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Abstract. Boundary layer transition on fluid flows holds significant implications on the aerodynamic drag imposed on
aircrafts due to the high coefficient of friction of turbulent boundary layers. The presence of gaps, small rectangular
cavities, on the surface of the vehicle can accelerate transition. Stability analyses of the flow over gaps demonstrate that
the interaction between two-dimensional unstable Rossiter modes and three-dimensional unstable centrifugal modes plays
an important role in the boundary layer transition process. In this project, we evaluate the stability of two-dimensional
compressible fluid flows past asymmetric rectangular gap configurations, i.e., gaps with trailing edge at a different height
than the leading edge. We apply direct numerical simulation (DNS) of the compressible Navier-Stokes equations and
linear stability theory (LST) using in-house algorithms. The analyses reveals that varying the trailing edge height of the
gap affects the interaction between the two-dimensional mode and the mixing layer of the flow. Increases in the height of
the trailing edge enhanced the stability of the two-dimensional mode, while lower trailing edges had the opposite effect
and contributed to a significant increase in flow instability. It was observed that lower trailing edges also contributed to
increased acoustic emission and circulation inside the gap.

Keywords: Boundary Layer, Gaps, Direct Numerical Simulation, Linear Stability Theory, Compressible Flow.

1. INTRODUCTION

Several processes in engineering involve the manipulation of fluid flows and are affected by the transition to turbulence.
As presented in Davidson (2015), structural engineers need to predict turbulent wind gusts on bridges, while engine
designers need to model the turbulent mixing of fuel and oxidizer. In aviation, predicting the boundary layer transition to
turbulence is particularly important because the coefficient of friction in turbulent flows is larger than in laminar flows.
Estimates in Reed et al. (1996), show that if the flow could be maintained in laminar regime along the entire wing span of
a commercial aircraft, fuel savings of 25% would be possible. Therefore, the control of the boundary layer transition has
great potential in reducing airline operation costs and pollutant emissions.

Schlichting and Gersten (2016) present different factors that affect the stability of a boundary layer, among which is
discussed the instability caused by the presence of wall roughness, a topic explored in this paper. In practice, any flow over
a real surface is subject to surface imperfections. Recent studies by Crouch et al. (2020) demonstrate that the presence
of rectangular cavities with dimensions on the order of magnitude of the boundary layer thickness (gaps) are sufficient to
affect the transition to turbulence.

Rossiter (1964) proposes that the instability mechanism on the compressible flow over a cavity consists of acoustic
feedback. In general, vortices are formed on the mixing layer after the leading edge and over the open space of the
gap. Those vortices travel in the direction of the outer flow until they impact the trailing edge of the cavity. The impact
produces an acoustic wave that re-excites the mixing layer producing more vortices and establishing the feedback loop.

On recent researches, Mathias (2021) delved into understanding the boundary layer transition process induced by
gaps. The findings highlighted the essential role of the interaction between two-dimensional unstable Rossiter modes and
three-dimensional unstable centrifugal modes in inducing the transition to turbulence. During the research, it was asked if
the presence of asymmetry between the height of the leading edge and the trailing edge of the gap could have significant
effects on the stability of the flow.

In this project, we aim to explore the effects of height asymmetry on the stability of a two-dimensional compressible
fluid flow over a rectangular gap. With the study, we seek to provide some understanding of the physical phenomena
observed and bring possible engineering solutions for controlling the stability of a flow over a real gap.
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2. METHODOLOGY

In this paper, we perform multiple two-dimensional simulations of flows over rectangular gaps with varying trailing
edge height. Figure 1 shows the geometric parameters of the problem and the direction of the free stream. The depth
of the gap is defined as D and the length as L. The difference in height between the leading and the trailing edge is
represented by the variable s. At the configuration presented in Fig. 1, a boundary layer is formed upstream of the gap
and its displacement thickness at the leading edge is defined as δ∗ (not shown).

