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Abstract

Aeroelastic phenomena, and particularly instabilities and Limit Cycle Oscillations (LCOs),
remain an important and complex field of research. Understanding of these instabilities is
crucial for the design of aerospace vehicles and turbomachinery, where they may impede
performance, reduce efficiency, and induce structural fatigue or failure. The subject of this
dissertation — transonic buffet — is one such instability. Transonic buffet is a global flow-
field instability characterized by an oscillating shock-wave on the suction-side of an airfoil or
wing that produces oscillating forces on the structure. The LCO frequencies scale with the
airfoil chord, and are near typical natural frequencies for aerospace structures. Theoretical
descriptions of buffet’s mechanism remain incomplete, and its onset is difficult to predict
without computationally expensive simulations.

This dissertation seeks to explore two-dimensional buffet using Computational Fluid
Dynamics (CFD) and provide insight into its sensitivities to both flow conditions and
numerical models. Deeper understanding of the two-dimensional behavior is a critical step
in exploring the more complex three dimensional phenomenon. Trends in Reynolds number,
angle of attack, and Mach number are explored, as are the impact of wind tunnel walls
and airfoil geometry. While most studies included in this document make use of Unsteady
Reynolds-Averaged Navier-Stokes (URANS), additional methods of simulation are explored
and assessed, including inviscid simulations, Implicit Large Eddy Simulation (ILES), and
linearized stability analysis.

Buffet shows substantial sensitivity to many of the conditions explored in this work.
While the buffet onset point, mean lift coefficient, and frequency tend to be relatively
stable, the amplitude of oscillation and the conditions near the offset point are especially
sensitive to many factors. Special care must be taken in discretization and selecting models
to apply if these highly sensitive outputs are to be explored. Despite these sensitivities,
lower fidelity methods, including inviscid simulations and linearized stability analysis, are

successful approaches to studying transonic buffet.
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1. Introduction

Instabilities and LCOs in aerospace vehicles can impede controls, reduce e ciency, or
cause destructive structural failures. The historically most common instability for aeroelas-
ticians to study, utter, is relatively well described by theory; pure ow instabilities remain
less well understood. Two-dimensional Bu et is a ow eld instability characterized by an
oscillating shock wave interacting with the boundary layer as it separates from the airfoll
downstream, falling under the blanket of Shockwave Boundary-Layer Interaction (SWBLI).
While three-dimensional bu et exhibits more complex behaviors, understanding of two-
dimensional bu et is an essential rst step in addressing the three-dimensional mechanism.
Bu et can occur at both subsonic [1], [2] and transonic [3] [13] speeds, and multiple types
of bu et are observable in each domain, depending on ight conditions. Although it can
place signi cant limitations on the ight envelopes of aircraft, especially those with high
maneuverability, the mechanism behind transonic bu et remains incompletely described by
theory, and its onset and LCO amplitude can be di cult to predict.

Bu et represents a signi cant limiter in vehicle ight and design the LCO in the uid
produces low-frequency oscillating forces on the structure, on the order of typical structural
frequencies. Bu et is therefore of great concern in aircraft design; however, it can be di cult
to predict without costly CFD simulations. Research into how bu et behavior depends on
aircraft geometry and operating conditions is needed to address this challenge.

Bu et research is extensible to turbomachinery as well. Non-synchronous vibrations
(NSV), or "Vortex Induced Vibration" (VIV), is thought to be strongly linked to bu et,
and is of critical concern to turbomachinery [14]. The link is especially clear in discussions
of lock-in, as covered in Chapter 6. Theory surrounding both phenomena may also be
applicable to hypersonic LCO's, which are not fully described by current theory and bear
gualitative similarities to bu et and NSV.

Transonic bu et has been investigated since its rst observation by Hilton and Fowler
[15], and for two-dimensional ows is often divided into Type | and Type Il buet. Al-

most all current investigations describing bu et, including those in this dissertation, refer
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to Type Il buet, where a shock on the upper surface oscillates for a range of nonzero
angles of attack. Type | bu et, where shocks develop on both the upper and lower sur-
face and oscillate in opposed phase-locked motion at zero angle of attack, occurs at higher
Mach numbers and has a more complete working theory. Gibb, among others, developed a
qualitative description of the mechanism in 1988 [16].

Our understanding of the mechanism driving type Il bu et has improved dramatically
in recent years. Early proposed mechanisms, such as Pearcey's "bubble bursting” model
[17] or more recently Lee's wave feedback model [11], despite their successes and insights,
have fallen out of favor due to conicting evidence [12], [18], [19]. Currently the most
strongly supported view of bu et is as a global ow- eld instability. Crouch applied a
global stability analysis to the NACA0012, successfully predicting the stability boundary
for a reasonable range of Mach numbers [10], [20]. He later extended this work to the
OAT15A as well, showing good agreement with experiments on both airfoils [21]. This
approach yields accurate predictions of stability, but the need for further improved methods
of bu et prediction remains; the computational cost of nding the bu et boundary for a
new airfoil, even using a linear stability analysis, is signi cant, and the cost for a larger
section of an aircraft in three dimensions is often prohibitive.

Extensive literature reviews paint a clearer picture of debates regarding transonic buf-
fet's mechanism. Dolling's SWBLI review paper covers many of the developments in the
latter half of the 20th century [22], and Lee's review focuses more on bu et research in
the same period [23] Giannelis's 2017 review paper [4] covers much of the work that has
been done since then. Several excellent studies have been conducted between the time of
Giannelis's review and this writing, a subset of which are also cited in this work.

Transient, transonic ows are complex, and bu et depends signi cantly on nonlinear
e ects; this makes analytical approaches to this problem intractable. Analytical approaches
typically rely on outputs from computational models, as in the work of Crouch et al. [20],
or make substantial simpli cations and approximations, as done in the scaling analysis

approach of Jaworski and Dowell [24].



The pool of experimental studies available that speci cally address transonic bu et has
grown in recent years, but the pool of experiments on simple geometries remains limited.
Most bu et experiments are conducted on full or partial aircraft that would be too costly
to model computationally and whose results would be di cult to extend to other designs
due to the complexity of the geometry.

The present work will draw comparisons to the experimental data of McDevitt and
Okuno's work [3], which is among the most comprehensive datasets available and speci cally
addresses bu et onset conditions on a NACAQ0012 airfoil. Comparisons are also made to
Benoit's experiments on the RA16SC1 at ONERA [25], and to the work on the OAT15A
supercritical airfoil at the same facility [12]; other recent papers also provide data for the
OAT15A geometry to which one can compare [7], [9], including work at TU Delft [8]. Aachen
University researchers have investigated bu et over the supercritical DRA 2303 geometry
[26]. The recent experiments on this subject provide an opportunity for computational
investigators to draw comparisons between airfoil geometries and investigate bu et behavior
on these geometries in greater detail. As a result of the work at ONERA and subsequent
studies at other institutions, the OAT15A is likely to be the subject of further investigations,
SO pursuing that geometry may be particularly relevant to the evolving eld.

