure 5.1 Gtype computational mesh of NACA 0012 airfoil
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b) mesh around airfoil at AcA = 0°

b) mesh around airfoil at AcA = 16.7°

60



Figure 5.1 and 5.2 show the two types of mesh generated for the NACA 0012 airfoil flow in

this numerical work: Qype and Gype mesh. Both types of mesh have a sharp trailing edge. Again

the meshes were generated using Gridgen 15.6.

Table 5.1 showthe characteristics of these two types of mesh respectively.

Table 5.1 characteristics off3 O-type and Gtype NACA 0012 mesh

Mesh type Dimensions Size x16 | k aJc | k d.lc Ky kO kTl kO
721 x 201 x 65 0.0033
O-type or 721 X 201 X 129 9.4 or 18.8 0.0006 0.006 5.0x 10° or 0.00165
1153 x 225 x 65 16.8 0.00165
Ctype | 1153 205x129| or3ss | 00003 | 0.003 | 0.16x1C | |5 onne,
span width Mesh Extension
Mesh type (x chord) (x chord)
O-type 0.105 or 0.21 10
C-type 0.1050r 0.21 25

Herec=0.45 m is chord lengtfk, &, andk &, are the minimum and maximum cell spacings

along streamwise direction of upper surfdce/is the normal spacing of the first cell near solid wall

(airfoil surface), and Tis the cell spacing along spanwise directiBor Otype mesh, the upper and

lower airfoil surfaces contain 480 and 180 cells respectively along streamwise directiontyier C

mesh, the upper and lower airfoil surfaces contain 640 and 256 cells respectively along streamwise

direction. For both tye of meshes, a denser mesh is required over airfoil upper surface because flow

over upper surface has more complex features such as leading separation bubbles and trailing edge

separation. Finer streamwise direction mesh resolutions were applied tgitres neear the leading

edge and trailing edges where separation might occur. For the NACA 0012 cases, a thicker span

width (aspect ratio=0.21 or 0.105) than in thérospatialeA-Airfoil case was used due to larger

shear layer thickness and separationargi
The Gtype mesh was decomposed into 464 blocks or 464 x 2=928 blocks whiletype C

me s h

wa s

decomposed i

nt o

384

X

2=7638

bl ocks

mesh was split along the center line of the span so that eachhialdck span width of 0.105 chords

and contains half of the spanwise cells. For botlyge and Gtype meshes, no matter whether it was

split or not, periodic boundary conditions were applied on the spanwise boundaries.
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5.2 Static Stall Case at AoA=16.7°, Mach0.1

Both twodi mensi onal RANS ( Me nt e rdimensiofab hybricno d e | )
LES/ RANS (including Giesekingds model, Sal azar o

simulations were conducted to investigate the flow over NACA 0012 airfoil under stall flow
configurations described in the previous section. Th&R2DIS simulations utilized a 2D slice of the

3D grid used in the hybrid LES/RANS calculations. In 2D RANS cases, both unsteady and steady
RANS simulations were conducted; in other wor@i®th timeaccurate and netime-accurate
methods were tried for computations. For each RANS case, the code ran at least 40 characteristic
times (or flowthrough time) before convergence was obtained. In the 3D hybrid LES/RANS cases,
time-accurate computai ons wer e | aunched by starting with
solution as the initial condition. A number of 3D LES/RANS cases were tried by using various
models and meshes in order to investigate the effect of different models, mesh chacacttdsin

each of these cases, at least 40 characteristic times of initial running were required to reach a
statistically stationary state, after which data collection was started, which required at least another 40
characteristic times of advancemegimilar to the Aérospatial@&-Airfoil case in last sectigrthe
computational variables’ (6fAQ e8dand the combination of these variablésdf 6 62 B

were first averaged in time, and then averaged over the span. Data obfténdlle time and span
averaging operations were collected for later postprocessing in order to obtain the relevant flow
properties, such as mean streamwise velocity, Reyaoleiaged shear stress, Reynolds streamwise

normal stress and Reynolds wall mad stress.

5.2.1 Experimental Data of Static Stall Case

Experimental measurements [57] of static stall condition at 16.7° angle of attack are
presented in Figure &. where Parts (d) show the normalized streamwise velocity flow field,
Reynoldsaveraged shear stress, streamwise normal stress, and vertical wall normal stress. The
experiment clearly indicates that the flow separates from the airfoil leading edgheandan value
of separation point is located at x/c=0.04. Within the separation region, the maximum reversed
velocity may reach up tm8t OY . A relatively large expansion region may also be identified near the

leading edge, as the approaching fluid ace¢ds around the leading edge from the stagnation point.

The Reynolds stress contours show the presence of a detached free shear layer, and the peak values of

the Reynoldsaveraged normal and shear stresses are located within the separated sheaglager. Fi

5.3(b) shows the negative shear stress value, which is associated with positive streadwisg (
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and negative verticaldf ) fluctuations and negative streamwisi ( 1 and positive vertical

(6 ™) fluctuations. It indicates the momentum exclerigat takes place between the separated
shear layer and outer inviscid flow and between the shear layer and inner recirculation region. The
negative shear stress values are concentrated in the middle of the separated shear layer and are only
present neathe nose, while positive values of the Reynolds shear stress are present a little
downstream within the shear layer that spreads noticeably and becomes wider with streamwise
development. Figure 3(c, d) reveals that the normal stresses also spread &lergipear layer with

the streamwise development.

L

s L s s
0 ona 008 012 008 012
e

Figure 53 Experimental measurements of thaeeraged properties of the NACA 0012 airfoil at
static angle of attack=16.7°. (a) Mean velod®&Y , (b) Reynoldsaveraged sheatressa® Y |,
(c) Reynoldsaveraged streamwise normal strégs¥Y , (d) Reynoldsaveraged wall normal stress

Va®Y

5.2.2 Computational Results Obtained by Otype Mesh

Figure 54 and 55 show the results obtained by 2D unsteady RANS calculations wiype
mesh using Menter SST with and without the Medtangtry transition model respectively. The
solution obtained by a steady RANS calculation is not substantially different from that obtained by an
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unsteady RANS calculation. As before, Reynalttess prediatins are obtained by applying the
Boussinesq assumptions for the RANS cases, see equation (4.1).

Obviously an attached flow is predicted near leading edge in both RANS cases. The obvious
trend evidenced in the comparisons is that the RANS models (intgratsteadystate) do not
induce flow separation at the leading edge, leading to much higher velocities (the maximum
streamwise velocity may reach upg®"Y ) away from the surface and Reynokteess distributions
that are confined to the attached boundary layer.

Table 5.2 shows the relevant features of 3D hybrid LES/RANS simulations conducted in this
study usingan @ y p e me s h-throdgh temesiififsilhewd 6 col umn shows t he |
through times that were run in a case, for exal
initial running were completed before starting to collect statistical data, then another 40 characteristic
times of advacement were conducted to gather the relevant flow properties. Two hybrid LES/RANS
cases using @/pe meshes with different mesh resolutions in the spanwise direction were tried to
compare the effect of mesh refinement.

Figure 56 shows the results obtaithdry Case #1 in Table4.Here the 3D Qype mesh has
a span width of 0.21 m and contains 64 cells in the spanwise direction with a spanwise cell spacing of
&ez/ c=0.0033. A 2D RANS solution obtained by Men
3D LES/RANS calculation. 40+40 characteristic times were run for collecting statistical data, and
Reynoldsstress predictions are obtained by enseralibgaging the filtered velocity field in time and
in the spanwise direction, as in equation (4.2). Unlikatwias been done in theAirfoil case, the
Reynolds stresses in this case do not require any modification to fit the coordinate transformation
since normal and shear stresses are considered to be Cartesian in the experiment, veiisthe x

being orientedvith the streamwise flow from the wind tunnel, and tkhexis being normal to that.

Table 5.2 relevant features of each hybrid LES/RANS case usiggeOmesh

Case # | Characteristics of mesh used| LES/RANS model| Flow through times finished
0.21chords span width, . ,

64 cells in spanwidth direction Giesekini 40+40
0.21chords span width,

128 cells in spanwidth directiof

Gi eseki ng 40+40
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Figure 54 RANS computational results of tireseraged properties of the NACA 0012 airfoil at
static angle of attack=16ypdmeshby Menterds SST moc
Parts (ad) are the same as those in Figui® 5.
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Figure 55 RANS computational results of tireveraged properties of the NACA 0012 airfoil at
static angle of attack=16.7A by Menteros -SST mo ¢
type mesh.Parts (ad) are the same as those in Figu& 5.
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Figure 56 Hybrid LES/RANS computational results of tirageraged properties of the NACA 0012
airfoil at static angle of attack=16.7° by hybrid LES/RANS Case #1 (coarse mesh case)
Parts (ad) are the same as those in Figui 5.

Figure 57 Q-criterion isosurfaces (4x1@?) for LES/RANS simulation of NACA 0012 at static stall
angle=16.7° by hybrid LES/RANS Case #1 (coarse mesh case)
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Figure 58 Hybrid LES/RANS computational results of tirageraged properties of the NACA 0012
airfoil at static angle of attack=16.7° by hybrid LES/RANS Case #2 (fine mesh case)
Parts (ad) are the same as those in Figui® 5.

