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Abstract: Transonic buffet is a flow instability associated with shock-wave oscillation and
boundary-layer separation that can cause unsteady aerodynamic loads, structural fatigue, and
degraded aircraft performance. This paper presents a method to predict buffet onset using a
linearized frequency-domain computational fluid dynamics approach. A reduced state-space
aerodynamic model is constructed from frequency-domain data using the Loewner framework,
and buffet stability is determined from its eigenvalues. Buffet onset is identified when the real
part of the dominant fluid eigenvalue changes sign and becomes positive. To represent buf-
fet conditions, the realization is allowed to retain physically meaningful unstable fluid poles,
while a residue-based criterion is used to distinguish them from spurious poles introduced by
interpolation. In combination with a projection of the aerodynamic outputs based on proper
orthogonal decomposition (POD), the reduced model also provides the corresponding eigen-
vectors, enabling reconstruction of their spatial structure in physical space in addition to onset
prediction. The approach is demonstrated for the OAT15A airfoil and the NASA Common
Research Model. Results agree well with reference global stability analysis and show that the
combined Loewner—POD framework robustly extracts the dominant buffet-driving fluid modes.
The method provides an efficient reduced-order alternative to direct global stability analysis and
can be extended toward combined flutter and buffet prediction.

1 INTRODUCTION

Transonic buffet is an aerodynamic instability of major relevance to aircraft design because it
limits the usable flight envelope and may lead to increased vibration levels, passenger discom-
fort, and structural fatigue. It is generally associated with self-sustained shock-wave motion
and shock-induced boundary-layer separation in transonic flow, producing unsteady aerody-
namic loads over a broad range of spatial and temporal scales. Experimental investigations on
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supercritical airfoils and realistic wing configurations have shown that buffet is a persistent and
practically important phenomenon in transonic flight, both in canonical configurations and in
aircraft-relevant geometries [1,2]]. For realistic wings, the phenomenon is further complicated
by three-dimensional effects, spanwise variation, and buffet-cell structures, which make robust
onset prediction especially important [3]].

An important step in understanding buffet was to interpret its onset as a flow-stability prob-
lem. Early work on global instability demonstrated that the onset of flow unsteadiness can be
linked to unstable eigenmodes of the linearized flow operator [4]]. This viewpoint was subse-
quently established for transonic buffet on airfoils, where buffet onset was related to an unstable
global mode of the flow [5], and was later extended to infinite unswept and swept wing config-
urations [6-8]]. Further developments, including triglobal and full-aircraft analyses, have con-
firmed that buffet in realistic three-dimensional configurations can also be interpreted within an
eigenvalue-based framework, although with increasingly rich modal behavior and significantly
higher computational demands [3,9]. This global-stability perspective has therefore become
central to the modern interpretation of buffet onset.

Despite its physical clarity, direct global stability analysis (GSA) remains computationally de-
manding, especially for realistic three-dimensional and full-aircraft cases. Even when the dom-
inant buffet mode can be extracted successfully, the associated eigenvalue problem remains
very large, and repeated analyses over Mach number, angle of attack, or configuration changes
can become prohibitively expensive [3,9]. This computational expense motivates the develop-
ment of reduced formulations that preserve the relevant buffet-driving dynamics while avoiding
the cost of solving the full linearized computational fluid dynamics (CFD) eigenproblem. In
this context, approaches based on reduced-order modeling and input-output representations are
especially attractive, provided that they retain the fluid modes governing onset.

Related work has shown that transonic aeroelastic and aerodynamic instabilities can often be
interpreted in terms of fluid modes. In the review by Gao and Zhang [[10], transonic aeroelas-
tic phenomena were reinterpreted from the perspective of dominant fluid modes, emphasizing
that the relevant instability mechanisms cannot always be understood solely through structural
modal coupling. In the same spirit, Nitzsche et al. [11]] investigated fluid-mode flutter in tran-
sonic pre-buffet flows and showed that coupling with an elastic structure can destabilize a fluid
mode in separated flow. More recent studies have further explored how reduced-order descrip-
tions involving dominant fluid modes can represent pre-buffet dynamics and fluid-structure in-
teraction in transonic flow [12]. This perspective is especially relevant for buffet onset in rigid
configurations, where the instability is fundamentally aerodynamic and should therefore be
identifiable directly from the fluid system.

A practical way to build such a reduced formulation is to start from frequency-domain aero-
dynamic data. Linearized frequency-domain methods provide unsteady aerodynamic infor-
mation about a nonlinear steady equilibrium without requiring time-accurate simulations for
every condition of interest and have already proved effective for viscous transonic flows [13]].
Their relevance is not limited to methodology studies: they have also been adopted in industrial
aeroelastic workflows, for example in linearized CFD- and computational structural mechanics
(CSM)-based flutter processes for very flexible aircraft [14] and in gust-load processes based
on the linearized frequency-domain (LFD) method [15]. More generally, frequency-domain
formulations have become established in aeroelastic applications such as flutter analysis [16]].
Building on this idea, reduced-order realizations of aerodynamic transfer functions have been
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used to recast stability analysis as a linear generalized eigenvalue problem. In particular, the
p-L framework introduced by Quero et al. [[17]] showed that a Loewner-based realization of
frequency-domain aerodynamic data can be used for eigenvalue-based flutter prediction while
preserving the true aeroelastic damping. Derivative-based tracking procedures were later intro-
duced to robustly follow the relevant roots as system parameters vary [[18]].