Figure 1. Geometrical variables. The displacement thickness of the boundary layer at the leading edge of the cavity is
defined with the notation δ∗ (not shown in the figure).

To construct the physical domain, the position of the leading edge of the cavity is calculated so that the displacement
thickness of the laminar boundary layer is unitary at this point (δ∗ = 1 at x = x0). The strategy allows for scaling
the length measurements of the entire domain, i.e., all geometrical lengths of the simulation are non-dimensional and
measured as a function of the boundary layer displacement thickness at the leading edge of the gap (δ∗). With this
approach, the value obtained for the position of the leading edge (x0), considering the parameters of Tab. 1, is x0 ≈
248.1δ∗ = 248.1. The lower boundary on the y axis is the depth of the cavity (ymin = −D) and the upper boundary is
approximately two times the maximum turbulent boundary layer displacement thickness expected on the domain (ymax ≈
28.9). The length of the domain downstream of the cavity was arbitrary, with sufficient size to capture the phenomena of
interest for this study (xmax = 500). Finally, a buffer zone is added at the boundaries of the physical domain, a region
where a Selective Frequency Damping (SFD) method is applied to avoid reflection of waves coming from the physical
domain, as described in Mathias (2021). A free slip condition was applied at the wall in the region before the physical
domain to fix the position of the formation of the boundary layer. The complete simulation domain and some of the
applied boundary conditions are presented in Fig. 2.

Figure 2. Simulation domain and boundary conditions.

The simulation domain is filled with a rectangular structured mesh, and the strategy to calculate the distances between
the points for the finite differences method (horizontal distance lx and vertical distance ly) was based on previous studies
carried out with similar configurations (Mathias (2021)). The distribution of distances between points of the mesh is
shown in Fig. 3 . In particular, the leading edge (point of detachment of the boundary layer) and the trailing edge (impact
and reattachment of the boundary layer) were the regions of greatest mesh refinement, followed by the region immediately
downstream of the cavity. A horizontal mesh refinement was applied in the region at the beginning of the physical domain
to ensure good representation of the boundary layer formation. The mesh contains Nx = 1027 points on the horizontal
axis and Ny = 364 points on the vertical axis, the smallest distances are dx = 0.12 and dy = 0.048 and they are inside
the cavity.

The mesh was validated by means of convergence analysis. The symmetric gap (s = 0) configuration was simulated
using the mesh described above and a mesh twice as refined, the results were corresponding and the mesh was considered
valid for all other small geometry variations analyzed in this study.
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Figure 3. Distribution of distances between mesh points (lx,ly) within the structured mesh for finite differences.

The simulation campaign is carried out by fixing the parameters of the Tab. 1 and varying only the height of the trailing
edge with intervals of ∆s = 0.1 in the range s ∈ [−1, 1]. The Reynolds number is calculated considering the laminar
boundary layer displacement thickness at the leading edge of the cavity as a reference length. The temperature is measured
in Kelvin. In particular, the geometry parameters D and L and the variable s are all non-dimensional and measured as
multiples of the boundary layer displacement thickness at the leading edge, which is unitary (δ∗ = 1) as described above.

Table 1. Parameters for simulations.

Parameter Value
Ma 0.5
Reδ

∗
734

T0, Kelvin 300
D(1) 6
L(1) 12
(1) Non-dimensional geometry parameters.

To illustrate the varying height of the trailing edge, Fig. 4 shows the geometry of three distinct cases. The value of s is
positive if the trailing edge is above the leading edge and negative if it is below. An algorithm developed in-house was used
to solve the compressible Navier-Stokes equations by the method of Direct Numerical Simulation (DNS) and to calculate
the stability of the flows with Linear Stability Theory (LST). The tools used in the calculations and the optimization
strategies are described in detail in Mathias (2021).

