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Abstract. We simulate a compressible flow in an open cavity using our Direct Numerical Simulation code (DNS) in
both two and three-dimensional setups. Our goal is to measure the effects of three-dimensional phenomena, such as
centrifugal instabilities, over the essentially two-dimensional Rossiter modes. An open cavity flow is set up so that both
types of modes are present. The flow is simulated until it’s well developed. When three-dimensional effects are included,
a different Rossiter mode becomes the dominant in the flow. Centrifugal modes can also be observed by looking at the
temporal spectrum, which matches our linear predictions. The goal is to understand the limitations and applicability of
the much cheaper two-dimensional simulations both on linear and non-linear analysis.
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1. INTRODUCTION

Open rectangular cavities are simple geometries that can be used to represent various kinds of more complex flows. A
better understanding of flow instability phenomena in this simplified case may help improving the aerodynamic design of
various devices. The flow and its parameters are illustrated in Fig. 1. Two and three dimensional instabilities may occur
depending on certain flow parameters.
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Figure 1. Schematics of an open cavity flow.

In previous studies, two-dimensional simulations and BiGlobal instability analysis were used to better understand the
mechanism Rossiter modes become unstable in the cavity (Rossiter, 1964; Mathias and Medeiros, 2018b; Yamouni et al.,
2013). These modes are two-dimensional and non-linear, therefore this linear approximation is valid only for the initial
phases. Sipp and Lebedev (2007) show that this linear approximation is also valid under certain conditions, especially if
the flow is not far from its critical instability conditions.

Some other studies have analyzed the three-dimensional flow instability by setting a fixed span-wise wave number
(de Vicente et al., 2014). These are the so-called centrifugal modes, or Görtler vortices modes.
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Our goal is to set up a case where both these instabilities may occur at the same time so the influence of the three-
dimensional modes over the two-dimensional ones can be observed.

2. METHODS

2.1 Numerical methods

An in-house Direct Numerical Solver for the compressible Navier-Stokes equation (DNS) was used (Martinez and
Medeiros, 2016). Global instability modes of the flow may also be retrieved using a time-stepping approach that runs on
top of this DNS (Mathias and Medeiros, 2018a).

The computational mesh is structured and can be stretched in regions of interest. A fourth order Runge-Kutta scheme
is used for time marching and fourth order compact spectral-like finite differences are used for the spatial derivatives
(Lele, 1992). A tenth-order spatial high-frequency filter is also employed to avoid problems with aliasing (Gaitonde and
Visbal, 1998).

Buffer zones are placed around the domain to attenuate undesirable boundary condition effects such as reflections.
They employ a combination of grid stretching, lower order spatial derivatives and Selective Frequency Damping (SFD)
(Åkervik et al., 2006). The SFD acts as a low pass temporal filter and may also be turned on in the whole domain to allow
base flows to be generated faster or at unstable conditions.

The code is capable of simulating both two and three-dimensional flows over any Cartesian geometry and uses a
pencil-slab domain decomposition for computational parallelization (Li and Laizet, 2010).

2.2 Flow parameters

The simulation was set to ReD = 1000, based on the cavity depth; the cavity aspect ratio is L/D = 2; the incoming
boundary layer momentum thickness is D/θ = 100; and the Mach number is Ma = 0.5. We have selected those
parameters as previous two dimensional simulations have pointed it to be considerably unstable (Mathias and Medeiros,
2018b).

Our intention was to set up a case where both two and three dimensional instabilities appear, therefore a high D/θ
ratio was selected. It tends to make three dimensional centrifugal modes more unstable due to the increased recirculation
strength in the cavity (Brès and Colonius, 2008). A thin boundary layer also aids two dimensional instabilities due to the
thin mixing layer over the cavity.

For the span-wise domain length definition, the global instability algorithm was used and pointed that the most unstable
centrifugal mode happens around a span-wise wave number of β = 2π, which translates into a span-wise length equal to
the cavity depth.

2.3 Simulation parameters

The mesh used in this study is 300× 200× 64 in the stream-wise, wall-normal and span-wise directions respectively.
20 extra nodes are added as buffer zones in each of the open boundary conditions, totaling 340 × 220 × 64 nodes. The
mesh is refined close to the cavity opening in both flow and wall-normal directions. In the stability analysis, the span-wise
mesh was reduced to 8 nodes.

The origin is set to the leading edge of the flat plate and all lengths are in terms of cavity depths. The domain covers
−1 ≤ X ≤ 5 in the stream-wise direction. Before the flat plane, a free-slip region is used for the flow pressure to settle
after the boundary conditions. The wall-normal direction spans −1 ≤ Y ≤ 4. And the span-wise direction is periodic
and covers 0 ≤ Z ≤ 1.

The cavity leading edge is at X = 0.227 so that the desired incoming boundary layer thickness is achieved.
The initial flow for the simulation was obtained by running the DNS with a strong temporal low-pass filter on the whole

domain so that all instabilities are damped out. A small span-wise disturbance was added afterwards to aid triggering
three-dimensional instabilities.