The reduced-order framework described in Quero et al. [18] was subsequently extended to in-
clude fluid modes explicitly in the coupled aeroelastic analysis, making it possible to address
flutter and buffet-related instabilities within a unified solver [[19]. This coupled viewpoint is also
consistent with the fluid-mode flutter interpretation discussed by Nitzsche et al. [11], where
structural feedback can destabilize a fluid mode that is stable in the uncoupled flow. In the
present work, the emphasis is placed differently. Here, the objective is to predict buffet onset
of the fluid system itself, without dynamic structural coupling in the stability analysis. In the
Common Research Model case considered in Section [3.2] however, the reference geometry in-
cludes static aeroelastic deformation, so that different angles of attack correspond to different
equilibrium shapes. The reduced model is purely aerodynamic, and buffet onset is determined
directly from its eigenvalues. It must retain physically meaningful unstable fluid poles associ-
ated with rigid buffet onset, while excluding spurious unstable poles introduced by interpola-
tion. Although the present work is restricted to rigid configurations, the formulation can later
be coupled with structural equations, extending it toward a unified reduced-order framework for
flutter, rigid buffet, and aeroelastic buffet.

In the present work, a reduced aerodynamic state-space model is constructed from linearized
frequency-domain CFD data through the Loewner framework, and buffet onset is assessed from
the eigenvalues of that model. The dominant fluid mode is identified by means of a residue-
based significance criterion, and buffet onset is detected when its real part changes sign and
becomes positive. Because the number of states in the reduced aerodynamic realization is much
smaller than in the full CFD system, the resulting eigenvalue analysis is considerably cheaper
than direct global stability analysis while retaining the buffet-driving dynamics of interest. In
addition, by combining the Loewner realization with a proper orthogonal decomposition (POD)-
based projection of the frequency-domain aerodynamic outputs, the present framework provides
access not only to the dominant buffet eigenvalue, but also to the corresponding fluid-mode
eigenvector and its spatial reconstruction in physical space. The approach is demonstrated for
the OAT15A airfoil and for the three-dimensional Common Research Model (CRM) configu-
ration, showing that buffet onset can be predicted from reduced aerodynamic models derived
from frequency-domain CFD data without structural coupling and without solving the large-
scale linearized flow eigenvalue problem directly.

Beyond the conceptual unification, the methodology described here also has a practical advan-
tage. Linearized frequency-domain CFD computations are already used in industrial workflows
for flutter analysis, aeroelastic loads, and gust-loads [[14H16]. The present framework indicates
that the same frequency-domain information can also be exploited for buffet prediction, so that
flutter, buffet, and load-related analyses can be treated in a harmonized reduced-order setting
rather than through separate methodologies. In combination with structural feedback, this opens
the possibility of using the same underlying LFD data and reduced aerodynamic model to ad-
dress pre-buffet, buffet, and flutter behavior within a common framework.
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2 BUFFET-MODE IDENTIFICATION FROM FREQUENCY-DOMAIN DATA

The objective of the present work is to predict transonic buffet onset for a rigid aerodynamic
configuration from linearized frequency-domain aerodynamic data. In contrast with coupled
aeroelastic formulations, the instability of interest here is defined as a property of the fluid
system alone. Buffet onset is therefore sought directly from a reduced-order realization of
the aerodynamic transfer matrix, without structural coupling and without solution of the full
linearized eigenvalue problem.

A CFD-based description is required because transonic buffet is governed by flow features such
as shock motion, shock-induced boundary-layer separation, and their interaction with the un-
derlying steady flow field. These effects are not represented with sufficient fidelity by classical
linear aerodynamic theories such as the doublet-lattice method [20], which are well suited to
subsonic unsteady aerodynamics but not to transonic buffet physics. At the same time, the pre-
diction of buffet onset does not require nonlinear time-accurate simulations of finite-amplitude
oscillations, since onset is associated with the loss of stability of an equilibrium flow state. For
that reason, a linearized CFD formulation in the frequency domain is sufficient for the present
purpose, provided that it accurately captures the dominant buffet-driving fluid dynamics.

Let o, M, and Re denote the angle of attack, Mach number, and Reynolds number defining
the steady operating condition about which the flow is linearized. For each operating point, the
linearized frequency-domain solver provides the harmonic aerodynamic response to prescribed
input perturbations over a set of reduced frequencies k. These data are used to construct a
reduced-order aerodynamic model whose eigenvalues are interpreted as fluid, or aerodynamic,
poles. The central hypothesis of the present work is that buffet onset can be identified from the
evolution of the dominant aerodynamic pole as the operating condition changes.

In this framework, buffet onset is defined as the point at which the dominant fluid mode loses
stability, that is, when the real part of its eigenvalue changes sign and becomes positive. The
associated imaginary part provides the buffet frequency. Introducing the dominant aerodynamic
eigenvalue A\, q4om, the onset condition is written as

Re ()\a,dom) = 0. (1)

The goal is therefore to determine, from frequency-domain aerodynamic data alone, a reduced-
order model that captures the dominant buffet dynamics, identifies the relevant fluid mode, and
retains physical unstable poles without keeping spurious ones.

As in GSA, the aim is not to reproduce the full eigenspectrum, but to capture the poles that
govern buffet onset. Because the approach is based on a reduced aerodynamic realization, the
resulting stability analysis is of much lower dimension than the original linearized flow prob-
lem. The lower dimensionality of the resulting stability analysis does not imply that the overall
cost is always lower than that of Krylov-based global stability analysis, since the reduced model
must first be identified from a set of LFD samples, and each frequency-domain solve is itself
non-negligible. The practical efficiency therefore depends on how many sampled frequencies
are needed to recover the dominant buffet-driving poles with sufficient robustness. If only a
single leading mode is sought at one operating point, iterative eigenvalue extraction may be
competitive. Additionally, the present formulation can leverage existing industrial workflows
that already employ LFD data, such as flutter or gust-load analysis. In that case, the combined
Loewner—POD framework can reuse the existing frequency-domain samples and turn them into
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a reduced dynamical model whose poles can be inspected directly. The ability to reuse exist-
ing LFD data is particularly relevant because conventional frequency-domain loads and flutter
workflows do not in general reveal automatically whether a fluid mode has become unstable; by
contrast, the present realization enables buffet onset to be detected directly from the available
LFD data, without requiring a separate global stability analysis or costly time-domain simula-
tions.

