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GPU-accelerated wall-modeled large-eddy simulations of the M 219 cavity benchmark are
performed at Mach M., = 0.6, 0.85 and 1.35 for open rectangular cavities of length-to-depth
ratio L/D =5 and 10. Wall-pressure predictions are compared to available Kulite measure-
ments on the cavity floor and show good agreement in terms of tonal noise frequency and
amplitude, as well as broadband noise levels and streamwise distribution of pressure fluc-
tuations along the cavity. In particular, the experimental trends for Mach number effect,
and cavity aspect ratio dependence and onset of self-sustained Rossiter resonance are well
captured in the computations. An additional simulation is performed with generic cavity
doors added to the M219 cavity configuration: the inclusion of the opened doors tends to
change the dominant mode selected, shift the frequency of the tones present, and increases
the magnitude of the pressure fluctuations on the floor of the cavity. As a proof-of-concept
demonstration of a novel general-motion capability, the dynamic deployment of the doors
is also simulated. Analysis of the opening sequence suggests that weak signature of the
first two Rossiter tones becomes detectable around door angle of 30°, before the resonant
mechanism gets fully established when the doors are opened beyond 55°.

Nomenclature

Speed of sound W Cavity width
Cavity depth T,Y,% Cartesian coordinates
Frequency d99 Boundary layer thickness
Cavity length y Specific heat ratio
Mach number 1) Door opening angle
Pressure 0 Boundary layer momentum thickness
Reynolds number Subscript
Strouhal number

00 Free-stream property
Temperature . .
T avg time-averaged quantity
Stlme . locit rms root-mean-square quantity

Teamwise velocity t Total (stagnation) property

Fluid velocity vector
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I. Introduction

High-speed flow over open cavity is prevalent to a number of aircraft components, including landing gear
wells and weapon bays. Self-sustained oscillation and high pressure fluctuations inside the cavity can affect
aircraft aerodynamics, structural integrity of components and store separation process. As reviewed by Law-
son & Barakos [1], cavity flow has been the subject of many experimental and computational studies over the
years. Dating back to early experimental works on canonical rectangular cut-out [2, 3, 4], cavity oscillations
in compressible flow are typically described as a flow-acoustic resonance mechanism: small instabilities in the
shear layer interact with the downstream corner of the cavity and generate acoustic waves, which propagate
upstream and create new disturbances in the shear layer. Resonance occurs at a given frequency when the
disturbances lead to reinforcement and ultimately saturation. In the 1960’s, Rossiter [3] developed the now
classic semi-empirical formula to predict the resonant frequencies,

[l n—au

Stn Uso - Mo +1/k

n=1,2,3.. (1)

where L is the cavity length, My, = Us/coo is the free-stream Mach number, and St, is the Strouhal
number corresponding to the n-th Rossiter mode frequency f,. In deriving equation 2, Rossiter assumed
the speed of sound in the cavity to be the free-stream speed of sound, which is a reasonable assumption for
subsonic flows but introduces larger errors at high Mach. To improve the predictions in higher Mach number
range, Heller [4] proposed a modified formula where the cavity sound speed is assumed to be equal to the
free-stream stagnation sound speed:

_M_ n—a«
CUs Moo/ \/1+(y—D)MZ/2+1/k

Stn n=123.. (2)

The non-dimensional empirical constants « and k are a phase delay and an average convection speed of
vortical disturbances in the shear layer, respectively. The typical values used in the literature are x = 0.57,
a = 0.25 for L/D < 4 and linear interpolation of the original data from Rossiter [3] for 4 < L/D < 10,
where D is the cavity depth (see table 1).

L/D <4 6 8 10
a | 025 038 054 058

Table 1: Averaged phase delay as a function of cavity aspect ratio [3].

Many of the early numerical studies focused on direct numerical simulations (DNS) of canonical 2D and
3D rectangular cavities at lower Reynolds number [5, 6], because of constraints on geometrical complexity and
computational cost. With advancements in high-performance computing, meshing techniques and numerical
methods, simulations of high-speed cavity flows at high Reynolds number are now within reach for more
realistic cavity shapes, including internal structures [7], store separation [8], and cavity with doors [9, 10,
11, 12, 13].

Generally the presence of doors, when in their open position, increases the magnitude of the pressure
fluctuations on the floor and aft wall of the cavity [9, 10, 11]. Only at an almost-closed angle, where the doors
impede the resonant mechanism, is the noise reported as quieter than the non-door configuration [10, 11].
This amplification in noise has been attributed to a more two-dimensional flow-field [1, 11], which results in
more coherent fluctuations that increase the overall intensity of the resonance. The addition of doors was
also seen to modify the relative amplitude of the tones and shift the frequency of the tones present [10, 11].
However, the impact of doors is not always consistent throughout the literature. Murray & Jansen [9]
reported that while open doors increased the magnitude of the fluctuations, they completely eliminated the
resonant mechanism. Loupy et al. [13] found that the geometry of the doors played a critical role in whether
doors attenuated or amplified the noise.

