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ABSTRACT

This paper presents an analysis of the physics of transonic
buffet by means of phenomenological far-field decompo-
sition of drag. The analysis relies on the unsteady far-
field drag decomposition developed by Toubin et al. (“Im-
proved Unsteady Far-Field Drag Breakdown Method and
Application to Complex Cases,” AIAA Journal, Vol. 54,
No. 6,2016) so far applied to pitching airfoils and wings,
vortex-shedding and two-dimensional transonic buffet. It
provides a decomposition of drag into viscous, wave,
lift-induced and acoustic components. First of all, the
formulation of Toubin et al. is presented and a physi-
cal interpretation of the terms of the decomposition is
given. Then, the main buffet characteristics are shown
on the wing-body configuration of the NASA Common
Research Model' (CRM) investigated in the frame of the
7™ ATAA Drag Prediction Workshop (DPW-7). Later on,
the unsteady drag exerted on the aircraft is decomposed
and the evolution of the various drag components over
time is investigated.

INTRODUCTION

Given the inevitable economical and environmental chal-
lenges that have to be addressed, the aviation sector is
ever more keen on reducing its operating costs and car-
bon footprint. One big aspect of this task is to minimize
the fuel consumption of aircraft.

That is why accurate drag prediction has always been
of paramount importance when designing an aircraft. In-
deed, fuel consumption is a direct consequence of the
amount of drag exerted on the aircraft, hence drag re-
duction implies lower fuel consumption. But before re-
ducing drag, it is necessary to accurately measure and
quantify it. To do so, multiple scientists have been de-

|CRM website: http://commonresearchmodel.larc.nasa.gov/

veloping drag prediction methods throughout the twen-
tieth century. Some of those methods rely on the far-
field approach, which consists in considering the momen-
tum balance in a control volume of fluid surrounding the
aircraft. It differs from the classical near-field (nf) ap-
proach, which mechanically decomposes drag into pres-
sure and friction components on the aircraft skin:

an:D,,Jer:]i (p—pm)nde—jg T,-ndS (1)

Indeed, the far-field (ff) approach traditionally decom-
poses drag into phenomenological contributions: lift-
induced drag D;, viscous drag D, and wave drag D,,.

D¢y =Di+Dy,+ D, )

This breakdown is crucial for aircraft designers because
it provides an insight on the physical sources of drag and
helps to identify a potential for the improvement of the
aircraft geometry.

The lift-induced drag was first identified at the begin-
ning of the twentieth century by Prandtl in his famous
lifting-line theory [14] and its definition was amended
in the seventies by Maskell [9]. Methods for viscous
and wave drag computation were then defined using ther-
modynamic approaches introduced by Oswatitsch [12]
in 1945 and later by van der Vooren and Sloof [20] in
the nineties. In further developments, Destarac and van
der Vooren [3, 4] defined the lift-induced drag indirectly,
by merely subtracting the irreversible drag (viscous plus
wave drag) from the total far-field drag. In spite of the
insights provided by those developments, these drag pre-
diction and decomposition methods were only applicable
to steady flows.

In the recent years, several formulations aimed at as-
sessing and decomposing drag in unsteady flows have
been developed [5, 10, 11, 18, 19]. Gariépy et al. [5] were
the first to propose a generalization of the Destarac-van
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der Vooren approach [3, 4] in unsteady flows. However,
as shown by Toubin and Bailly [18], their decomposition
is very sensitive to the size of the control volumes used
for the integration of the various drag components: an ex-
tension of the integration volumes in the wake creates an
unphysical phase shift on the time evolution of the far-
field drag components.

Indeed, it is necessary that the phase of all far-field
drag components be invariant to the size of the integration
domain, in order to guarantee an objective physical un-
steady drag breakdown. Moreover, it ensures that the far-
field drag integrated in the flowfield surrounding the air-
craft (hence comprising all the unsteady phenomena oc-
curing therein) is consistent at all times with the near-field
drag integrated on the skin of the aircraft. This particular
aspect has been one of the major successes of Toubin’s
doctoral thesis [17]. Toubin et al. [17, 18, 19] developed
an unsteady drag breakdown based on the Destarac-van
der Vooren formulation [4]. They validated this method
on a number of academic cases and demonstrated its ro-
bustness with respect to the integration volume extension
in the wake.