The experimental studies mentioned, like this computational study, primarily address
two-dimensional ows over unswept wings; while three-dimensional e ects are important for
many wing geometries, these two-dimensional ows, and particularly the classic experiment
of McDevitt and Okuno, remain benchmarks in the literature. A deeper understanding of
the physical mechanism of two-dimensional bu et is a critical step towards understanding
the full three-dimensional phenomenon, and both cases require additional work to obtain a
more complete understanding of bu et. Investigations of three-dimensional wings suggest
fundamental di erences in the bu et mechanism with the addition of a dimension [27].

With the challenges in addressing transonic bu et analytically and the limited exper-
iments available to draw conclusions from, CFD has become the most common method

for studying bu et, as it has for many other aerodynamic phenomena. Although URANS
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has been reasonably e ective for producing bu et results that agree well with the avail-
able experimental data, larger discrepancies appear as the Mach number approaches 0.8
for the NACAO0012 airfoil [20]. Computational studies are often unsuccessful in producing
self-sustained bu et at Mach 0.8, suggesting that some mechanism is present in the ex-
periments that researchers have been unsuccessful in reproducing computationally. This
discrepancy is more common in URANS studies, where an increased numerical viscosity
may be responsible at least in part. Additional studies that look at bu et's sensitivity to
both experimental conditions and computational models may help to address this these
di erences and build towards a more complete understanding of bu et. The computational
formulation used in this work is described in greater detail in Chapter 2. The development
of more e cient simulation methods than even URANS for bu et will enable designers to
improve onset angles for bu et. For example, the optimization approach of Thomas and
Dowell [28] relies on the harmonic balance approach, but even this method could prove
prohibitive when scaling to full wings or vehicles. URANS, while expensive for some design
applications, is e cient enough to use in the research of this dissertation.

While the applicability of URANS to high speed compressible ows is not universal,
it has frequently been used to study bu et in the past and shows good agreement with
experiments [4], [29]. URANS requires an assumption of a spectral scale separation, which is
discussed in section 2.1.2. It has also been shown that bu et is sensitive to turbulence model
selection [30], among other conditions, so care was taken in turbulence model selection and
numerical discretization, as discussed in Chapter 2. URANS also faces challenges for higher
Mach numbers, with larger discrepancies appearing as the Mach number approaches 0.8 [20].
Despite the limitations of URANS in describing the small-scale details of the ow, previous
studies have had success with this approach for the range of Mach numbers investigated in
this study [4], [5], [29], [31]. This is consistent with the view of bu et as a global instability,
and the results herein support URANS' e ectiveness in bu et prediction. Many features of
bu et can be captured with even lower delity techniques than URANS; modi ed potential

ow or Euler codes are relatively successful in capturing the LCO onset boundary [32].
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Other approaches, including harmonic balance, have been successful as well[33].

This dissertation primarily discusses two-dimensional URANS studies of transonic buf-
fet, including studies addressing Reynolds number dependence, angle of attack trends,
airfoil geometry e ects, and wind-tunnel wall e ects. It also explores lock-in for an airfoil
in pitch and plunge, as well as approaches to bu et investigation using ow models other

than URANS.



2. Computational Approach

This chapter aggregates some methodology from later chapters to avoid repetition and to
streamline the discussion in later chapters to focus on results. Similarities and di erences
in the approach of the dierent case studies are discussed, and convergence studies are
presented for each approach.

This work builds upon methodology developed in earlier work by Bastos and Dowell
[31], [34]. They drew on the parameters used by Vio and Giannelis for their study on the
in uence of Mach number and angle of attack on transonic bu et [5], but used ANSYS
Fluent's pressure-based coupled solver. Although density-based solvers were historically
developed for compressible ows, pressure-based solvers have been extended and perform
well for many compressible ows. Comparisons of modern approaches to coupled pressure-
and density-based methods yield di erences in lift of only about 1% for steady transonic
ows over a NACAO0012 [35] and a pressure-based approach tends to face fewer convergence
issues than a density-based approach. A Roe ux-dierence splitting scheme is applied
[36], and bu et is relatively insensitive to the choice of this scheme. The standard gradient
limiter, being an implementation of the minmod limiter, may have some impact on the
amplitude of oscillation, but provides less damping than some other choices [37]. The time
integration scheme is implicit.

In order to produce Reynolds number trends, there are multiple ow variables that
could be used as independent variables our selection should not have a signi cant impact
on dimensionless results. This study sets Reynolds numbers based on altitude (for a xed
one meter chord), which a ects the temperature and pressure based on tabulated data from
Anderson's aerodynamics textbook [38]. The temperature impacts the viscosity following

Sutherland's viscosity formula.
2.1 Unsteady Reynolds-Averaged Navier-Stokes (URANS) Model

CFD techniques include a broad range of delities and computational costs. The most

accurate simulations, Direct Numerical Simulation (DNS), cannot be fully resolved for the



ows under study without incurring an inordinate computational cost. The simulations

closest to fully resolved DNS that are being regularly conducted are ILES, as in the work of
Barnes and Visbal at AFRL [39]. Some work with ILES is discussed in section 8.2. Large-
Eddy Simulation (LES) with explicit subgrid-scale modeling are more common and less
costly; however, they are still substantially more expensive than URANS, which is among

the most common approaches to bu et.

2.1.1 De nition of URANS

The Navier-Stokes equations are built on the basic principles of conservation of mass,
momentum, and energy. As a result, under the continuum assumption, they give a near-
exact, analytical description of uid behavior in principle. However, such an analytical
solution is only available for a small set of simple problems, so a more complex problem
must be solved with numerical discretization. The ow behavior in the turbulent regime can
have lengths on the order of the Kolmogorov microscale, so discretizing the ow domain for
DNS to yield an accurate result would require impractically small cell sizes. LES addresses
this by modeling the behavior at these small scales, and only simulating the larger-scale
behaviors in the ow. Unlike LES, ILES does not apply a turbulence model to describe this
small scale behavior it instead assumes that the implicit averaging from the mesh sizing
itself is su cient to capture the behavior, sometimes imposing additional Iters.

URANS takes this computational simpli cation further, and applies time-averaging to
the ow variables. It was originally based on steady Reynolds-Averaged Navier-Stokes
(RANS), and has been extended to time-dependent ows. A Reynolds decomposition,
where each variable is separated into a time-averaged component and a deviation from that
value, is applied. In this section, the Navier-Stokes equations will be converted to their
Reynolds-averaged form for two-dimensions only. Although the principles are the same in
three-dimensions, manipulating the equations is impractical except in Einstein notation,
which is at times less immediately physically intuitive.