Figure 4. Geometry set-up of three different cases. The variable s is positive if the trailing edge is higher than the leading
edge, and negative if it is lower.
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Finally, one probe point, two probe lines and one probe surface were positioned on the mesh, as shown in Fig. 5. The
point P is positioned at a distance d = δ∗ = 1 above the trailing edge of the cavity and records the temporal velocity
signal at this point. The signal is then processed and its spectrum gives information about the dominant frequencies and
amplitudes of the velocity fluctuations within the flow. Moreover, the circulation inside the cavity is calculated in the
region S according to the surface integral on Eq. (1). The procedure allows for quantifying the circulation of fluid in this
region and provides information about how the circulation is affected by the geometry changes. The position of region S
and its horizontal length were selected so that it captures the main circulation on the second half of the cavity. The upper
boundary of region S is aligned with the trailing edge of the gap for negative asymmetries (s < 0) and aligned with the
leading edge for positive asymmetries (s > 0) to avoid inclusion of the vorticity of the mixing layer on the integral on
Eq. (1).

Γ =

∫ ∫
S

ωds, (1)

At last, curves SL and Ac are used to evaluate the acoustic properties of the cavity. In particular, curve SL is used
to quantify the sound sources on the shear layer of the flow through the computation of the integral on Eq. (2). Curve
SL is positioned at three quarters of the length of cavity and has sufficient size to capture the shear layer of the flow. On
the other hand, the energy of the pressure waves emitted by the cavity is quantified by the integral presented on Eq. (3).
Curve Ac was defined as an arc of circle with center fixed at the trailing edge of the gap with symmetrical configuration
(s = 0). The radius of the arc corresponds to two times the length of the cavity (R = 2L). The geometry of the arc was
selected as to capture stable pressure fluctuations and avoid interaction with the boundary layer downstream of the gap.
The combined analysis of the shear layer sound sources and the pressure fluctuations allows for quantifying the acoustic
feedback mechanism of the cavity. This sound emission analysis is inspired on a model described in Howe (2004).

ESL =

∫
SL

|∇ · (ω′ × V ′)|ds, (2)

EAc =

∫
Ac

|p′|2ds, (3)

Figure 5. Probe point, probe curves and probe surface. Point P captures the temporal velocity signal, curves SL and Ac
evaluate acoustic emissions and region S is used to compute circulation on the mean flow.

3. RESULTS

3.1 Direct Numerical Simulation

Direct Numerical Simulations of the flow over the three geometries shown in Fig. 4 (s = [−0.5, 0,+0.5]) point out that
changing the height of the trailing edge drastically affects the stability of the flow, the results are presented on Fig. 6. At
the left of Fig. 6, the velocity fields of the mean flows indicate the existence of circulation inside the cavity. In particular,
the flow fields point out that the circulation increases as the height of the trailing edge is lowered. On the other hand, the
graphs at the center and at the right of Fig. 6 compare the velocity fluctuations registered at point P presented on Fig. 5 (at
a distance of d = δ∗ above the trailing edge of the gap). The graphs show that the gap with positive s damped the limit
cycle oscillations observed in the other two cases. The negative s configuration presented higher amplitude oscillations
and introduced other frequencies to the signal. Therefore, increasing the height of the trailing edge of the gap had a
stabilizing effect.
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Figure 6. On the left, mean velocity field for three s values. At the center, horizontal velocity fluctuations on a probe at a
distance of d = δ∗ above the trailing edge of the gap. On the right, spectrum of the signal.

The analysis presented for the three cases in Fig. 6 was extended to the interval s ∈ [−1, 1] with variations of ∆s = 0.1
and it was confirmed that the increase of the trailing edge contributed to stabilize the flow over the gap, reducing the
amplitude of the oscillations. In particular, the stability limit was found around s = 0.3, above which the flow becomes
stable and non-oscillatory.