The interest in unsteady phenomenological drag break-
down has so far been limited to relatively academic
cases. Recent drag-related studies have however begun
to emerge on the more applied NASA CRM aircraft in
transonic buffet conditions. Steady investigations of the
CRM have been the main focus of recent AIAA Drag Pre-
diction Workshops (DPWs) [2, 16]. As an extension of
these studies, the latest edition (DPW-7) featured a task
dedicated to “Beyond RANS” analyses, aiming at investi-
gating flight conditions at greater Reynolds numbers and
higher angles of attack. ONERA took part in this DPW-7
task on the basis of unsteady Reynolds-averaged Navier-
Stokes (URANS) computations. In particular, when con-
sidering a wing in cruise conditions and increasing the
angle of attack, periodic shockwave motions known as
transonic buffet occur, and the flow is unsteady [8]. The
unsteadiness predominantly consists of a periodic self-
sustained motion of the shock as well as unsteady separa-
tion of the boundary layer, consequences in the flowfield
that will be analyzed in the present work.

The aim of this study is to investigate whether an un-
steady drag decomposition can establish links between
the evolution of drag components and unsteady phenom-
ena occurring within the flow field. This work has been
carried out by using the far-field decomposition of Toubin
etal. [19] to analyze URANS computations of the DPW-7
CRM configuration in transonic buffet regime. The study
is structured as follows. The formulation employed is
first presented in Section 1, followed by Section 2 which
gives an overview of ONERA computational studies of
buffet prediction in the frame of the DPW-7. Finally, Sec-
tion 3 presents investigations on the unsteady drag break-
down of the CRM case.

1. PRESENTATION OF THE
UNSTEADY FAR-FIELD DRAG
DECOMPOSITION OF TOUBIN ET
AL.

1.1 Original formulation

To overcome the phase shift issue raised by the formula-
tion of Gariépy et al. [5], Toubin and Bailly [18] adopted
a different approach, based on a drag balance in stream-
tubes, in order to account for the time delay and propaga-
tion of flow perturbations created at the source of drag by
shockwave motion, vortex-shedding or a pitching airfoil
or wing for instance. By doing so, they could eliminate
the phase shift entailed by an extension of the control vol-
umes in the wake. Their formulation is presented below:

fo =Dy, +Dy+Dy;+ Dy, 3
with:
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where D,,; is the unsteady lift-induced drag and D,, is the
drag generated by solid body motion, henceforth referred
to as motion drag. The volumes and surfaces are illus-
trated in Fig. 1 and S, is the skin surface of the aircraft.
Here q is the velocity vector, 7, = 7 - e, and Ujy is the
irreversible axial velocity defect [3, 4] defined by:

Uyl p 28H 2
ur — Yoo Uo% (Y—I)Mozo

(eM/C —1) (8)

and H =C,T + g?/2 is the specific stagnation enthalpy,
AH = H — H., is the specific stagnation enthalpy varia-
tion, Y is the ratio of specific heats, C, is the specific heat
at constant pressure, and As = s — 5., is the specific en-
tropy variation.

Later on, Toubin et al. [19] further decomposed D,;
into an acoustic propagation drag D), and the lift-induced
drag D; as follows:

Dy =D+ Dy, ©)
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Figure 1: Control volumes used in the integration of the
various drag components (from [19])

with:
D, = g (—P(U_Uirr)q_(p_pm)ex)'ndS
1 U
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where a is the speed of sound and Rt =U +2a/(y—1)
is the Riemann invariant on characteristic curves of the
(x,7) plane defined by dx/dr = U +a.

In summary, the unsteady far-field drag can be decom-
posed into five contributions:

Dsr=Dy+D,+D;+Dp,+ Dy, (12)

First of all, it is important to note that each drag com-
ponent includes an unsteady contribution in the formu-
lation of Toubin et al. [19], whereas in the formulation
of Gariépy et al. [5], unsteady effects are grouped into
a single unsteady drag component. Secondly, in steady
flows, all the time derivatives vanish and D,,, D, and D;
recover their steady expressions given in [3, 4], while D,
is eliminated. Moreover, D,, also disappears in steady
regime given the impermeable wall condition q-n =0
which holds for both viscous and inviscid flows.