The Navier-Stokes equations are the continuity equation, two equations of momentum



conservation (for two dimenstions), and an equation of energy conservation

Br, B(ru) N B(rv) _ 2.1)
Bt Bx By
Bu Bp Bt xx thy
— +ru—+rv—= —+ +
rBt ruB rVBy B Bx By (2.2)
Bt Bt
r&+ru§+rv&= @+ Yy X (2.3)

BB  Bx By By Bx By

. Ble+ (u?+ v3)/2) N ruB(e+(u2+ v2)[2) N rvB(e+(u2+ v2)[2)
Bt Bx By

Blup) B(vp) . Bax . By
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+ §(Utxx+ Vixy) + a(utxy+ vtyy) (2.4)

where
s m 4B 200 25)
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In this work, mfollows the Sutherland model for viscosity, so it is treated as a function
of temperature. These four equations have ve variables u, v,r, p, and T but we can
reduce this to four with the addition of an equation of state. Using the ideal gas law for
this, p = rRT and using the identites e= rCyT andqg= |r T we produce the
equations below. Usefully, we are free to move all the coe cients on the left-hand side of
the equation inside of the derivative because the resulting additional terms are a multiple
of the continuity equation. While not strictly necessary, doing so allows for some small

additional simpli cations.

1 Adapted from Anderson[38]
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This can be further simpli ed using the de niton R= C, C, to:
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The above equations closely match the forms in Crouch's work[20], which are written
in a way that eases the burden of linearization and discretization (addressed in Chapter 7).
From these equations, to arrive at the URANS equations, we apply a Reynolds decom-

position, also called ensemble averaging.



g=qg+ § (2.16)

Here, we assume that each ow variable can be decomposed into a time averaged com-
ponent, g, and a uctuating component, §. Although q is typically viewed as a "mean
ow", it is actually a long-time average of the ow, and varies with time. It simply lters
out the small scale, high-frequency behaviors that make DNS and LES expensive.

The other crucial assumption in applying URANS, and one that does not hold for all
problems, is a spectral separation of scales; that is, the assumption that large-scale e ects

and small-scale e ects occur at signi cantly di erent frequencies, and with no coherence.

This manifests in the assumption that @qjm) = 0. By de nition, the time average of § is

treated as zero, and similarly we assume the time average of the perturbation momentum,

FQ;, is zero, but we do NOT assume this to be the case for all such products, e.av) 0.
Additionally, we can drop averages of already-averaged components, i.€q) = q.

The key idea, then, is to take the time average of the Navier-Stokes equations, simplify
them under these assumptions, then model the remaining uctuating terms instead of
directly using them. The derivation of the Reynolds-averaged continuity equation, for

example, is below:

§+ B(ru) N B(rv)

L (2.17)
g—+ B(r + f|)3§(u_+ a) , B(r+ ;);\ﬂ ) - (2.18)

g+ B(FU+ raB; FU+fa) | B(iv+ WB;W’f ™ _o (2.19)
;f_ . B(S) N B(ny) -0 (2.20)

We can apply the same process to the momentum and energy equations, as well as

the equation of state, but terms involving the perturbation variables arise that cannot be
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simpli ed, and must instead be modelled?
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p=(g DG J(@+ ) (229

Similarly to before, we de ne:

Txx = m gg‘xj_ ggyv (2.25)
Txy=m gxu_ + ;7 (2.26)
ty = 225* g;,v (2.27)
It is also a minor simpli cation to assume g = I_E—fi, but turbulence models rarely

do otherwise. The remaining perturbation terms have to be addressed with a turbulence

2 Technically these are the Favre-averaged Navier-Stokes equations, which use a density-weighted time
averagef~ = $ This is necessary for compressible ows; however, studies in the literature, this document

included, rarely makes this distinction. Reynolds averaging is only directly applied in the incompressible
case. The equations provided in this document make no distinction between f and f
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closure. Turbulence models, including the one that will be discussed in this work, typically

representcyr GT as a turbulent heat transfer term, cordT = | (&L (and likewise cor 9T =

I t%;). The Reynolds stress terms,r (2, rGv, and rv2, are addressed di erently by each
turbulence closure. The other unknown terms are often lumped together or neglected

entirely [40].

2.1.2 Applicability to Buffet

URANS's applicability to bu et has been well established in past studies; although it
fails to account for small-scale turbulent behavior, it o ers good accuracy under the as-
sumption of a separation of scales. Bu et's frequency is of orded/ ¢ based on experiments
[3] and scaling analysis [24], and the frequencies at turbulent scales are of ordgf d, so
the frequency separation is 3 to 4 orders of magnitude. Thus, the spectral separation of
large and small scales that is applied by URANS yields good results.

At higher Mach numbers, approaching Mach 0.8, the solver often fails to predict bu et,
likely as a result of being too dissipative. URANS also produces results at small scales that
are in less good agreement with experiments than other computational methods; the exact
shock location or volume of ow separation, for example, are sometimes less accurately

predicted than the global frequency of oscillation or the bu et onset point [4], [41].

2.1.3 Turbulence Model Selection

The studies discussed in this document are conducted in ANSYS Fluent, a cell-centered
nite volume code, using the Spalart-Allmaras (SA) turbulence model [42] with fully turbu-
lent ow 3. The conditions of transonic bu et are relatively independent of the location of
turbulent transition in the boundary layer, as has been shown in experiments [43] and sim-
ulations [44]. Barakos and Drikakis [30] evaluated turbulence closures for their e ectiveness
in describing bu et on the NACA0012, with the Spalart-Allmaras turbulence model being
among the few models that capture oscillations comparable to experiments. Later studies

following their work and evaluating additional models have provided additional turbulence

3 With the exception of those that explicitly indicate otherwise
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models that are e ective in studying bu et, but the SA turbulence model consistently per-
forms well in these studies and has become a popular (and e ective) choice as a result [4],
[45].

The Spalart-Allmaras model is a single-equation turbulence model: namely, a transport

equation for a turbulent viscosity variable, fi.*

= = = = s 2
B(R) , B(W , B(v) _1 B o Bi o B
Bt Bx By Ssq  BX Bx Bx
2!
1 B Bii Bii
+ — — (n+f)— +Cp —
s By "t g iy

(2.28)

o

+ Cpa(1 fi2)SA  Cuafw %ftZ

This makes use of the de nitions below, where the model constants take the standard

values in Table 2.1 [46].

. c3
m = rnfvl fVl = W (229)
v1
fi ~ i
e b
fio=1 1+ iy W= 2V\/ijV\/ij (2.31)
1/6
1 Bu By 1+ C¢,
W= = i ZH fu=g w (2.32)
! 2 BXJ' BX; W gG+ C\(/SVS
— 6 — f
g=r+Cy r° r r—W (2.33)
fio = Czexp( Cuc?) (2.34)

In ANSYS Fluent, which is used in the current work, some terms are not included
speci cally, Ci3 = 0. Fluent also neglects the compressibility correction implemented in

some work [47].

4 The ow variables in these equations are Reynolds-averaged, but in keeping with custom, the overbars
are dropped for clarity.
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Table 2.1: Spalart-Alimaras standard model constants

Cp1 | 0.1355
Cop | 0.622

Sy | 2/3
Chl| 7.1
Cut | S22+ HTS"Z
Cw2 | 0.3
Cwz | 2.0

k | 0.4187
Cs | 1.2
Cu | 05

This turbulence closure models the turbulent e ects as an additional viscosityn, or m,
such that
Myff = M+ m (2.35)

mCp . MCp

| et = Pr T Pn (2.36)

Pr; is the turbulent Prandtl number, which is near unity in ANSYS Fluent, it defaults
to 0.85. The turbulent energy terms in the equation of state are typically neglected, the
Reynolds stresses in the momentum equations are captured by the e ective viscosity, and
the remaining terms in the energy equation are captured by the e ective heat transfer

coe cient.