In addition, a more detailed inspection of the mean velocity field in the vicinity of the trailing edge was carried out,
the results are shown in Fig. 7. Significant changes are observed in the angle and magnitude of the flow velocity that
impinges on the trailing edge. In particular, it is observed that a decrease in the height of the trailing edge in the interval
−0.8 < s < 0 is associated with a curvature of the flow and possibly with an increase in the velocity of the fluid before
impact with the wall, which may be related to an increase in acoustic emission in these configurations. However, greater
reductions in the trailing edge in the interval s < −0.8 caused the point of reattachment of the boundary layer to move
downstream of the cavity and generated a region of recirculation above the trailing edge. Finally, it was generally observed
that reductions in the trailing edge (s < 0) contributed to the formation of an inflectional velocity profile downstream of
the cavity. As discussed in Schlichting and Gersten (2016), the inflection of the velocity profiles is a sufficient condition
for the amplification of disturbance waves in the flow, i.e., the inflectional velocity profiles indicate once more that lower
trailing edges were associated to an increase in flow instability.

Finally, a group of flow properties were recorded for all geometry configurations in the range s ∈ [−1, 1] to quantify
the changes in flow behavior associated with the geometry changes of the trailing edge of the gap. The results are shown
in Fig. 8. All the quantities shown in the graph are divided by the value obtained in the symmetrical configuration (s = 0),
so that all the variables have unitary value at the point s = 0. In addition, some curves were interrupted at the point
s = 0.2, as this corresponds to the stability threshold found in this research and is therefore a point of discontinuity. The
interrupted curves have values that tend to zero for s ≥ 0.3, except for the ratio EAc/ESL, which becomes very large and
was also not shown.

In particular, the variable Γ represents the circulation in the second half of the cavity, as shown in Fig. 5. Figure 8
shows that the circulation increases with a decrease in the trailing edge height and that there is a discontinuity in the
vicinity of the value s = −0.8. The increase in circulation may contribute to change the angle and intensity of the impact
of the fluid on the trailing edge, which may influence the stability of the flow and the sound emission capability of the
cavity as discussed previously.

The variable UP represents the mean flow velocity at P point of Fig. 5. By analyzing Fig. 8, it is noted that a reduction
in the height of the trailing edge had the effect of reducing the mean velocity of the flow, while increasing the height had
the effect of increasing the mean velocity of the fluid at point P. This result is to be expected, since configurations with
values of s > 0 imply a contraction of the flow, which may contribute to the increase in velocity.
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Figure 7. Velocity field of the mean flow near the trailing edge in nine different configurations. Lower trailing edges
favored the impact of the flow and contributed to the formation of an inflexional velocity profile downstream of the gap.

On the other hand, the variables ωpeak and αpeak are associated with the spectrum of the velocity signal obtained at
point P. In particular, ωpeak represents the dominant frequency in the spectrum, while αpeak corresponds to the amplitude
of the peak associated with the dominant frequency. It is noticeable from Fig. 8 that the dominant frequency is little altered
by the geometry changes. On the other hand, the amplitude of the dominant frequency increases until around s = −0.5,
then there is a sharp drop, a recovery and then a gradual drop with decreasing trailing edge heights. The discontinuity
observed in the vicinity of point s = −0.6 is possibly associated with the appearance of a second unstable mode in the
flow (shown later in the next section in Fig. 9), which contributes to a distribution of the spectrum and consequently a
reduction in the peak associated with the first unstable mode.

Finally, the variables EAc and ESL are used to quantify the cavity’s acoustic emission capacity, as presented in the
previous section and illustrated in Fig. 5. In particular, Fig. 8 shows that both the intensity of the pressure fluctuations
and the sound sources in the shear layer are intensified by a reduction in the trailing edge height (s < 0). Again, there is
a discontinuity in the vicinity of s = −0.8, a phenomenon that may be associated with the sudden shift of the boundary
layer reattachment point, which becomes downstream of the cavity’s trailing edge for very negative values of s around
s < −0.8, as discussed earlier and presented in Fig. 7. Lastly, Fig. 8 presents a curve for the ratio EAc/ESL, which can
be considered as a way of measuring the efficiency of the sound emission mechanism for the cavity in each configuration
of s. It is noted that the ratio decreases as the trailing edge of the cavity lowers, which indicates that, although the cavity
produces more sound as the trailing edge is lowered, the sound emission process seems to be more efficient for higher
trailing edges.