The study of dynamic door deployment has been much more limited than its static counterpart, likely
due to the numerical challenges and increased computational cost associated with these simulations. Sheta
et al. [10] and Loupy et al. [13] both investigated the impact of door opening on the flow and acoustics.
Sheta et al. found strong pressure fluctuations begin to develop as the shear layer begins to impinge on the
aft wall. Loupy et al. [13] reported that the faster the doors open the greater the unsteady loads that are
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(a) Cavity in wind tunnel [18] (b) Schematic with Kulite locations [17]
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Figure 1: M219 cavity model [14] (dimensions in inch)

generated. Additional research into the associated mechanics and physics is needed to better understand
this complex phenomenon.

To support such applications, general motion capabilities are being implemented in the compressible
flow solver “Fidelity™ Charles” (originally developed by Cascade Technologies, now part of Cadence Design
Systems), using a novel mesh generation approach based on Voronoi diagrams. The objective is to leverage
wall-modeled large-eddy simulation (LES) methods combined with acceleration from graphic processing unit
(GPU) hardware to enable fast, high-fidelity simulation of realistic cavity configurations, including prediction
of the unsteady loads and acoustic fluctuations during the doors deployment.

The present study focused first on the M219 cavity experiment [14] which is a classic cavity flow bench-
mark for CFD [15, 16, 17]. Large-eddy simulations are performed for high-speed flows at Mach M., = 0.6,
0.85 and 1.35 over rectangular cavities of aspect ratio L/D = 5 and 10, for comparison against the corre-
sponding experimental database. Then, additional simulations are conducted where generic cavity doors are
included and deployed dynamically as a demonstration of the general motion capabilities.

II. Description of the M219 cavity configuration

A. Experimental setup

The M219 cavity configuration [14] is shown in figure 1. The rectangular cavity has fixed length L = 20
in and width W = 4 in, while the depth can be varied from D = 2 to 4 in, corresponding to either the
shallow (L/D = 10) or deep (L/D = 5) cavity configuration. The experiments were conducted in the ARA
wind-tunnel of test section 9ft x8ft, at free-stream Mach numbers M., = 0.6, 0.85 and 1.35, within a range
of tunnel total pressure P, = 100320 to 101210 Pa and tunnel total temperature T; = 302.2 to 311.35 K.
The cavity location is offset by 1 in from the rig centerline, its start is x = 0.7874 m downstream of the flat
plate leading edge and the corresponding Reynolds number is Re, = O(1 x 107). A transition trip made
of sparsely distributed ballotini of 0.15 mm diameter is included in the model at 40mm aft of the leading
edge of the plate, with streamwise width of 4 mm. Assuming the development of a turbulent boundary layer
along the flat plate, the thickness and momentum thickness of the compressible boundary layer at the start
of the cavity can be estimated to dgg =~ 0.012 m and 0 ~ 0.0012 m. For cavity flows, the other important
parameters typically reported are L/6, the Reynolds number based on cavity depth Rep and based on
incoming boundary layer momentum thickness Regy: for the present case, L/ ~ 430, Rep =~ 6 x 10° to
1.5 x 10% and Reg =~ 1300 to 1900.

The experimental data consists of pressure time histories measured at 10 Kulite regularly distributed on
the floor of the empty cavity®. The unsteady pressure data is sampled at 6 kHz for 20 blocks of size 1024
samples (i.e., block period of 0.17067 s), which yields a maximum duration of 3.41 s (assuming no block
overlap). Note that the Kulites are located either along the rig centerline (green dots in figure 1) for the
deep L/D =5 cavity, or along the cavity centerline (red dots in figure 1) for the shallow L/D = 10 cavity.

aAccess to the experimental data was limited to the RMS pressure at the 10 Kulites reported in table 3 of reference [14].
For the Kulite-averaged PSD spectra, the data was digitized from reference [17].

3 of 18

American Institute of Aeronautics and Astronautics



(a) Doors closed (¢ = 0°) (b) Doors opened (¢ = 90°)

Figure 2: M219 cavity configuration with additional generic doors highlighted in red.

B. Numerical setup

For the M219 cavity benchmark, the simulations are performed with the GPU-accelerated compressible
flow solver Charles on static grids. The computational domain includes the full rig with the cavity and
the sting support, as well as the whole wind-tunnel test section. The rectangular domain extends from
(x,y,2) = (—5,—-1.35,—-1.22) m to (10,1.35,1.22) m and the rig is centered with the leading edge at = = 0.
All the simulations are conducted at the same total pressure P; = 100320 Pa and total temperature T; = 302
K, consistent with the reported experimental range [14]. The free-stream pressure P.,, temperature Ty, and
streamwise velocity U, are then computed from the isentropic equations and imposed as initial conditions
and boundary conditions at the inlet of the computational domain to achieve the desired free-stream Mach
numbers M., and match the test conditions. A slip wall boundary condition is used on wind tunnel walls
and an adiabatic wall-stress modeling [19, 20] is applied to all other internal surfaces. A Navier-Stokes
characteristic boundary condition (NSCBC) with specified free-stream pressure is employed at the outlet of
the computational domain, along with an acoustic sponge layer (applied in the volume to damp out acoustic
waves away from the geometry) to avoid spurious reflections at the boundaries. The Vreman [21] sub-grid
model is used to account for the physical effects of the unresolved turbulence on the resolved flow.