2.2 Discretization of Computational Grid

In addition to bu et's sensitivity to turbulence model selection, it shows signi cant sen-
sitivity to discretization schema, among other numerical choices [37]. Particular attention
must be paid to convergence behavior both for mesh density and timestep size.

Three distinct approaches to the spatial discretization are discussed in this section: the
NACAO0012 with a far eld, the wall-bounded NACAO0012, and an updated far eld mesh for
the OAT15A and RA16SCl1.

The numerical schemes used were second order in time, third order in velocity and
temperature (though Fluent's third order MUSCL scheme is actually a blended second

order scheme), 2nd order in pressure, and rst order in turbulent viscosity. These are the
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highest order available in Fluent except in the case of turbulent viscosity, which is not
discontinuous across the shock and is well approximated with a rst order scheme. While
some studies have used higher order schemes than this, this numerical scheme is su cient,
although it may require more grid density than would be necessary with a higher order

scheme.

2.3 Spatial Discretization: NACA0012 Far eld

The lift LCO behavior, especially the amplitude of lift oscillations, for an airfoil under-
going bu et is sensitive to many model parameters, with mesh dependence being among the
more challenging to investigate. Many ow phenomena show monotonic or approximately
monotonic convergence with respect to spatial discretization density, but bu et amplitude
can show a more complicated convergence at times. Special care had to be taken in selecting

a mesh for this study to reduce the impact of mesh dependence on the solution.

FIGURE 2.1: Full, meshed domain for NACAQ012 airfoil, coarsened to x4 cell length
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FIGURE 2.2: Computational grid near NACA0012 airfoil, coarsened to x4 cell length.

The far eld mesh shown in Figures 2.1, 2.2, and 2.3 uses relatively large cells in the
distant regions of the domain, but there is a body of in uence near the airfoil with greater
mesh density, and a less dense body of in uence carrying through the wake. Flow in the
rest of the domain is nearly constant, so using a coarse mesh with cell lengths on the order
of a chord should have minimal impact on the results. If the aim was to capture acoustic
waves accurately at the domain's edge, a denser mesh would be needed across the domain.

Near the domain boundary, cells have characteristic lengths of half a chord; at the wall,
cell lengths are 0.29% of the chord length; in the area surrounding the airfoil and 5 chords
of the wake, cell lengths are 0.5% of the chord we refer to this value as the characteristic
cell length. In the more distant wake, cell lengths are 2.5% of the chord. Cells have a

growth rate of 20% between these regions.

FIGURE 2.3: In ation Layer on NACAQ0012 airfoil.
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This rst mesh iteration is used for the NACA0012 study in Chapter 3, and a similar
approach is used for the wall-bounded mesh in Chapter 4. Although this mesh is functional,
its e ciency and convergence behavior can be improved by:

» Coarsening the wake mesh, sacricing the capturing of wake e ects that have no

impact on the bu et behavior.

« A ording special attention to the shock, thereby reducing the needed density in other

areas of the mesh.
These changes are implemented in the next iterations of the mesh, which are discussed in

section 2.3.5 and used in the studies of Chapter 5.

2.3.1 Domain Boundary

The distance between the airfoil and the boundary needs to be su ciently large com-
pared to the chord to approximate a far eld; fortunately, the cells far from the airfoil can
be substantially larger than those near the airfoil or in the wake, since the ow is nearly
constant far from the airfoil. Extending the boundary, even when the change in domain
volume appears signi cant, requires relatively few cells. The domain in this study has 50
chords between the boundary and the airfoil. One could compare this to a distance that is
characteristic of the bu et oscillation as perturbations from bu et oscillations propagate
in the wake, the distance between these perturbations iélg chords, or approximately 13
chords depending on the simulation conditions. k is the reduced frequency of LCO. 50
chords allows for approximately 4 such periods to be captured in the wake. Alternatively,
one could contextualize the domain based on acoustic wave speed waves would has
chords between them when traveling perpendicular to the ow, meaning 2-3 such waves

could be captured in the domain at a time.

2.3.2 Boundary-Layer Treatment

Properly resolving the boundary layer on the airfoil's surface requires special care an
in ation layer of quadrilateral cells is applied at the surface to capture the boundary layer

behavior. In selecting how to apply this in ation layer, there are several choices to make:
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First-layer thickness
Growth rate

Number of wall nodes

P w0 b

Number of cell layers
The rst-layer thickness is dictated by the desired y+ value. y+ varies with the ow
conditions the rst layer thickness (1.7e-6 chords) was set such that at the most extreme

conditions in this study, y+ is still less than 1.

FIGURE 2.4: Boundary Layer Thickness Near Shock Foot, Mach Contour

The growth rate impacts the smoothness of the mesh, which a ects truncation errors.
A growth rate of 20% balances smoothness with average cell volume. A growth rate of
10-20% is typical of boundary-layer meshes mesh details from a drag prediction workshop
[48] identify a 20% growth rate as an upper bound in their guidelines; the meshes produced
have a growth rate of 15%. No-slip wall conditions a ord more exibility in the growth rate,
owing to the increased gradients at the wall. In preliminary mesh studies, although the
bu et behavior shows sensitivity to rst-layer height, it did not show signi cant sensitivity

to small changes in the growth rate perpendicular to the wall.
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To achieve smoothness at the transition between the in ation layer and the triangle-
based unstructured grid, the outermost cells must have appropriate aspect ratios. For a
prede ned rst-layer thickness and growth rate, this condition couples our choice of wall
nodes and number of layers. The ideal aspect ratio at the outer layer is such that the
area of the quadrilateral cell, taken to be approximately rectangular, is near the area of a
triangle, taken to be equilateral, whose side length matches the wall-parallel side length of
the quadrilateral. Under that condition, the cell volumes of the surrounding unstructured
grid will be similar to the cell volumes at the boundary of the in ation layer, improving
the mesh smoothness. This aspect ratio is 4/sqrt(3), or approximately 2.31.

Ahead of the shock, the boundary layer can reach thicknesses up to 4e-3 chords. Con-
taining this in the in ation layer requires a minimum of 34 layers based on the rst-layer
thickness. Using 37 layers has a few bene ts: it captures more of the behavior near the
shock foot, it provides a safer bu er if the boundary layer exceeds 4e-3 chords, and it is
computationally less expensive fewer wall nodes are needed to maintain the optimal as-
pect ratio, so the in ation layer actually has fewer cells despite having more layers, and the

surrounding unstructured mesh has fewer cells as well.

2.3.3 Convergence Studies

Because of the computational cost associated with convergence studies, it would be
impractical to perform such an analysis at every model condition under study. A represen-
tative case is selected that is comparable to available experimental and computational data

a Mach number of 0.72, an angle of attack of 6 degrees, and a Reynolds number of 10.4
million which we will refer to as the "nominal” case.