2.1 Linearized frequency-domain aerodynamic data

The reduced-order aerodynamic model developed in the present work is constructed from aero-
dynamic data obtained with a linearized frequency-domain (LFD) solver. The LFD approach is
based on the assumption that the unsteady response to a sufficiently small harmonic perturba-
tion about a nonlinear steady flow state is predominantly linear and can therefore be represented
by its first harmonic in the frequency domain [13,21,22]]. Such a first-harmonic linear repre-
sentation makes the method particularly suitable for onset prediction problems, for which the
relevant dynamics are governed by infinitesimal perturbations of a steady equilibrium.

In the present paper, the steady flow state is denoted by W, whereas W (¢) and W (iw) denote
the corresponding time-domain and frequency-domain flow states, respectively, with ¢ denoting
time, w the angular frequency, and ¢ the imaginary unit. Following the standard LFD formula-
tion, the semi-discrete Reynolds-averaged Navier-Stokes equations can be written as

d .

T (MW) + R(W,x,%x) =0,

where M is the integration matrix associated with the discrete control volumes, R is the residual
vector of the spatially discretized flow equations, x denotes the grid-node coordinates, and x the
grid-node velocities [13,21,122]]. The equations are linearized about the steady state (W, xo),
and a harmonic response with angular frequency w is assumed.

The harmonic excitation is described here in terms of a vector of generalized input coordinates
u(iw) € C"™, whose components may correspond to rigid-body motions, elastic modal ampli-
tudes, or a selected combination of both. The corresponding harmonic displacement field on the
aerodynamic surface is obtained from these generalized coordinates through the structural basis
and the spline transfer to the aerodynamic mesh. Denoting by ® the matrix of selected rigid-
body and elastic modes and by H,, the spline matrix from the structural to the aerodynamic
surface, the aerodynamic-surface displacement is written as

x(iw) = HyyPu(iw).

Thus, u(iw) represents the generalized excitation amplitudes, whereas x(iw) is the induced
harmonic motion of the aerodynamic surface entering the LFD equations. In the present frame-
work, multiple input components can therefore be considered.

In the motion-induced case considered here, the first-harmonic LFD problem can be written in
the form used in the literature as [[13,[21]]

(mM L R O) W(iw) = — (g—z 0) x(iw),

IOW
where the subscript 0 indicates evaluation at the steady state. Substituting the relation between
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generalized coordinates and aerodynamic-surface motion yields
oR R

(in+— )W(iw):—(—

0 0x

IOW
In the notation of the present paper, this equation is written compactly as

+w a—R
0 ox

M
—I— z'w WO a—
0 ox

0) H,,®u(iv).

L, (iw)W (iw) = B, (iw)u(iw),

with IR
L, (iw) :=iw My + W .
and OR JR oM
B, (iw) := — (8_X ) + iw % ) +iw W, I 0) H,®.

Accordingly, L, (iw) denotes the frequency-dependent linearized aerodynamic operator, whereas
B, (iw)u(iw) represents the forcing induced by the prescribed generalized harmonic motion.
Equivalent formulations are also used in more recent implementations of LFD solvers for
motion-induced and gust-induced airloads [16,[22].

For each prescribed angular frequency w, solving the LFD system yields the complex first-
harmonic flow solution W (iw). The aerodynamic quantities of interest are then obtained by
post-processing of this solution. Denoting by y(iw) € C" the vector of selected aerodynamic
outputs, one may write

y(iw) = C,(iw)W (iw) + Dy (iw)u(iw),

where C,(iw) is the output operator associated with the selected aerodynamic quantity and
D, (iw) accounts for possible direct contributions of the prescribed harmonic input to the output.
Such a contribution may arise, for example, when the output depends not only on the flow-
state perturbation but also on geometric terms associated with the harmonic motion or surface
deformation.

The aerodynamic transfer matrix Q(iw) € C"™*"™ is then defined through the input-output
relation

y(iw) = Qiw)u(iw). 2)
Accordingly, Q(iw) can be written in the form
Q(iw) = C,(iw)L,(iw) "B, (iw) + D, (iw).

Thus, Q(iw) represents the aerodynamic transfer matrix induced by the LFD solution and the
selected aerodynamic post-processing. Depending on the application, the output vector y (iw)
may represent, for example, pressure coefficients, integrated force or moment coefficients, gen-
eralized aerodynamic forces, or surface-based aerodynamic quantities.

In the present work, the transfer matrices Q(iw) are evaluated over a set of angular frequencies
and subsequently used as the input data for the reduced-order realization described in Sec-
tion In terms of reduced frequency, the sampled ranges are k = [0 : 0.025 : 1] for the

6
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OAT15A airfoil and £ = [0 : 0.1 : 6] for the CRM configuration. The role of the LFD solver is
therefore to provide frequency-domain aerodynamic data of sufficiently high fidelity to capture
the dominant buffet-driving fluid dynamics, while avoiding the cost of nonlinear time-accurate
simulations over many oscillation periods at each frequency. This computational advantage is
one of the reasons why LFD methods have become attractive for practical analyses of flutter
and gust-induced airloads, and in the present context it also enables a reduced-order stability
analysis for buffet onset.

Note that the LFD equations have been written in terms of the angular frequency w, consistent
with the standard formulation of the harmonic linearized problem. For the reduced-order iden-
tification and the presentation of aerodynamic transfer data in the remainder of the paper, this
frequency variable is recast in terms of the reduced frequency k = wliet/Uso, Where [y is the
chosen reference length and U, is the freestream velocity. Accordingly, once the aerodynamic
transfer matrix has been computed, the sampled transfer data may be expressed equivalently
as functions of w or k. In the present work, the notation in terms of reduced frequency £ is
adopted.

2.2 Combined Loewner-POD framework
POD projection and reconstruction of aerodynamic modes

Let u(ik) € C" denote the vector of amplitudes of the imposed harmonic inputs at reduced
frequency k, and let y(ik) € C™ denote the corresponding vector of aerodynamic output ampli-
tudes obtained from the linearized frequency-domain solver. The aerodynamic transfer matrix
Q(ik) € C"»*™ is defined by the input-output relation provided in Eq.