A configuration with generic doors added to the M219 cavity model is also considered (see figure 2) and
simulated using the general-motion version of the Charles solver. The door geometry follows the model
in Sheta et al. [10] with double chamfer leading edges to weaken the shocks at the door leading edges.
Sheta et al. [10] reported that weapon bay doors of Northrop Grumman’s YF-23 fighter open in about 2.1s
and estimated a representative opening speed for fighter aircraft at high speed: for a typical length of a
weapon bay door L = 1 m, their estimate of the Strouhal number is approximately 2.87 x 10~%4. Here, the
door rotational speed is set to 0.1564 rev/s to match this Strouhal number at the freestream Mach number
Mo, = 0.85, and it takes 1.6 s to rotate the doors from the fully closed position (¢ = 0°) to the fully opened
(¢ = 90°) position. In total, the deployment computation simulates 1.8 s with the doors remaining static in
the first and last 0.1s respectively.

C. Meshing approach

The unstructured mesh is generated through the computation of Voronoi diagrams [22] as a flexible way
of efficiently and robustly partitioning 3D space: given a set of generating points distributed at specific
locations with desired density, the Voronoi diagram uniquely defines the cell volume as the region of space
closest to each generating point relative to all other generating points in term of Euclidean distance (see
example schematic in figure 3). Therefore, the Voronoi paradigm reduces the problem of mesh generation to
the much simpler problem of specifying the generating point locations, i.e., the locations where the solution
will be sampled. The actual mesh (volumes, faces, topology, neighbor connectivity) is simply a unique
mathematical consequence of this choice based on the definition of the Voronoi diagram. This dramatically
simplifies the control over local mesh resolution—an important consideration for automation and high-fidelity
simulations. Additionally, the discretization of the boundary surface is independent from the near-boundary
mesh resolution, allowing arbitrary coarsening or refinement relative to the local surface length scales.
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(a) Points only (b) Points and surface

Figure 3: Illustration of Voronoi diagrams in 2D, given a set of generating points (blue dots) and a clipping
surface (red lines).

The Voronoi mesh architecture supports a part-based approach for building computational models of
complex industrial systems. A large, complicated geometry can be broken up into a series of parts (similar
to CAD geometries), where each part prescribes a surface and a set of generating points. The mesh is
formed by joining the parts: i.e., intersecting the surfaces and tie-breaking the points. This approach
enables a library of parts, each with a unique boundary-fitted grid, to be re-used with different kinematics
in multiple simulation campaigns without the tedium of re-meshing the full system geometry for each case.

This platform is extremely flexible as the generating points can be time-dependent, making it a natural
method for handling moving geometries where individual surfaces move relative to one another, as in the
door deployment considered in the present work. Unlike overset techniques which rely on interpolation to
exchange flow information between overlapping grids, the present approach generates a single conformal
mesh at each time step using Voronoi diagrams, and the volumes deform continuously based on relative
motion of the degrees of freedom. This results in a fully conservative formulation without any interpolation
at mesh interfaces. The compressible fluxes are discretized using an arbitrary Eulerian—Lagrangian (ALE)
finite volume method that modifies the convective velocity at each Voronoi face by subtracting the local
mesh velocity [23]. For example, the relative flux of a scalar ¢ through face i is written:

F<¢>i/[gi¢<aw>.ﬁids (3)

where « is the fluid velocity, @ is the mesh velocity, n; is face i’s outward pointing unit normal and S;
is face ¢’s surface patch. The ALE approach allows the Voronoi mesh points to move at arbitrary speed
independent of the flow velocity. Formally, skew-symmetric operators are employed to conserve kinetic
energy in the inviscid, zero Mach number limit, and the scheme also approximately preserves entropy in
the inviscid, adiabatic limit, placing the ALE discretization within a kinetic energy and entropy preserving
framework.

To ensure discrete conservation, the geometric conservation law (GCL) [24] must be satisfied at every
time step. The GCL is a statement of conservation of volume and can be written discretely as:

V7L+1 —_yn //
A - @ -y dS 4
s=2 ()

where V' is the discrete Voronoi volume at two different time levels, and the mesh flow rate through face ¢
is given by f f S W - n; dS. In general, the mesh flow rate computed from knowledge of the part motion and
discretely corrected to ensure GCL is satisfied in each cell. Fortunately, the correction is zero in large parts
of the mesh, making it relatively efficient to solve. This moving mesh discretization satisfies the geometric
conservation law at every single time step, enabling the design of conservative numerical schemes. When cells
are added or removed during the simulation (as occurs during door deployment with full surface contact), an
implicit discretization is employed to handle the associated stiffness and ensure robust time advancement.
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Figure 4: Computational mesh in a plane perpendicular to the door rotation axes at two time instants
illustrating the Voronoi mesh methodology for general motion.