The mesh has been subjected to a convergence study prior to data collection, the re-
sults of which are shown in Figures 2.5, 2.6, and 2.7. The mesh selected has a total of
approximately one million cells, a gure which is dominated by the much denser mesh near
the airfoil. Bu et lift amplitude is consistently the most sensitive to numerical conditions

of these three parameters of bu et reduced frequency, time averaged lift, and oscillating
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lift amplitude and is therefore more di cult to predict accurately. The bu et amplitude
shows non-monotonic convergence, and estimating numerical error based on a Richardson
extrapolation method, like in the Grid Convergence Method (Fine-Grid Convergence In-
dex (GCI)), will grossly overestimate the error being produced [49], [50]. With this in mind,
the numerical uncertainty can be approximated by the relative di erence between the grid
and its denser neighbor, or about 6%. The frequency and mean lift uncertainty is smaller,

at 2-3%.

FIGURE 2.5: Convergence of reduced frequency, k, with respect to grid density

Note that the characteristic cell lengths of more than 0.01 chords are too coarse, as
demonstrated by the convergence studies. The characteristic cell length is the mean side
length of the triangles in the dense region around the airfoil. The region is readily identi -
able in Figure 2.2. These convergence studies were performed for the nominal case: Mach
number of 0.72, angle of attack of 6 degrees, and Reynolds number of 10.4 million.

It is worth noting that in this convergence study, the in ation layer is held constant.

One bene t of this is that the timestep can be invariant in the study, since the smallest
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FIGURE 2.6: Convergence of mean lift coef cient, C_, with respect to grid density

spatial scales (and therefore the largest CFL values) are held constant. Another benet is
that if the in ation layer were re ned, either its overall thickness would need to change or
the smoothness of cell volumes would be a ected. The downside is that in this study, the
number of points on the airfoil is held constant at 700. Although this is of similar magnitude
to that used in other work, it is possible that it should be re ned for even greater accuracy.
It is comparable to the number of nodes used in Bastos's previous work [31], and it was not
as impactful as other choices at this grid density.

Timestep convergence can be evaluated more simply. Figures 2.8, 2.9, and 2.10 show
the convergence for timestep density on the selected mesh. The non-monotonic convergence
shown in Figure 2.7, and particularly the jumps around 0.005, may be a result of changes
in the grid near the shock. The modelled shock thickness is related to the characteristic
cell length; as a result, changes to the mesh may have a magni ed impact on the lift
oscillation amplitude. The selected mesh has a characteristic cell area of approximately

an order of magnitude below that of the mesh that fails to exhibit sustained bu et. The
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FIGURE 2.7: Convergence of peak-to-peak oscillating lift amplitude, DC_, with respect to
grid density

cell density in this mesh is approaching the resolution of the cells along the airfoil wall.
Halving the timestep an additional time results in a change in the bu et amplitude of
approximately 9%.; a reduction in timestep could reduce this error further, but comes at a
steep computational cost.

In both the mesh and timestep convergence studies, the mean lift retains more accuracy
than the other two metrics for coarse discretizations, and the deviations in frequency are
much smaller than that of the lift oscillation amplitude. The sensitivity of the lift amplitude
to discetization is somewhat analogous to the other trends presented in this dissertation,
where the oscillation amplitude is consistently more sensitive than the other metrics to the
ow conditions.

The selections of mesh density and timestep size are of similar order of magnitude
established in previous literature. Crouch et al [20] recommends a cell width on the airfoil of

0.14% of the chord, as compared to 0.29% used here. Our timestep, hondimensionalized with
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FIGURE 2.8: Convergence of reduced frequency, k, with respect to timestep size

the freestream velocity and chord, is 0.0024. lovnovich and Raveh [29] aimed for a timestep
convergence of 1% when halving the timestep, which they obtained at a nondimensional
timestep of 0.01. The equivalent nondimensionalization of our timestep is 0.0032 note that

this follows the convention of the cited paper, which nondimensionalizes on the freestream

speed of sound rather than ow velocity.

2.3.4 Wind-Tunnel-Bounded NACA0012

A mesh including wind tunnel walls was developed separately from the above mesh
and is shown in Figures 2.11, and 2.12 and 2.13. It follows similar principles, and also
underwent a mesh convergence study. The domain extends 15 chords upstream and 30
chords downstream of the airfoil. This mesh exhibited better-behaved convergence than
the unbounded-domain mesh, and a grid convergence index can be estimated from the

selected mesh density and two coarser meshes. A summary of this convergence, and how it

5 The mesh was developed by Harry Xu
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FIGURE 2.9: Convergence of mean lift coef cient, C_, with respect to timestep size

FIGURE 2.10: Convergence of oscillating lift amplitude, DC,, with respect to timestep
size

24



Table 2.2: Convergence of wall-bounded mesh

Number of Cells | Reduced Frequency (k) RMS (DC)) Mean Lift (C,)
279948 0.4988 0.2399 0.6301
197727 0.4988 0.2425 0.6277
156629 0.4988 0.2519 0.6301

McDevitt-Okuno 0.55 Not Measured | Not Measured

compares to experiments, is shown in Table 2.2.

Figures 2.12 and 2.13 show the full domain of the wall-bounded case and a close-up of
the in ation layer on the nose of the airfoil (in addition to Figure 2.11, which shows the
grid around the airfoil). This mesh is constructed similarly to the far eld mesh, with a few
di erences. The in ation layers are kept very similar, but because there is no variation in
Reynolds number, the rst layer thickness can be higher, and fewer layers are used as a
result. Based on the convergence studies, this mesh has twice the characteristic cell length
in the region around the airfoil but beyond the in ation layer. In contrast, distant from
the airfoil, the mesh is kept much more dense than the unbounded case (by an order of
magnitude in characteristic length) to better capture possible interactions between the walls
and the airfoil.

This convergence study was conducted for a particular wall distance (1.5¢ from the
airfoil to the wall), and it is assumed in this study that similar convergence behavior
would be observed for the other wall distances under study. The domain length has also
been extended since the time of this convergence study (from 15 chords to 45 chords) to
accommodate larger wind tunnel heights, but this is unlikely to have a major e ect on the
convergence behavior.

Following the methodology recommended in [50], the GCI for the RMS is 0.2%, and
the grid's contribution to the numerical uncertainty in frequency is outweighed by the FFT
discretization. The timestep convergence behavior is shown in Figures 2.14, 2.15, and 2.16

convergence is reached at a signi cantly larger timestep (2e-4s) for this mesh, possibly

resulting from a lower mesh density. The frequency obtained for this wind-tunnel mesh
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FIGURE 2.11: Computational grid near NACA0012 airfoil in wind tunnel

FIGURE 2.12: Full domain for NACAO0012 airfoil in straight-walled wind tunnel

FIGURE 2.13: In ation Layer on NACA0012 airfoil in wind tunnel
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FIGURE 2.14: Convergence of oscillating lift amplitude, as RMS of deviations about
mean lift, with respect to timestep for wall-bounded NACA0012

falls within 10% of the McDevitt-Okuno experiments. The bu et onset angle of attack,
compared later in Chapter 5, falls between 4 and 5 degrees, agreeing with the experiment
as well.