In contrast to the RANS solutions, the LES/RANS model predicts a massedyated flow
characterized by a detached shear layer that overlies a large region-robioentum fluid. Peak
values of the Reynolds stresses are associated with this detachedaghg rather than the near
surface region. The experiment also indicates that the flow separates from the leading edge, and the
measured velocity field compares well with that predicted by the LES/RANS models. Axial
fluctuation intensities are in goaajreement with experiment whereas predicted normal fluctuation
intensities and Reynolds shesiress levels are larger than indicated in the experiment. The separation
response predicted by the LES/RANS model is not immediately captured. Rather, a frémgiding
edge separation enlarges and moves upstream, initiating the formation of a-éshgingortex.
Instead of moving away from the surface, as is common for pitching airfoils, the leaitjagrortex
stabilizes near the trailing edge. This indutikes shear layer detachment indicated in the -time
averaged images and fixes the displacement angle.

The Qcriterion isesurfaces shown in Figure7clearly indicate the separation response, the
growth of turbulent eddies in the detached shear layer, and the stabilized position of theeldgeing

vortex. Here @Griterion is a local measure of excess rotation rate relative to strain ratée@@n
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identifies vortices as flow regions with positive second invariant of the velocity gradient tensor, and
Q can be written as [102]

Q=%(W 17 (5.1)

whereW and Sare vorticity tensor and strain rate tensor (or skgmmetric and symmetric part of
the velocity gradient) respectively.

However, as indicated by the Reynolds stress contours in Figuead.the Qcriterion iso
surfaces in Figure 8, t he Gi @lsl asing an §@ype mesh with finer spanwise cell spacing
(Case #2 in Table 5.2) predicts a more attached flow and much less stalled status of airfoil. Similar to
the previous LES/RANS case, this case also completed 40 characteristic times of imitial ton
reach statistically stationary state, and another 40 characteristic times to collect data. In addition, the
O-type mesh in this case also has the same span width as that in the case of &-ydrdobt the
spanwise cell spacingis only a halftoh at i n t he pr e v(labse thecn@eshesizewi t h ¢
in spanwise direction doubles). The phenomenon that a finer mesh resolution along spanwise
direction ends up with a more attached flow when using the same LES/RANS model is also observed

in theC-type mesh cases, and the reason will be discussed in a later section.

Figure 59 Q-criterion isosurfaces (4x2@?) for LES/RANS simulation of NACA 0012 at static stall
angle=16.7° by hybrid LES/RANS Case #2 (fine mesh case)
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5.2.3 Computational Results Obtained by Gtype Mesh

RANS and LES/RANS cases were also run withy@ mesh which has finer mesh
resolution in streamwise direction and also a wider mesh extension in t#wedxy directions
compared with the @ype mesh.

Figure 510 shows theaesults obtained by 2D unsteady RANS calculations witlip@ mesh
by Menter SST model. Similar to thet@pe mesh case, the 2D RANS model predicts an attached
flow near leading edge again, which indicates that mesh refinement in streamwise directeon and
larger mesh extension in &nd y directions may not improve the RANS prediction.

]
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£ e

Figure 510 RANS computational results of tineveraged properties of the NACA 0012 airfoil at
static angle of attack=16ayp&dmdeshby Ment er &s SST moc

Parts (ad) are the same as those in Figu® 5.

Three types of 3D @pe mesh were tried for hybrid LES/RANS computations. These
meshes have the sameg.> .k B yand mesh extension oft@pe mesh as shown in Table 5.1, but
also have some differencisthe choices of span width | ,kc€ll number in spanwise direction and
spanwise spacingz/c as shown in table 5.3. The effect of span width and spanwise cell spacing of a

mesh was investigated, and the results are shown and discussed next.
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Table 5.4shows the relevant features of each 3D hybrid LES/RANS computational case tried
in this study by using @/pe mesh. Same as in Table 5.2, the number of-tfwaugh times have
been run in a casthir sugh otwinmd sn ftihnbriclES/IRANS c 01 u mn
cases using ®/pe meshes were tried to compare the effect of the number oftHtowgh times

being run, span widt h, mesh refinement, and Sal ¢

Table 5.3 characteristics of three types-@& 8-type NACA 0012 mesh

?:Zgﬁ Dimensions Cells in spanwise direction] & T « (| Span width (x chord)
MeshA | 1153 x 225 x 65 64 0.00165 0.105
MeshB | 1153 x 225 x 129 128 0.00082 0.105
MeshC | 1153 x 225 x 129 128 0.00165 0.21
Table 5.4 relevant features of each hybrid LES/RANS case Gsiyjge mesh

Case # mesh used LES/RANS model Flow through times finished

3 MeshA Gi esekingbé6 80+80

4 MeshA Gi esekingbéb 40+40

5 MeshA Sal azar 6s 40+40

6 MeshC Gi esekingéb 40+40

7 MeshB Gi esekingé6 80+80

Figure 511 and 5.2 show the results obtained by 3D LES/RANS computations of Case #3
and Case #4 in Table 5.4 respectively. The results in FiglileAgre obtained by initial running of
80 flow-through times plus running another 80 flthwough times for collectinthe statistics, while
the results in Figure 52lwere obtained by running 40 plus 40 fltkrough times. Obviously the
LES/RANS model again successfully predicts the separated flow at leading edge. The predicted mean
velocity is in good agreement with texperimental measurements. However, the Reynolds shear
stress and normal stresses are overestimated, especially in the middle region of the separated shear
layer. Additionally, there is some unsteadiness in the Reynolds shear stress and wall normad stress
the incoming flow near stagnation point. As shown by the comparison of Figlii@sd 2, such
overestimation of Reynolds stresses in the middle region of separated shear layer, as well as the

overestimation of Reynolds stresses near stagnation pamte somehow alleviated (but can not be
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entirely removed) by running more flethrough times to allow a more statistically stationary
solution to be reached. GeneraleshA with coarser cell spacing along spanwise direction and a
small spanwidthcapr ovi de an acceptable solution with Gie
Figure 55Bshow the results obtained by Case #5 in -
implemented by employing equation (2.55), which took into account the gridutiesolin
determining the lengthcale ratio and thus LES/RANS blending function. The mean streamwise
velocity contour indicates that mo d e | with Sal a
which mismatches the experiment.

Figure 5.4 show the results obtained by Case #6 in Table 5.4, which usegype KeshC
in Table 5.3. MesiC has the same spanwise cell spacinylashA, but twice the span width. The
results were obtained by initial running of 40 flélwough times plus runningnother 40 flow
through times for collecting the statistics. Both mean streamwise velocity and Reynolds stresses are in
very good agreement with the experiment. By running the same number ghftmygh times, unlike
MeshaA, the solution byMeshC with the same coarse cell spacing but a larger span width does not
have the problem of overestimation of Reynolds stresses in the middle region of shear layer and gets
rid of the overestimation of Reynolds stresses near stagnation point. The cashlesir(g also
performed better in terms of Reynolds stress predictions compared with the hybrid LES/RANS case
by O-mesh which has the same span width and spanwise cell spacing but a coarser streamwise
spacing, this case is actually the best one among all casesetteatenducted for the NACA 0012
static stall simulation at angle of attack 16.7°.

Figure 5.5 shows the results obtained by Case #7 in Table 5.4, which used\gie Klesh
B in Table 5.3. MestB has the same span width seshA, but only half of the spamise cell
spacing. The results were obtained by initial running of 80-flmaugh times plus running another
80 flow-through times for collecting the statistics. The mean streamwise velocity contour and
Reynolds stresses contours indicates that computasing a finer mesh along spanwise direction

predicts an attached flow near leading edge, which mismatches the experiment.
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Figure 511 Hybrid LES/RANS computational results of tirageraged properties of the NACA 0012
airfoil at static angle of attk=16.7° by hybrid LES/RANS Case #3 (coarse mesh resolution)
Parts (ad) are the same as those in Figui 5.
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Figure 5.2 Hybrid LES/RANS computational results of tirageraged properties of the NACA 0012
airfoil at static angle of attack=16.7° by hybrid LES/RANS Case #4 (less running time)
Parts (ad) are the same as those in Figuf® 5.

72



& g

(@ wU
T T T T 25 T T T T oo
0.08 F
20
oo3
0.06 F
15
. 004 [ ooz
; 1o
0.0z - F
os
o
o L
oo
0.0z F ooo
1 1 e . . ! 1 !
© P EZ

|
[ a4 008
Al

I
[ 004
e

Figure 5.8 Hybrid LES/RANS computional results of timaveraged properties of the NACA 0012

airfoil at static angle of attack=16.7A by hybri
Parts (ad) are the same as those in Figui 5.
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Figure 5.8 Hybrid LES/RANS computational results of tiraeeraged properties of the NACA 0012

airfoil at static angle of attack=16.7° by hybrid LES/RANS Case #6 (0.21 chord span width)
Parts (ad) are the same as those in Figuf® 5.
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Figure 5.5 Hybrid LES/RANS computational results of tirageraged properties of the NACA 0012
airfoil at static angle of attack=16.7° by hybrid LES/RANS Case #7 (fine mesh resolution)
Parts (ad) are the same as those in Figui® 5.