In previous works, the mesh motion was restricted to rigid body rotations where the interface between the
stationary and moving parts is effectively “sliding” (a rotating disk for instance) and there are no appearing
or disappearing degrees of freedom. Under these simplifications, only restricted rebuilds of the Voronoi
diagram are required: the mesh rebuilding step reduces to performing an update of the Voronoi diagram
faces on the moving-stationary interface only, while the bulk of the mesh remains unchanged. This efficient
approach yields substantial speedup for applications such as rotating turbomachinery [23, 25, 26, 27] and
propeller flows [28].

In the present work, the meshing methodology is extended to support general motion without the con-
straints of previous implementations. This includes arbitrary motion paths, appearing/disappearing cells,
and full surface contact. This is applied to the dynamic opening of cavity doors, as illustrated in figure 4.
Over the course of the moving mesh simulation, cell faces can change orientation and area; they can be
created and destroyed, which changes the nearest neighbors of the cells. Furthermore, active cells can dis-
appear and previously blanked cells can reappear as the door surface sweeps through the domain. However,
over the course of these topological changes, the Voronoi diagrams remain C' continuous in time, so its
time derivative can be taken, allowing a fully conservative moving mesh discretization on Voronoi diagrams.
Both the surface cutting operations and the flow solution are performed entirely on GPU, enabling efficient
simulation of these complex moving boundary problems.

III. LES results for the M219 cavity benchmark

As discussed in Appendix, an initial grid resolution study was performed and the same meshing strategy
is applied to both the deep and shallow cavity configurations, and used at all operating conditions M., = 0.6,
0.85 and 1.35. For the refined mesh, the grid size is approximately 57 million control volumes (Mcv) for the
deep cavity and is slightly reduced to 51 Mcv for the shallow cavity because of the smaller cavity volume.

After the initial transient is flushed, data for the flow statistics and wall-pressure fluctuation analysis is
collected at a sampling rate of 10,000 Hz, for at least 0.5 s. Such simulation time corresponds to 25 periods
at 50 Hz (i.e., the lowest frequency of interest) and at least 50 periods of the first Rossiter mode resonant
frequency from equation 2. A bin-averaged power spectral density (PSD), with a bin size Af = 20 Hz, is
computed from the pressure-time history recorded in the simulations at the 10 Kulite locations. The wall-
pressure PSD is ensemble-averaged for all Kulite transducers and compared to published data in figures 5 and
6, for the deep L/D = 5 and shallow L/D = 10 cavity configuration, respectively. The figures also include
the pressure rms distribution (in dB, relative to Pr.; = 20 x 10~% Pa) at the 10 evenly-spaced Kulites as a
function of the normalized streamwise location /L on the cavity floor.

Overall, the LES results show good agreement with the measurements for all configurations and oper-
ating conditions. The Kulite-averaged PSD closely match the measurement in terms of tone frequency and
amplitude, as well as broadband levels over most of frequency range of interest, 50 < f < 3000 Hz. The
main discrepancies are at higher frequencies above 2000 Hz where the measurement levels tend to drop off
(likely due to hardware limitations) while the LES predictions show a more regular decay of the wall-pressure
fluctuations. For the streamwise distribution of pressure rms along the cavity floor, the LES predictions are
typically within +1 dB at most Kulite locations. In particular, the experimental trends for Mach number
effect, and cavity aspect ratio dependence and onset of self-sustained Rossiter resonance are well captured
in the simulations, as discussed in more details the next sections.
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Figure 5: Kulite-averaged wall-pressure PSD and P,,,s distribution along the cavity floor for the deep
L/D =5 cavity configuration at Mach My, = 0.6 ( —o— ), 0.85 ( —o— ) and 1.35 ( —0— ): Experiment;
LES. The vertical lines represent the frequency of the first 5 Rossiter modes from equation 2.

A. Effects of cavity aspect ratio

As reported by Tracy & Plentovich [29], the behavior of cavity under transonic flow can change from resonant
to non-resonant as the cavity aspect ratio increases. To illustrate the differences in flow physics between
the deep and shallow cavity configuration, visualization of the instantaneous flow at Mach M., = 0.85 is
presented in figures 7. The figure shows the instantaneous pressure field flow in the cavity centerline plane
(insert image), and the flow field from the flap plate leading edge to the cavity and the wall shear stress
Tway ON the rig and cavity walls. For all the visualizations, the color ranges are kept constant, i.e., from
0.85 (black) to 1.1 (white) for P/P.,, from 0 (blue) to 1 (red) for My, on the isocontours on Q-criterion and
from 0 (black) to 150 Pa (white) for 7,4y For both configuration, the flow quickly transitions close to the
rig leading edge, leading the development of a turbulent boundary layer towards the cavity. Inspection of
the velocity field just upstream of the cavity confirmed turbulent boundary layer profiles with thickness and
momentum thickness consistent with the theoretical values estimated in section ITA.