3.2 Linear Stability Theory

In order to further investigate the stability of the cavity on multiple configurations, a campaign of linear stability
calculations (tools presented in Mathias (2021)) of gap configurations with values of s in the range s ∈ [−1, 1] and with
∆s = 0.1 confirm that the stability of the flow is directly affected by the height of the trailing edge of the gap.

The graph on the left of Fig. 9 shows the distribution of the complex eigenvalues of the system, which is symmetric
about the x axis. Each color represents the eigenvalues of the flow for one geometry configuration (s). It is remarkable
the presence of a group of eigenvalues with frequencies around σi(R1) ≈ ±0.21 and another group with frequencies
around σi(R2) ≈ ±0.32. These frequencies are characteristic of the Rossiter 1 and Rossiter 2 modes, respectively. In
this study, the Rossiter 1 mode was dominant for all trailing edge height configurations. In particular, it is noted that the
real part of the Rossiter modes, i.e., the amplification of the disturbance waves, is shifted with the change of the trailing
edge height. The graph on the right of Fig. 9 demonstrates the amplification (σr) as a function of s. It is remarkable that
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Figure 8. Physical properties of the flow as a function of the height difference at the trailing edge. Results are divided by
the reference value obtained for the symmetrical cavity (s = 0).

an increase in the trailing edge height is generally associated with a decrease on the real part of the eigenvalues, which
implies an increase on the stability of the flow. In fact, Fig. 9 demonstrates that for s ≥ 0.3 all eigenvalues have real part
lower than zero and thus the flow over the cavity becomes stable for all s ≥ 0.3. The linear stability analysis agrees well
with the results obtained via Direct Numerical Stimulation presented earlier. Furthermore, Fig. 9 shows that the Rossiter
mode 2 is also highly affected by the trailing edge height. In particular, it is observed that this mode becomes unstable
for s ≤ 0.6 and that this configuration also corresponds to a maximum instability of the Rossiter 1 mode. After the peak
instability of the Rossiter mode 1 around s = −0.6 it is noted that the mode starts to settle as the trailing edge is further
decreased, which can also be associated to the behavior of curve αpeak obtained via Direct Numerical Simulation and
presented earlier on Fig. 8.

Figure 9. Eigenvalues of the flow and amplification as a function of s. Increasing s reduced the amplifications. The flow
is stable for s > 0.3.

Finally, an analysis of the eigenfunctions associated with Rossiter modes 1 and 2 allows for the identification of the
regions on the flow where the oscillations are to be amplified. Figure 10 shows the shapes of the eigenfunctions associated
with the unstable Rossiter modes on an arbitrary phase. Moreover, Fig. 10 has five lines and each line corresponds to a
fixed value of s. The Rossiter mode 2 is stable for the configurations where s = [−0.2, 0, 0.2] and thus the eigenfunctions
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associated with this mode were not displayed for those geometries.
One observes periodic amplification peaks located in the region of the mixing layer that extend from the open space

over the gap to the region downstream of the cavity. In particular, it is noted that reducing the height of the trailing edge
of the gap concentrated the peaks of the eigenfunctions downstream of the cavity. Furthermore, Fig. 10 also demonstrates
that for the Rossiter 1 eigenfunctions there is generally one wavelength of the mode on the open space over the cavity. On
the other hand, for the Rossiter 2 mode there are two wavelengths over the cavity. This behavior is to be expected for the
Rossiter mode and is related to the acoustic feedback mechanism described earlier.

Figure 10. Eigenfunctions of the unstable modes in five different configurations. Lower trailing edges made eigenfunction
peaks move downstream.