Thus, each entry of Q(ik) represents the complex response of one aerodynamic output com-
ponent to one harmonic input component at reduced frequency k. Depending on the selected
application, the input vector u(ik) may contain one or several generalized harmonic motions,
such as rigid-body heave or pitch motions, or selected elastic modal coordinates. In the present
framework, multiple input components can therefore be considered. In practice, however, a
realization based on a single representative degree of freedom is often sufficient, since the dom-
inant fluid-mode pole generally leaves a clear signature in the corresponding aerodynamic trans-
fer function. For physically meaningful rigid-body or elastic motions, it is not expected that the
excitation be exactly orthogonal to the dominant fluid mode, so that its associated pole remains
observable in the realized model.

In the present work, the aerodynamic transfer matrix is used to construct a reduced-order aero-
dynamic model directly from frequency-domain data by means of the Loewner framework.
Unlike classical rational-function approximations, the Loewner realization does not require an
a priori choice of pole locations and is therefore well suited to transonic flows, where complex
poles associated with fluid modes are essential for representing buffet-related dynamics [19].

When the aerodynamic output is high-dimensional, as for distributions of surface pressure
coefficients, the realization can be first projected onto a low-dimensional basis obtained by
proper orthogonal decomposition (POD). In the present formulation, the POD basis is extracted
directly from the aerodynamic transfer functions in the frequency domain, rather than from
time-domain snapshots. This viewpoint is consistent with the frequency-domain Karhunen-
Loeve/POD formulation proposed by Kim [23] and with the frequency-domain POD-based
reduced-order aerodynamic modeling of Hall et al. [24]. More generally, Dergham et al. [25]]
showed that frequency-domain, or “frequential,” snapshots can be used to construct POD-type

7



IFASD-2026-0024

reduced-order models not only for stable systems, but also for unstable flows without marginal
modes. This point is especially relevant here, since buffet onset is associated with the appear-
ance of unstable aerodynamic poles.

For each sampled reduced frequency k¢, £ = 1, ..., N, and each input channel m = 1,...,n,,
let y,,(tky) € C™ denote the corresponding aerodynamic output vector associated with a unit
excitation in input component m. These vectors are assembled into the snapshot matrix

Y = [y1(z’k1) Y1(ik2) yl(ika) yQ(i]gl) . ynu(ika)] € Crvxns

where ng = n, /Ny is the total number of frequency-domain samples. To obtain a real-valued
POD basis while retaining the information contained in the complex frequency response, the
matrix Y is replaced by

Ys = [Re(Y) Im(Y)] € R,

The POD basis is then obtained from the singular-value decomposition
Ys = ®popEV! = @2, V],

where ®pop € R™*™ contains the POD modes. The retained basis is denoted by ®, €
Rmv>meop - where npop << 1, is selected from the singular-value decay. The corresponding
truncated singular-value matrix and right singular-vector matrix are 3, € R™0P*"Pd apd V. €
R2nsxnrop | regpectively. The original aerodynamic outputs are then projected according to

y(ik) = @7y (ik).
Substituting the definition of Q(ik) into the previous expression gives
Y(ik) = ®; Q(ik)u(ik),

so that the transfer matrix in POD coordinates is

Q(ik) = ®TQ(ik), Q(ik) € Crrorxmu,

The Loewner realization is subsequently constructed for Q(zk;) rather than for the original high-
dimensional transfer matrix. In this way, the interpolation is carried out in a reduced output
space that preserves the dominant spatial structures of the aerodynamic response while sub-
stantially reducing the realization cost. At the same time, this projection is not used only for
dimensionality reduction: it also provides the basis for reconstructing the dominant fluid mode
in physical space once the reduced-space realization has been constructed. The corresponding
full-field aerodynamic vector is recovered by lifting the reduced output through the POD basis,

yj = ®.y;. 3)

This reconstruction capability is essential in the present work, because it shows that the com-
bined Loewner—POD framework provides not only the dominant buffet eigenvalue, but also the
associated fluid-mode eigenvector in physical space. The POD basis defines the reduced output
space in which the aerodynamic transfer matrix is represented and the Loewner realization is
constructed, while also enabling reconstruction of the dominant fluid-mode eigenvector.
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Loewner realization of the reduced aerodynamic transfer matrix

Upon application of the Loewner framework to the reduced transfer matrix Q(zk) at a given
steady operating condition defined by the angle of attack oy, Mach number M., and Reynolds
number e, a generalized aerodynamic state-space model is obtained in the form

E. (Ozo, Mo, Re) € Rmexne A (040, M., Re) € ReXna,
Bao (a0, Moo, Re) € R™ ™™, Coo (g, Moo, Re) € RrPopxna,

These matrices define a generalized state-space realization that interpolates the reduced transfer
matrix on the imaginary axis, that is, in the frequency domain [19]. Note also that the steady
CFD solver can converge to a steady solution even when that solution is linearly unstable. The
reduced aerodynamic realization may therefore be constructed about a steady base flow corre-
sponding to an unstable operating condition. If the same condition is simulated with an unsteady
solver, small perturbations will grow, so that the steady solution is no longer dynamically sus-
tained. As finite-amplitude oscillations develop, the mean flow departs from the original steady
solution, and the response may then either evolve away from the steady state or settle into a
limit-cycle oscillation.

The set of eigenvalues A\(E,, A,o) such that
det ()\an — Aag) =0

is computed numerically. For clarity, the explicit dependence on (ag, M., Re) is omitted in the
following.

From the computed eigenvalues, only a subset within a prescribed numerical tolerance A\, is
retained,
Af = {)\ € MEq, Awo) ‘ Al < /\OO}.

Here, )\, is chosen based on the maximum frequency covered by the frequency-domain data
used for identification. In the applications of Section [3| this corresponds to A\, = 1 for the
OATI15A airfoil and \,, = 6 for the CRM case.