As in the far eld case, a much smaller timestep size is required to obtain accurate
estimates of the lift's RMS compared to mean lift or bu et frequency. Some of the di erence
in frequency for large timesteps can be attributed to the O amplitude oscillations in those
cases, since the frequency can only be estimated from the transient, damped oscillations
before a steady state is reached.

The time-step convergence study was performed at an airfoil-to-wall distance of 4.5
chords, and for nominal operating conditions: Mach number of 0.72, angle of attack of 6

degrees, and Reynolds number of 10.4 million.
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FIGURE 2.15: Convergence of mean lift with respect to timestep size for wall-bounded
NACA0012

FIGURE 2.16: Convergence of reduced frequency, k, with respect to timestep size for
wall-bounded NACA0012
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FIGURE 2.17: The discretized domain for the OAT15A, coarsened for viewability (left,
full domain; right, near airfoil)

2.3.5 OAT15A and RA16SC1 Airfoil Discretization Changes

A new meshing strategy was applied to the OAT15A and RA16SCL1 airfoils to reduce the
computational cost of the simulations. The domain for the OAT15A is shown discretized
in Figure 2.17, very similarly to that of the NACA0012. As before, the grid is composed
of unstructured triangles and the boundary layer treatment is kept the same. Higher cell
density is applied within 1.5c of the airfoil, and signi cantly greater density is applied in
the region where the shock oscillates over the upper surface. Grid density around the shock
and coarsening the wake mesh are the major changes in approach from the NACA0012
mesh.

The convergence studies were conducted at Mach 0.72 and a Reynolds number of 10.4
million, achieved with a 1m airfoil at an altitude of 5000m [38]. Figures 2.18-2.23 show
the mesh convergence study for the RA16SC1. The characteristic lengths indicated are
the far eld mesh side length the mesh cells in the shock region are two orders of mag-
nitude smaller length-wise. Notably, bu et shows greater sensitivity near the upper bu et
boundary than the lower boundary (with respect to angle of attack); this can be seen in
the di erence between Figure 2.20 and 2.23. Because the 0 set point is more sensitive to
the numerical scheme, choosing an angle near this upper bound to perform a convergence

study would require a higher mesh density to reach convergence. Based on these conver-
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gence studies, a characteristic length of 0.3c is selected in the far eld, or 3 thousandths of
a chord at the shock location.

A similar study on the OAT15A was conducted at an angle of attack of 7 degrees in
Figures 2.24-2.26, yielding an extrapolated error in amplitude of 3.5% for the mesh selected
(0.5c in the far eld, 0.005c at the shock). This error is based on the method described in
ASME's guide [49], [50].

Timestep selection on each grid was also conducted after a convergence test Figures
2.27-2.32 show these convergence tests. Oscillation amplitude is once again more sensitive
than frequency and mean lift; selecting a timestep of 8e-5 seconds yields an extrapolated

error of only 1-2% in amplitude, with the other parameters nearly constant [49], [50].
2.3.6 Airfoil Tail Treatment

It should be mentioned that the airfoil's tail can prove to be a problematic region of

the mesh when it comes to solution convergence. We brie y compared three approaches

FIGURE 2.18: Mesh Convergence Study on lift oscillation frequency, RA16SC1 at 4
degrees
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FIGURE 2.19: Mesh Convergence Study on mean lift, RA16SC1 at 4 degrees

FIGURE 2.20: Mesh Convergence Study on lift oscillation amplitude, RA16SC1 at 4
degrees
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FIGURE 2.21: Mesh Convergence Study on lift oscillation frequency, RA16SC1 at 6
degrees

FIGURE 2.22: Mesh Convergence Study on mean lift, RA16SC1 at 6 degrees
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FIGURE 2.23: Mesh Convergence Study on lift oscillation amplitude, RA16SC1 at 6
degrees

FIGURE 2.24: Mesh Convergence Study on lift oscillation amplitude, OAT15A at 7
degrees
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FIGURE 2.25: Mesh Convergence Study on lift oscillation frequency, OAT15A at 7
degrees

FIGURE 2.26: Mesh Convergence Study on mean lift, OAT15A at 7 degrees
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FIGURE 2.27: Timestep Convergence Study on lift oscillation amplitude, OAT15A

FIGURE 2.28: Timestep Convergence Study on lift oscillation frequency, OAT15A
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FIGURE 2.29: Timestep Convergence Study on mean lift, OAT15A

FIGURE 2.30: Timestep Convergence Study on lift oscillation amplitude, RA16SC1
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FIGURE 2.31: Timestep Convergence Study on lift oscillation frequency, RA16SC1

FIGURE 2.32: Timestep Convergence Study on mean lift, RA16SC1
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FIGURE 2.33: Tail Treatments Comparison for NACA0012 at Ma 0.72, Re 10.4M, 5
degrees angle of attack

to tail treatment, which we refer to as "pointed”, "truncated”, and "clipped"; these are
shown in Figure 2.33. While more study would be needed to fully explore this issue, what
we see is that the clipped and truncated tails have very similar amplitudes of oscillation
(to within 8%) while the pointed tail di ers more signi cantly. The pointed tail does not
exhibit bu et at 6 degrees, contrary to what we expect from experiments and what we
see in the other two tail treatments. The pointed tail also faces convergence issues in the
solver on some angles of attack, making the other two treatments better choices. The initial
formulation for the mesh used a clipped tail, and the improvements made for the OAT15A

and RA16SC1 include changing to a truncated tail.

2.4 Simulation Conditions

Each data set is collected by establishing a steady-state solution at a zero degree angle
of attack; an approximate step change in angle of attack is then applied in a transient
simulation by linearly changing the angle over a short time period (on the order of 1e-2
seconds, or 15-20% of an oscillation period). The user-de ned function for this is presented

in Appendix A. In many cases, by applying the angle of attack as a step change, one can
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establish a transient oscillation frequency even where bu et is not sustained. Bu et can be
measured using a variety of output parameters; in this study, we consider the coe cient of
lift. Many quantities drag, shock location, local pressures, etc. would provide analogous
metrics for the purpose of this work. Lift and drag are good choices since they are larger
scale, aggregate ow parameters, which tend to be better predicted by Reynolds-Averaged
approaches, and drag shows greater sensitivity to viscous models, making lift a more natural
output metric.

Within each timestep, residuals are required to fall three orders of magnitude, with the
continuity equation being the primary bottleneck on convergence. This convergence criteria
is not always reached in the instance of steady or nearly-steady ows, where the change
from the previous timestep is small enough that the residual may not change signi cantly

with additional iterations.
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3. Reynolds Number Trends on a NACA0012

This chapter addresses a study [51] of ows over a NACA0012 airfoil for a narrow range
of Mach numbers (0.70-0.75), and provides Reynolds number trends for xed angles of
attack, as well as the more typical trends of angle of attack for xed Reynolds number.
Altitudes range from 0 to 10km, placing Reynolds numbers in the range of approximately 7
to 16 million. In this study, Mach number, Reynolds number, and angle of attack serve as

independent variables. Table 3.1 shows the ranges of these values simulated for the analysis

of this paper.