For the deep cavity at L/D = 5, this configuration is representative of open-flow (or “resonant”) cavity:
the main feature is the aeroacoustic feedback loop mechanism described in the introduction, leading to
high levels of broadband wall-pressure fluctuations and strong tones at the resonant frequencies. As shown
in figure 5(b), the predicted power spectra density (PSD) show good agreement with the experimental

7 of 18

American Institute of Aeronautics and Astronautics



160 - | i 160 S ; s
| i T I | I [
| ] | | | | | ] ] |
150 | [ Lol 150 I | o
| | [ I | LI
| ] | | | | | I ] |
I ] | | I | | | ] |
= 140 I I [ = 140 I I T
o l 1 o o | | [
. i 1 Lo . I I A
M. | 1 (R I = I [
= 130+ =,
=, i o =, - - | |
o - _._: 1 [ a | o { 1 |
& 120 1 DA g ' ' l N
2 [ R | | |
[ | | [ | | | |
| ] | | | | | I |
I ] | | I | | | |
110 I 1 o I I I I
| 1 o | | | I
i 1 Lo | I I I
100 Lo 1 1o Ha) i 100 L G S S 1
10° 10° 10? 10
f (Hz) f (Hz)
(a) L/D =10, Msx = 0.6 (b) L/D =10, Mo, = 0.85
160 ] T — T 175
I I I
I I oo
150 | | I
| | | || e
: : : ! 1| [ 165 |
— 140 I I [ =
= I I o ~
. I I Lo =
Z 130% N B % 155
i 1 RALPE AR
9 I I LI+ By,
2y 120 I I | ee =
I I o =
I I o = 145
| | | [
110 I I I
I I o
I I A
100 - I R T 135 e — SR
10 10° 0 0.2 0.4 0.6 0.8 |
£ (Hz) /L
(¢) L/D =10, M, = 1.35 (d) L/D = 10, Py, distribution.

Figure 6: Kulite-averaged wall-pressure PSD and P,,,s distribution along the cavity floor for the shallow
L/D = 10 cavity configuration at Mach My, = 0.6 ( —o— ), 0.85 ( —o—) and 1.35 ( —J— ): Experiment;
LES. The vertical lines represent the frequency of the first 5 Rossiter modes from equation 2.

measurements for both broadband and tonal noise over the full frequency range. The resonant frequencies
are well captured by the semi-empirical equation 2, with n = 2 and 3 the dominant Rossiter modes for this
configuration. The P,,,s distribution on the cavity floor displays intense acoustic loads, gradually increasing
in the streamwise direction, with maximum around 167 dB near the cavity aft wall (see figure 5(d)).

In contrast, when the cavity length-to-depth ratio is increased to L/D = 10 at the same M, = 0.85
condition, the shear layer separating at the front wall no longer directly impinges the aft wall and instead
tends to reattach on the cavity floor. This configuration is representative of closed-flow cavity, where there is
no feedback loop and no resonant frequencies, as shown by the lack of clear Rossiter mode tones in the PSD
in figure 6(b). The absence of intense flow-acoustic resonance mechanism also leads to a reduction in the
wall-pressure broadband levels, especially in the lower frequency range f < 1000 Hz. The P,,,s levels on the
cavity floor are 4 to 10 dB lower than the levels in the deep (resonant) cavity L/D = 5 and the distribution
now features a local maximum before the cavity half-length associated with the flow impingement on the
cavity floor (see figure 6(d)).
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(a) Deep (resonant) cavity L/D =5, Mo = 0.85

(b) Shallow (closed-flow) cavity L/D = 10, Mo = 0.85

Figure 7: Visualization of the pressure field (0.9 < P/P,, < 1.1, insert in grey scale) and flow field (Q-
criterion colored by Mach number & surface shear stress) for the M219 deep and shallow cavity configuration
at Mach M., = 0.85, from the GPU-accelerated LES simulations on the refined grids.
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B. Effects of Mach number

For the deep L/D = 5 cavity configuration, the flow-acoustic resonance mechanism is present at all con-
ditions. The effect of increasing Mach number is to increase both broadband and tonal levels, to sharpen
the cavity resonant tones and shift them to higher frequency. Overall, the resonant frequencies are well
captured in the simulations, and closely match the frequencies of the Rossiter modes from the semi-empirical
equation 2. Here, the best agreements with the semi-empirical predictions are at the subsonic conditions,
with slightly more discrepancies observed at higher Mach number M., = 1.35. Casalino et al. [17] proposed
modifications to the equation 2 that take into account the reversed flow convective effects in the calculation
of the backward acoustic propagation time, which they found to yield globally more accurate predictions of
the resonance frequencies.

For the P,,,s distribution on the cavity floor in figure 5(d)), the fluctuations steadily increase as a function
of the streamwise location along the cavity at the subsonic conditions: the increase of M, from 0.6 to 0.85
leads to higher P,,,s levels by about 5-7 dB, consistent with the broadband and tone increase in the PSD. At
the higher freestream Mach number 1.35, the P,,,s distribution now exhibit more modulations and a local
maximum in the middle of the cavity length. These features are associated with the standing-wave structure
of the second Rossiter mode, which is dominant at this condition: as shown figure 5(c), the second Rossiter
mode has a peak tone amplitude about 10dB larger than the next mode, and more than 20dB higher than
the broadband levels. The modes spatial structure and visualization of the band-filtered pressure fluctuation
are further discussed below in section IIIC.