Figures 5.6 through 5.9 show contours that emphasize the entire airfoil rather than just the
leading edge for the above discussed cases. Pat}sr(@ach figure show the normalized streamwise
velocity flow field, the ensemble averaged normalized eddy viscosity field, thenkelesaveraged
LES/RANS blending function field near leading edge, and the ensemble averaged LES/RASN
blending function over the whole view. Figures@5L19 correspond to cases using C tyyleshA,
MeshC, MeshB (i n table 5. 3) b WMeslkA elsye k Ghgdekimpgl@ed , ma
Salazardés fix respectively. The mean streamwi se
viscosity (eddy viscosity calculated by equation (2.45) being averaged over time and span) field over
the whole view clearlyndicate that the flow is in deep stall fdeshA and MeshC cases using
Giesekingbébs model without the inclusion of Sal a
stalled for the casestieshB wi t hout SalMeshAr st hi fkabadab¢s

It is also noticed that the eddy viscosity reaches fairly high values in the upper surface region
near trailing edge for the two fully stalled cases (part (b) in Figure&5%1T), which is a
conseqguence of massive separation, while this high eiddgsity values is not present in the same

region for the two less stalled cases (part (b) in Figurés519).
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The hybrid LES/RANS blending function in Partsd of Figures 5.8-5.19 represents
whether and how much a RANS model or an LES modelligadiin that location. As equation (2.45)
shows, the larger the value of blending functionthe more share the RANS model has in
determining the eddy viscosity. By taking a close look at the blending function field at Part (d) in
Figures 5.6-5.19, it is easy to find out that a thicker RANS region is present near the upper wall of
the airfoil for the first two cases (Figures &3.17), which provides a correct prediction for this static
stall flow condition, while a thinner RANS layer is present overupper airfoil surface for the two
latter cases (Figures B5.19), which predict a more attached flow that disagrees with the
experiment. The amount of RANS activity is related to the numerical solution and actually a
consequence of it: an attachedwilgolution tends to result in a thinner RANS layer, while a

separated flow solution tends to result in a thicker RANS layer near wall.
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Figure 5.5 Hybrid LES/RANS computational results of tirageraged properties of the NACA 0012
airfoil at static angle of attack=16.7° by hybrid LES/RANS Case #3 (coarse mesh resolution)

(a) Mean velocityX'Y , (b) ensemble averaged normalized eddy viscosity, (&¢rable averaged
LES/RANS blending function near the leading edge, (d) ensemble averaged LES/RANS blending

function over whole view
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Figure 5. Hybrid LES/RANS computational results of tirageraged properties of the NACA 0012
airfoil at static angle ohttack=16.7° by hybrid LES/RANS Case #6 (0.21 chord span width)

Parts (ad) are the same as those in Figuré5s.1
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Figure 5.8 Hybrid LES/RANS computational results of tirageraged properties of the NACA 0012
airfoil at static angle of attack=16.7° hybrid LES/RANS Case #7 (fine mesh resolution)

Parts (ad) are the same as those in Figuré5.1
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Figure 5.8 Hybrid LES/RANS computational results of tirageraged properties of the NACA 0012
airfoil at static angle of attack=16.7° by hybrid LES/RANS&€as# 5 ( Sal azar 6s fi x)
Parts (ad) are the same as those in Figuré5s.1

So the problem remains why the fine mesh case (Case #7) ends up with a more attached flow
compared with the experiment. In this case, the LES model is activated near leading edge, while the
response with spanwise mesh resolution is related to the eddyusgruthat are resolved in the LES
computation. Eddies will be better resolved on the finest mesh by @esall/ed LES. In Case #7,
the mesh is still too coarse relative to a wallolved LES, and the eddies that are captured might
have more of the emgy in the larger scales by this undesolved LES. The cascade process that
would produce smaller scale eddies that would take away from that energy is not well captured
because of insufficient mesh resolution. In other words, an insufficiently resobsu for LES leads
to eddies that are more energetic in the larger scales, since the cascade of energy to the smaller scales
is disrupted due to insufficient resolution. Those largest eddies tend to promote flow attachment. So
the net effect is an overgnergetic boundary layer being produced near the leading edge which
resists and delays separation.

In the coarse mesh cases (Cases #3 and #6),
correctly predict the massive separation. Eddies that are capeaethe leading edge may be more

2D and do not have the level of energy than the ones resolved on the finer mesh may process near the
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wall. And then the RANS activity could be more dominant, and the Rillbl&ced dissipation of
turbulent kinetic energy (/E) might be more accurate, leading to less resistance to flow separation.
These are conjectures explaining why coarse mesh cases produce better results than fine mesh case.
One fact is that there is a balance between modeled TKE and resolved TKE wheadtieis

working properly. The coarse mesh cases happen to meet this balance.

By definition, the turbulent kinetic enerd¢yKE) is determined by the following expression
TKE = %(u'u'+v‘v‘+vv’vv’) (5.2

The Reynolds normal stressas)’,v'v',w'w' are determined by Boussinesq assumption

moceled TKE In hybrid LES/RANS simulations, thealculation ofmodeled TKEs embedded in the
main code and the ensemialeeraged value of modeled TKRuld be directly outputted
For resolved TKE, theReynolds normal stresses asdculatedoy
u'u'=(ruu- ruQu)/r
V'V'=(rv- rvOv)/r (5.3)
wWw=(rww- rwOw)/r
where ruu, rvv, r'ww, r'u, rv, rw, r are the ensemblaveraged datalhe ensemblaverage process

is the same as describeddhapter 4the quantities were first averaged over time once data collection
was started, and then the tiaeeraged data wesseraged in spanwise direction.

InMeshA case with Salazar és f i 9(a)@t&iguee 5&d,) , as
again a too aached flow solution was obtained, and as a result, a thinner RANS layer occurs near
upper wall of the airfoil, as shown in Figure %.(d) and Figure 52b). In this case, the thinner
RANS region near wall is correlated to the excessive RANS regionlaading edge as shown on
Figure 5.8 (c). By including the effect of maximum grid resolution to the length scale ratio in
equation (2.55), Salazarés fix is responsible
leading edgeBecause the flow is parated near leading edge in real circumstance and turbulent
eddies are large enough to support L(BESIong as a proper mesh resolution is chosetie leading
edge region, iis more favorable to have more LES rather than RANS activity in this relgmmever,
in the case with Salazardéds fix, excessive RANS
in this region, which disagrees with the experiment. By RANS model, eddies are completely
suppressed near the leading edge and only startswovgnen the limiting length scale is the modeled

scale, not the grid scale. RANS model which is active near leading edge underestimates the modeled
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TKE within boundary layer and ends up with an ovemergetic mean flow which resists separation.
(This is dso the reason why pure RANS model predicts an attached flow, as shown in Figtiés 5.

5.10) The downstream computation is affected by the attached flow solution near leading edge, and
also results in a more attached flow solution.

It is also noticedhat there exists a small leading edge separation region in the Case #7 (using
MeshB with a fine spanwise resolution), which is present between x/c=0.01 to 0.04, as shown in
Figure 5.5 (a) and Figure 52(a). On the contrary, such leading edge separasicaused by high
magnitude of turbulent kinetic energy (modeled TKE + resolved TKE) in this region predicted by the
case #7, as shown in Figure 5(2)-(d). High turbulent kinetic energy results in a less energetic mean
flow within the boundary layerwhich is more subject to separation. Further downstream, both
modeled and resolved TKEs become much smaller, which corresponds to a more energetic mean flow
that promotes the reattachment of the boundary layer. The small magnitude of both modeled and
resolved TKEs remains in the wake region, so that the more energetic mean flow within the boundary
layer also remains and resists to separation, as shown in F(oe 2

Similarly, in the Case #5 which usmhnth8al azar
upstream part of airfoil between x/c=0.10 to 0.18, as shown in FiguB€d).2Again, the separation
region is related to the lesmergetic mean flow within the boundary layer caused by the high
maghnitude of turbulent kinetic energy, as intlichin Figure 5.2 (c). Actually modeled TKE is small
and usually negligible relative to the resolved TKE. The small magnitude of resolved TKE presents
downstream and in the wake region, resulting in a more energetic mean flown which promotes the

reattachmant of boundary layer and resisteto separation, as shown in Figure3(2).
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Figure 520 Hybrid LES/RANS computational results of tirageraged properties of the NACA 0012
airfoil at static angle of attack=16.7° by hybrid LES/RANS Case #3 (cassh resolution)

(a) Mean streamwise velociyT'Y , (b) ensemble averaged LES/RANS blending function, (c)
ensemble averaged modeled turbulent kinetic energy, (d) resolved turbulent kinetic energy
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Figure 521 Hybrid LES/RANS computational results of tirageraged properties of the NACA 0012
airfoil at static angle of attack=16.7° by hybrid LES/RANS Case #6 (0.21 chord span width)
Parts (aXd) are the same as those in Figuo5.
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Figure 5.2 Hybrid LES/RANS computational results of tirageraged properties of the NACA 0012
airfoil at static angle of attack=16.7° by hybrid LES/RANS Case #7 (fine mesh resolution)
Parts (aXd) are the same as those in Figuo5.
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Figure 5.8 Hybrid LES/RANS computational results of tirageraged properties of the NACA 0012
airfoil at static angle of attack=16.7A by hybri
(a) Mean streamwise velocioI'Y , (b) ensemble averaged LES/RANS blending function,