3. RESULTS

3.1 Global instability results

We used the global instability analysis for two reasons. First, the span-wise length of the simulation domain should be
such that centrifugal instability would happen. Second, it would indicate the expected frequencies of both two and three
dimensional instabilities as well as their growth rates, at least for the linear phase.

The results of the span-wise wave number sweep are shown in Fig. 2. Each eigenvalue in the complex plane relates
to an instability mode. A positive real part (x-axis) indicates an unstable mode. The imaginary part (y-axis) relates to the
temporal frequency.
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Figure 2. Eigenvalues from the global stability analysis. A positive real part (x-axis) indicates an unstable mode. The
imaginary part (y-axis) relates to the temporal frequency. Rossiter modes 1 to 3 are indicated as RN and the centrifugal

modes are indicated as 3D.

The span-wise wave number with the most unstable 3D mode was β = 2π, with an wavelength of 1, therefore, that
is the domain periodicity in the span-wise direction that should be used in the simulations. Note that any multiple of 1
should also work, but the computational cost would be considerably increased.

Rossiter modes were also visible in the 3D analysis with the largest span-wise domains (i.e. the lowest wave numbers),
which were already approaching the 2D case.

3.2 Simulation results

Figure 3 shows density isosurfaces of a snapshot of the 3D flow after the initial transient has dissipated. Visually, the
dominant mode in the cavity seems to be 2D, with a slight modulation in the span-wise direction.

Figure 3. Snapshot of the flow at an arbitrary time, after the initial transient. Surfaces indicate constant density.

We used the temporal signal from a probe midway through the cavity opening to get the flow spectrum, so it could be
compared to the linear predictions and to the two-dimensional results. Figure 4 shows the temporal data and its resulting
spectrum from the streamwise velocity for both 2D and 3D cases. The spectrum through time was obtained with the use
of Hanning windows.

Figure 5 shows the spectra after the initial transient is dissipated for both 2D and 3D cases. There is a clear shift from
Rossiter mode 1 to mode 2 when 3D effects are also accounted for. This happens despite the fact that the 3D centrifugal
mode is much weaker than the 2D modes both in the spectrum and in the linear stability analysis.

The three dimensional case is also considerably mode chaotic, with a visible broadband signal in the spectrum. The
frequencies in the 3D case have also increased slightly when compared to the 2D simulation. The Rossiter 2 peak has
shifted from ω = 2.68 to ω = 2.75.

3.3 Influence of the mean flow

As seen in the previous section, despite being considerably less unstable and less present in the spectrum, the 3D
effects do play an important role in selecting the dominant Rossiter mode.

We have computed the mean flow for both 2D and 3D cases by averaging several snapshots of the flows after the initial
transient has dissipated. Figure 6 depicts the change in the mixing layer thickness over the cavity. The thickness af each
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Figure 4. Stream-wise velocity at the cavity opening midpoint (top) and spectra through time (bottom) for 2D and 3D
simulations.

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
0

0.05

0.1

0.15

0.2

0.25

A
m

pl
itu

de

2D
3D

Rossiter 1

Rossiter 2

Rossiter 3

Centrifugal

Figure 5. Spectra after the initial transient for 2D and 3D simulations.

point is measured as T = U∞/max(∂U/∂y).
Both mean flows considerably increased the mixing layer thickness. When the three-dimensional effects are included,

this increase was lower and more uniform across the cavity. This can be attributed to the fact that span-wise fluid motion
may cause flow structures to dissipate more easily into the smaller scales.

The thinner mixing layer in the 3D simulation explains the slightly higher frequencies in this case, as the vortices
travel faster across the cavity opening.

Figure 7 shows that while both mean flows have an increased backwards flow inside the cavity, in the 2D case, this
effect is stronger and peaks closer to the mixing layer.

The global stability analysis routine was used on both mean flows so we could determine how much this new mixing
layer and backwards flow would affect the linear stability. In both cases, the thicker mixing layer of the mean flows reduce
the linear growth rates of the Rossiter modes. Mode 1 becomes slightly stable for both cases. Mode 2 remains unstable,
but its growth rate is considerably larger in the 3D case, which might explain why the second mode is much more present
in the 3D simulation, along with the fact that 2D scenarios favor larger structures, such as the ones present in the first
Rossiter mode.
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Figure 6. Mixing layer thickness across the cavity for the base flow, and both mean flows.
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Figure 7. Mixing layer profiles across the cavity for the base flow, and both mean flows.
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4. DISCUSSION

An open cavity case that was deemed critical for both two and three dimensional instabilities, due to a thin incoming
boundary layer, was simulated in our DNS until both types of instabilities were present. The results show that the three
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dimensional effects, such as centrifugal instabilities, may cause the flow to favor a different Rossiter mode than in a two
dimensional scenario.

This change may be partially explained by the difference in the mean flow in both cases. The 3D case has a mean flow
with a slightly thinner mixing layer, which grows in a smoother fashion.

An important outcome of this result is that two-dimensional simulations are still valid particularly at the linear phases
of the instability growth. At more non-linear situations, especially if turbulence is expected to be present, a full three-
dimensional simulation may be needed, even if the most apparent modes are two-dimensional.
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