-_ I. |

(a) L/D =10, Moo = 0.6 (b) L/D =10, Mo, = 0.85 (c) L/D =10, My, = 1.35

Figure 8: Flow visualization in the midsection plane for the shallow L/D = 10 cavity configuration: instan-
taneous Mach number 0 < M < 1.5 (top row), magnitude of time-averaged velocity 5 < |ugyg| < Uss m/s
(middle row)) and of rms velocity 0 < |tpms| < 0.35Us m/s (bottom row).

In the experimental campaign of Tracy & Plentovich [29] for subsonic and transonic flow over rectangular
cavities of various dimensions, the length-to-depth ratio L/ D = 10 tends to be around the threshold where the
flow regime gradually transitions from open- to closed-flow cavity, also referred to as transitional open/closed-
flow cavity. To illustrate this transition when the Mach number is increased, figure 8 shows instantaneous flow
visualization and velocity statistics in the midsection plane for the shallow L/D = 10 cavity configuration
at the three operating conditions. At the lower Mach M., = 0.6, the cavity is in the closed-flow regime, as
described in the previous section: the flow separates from the upstream wall of the cavity, reattaches on the
cavity floor and separates again near the downstream wall. There is no resonance and higher fluctuations
are observed near where the flow impinges on the cavity floor. As the Mach number is increased to 0.85,
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the flow reattachment on the cavity floor is moved downstream and reduced. There is still no resonance but
the spectra starts to exhibit small modulations at the expected Rossiter mode frequencies (see figure 6(b)).
Finally, at supersonic condition M., = 1.35, the main flow feature — aside from the shock and expansion
waves around the model — is that there is now a small subsonic recirculation region inside the cavity, as
the shear layer bends down without reattaching on the cavity floor and impinges on the downstream wall
instead. The acoustic waves generated by the impingement can propagate upstream in the subsonic region of
the flow and create new disturbances in the shear layer, leading to a weak resonance as shown in figure 6(c).
The tone amplitudes and Py, levels in the cavity are much lower than for the deep L/D = 5 configuration
at the same Mach number. This cavity case is likely at the limit of the transitional to open-flow regime and
is more subtle to capture in the simulations.

C. Effects of the cavity doors & dynamic deployment

To investigate the impact of the cavity doors, two additional simulations are performed for the deep L/D =5
configurations at M, = 0.85. First, the cavity with the opened doors is simulated using again the GPU-
accelerated compressible flow solver on static grids. Then the dynamic deployment of the doors, from the
fully closed to fully opened position described in section IIB, is simulated with the novel general-motion
version of the solver.

First, figure 9 compares the wall-pressure PSD and the streamwise P, distribution for the configuration
with and without doors on the static grids. Overall, the doors-open case is louder than the no-door case at
every Kulite location, with differences of up to 10 dB. Unlike the no-door configuration where the second
mode is dominant by only a few decibel, the presence of the doors amplifies the second mode tone amplitude
(= +10dB) and attenuates the third mode (=~ —8dB), making the second mode substantially dominant.
These trends are consistent with previous studies [9, 10, 11], which showed that the presence of doors
generally elevates the overall noise level and modifies the relative contributions of the modes.
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Figure 9: Kulite-averaged wall-pressure PSD and P,,,s distribution along the cavity floor for the deep
L/D = 5 cavity configuration at Mach M., = 0.85: Experiment; LES (no doors); LES (opened doors).
The vertical lines represent the frequency of the first 5 Rossiter modes from equation 2.

To investigate the structure of the Rossiter modes, the band-filtered pressure fields on the cavity and
surrounding surfaces at Mo, = 0.85 are shown in figure 10 for both the static no-doors and doors-on
configurations. The band-filtered diagnostic (also referred to as dBmap) is implemented as a GPU-resident
streaming routine within the flow solver, incurring negligible computational cost and eliminating the need
to store and post-process a large database of unsteady flow fields. The band-filtered analysis was performed
at the first five Rossiter mode frequencies, f = 146, 360, 574, 788, and 1002 Hz, with a bandwidth of 50 Hz.
These frequencies and bandwidth were chosen to capture the modes in both configurations, accommodating
the slight frequency shift introduced by the doors.
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Figure 10: Band-filtered PSD of surface pressure at the frequency of the Rossiter modes 1 to 5 for the deep
L/D =5 cavity configuration at My, = 0.85. Left: no doors. Right: opened doors.
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The band-filtered surface pressure fields in figure 10 reveal the standing-wave structure associated with
each Rossiter mode. For modes n = 1-3, the number of nodes and anti-nodes within the cavity coincides
with the mode index, consistent with previously reported results [30, 31]. For both configuration, there is an
approximately constant strength along the side wall and floor of the cavity. In contrast, modes n = 4 and
n = 5 are predominantly confined to the shear layer and do not imprint a coherent standing-wave pattern
on the cavity floor. This localisation is consistent with the pressure spectra in figure 9a, in which modes 4
and 5 produce only a weak signature on the floor-mounted Kulite array.