4. ANALYSIS IN PROGRESS

Currently, the focus of this study is to present a robust explanation for the observed phenomena, i.e., to demonstrate
the physical mechanism responsible for changing the stability of the flow over the gap with the change in the height of
the trailing edge. Investigations point out that at least three mechanisms may be present in establishing the instability. On
the one hand, changing the height of the trailing edge can affect the intensity of vortex formation in the mixing layer and
circulation inside the cavity, which may influence the stability of the boundary layer. The second phenomenon consists in
the mechanism of acoustic wave formation, the study shows that the change in the height of the trailing edge of the gap
alters the angle and velocity of the impact of flow on the trailing edge, which can bring about changes in the conversion
between vorticity and acoustic waves. A third instability mechanism may be related to the possible formation of an adverse
pressure gradient downstream of the gap for negative values of s. These phenomena still need to be further explored.



27th ABCM International Congress of Mechanical Engineering (COBEM 2023)
December 4-8, 2023, Florianópolis, SC, Brazil

In parallel, a study is being conducted to determine if the effect found can be generalized to other combinations of the
parameters in Tab. 1, that is, to verify if the stabilizing effect of increasing the height of the trailing edge can be observed
in a generic cavity with other dimensions and Ma and Reδ

∗
parameters.

Finally, this project will seek to perform three-dimensional simulations of some critical cases selected from the two-
dimensional simulations. The goal is to verify if the trend of flow stabilization with increasing trailing edge height is also
observed in 3D cases and, in particular, to analyze the effect of height change on the intensity of the unsteady centrifugal
modes documented in Bres and Colonius (2008).

5. CONCLUSION

The study presented in this paper demonstrates that, in the context of a compressible fluid flow over a rectangular cav-
ity, the presence of an asymmetry between the height of the leading and trailing edges of the cavity can have significant
effects on the stability of the flow. In particular, the results of the campaign of two-dimensional direct numerical simu-
lations indicates that the presence of negative asymmetry (s < 0) can induce an increase in circulation inside the cavity
and that the phenomenon may be associated with a change in the angle and intensity of the flow velocity that impacts the
trailing edge. In addition, lower trailing edges were associated to an intensification of the vortices formed in the mixing
layer and an increase in acoustic emission. On the other hand, the opposite effects were observed for positive asymmetry
configurations (s > 0), where it was noted a reduction on circulation, pressure fluctuations and vortices formation on the
mixing layer. In particular, values of s ≥ 0.3 stabilized the flow over the gap. Finally, the sound emission was greater for
lower trailing edges, but the efficiency of the sound emission mechanism seemed to be improved for positive asymmetries.

Moreover, the campaign of linear stability analyses confirmed that an asymmetry between the leading and the trailing
edge of the cavity can play an important role on the stability of the flow. In general, negative asymmetries (s < 0) increased
the real part of the Rossiter eigenvalues leading to a more unstable flow. On the other hand, positive asymmetries (s > 0)
contributed to a decrease on the real part of the eigenvalues. In particular, values of s ≥ 0.3 lead to eigenvalues with
negatives real parts, which again indicates the stabilization of the flow over the gap. At last, the analyses also showed that
the dominant modes are the Rossiter modes, and that the eigenfunctions associated with these modes manifest themselves
mainly in the mixing layer of the flow, as in the case of a symmetrical rectangular cavity. The results obtained using
Linear Stability Theory agreed well with those obtained via Direct Numerical Simulations.

Finally, the significant changes noted on the two-dimensional circulation and stability due to the presence of height
asymmetry between the leading and trailing edge give some indication that the three-dimensional centrifugal mode may
also be significantly influenced by the geometrical asymmetry. If so, the results suggest that the boundary layer transition
process on a more complex three-dimensional flow over a real cavity may be accelerated or delayed depending on the
height asymmetry between the edges. Nevertheless, future investigations are still needed on the behavior of the three-
dimensional flow over the asymmetrical gap and its implications on boundary layer transition.
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