1.2 Single-vector formulation

In the frame of this work, a different but mathematically
equivalent formulation has been derived in order to estab-
lish an unsteady counterpart of the single-vector version
of the steady formulation of Destarac [3]. The derivations
rely on the following property in unsteady regime:

dp (U —U.)

V.f=
ot

(13)
with:

f=—pU-Uz)q—(p—p=)ex+n (14

By merely decomposing f as:
f=f, +1f (15)
with:
£ =—p (Uir —U) g+ 7 (16)
fi ==p(U—Uin)q— (P~ p=) e (17

and after some algebraic manipulations, it is possible to
re-express D,,, Dy, D,; and D; using only the f7 vector:
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The following far-field drag results have all been ob-
tained by post-processing the CFD solutions with the lat-
ter single-vector formulation.

2. ANALYSIS OF THE MAIN BUFFET
CHARACTERISTICS ON THE NASA
CRM

This section is devoted to the presentation and analysis
of the main features of the buffet phenomenon predicted
by URANS computations. They were performed using
the ONERA-SAFRAN elsA solver [1], in which the tur-
bulence was modeled using the Spalart-Allmaras model
[15], and the space discretization was done using the
Jameson-Schmidt-Turkel numerical scheme for the con-
vective flux [7]. The time algorithm chosen is Gear, pro-
viding a global time stepping.

Those time-accurate simulations correspond to the
work carried out by ONERA [6] as part of the “Beyond
RANS” optional test-case of the DPW-7. The partici-
pants were invited to use alternative methods to analyze a
flow at M., = 0.85, with high angle of attack (&t = 4° and
4.25°) and possibly buffet phenomenon for a Reynolds
number of 20 million over the NASA CRM (the geom-
etry is shown in Fig. 2). ONERA opted for URANS
simulations since this approach can provide an accurate
description of the unsteadiness of the shockwave while
keeping the cost of the simulation reasonable. Contrary to



high-fidelity methods such as DNS or ZDES, URANS is
able to provide useful information about the unsteady dy-
namics of the flow in buffet conditions in a short amount
of time and with limited resources. However, the turbu-
lence remains completely modeled as for the steady-state
RANS simulations and only the large-scale unsteadiness
can be reproduced.

y =225 m

Figure 2: Geometry of the NASA CRM.
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Figure 3: Pressure contour on the wing (Tiny grid).

The choice of the time step is the first question that has
been addressed. A convergence study was carried out,
starting from the converged RANS solution, using differ-
ent time steps. At the beginning, the Tiny grid level of the
DPW-7 (5M points) was used in order to have a quick es-
timation of the buffet phenomenon, localize the position
of the unsteadiness on the wing, its intensity and, most
importantly, the buffet period. While the y© = 0.4 dis-
cretization is sufficiently fine and the buffet phenomenon
could be reproduced with shockwave motions observed
on the wing, the spanwise spatial discretization in the buf-

fet region is too coarse to validate the result when com-
pared to the Coarse grid (17M points) and the Medium
grid (41M points), as depicted in Figs. 3 and 4. Accord-
ing to the data obtained with the Tiny grid, the buffet phe-
nomenon has a frequency of 5.90 Hz (see Fig. 5). For this
case, a time step of A = 107 s, corresponding to 1700
steps per buffet period, was sufficient to reproduce the
phenomenon. Thus, it was concluded that the Tiny grid
can reproduce the main features of buffet, despite poor
spanwise discretization, but the unsteady behavior of the
shockwave might not be correctly captured. Hence the
Medium grid has been considered in the following stud-
ies. For this grid level, the time step is At =5 X 1073 s,
corresponding to roughly 1600 steps per period, with
each step converged during 8 inner iterations.