Table 3.1: Mach numbers, Reynolds numbers, and angles of attack studied for a
NACAO0012 with far eld boundary
Ma Re a
Rémin | Rémax
0.70| 2.54e5| 1.63e7
1.33e6| 1.68e7
0.72 2.91e6| 1.68e7
2.59e6| 1.75e7
6.37e6| 1.75e7 4.5
Amin | Amax
0.70 1.04e7 4.5 8
0.72 4 7

O OO

0.75

3.1 Reynolds Number Dependence

Following the methodology outlined in Chapter 2, the airfoil undergoes a step-change
in angle of attack and settles to a sustained LCO. The lift coe cient is used as the primary
descriptor of the ow- eld, since its frequency and amplitude of oscillation are representative

of the eld. Figures 3.1 and 3.2 show the eld's conditions at the 2 extrema and 2 zeros of

an oscillation period.
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FIGURE 3.1: Mach Contours for: (a) peak lift; (b) mean lift, falling; (c) minimum lift; (d) mean lift, rising
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FIGURE 3.2: Pressure Contours for: (a) peak lift; (b) mean lift, falling; (c) minimum lift; (d) mean lift, rising



As the shock oscillates, the boundary layer becomes more or less strongly separated
downstream of the shock foot. The shock produces a step function in the coe cient of
pressure along the airfoil's upper surface, and the shock strength and degree of ow sep-
aration impact the coe cient of pressure on the suction surface. Many previous studies
view the shock oscillation in the form of pressure pro les on the airfoil surface here, we
summarize those pro les with lift.

In order to examine trends in the behavior of these oscillations, this time-dependent
output must still be reduced to a smaller set of parameters. If one chooses to neglect the
damped transient response, and focus only on the sustained behavior after the oscillation
has reached its limit cycle, then the LCO can be characterized by a frequency, peak-to-peak
amplitude, and mean value. The data follows a single sinusoid closely enough that these
metrics describe the lift behavior almost completely. This study looks at trends in these
three metrics as functions of Reynolds number.

Figures 3.3, 3.4, and 3.5 show trends with respect to Reynolds number for xed Mach
numbers and angles of attack. The frequency and mean lift are nearly independent of
Reynolds number. The lift amplitude of oscillation, on the other hand, has a strong de-
pendence on Reynolds number. While in all cases a plateau is reached for high Reynolds
numbers, the behavior di ers substantially for low Reynolds numbers. The case at Mach
0.72 and 6 degrees angle of attack showcases particularly well how strongly the Reynolds
number can impact the resulting amplitude; the cases more distant from the bu et o set
point reach a near-constant value for much lower Reynolds numbers.

McDevitt and Okuno's experiments found that under the nominal conditions used in
this study (Ma=0.72,Re=10'm a = 6 ), the reduced frequency is 0.55 [3]. Our computed
reduced frequency of 0.47 is within 15% of that experimental value. The experimental
results of McDevitt and Okuno [3] and the computations of Crouch et al. [20] both predict
bu et onset just above 4 degrees, which is consistent with our ndings to within 15%
(Figures 3.6-3.8).

The ow eld behavior qualitatively matches the behavior observed in experiments re-
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FIGURE 3.3: Trend in peak-to-peak buffet lift amplitude as a function of Reynolds
number

garding separation bubbles, dating to Pearcey's "bubble bursting" observation [17] how-
ever, this mechanism has been largely discounted since many steady cases have separation
bubbles extending to the trailing edge, but it is still often qualitatively close to a true
description. Although some separation occurs leading up to the angle of attack for bu et
onset, the boundary layer does not detach along the full upper surface downstream of the
shock until the onset of bu et. This progression is shown in Figure 3.9.

This progression of separation does not occur for the Reynolds number onset of bu et
identi ed in this study the boundary layer is fully separated downstream of the shock
for Reynolds numbers below the onset of bu et. The mechanism driving this onset, then,

likely di ers fundamentally from the onset in angle of attack. The absence of bu et for
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FIGURE 3.4: Trend in reduced buffet reduced frequency, k, as a function of Reynolds
number

FIGURE 3.5: Trend in mean lift coef cient as a function of Reynolds number
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FIGURE 3.6: Trend in lift buffet amplitude as a function of angle of attack

FIGURE 3.7: Trend in buffet frequency as a function of angle of attack
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FIGURE 3.8: Trend in mean lift as a function of angle of attack

su ciently low Reynolds numbers is not unexpected although the Reynolds number does

not approach the laminar range, the increasing in uence of viscosity introduces additional

damping to the system. This damping reduces the oscillation amplitude and, for low enough
Reynolds numbers, damps it out entirely. Since turbulence models typically have improved
accuracy at high Reynolds numbers, the value of the Reynolds number at this onset point
is likely only approximately estimated.

For su ciently high Reynolds number, inertial e ects dominate the ow physics, and
the oscillations become insensitive to Reynolds number as expected. The McDevitt-Okuno
experiments show signi cant changes in the bu et onset angle of attack and other bu et
features in the range of Reynolds number from 1 to 4 million, with much lower sensitivity for
Reynolds numbers from 6 to 10 million [3]. Experiments that do not investigate Reynolds
number dependence are typically performed at Reynolds numbers of 3 million or more
in part for this reason. Our study suggests that the high Reynolds number plateau is
approached at a Reynolds number that depends on Mach number and angle of attack; in

the cases tested, this asymptotic behavior is reached at similar Reynolds numbers to those
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FIGURE 3.9: Mach number contours at 3, 4, and 5 degrees for nominal conditions (Ma
0.72, Re 10.4M)

seen in the experiments, but di ering in some cases by more than a factor of two, as seen in
Figure 3.3. Experiments conducted on geometries or ow conditions for which this plateau
is unknown may benet from computational investigations prior to selecting a Reynolds
number.

Although this study found that bu et frequency and mean lift are relatively indepen-
dent of Reynolds number, bu et amplitude has a strong dependence on Reynolds number.
Our results show good agreement with the bu et onset condition and reduced frequency
established by the experiments of McDevitt and Okuno [3], as well as the computational

results of past researchers, of which the results of Crouch et al. are a prototypical and
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important example [20]. The reduced frequency, oscillating lift amplitude, and mean lift
are all O(1), matching the expectations of Jaworski and Dowell's scaling analysis [24] as
well. Of note, the mean lift and bu et frequency can be estimated e ectively for coarser
discretizations, while the amplitude of oscillations is more sensitive to mesh and timestep
density. One contribution to this e ect may be numerical viscosity, which would impact
the LCO amplitude, and tends to decrease with increasing mesh and timestep density.
Extending this study to additional Mach numbers is of interest for future work, partic-
ularly high Mach numbers where URANS is less successful in predicting bu et. Another
interesting extension of this work would be to study other representative variables; the
shock position and separated ow region could be used to quantify the bu et behavior, and
those trends could be compared to the lift behavior. 3D e ects, either introduced by side
walls or occurring on full aircraft models, are also of interest, but substantially increase the

computational cost.
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4. Wind Tunnel Wall Effects

The purpose of this wall e ect study [51] is 1) to show the e ect of the wall on the
wind tunnel experiment, and 2) to demonstrate the interesting sensitivity of the results to
wall distance from the airfoil. First the sensitivity to wall distance is addressed for at,
horizontal walls. A no-slip boundary condition is applied at the wind-tunnel wall, a pressure
far eld is applied at the inlet, and a pressure outlet is at the outlet.