In contrast with the earlier coupled formulation, unstable poles are not removed a priori. In-
stead, sufficiently dominant unstable poles, according to a criterion defined below, are retained,
whereas the remaining unstable poles are stabilized by mirroring them through the imaginary
axis. Denoting by A, the set of poles used for the residualized realization, one writes

)\a = )\s U )\u,keep U )\u,ﬂipa

where )\ is the set of stable poles, A\, keep 1S the set of unstable poles retained as physically
meaningful, and A, g, is the set of unstable poles that are mirrored according to

A — —Re(A) +iIm(N).

With the total number n, of retained poles, a least-squares fit to the reduced transfer matrix is
imposed in the frequency domain. Using a polynomial residualization of degree 2, the transfer
matrix is written as

-~ er “ ch ch . T
2—74‘2 |: : + - = +Q0+Q12[€—Q2]€2 = Q(Zk), (4)
— ik 7 —

itk — A
m=1 ’
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where n,. is the number of real poles satisfying Im(\, ,,) = 0 and n. is the number of complex-
conjugate pairs, so that n,g = n, + 2n.. The matrices R, ,,, R, and Rc,n are the residues
associated with the poles \,.,,, A, and A, respectively. The polynomial term up to second
order in reduced frequency accounts for the behavior at infinity, so that no descriptor matrix is
required in the final residualized realization [19]].

Upon solving the least-squares problem defined by Eq. [ the associated standard state-space
matrices are obtained from the residue-pole representation by rank factorization of the residue

matrices. For a real pole, let
Rr,m = UmEmV:w

denote its singular-value decomposition, where * denotes the conjugate transpose. The rank
rm 1s determined from the singular values in 3, using a prescribed numerical tolerance. The
corresponding state-space submatrices are

Ar,m - )\r,mIrm7 Br,m = (T?anTm) (Vme)* )
Cr,m :Ume7 m = 1,...,”7,,

where T,,, extracts the first r,,, columns.
For a complex-conjugate pair, let
R.,=U,%,V;, R.,,=0,3%, V]

The corresponding state-space submatrices are

AL, 0
Ac,n - |: 0 j\nIrn :| )

with 7, the rank of XJ,,.

The global state-space matrices are then assembled as

Aac = blkdlag (Ar,17 e 7Ar,nr> Ac,l; e 7Ac,nc) s
B, = [B;—:l B;Fn BZ:1 ... BT }T’

c,Ne

Cac = [Cr,l te Cr,nT Cc,l e Cc,nc] 5

where blkdiag(-) denotes the matrix formed by placing its arguments on the diagonal and zeros
elsewhere.

Finally, the state-space matrices are transformed so that only real entries remain,
A,=TA,T", B, =TB,, C,=C,T",
where I 0 1 1 1
T:l 0 Inac®J}’ J:E{—z’ z}

10
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with

Ny Ne
Nar = E T'm, Nge = 2 E Tn, Ng = Nar + Nae < Ngo-
m=1 n=1

The resulting matrices (A,, B,, C,), together with the polynomial term (Qo, Q1, Qz), define
the residualized reduced-order aerodynamic model used in the remainder of the paper.
Identification of unstable fluid modes and buffet-onset criterion

The poles of the reduced aerodynamic model are the eigenvalues of A,. They are interpreted
as fluid, or aerodynamic, poles. Their associated right and left eigenvectors, ¢; and v, satisfy

Aa¢j = )\a,j ' w;Aa = )\a,jw;'

If the realization is built in POD coordinates, the corresponding full-field aerodynamic eigen-
vector is reconstructed according to Eq.

S’\j = (I)r§j = (I)rcad)j'

The reduced number of aerodynamic states reduces the cost of extracting these poles relative
to GSA applied to the full-size problem. At the same time, matching the transfer function on
the imaginary axis ensures that the poles dominating the buffet response are captured by the
realization.

To quantify the contribution of each aerodynamic pole to the transfer matrix, residues are com-
puted by means of the generalized two-sided Rayleigh quotient. For each pole j,

(o) (47B.)

R; = p
’ b,
The significance of pole j is measured by
IR | :
§j = ——2— j=1,...,n,.
T Re (M)l

This criterion combines residue magnitude with distance to the imaginary axis. In the present
work, the dominant fluid mode is identified as the pole with maximum ¢;. Selecting the dom-
inant pole in this way is more robust than choosing the least-stable pole solely from its real
part [19]. When this dominant pole is associated with buffet onset, its corresponding eigenvec-
tor is interpreted as the buffet mode. In that case, the reconstructed quantity y; represents the
spatial structure of the buffet mode in the selected aerodynamic output.

A key point is that the reduced aerodynamic realization is allowed to contain physically unstable
poles. However, not every unstable pole produced by the interpolation is necessarily physical.
To distinguish physically meaningful unstable poles from spurious ones, the unstable poles are
filtered according to a normalized significance criterion. Unstable poles are those satisfying

Re (/\flvj) > 0.
Among these, only unstable poles with sufficiently large normalized significance are retained,

d;

5max

> 0y, Re (Aaj) >0, j=1,...,n,, (5)

11
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where
Omax = mjax 0;

and 9, € (0, 1) is a prescribed threshold. In the present work, the unstable-pole retention thresh-
old is set to 6, = 0.5 for the OAT15A airfoil and §,, = 0.02 for the CRM configuration. These
values are case dependent and reflect differences in the relative separation between physically
relevant unstable poles and spurious unstable poles in the two applications. In both cases, the
procedure was found to remain effective over a finite interval of threshold values, indicating
that the identification of the dominant buffet-driving mode is not tied to a single finely tuned
choice of d,. A more systematic sensitivity analysis of this parameter is beyond the scope of
the present work and is left for future study.

Unstable poles satisfying the condition in Eq. [5] are retained as physically meaningful buf-
fet poles. The remaining unstable poles are mirrored to the stable half-plane before the final
residualized realization is constructed [[19]]. This selective treatment is consistent with the im-
plementation used in the present work and allows buffet-related unstable poles to be preserved
while suppressing spurious unstable interpolation poles.