The presence of the opened cavity doors introduces several notable changes. The spatial structure of
mode 1 is largely preserved, with a slight increase in extent and amplitude, reminiscent of the enhanced,
broader first Rossiter mode tone in figure 9a. Likewise, the spatial structure of mode 2 is mostly unchanged
but the dB maps for the opened-door case highlight the substantial increase in amplitude observed in the
wall-pressure PSD. By contrast, for Mode 3, both spatial structure and amplitude are strongly affected by
the doors: the dB map levels decreases by approximately 10 dB, consistent with the tone reduction seen in
figure 9a, and the mode becomes confined to the shear layer rather than extending down to the cavity floor
as in the no-door configuration. As a results, the P, distribution along the cavity floor in figure 9b now
reflects the spatial structure of the dominant Rossiter mode 2 when the opened doors are considered.

(a) ¢ = 20° (b) ¢ = 40°

(c) ¢ =50° (d) ¢ = 60°

(e) ¢ =T70° (f) ¢ = 90°

Figure 11: Visualization of the pressure field (0.9 < P/P. < 1.1) along the center plane at various door
angles ¢ for the moving-door cavity simulation (L/D =5, M., = 0.85).

Finally, the LES results for the opened-door static simulation are compared to data collected during the
dynamic opening of the doors, rotating at a constant speed from the fully closed position (¢ = 0°) to the
fully opened (¢ = 90°) position. Figure 11 displays the evolution of the cavity pressure field during door
deployment, with the corresponding spectrogram from the Kulite on the cavity floor presented in figure 12.
At shallow door angles (e.g., ¢ = 20°), the flow fails to establish large-scale resonant structures, while at 60°,
70°, and 90°, the characteristic resonant waves are clearly visible. The transition between 30° and 60° marks a
shift from a non-resonant regime dominated by small-scale structures to a developed resonant state featuring
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Figure 12: Time—frequency spectrogram of cavity wall-pressure fluctuations during door opening.

large-scale coherent structures spanning the cavity. This behaviour is mirrored in the spectrogram, where
no strong tones are present for ¢ = 0° to 30°, whereas pronounced tonal components emerge for ¢ = 55°, at
frequencies matching the predictions from the Rossiter semi-empirical equation. Between ¢ = 30° and 55°
a faint signature of the first two modes is detectable, but the resonant mechanism does not fully establish
until the doors are sufficiently open. At these latter stages of the door deployment, the main features of the
spectogram in figure 12 remain mostly unchanged with door angle and are consistent with the wall-pressure
PSD results in figure 9a for the cavity with opened doors on static grids: the first 4 Rossiter modes are
present with a clearly dominant resonance at mode 2 and a broader tone for mode 1.

IV. Conclusions

GPU-accelerated wall-modeled large-eddy simulations of the M219 cavity benchmark are performed at
freestream Mach number M, = 0.6, 0.85 and 1.35 for rectangular cavities of length-to-depth ratio L/D =5
and L/D = 10. The full rig, sting support and wind-tunnel test section are included in the computational
domain, with adiabatic wall-stress modeling on the solid surfaces and unstructured grids generated through
the computation of Voronoi diagrams. Based on a preliminary grid resolution study, the refined meshes
containing O(50) million control volumes are down-selected and used for all the conditions. This modest
mesh size, combined with the performance of the GPU-accelerated flow solver on recent hardware, leads
to small computational cost and high throughput: the collection of 0.5 s of statistics on the refined mesh
required only ~ 15 GPUh on NVIDIA B200 GPUs.

Overall, wall-pressure predictions show good agreement with the measurements at Kulite transducers
on the cavity floor, across all configurations and operating conditions. When self-sustained oscillations
are present, the resonant frequencies are well captured and match the predictions from the Rossiter semi-
empirical equation. The Kulite-averaged power spectral density matches the experimental data in terms of
tone frequency, tone amplitude and broadband levels over 50 < f < 3000 Hz, and the streamwise distribution
of Pyp,s along the cavity floor is within +1 dB of the measurements at most Kulite location. The simulations
also correctly capture the canonical change in flow regime with aspect ratio and freestream Mach number—a
strong aeroacoustic resonance with clear Rossiter tones (modes n = 2 & 3 dominant) and high P, levels for
the deep L/D = 5 configuration at all Mach numbers (characteristic of open-flow cavities), versus shear-layer
reattachment on the cavity floor, no self-sustained resonance and significant reduction in floor P, for the
shallow L/D = 10 configuration at subsonic Mach numbers (representative of closed-flow cavities)—as well
as the onset of weak Rossiter resonance at the supersonic Mo, = 1.35 condition for the L/D = 10 cavity
(i.e., transitional open-flow cavities).