(c) ensemble averaged modeled turbulent kinetic energy
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In Case #7 (fine spanwise mesh resolutias)shown in Figure 581(d) and Figure 52 (b),
a thinner RANS layer presents near upper wall of fHfeila which is one of the consequences of
incorrect prediction of an attached flow over airf@uch thinner RANS layer indicates that the the
LES/RANS blending function is underestimated in the near wall region compared with Case #3 (on
coarse mesh resl ut i on) . According to Giesekingds model
dependent on length scale ratio, as shown in equation (2.51), and a larger length scale ratio
corresponds to a larger blending function value. On the other hand, as shown ione(@ua#) and
(2.53), the length scale ratio is a function of the summation of ensemble averaged resolved turbulent
kinetic energy (TKE) and ensemble averaged modeled turbulent kinetic energy (TKE), wall distance,
as well as ensemble averaged turbulentiipadissipation rate. lis really the ratio of the summation
of the two (resolved and modeled) TKEs and the specific dissipation rate that drives the length scale
ratio and thus blending function maximum. Figureg$25 Parts (ad) show the ensemble averaged
resolved TKE divided by the square of wall distance, ensemble averaged modeled TKE divided by
the square of wall distance, ensemble averaged turbulent specific dissipation rate, and length scale
ratio field for theMeshA and MeshB case respectively. The figures indicate that, compared with
Case #3 which uses a mesh with coarse spanwise resoMgeshf), in Case #7 which uses a mesh
with fine spanwise resolution, both the resolved and modeled TKEs are enhancie mes! within
the upstream half part of the airfoil, and both experience an evident decrease near the wall for the
downstream part of the airfoil. However, as shown in Figurd &2l), the specific dissipation rate
increases significantly near the Mor the upstream half part, which results in small values of the
length scale ratio in this region. The specific dissipation rate does not exhibit a large drop near the
wall for the downstream half part of the airfoil, and the small TKEs in this regethe main reason
for the small values of the length scale ratio obtained within this part. As expected, tvealear
distribution of length scale ratio field in Figure 5@l) is consistent with the blending function fields
shown in Figure 58 (d) ard Figure 5.2 (b). Similarly, in theMeshA case with a coarse spanwise
resolution, the near wall distribution of length scale ratio field in Figures(8)ds also in agreement
with the blending function fields shown in Figure &(#l) and 5.2 (b).
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Figure 5.2 Hybrid LES/RANS computational results of tirageraged properties of the NACA 0012
airfoil at static angle of attack=16.7° by hybrid LES/RANS Case #3 (coarse mesh resolution)

(a) ensemble averaged resolved TKE, (b) ensemble averaged moH&e@c) ensemble averaged
specific turbulent dissipation rate, (d) inner/outer layer length scale ratio.
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Figure 5.5 Hybrid LES/RANS computational results of tirageraged properties of the NACA 0012
airfoil at static angle of attack=16.7° by hybrid URBNS Case #7 (fine mesh resolution)

Parts (ad) are the same as those in Figuret5.2
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5.3 Static Stall Case at Mach=0.12

To investigate the static stall effect at a different angle of attack, computational cases were
also conducted at a higher Mach number condition. In this cases, the flow configurations are: Mach
numberd 1@ ¢ chord Reynolds numbé&r'Q p& p 1, and the feestream velocity)s
T Q7.

The experimental data comes from the Glasgow dynamic stall database [103]. Figure
5.26shows the normal force coefficient @t various angles of attack for both the static and dynamic
stall responses. For static stall gagee G, curve shows that the normal force coefficient increases
linearly with the angle of attack from zero angle of attack at a gradidnffQ2|) of about 0.1, and
the gradient becomes a little smaller starting from around angle of attack=12°,imdiadtes the
presence of trailing edge separation. ThRek€eps increasing until it reaches the maximum value of
1.35 at an angle of attack=14.5°. The airfoil will be in light stall and then deep stall if the angle of
attack is increased further. Figuse26 shows that the normal force coefficient reaches its minimum
value of 0.74 at an angle of attack around 17.5°, where the airfoil is in its deep stall condition.

5.3.1 Computational Results at AoA=17.5°, Mach=0.12
As shown in Figure 5& the NACA 0012 airfoil is in deep stall at AoA=17.5°, and the flow
over airfoil should have fully separated from the leading edge. Computational cases were conducted
at AoA=17.5° by three kinds of-§/pe mesh shown in Table 5.5 to compare again the effenesh
refinement along spanwise direction. HaéteshC, MeshD andMeshE have the same span width,
but the spanwise cell spacingMeshD is only half of that ifMesh-C, while inMeshE it is twice of
that inMeshC. Due to the unavailability of thegerimental data of the mean velocity and Reynolds
stresses for this flow configuration, only computational results of such flow features are shown below.
Table 5.6 shows the relevant features of each 3D hybrid LES/RANS computational case tried
for Machnumber 0.12 case by usingtfpe mesh. Same as in Table 5.2, the number ofttwaugh
times that were run in a -tphraughltairmeasfi niss sdid
case, fewer flowthrough times were run for each LES/RANS casmbee the @ype meshes used in
these cases have a larger span width compared with the meshes used in Mach 0.1 cases, which speeds
reaching the statistically stationary state. (For the same spanwise resolution, the mesh with a larger
span has more cells the spanwise direction, which means more LES/RANS calculations have to be
performed and it takes less time iterations to reach a reasonable solution. So a statistically stationary

state is more easily to reach by using a mesh with more cells in spareis@d, or larger span
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width.) Three hybrid LES/RANS cases usindype meshes were tried to compare the effect of mesh

resolution along the spanwise direction for this Mach 0.12 case.

. Exp (static) : : 1
25H = Exp (Unsteady) ................ Prrerssn s ' ...... 4

Fig. 1 MNormal force including DS for NACA 0012 aerofoil at a low Mach
number of 0.12, and reduced frequency of 0.124. Legend: 1—Beddoes’
DS model and 2—Leishman’s reattachment modification (measured data
from the Glasgow dynamic database)

Figure 5.5 Normal force coefficients for NACA 0012 airfoil at Mla number 0.12 case

Table 5.5 characteristics of thred3C-type NACA 0012 meshes

cr:—rgrs)re\ Dimensions Cells in spanwise direction] &k T k | Span width (x chord)
MeshC | 1153 x 225 x 129 128 0.00165 0.21
MeshD [ 1153 x 225 x 257 256 0.00082 0.21
MeshE | 1153 x 225 x 65 64 0.0033 0.21

Figures 5.Z-5.30 show the computational results of mean streamwise velocity field and
Reynolds stresses contour near leading edge by RANS, and LES/RANS Case #8, Case #9, Case #10
(usingMeshE, MeshC andMeshD respectively). Again the RANS model predicts an attached flow,
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while LES/RANS model usiniyleshE andMeshC (Case #8 and Case #9) correctly predict massive
separation near the leading edge, but LES/RANS model WsstyD (Case #10) predicts much less
separation at leading edge region. The complete views of mean streamwise velocity field, eddy
viscosity field and LES/RANS blending function field shown in Figurel-5.33 further indicate

Case #8 and Case #9 correctly predict the deep stall statushA@re 0012 airfoil, while Case #10

predicts more attached flow. Again in Case #8 on the coarsest mesh and Case #9 on the coarse mesh,
a thicker RANS layer is present near upper airfoil surface due to the separated flow solution obtained,
while in Case #10mthe fine mesh, a thinner RANS layer is present due to the more attached solution
This is consistent with the

obtained.

correspondc

Table 5.6 relevant features of each LES/RANS case usiggeCmesh for higiMach number case

Case # airfoll Mach numbel mesh used LES/RANS model I_:Iow-thr(_)ugh
angle of attack times finished
8 17.5 0.12 MeshE Gi eseking 20+20
9 17.5 0.12 MeshC Gi eseking 20+20
10 17.5 0.12 MeshD Gi eseking 20+20
The reason why Gi eseki n@)iCaseld mdducesan attachee me s

flow is same as that in Case #7. The flow is separated ire#thbfe case while the eddies are larger
enough, so iis good to use LES model. However, the untedved LES fails to reproduce the
cascade process in smaller scale eddies, and results in aremanggtic boundary layer near leading

edge which resists and delays flow separation. However, Cases #8 and #9 (on the coarsest and coarse
mesh respectively) acrectly predict the massive separated flow. In these two cases, the balance
between modeled TKE and resolved TKE happen to be met so that the hybrid LES/RANS model is
working more properly.