The three images in Fig. 6 present a comparison of
the pressure fluctuations obtained at three angles of at-
tack. Here, the color-map has a logarithmic scale, al-
lowing for a broader comparison of pressure fluctuations.
On the left-hand-side, very low values of pressure fluc-
tuations indicate that the flow is steady at C; = 0.58
(o0 = 2.755°). Very small fluctuations can be observed
on the shockwave foot, but without any link to a buffet
phenomenon. In the center, the pressure fluctuations at
o = 4° show that the flow is in buffet conditions. How-
ever, contrary to what is observed on the right-hand-side,
where a = 4.25°, some unsteadiness can be observed in
the inner part of the wing, where the so-called “A shock-
wave foot” is visible because of the interaction between
the wing and the fuselage. The frequencies of the buffet
phenomenon observed when & = 4° and o = 4.25° are
11.9 Hz and 12.2 Hz, respectively. These values corre-
spond to a Strouhal number St = 0.464, in fair agreement
with what was found by Paladini et al. [13] on a simi-
lar configuration, where the Strouhal number based on
the mean aerodynamic chord for the FLIRET geometry
(a half wing-body configuration) was St = 0.48.

3. INVESTIGATION AND EVOLUTION
OF FAR-FIELD DRAG
COMPONENTS OVER A PERIOD

The present section is dedicated to a deeper phenomeno-
logical analysis of the unsteadiness entailed by the buf-
fet and its impact on the level of viscous, wave and lift-
induced drag over time. The results have been obtained
by post-processing the CFD solutions at M. = 0.85,
a = 4.25°, Re = 20 million of the Medium grid with the
ONERA FFD72 and FFDr far-field drag analysis codes.
First of all, it is necessary to investigate the effect of the
size of the integration domain on the various drag compo-
nents. To do so, the viscous, shock and induced volumes
are extended in the wake of the aircraft wing, between
xw = 50 m and xy = 60 m (see Fig. 7).

In Fig. 8 and Tab. 1 (top rows), each value is obtained
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Figure 4: Pressure fluctuations (linear colormap) for different grids.

by performing a time average of the corresponding un-
steady drag coefficient over the buffet period. The un-
steady coefficients themselves are computed using the
unsteady far-field formulation presented in Section 1. On
the contrary, the last row of Tab. 1 refers to a steady far-
field drag decomposition [3] of the average in time of
the flow solutions, also obtained over the buffet period.
First, the evolution of the average contribution of each
unsteady drag component with respect to xy is analyzed.
In Fig. 8, the time-averaged value for xyy = 50 m is sub-
tracted in order to better highlight the relative evolution
of each component. In Tab. 1, the exact value for each
xw position can be retrieved. Note that the average of
the unsteady far-field drag coefficient Cp,, can also be
retrieved by Eq. (12) (having D,, = 0), and the average
of the unsteady near-field drag coefficient Cp, , by adding
CDW to Cp e It is shown that the time-averaged un-
steady lift-induced drag coefficient Cp, decreases by 5 to
6 counts in favor of the time-averaged unsteady viscous
drag coefficient Cp,, which increases by 6 to 7 points as
the integration volumes extend in the wing wake. This
is the consequence of physical viscous diffusion and of
numerical dissipation effects, the latter being likely ac-
centuated by the rapid coarsening of the O-grid in the
wake region, which also limits the downstream xy po-
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Figure 5: Lift coefficient versus time for different grids.

sition allowing to reduce as much as possible the effect
of numerical dissipation. On the contrary, the averaged
unsteady wave drag coefficient Cp, remains constant at
a rather significant level (around 90 counts), while the
time-averaged acoustic propagation drag Cp,, has a prac-
tically negligible contribution to overall drag. It is also in-
teresting to note that the steady drag decomposition of the
time-averaged solution is very close to the time-averaged
unsteady drag decomposition obtained at xy = 50 m: in
the present case, it is because the unsteadiness entailed
by the buffet phenomenon is very mild. Nevertheless,
Toubin [17] clearly demonstrated that values of steady
drag decompositions applied to time-averaged flow solu-
tions can be strikingly imprecise with respect to averaged
values of unsteady drag decompositions.

At this stage, it should be pointed out that, in Fig. 7,
there are some cells in the wake which are located in be-
tween the viscous and shock volumes, but do not belong
to either of them. Yet, the wake of the shockwave is to be
gradually entrained into the wake of the boundary layer,
therefore those untagged cells are not expected. In fact,
the extensions of the viscous and shock volumes are de-
fined here using a physical sensor based on the level of
viscous stresses and the vorticity modulus, but the latter
is dissipated by the rapid coarsening of the grid. Hence,