An additional simulation is conducted for the L/D = 5 cavity at M, = 0.85 with generic doors in
fully-opened position. The LES results suggest that the presence of the doors increases the floor P, levels,
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(a) Deep cavity L/D =5

(b) Shallow cavity L/D = 10

Figure 13: Overview of the grid refinement strategy. The gray scale contours represent mesh resolution levels
from 0.5 mm (light) to 32 mm (dark) for the refined grid.

slightly shifts the resonant tone frequencies and alters the dominant mode selection, consistent with trends
reported in the literature. A GPU-resident band-filtered surface-pressure diagnostic at the first five Rossiter-
mode frequencies shows that, with the opened doors, mode 2 preserved its standing-wave structure on the
cavity floor while its amplitude increased substantially, whereas mode 3 was strongly attenuated and became
confined to the shear layer rather than reaching the cavity floor. As a proof-of-concept demonstration of
a novel general-motion version of the compressible flow solver, the dynamic deployment of the doors was
also simulated, from fully-closed (¢ = 0°) to fully-opened (¢ = 90°) door positions. The time—frequency
spectrogram of cavity wall-pressure fluctuation during the motion shows no resonance for door angles up
to 30°, above which the first two Rossiter tones become detectable, with the resonant mechanism fully
established when the doors are opened beyond 55°. For the remaining of the doors deployment, self-sustained
oscillations are present in the cavity at the first 4 Rossiter mode, with a clear dominant mode 2, which is
consistent with the results for the fully-opened door simulation.

Appendix - Grid resolution study

An preliminary grid resolution study was conducted at My, = 0.85 for both the deep and shallow cavity
configurations, and the meshing strategy is shown in figure 13. For the bulk of the volume inside the cavity,
the grid spacing is set to 1 mm, which corresponds to approximately 50 to 100 cells per characteristic length
D, consistent with the resolution typically used for other shear flows like jets [32, 33]. For the baseline
mesh, near-wall refinement at 1 mm is also applied on the main surfaces, including all the cavity walls and
the flap plate from the leading edge of the rig to 12 mm downstream of the aft cavity edge, for a width of
approximately 2. This resolution yields O(10) cells across the incoming boundary layer thickness at the
start of the cavity, assuming the development of a turbulent compressible boundary layer from the leading
edge of the rig. Successive grid coarsening regions are then automatically generated as offsets of the surface
and refinement windows, to progressively relax the mesh resolution away from the main zones of interest.
For the refined mesh, the near-wall refinement is increased to 0.5 mm and a refinement zone is also added
at that resolution for the first 20% for the cavity length to enclose initial shear-layer development. As part
on the flow initialization, a coarse mesh was also used, with volume resolution set to 2 mm in the cavity.
The mesh and simulation characteristics are summarized in Table 2 for the shallow cavity configuration:
the resulting grid size for the coarse, baseline and refined mesh is approximately 14 million control volumes
(Mcv), 25Mcv, and 51Mcv, respectively.

Mesh Size Resolution Time step | Computation cost
Cavity Walls Shear-layer
Coarse 14 Mcv 2mm 1mm 2mm 1x 107 % 2 GPUh
Baseline | 25 Mcv 1mm 1mm 1mm 1x 107 % 3.5 GPUh
Refined | 51 Mcv 1mm 0.5mm 0.5mm 0.5 x 10765 15 GPUh

Table 2: Summary of the grid resolution study parameters for the shallow L/D = 10 cavity configuration.

The computational cost is reported for the collection of 0.5s of data on NVIDIA B200 GPUs.
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The LES results from the coarse, baseline and refined mesh are compared to the Kulite measurements
in figure 14 and 15, for the deep L/D = 5 and shallow L/D = 10 cavity, respectively. For L/D = 5, all
three grids yields comparable results, in good agreement with the experiments in terms of prediction of tone
frequency and amplitude, as well as broadband levels and streamwise distribution along the cavity floor.
Even the coarse mesh used for flow initialization provided reasonable results. In contrast, for L/D = 10, the
coarse mesh over-predicts the wall pressure fluctuations, in particular around 0.2 < z/L < 0.6 where the flow
tends to reattach on the cavity floor. In this case, there is only O(25) cells across the characteristic length
D and the coarser 2mm resolution in the cavity is not sufficient to properly capture the initial shear-layer
development. The predictions are improved for both the baseline and refined mesh, leading to good overall
match with the measurements. Therefore, the refined mesh was down-selected to complete the analysis of
the M219 cavity benchmark at all conditions.
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Figure 14: Comparisons with Kulite measurements for the deep L/D = 5 cavity configuration at Mach
My = 0.85: Experiment ( —o— ), LES on the coarse, ( ,+), baseline ( ,V) and refined
( ,0 ) mesh. The vertical lines represent the frequency of the first 5 Rossiter modes from equation 2.
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M. = 0.85: Experiment ( —o— ), LES on the coarse, ( —— ,+), baseline ( ,V) and refined
( ,o ) mesh. The vertical lines represent the frequency of the first 5 Rossiter modes from equation 2.
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