The difference between Case #8 and Case #9 in the predictineanf streamwise velocity,
Reynolds stresses, blending function distribution is trivial and insignificant, but Case #8 with the
coarsest spanwise cell spacing predicts a higher level of eddy viscosity in the region between airfoil
upper surface and sepaitghear layer. This is understandable since the coarsest cell spacing results
in lower level of resolved turbulent kinetic energy in that region, and thus more turbulence are
modeled.
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Figure 5.7 RANS computational results of tineveraged properties tfie NACA 0012 airfoil at
static angle of attack=17.5A, Maectypemeshmber 0. 12
Parts (ad) are the same as those in Figui 5.
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Figure 5.8 Hybrid LES/RANS computational results of tirmgeraged properties of the NA®012
airfoil at static angle of attack=17.5°, Mach number 0.12 by Case #9 (coarsest spanwise resolution)
Parts (ad) are the same as those in Figuf® 5.
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Figure 5.8 Hybrid LES/RANS computational results of tirageraged properties of the NACA 0012
airfoil at static angle of attack=17.5°, Mach number 0.12 by Case #8 (coarse spanwise resolution)
Parts (ad) are the same as those in Figui 5.
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Figure 530 Hybrid LES/RANS computational results of tiraeeraged properties of the NACA 0012
airfoil at static angle of attack=17.5°, Mach number 0.12 by Case #10 (fine spanwise resolution)
Parts (ad) are the same as those in Figuf® 5.
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Figure 531 Hybrid LES/RANS computional results of timeaveraged properties of the NACA 0012
airfoil at static angle of attack=17.5°, Mach number 0.12 by Case #8 (coarsest spanwise resolution)

Parts (ad) are the same as those in Figuret5.1
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Figure 5.2 Hybrid LES/RANS computational results of tirageraged properties of the NACA 0012
airfoil at static angle of attack=17.5°, Mach number 0.12 by Case #9 (coarse spanwise resolution)

Parts (ad) are the same as those in Figuret5.1
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Figure 5.3 Hybrid LESRANS computational results of tirsveraged properties of the NACA 0012
airfoil at static angle of attack=17.5°, Mach number 0.12 by Case #10 (fine spanwise resolution)
Parts (ad) are the same as those in Figuret5.1

Figures 5.3-5.36 show the swirl strength contours for the static stall case with LES/RANS
models usingMeshE, Mesh-C andMeshD (Cases #8 through#10) respectively, which again clearly
indicate the separation and stall level predicted by the two different mddbeskC predicts a
massively separated and fully stalled flow whilleshD predicts a more or less attached and less
stalled flow. Similar features are indicated in Figures/%.39 which show the isosurfaces of-Q
criterion for the hreeLES/RANS cases, althoughe solution by Case #10 provides more details on
the 3D turbulent structures as expected. It can also be seen that in Case #9, the flow is separated
promptly after the short leading edge laminar region. The response is different in the Case #10: the
flow experiences turbulent reattachment at around x/c=0.05 after the laminar region and transition
(laminar separation bubbles) region, then separates again at around x/c=0.4. The skin friction
coefficient distribution shown on Figuredd.also demonstrates duflow characteristics.

The pressure coefficient and skin friction coefficient obtained by the RANS and LES/RANS
simulations are shown on Figured®5.41. These indicate that RANS model predicts that the flow
separates at x/c=0.38leshE andMeshC cases (Case#8 and #9) predict that the flow separates
from the leading edge at x/c=0.1 and x/c=0.05 respectivelyMdstD case (Case #10) predicts the
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flow separates at around x/c=0.4. The separation points also confirm that the RANS model and the
LESRANS model usingleshD (Case #10) predict less stalled status of the airfoil. The pressure
coefficient distributions predicted bWleshE and MeshC cases (Case #8 and Case #9) almost
coincide with each other, and the skin friction coefficient distribstiare also very close to each
other. This demonstrates again that LES/RANS model comes up with very close solutions with these

two meshes.

Figure 5.3 swirl strength contour for static stall case with hybrid LES/RANS modéléshE

(coarsstmesh), Mach number=0.12, AoA=17.5° (Ca8k #

Figure 5.3 swirl strength contour for static stall case with hybrid LES/RANS modé&ldshC
(coarse mesh), Mach number=0.12, AoA=17.5° (Case #9)

Figure 5.8 swirl strength contour for static stall cagith hybrid LES/RANS model bivleshD
(fine mesh), Mach number=0.12, AocA=17.5° (Case #10)
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Figure 5.3 Q-criterion (8x10 s?) isosurfaces for static stall case with hybrid LES/RANS model by
MeshE (coarsestnesh), Mach number=0.12, AcA=17.5° (Cas (left: by whole view, right: near
nose)

Figure 5.8 Q-criterion (8x10 s?) isosurfaces for static stall case with hybrid LES/RANS model by
MeshC (coarse mesh), Mach number=0.12, AoA=17.5° (Cas€l&f®) by whole view, right: near
nose)

Figure 5.3 Q-criterion (8x16 s?) isosurfaces for static stall case with hybrid LES/RANS model by
MeshD (fine mesh), Mach number=0.12, AoA=17.5° (Case #l&f}: by whole view, right: near
nose)

94



g}
i — = = cp: RANS
i =————— ¢p: LESIRANS by coarse mesh
B = cp: LESIRANS by fine mesh
_ =—— = = cp: LESIRANS by coarsest mesh
-6
o -
24
2k
ol

Figure 540 Pressure coefficient distribution for thstatic stall cases of Mach number=0.12,
A0A=17.5° conditions
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Figure 541 Skin friction coefficient distribution for the static stall cases of Mach number=0.12,
A0A=17.5° conditions
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Since the experimental data of flow mean velocity and Reynolds stfieddese unavailable
for this Mach number (M=0.12) case, the computational results wer@mastssed to calculate the
normal force coefficient (as well as lift and drag coefficients) and compared with the experimental
measurements extracted from Figbr24. In the posprocessing, ensemble averaging operation was
applied to the computational results of the relevant variables (pressure, velocity, etc.): the variables
were first averaged in time, and then averaged over airfoil span. The ensemble aversged and
velocity data were then used to calculate the mean pressure coefficiemgy, 1 7'6 and
skin friction coefficientd ¢t 76  over the airfoil upper and lower surfaces. The lift and drag

coefficients could be obtained by tliee integral of pressure and skin friction coefficients along the

entire airfoil surface, as shown below
C. = 5,6 QIS+, €, CbiS
(54)
Cp =- ﬁ:péj s+ fE & Gis (55)
hered is the lift coefficient and is the drag coefficienté; andé; are the unit vector in-xand y

axis direction respectively. Thus the normal force coeffiglentan also be obtained, withbeing
the angle of attack
C, =C, cosg@) +C, sin@) (5.6)

Table 5.7 shows the normal force coefficient, lift coefficient and drag coefficient obtained by
the above three computational cases. RANSMashD LES/RANS cases significantly overestimate
the value of normal force coefficient. This is not surprisingabise these two cases both predict a
less stalled status for the NACA 0012 airfoil at angle of attack=17.5° and Mach number 0.12
conditions. The normal force coefficients (as well as lift and drag coefficient) calculated by
LES/RANS solutions ofMeshC and MeshE cases are close to each other and match the
experimental data much better, but still too high and not accurate enough. The reason for such
overestimation byvleshC andMeshE (with coarse and coarsest spanwise cell spacing) is because of
the blockage effect of the wind tunnel wall in the experiments. Due to the wall blockage effect, the
aerodynamic angle of attack in CFD simulations is usually chosen to be a little larger than the
geometric angle of attack in the experiment, but this treatment atapenformed in this work.
Several factors, such as Mach number, angle of attack, the stall status, and the planform of the airfoil,

would determine the increment of angle of attack used in CFD simulations from in experiments. If the
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airfoil is just reachig its maximum lift and the stall is just beginning, typically a 0.5° angle of attack
increment in CFD is required [35]. When the airfoil has already been in stall, a larger angle of attack
increment in CFD simulation is required, with a deeper stalesponds to a larger angle of attack
increment. An aerodynamic angle of attack of 17.5° is actually corresponding to a smaller geometric
angle of attack. As shown in Figure 2.54, the experimental measurement of nhormal force coefficient
of NACA 0012 is abou0.93 in geometric angle of attack of 16°, with which the CFD results obtained
by MeshC andMeshE are in good agreement, as shown in table 5.7.

The simulation of Mach number 0.12 cases confirm that fine mesh might result in worse
computational solutianby hybrid LES/RANS model, and this could be used as a guide in determine

the proper mesh resolution for the simulations of dynamic stall case.

Table 5.7 Normal force, lift, and Drag coefficient comparison by various methods

Computational cases or | Normal force coefficient| Lift Coefficient | Drag coefficient
Experiment (G) Q) (S)
Experimental Data at geometr 0.74
A0A=17.5° '
Experimental Data at geometr 0.93
A0A=16.0° '
2D RANS 1.18 1.21 0.079
LES/RANS usingMeshC 0.92 0.86 0.327
LES/RANS usingvieshD 1.14 1.17 0.092
LES/RANS usingVeshE 0.94 0.88 0.333
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Chapter 6

Simulations of Flow over NACA 0012 Airfoil Under
Dynamic Stall

Chapter 6 discusses the computational results of dynamic stall case of NACA 0012 airfoil. In
this casethe flow configuration of RANS and hybrid LES/RANS simulations is the same as the
conditions ofdynamic stallexperimentcarried out by Prus57], where a sinusoidal waveform of

the pitching airfoil was obtained by a proporticivagkgral dewvative (PID) controller.

pitch axis

U /
f
pitching motion =

y

N \— X o

: inertial frame of reference

Figure 6.1 Flow configuration of RANS and hybrid LES/RANS simulations of flow over a pitching
NACA 0012 airfoil
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Figure 6.1 shows the flow configuration of dynamic stall flow over a pitching NACA 0012
airfoil. The airfoil pithes around its quarter chord (the aerodynamic center) with angle of attack
following a sinusoidal waveform: ¢ p p 1T Qe ©p p 11 'QE "Qoin which the pitching
frequency iSQ ¢® "Oq or the reduced frequency’® “ "G6% 1, andy, o W Fi is the
free-stream velocity, chord Reynolds numbeYif2 p8t p 1t

Bothtwod i mensi onal RANS (Menterdés SST model wi t
Langtryo6s transikdtiimenn smodell) hayrbd itdh rLeEeS/ RANISO6 { Gi e
fix to Giesekingbébs model, and | DDES model ) si mul
NACA 0012 airfoil under the abovaentioned flow conditions.