Once the dominant unstable fluid mode has been identified, buffet onset is determined directly
from the eigenvalues of the reduced aerodynamic model. The onset condition is reached when
the real part of the corresponding eigenvalue changes sign and becomes positive, see Eq. |1} The
corresponding imaginary part of A\, 4om provides the linear buffet frequency, and the associated
eigenvector defines the buffet mode. In a nonlinear time-marching simulation, the observed
oscillation frequency may differ from this value once the flow develops finite-amplitude limit-
cycle oscillations [26]. Because the criterion is evaluated on a reduced-order realization built
from linearized frequency-domain data, the resulting procedure offers a computationally effi-
cient alternative to solving the full linearized computational fluid dynamics eigenvalue problem
directly. Evaluating the criterion on the reduced aerodynamic realization also allows buffet on-
set to be treated as a purely aerodynamic instability of the reduced model without requiring
structural coupling as in [[19].

3 APPLICATION CASES
3.1 OAT15A airfoil

The OAT15A airfoil is considered as a representative two-dimensional transonic buffet test
case [1]. It is a well-established benchmark for shock-buffet studies and is particularly suitable
here because reference experimental and numerical data are available in the literature. In the
present work, the configuration is used as a rigid aerodynamic case for the assessment of the
proposed buffet-onset prediction method.

The aerodynamic data are based on Reynolds-averaged Navier-Stokes simulations on a two-
dimensional unstructured mesh. The OAT15A mesh contains approximately 1.5 x 10° grid
points. In the outer boundary-layer and wake region, an approximately isotropic spacing of
Az = 0.5% of the chord is employed, while wall-tangent and wall-normal stretching ratios are
kept below 1.2. The farfield boundary is located at a distance of 100 chord lengths from the
airfoil in order to minimize numerical reflections. A representative view of the computational
mesh is shown in Fig.

In the reference setup, the flow solution is obtained with the DLR TAU solver [27,28]]. The
steady Reynolds-averaged Navier—Stokes (RANS) equations are discretized in space using a
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second-order Jameson—Schmidt—Turkel (JST) scheme with matrix dissipation [28}29]]. Gradi-
ents are computed using a Green—Gauss formulation, while the turbulence-model equation is
treated with a second-order average of flux. The compressibility-corrected negative Spalart—
Allmaras turbulence model is employed [30]. Prescribed surface motions entering the LFD
right-hand side are propagated to the surrounding volume mesh by radial-basis-function in-
terpolation. The steady solution is advanced in pseudo-time with a standard backward Euler
scheme, and steady convergence is reached down to a density-residual norm of 1072, For un-
steady RANS (URANS), a physical time-step size of 10° s is used. Each time step is converged
by up to 50 lower—upper symmetric Gauss—Seidel (LU-SGS) subiterations, terminated either by
a Cauchy criterion on C'p or by reaching the maximum number of subiterations. In all cases
considered here, the time steps converged within 50 subiterations. This temporal discretization
corresponds to approximately 5000 time steps per buffet cycle.

For the OAT15A case, the Reynolds number is fixed to Re = 3 X 10% and the freestream tem-
perature to 273 K. At the representative Mach number of M., = 0.73 , the flow exhibits the
characteristic transonic features associated with pre-buffet conditions, including a recompres-
sion shock and shock-induced separation effects whose sensitivity to angle of attack is analyzed
in detail in the reference study. In the present work, the linearized frequency-domain excitation
is introduced through a prescribed pitching motion about the 40% chord point.

Figure [2] shows the evolution of the dominant fluid eigenvalue, defined as the pole with maxi-
mum ¢;, for o« = 2.8°, 3.0°, 3.1°, 3.2°, and 3.4°. Buffet onset is predicted between av = 3.1°and
3.2°, in excellent agreement with the dominant eigenvalue obtained from GSA. The Loewner
realization is built here from the lift coefficient associated with a prescribed pitching degree of
freedom, and the same dominant eigenvalue is also recovered from other aerodynamic quantities
(such as drag or moment coefficient) and from other physically meaningful input excitations.
The recovery of the same dominant eigenvalue from different output quantities and input exci-
tations indicates that the identified buffet pole is insensitive to the particular output quantity and
input excitation used for the realization.

The time-domain estimate shown at o = 3.2° is obtained with the matrix pencil method. This
method represents the scalar response signal as a sum of exponentially damped complex modes
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Figure 2: Dominant fluid eigenvalue for the OAT15A airfoil from the Loewner-LFD model, GSA, and time-
domain analysis.

and identifies the corresponding poles from a reduced generalized eigenvalue problem formed
from shifted Hankel matrices [31,32]]. The matrix pencil method first identifies the discrete-
time poles z; of the sampled signal. The corresponding continuous-time eigenvalues are then
obtained from \; = log(z;)/At.

3.2 CRM configuration

The second application case is the NASA Common Research Model (CRM), used here as a
representative three-dimensional wing shock-buffet configuration of direct relevance to trans-
port aircraft aerodynamics. The CRM is a generic commercial wide-body aircraft configuration
with design Mach number 0.85 and nominal lift coefficient 0.5. The wing has an aspect ratio of
9, a taper ratio of 0.275, and a quarter-chord sweep angle of 35°. For the wind-tunnel model,
the mean aerodynamic chord is 0.189 m, the span is 1.586 m, and the reference area is 0.280
m?. The configuration considered here, following Timme [3]], is a wing-body-tail variant with a
0° tail setting angle, while pylon, nacelle, and blade-sting support are excluded. In addition, the
static aeroelastic wing deformation is imposed according to measurements from the European
Transonic Wind tunnel (ETW).

The free-stream Mach number is M, = 0.85, and the Reynolds number based on the reference
chord is Re = 5.0 x 10°. The analysis targets angles of attack in the range 3.5° to 4.0°, which
bracket the onset of shock buffet. According to Timme [3], the instability onset occurs just
above 3.7°, with an associated Strouhal number of approximately 0.39.