Xw (in m) CD,- CDV CDW CD,m CD.Yp
Time-averaged drag - Unsteady formulation

50 200.57 216.78 89.28 0.00 -0.23

52 199.89 218.01 89.27 0.00 -0.77

54 198.86 219.65 89.26 0.01 -1.38

56 197.54 221.28 89.26 0.02 -1.69

58 196.30 22259 89.26 0.02 -1.76

60 19535 223.66 89.27 0.01 -1.90
Time-averaged solution - Steady formulation

- 201.40 21596 89.02 - 0.03

Table 1: Time-averaged value of each drag component (in
counts, i.e. 107#) for xy € [S0 m, 60 m] and drag break-
down of the time-averaged solution.
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the integration volume issue might be solved by reducing
the vorticity threshold used in this criterion. This would
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lead to the same total far-field drag, but to an eventu-
ally slightly different drag decomposition. Besides, some
cells below the viscous volume are detected as part of
the extended shock volume. There is no shockwave on
the pressure side of the wing, therefore this feature is not
expected either. Here, increasing the entropy threshold
would likely remove those cells from this volume, al-
though their contribution to the overall wave drag value
is expected to be small.

An important following step is to verify that the evo-
lution of the far-field drag versus time is synchronized
with that of the near-field drag at each time step. In other
terms, it consists in checking that the far-field and near-
field drag forces are in phase. For this purpose, the evolu-
tion of far-field drag versus time has been plotted for all
xw positions and compared to the evolution of near-field
drag (see Fig. 9). It is clear that far-field and near-field
drag are in phase for all xy positions, which confirms
the consistency of the far-field drag computed by the for-
mulation of Toubin et al. [19]. Regarding viscous and
wave drag, the sensitivity of their phase with respect to
xw 1is plotted in Figs. 10 and 11: for the viscous drag
a slight phase shift is observed (perhaps linked to the
presence of cells not belonging to either the viscous or
shock volume), while for the wave drag all curves are in
phase. However, the Cp, curves corresponding to the two
most downstream positions xy = 58 m and x = 60 m
show almost no phase shift. In Fig. 12, the phase shift of
the unsteady induced drag D,; seems slightly more pro-
nounced than for the viscous drag, although it remains
reasonably small. On the contrary, the phase shift be-
comes even more visible for the lift-induced drag D; (see
Fig. 13). Actually, D; is computed from D,; after having
distinguished the acoustic effects materialized by R™ and
involved in D,,. This phase shift in D; is indeed directly
caused by the great sensitivity of the phase of D, with
respect to xy (see Fig. 14): although its variation is of
a very low amplitude and therefore has a minimal con-
tribution to total drag, it still has a direct impact on the
phase of its counterpart D;. Similarly to the present case,
Toubin [17] also observed such a phase shift on D; for the
two-dimensional buffet case over the OAT15A airfoil but



noticed that the phase shift tends to zero when integrat-
ing even further in the wake. The author explained that
this is caused by a drastic decrease of the contribution of
D, an effect which is clearly depicted in Fig. 14 for the
present case. A gradual decrease in the magnitude of the
dephasing D, contribution would thus lead to a recip-
rocal decrease in the phase shift of D; (visible between
the x,, = 58 m and x,, = 60 m curves in Fig. 13). De-
spite this observation, the choice of a sufficiently down-
stream xy position to force the invariance of the phase of
D; is not satisfactory (at least in the present case), due to
the influence of numerical dissipation in the wake in lift-
induced drag prediction (cf. above disussion). Hence, the
xw = 50 m position was chosen for the following analyses
in order to ensure, as much as possible, that the computed
viscous drag represents the outcome of viscous phenom-
ena occurring on the wing, rather than that of numerical
dissipation in the wing wake region.

As shown in Fig. 15, the maximum in viscous drag cor-
responds to a minimum in wave drag, which is consistent
with Toubin’s results in the case of two-dimensional buf-
fet [17]. In a two-dimensional buffet case, the wave drag
is minimum when the shockwave strength is the weak-
est, i.e. when the stall cell created by the boundary layer
separation downstream of the shockwave foot pushes the
shockwave itself at its most upstream buffeting position.
This corresponds to the instant when the stall cell reaches
its maximum size, hence producing maximum viscous
pressure drag D,, (the part of the viscous drag that is
not caused by skin friction). The interpretation is how-
ever more complex in the current three-dimensional buf-
fet case, because the shockwave oscillates both in the
chordwise and the spanwise directions, behaving simi-
larly to a wave propagating towards the wingtip. This
is better illustrated in Figs. 16 and 17. At ¢ = t,, the
shockwave at the y = 20 m section (see Fig. 2) reaches its
downstream limit while the shockwave at the y =22.5 m
section reaches its upstream limit. The maximum wave
drag at t = 1; could be explained by the fact that the
shockwave at the y = 22.5 m section is at its most down-
stream position and overcompensates the contribution of
the y = 20 m section, where the shockwave is at its most
upstream position.