The experimental measurements from Pruski et al. [57] and the computational regudts in t

study are shown in the following sections.

6.1 Experimental Data of Dynamic Stall Case

Experimental data includes phdseked PIV velocity and Reynoldgress measurements
concentrated at the leading edge of the airfoil [57] and extracted at thesta#itiangle of 16.7°
(which is traversed during the upstroke and downstroke phases of the pitch cycle for the-g@yalamic
experiments). Since the airfoil pitches around its quarter chord, the PIV system was phase locked with
the airfoil motion, and a tat number around 700 image pairs were acquired for each test case, which
was sufficient to create statistically meaningful results in postprocessing. The origin of the coordinate
system is located at the leading edge of the airfoil, with x axis takenaiotg the free stream flow
direction.

Figure 6.2 shows the experimental results of the corresponding upstroke configuration. Here,
the PIV technique samples data at U=16.7A duri ng
is fully attached fothe upstroke case. Because the staaar is attached to the airfoil surface, the
fluid experiences a higher acceleration around the leading edge region than for the static case. Unlike
the detached shelayer in the static case, the attached staaar for the upstroke case does not act
as anobstacle to flow acceleration. Therefore, the maximum velocity ratio may ¢8achg. The
attachment of the shekyer can also be seen from the shear and normal stresses.

Figure 6.6 shows the experimental ukés of the corresponding downstroke configuration
[57]. The contour plots are similar to those for the static case. This is not surprising because stall has

already happened and the flow has been separated near leading edge when the airfoil pitches
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downwad from a higher angle of attack. Similar to the static case, the Reyaa@daged shear and

normal stresses tend to be confined to within the separatedapear

6.2 RANS Computational Results

The 2D RANS simulations utilized a 2D slice of the 3D smes (both @ype and Gype
meshes described in the section 5.1) used in the hybrid LES/RANS calculations. The Arbitrary
LagrangianiEul er i an ( ALE) met hod using Menterods SST
MenterLangtr yos t r angeméntedfar thenunsteady RANS simulations.

For each RANS case, time integrations started from the airfoil angle of attack 16.7° during
downstroke pitching, and the RANS static stall solution at this angle of attack was used as the initial
condition. Sothe angle of attack of the airfoil in RANS (and LES/RANS) simulations actually
follows the sinusoidal waveform a little different from that in the experiment:

. e . 21-167.g
a =21- 10sinat + asin(———)~
gn *asint—5—y

Usually 11 pitching periods were completed and the flow fields at AoA=16.7° during both

(6.1)

upstroke and downstroke pitches of the last 10 periods were used for calculation of mean velocity and
Reynolds stresses. The computation at first period was discazdadse about 10 flow through times

(1 flow through time=0.013 seconds) was required in order to remove initial transients, while it took
about 30 flow through times (0.4 seconds) for the airfoil to finish 1 pitching period.

As before, the Reynolds stressin 2D RANS cases were calculated using the Boussinesq
assumption, as shown in equation (4.1). The Reynolds stresses were calculated and collected as the
airfoil passed through 16.7° angle of attack during both upstroke and downstroke at each pitching
cycle, then averaged over the number of pitching cycles.

Figures 6.3-6.4 show that the prediction of each of the RANS models (Mén#e&T,
Menter6s SST with -type anaesh)ireveals the iow grederty lofyshieger
attachment to the suda during upstroke pitching. In terms of streamwise velocity ratio, both models
yield good agreement with the experimental data, but both slightly-predict Reynoldstress
magnitudes within the attacihed f o hatiahs, thdi aagitierr . As
of the transition model l eads to a thinner boun
type mesh (which has finer streamwise resolution thayp® mesh) also correctly captures the flow
feature of attached shear layerttwinean streamwise velocity in good agreement with the experiment

and smaller Reynolds stress magnitude compared with solution obtained ecméshO
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Figure 6.2 Experimental measurements of taweraged properties of NACA 0012 airfoil during
upstrokepitching at angle of attack=16.7°.
(a) Mean velocityd¥Y , (b) Reynoldsaveraged sheatres®@&®Y , (c) Reynoldsaveraged

streamwise normal streés@&Y |, (d) Reynoldsaveraged wall normal stredsag’Y

, , \ , | \
0 004 008 (X o 004 08 (X8
o e

Figure 6.3 Computational ressilof timeaveraged properties of the NACA 0012 airfoil during
upstroke at static angle of at typenkesh U=16. 7A, by

Parts (ad) are the same as those in Figure 6.2

101



Erig
oms

oo

L L
003 [RH]

| L L |
[} 004 002 [RH] [ 004
e e

Figure 6.4 Computational results of tiraeeragedproperties of the NACA 0012 airfoil during

upstroke at static angle of at 4dangtrktransidon médel7 A, by

using Otype mesh. Parts{@) are the same as those in Figure 6.2
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Figure 6.5 Computational results time-averaged properties of the NACA 0012 airfoil during
upstroke at static angle of at ttypemesh. Rasidbare7 A, by

the same as those in Figure 6.2
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Figure 6.6 Experimental measurements of tameraged propertseof NACA 0012 airfoil during
downstroke pitching at angle of attack=16.7°.
(a) Mean velocityd¥Y , (b) Reynoldsaveraged sheatres®@&®Y , (c) Reynoldsaveraged

streamwise normal streés@&Y |, (d) Reynoldsaveraged wall normal stredsag’Y
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Figure 6.7 Computational results of tiraeeraged properties of the NACA 0012 airfoil during
downstroke at static angle of at-type mésh Pdits@6. 7 A,

are the same as those in Figure 6.6
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Figure 6.8 Corputational results of timaveraged properties of the NACA 0012 airfoil during
downstroke at static angl e of altangaydrinsitiotmotied . 7 A,
using Otype mesh. Parts-@) are the same as those in Figure 6.6
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Figure 6.9 Computational results of tineveraged properties of the NACA 0012 airfoil during
downstroke at static angle of at-typemésh Pdits@6. 7 A,
are the same as those in Figure 6.6
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Figures 6.76.8 show that each ¢fie RANS computations using@esh predicts the leading
edge flow separation but not to the extent indicated in the experiment. Neither of the models provides
good predictions of the Reynolds shear stress. Agreement with experiment for the Reynolds
streamvise normal stresses is better, but the Reynolds wall normal stress-redieted. Figure 6.9
shows that M e-type anesh provifed Dettdr prediCtions in terms of both streamwise
velocity and Reynolds stresses, especially the Reynolds strsamarmal and wall normal stresses,
but shear stresses is still oy@edicted. The leading edge separation level is also in better agreement
with the experiment. The RANS case usintyfe mesh with finer resolution in streamwise direction
and larger mds extension yields better computational results in both upstroke and downstroke cases
compared with RANS cases usingtype mesh.

6.3 Reynolds Stresses Calculation in Hybrid LES/RANS Cases

In the 3D LES/RANS dynamic stall simulations, a time accurateputation was used, and
similar to the RANS cases with equation (6.1), the time iteration starts from airfoil angle of attack
16.7° during its downstroke pitchingor the O-type mesh LES/RANS casdbe RANS solutionby
Ment er 6 s & Bd statitall angle of attack 16.#turing downstroke pitchingf dynamic
stall case isgised as initial conditionswvhile for the Gtype mesh LES/RANS casdbe static stall
solution of previous corresponding 3D LES/RANS chsg  Gi e s e k iatithg @asne anglaf e |
attackis usedas initial conditionsThe computational data for the dynamic stall cases was collected at
the statiestall angle of 16.7° during both upstroke and downstroke of each pitching period (frame).
The computational results then needed tpdstprocessed to obtain relevant flow properties such as
mean streamwise velocity, Reynolds shear stresses and Reynolds normal stresses for the purpose of
compari son with experi ment. I n Pruskids experim
cdculation of phaseveraged turbulent statistics. However, it is unrealistic for CFD to run so many
periods, given available computational resources and the need to conduct numerous tradeoff studies.
In this study, typically 10 pitching periods were rum &ach hybrid LES/RANS case usingtype
mesh, and data from the last 9 periods were collected and processed to obtain the relevant flow
properties. For the LES/RANS cases usintyge mesh, usually less than 10 pitching periods were
completed, and Reynddstresses were calculated by using the second method described below for
those cases running insufficient periods.

In hybrid LES/RANS cases, Reynolds stresses comprise two parts: the modeled part and the

resolved part. The modeled part of Reynoldssstes is usually smaller in the LES implementation
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region (where LES/RANS blending functions are small). The modeled Reynolds stresses calculation,
which is again based on Boussinesq assumption, is embedded in the main code and could be directly
outputted.However, posprocessing of the instantaneous flow solution was needed to obtain the
resolved Reynolds stresses. Two ways of calculating resolved Reynolds stresses were used in this
work. The basic idea of both methods is similar to that used in ensamwiEging the filtered
velocity data as shown in equation (4.2), but a
0012 airfoil case.