The impact of wind-tunnel walls on transonic bu et behavior has been considered in
other work, such as the computational study by Garbaruk et al. [52] on the e ects of wind
tunnel walls on an RAE2822 airfoil in transonic ow, or Thiery et al. work at ONERA
[53]. Wind-tunnel e ects in subsonic bu et has been investigated as well [54]. Other works
in which wind-tunnel wall e ects were not the primary subject of study have found the
inclusion of wall e ects to have a signi cant impact on their results, including studies on
the NACAO0012 airfoil geometry in transonic ow [55]. The prevalent use of the NACA0012
in the study of bu et, stemming from McDevitt and Okuno's experiments [3], makes our

study's focus on wall-e ects particularly relevant.

4.1 Flat, Horizontal Walls
For most wall distances, the resulting lift oscillations settle into an LCO that is similar
to the unbounded-domain case the oscillations are near-perfect sinusoids whose FFTs are

a single peak frequency and harmonics of that frequency. At an airfoil-wall distance of 4-5

chords, however, two distinct peaks appear that are not harmonics of one another. This

Table 4.1: Simulation conditions

Boundary condition Ma Re a
Flat Walls
min. distance | max. distance | 0.72 | 1.04e7 6
1.5c 7.5¢C

Streamlined Walls
min. distance | max. distance

Amin | Amax

1.5¢c 4.5¢c 0.72 | 1.04e7| 2 10
5.0c 5.5¢c 4 8
6.5¢c 7.5¢ 2 8
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FIGURE 4.1: Time series and frequency spectrum for 5 chord airfoil-wall distance

corresponds to the wall distance where the minimum oscillation amplitudes are obtained.

Figure 4.1 shows the lift behavior for a 5 chord airfoil-to-wall distance. Two primary
peaks occur at 11Hz and 19Hz, with other peaks being attributable to integer sums of the
other frequencies; for example, 8Hz is the beat/interference frequency, 22Hz is a harmonic
of 11Hz, and 30Hz is the sum of the two.

As the airfoil-wall distance decreases from 5 chords, the higher frequency peak disap-
pears, and the lower frequency peak gradually shifts upward. As the airfoil-wall distance
increases from 5 chords, the lower frequency peak disappears. One explanation is that these
are two uid modes, with one or the other dominating depending on the wall distance. Near
5 chords, both modes have amplitudes of low, approximately equal magnitude, which is why
neither dominates. The overall oscillation amplitude, represented as the RMS, is shown in
Figure 4.2. The frequencies and their FFT magnitudes are shown in Figures 4.3 and 4.4.
The e ect on the mean lift is minimal, as shown in Figure 4.5.

Another possible contributor is an interaction between bu et and the acoustic behavior
of the wind tunnel. Dierent wind tunnel heights alter the acoustic frequencies of the
system. For an in nitely-long, empty wind tunnel, we would expect the rst acoustic
frequency to be fy = £, where h is the total wind-tunnel height. For a 10 chord wind

tunnel height (twice the 5 chord airfoil-to-wall height) under these operating conditions,

51



FIGURE 4.2: Lift oscillation RMS for buffet in wind tunnel as a function of airfoil-to-wall
distance

FIGURE 4.3: Buffet reduced frequency in wind tunnel as a function of airfoil-to-wall
distance
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FIGURE 4.4: Lift oscillation FFT Magnitude for buffet in wind tunnel as a function of
airfoil-to-wall distance

FIGURE 4.5: Mean lift for buffet in wind tunnel as a function of airfoil-to-wall distance
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this would be a frequency of approximately 16Hz, or a reduced frequency of 0.44. The
acoustic frequency is very close to the bu et frequency under the assumption of an empty,
in nite wind-tunnel. That frequency estimate varies from approximately 10 to 50Hz for the
wall-distance range in this study. Acoustic e ects could contribute to the dip in oscillation
amplitude if there is destructive interference/interaction when the bu et frequency and
acoustic frequency approximately match.

The FFT magnitudes correspond to half the peak-to-peak amplitude for a single sinu-
soid; the amplitude associated with the far eld cases is therefore lower than the amplitudes
measured in the wind-tunnel cases. The frequency is more similar the far eld-case fre-
qguency is in the range recorded for di erent wall distances, though the far eld-case fre-
guency is lower than the frequency for the maximum wall distance. We have only captured
the trend for wall distances up to 7.5 chords, and the behavior is still strongly dependent
on wall distance even at its maximum value in this study. As wall distance grows, we would
expect the trend, which we have already shown is hon-monotonic, to approach the values

found in the far eld case.

4.2 Streamlined Walls

The experiments [3] used streamlined walls, rather than the horizontal walls discussed
above. To show the impact of this change, we simulated results using the wall geometry of
McDevitt and Okuno to draw comparisons to the horizontal wall results.

The geometry of the wind tunnel walls described in McDevitt and Okuno's report
designed for Mach 0.725 and Reynolds number 10 million [3] was created to minimize the
impact of the wall's presence, as is the best practice in experimental work. These walls
are shown in Figure 4.6. Note that the nominal Mach number and angle of attack for
the wall design diers from the experiment. In this study, the wall-distance is scaled to
examine the sensitivity of the ow to wall distance from the airfoil. As shown, there is
substantial sensitivity; some of this sensitivity can be mitigated by experimentalists, since

the wall geometry selected might di er based on wall distance, which would be an interesting
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FIGURE 4.6: The streamlined wall geometry under study, gure from McDevitt and
Okuno [3]

subject for future work.

Figures 4.7, 4.8, and 4.9 show trends in angle of attack for di erent wall distances with
the McDevitt & Okuno wall geometry. Note that the wall is streamlined for a 1.5 chord
distance, and is not altered for the other distances. Although the mean lift is a ected less
signi cantly, both the frequency and amplitude of oscillation are strongly in uenced by the
wall distance.

Notably, for the wall distances of 1.5, 2.5, and 3.5 chords, the changes in behavior are
simpler. The frequency trends are approximately linear, and the amplitude trends follow
qualitatively similar curves, with the o set point decreasing for increasing wall distance.
At 4 chords, the behavior becomes more complicated, the o set point increases, and the
frequency trend becomes less linear. This is consistent with the point where a second
frequency peak appears in the horizontal wall case, though only one sustained frequency

appears with the streamlined walls. The impact of the two uid modes is still apparent in
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FIGURE 4.7: Buffet lift amplitude for McDevitt & Okuno streamlined wall geometry

FIGURE 4.8: Reduced frequency for McDevitt & Okuno streamlined wall geometry
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