Figs. 18, 19 and 20 respectively display approximate
spanwise distributions of the wave and viscous pressure
drag coefficients Cp, and Cp,, computed by the ONERA
FFDr software at 7 =t1, t & (t; +12) /2 and t = tp, com-
prising a fine discretization in the spanwise direction. The
symbols correspond to the time-average of the spanwise
distributions and is shown in order to highlight the de-
viation of the unsteady distribution. A contour of nega-
tive streamwise skin friction coefficient Cy, on the wing
suction side is also added on each figure in order to vi-
sualize the temporal evolution of the size of the separa-
tion region caused by the shockwave, allowing to corre-

late the unsteady flow field variation on the wing to phe-
nomenological drag sources. On average, the presence
of the separation region entails a drastic increase in the
viscous pressure drag between y = 10 m and y = 22.5 m.
This also coincides with the region of the wing where
the wave drag generation is highest. Indeed, the shock-
wave is strongest around y = 12 m, where the flow starts
separating downstream. An investigation of the same fig-
ures illustrates the convection of the stall cell towards the
tip of the wing by the displacement of a region of neg-
ative streamwise skin friction. This region matches the
displacement of the peak in the spanwise distribution of
Cp,,- This peak in Cp,, is very closely preceded by a dip
in the spanwise distribution of Cp,,. The imperfect syn-
chronization between the peak in dCp,, /dy and the dip in
dCp,, /dy is likely related to the very slight phase shift be-
tween the maximum reached by Cp,, and the minimum
reached by Cp,, illustrated in Fig. 15.

CONCLUSION

In the present study, the unsteady far-field drag decom-
position method developed by Toubin et al. [19] has been
adapted to a single-vector formulation and applied to the
three-dimensional transonic buffet phenomenon over the
NASA Common Research Model. To the authors’ knowl-
edge, this constitutes the first attempt at decomposing the
drag in three-dimensional buffet conditions using a far-
field technique.

The flight conditions investigated in this study enabled
to effectively observe the onset of a very mild buffet phe-
nomenon where the unsteadiness was confined to a region
of limited size on the wing suction side. The Strouhal
number of the observed buffet phenomenon appeared to
be in line with previous results from the literature. In
spite of this unsteadiness being very mild, the unsteady
far-field drag decomposition method could capture the
oscillations in the wave, viscous and lift-induced drag
exerted on the aircraft. It was observed that the wave
drag was maximum when the viscous drag was minimum
and vice versa, as it was previously shown by Toubin et
al. [19] in two space dimensions. Sensitivity analyses of
the phase shift with respect to the wake extension of the
integration volumes were also proposed, suggesting that
the phase of the wave drag and the viscous drag is almost
insensitive to this parameter, whereas the phase of the
lift-induced drag showed a more pronounced sensitivity
to the investigated integration volume wake boundaries,
as these limits remained rather close to the wing.

In the end, some local analyses were carried out with
the aim to link the unsteady variation of drag components
to flow field variations. It was observed that the convec-
tion of the stall cell and the oscillation of the shockwave
on the wing suction side are well depicted on the inten-
sity of unsteady spanwise generation of wave and viscous



pressure drag. The stall cell is characterized by a bump
in the viscous pressure drag distribution and a dip in the
wave drag distribution, whereas the shock oscillation is
merely translated into oscillations on both distributions.

In the future, further investigations will be conducted
with the aim to perform grid convergence studies. Then,
potential improvements to physical sensors can be made
(essentially the threshold robustness). Finally, addition-
nal simulations (URANS and/or ZDES) and drag analy-
ses on a stronger buffet case can be carried out.
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Figure 14: Temporal evolution of the acoustic propaga-
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