In the first method, the instantaneous quantities at static stall AoA=16.7° during upstroke or
downtroke of eaclpitching period (frame) were first averaged over the spanwise direction, then the
spanaveraged velocity data at each frame was averaged over all frames and the Reynolds stresses
calculated by

-ui'uj':(<ruiuj>-<r_ui><r_uj>/<7>)/<7> (6.2)

Here oper &t iaonmnms Aief >0frepresent spanwi se average

In the second method for calculating Reynolds stresses, the Reynolds stress values for each
frame were first calculated by using the spaeraged quantities, thehose Reynolds stresses by
frame were averaged over frames. Since a number of LES/RANS cases were run and some of them
only completed a few pitching periods (3 or 4), the Reynolds stresses calculated fayespgimg
each frame were used to compare il experiments.

- ui'uj'HI :(ruiuj - Iy, ru; /7)/7 (6.3)

-u'yt= <{ruiuj - Iy ru; /7)/7> (6.4)

The difference of resolved Reynolds stresses calculated by the above two methods were not
large if enough frames were used. The basic features of the flow at static stall angle during both
upstroke and downstroke pitching, such as separation level, widtheoseparated shear layer,
magnitude of the Reynolds stresses, were generally similar between the two methods. In addition,
based on the computational results of existing LES/RANS cases, the Reynolds stresses calculated by
the second method changed ditframe by frame (except for the first frame) either. Therefore for
most of the hybrid LES/RANS cases, the basic features of the flow during upstroke and downstroke
could be represented and reflected by the Reynolds stress contours calculated by e§uBtan (
some typical frame. At the same ti me, t he mean

frame at static stall angle during either upstroke or downstroke pitching, and the mean streamwise
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velocity contour at some typical frame qualitativepresents the averaged one over frames and

reflects the separation level of the flow.

6.4 Hybrid LES/RANS Computational Results by Otype Mesh

Gi esekingbs

LES/ RANS mo d etype meshes, thenghdraeteristiost e d

of which are shown ofable 6.1. Mesh and MeshHII have the same span width, but Mdkshas a

finer resolution in spanwise direction; MeBhhas only half the span width of the other two meshes

and the same spanwise resolution as that of Me3te IDDES model was also premented on O

type Meshl

whil e Giesekingds model wi tIh Theraforea a ar 0 s

total of five LES/RANS cases run ont@pe mesh are discussed here, and in the first four cases the

Reynolds stresses were calculated by theveldescribed first method and averaged over from

secondto 1f r ame, whil e

in

the | ast case (Salazards

was calculated by the second method with downstroke and upstroke pitching data frohfranee3
Table 6.2 shows the relevant features in the running andpposgessing of each hybrid LES/RANS

case using @ype mesh.

Table 6.1 characteristics of thred30-type NACA 0012 meshes

Oﬁ}ggﬁ Dimensions Cells in spanwise direction] & T k (| Span width (x bord)
Meshl 721 x 201 x 65 64 0.0033 0.21
Meshll | 721 x 201 x 129 128 0.00165 0.21
Meshlll 721 x 201 x 65 64 0.00165 0.105

Table 6.2 relevant features of each hybrid LES/RANS case usiggeOmesh

Case| Mesh LES/RANS model Pgnods Method in calculating Reynolds stresse;
# used finished
1 Meshl Gi eseki n{ 10 Method 1, average over from 2 to 10 frar|
2 Meshll | Gi es e ki n 10 Method 1, average over from 2 to 10 frar|
3 Meshlll Gi eseki ni{ 10 Method 1, average over from 210 framesg
4 Meshl IDDES 10 Method 1, average over from 2 to 10 frar,
5 Meshlll Sal azar 3 Method 2, use frame 3 data
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Figures 6.166.14 show the upstroke response at the static stall angle of 16.7° obtained by the
above mentioned five hybrid LES/RANS cases. Compared with the attached flow in experimental
measurements shown in Figure 6:l,Meshiiand®Bleshllby Gi es
(Cases #1, #2, and #3) all predict flow separation near the leading edge. Figwed ®.ibdicate
that Meshl case predicts the highest level of leading edge separation, and the flow reattachment
occurs somewhere downstreamt(sbown in the figure), while Meslh and Meshlll cases predict a
smaller leadingedge separation, and the flow reattaches at around x/c=0.08. Therefore, this indicates
that finer spanwise cell spacing, no matter whether the span width is 0.21 or (i@ césults in
less leading edge separation and better agreement with the experimert. Meshoo coarse
spanwise spacing that could not sufficiently resolve the small eddies near the leading edge, while
Meshll and Meshlll alleviates this problem tsome degree. The leading edge separation predicted
by the LES/ RANS model doesnoét mean the airfoil
pitching is in stall; actually the flow as a whole is attached to the airfoil surface. (This is not shown
here, but will be shown in the results obtained by usintyg@ meshes.) The case using IDDES on
Meshl (Case #4) also predicts less leading edge separation. In IDDES model, the LES
implementation is delayed so that RANS model is implemented near the |legldjagegion more
extensively, which is favorable since the effects that small eddies (in an actually attached flow) near
the leading edge can be more accurately modeled by RANS rather than being resolved by LES using
some coarser mesh. The case using 8atad s f i -KI (Case #3) jerediots even more attached
flow; actually, the leading edge separation is delayed and the flow starts separating at around
x/ c=0.08. Similar to what happens in the static
activity near the leading edge, which facilitates momentum transfer to the surface.

Figures 6.15.19 shows the downstroke responses at static stall angle of 16.7° obtained in
the five LES/RANS cases. All the cases correctly predict the basic features that the flow is fully
separated near leading edge and the airfoil is in deep statl. algshe cases overestimate the
magnitude of Reynolds stresses; this might be caused by the small number of frames (9 frames in the
first 4 cases) to average over which when calculating the Reynolds stresses. The overestimation of
Reynolds stresses coubé reduced if more pitching periods were run and more statistics (frames of
data) were available, as has been shown in the static stall cases. Taking a closer look, cases using
Meshll and Meshlll (Cases #2 and #3), and IDDES case using Me@Pase #4) pedicts more
separation near the leading edge and a farther distance between the separated shear layer and airfoil

surface, compared with the Meklcase (Case #1). As shown in Figures &167, Case #2 using
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Meshll with a span width of 0.21 chords obtaia little better prediction for the Reynolds stresses
compared with Case #3 using Mdshwith a span width of 0.105 chords, especially for the Reynolds

wall normal stress near the stagnation point, which indicates that a larger span width coultheeduce

error to some degree in the prediction of Reynolds stresses at static stall angle of attack during
downstroke pitching. However, the flow features such as mean streanwise velocity and separation
level are correctly predicted by both Case #2 and CagéhiB used meshes of different span width.
Therefore, the comparison of downstroke (and upstroke) response of Case #2 and #3 indicates that the
span width of mesh doesnodt affect the LES/ RANS
S al a zxausiigdMesHIl (Case #5) predicts a closer distance between the separated shear layer

and the airfoil surface, which indicates a less stalled status predicted by this case compared with the
other four cases. The reason of less stall during downstrokeipret ed by Sal azar 6s f
what happens in the static stall cases by inclu
model activity is introduced to the leading edge, inhibiting flow separation in a region where the

resolved eddies mayakie been large enough to support the use of LES.
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Figure 6.10 Computational results of thaeeraged properties of the NACA 0012 airfoil during
upstroke at static angle of at t-hwittkkacoatbespawiseA, by

cell spacing). Parts {d) are the same as those in Figure 6.2
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Figure 6.11 Computational results of thaeeraged properties of the NACA 0012 airfoil during
upstroke at static angle of at t dlovikh,afindsparviser A, by
cell spacing). Parts {d) are the same as those in Figure 6.2
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Figure 6.12 Computational results of thaeeraged properties of the NACA 0012 airfoil during
upstroke at static angle of at t-dlovkhafilgsphévise!s A, by
cell spacing in a half span width). Partedjaare the same as those in Figure 6.2
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Figure 6.13 Computational results of thaeeraged properties of the NACA 0012 airfoil during

upstroke at static angle att aokMesh).=16. 7 A,

Parts (ad) are the same as those in Figure 6.2

L 28

L .
© e
[] 00g [EH

L
ona
e

Figure 6.14 Computational results of thaeeraged properties of the NACA 0012 airfoil during

upstroke at static angle GlH).1Pérts 7 A,

(a-d) are the same as those in Figure 6.2
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Figure 6.15 Computational results of thaeeraged properties of the NACA 0012 airfoil during
downstroke at static angle of att aawihacdarsel 6. 7 A,
spanwise cell spacingparts (ad) are the same as those in Figure 6.6
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Figure 6.16 Computational results of thaeeraged properties of the NACA 0012 airfoil during
downstroke at static angle of attalwthafhel6. 7A,
spanwise cell sgang). Parts (al) are the same as those in Figure 6.2
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Figure 6.17 Computational results of thaeeraged properties of the NACA 0012 airfoil during
downstroke at static angle of attaléwithatiml6. 7A,
spanwise celspacing in a half span width). Partsdjaare the same as those in Figure 6.6
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Figure 6.18 Computational results of thaeeraged properties of the NACA 0012 airfoil during
downstroke at static angle of att aaMeshl)URPads6. 7 A,
(a-d) are the same as those in Figure 6.6
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Figure 6.19 Computational results of thaeeraged properties of the NACA 0012 airfoil during
downstroke at static angle of attack, UB16.7A,
Pats (ad) are the same as those in Figure 6.6

6.5 Hybrid LES/RANS Computational Results by Gtype Mesh

To further demonstrate the above observataitained by Gype meshesadditional hybrid
LES/RANS cases were run on thetype meshes which have finer resolution in the streamwise
direction. This sections show the hybrid LES/RANS computational results obtained by various
models using @ype meshes.