The computational mesh used in the reference study is generated with the SOLAR mesh gen-
erator and follows accepted industrial practice for full-aircraft configurations. The baseline
half-model mesh contains approximately 6.2 x 10° points, including about 1.7 x 10° points on
solid walls. A viscous wall resolution of y* < 1 is kept. The hemispherical farfield boundary
is located 100 semi-span lengths away from the aircraft, and a symmetry boundary condition is
imposed in the fuselage centre plane.

The flow is computed with the DLR-TAU Reynolds-averaged Navier-Stokes solver using a
second-order vertex-centred finite-volume discretization. Inviscid fluxes are evaluated with a
central scheme with matrix artificial dissipation, gradients for viscous fluxes and source terms
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are computed with the Green-Gauss theorem, and turbulent closure is provided by the negative
Spalart-Allmaras model. Steady base flows are obtained with backward Euler time stepping,
lower-upper symmetric Gauss-Seidel iterations, local time stepping, and geometric multigrid
acceleration.

The CRM case exhibits the characteristic three-dimensional features of wing shock buffet. The
steady surface-pressure distributions shown in Timme [3]] for o = 3.5°, 3.75°, and 4.0° reveal
a distinct spanwise shock pattern together with a shock-induced reverse-flow region in the mid-
semi-span sector, located just outboard of the Yehudi break. The distribution for o = 3.75°
is reproduced in Figure[3] With increasing angle of attack, the shock moves upstream and the
reverse-flow region expands spanwise, consistent with buffet onset physics. Timme [3]] reported
that a single unstable oscillatory global mode becomes unstable between o« = 3.70° and 3.75°,
thereby triggering shock-buffet onset. The associated mode is characterized by a spanwise-
localized cellular structure combining shock oscillation and downstream shear-layer pulsation,
which is representative of three-dimensional buffet on a finite swept wing.

The CRM is therefore a suitable three-dimensional validation case: it is geometrically and phys-
ically much richer than the two-dimensional airfoil benchmark considered in Section [3.1] yet it
is sufficiently documented in the literature to allow comparison with a reference global-stability
analysis. Figure 4] compares the pitch-pitch component of the generalized aerodynamic-force
matrix obtained from the Loewner realization with the reference linearized frequency-domain
result. In the present case, close agreement is obtained over the full reduced-frequency range
only when the unstable aerodynamic pole associated with buffet is retained in the realization.
If that unstable pole is removed or stabilized, the characteristic local peak and phase variation
in the response are no longer reproduced. The loss of agreement when that unstable pole is
removed or stabilized confirms that, for buffet conditions in a rigid aerodynamic configuration,
the reduced model must be allowed to contain physically meaningful unstable fluid poles.

a = 3.75°
o —L(;ewner ‘
1 0.02|- - -LFD
<
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0 |
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> 0 .
<
T 200
&
S 400
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Figure 3: Steady pressure over the CRM wing at Figure 4: Pitch-pitch GAF component vs reduced
Mach 0.85, angle of attack 3.75°. frequency: Loewner realization vs LFD
reference. Mach 0.85, angle of attack
3.75°.
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To assess the robustness of the proposed procedure, different aerodynamic output quantities
were used to construct the reduced aerodynamic realization, including selected generalized
aerodynamic-force (GAF) components and the lift coefficient. In all cases, the same domi-
nant fluid eigenvalue was identified. This indicates, as in the two-dimensional case discussed in
Section [3.1] that the identified buffet-driving mode is not specific to a particular output quantity
or input forcing, but is instead a dominant feature of the aerodynamic system. Figures [5|and []
compare representative subsets of the fluid eigenvalues obtained from the Loewner realization
and from global stability analysis (GSA) for the CRM configuration at two angles of attack in
the vicinity of buffet onset. The comparison shows that the LFD-based Loewner model cap-
tures the dominant buffet-relevant eigenvalues of the three-dimensional flow. In particular, the
eigenvalues closest to the imaginary axis are recovered with good agreement. At o = 3.70° in
Figure[5] the relevant modes remain stable, although a subset already lies relatively close to the
imaginary axis.
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5 : : : : 5 eg 0g'e® : : :
®°% o ° GSA ® o0 ° ° GSA
o 0’ ©
4l ‘%o © o Loewner| | al 88 o © Loewner| |
® o° % ° °
©e8 o° 0%060 ]
~3 5%0 ® —~3 |
S @ 3
= $go o < o
— 2 %o@ = 2 A ":n
1 1 %%
Q
0 ‘ ‘ ‘ ‘ ‘ 0 ‘ ‘ ‘ ‘
-0.6 -0.4 -0.2 0 0.2 -0.6 -0.4 -0.2 0 0.2
Re(\) Re(\,)
Figure 5: Fluid eigenvalues at o« = 3.70°, show- Figure 6: Fluid eigenvalues at o = 3.75°, showing
ing agreement between GSA and the agreement between the Loewner realiza-
Loewner realization in the near-critical tion and GSA near instability.

stable regime.

At oo = 3.75° shown in Figure [6] the spectrum becomes unstable, as indicated by the change
in sign of the real part of the eigenvalue associated with the dominant buffet fluid mode, which
becomes positive. At the same time, the reduced aerodynamic model continues to reproduce the
dominant buffet-driving eigenvalues. These results support the use of the Loewner realization
as a reduced-order surrogate for extracting the fluid modes governing buffet onset in realistic
three-dimensional configurations.