The above Qype mesh cses show that different span widthf 0.21 and 0.105 chords does
not affect the LES/RANS solution significantly. Therefore, in the following hybrid LES/RANS cases
for dynamic stall, a small span width (0.105c) was chosen for-B[p&€meshes in the simtilans in
order to decrease computational costs. As shown in Table 5.1, compared-tyjté @esh, the C
type meshes have a finer streamwise resolution and bigger mesh size. In the following LES/RANS
cases, @ype MeshA and MeshB are used in the simulatie. The mesh characteristics are described
in Table 6.3: MestB has a finer spanwise cell spacing compared with MedBenerally less than
10 pitching periods (sometimes only 3 pitching periods) were run for those cases to save time and
computer resourced he insufficiency of frames for processing data makes it improper to calculate
Reynolds stresses by the first method; therefore they were calculated using the second method by

picking some typical frame in the cases that the number of frames is to@dble. 6.4 shows the
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relevant features in the running and posicessing of each hybrid LES/RANS case usintype

meshes. Fortunately, as mentioned before, Reynolds stresses calculated with data of different frames
using the second method do not deviaket &rom each other, the Reynolds stress contours calculated

by this method and the velocity field could be used to qualitatively interpret the flow features and

airfoil stall status.

Table 6.3 characteristics of three types-@ 8-type NACA 0012 mesh

(;tggﬁ Dimensions Cells in spanwise direction] & T k (| Span width (x chord)
MeshA | 1153 x 225 x 65 64 0.00165 0.105
MeshB | 1153 x 225 x 129 128 0.00082 0.105

Table 6.4 relevant features of each hybrid LES/RANS case usipgednesh

Case| Mesh LES/RANS model P?“Ods Method in calculating Reynolds stresse;
# used finished
6 MeshA Gi eseking 9 Method 1, average over from 2 to 9 fran
7 MeshB Gi eseking 9 Method 1, average over from 2 to 9 fran
8 MeshB Sal azar 6 3 Method 2, usérame 3 data
9 MeshA Sal azar o 6 Method 2, average over from 2 to 6 framr
10 | MeshA RANS anq LES/RANS 6 Method 2, average over from 2 to 6 fram

Combined case

6.5.1 upstroke response of @ype mesh cases (Cases #6, #7, #8)

Computational results by hybrid LES/RANS cases usiAgpg@ meshes also show that the
overestimation of leading edge separation during upstroke pitching can be reduced by refining the cell
spacing along spanwise direction. Therefore, it is logical to duntbfine the spanwise cell spacing
and investigate if the leading edge separation can be further reduced so that the computational results
better match the experiment. Figures €620 21 show results of LES/ RANS
model using @ype MeshA and MeshB (Cases #6 and #7), where the spanwise cell spacing of C
type MeshA is twice that of MestB. Similar to Otype mesh cases, the mean streamwise velocity
contour and Reynolds stress contours indicate that leading edge separation is prbstémtases at

static stall angle attack of 16.7° during upstroke pitching, and the coarser meshite€lase #6)
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results in more separation while the finer mesh (M&sh Case #7) results in less leading edge
separation. Accor dtsnhgowno iPar uFsikg ubrse e6x.p2e,r ilmeandi ng
be present at the static stall angle during upstroke pitching. The attached flow near leading edge
during airfoil upstroke pitching is in its incipient stage, thus turbulent eddies are usmallgr and
cannot be properly resolved by the mesh used in simulations (neithetAveshMeshB). However,
as indicated by the hybrid LES/RANS blending function distribution shown in Figure$223c
d), a region where LES is active is located regeil leading edge. The LES model is implemented
in near nose region but the mesh resolution i snf¢
words, the small eddies in this region cannot be sufficiently resolved by the 3D mesh while the
subgrd model fails to provide enough modeled stress to comperiSats. mesh resolution (as in
Case #7) is favorable in the sense that more small eddies near leading edge can be resolved with LES
model. This reduces the separation level as shown in Figure$6.@2 In Case #6 (which uses
MeshA wi th coarse mesh resolution) by Giesekingbo:
and reattaches at around x/c=0.14, while in Case #7 (which usesBVeish fine mesh resolution)
with Gieseki ngsemratesadamling x/c=h08 antl leaitaches at around x/c=0.07. The
mean streamwise velocity contour and Reynolds stress contours shown in Figure 6.22 indicates that
Salazardéds fix delays | eading edge separtheti on b
leading edge region as indicated by the blending function distribution shown in Figure-8)23\$c
shown in equation (2.55), Salazardés fix takes t
the hybrid LES/RANS blending function in thalculation of length scale ratio and generates more
RANS activity nearthe nose where the mesh resolution is not fine enough for a LES implementation.
The RANS implementation is favorable for an attached flow near the airfoil leading edge; the small
eddiesreside in this region can be modeled by RANS method more accurately rather than being
resolved by LES method with a mesh that is not fine enough to support it. However, in th8 Mesh
case with Salazarés fix ( Cas e owdbut postpdned allithkea di n g
downstream. As indicated by the skin friction coefficient distribution in Figure 6.26, the flow
separates at around x/c=0.11 and reattaches at around x/c=0.16.

Although the unwanted leading edge separation is present durib@kepgitching in the
above three LES/RANS cases, the mean streamwise velocity and eddy viscosity contours over whole
view shown in Figures 6.28.25 (ab) indicate that the flow is attached as a whole. In other words, all
the three LES/RANS cases (Casés #7, and #8) correctly predict that the airfoil is not in stall at
static stall angle of 16.7° during upstroke pitching. As shown in Figures6&83d), the LES model
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is active throughout the majority of the boundary layer. This is favorable sinogegteresolution is

now good enough to resolve the large eddies which dominate in the turbulent boundary layer. It can

also be noticed that Case #6 (using a coarse mesh) in Figure B2Bré&licates a thicker turbulent

boundary layer, while Cases #7 a#tl (using a fine mesh) in Figures 62425 (ab) predict a

relevantly thinner turbulent boundary layer. All the three cases also predict some level of trailing edge
separation, as indicated by the skin friction distribution shown in Figure 6.26. Thegtedge

separation starts at x/c=0.72, x/c=0.9, x/c=0.93, respectively, according to the predictions of the
MeshA case,theMesB case by GiesekinBodosamedal t havbal arar
#6, #7, and #8). The mean streamwise velocity aianin Figures 6.28.25 (a) also indicates the

presence of trailing edge separation.

The Gtype MeshA used in Case #6 has the same span width and resolution along spanwise
direction as the @ype Meshlll used in Case #3, and thetgbe MeshA has finerstreamwise
resolution and a large mesh extent than tHgpg@ Meshlll. As shown in Figure 6.12 and 6.21, the
velocity contour and Reynolds stress contours indicate that Case #3 usinty® i@esh obtains
better results than Case #6 using-fyi2 mestsince Case #3 predicts less separation near the leading
edge.

I n summary, Gi e s e k iBn(fm® rmeshinabthired thaikwest predictibhrefar h
the upstroke response at static stall angle of 16.7° among these three hybrid LES/RANS models.
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Figure 6.20 Computational results of tiraeeraged properties of the NACA 0012 airfoil during
upstroke at static angle of att acAkwith &decotrée. 7A, b
spanwise cell spacing). Partsdpare the same as those in Figure 6.2
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Figure 6.21 Computational results of thaeeraged properties of the NACA 0012 airfoil during
upstroke at static angle of att @akhafingspaéviss A, by
cell spacing). Parts {@) are the same as those in Figure 6.2
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Figure 6.22 Computational results of thaeeraged properties of the NACA 0012 airfoil during

upstroke at static angle of attack, U=B@&ith7 A,
a fine spanwise cell spacing). Partgljaare the same &sose in Figure 6.2
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Figure 6.23 Computational results of thaeeraged properties of the NACA 0012 airfoil during
upstroke at static angle of att ackwih &ecodrée. 7 A,
spanwise cell spacing). (a) Mean velodY , (b) normalized eddy viscosity, (c) LES/RANS
blending function near the leading edge, (d) LES/RANS blending function
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Figure 6.24 Computational results of thaeeraged properties of the NACA 0012 airfoil during
upstroke at st at i cbylsEB/BANS Casd #7 foh Medovkh,a firg sphrévise? A
cell spacing). Parts {@ are the same as those in Figure 6.23

Figure 6.25 Computational results of thaeeraged properties of the NACA 0012 airfoil during
upstroke at static angle of attatk= 16 . 7A, by LES/ RANS CaseBwitB (Sal a

a fine spanwise cell spacing). Partgljaare the same as those in Figure 6.23
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