In addition to the eigenvalue comparison, the spatial structure of the dominant buffet mode is
examined through the corresponding eigenvectors. As discussed in Section [2.2] the reduced
aerodynamic realization constructed from LFD data with the combined Loewner and POD pro-
cedure provides not only the dominant fluid poles, but also the associated modal distributions
in physical space. In the present formulation, the POD basis is used both to define the reduced
output coordinates on which the Loewner realization is built and to reconstruct the full-field
eigenvector from the reduced modal representation. For the CRM configuration, this allows a
direct comparison of the buffet-mode eigenvector obtained from the reduced model with the
reference eigenvector from global stability analysis.
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The dimensionality reduction enabled by POD is substantial for the CRM configuration. For
the surface-based output corresponding to the pressure-coefficient distribution, the full output
dimension prior to POD is 167,190 which is reduced to 30 retained POD coordinates. For the
volume-based output corresponding to a field quantity, the corresponding full output dimension
is 6,164,948, again reduced to 30 retained POD coordinates. In both cases, the Loewner real-
ization is then constructed in the reduced POD space. The corresponding full-field eigenvector
is then recovered through Eq. [3]

Figures [7] and [§] compare, at o« = 3.75°, the real part of the pressure-coefficient perturbation
associated with the dominant buffet mode on the wing surface, obtained from the combined
Loewner—-POD model and GSA, respectively. In both cases, the dominant modal activity is
concentrated in the same outboard wing region, with similar shock-aligned and downstream
structures. This agreement indicates that the reduced-order model reproduces the surface sig-
nature of the buffet mode with good fidelity.

Figures [9] and [I0] show, again at @ = 3.75°, the corresponding real part of the streamwise
momentum perturbation in the off-surface flow field downstream of the wing. For the volume-
based reduced realization and the corresponding eigenvector reconstruction, the POD basis is
constructed from the streamwise momentum field, and 30 POD modes are retained. The recon-
structed mode from the combined Loewner—POD model captures the same coherent volumetric
structures as the GSA reference, including the dominant localized perturbation structure in the
separated-flow region behind the shock and its downstream development. This confirms that the
reduced-order model preserves not only the dominant buffet eigenvalue, but also the physically
relevant eigenvector structure associated with that mode.

Overall, these comparisons show that the proposed combined Loewner—POD framework recov-
ers not only the dominant buffet eigenvalue, but also the eigenvector structure. The method
reproduces both the temporal behavior, through the unstable eigenvalue, and the spatial organi-
zation of the mode, through the corresponding eigenvector. The recovery of both the dominant
eigenvalue and the associated eigenvector structure is an important result, since the physical in-
terpretation of buffet onset depends not only on the location of the dominant pole in the complex
plane, but also on the associated flow structure.
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4 CONCLUSIONS

A method for predicting transonic buffet onset from linearized frequency-domain CFD data by
means of a reduced-order aerodynamic realization has been presented. To the authors’ knowl-
edge, this work is the first application of the Loewner framework to buffet prediction for a
realistic three-dimensional aircraft configuration. The approach constructs a Loewner-based
state-space model from frequency-domain transfer data and determines buffet onset directly
from the eigenvalues of that reduced aerodynamic system. In this framework, the dominant
buffet-driving fluid mode is identified through a residue-based significance criterion, and on-
set is detected when the real part of the corresponding eigenvalue changes sign and becomes
positive. A central feature of the method is that physically meaningful unstable fluid poles are
intentionally retained in the realization, while spurious unstable poles introduced by interpola-
tion are filtered out.

The results for the OAT15A airfoil and the CRM configuration show that the proposed proce-
dure recovers the dominant buffet-relevant eigenvalues with good agreement relative to refer-
ence global stability analysis. For the OAT15A case, the method predicts buffet onset in the
expected angle-of-attack range and is consistent with both global-stability and time-domain
estimates. For the three-dimensional CRM configuration, the reduced model reproduces the
dominant buffet-driving poles near onset and captures the change in stability of the dominant
fluid mode as the flow moves into the unstable regime. The CRM results further show that re-
taining the unstable buffet pole is essential for reproducing the frequency-domain aerodynamic
response with sufficient fidelity.

Beyond eigenvalue prediction, the combined Loewner—POD formulation also provides access to
the eigenvector associated with the dominant buffet mode. The agreement of the reconstructed
modal distributions with the corresponding global-stability results, both on the wing surface and
in the off-surface flow field, demonstrates that the proposed framework recovers the dominant
buffet mode in a stronger sense than by onset prediction alone, since it preserves not only the
unstable eigenvalue responsible for buffet onset but also the associated flow structure in physical
space.

Overall, the results show that linearized frequency-domain data can be used to build reduced
aerodynamic models that retain the key dynamics governing buffet onset. While the reduced
eigenanalysis is performed on a much lower-dimensional system than in direct global stability
analysis, the overall computational efficiency remains case dependent because it depends on the
number of LFD samples required. In practical settings, the current approach is particularly ad-
vantageous when LFD data are already available from flutter or gust-load workflows, since the
combined Loewner—POD framework can then reuse those samples and reveal the destabilization
of fluid modes without a separate global stability analysis or costly time-domain simulations.

From a practical standpoint, the method supports a more harmonized treatment of buffet and
flutter prediction. Previous work already showed that Loewner-based reduced-order models
constructed from frequency-domain aerodynamic data can be used in a unified flutter/buffet
setting with structural feedback [19], while LFD computations are already employed in indus-
trial processes for gust loads and flutter assessment [14-16]. The present results suggest that
the same LFD data used in such workflows can also be exploited for buffet prediction. This
possibility of reusing the same LFD data enables a common frequency-domain aerodynamic
database and reduced-order modeling framework to be used for gust-loads, flutter, and buf-
fet, rather than relying on separate analysis strategies. With structural feedback included, this
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perspective naturally extends to the prediction of pre-buffet and buffet behavior in a unified
reduced-order environment.

As an outlook, the methodology should be extended to additional configurations and flow
regimes in order to further assess its robustness across a broader class of buffet phenomena,
including more complex three-dimensional aircraft geometries and additional operating con-
ditions. A particularly promising direction is its combination with nonlinear reduced-order
models for buffet dynamics. Recent work on transonic buffet modeling via invariant manifolds
has shown that nonlinear reduced models can capture the post-onset evolution, late transients,
limit-cycle behavior, and reconstruction of the full flow field for buffet flows. In this perspec-
tive, the present combined Loewner—POD framework could provide an efficient linear modal
description near the unstable equilibrium, while invariant-manifold-based or related nonlinear
reduced models could extend that description into the nonlinear regime beyond onset. Such a
combination could lead to reduced-order models that describe both buffet onset and the nonlin-
ear dynamics beyond onset [26].
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